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Abstract

Recently, industrialization and environmental pollution on a global scale have drawn attention to the essentiality of developing
eco-friendly purification techniques. The existing wastewater treatment techniques required high capital costs for operation &
maintenance. Cost-effective treatment technologies need to transform the hazardous substances into benign forms. Moreover,
minimizing the adverse effects of the produced subsequent those are mostly toxic, persistent, and difficult to treat. This study
describes a treatment method for acridine orange (AO) dye degradation and decolorization in wastewater under UV- Visible
light utilizing both pure ZnO and Ag* doped ZnO. UV-Vis spectrophotometry has been used to study the photodegradation
processes of the dye. Several characterizing parameters were studied as initial dye concentration, initial pH values, amount of
catalyst, and the abundance of Na2SO4 and NaCl. The catalysis effect of both pure ZnO Ag* doped ZnO has been compared.
The degradation efficiency and optimum conditions had been determined. The obtained results revealed that Ag* doped ZnO

is much more efficient in dye degradation than the pure form catalyst ZnO.
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1. Introduction

Introduction

Water is considered as a backbone and
essential requirement in all domestic, industrial and
commercial activities. The generated wastewater from
such processes contains a wide range of pollutants
according to the type of the process. Most of the
emitted effluents from these activities are intensely
colored and loaded with a high concentration of
organic and inorganic pollutants such as dissolved and
suspended salts beside many other recalcitrant
contaminants. Among the advanced oxidation
processes (AOPs) the heterogeneous photocatalysis is
considered a promising methods that can be used for
organic pollutants degradation in water and
wastewater. Some activities like textile and dyestuff
industries release about ( 10 — 15% ) of total amount
of dyes that directly discharged into water streams.
The safe disposal of these effluents is a major concern
for environment and consequently to human health
[1]. There several types of the commercial dyes that
can be classified into cationic (basic dyes); anionic
(direct, acid and reactive dyes) and nonionic (disperse

dyes). These dyes are characterized with having a
structure of an aromatic molecular complex.
Moreover, these dyes are classified based on their
chromophore that refers to the component responsible
colorization. Many colored dyes can be detected in
wastewater effluent such as arylmethane, azo,
acridine, antraquinone, phthal- ocyanine,
triphenylmethane,  heterocyclic, nitro,  nitroso,
cyanine, quinone-imine, xanthene or thiazole dyes
[2,3]. The cationic triphenylmethane dyes are the most
famous that have been used extensively in the
industrial process as colorants and antimicrobial
agents [4]. Acridine orange (AQO) dyes are an organic
compound that serves as a nucleic acid-
selective fluorescent dye with cationic properties
useful for cell cycle determination. They are very
similar spectrally to an organic compound known as
fluorescein. They are mostly used in medicine and
biology for staining solutions [5].

Different treatment methods have been
extensively applied for dye-containing waste water
treatment such as: biological treatment including
aerobic and anaerobic techniques, incineration, AOPs
including ozonation and peroxidase techniques and
adsorption on solid phases. However, these treatment
methods have several disadvantages and limitations.
The biological treatment requires large area, long
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periods of treatment and offensive smell; AOPs shows
a short half-life, beside the presence of salts can affect
ozone stability; adsorption on solid phases might be
strongly affected by the change in pH and temperature.
All these drawbacks may lead to contaminants
transference not degradation and consequently
producing sludge [6-9]. Base on the above mentioned,
the heterogeneous photocatalysis represents an elegant
alternative treatment for wastewater containing dyes
degradation. This method exhibits many advantages
over all conventional treatment techniques in dye
degradation into final innocuous products [10].

Recently, the advanced oxidation processes
(AOPs), that the alternative to non-destructive
methods is "advanced oxidation processes” (AOPS),
that based on the generation of highly reactive
hydroxyl radical species that acts on oxidizing a wide
range of organic pollutants in a quick and non-
selective manner [11-14]. The combination of
semiconductors from metal oxides such as (ZnO,
TiO,, Fe,03, etc.) with UV light is considered a good
example of AOPs photocatalysis systems. The
importance of semiconductors are due to their metal
atoms electronic structure in chemical combination,
that characterized by an empty conduction band and
filled valence band [15]. ZnO and TiO are the most
important semiconductors and ideal photocatalysts
where they have a wide band gaps. Moreover, these
metal oxides are chemically stable and
environmentally friendly materials. However, in some
cases, Zn oxides show better degradation capacity than
Ti oxides [16-19]. ZnO is much favorable than TiO,
due to its ability to absorbs a larger UV spectrum
fraction and consequently more light quanta [20].
Besides, the fast electron hole pair recombination in
TiO, could also limits its efficiency.  Several
researches reported the higher ZnO photocatalytic
activity in the degradation of organic pollutants in
aqueous solutions compared to TiO; [21,22].

The photocatalytic efficiency of ZnO can be
enhanced via different physic-chemical techniques
like designed shape controlling, surface area
increasing; doping another atom into the lattice
leading to separation of electron—hole pairs [23 - 26].
It is known that Ag acting as electron sinks that can
trap the photo-excited electrons from the
semiconductor and  diminishing the charge
recombination process. Thus, Ag* doped ZnO
molecules could improve the photocatalytic activities
of ZnO [27, 28].

The main aim of this study is to investigate
the catalytic activity, and optimum conditions for both
pure form catalyst ZnO and modified form of ZnO
doped with Ag* in the degradation of (AO) dye in
wastewater.

From the reaction kinetics we proved that the
photocatalytic  degradation follows a pseudo-first

Egypt. J. Chem. 65, No. 10 (2022)

order reaction and can be expressed through the
equation; In (Co/Ci)= kt, where k is the rate constant
of the apparent reaction, C is AO initial concentration,
t is time of the reaction and C. is AO concentration at
the reaction time t [29].

The efficiency of dye degradation can be calculated
using the following equation;
Degradation rate (%) =Co -Cd
oy

(2

where Cy is the initial concentration, C; is the variable
concentration at time t, Aq is the initial absorbance,
and A is the variable absorbance at time t.

Co*100%

=Ao - A Ap*100%

Mechanism of Photocatalysis.

Photo-induced reaction is the actual term
referring to photocatalysis process in which the
reaction that could be accelerated by the catalytic [30].
The mechanism of these reactions is enhanced by
photon absorption with sufficient energy that may
higher than or equal to the band-gap energy (Eng) of
the catalyst [31]. This absorbed energy leads to a
separation of the charge because of electron promotion
(e”) from the valence band to the conduction band
forming a hole (h+) generating in the valence band of
the catalyst semiconductor. In case of photo catalyzed
reaction the recombination between a hole and
electron must be prevented as much as possible to
enhance the photocatalysis process. To produce an
oxidized product the reaction should occur between
the generated holes and the reductant. Whereas, for
producing a reduce product the reaction should occur
between the activated electrons with an oxidant. The
main role of the photo-generated electrons is to reduce
the dye or to react with electron acceptors as oxygen
molecule (O,) that adsorbed on the surface of zZn(ll).
In some cases it dissolves in water, forming a
superoxide radical anion O2™ [32,33]. However, The
photo-generated holes acts on oxidizing the organic
molecule to form R*. Also, it could produce a hydroxyl
radical (OH" ) through oxidizing H2O or OH™~. The
heterogeneous ZnO photodecomposition process of
organic substrates as dyes could be due to the presence
of strong oxidizing agents as peroxidase forming OH*
radicals. These radicals have a standard redox
potential of (+2.8V) that have the ability to oxidize
most dye compounds to their mineral end-products.
Based on the above mentioned, the relevant reactions
at the surface of semiconductor causing dye
degradation could be expressed from the following
equations [32]:

ZnO + hv— ZnO (e cg + h*ve) (3)
ZnO (h*vg) + H2O — ZnO +H* +OH" 4)
ZnO (h*yg) + OH™ — ZnO +OH" 5
ZnO (e cs) + O, — ZnO +0;, ™ (6)
O; " +H*— HOs (@)
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Dye + OH® — degraded products (8)
Dye + h * — oxidized products 9)
Dye + ecg” — reduced products (10)

where hv is the required photon energy to excite the
semiconductor electrons from the valence band (VB)
level to conduction band (CB) level.

Materials and Methods
Materials.
All purchased chemicals were used without any
further purification as-received condition.

Acridine orange dye (Sigma-Aldaich). Linear
Formula: C13H9N. Molecular Weight: ( 179.13
g/mol). Color Index Number: 46005. CAS Number:
494-38-2. IUPAC: 3-N,3-N,6-N,6-N-
Tetramethylacridine-3,6-diamine. Alternative name:
3,6-Acridinediamine.

Zinc sulfat-7-hydrat(Zn(S0O4).7H20) (Riedel), Silver
Nitrate (AgNO3), Sodium Carbonate anhydrouse
(Na2C03), NaOH, H2S04 , NaCL, Na2SO4 and
Ethanol were of analytical reagent grade and
purchased from Merck.

Preparation of photocatalysts

Ag* doped ZnO could be prepared by
precipitation method. Dissolve Na,COz; and
Zn(S0.).7H,0 separately in a double distilled water to
get 0.5mol/l solutions .Slowly add Zinc sulfate
solution to the vigorously stirred Na,COs. Also, add
AgNO:s in the required stoichiometry to the prepared
solution until a gray precipitate is formed. Then, filter
the precipitate, and rinse with distilled water
repeatedly. Finally, wash twice with ethanol. Dry the
resultant solid product for 12h at 100 °C and make
calcination for 2h at 600(+2) °C. The preparation of
Zn0O particle can be also performed throughout the
same method but without addition of AgNOj3 solution
[29].

Preparation of stock solution.

Weight ~0.05 g of Acridine orange into a 50
ml beaker. In a 1 L volumetric flask dissolve the AO
dye in double distilled water and dilute ittoa 1 L.

Catalyst Characterization.

In Fig. 2 the XRD patterns shows undoped
Zn0O and Ag* doped ZnO samples. This pattern reveals
the crystal structures of both oxides doped and
undoped as a hexagonal primitive wurtzie structure
including two oxygen and two zinc atoms per unit cell
(space group P6smc (186) [1, 2]. According to the
structure of hexagonal wurtzie, the intensity of the
strong peak and the narrow width of the line imply a
good crystallinity [3, 4]. The XRD patterns do not
show peaks of metallic Ag of doped ZnO at 38.1°
(111), 44.3° (200), etc., (JCPDS 89-3722). This could
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be due to the low content of Ag incorporating ZnO.
Silver is unusually to be found as Ag.0O in the prepared
Ag* doped ZnO. At 600 °C the doped oxide doped Ag
has been calcined where at 400 °C the Ag.O was
decomposed to Ag. However, at annealing
temperature more than 600 °C, a partially out diffusion
has been occurred for the silver dopants and form
silver clusters as well. Moreover, at the annealed
degree of temperature > 600 °C, there is no
characterized peaks related to Ag could be observed.
This finding could indicate the instability of Zn atom
substitution by Ag ions at high degrees of temperature,
which considered as a significant limitation for using
Ag as the dopant of Zn oxides [5].

Ag ions might be incorporated into the lattice of ZnO
either at substituent or interstitials for Zn*2[6].

The structural analysis of pure ZnO and d Ag* doped
ZnO can be shown in Tablel. The least squares
refinement method was used from which unit-cell
parameters were calculated using 9 well-defined
diffraction lines in the hexagonal system indexation.
The replacement of Zn atoms by Ag ions may cause a
little change of the lattice parameters; as the c-axis
shrinked whereas the a-axis enlarged. Consequently,
the volume of the unit cell was increased almost by
1.5% for Ag* doped ZnO sample as shown in Tab.1.
These lattice changes may be attributed to the
substitution process of Zn?*ions having radius of 0.74
A by Ag* ions having radius of 1.26 A [7].These
results revealed that the obtained values are very close
whether there is a slight deviation from those of pure
ZnO, which referred to Ag ions were successfully
occupied the sites of the lattice rather than interstitial
ones. Moreover, the Ag ions formation energy on the
substitutional sites was lower than those at the
interstitial sites. Thus, substitutional sites were
preferred to be occupied by Ag ions [8]. It is a good
point to remark that for different dopants the variation
of the lattice parameter is very similar [9]. The XRD
patterns of the inserted portion showed that the peaks
of the Ag* doped ZnO samples shifted towards lower
angles (20 = 28 - 40°). Moreover, the peak patterns for
pure ZnO and Ag* doped ZnO illustrating a shifting of
the lattice parameter as shown in Fig.2. There are
several reasons behind this peak broadening and
shifting that may be attributed to the lattice distortion,
lattice mismatching, crystal strain, and the effect of the
finite size.

Generally, there are several factors can affect to the
beaks broadening in X-ray diffraction. We can classify
such them into (i) instrumental factors that related to
the resolution and the incident X-ray wavelength, (ii)
sample factors that related to crystallite size and non-
uniform microstrain, might cause a peak broadening
[10, 11]. The peak width was smoothly varied with 20
or d spacing in the case of instrumental related factors.
However, in case of sample related factors the peak
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broadening could have a different relationship. From
which, we can estimate the relation between the
crystallite size and microstrain components through
gathering the Scherrer's equation for crystallite size
and the Bragg's law for diffraction, as the following
equation:

242
E (12)

B2 cos? 6):16<e2>sin2 0+ K

where B is representing the full-width at half-
maximum (FWHM) after correction of the broadening
related to the instrumental factors for silicon fine
powder material, € is the diffraction angle, and K is a
constant of near-unity that related to crystalline shape.
For the pure ZnO and its Ag doped ZnO, Fig. 3
represents the first member plot as a function of sin26.
The appeared plots were well fitted by straight lines;
this finding was in agreed with Eq. (11). The value of
<e?> could be provided from the slope of the linear fit
of the data. Whereas, the value of the coherence length
L could be provided from the extrapolation of sin 6 =
0. From which, we could estimate that the Bragg lines
integral breadth of Ag doped ZnO were slightly greater
than undoped ZnO, that predicts a higher microstrain
content and smaller grain size as shown in Table 1.

Photodegradation experiments of dye.

A photoreactor (phocat 120.0) was used to
carry out the degradation experiments by addition of
photocatalyst to 100 ml dye solutions in dark for 30
min with continuous stirring under ambient conditions
to achieve the adsorption equilibrium on the
photocatalyst surface. Then withdraw about 5 ml of
the sample from the suspended solution at time
intervals for measuring the absorbance at the
maximum AO dye absorption wavelength of about
487 nm. Just before any absorbance measurement a
sample centrifugation should be carried out to isolate
the photocatalyst from the heterogeneous solution for
10 min at 4000 rpm to completely remove the particles
of the catalyst.

Results and Discussion.
The loading effect of the photocatalyst.

The kinetic degradation effect of photocatalyst on
AO was investingated through applying variable
concentrations doses of the photocatalyst for both pure
ZnO form and Ag* doped ZnO as well ranged from 0.5
to 2.5 g/l at constant initial dye concentration of 20
ppm. The obtained results showed the degradation
rate of the AO was increased at the beginning of
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catalyst dose concentration due to increasing the
number of active sites on catalyst surface that in turn
leading to the increases of the number of OH* and OHy’
radicals causing a significant increase in the
photodegradation rate. However, with increasing the
catalyst concentration more than a certain limit then
the degradation effect was decreased this may be due
to the effect of the catalyst particles aggregation
causing a decrease in the active sites number of the
catalyst surface. Moreover, these aggregations may
cause a light scattering leading to decrease the
probability of the irradiated light passage through the
sample that means the reduction of the photonic flux
within the irradiated solution leading to decrease in
degradation rate. The obtained results from Table.2
and Figs. 4 (A&B) revealed that the optimum catalyst
concentration is 1.5 g/l for both pure ZnO and Ag*
doped ZnO, respectively.

Effect of initial dye concentration.

The degradation rate of AO was studied
through the variation of AO concentrations from
(10ppm to 20ppm) at constant catalyst loading of
1.5¢/l. Table.3 and Figs. 5 (A&B) showed the
maximum degradation rate was obtained at 16 ppm for
both pure form of ZnO and Ag* doped ZnO,
respectively. However, the degradation efficiency was
decreased with increasing the AO dye concentration.
This adverse effect could be explained at high
concentration of AO dye, the adsorption equilibrium
on the surface of the catalyst active sites increases,
then the competitive adsorption of H,O , OH", and O,
on the same surface sites decrease, this will lead to a
lower OH- radical formation, that is the main oxidant
responsible for a high degradation efficiency.
Whereas, with increasing the initial AO concentration
levels, the light photon adsorption on catalyst particles
decrease due to the decreasing of the path length of
photons entering the solution, resulting in lower
photon adsorption on catalyst particles and
consequently a lower photodegradation rate
considering the Beer-Lambert law.

Effect of Inorganic salts.

a. Effect of NaCl.

The dissolved inorganic ions are normally
occurred in the industrial wastewater containing dyes.
In this work we studied the effect of NaCl on the
degradation rate of AO dye in the range of 0.0-2.5 g/l
(16ppm) and catalyst concentration constant of 1.5¢/1.
The obtained results revealed that the AO degradation
rate was decreased with increasing NaCl concentration
for both catalysts, as shown in Table 4 and Figs. 6
(A&B) for pure form of ZnO and Ag* doped ZnO
consequently. The inhibition effect resulting from the
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reaction between positive holes of hydroxyl radical
(OH") and ions can be explained from the equations
from (12) to (14)) in which hy,* and OH* behaved as
scavengers causing a prolonged color removal. The
adsorbed ions might be competed with AO dye for the
photo-oxidizing species on the catalyst surface
causing a photocatalytic degradeation preventing of
the dyes [35-37]. There is an increasing probability of
inorganic radical ions formation as (e.g. CI°, Cl;~ and
CIOH™) under these conditions [38]

ZnO + hv—ZnO(e cs + h*vs)

Cl"+ htvg = CI’ (12)
Cl"+OH" — CIOH"™ (13)
CI"+CI' = Cly~ (14)

Although the reactivity of these anion radicals might
be taken in consideration, but they are not reactive as
OH" because of their lower potentials of oxidation.
Besides, the occurrence of high concentrations of
scavenging radicals of (CI") could drastically retard
the advanced oxidation reactions [34-37].

b. Effect of Na2SOa.

In this work we studied the effect of addition
of different concentrations of Na;SOs on the
degradation rate of AO at 16ppm in the range of (0.0 -
2.5 g/l) and catalyst concentration constant (1.5¢/1) for
both pure ZnO and Ag* doped ZnO. Table.5 and Figs.7
(A&B) showed the photo-degradation efficiencies
were firstly increased with increasing sulphate ions
concentration. However, at high levels of sulphate ions
concentration the rate of photo-degradation was
decreased for both forms of pure ZnO and Ag* doped
ZnO respectively. This might be attributed to the direct
or indirect chemical formation of SO, that can
explained through Egs. (15) — (20). Previous literature
studies showed that the generated in situ radicals could
strongly act as efficient oxidizing agent and/or
initiating the hydroxyl radical formation [28, 29].

S04 +0H" — SOs " + OH~ (15)
50427 + h*vg — SOq (16)
S04~ + e cg — SO a7
S04~ +H,0 — SO4* +OH" + H* (18)
S04~ +Dyet+ ——— SO%~ +Dye (19)
Dye™* »—— CO; (20)

The formed sulphate radical anion (SO4™ considered
as a very strong oxidant (E° =2.6eV), thus could react
with dye [29,30]. Moreover, it could generate
hydroxyl radicals and/or trap the photo-generated
electron. These powerful oxidants could easily
degrade the dye molecule, degrade [31]. Dye
molecules have a great tendency to be attacked by
SO4e— radical at various positions and then fragment
them further. With increasing the concentration of
sulphate ions the degradation rate was significantly
decreased because of adsorption process that occurs
for the excess sulphate ions on the catalyst surface
causing catalyst section deactivation [32].
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Effect of pH

The industrial wastewater emitted from
textile facilities usually has a variable pH values.
Moreover, the hydroxyl radicals' formation is also pH
dependent reaction. So, pH values play an important
role for both textile wastewater characterization and
hydroxyl radicals' generation. The effect of pH on the
photocatalytic degradation process can be hardly
interpreted due to its multiple roles including the
electrostatic interactions between solvent molecules,
solvent molecules, surface of semiconductor, and
charged radicals generated throughout the reaction
process. In this work, we studied the photo catalytic
degradation of AO under the effect of pH range (3.2,
5.2 (aqueous), 6.6 and7.6) at a fixed dye concentration
of (16 ppm) and catalyst loading of (1.5g/l) for both
forms of pure ZnO and Ag* doped ZnO . The pH of
the solution could be previously adjusted before the
irradiation process using a dilute agueous solution of
H,SOs or NaOH and not recommended to be
controlled through the course of the reaction. Table 6
and Figs. 8 (A&B) for were showed that for both forms
of pure ZnO and (B) for Ag* doped ZnO and the photo-
catalytic degradation of AO dye was increased at
lower pH values that may be attributed to the
generation of hydroxyl and sulphate radical that are
powerful oxidant and have the ability to degrade the
dye molecule. Whereas, with more slight increasing of
pH values the degradation rate was sharply decreased
due to adsorption process that may occurs near pH =5
for the excess sulphate ions on the catalyst surface
causing catalyst deactivation. However, with
continuous increasing in pH (> 6.5) the degradation
efficiency was significantly increased due to the
presence of a huge amount of OH™ ions leading to
formation of more OH' radicals, that could enhance the
photocatalytic degradation of AO dye [40].
Photocatalytic degradation.

The photo-catalytic degradation for aqueous
solutions of acridine orange dye (16 ppm) could be
achieved by (38.0)% and (92.5)% using UV-Vis
irradiation for 10 min in the presence of both forms
of photo-catalysts pure ZnO (1.5 g/l) and Ag* doped
ZnO (1.5 g/l) respectively, that can be shown in Fig.9.
The degradation efficiency of pure form ZnO Ag* was
much lower than that of doped ZnO under the same
conditions. The degradation efficiency of AO dye was
improved in the presence of photo-catalytic activity of
Ag+ doped ZnO than that of pure ZnO. This efficiency
improvement might be attributed to the effect of Ag
that has the ability to act as electron scavengers by the
effect of electron trapping. This reduction potential of
Ag could reduce the charges recombination and
enhance the OHe production and stimulating the
oxidation process. Moreover, throughout the reaction
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the metallic silver was produced on the surface of ZnO
and this can be easily observed from the surface
darkness during the irradiation process then
consequently leading to increasing the degradation
efficiency [20- 23].

Conclusion

In the work, we studied the degradation efficiency of
acridine orange dye in the presence of photo-catalysts
of pure form ZnO and Ag* doped ZnO. These photo-
catalysts nanoparticles were prepared through Co-
Precipitation method. The physical properties of the
prepared were characterized by XRD instrument. The
obtained results showed that Ag* doped ZnO
nanoparticles exhibited a significant improvement in
the degradation efficiency of AO dye than that
obtained from the pure form of ZnO nanoparticles
under the same conditions and UV- Visible light. The
photodegradation kinetics was performed. The first-
order Kkinetics was observed throughout the
photodegradation reactions that obviously
corresponded to the assumption of the Langmuir—
Hinshelwood kinetics type mechanism.

The influence of several parameters affecting the
photocatalytic degradation of AO dyes using
Photocatalysts ~ were  studied like  catalyst
concentration, initial dye concentration, pH and
inorganic salt such as CI7, SO24~ then consequently
the optimum conditions were reported.
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