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a b s t r a c t
Semiconducting metal oxides have been proven to be good candidates as sensitive materials for pho-
tocatalysts in the removal reactions of polluting molecules. This study presents a simple procedure 
for producing zinc oxide “ZnO” with a diameter of fewer than one hundred nanometers using an 
aqueous solution of zinc sulfate heptahydrate (ZnSO4·7H2O) and sodium hydroxide under ultrasonic 
waves in the presence of ethane-1,2-diol (EG), polyethylene glycol (PEG400, PEG4000) as dispers-
ing media. The influence of concentration and the nature of the surfactant agent were discussed in 
detail. The resulting powder is calcined at temperatures between 500 and 1,000°C for 4 h. The sol-
ids are characterized using X-ray diffraction (XRD), scanning electron microscopy, energy-disper-
sive X-ray analysis, and Fourier-transform infrared spectrometry. The XRD pattern reveals that the 
nanoparticles are in a well-crystalline phase. The particle size estimated from dynamic light scat-
tering confirms the small size of the studied ZnO-NPs. The average diameters range from 16.45 to 
35.19 nm with EG and PEG400 at 0.01 M, respectively. The Brunauer–Emmett–Teller surface area 
of the synthesized ZnO-NPs is about 134.831 m2/g. Photocatalytic degradation of Brilliant Blue 
G 250 in an aqueous solution was performed using the ZnO-EG as a photocatalyst. The results 
showed that the efficiency of 87.43% is reached after 60 min of treatment for a mass/liquid ratio 
equal to 0.5 at natural pH. The efficiency increases with the increase in the mass of the ZnO-EG to 
reach 94.32% for the optimal ratio equal to 1. The increase in the dye concentration decreases the 
effectiveness of the treatment. The degradation is better in alkaline conditions.
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1. Introduction

Water is the main resource of all socio-economic sec-
tors. Unfortunately, with the rapid development of indus-
trialization, it has been deteriorating, sometimes irreparably 
[1]. The textile industry is one of the most water-intensive 
industries and uses organic dyes to color its products [2]. 
The problem is that these dyes, highly charged with toxic 
compounds, are released into the environment, creating 

a serious problem for many countries [3]. Effluents from 
dye manufacturing plants and the industries that consume 
them are highly colored and characterized by high pH vari-
ations, high biochemical oxygen demand, and increased 
biotoxicity to bacteria [4].

Dyes reduce sunlight penetration into receiving waters, 
delay photosynthesis, and over-suppress the growth of 
aquatic flora [5]. Dyes can also harm waters when they 
undergo anaerobic degradation in sediments due to the 
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formation of highly toxic amines resulting from their incom-
plete degradation by bacteria [6]. They can also cause der-
matitis and even skin cancer in humans. Most of these con-
taminants escape conventional wastewater treatment [7]. 
These emerging environmental pollutants are a concern for 
environmental agencies [8]. To limit the arrival of these dif-
ferent types of refractory contaminants in the environment, 
efficient and environmentally friendly treatment strategies 
have been developed. Advanced oxidation processes (AOPs) 
are the first among these strategies [5].

AOPs rely on the in-situ generation of highly oxidizing 
radicals, primarily hydroxyl radicals (HO•). Hydroxyl rad-
icals can oxidize many organic compounds with a higher 
oxidation rate than ozone (109 times higher) [9]. Free rad-
icals are highly active species that can react with almost 
any organic molecule [10]. These AOPs have been applied 
in several sectors to treat the surface, groundwater, and 
environmental protection. Photocatalysis in the presence of 
semiconductors is among the cheapest and most promising 
AOPs [11]. It has become a rapidly growing field of research 
over the past decades [12]. This technique is widely used in 
wastewater treatment due to its low cost, non-toxicity, and 
efficient performance in the total mineralization of organic 
pollutants [13]. This technique is based on the excitation 
of a semiconductor by a light source (UV or visible) [14]. 
The wavelength of this light radiation must be less than 
400 nm corresponding to an energy hυ equal to or greater 
than the bandgap (Eg) to create strongly oxidizing reactive 
species that will lead to the photodegradation of organic 
pollutants [15].

In the context of this work, we chose an anionic dye, 
the Brilliant Blue G 250, also called Coomassie Blue, widely 
used on the African Continent, especially in the textile 
industry [16]. It is considered an integral component of the 
Bradford method for determining proteins in solution [17]. 
The paper describes the growth parameters to obtain ZnO 
nanostructures using the ultrasound-assisted technique 
[18]. Zinc oxide is abundant and non-toxic on earth and is 
low-cost, unlike other materials like TiO2 [19–22]. ZnO is a 
chemical compound with the formula ZnO. It is insoluble in 
water but soluble in acids and alcohols. It is highly sought 
after because of its interesting properties, and its many 
advantages make it a material that rivals other oxides on 
the market [23,24].

There are three types of crystallographic structures of 
ZnO, depending on the conditions of elaboration: the hex-
agonal structure, which is stable under normal conditions. 
The cubic structure, which is unstable and appears under 
high pressure, and the rock-salt structure. ZnO crystallizes 
according to the most stable structure at room tempera-
ture, that is, the wurtzite structure, in which the oxygen 
ions are arranged in a compact hexagonal lattice and/or the 
zinc atoms occupy half of the tetrahedral interstitial posi-
tions having the same arrangement as the oxygen ions, ZnO 
is a wide direct gap semiconductor at Eg 3.3 eV at 385 nm 
at room temperature, it has the highest piezoelectric effect 
of all semiconductors (relative dielectric constant equal to 
8.75 this effect is closely related to its crystal structure, its 
refractive index has a value that varies between 1.90 and 
2.20 [25,26], it has the highest exciton binding energy of the 
semiconductors of 60 meV, in general ZnO is non-toxic and 

biocompatible, relatively simple to synthesize at low cost, it 
is physically and chemically stable, it also has a good sensi-
tivity to variations in environmental conditions to which it 
is subjected. These different properties make it a semicon-
ductor of choice in various applications, such as photovoltaic 
cells, light-emitting diodes, surface electrodes, energy gener-
ators or recuperators, gas sensors, and photocatalytic reac-
tors for air and water purification. In addition, to all these 
advantages, in the photocatalytic degradation of different 
dyes, ZnO exhibited better photocatalytic efficiency than 
TiO2, although the band gap energy of ZnO is the same as 
that of TiO2 (~3.2 eV) [27–29].

The main objective of this work is the elaboration and 
study of the photocatalytic properties of ZnO nanostruc-
tures, starting from the decrease of the grain size up to the 
nanometric scale, presents new physicochemical properties 
and opens promising perspectives in terms of applications 
in environmental chemistry [30]. The ultrasonically assisted 
route is an interesting method that has become increasingly 
popular for synthesizing metal oxide nanoparticles [31]. The 
advantages of this technique over other methods include 
the fact that the reaction rate is fast, the reaction condi-
tions are controllable with the ability to form nanoparticles 
with uniform shapes, and it ensures narrow size distribu-
tions and high purities. It has been widely used to gener-
ate new materials with unusual properties since, in many 
cases, it causes the formation of particles of much smaller 
size and higher surface area than those reported by other  
methods [32].

A crucial factor for the formation of nanoparticles under 
ultrasonic irradiation is the selection of the solvent. Since 
the type of solvent considerably affects the size and shape 
of the nano-product obtained, generally, water is one of the 
best solvents due to its high dipole moment. Nevertheless, 
ethylene glycol (EG) is considered more suitable. It has a 
higher dipole moment and acts as a solvent and a reduc-
ing and stabilizing agent to control growth and prevent 
agglomeration [33]. On the other hand, polyethylene glycol 
(PEG) is a suitable surfactant to stabilize nanoparticle dis-
persions to improve the surface. In addition, PEG solutions 
are less toxic, biodegradable and environmentally friendly  
[34,35].

This paper mainly focuses on improving the properties 
of zinc oxide by seeking the best synthesis conditions and 
designing a process to control the morphology and size of 
the latter to increase its catalytic capabilities to achieve a 
better yield in the photocatalytic process in the removal 
of textile dyes. The fact that the dyes are not easily bio-
degradable in aerobic conditions due to the complexity of 
their chemical structure and the presence of aromatic rings 
implies that the corresponding aqueous effluents require 
a specific treatment due to the singular impact that they 
cause in the natural environments (toxicity of the parent 
product and possible by-products) [36,37]. Conventional 
treatments (adsorption on activated carbon, membrane 
processes, coagulation–flocculation, chemical oxidations) 
have the disadvantage of transferring the pollution from an 
aqueous phase to a new phase, and lead for the most part 
to the formation of concentrated sludge, creating a prob-
lem of secondary waste or regeneration of materials often 
very expensive [38,39].
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Furthermore, this study aims to investigate the pho-
tocatalytic performances of the synthesized “ZnO” pho-
tocatalyst during the removal of Brilliant Blue G 250 in an 
aqueous medium, as well as the study of the effects of the 
various operating parameters such as the initial concentra-
tion of the dye, the initial pH of the solution and the influ-
ence of the mass of our semiconductor on the effectiveness 
of the studied process. In this study, we chose zinc oxide as 
the photocatalyst to remove our model dye because it exhib-
its better photocatalytic activity than TiO2, according to 
several previous works [40].

2. Experimental setup

2.1. Reagents and solutions

All the purchased reagents were used without further 
purification. An analytical-grade zinc sulfate heptahydrate 
ZnSO4·7H2O (98%, Sigma-Aldrich, Germany) and sodium 
hydroxide NaOH (97%, Biochem Chemopharma, France) 
was used as the starting materials. They were dissolved in 
deionized water. Under continuous magnetic stirring, an 
aqueous solution of 0.5 mol/L ZnSO4·7H2O was mixed with 
an appropriate amount of 5 and 10 mol/L NaOH solutions’. 
The final pH of the mixed solutions was highly basic, with 
a pH of 14. To better control the growth of the particles 
that were formed, we also used PEG4000 (Sigma-Aldrich, 
Germany), PEG400 (Sigma-Aldrich, Germany), and EG 
(Honeywell, United States) as a capping agent to reduce 
particle agglomeration. Brilliant Blue G 250 with molecular 
formula C47H48N3NaO7S2 (Sigma-Aldrich 99%, Germany) was 
used as a molecule test for dye degradation.

2.2. Reactor

We performed the sono-synthesis of ZnO nanoparticles 
(NPs) using a continuous flow ultrasonic reactor (Fig. 1). 
The ultrasonic reactor consists of a 100 mL cell surrounded 
by a cylindrical jacket glass, which allows the reactor to be 

cooled with water to control the temperature. The ultra-
sonic horn was immersed in the reactor from the top of the 
reactor. The ultrasonic irradiation was conducted with a 
programmable and microprocessor-based sonic processor 
Vibra-Cell (Sonics & Materials, Model: VCX 750). The ultra-
sonic probe of the processor was fabricated from high-grade 
titanium alloy and had a tip diameter of 25 mm. The ultra-
sound frequency generated by this probe was 20 kHz with 
a maximum power output of 750 W.

2.3. Synthesis of ZnO-NPs

According to our protocol, the synthesis of ZnO nano-
structures depends on the nature of the polyol and its dos-
age. Several types of polyols were used, such as (PEG4000, 
PEG400 and EG). Due to its good solubility in these poly-
ols, the metal precursor used in the whole study is zinc sul-
fate heptahydrate with the chemical formula ZnSO4·7H2O. 
Sodium hydroxide (NaOH) was added to adjust the 
basicity of the medium. During the protocol, the precur-
sor, polyol, water, and optionally base mixture was heated 
under reflux and stirred to a temperature between 120°C 
and 227°C maintained over a step of about 1 h. Initially, the 
progressive dissolution of the precursor in the polyol leads 
to a transparent solution. After 30 min of the experiment, 
a milky white precipitate appears visible to the naked eye.

The mixture is then cooled to room temperature. The 
precipitate corresponding to the oxide phase is recovered 
by centrifugation, washed with absolute ethanol, then 
with acetone, and vigorously dispersed in the ultrasonic 
reactor described above. Indeed, the acoustic bubbles pro-
duced by the sound wave offer an excellent facility similar 
to micro-reactors [41,42] with extremely severe operating 
conditions, resulting in a very high temperature and pres-
sure estimated, respectively at 5.000 K and 1.000 atm [43,44], 
as well as an energy that can reach up to 13 V, these condi-
tions give rise to the birth of extraordinary chemical reac-
tions and create an environment favorable to the nucleation 
and growth of materials [45].

Fig. 1. Scheme of the continuous flow ultrasonic reactor.
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The samples are centrifuged again. The ethanol and ace-
tone washes are repeated several times until the supernatant 
becomes completely clear. The powder is then dried in an 
oven at 50°C. The resulting powder is calcined at tempera-
tures between 500 and 1,000°C for 4 h to remove the surfac-
tant residues and obtain a high-purity phase of the zinc oxide 
NPs. The temperature is also necessary for the crystallization 
of the formed powder. X-ray diffraction (Philips X’Pert Type 
Apparatus), scanning electron microscopy (SEM), Fourier-
transform infrared (FTIR) spectroscopy (SHIMADZU 
IRAffinity-1S Type Apparatus), and Raman spectroscopy are 
used to study the structural and optical properties of the syn-
thesized solids. The size of the formed particles was analyzed 
using a “Horiba SZ-100” nanosizer; the latter depends on 
dynamic light scattering (DLS, also known as photonic cor-
relation spectroscopy or quasi-elastic light scattering) is one 
of the most popular light scattering techniques as it allows to 
size particles up to 1 nm in diameter. The basic principle is 
simple: the sample is illuminated by a laser beam, and fluctu-
ations in the scattered light are detected at a known scattering 
angle θ by a fast photon detector [46]. To confirm the results 
presented in this study, we repeated all the experiments at 
least three times to verify and validate our results. Table 1 
summarizes the equipment used for analysis and synthesis.

2.4. Photocatalytic degradation of Brilliant Blue G 250

The Brilliant Blue G 250 degradation experiments are per-
formed in a cylindrical reactor with a 300-volume mL made 
of glass surrounded by an aluminum foil before the lamp is 
turned on to protect from the emitted UV radiation on the 
one hand and to avoid any reaction involving sunlight on 
the other hand. The lamp is placed in a quartz sheath trans-
parent to the radiation and is immersed in an axial position 
centered in the reactor. The volume of water to be treated is 
100 mL (Fig. 2).

The UV irradiation source is a UV lamp (254 nm, 
1,100 µW/cm2). Samples for solution analysis were collected 
by pipetting an aliquot of solution at well-defined time 
intervals. The effectiveness of the proposed procedure was 
evaluated by monitoring the degradation of Coomassie Blue 
G 250 (Brilliant Blue G 250) and measuring the absorbance 
at 587 nm. Measurement of species concentration during 

photolysis was performed using a UV-Visible spectropho-
tometer. To validate the results obtained, all the experiments 
were repeated several times.

3. Results and discussion

3.1. Effect of nature and concentration of polyol on the growth 
mechanism

A series of syntheses were performed using EG, PEG400, 
and PEG4000 at different concentrations ranging from 0.01 
to 0.5 M to investigate the influence of the nature and con-
centration of polyols on the growth mechanism and size of 
the formed ZnO nanoparticles. Table 2 and Fig. 3 list the 
obtained results. Like the sol–gel methods [47], the polyol 
process is a soft chemistry route that can control the nucle-
ation and particle growth process by adding a polyol [48]. 
The interest of their use lies in their polar character and 
high boiling point, which allows them to solubilize a large 
number of metal precursors and activate the reactions [49].

Polyols are also reducing agents [50]. They are also suit-
able nucleation and growth media for particles in a finely 
divided state. They also act as surfactants that adsorb on the 
surface of elementary particles and avoid their agglomera-
tion by steric hindrance [51]. Previous studies have shown 
that the mechanisms involved in the precipitation of oxides 
in polyol media are similar to hydrolysis and condensa-
tion reactions, governed by the amount of OH– ion in the 
medium [52]. Within this framework, this study aimed to 
identify the role of OH– ion concentration on the morphol-
ogy and size of ZnO particles by varying the concentration 
of the different polyols. All tests in this series of experiments 
were performed by setting the concentration of zinc sul-
fate heptahydrate to 0.5 M and sodium hydroxide to 1 M. 
Table 2 summarizes the other parameters. It is important to 
note that the temperature of the medium is imposed by the 
boiling temperature of the polyols used.

The particles obtained in these experiments were first 
characterized by scanning electron microscopy (SEM) to 
determine their morphology. Fig. 7 indicates the results 
obtained. On the other hand, the size of the powder formed 
is estimated by dynamic light scattering. Based on the 
results, it can be noted that the smallest size was obtained 
with the lowest concentrations of polyols used. We detected 
particles of 16.45 nm with EG at 0.01 M against 454.52 nm 
with the same surfactant at 0.5 M.

The same observation was noted for the other polyols 
under the same operating conditions. Therefore, it can be said 
that as the concentration of polyol increases, the particle size 
increases. The effect of the length of the alkyl chain is stud-
ied by varying the nature of the polyol used (EG, PEG400, 
PEG4000). The average size of the particles obtained for all 
the powders synthesized increases according to the num-
ber of carbon atoms of the alkyl chain. Indeed, we obtained 
particles of 16.45, 35.19, and 191.13 nm with EG, PEG400, 
and PEG4000, respectively.

3.2. Morphology and structure

Fig. 4 shows the UV-Visible absorption spectrum of 
the synthesized ZnO nanoparticles. The UV-Vis spectrum 
shows a characteristic absorption edge located at about Fig. 2. Scheme of photocatalytic degradation reactor.
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274 nm. The purity of the ZnO NPs confirmed by the 
absence of other absorption peaks in the spectrum. Fig. 6 
and Table 3 show the energy of the band gap is an important 
factor in photocatalytic activity because the energy of the 
incident light must be greater than or equal to the energy 
of the band gap is the criterion for the selection of the pho-
tocatalyst [53]. The minimum wavelength required to pro-
mote the electron depends on the band gap energy (Eg) 
of the photocatalyst, and the Eg is calculated using Eq. (1):

E h c
g �

�
�

 (1)

where h is Planck’s constant (6.626 × 10−34 Js), c is the speed 
of light (3 × 108 m/s), and λ is the cut-off wavelength/

absorption edge in nm. Putting the values ‘h’ and ‘c’ into 
Eq. (1) we get the following Eq. (2):

Eg =
1240
outest

 (2)

The estimated band gap energy of ZnO was found to 
be 3.3 eV by putting the value of λ (band edge) = 370 nm 
from the spectrum.

The characterization of particles by X-ray diffraction 
(XRD) on a powder gives access to a number of important 
pieces of information, such as phase identification, quanti-
tative analysis of the phase mixture, and refinement of the 
crystallographic structure, possibly based on structural 
assumptions. For this purpose, a structural analysis of 
X-ray diffractograms complemented by the previous study 

Table 1
Equipment used

Equipment Brand Conditions Country

BET

Quantachrome® ASiQwin™ – 
Automated Gas Sorption Data 
Acquisition and Reduction 
© 1994–2017, Quantachrome 
Instruments Version 5.21

Sample weight: 0.082 g;
Instrument: Autosorb iQ Station 3;
Approx. outgas;
Time: 8.6 h;
Final outgas temp.: 200°C extended info: available;
Analysis gas: nitrogen;
Non-ideality: 6.58e-05 1/Torr CellType: 9 mm;
Analysis time: 8:23 h:min;
Bath temp.: 77.35 K.

Austria

FTIR IRAffinity-1S (SHIMADZU)

Interferometer Michelson interferometer (30° incident angle);
Equipped with a dynamic alignment system;
Sealed interferometer with auto dryer;
Wavenumber range from 7,800 to 350 cm–1;
Resolution 0.5, 1, 2, 4, 8, and 16 cm–1;
S/N ratio 30,000:130,000:1, accumulation of 1 min, 
quartier of 2100 cm–1, automatic peak detection.

Japan

Nanopartica 
Series Instruments 
(SZ-100)

Horiba

Dynamic light scattering (DLS) technique;
Measurement range;
Particle diameter: 0.3 nm–8.0 µm;
Measurement accuracy;
Particle size: ISO 13321/22412 compliant;
NIST traceable polystyrene latex particle standard: 100 nm 
measurement accuracy = +/–2%;
Measurement time;
Approx. 2 min in general for particle size analysis.

Japan

XRD
Philips X’Pert Modular 
Powder Diffractometer

This machine operates using a Copper Line Focus 
X-ray tube with Nickel kβ absorber (0.02 mm; 
Kβ = 1.392250 Å) producing Kα radiation (Kα1 = 1.540598 Å, 
Kα2 = 1.544426 Å, Kα ratio 0.5, Kαav = 1.541874 Å);
Scan range of 0.75°–143° 2θ

Netherlands

Raman
Horiba LabRAM HR 
Evolution Micro-Raman 
Spectrometer

Equipped with a 473 nm diode laser source 
in the wavenumber range of 100–1000 cm–1 Japan

SEM JEOL ‘JSM-7610F’
Resolution (15 kV 0.8 nm,  
1 kV 1.0 nm)

Japan
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was systematically performed for all powders to verify the 
formation of the pure ZnO wurtzite phase for the different 
preparations and confirm the morphology of the obtained 
nanoparticles [54].

Fig. 5 indicates the recorded diffractograms. All peaks 
assigned to the indexed diffraction planes (100), (002), (101), 
(102), (110), (103), and (201) are in good agreement with the 
theoretical diffraction peaks of zinc oxide [41]. This result 

confirms that the ZnO particles are well crystallized and 
that the structure is hexagonal of the wurtzite type. Fig. 6 
shows the energy-dispersive X-ray (EDS) spectra of ZnO. It 
can be noted that no impurities are presented in the ZnO-EG 
and ZnO-PEG nanoparticle samples (400 and 4,000). The 
peaks corresponding to Zn and O are observed in the EDS 
spectrum at their normal energy, and the results indicate 
the formation of ZnO nanoparticles.
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IR spectroscopy provides qualitative information on 
how the adsorbed PEG molecules are bound to the surface 
of ZnO nanoparticles. Fig. 8 compares the FTIR spectra of 
ZnO nanoparticles in the absence and presence of adsorbed 
PEG at different calcination temperatures. The peaks at 1,649 
and 1,216 cm–1 in the spectrum show the formation of PEG on 
the surface of ZnO nanoparticles. The peak at 3,329 cm–1 sug-
gests the presence of a hydroxyl group. The strong hydroxyl 
group band in the spectrum of PEG-coated ZnO nanopar-
ticles shifts to a lower wavenumber at 3,329 cm–1. The peak 
observed at 437, 440 to 623 cm–1 is due to the elongation 
vibration of the Zn–O bond. It is the band that characterizes 
the formation of ZnO [55].

Raman spectroscopy is a non-destructive method to char-
acterize a material’s molecular composition and structure. 
Raman scattering results from light-matter interaction and 
allows access to molecular and crystalline vibrations. This 

technique is complementary to infrared spectroscopy, which 
also allows the study of a material’s vibrational modes. The 
obtained ZnO nanopowders were also examined by Raman 
spectroscopy. Fig. 7 shows the results obtained. The peaks 
of 445.4 and 592.8 cm–1 characterize the formation of ZnO. 
These results confirm those obtained by IR spectroscopy.

Fig. 9 shows the SEM images of ZnO nanoparticles 
capped by EG, PEG400, and PEG4000. The results show 
the transition from a quasi-spherical morphology with 
EG to rods with PEG400. On the other hand, we obtained 
nanosheets with PEG4000, which confirms the difference in 
particle size obtained with the DLS technique, and proves 
the role of polymer capping on the size and morphology 
of ZnO nanoparticles. The SEM images also show that the 
sample with lower molecular weight has a better distribu-
tion, as clearly seen in EG’s case. However, the larger the 
alkyl chain, the more aggregated the particles are (case of 

 
 
 
 
 
 
 
 
 
 
 
 

Fig. 6. EDS spectrum of ZnO nanoparticles.
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PEG4000), which gives an additional explanation for the 
size variance: zinc ions were better dispersed and more at 
home in EG than in PEG [56]. This finding may be due to 
the long chain of PEG, which occupies enough space and 
prevents the dispersion of zinc ions.

3.3. Brunauer–Emmett–Teller analysis of the obtained ZnO 
nanoparticles

The specific surface area (SBET), pore volume and aver-
age diameter (BJH) of obtained ZnO were determined by 
the adsorption of N2. Fig. 8 displays the adsorption–desorp-
tion isotherms of N2-ZnO. The graph (Fig. 10) displays a 
type IV isotherm given by the IUPAC classification [57,58]. 
The isotherm indicates that the pores are filled with gas 
at extremely low pressure, and then a monolayer starts to 
form at the knee, while a multilayer is formed when the 
pressure reaches a medium value [59]. Finally, when the 
pressure increases, we notice a plateau. The latter indicates 
that the condensation of gases in the pores of the solid is 
capillarity, which is known by the phenomenon of hys-
teresis [60]. The surface area (SBET) of our sample given by 
the apparatus is about 134.831 m2/g. The volume of pores 
equals 1.230 cc/g, and the radius of pores Dv(r) = 61,937 Å. 
Table 4 summarizes the detailed report calculating 
the specific surface of ZnO-EG given by the apparatus.

3.4. Photolysis, adsorption, and photocatalysis of Brilliant Blue G 
250 solutions

Preliminary photolysis and adsorption tests were car-
ried out to demonstrate the effectiveness of combining the 
two processes (photocatalysis) on the degradation of the 
Brilliant Blue G 250 dye. The tests are carried out under 
the following operating conditions: the initial dye con-
centration equal to 10 mg/L, ratio (mass/ volume) equal to 
(100 mg/100 mL), natural pH equal to (6.00), and ambient 
temperature. Fig. 11a and b confirms the efficiency of the 
treatment of colored solutions by photocatalysis (ZnO/UV). 

The noted removal yields after 1-h treatment are 13.25%, 
44.90%, and 87.43% for photolysis, adsorption, and photo-
catalysis, respectively. The synergistic effect is due to the 
photo-activation of the synthesized semiconductor with UV 
irradiations at 254 nm, which generates radical species in 
particular hydroxyl radicals and superoxide ions radicals, 
according to the following reactions [61,62]:

ZnO hv e h� � �� �  (3)

e h heat� �� �  (4)

h H O OH H2 ads ads
� � �� � �  (5)

h OH OHads ads
� � �� �  (6)

e O O� ��� �2 2  (7)

O HO H H O O2 2 2 2 2
�� � �� � � �  (8)

O Dye Dye OO2
�� �� � �  (9)

� � � �OH Dye intermediates Final Productsads  (10)

3.5. Effect of initial dye concentration

Three different concentrations of dye solutions (5, 10, 
and 20 mg/L) were exposed to the photocatalytic treat-
ment. Fig. 12a indicates that the efficiency after 1h treatment 
increases with the decrease in the dye concentration. We 
note 92.78%, 83.37% and 68.13%, respectively, for 5, 10, and 
20 mg/L. The increase in the dye content generates an increase 
in the fraction of adsorbed molecules on the semiconduc-
tor’s active sites, which prevents the generation of hydroxyl 
radicals, thus reducing the efficiency of the process [63–67]. 
Fig. 12b shows the evaluation of the degradation spectra of 
the 10 mg/L solutions of Brilliant Blue G 250 as a function 
of time. The characteristic peaks of the dye in the UV and 
Visible zone register a simultaneous decrease during pho-
tocatalysis indicating degradation and decolourization.

3.6. Effect of photocatalyst mass

The study of the semiconductor’s mass effect on pho-
tocatalysis’s efficiency was carried out by varying the 
catalyst content from 0.01 to 1 g/L. Fig. 13 indicates that 
after 60 min of treatment the photocatalysis efficiencies 
increase from15.05% for 0.01 g/L, 52.14% for 0.1 g/L, 83.37% 
for 0.5 g/L to 94.32% for 1 g/L, while for a mass/volume 
ratio equal to 2 efficiency decreases. Photocatalysis yield 
increases by 6.27 for an increasing catalyst factor charge 
of 100. The improvement in the degradation yields is 
attributed to the high concentration of different oxidizing 
species (superoxide radical and hydroxyl radical). The ele-
vated radical’s concentrations result from the increased 
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Fig. 8. IR spectrum of the synthesis of ZnO nanoparticles.



259I. Boukerche et al. / Desalination and Water Treatment 284 (2023) 251–267

 
 
 

EG 
 
 
 
 
 
 
 

 
 
 
 
 
 

PEG 400 PEG 4000 

 
 
 

 
PEG 4000 PEG 4000 

Fig. 9. SEM images of ZnO nanoparticles obtained at 500°C.
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number of active sites, which results from increased cata-
lyst concentration [68–74].

3.7. Effect of solution’s initial pH

The pH plays a crucial role in photocatalytic degrada-
tion because the factors controlling the process (the molecule 
to be degraded, the catalyst, and the oxidizing species) are 
influenced by the operational values of the pH. The adsorp-
tion of Brilliant Blue G 250 dye on ZnO is a function of both 
the zero-point charge of the catalyst, which is a function 
of pH and the ionic form of the dye, which is a function 
of the pKa value. In addition to the medium’s predomi-
nant form of the oxidizing radical species. The experiments 
showing the effect of pH were carried out at three different 
values (4, 9, and 12) for 0.5 mg/L of ZnO and 10 mg/L of 
Brilliant Blue G 250.

The results illustrated in Fig. 14 show that the highest 
yield of photocatalytic degradation is recorded at pH 12 
for a value equal to 95.67% after 5 min of treatment com-
pared to the yields obtained for pH 04 and pH = pHPZC = 09 
for the respective values of 37.55% and 30.53%. NPs of 

ZnO are positively charged at pH below their pHPZC = 09 
and negatively charged at pH above 9 [75,76]. At the same 
time, Brilliant Blue G 250 molecules take a positive and 
negative charge due to both sulfonic and nitrogen groups, 
which is valid for pH values not exceeding 12 [77]. These 
two factors can cause an electrostatic interaction between 
Brilliant Blue G 250 molecules and the catalyst. Also, the 
results of the photocatalytic oxidation correspond to 
those obtained during the adsorption of Brilliant Blue G 
250 on the semiconductor at the same pH values. These 
results indicate that the dye’s photodegradation occurs at 
the catalyst’s surface. High pH values result in high •OH 
concentrations which will also react with the holes (h+) 
to generate more hydroxyl radicals [62,67,73].

3.8. Catalyst recyclability

Another intriguing facet of this protocol is the catalyst’s 
ease of recycling and regeneration. After the catalytic cycle, 
the catalyst was separated from the solution, washed with 
methanol in an ultrasonic bath and dried under a vacuum 
to remove impurities and ensure the purity of the recov-
ered catalyst. The recovered catalyst was then used to test 
the catalytic efficiency. The results of the recyclability 
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Fig. 10. Nitrogen adsorption–desorption isotherms of ZnO-EG 
precursor and ZnO-EG nanoparticles.

Table 2
Average diameter for EG, PEG400and PEG4000at different 
concentrations

Synthesis solvent Concentration Average 
diameter 
(nm)

Ethylene glycol C1 = 0.01M 16.45
Ethylene glycol C2 = 0.1 M 280.73
Ethylene glycol C3 = 0.5 M 454.52
Polyethylene glycol PEG400 C1 = 0.01 M 35.19
Polyethylene glycol PEG400 C2 = 0.1 M 737
Polyethylene glycol PEG400 C3 = 0.5 M 1,368
Polyethylene glycol PEG4000 C1 = 0.01 M 191.13
Polyethylene glycol PEG4000 C2 = 0.1 M 283.59
Polyethylene glycol PEG4000 C3 = 0.5 M 1,063.66

Table 3
EDS analysis

Spectrum: ZnO Sample 1

Element Series Net unn. (wt.%) C norm. (wt.%) C Atom. C Error (at.%) (3 Sigma) (wt.%)

Zinc K-series 39,820 57.72 75.81 43.40 4.84
Oxygen K-series 16,157 18.42 24.19 56.60 7.34
Total: 76.15 100.00 100.00

Spectrum: ZnO Sample 2

Zinc K-series 39,819 54.93 70.45 35.45 4.61
Oxygen K-series 16,215 18.73 24.02 49.40 7.46
Carbon K-series 1,070 4.31 5.53 15.15 2.95
Total: 77.97 100.00 100.00
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test are shown in Fig. 15. The ZnO-NPs catalyst shows 
excellent activity even after three cycles [78].

3.9. Comparative study between ZnO and TiO2 P25

Titanium oxide is the photocatalyst that has been 
the most studied globally. It can achieve very high yields 
in photocatalytic degradation reactions of organic com-
pounds. TiO2 can be crystallized into three different 
polymorphs: anatase (quadratic), rutile (tetragonal) and 
metastable brookite (orthorhombic). The photoactivity of 
anatase is higher than that of rutile. Anatase TiO2 is a sta-
ble polymorph in the low-temperature range but reconverts 
to rutile at temperatures above 500°C–600°C. TiO2 absorbs 

at wavelengths below 387 and 413 nm for the anatase and 
rutile forms, respectively. TiO2-P25 Degussa is the most 
widely used titanium oxide in most applications of photo-
catalytic degradation reactions.

The proportion between the two phases is 80% anatase 
– 20% rutile. Although TiO2 in anatase form has been used 
for many environmental applications, ZnO (gap = 3.2 eV) 
is also of great interest. The dye decolorization efficiency of 
ZnO is significantly higher than that of TiO2. Some authors 
have also reported this better photocatalytic efficiency. To 
confirm this result, a test was carried out between the syn-
thesized ZnO and TiO2-P25 (Fig. 16). It can be noticed that 
from the two curves that the yields after 10, 30 and 60 min 
of treatment are equal to 11.65%, 57% and 70%, respectively, 
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for TiO2 compared to those obtained for the synthesized 
Zn namely 40%, 70% and 87.42%. Such results have been 
reported by (Qin et al. [79] and Ahmad et al. [80]).

3.10. Kinetics model

The pseudo-first-order kinetics was adopted in this 
study to evaluate the photocatalytic performance of the 
synthesized ZnO semiconductor during the degradation of 
Brilliant Blue G 250 under UV irradiation (254 nm). Indeed, 
the Langmuir–Hinshelwood model describes the propor-
tional relationship between the surface coverage of the 
support and the dye removal rate:

ln
C
C

k tt

0

� � app  (11)

where kapp (min–1) is the constant of a pseudo-first-order 
kinetic, t (min) is the reaction time, C0 (mg/L) and Ct (mg/L) 
are the Brilliant Blue G 250 solution concentrations after 
the adsorption equilibrium. Fig. 16 represents the linear 
regression of the equation [Eq. (10)].

As shown in Fig. 17, a pseudo-first-order kinetic rep-
resents the kinetics of the photocatalytic degradation of the 
dye for the three initial concentrations (5, 10, and 20 mg/L) 
with an adjusted R-squared of 0.95 [70,74,77,82].

3.11. Identification of oxidizing species

Several oxidizing species use their oxidative power to 
mineralize complex organic molecules during photocata-
lytic degradation. For this purpose, several trapping mol-
ecules are used to identify oxidizing species, including 
t-butanol, ascorbic acid and azide for identifying hydroxyl 
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radicals, superoxide ions and singlet oxygen. The trapping 
molecules were used at different doses (1, 10 and 100 mM) 
for a 10 mg/L solution of Brilliant Blue G 250 and 50 mg of 
synthesized ZnO under UV irradiation (254 nm). Fig. 18 
represents the results obtained.

The results indicate that the addition of ascorbic acid, 
as well as t-butanol, has an inhibitory effect on the ini-
tial rate of Brilliant Blue G 250 dye degradation calculated 
after the first 10 min. In contrast, azide has a lesser effect 
on photodegradation in the following order: Asc (0,.15 mM/
min), t-butanol (0.16 mM/min), azoture (0.27 mM/min) and 
no Scavengers (0.41 mM/min). This indicates that hydroxyl 
radicals and superoxide ions are more important than the 
action of singlet oxygen. Such results are similar to the stud-
ies of Kiwaan et al. [82] in the photocatalytic degradation 

of Acid Red 57 using synthesized ZnO nanowires, Chen 
et al. [19] in preparation of ZnO photocatalyst for the effi-
cient and rapid photocatalytic degradation of azo dyes, 
in addition of Verma et al. [83–85] results’ in studies on 
growth of Au cube-ZnO core-shell nanoparticles for pho-
tocatalytic degradation of methylene blue and methyl 
orange dyes in aqueous media and in presence of different  
Scavengers [76].

3.12. Mineralization of Brilliant Blue G 250

Mineralization of Brilliant Blue G 250 was measured 
by the total organic carbon (TOC) in an Analytik Jena 
Analyzer TOC multi-N/C 3100. The percentage of mineral-
ization was estimated using the equation [Eq. (11)]:
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Fig. 19. Mineralization of Brilliant Blue G 250 ([BBG]0 = 10 mg/L, T = 25°C ± 2, natural pH, agitation rate = 400 tours/min, 
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Table 4
BET analysis of the surface and porosity of the obtained ZnO-EG

Radius Ds (logr) 
area (Å)

Pore volume (cc/g) Pore surf (m2/g) dV(r) (cc/Å/g) dS(r) (m2/Å/g) dV(logr) (cc/g) dS(logr) 
(cc/g)

15.3274 0.0000e+00 0.0000e+00 0.0000e+00 0.0000e+00 0.0000e+00 0.0000e+00
17.1183 0.0000e+00 0.0000e+00 0.0000e+00 0.0000e+00 0.0000e+00 0.0000e+00
19.1894 0.0000e+00 0.0000e+00 0.0000e+00 0.0000e+00 0.0000e+00 0.0000e+00
21.6280 0.0000e+00 0.0000e+00 0.0000e+00 0.0000e+00 0.0000e+00 0.0000e+00
24.5589 0.0000e+00 0.0000e+00 0.0000e+00 0.0000e+00 0.0000e+00 0.0000e+00
28.1684 0.0000e+00 0.0000e+00 0.0000e+00 0.0000e+00 0.0000e+00 0.0000e+00
32.7177 1.8383e-03 1.1237e+00 3.6084e-04 2.2058e-01 2.7129e-02 1.6584e+01
38.9136 1.5600e-02 8.1968e+00 1.8859e-03 9.6928e-01 1.6849e-01 8.6594e+01
47.8915 7.1188e-02 3.1411e+01 5.2152e-03 2.1779e+00 5.7272e-01 2.3918e+02
61.9371 1.6374e-01 6.1298e+01 5.3094e-03 1.7145e+00 7.5218e-01 2.4289e+02
86.8573 3.1511e-01 9.6153e+01 4.6708e-03 1.0755e+00 9.2320e-01 2.1258e+02
154.0472 5.4047e-01 1.2541e+02 2.2100e-03 2.8692e-01 7.5437e-01 9.7941e+01
1462.8475 1.2295e+00 1.3483e+02 2.7392e-04 3.7450e-03 6.1369e-01 8.3903e+00
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Fig. 19 shows the TOC removal efficiency (%) during 
photocatalytic degradation. The total mineralization after 
20 min was found to be 45.54%, 60% after 60 min, and 70% 
after 120 min. This result indicates that dye degradation 
was faster than the reduction of TOC, and it represents the 
resistance of the intermediate product to photocatalytic 
degradation.

4. Conclusion

In this work, we successfully synthesized ZnO nanopar-
ticles with an average size of 16.45–35.19 nm. We used a 
simple method by applying ultrasonic waves and modify-
ing the dispersing medium. Various morphologies and sizes 
were obtained by varying the nature of surfactant used: EG, 
PEG400, and PEG4000. The higher the number of carbon 
atoms in the alkyl chain, the larger the particle size. X-ray 
diffraction analysis of these samples shows the formation 
of pure phases of ZnO nanoparticles with a wurtzite struc-
ture. SEM images show that ZnO nanospheres were syn-
thesized with EG, while nanobatons and nanosheets were 
obtained with PEG400 and PEG4000, respectively. The SEM 
images also show that the distribution of ZnO nanoparticles 
improves, and the particles aggregate less than the molecu-
lar weight and concentration of PEG decreases. Brunauer–
Emmett–Teller (BET) results reveal a type IV isotherm 
with H3 hysteresis.

The ZnO-EG synthesized during this work was tested 
as a semiconductor during the photodegradation of the 
dye Brilliant Blue G 250. The conducted experiments 
have shown the effectiveness of the photocatalyst. An effi-
ciency of 87.43% is reached after 60 min of treatment for a 
mass/liquid ratio equal to 0.5 at natural pH. The efficiency 
increases with the increase in the mass of the semiconduc-
tor to reach 94.32% for 1 g/L. The increase in the dye con-
tent decreases the effectiveness of the treatment according 
to pseudo-first-order kinetics. The degradation is better in 
alkaline conditions. In addition, the present work indicates 
that hydroxyl radicals have a major contribution during 
the photocatalytic process. Also, the abatement of the total 
organic charge after 120 min equals 70%.
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