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Photocatalytic degradation of Acridine orange dye and real textile wastewater
via ZnO nanoparticle supported natural Tunisian clay
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ABSTRACT

Decontamination of dye molecules from polluted water through photocatalyse process is reported
to be a performing technology. In this study, sol gel synthesis route was used to prepare ZnO
nanoparticles and ZnO modified natural and abundant bentonitic clay. ZnO and ZnO-clay nano-
composites were characterized by X-ray diffraction, Fourier-transform infrared spectroscopy, N,
adsorption—desorption, transmission electron microscopy techniques and tested for Acridine orange
dye photodegradation using artificial UV irradiation. Experimental data indicates that ZnO-clay
was an efficient photocatalyst under UV irradiation and in the presence of H,O, oxidant (around
97.8% of Acridine orange removal and 82.7% mineralization were achieved after 90 min). Adsorption
experiments were studied and both pseudo-second-order and pseudo-first-order for kinetics mod-
els fitted the Acridine orange adsorption data except with pure ZnO catalyst adsorption process is
described only by pseudo-second-order model. Photocatalytic degradation data of Acridine orange
followed the first-order removal rate with three materials: pure clay, ZnO and ZnO-clay and the
apparent rate constant increased with photocatalyst performance. The mechanistic detail of the
dye photodegradation was studied via the separation and identification of the products interme-
diates by liquid chromatography-mass spectrometry method. Obtained results suggested that the
N-de-methylation mechanism of Acridine orange (AO) dye took place leading to the generation
of mono-, di-, tri-, and tetra-N-de-methylated AO products during the reaction. Synthetic pho-
tocatalyst ZnO-clay was reused three times without an apparent decrease in its degradation effi-
ciency even after 3 runs (94.7% of AO removal), proving the high stability and reutilisability. As
well, ZnO-clay was tested in the treatment of a real textile effluent and obtained results (80.6% of
effluent mineralization) confirm its great performance in the environmental decontamination.

Keywords: Photocatalyse; ZnO-clay; Acridine orange; Mineralization; Liquid chromatography—-mass
spectrometry; separation; UV irradiation

1. Introduction biodegradable and generally bio-recalcitrant [1]. Textile
industry is one of the most water-consuming industries
[2,3]. Also, it generates recalcitrant and toxic organic mole-
cules which are responsible of organoleptic and aesthetic

Industries such as petrochemical, food, and textile pro-
duce huge quantities of highly charged effluents, hardly
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pollution, causes health problems and contaminates ground-
water, soil and vegetation [4,5].

Acridine orange dye (3,6-bis(dimethylamino)acridine),
is a cationic dye, used as fluorescence dye in molecular
biology, toxicology, and supramolecular chemistry [6]. It
is often used to probe DNA structure in drug-DNA and
protein-DNA interactions [7]. It is difficult to biodegrade
this dye due to its complex aromatic structure and also, it
was considered as toxic and carcinogenic compound [8,9].
For this reason, some researchers were reported in the lit-
erature for Acridine orange dye removal: Jauris et al. [10]
were studied the efficiency of carbon nanotubes for the
adsorptive removal of Acridine orange dye. Nejad-Darzi
et al. [11] were interested in the adsorption of Acridine
orange using ZSM-5 nanozeolithe as adsorbent. Also, sev-
eral physical processes have been envisaged for industrial
wastewater treatment before discharge, in particular mem-
brane filtration [12], precipitation/coagulation of dyestuffs
[13] and adsorption on activated carbon [14]. But, these
methods have the disadvantage of moving simply pol-
lution in large amounts of sludge [15]. It is therefore nec-
essary to create and implement simple and inexpensive
solutions in order to treat industrial effluents.

The researchers concentrated their efforts on more
powerful oxidation processes: the advanced oxidation pro-
cesses (AOPs). These technologies have already shown
their potential in the treatment of bio-recalcitrant organic
pollutants [16,17]. Many authors use these technologies in
the treatment of textile effluent: H,O,/UV [18]; TiO,/UV
[19,20]; TiO,/H,0,/UV [21]; homogeneous Fenton reac-
tion [22] and homogeneous photo-Fenton reaction [23].
However, the costs involved with the energy requirements
and chemicals, especially when complete mineralization
is the main objective, are expensive and eventually make
these processes inapplicable at the industry scale [24].
Photocatalysis is among the powerful Acridine orange
(AO) techniques and it was the subject of many studies;
it remains very promising by its ability to destroy organic
compounds into simple molecules like CO,, H,O, and min-
eral acids [25]. Also, it is based on the high photocatalytic
activity of the used catalyst. Then, many authors have
been attempted the photodegradation of dye molecules by
means of different photocatalysts such as TiO, [26], ZnO [6],
pillared clay [27], and iron oxide [28].

The development of newer eco-friendly methods able
to destroy these pollutants has become an imperative task
such as photocatalyse process using ZnO modified clay as

Table 1
Chemical structure and properties of Acridine orange dye (AO)

heterogeneous photocatalyst and UV irradiation as light
source. In this sense, the main objective of the present work
is to study the activity of raw Tunisian clay (bentonite)
before and after modification with ZnO, using sol-gel route,
in the photodegradation and mineralization of Acridine
orange cationic dye in aqueous solution followed by photo-
treatment of real textile effluent collected from Tunisian
Textile Company.

2. Materials and methods
2.1. Chemicals and products

Pollutant used in this study is a cationic dye: Acridine
orange (AO) (Table 1), a dark orange powder belongs to
acridine dye family [6].

Clay used in this study is natural sodic smectite collected
from the soil of “Gafsa” situated in the south of Tunisia.

All other chemicals used in this work were of analyt-
ical grade and were used without any further purification:
zinc acetate dihydrate (Zn(C,CO0),2H,0), ethanol, tri-
ethanolamine, and H,O, (35%).

2.2. Photocatalysts preparation

ZnO nanoparticles and ZnO-clay nanocomposites were
synthesized by sol-gel route as described in previous work
by Hadjltaief et al. [29]: 4.38 g of dehydrated zinc acetate
were dissolved in 100 mL of ethanol and stirred in a water
bath at 50°C. Then, 2.98 g of tri-ethanolamine were subse-
quently added to the solution while stirring was continued
for 1 h. The mixture was placed under vibration and heated
for 30 min at 40°C, conducting to a colorless and transpar-
ent sol. After that, 3 g of clay were added to this sol. The
resulted suspension was agitated under vibration for 30 min,
filtered, dried for 12 h, and calcined at 300°C for 4 h.

2.3. Characterization of the investigated materials

Mineralogical analysis was conducted by X-ray diffrac-
tion (XRD) using PANalytical X'Pert HighScorePlus dif-
fractometer, CuK  radiation (o = 1.5406 A) source. Isotherm
of nitrogen adsorption-desorption of the material was
measured using Quantachrome model Nova 1000° surface
and porosity analyzer. The specific surface area (S,,,) was
obtained by the Brunauer-Emmett-Teller (BET) method
and the total pore volume (V,) was calculated at a relative
N, pressure of P/P,=0.99 at liquid nitrogen temperature of
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196°C. Fourier-transform infrared spectroscopic data was
determined using Perkin Elmer 783 dispersive spectrom-
eter in the range of 4,000-400 cm™. Transmission electron
microscopy (TEM) was analyzed to define the morphol-
ogy of pure clay before and after modification with ZnO
nanoparticles.

2.4. Adsorption tests

Batch experiments with the studied pollutant were
carried out to investigate the adsorption efficiency of the
selected photocatalysts and to define the kinetic model and
adsorption process.

Adsorption measurements were performed in 250 mL
glass vessels containing 100 mg of adsorbent and 100 mL
of adsorbate without pH solution adjustment and at room
temperature (25°C). Effect of contact time was studied vary-
ing it from 10 to 120 min. Suspension from each sample
was immediately centrifuged and filtered using a 0.45 mm
syringe filter.

The amount of remaining AO dye in the solution was
determined by UV-Visible spectrometer (Shimadzu Model
Perkin Elmer) at maximum absorbance 490 nm.

Adsorption percent (% adsorption) was calculated as
follows:

% Adsorption = COC_ < x100 1)

0

The adsorption capacity (Q,,) was calculated using
Eq. (2):

— (Co ’Ct)

Qads - m 14 (2)

where C: initial dye concentration, C,: dye concentration at
time t, m: mass of the adsorbent used (g) and V: volume of
dye solution (L).

Kinetic modeling was assumed to the pseudo-first-order
and the pseudo-second-order given as follow:

The pseudo-first-order equation [30]:

In(q, -q,)=Inqg, - K;t 3)

where g, is the amount of adsorbate adsorbed (mg g™) at
equilibrium, g, is the amount of adsorbate adsorbed (mg g™')
at time ¢ (min) and K, (min™) is the pseudo-first-order
rate constant. These kinetic parameters were determined
from the slope and intercept of the linear presentation of

In(g,-q,) vs. t.
The pseudo-second-order equation [31]:

t__1 . L 4)
9. Ky, 4.

where K, (min™) is the pseudo-second-order rate constant.
Kinetic parameters were determined from the slope and
intercept of the linear presentation of ¢/g, vs. t.

2.5. Photocatalytic tests
2.5.1. Photo-reactor presentation

The photocatalytic reaction was carried out in a lab-scale
photoreactor illuminated with UV lamp. The photo-reactor
used is a Pyrex cylinder with 150 mL of volume. A mag-
netic stirrer was provided to ensure complete homogeni-
zation of the solution inside the glass vessel. Irradiation
was provided by a 125 W Philips HPK UV-lamp (UV-A)
placed in a plugging tube. A Pyrex cylindrical jacket located
around the plugging tube allows an irradiation with wave-
length A =350 nm.

2.5.2. Experimental run

All experiments were done at room temperature
(T = 25°C) and without pH regulation (natural pH of
Acridine orange dye solution). The photo-reactor was filled
with 150 mL of AO dye (10™* M), the desired amount of pho-
tocatalyst (0.2 g) was added and then, the suspension was
homogenized during 1 h in the darkness to ensure adsorp-
tion-desorption equilibrium. The lamp was turned ON
and the solution was completely exposed to the UV light
irradiations. Finally, 1 mL of hydrogen peroxide (30%)
was added in the case of photocatalyst/UV/H,O, system.
Samples were taken at pre-defined times to evaluate deg-
radation process, centrifuged and filtered.

The photodegradation rate (%) in each solution was
determined by UV-Vis spectrophotometer (Shimadzu Model
Perkin-Elmer), absorbance measurements were performed
at the maximum wavelength of AO dye (A_ = 490 nm).
Dye mineralization efficiency was estimated by chemical
oxygen demand (COD) concentration measurement using
HACH LANGE DR3900.

The separation and the identification of the product
intermediates were investigated by liquid chromatogra-
phy-mass spectrometry (LC-MS) technique. LC was car-
ried out on an Atlantis™ dC, column. The flow rate of
the mobile phase was set at 1 x 10 L min™. Two solvents
were used: solvent A was 25 mM of aqueous ammonium
acetate buffer (pH = 6.9), solvent B was methanol. The col-
umn effluent was introduced into the ESI source of the
mass spectrometer.

3. Results and discussion
3.1. Clay description

Starting clay used for ZnO-clay synthesis underwent a
purification stage before the nanocomposite synthesis for
solid impurities removal. Sedimentation was used for quartz
elimination and several drops of HCl were added into the
clay suspension to dissolve the COZ. Pure clay was col-
lected by centrifugation and washed with deionised water.
And finally sample was ground and sieved at 63 um.

Physicochemical properties of starting clay was deter-
mined as described in our previous work [27], it is a natu-
ral sodic smectite with BET surface area (S;,,) of 68 m* g!
and cation exchange capacity (CEC) of 72.7 meq/100 g.
Chemical composition of this sample is: 17.1% ALQO,,
43.4% SiO,, 5.82% Fe,O,, 2.04% MgO, 12.67% CaO, 1.13%
Na,O, 1.08% K,O.
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3.2. Photocatalysts characterization
3.2.1. XRD analysis

X-ray diffraction patterns for pure clay, ZnO and ZnO-
clay are presented in Fig. 1. Results show peak at 12.6 A
proving that the studied sample is a smectite naturally sodic
[32]. Peaks at 7.11 and 3.57 A suggested the presence of
kaolinite phase [32].

XRD patterns of ZnO nanoparticles shows strong dif-
fraction peaks at 32°, 34°, 37°, 47°, 56°, 58°, 63°, 68°, 96°, 72°,
and 78° corresponding respectively to (100), (002), (101),
(102), (110), (103), (200), (112), (201), (004), and (202) reflec-
tions of zincite according to the standardized JCPDS file
number 750526 [33]. The ZnO-clay diffractogram, beside
to clay diffraction peaks, presents news peaks observed
at 20 equal to 32° 34°, 36°, 47°, 55°, and 63° pointing the
presence of hexagonal zincite phase of ZnO in this nano-
composite [34]. Furthermoore, we noted that d , reflection
moves from 12.6 to 13.6 A after ZnO modification recom-
mended the success of ZnO intercalation into the interlayer
smectite space.

3.2.2. Surface analysis and porosity

Textural property of photocatalyst is an important
parameter to characterize the material. Table 2 presents the
specific surface area (S,..) and total pore volume V) of stud-
ied materials.

After ZnO intercalation specific surface area of pure
clay increases from 72 to 120 m? g and the total pore vol-
ume increases considerably from 0.07 to 0.14 cm® g™'. These
results reveal amelioration of textural property of this nano-
composite and suggest the existence of porous ZnO phase
on the clay surface which enhances the adsorptive and the
photocatalytic activities of ZnO-clay. Similar results were
obtained by Hadjltaief et al. [35].
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3.2.3. Transmission electron microscopy

TEM micrographs show the internal structure and give
an accurate detection of particle sizes. As can be seen in
Fig. 2b, ZnO nanoparticles were almost spherical in shapes
with a particle size range from 31 to 210 nm. Also, after ZnO
modification, pure clay (Fig. 2a) shows an important change
in morphology (Fig. 2c). The TEM outcome was consistent
with the XRD results, confirming the dispersion of ZnO
particles in the clay surface.

3.2.4. Fourier-transform infrared spectroscopy analysis

IR spectra of synthesized ZnO nanoparticles, ZnO-clay,
and pure clay (Fig. 3) showed a characteristic peak of Zn-O
binding at 430 cm™ in ZnO spectrum [35]. In the pure clay
spectrum, the broad band’s at around 3,419 cm™ (H-O-H
stretching) and 1,646 cm™ (H-O-H bending) indicate the
presence of adsorbed water. The presence asymmetric
stretching mode of S5i-O-5i was suggested by the absorp-
tion bands at the range of 1,035-1,123 cm™ [36]. Asymmetric
and symmetric bending modes of O-5i-O were observed at
536 and 469 cm™ [36], these bands appears also in ZnO-clay
spectrum yet we noted that bands at 3,630 and 3,440 cm™
was broaden, in comparison with those in pure clay, due to
a single bond of OH groups with the ZnO inserted in the
clay mineral [37].

Table 2
Textural properties of pure clay, ZnO and ZnO-clay

Pure clay ZnO ZnO-clay
Sper (M*>g7™) 68 9.2 120
VP (ecm? g™) 0.07 0.06 0.14
Sm: Smectite
K: Kaolinite
Z:In0
Z(100)
Z(100
Z(100) 29
Z(100) Z(100
k}lﬁiﬂ] ZnO-clay

v T L T
20 4

0 60
20 (degree)

] _/\_A‘Jjéﬁ - | - LUI' Pure clay
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Fig. 1. XRD patterns of pure clay, ZnO and ZnO-clay photocatalysts.
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Fig. 2. TEM micrographs of pure clay (a), ZnO (b), and ZnO-clay (c).
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Fig. 3. Infrared spectra of pure clay, ZnO and ZnO-clay.
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3.2.5. Adsorption kinetics

Since adsorption equilibrium time is a fundamental
parameters in photocatalytic reaction, a kinetic study was
carried out (Fig. 4) by varying contact time, adsorbent/adsor-
bate contact time, from 5 min to 120 min.

As results, percent of adsorption increases quickly in the
first 30 min for all adsorbent then it remains constant after
60 min, indicating the state of equilibrium (Fig. 4). It should
be noted from this kinetic study that 60 min is a sufficient
period to establish the adsorption-desorption equilibrium
by these adsorbents.

80 -

% Adsorption

Adsorption percent of AO dye onto ZnO-clay is extremely
higher than the others adsorbents. The maximum adsorp-
tion quantities of AO at equilibrium time are 16.6, 20.3 and
30 mg g for pure ZnO, clay and ZnO-clay, respectively. This
is due to the high adsorptive capacity of clay and the large
amount of sorption sites developed after ZnO modification.
Similar results were obtained by Hadjltaief et al. [35].

Pseudo-first-order [30] and pseudo-second-order [31]
kinetic equations have been used in order to describe adsorp-
tion process. Results (Fig. 5, Table 3) show that these two
kinetic models fit well with experimental data (R* = 1) sug-
gested that adsorption process is based on physisorption and

H ZnO EClay ZnO-clay

10 25 40 60 75 120
Time (min)

Fig. 4. Kinetics of AO dye adsorption onto pure clay, ZnO and ZnO-clay (pH = natural; m =0.1 g; V=100 mL; [AO] =10*M; T =25°C).

u clay A ZnO-clay ®©7Zn0O

t/qt

0 20 40 60 80 100 120 140
Time (min)

Fig. 5. Pseudo-second-order kinetic model of pure clay, ZnO and ZnO-clay (pH = natural; m = 0.1 g; V = 100 mL; [AO] = 10* M;
T=25°C).
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chemisorptions mechanism [38], except with ZnO catalyst
adsorption process is described only by pseudo-second-
order model enhanced a physisorption process.

3.2.6. Photodegradation study of dye pollutant

Photocatalytic performance of ZnO nanoparticle, ZnO-
clay nanocomposite and pure clay was evaluated by the
photodegradation of Acridine orange dye under UV light
irradiations (Fig. 6). As can be explained in section 3.2, the
adsorption performance of the prepared catalysts was inves-
tigated by using the interaction of catalysts with AO dye
and results confirm the good affinity between the pollut-
ant and the photocatalyst which is considered a primordial
key in photocatalytic reaction. For all the oxidation tests,
an adsorption time of 1 h was established, guaranteeing
conditions of adsorption—desorption equilibrium.

Table 3
Kinetics parameters of AO dye adsorption onto pure clay, ZnO
and ZnO-clay

M. Ibn Mabhrsi et al. / Desalination and Water Treatment 258 (2022) 166—178

Results show that ZnO-clay photoctalyst was more sen-
sitive to UV light for AO dye photodegradation (Fig. 6). As
can be seen from Fig. 6 the photodegradation rate is 84.5%
with ZnO-clay after 120 min irradiation, which is higher
than that reached by ZnO nanoparticles (77.2%) and seven
times more important than that achieved by pure clay
(12.4%). This can be explained by the fact that pure clay hav-
ing an important adsorption capacity for AO dye removal
associated with the significant ZnO photocatalytic activ-
ities performance, gives together an hybrid catalyst with
a highest photodegradation efficiency; ZnO-clay nano-
composite. Similar results were obtained by Hadjltaief et
al. [35] confirming the enhancement of the photocatalytic
activity using a bentonitic clay and a pure photocatalyst.

Photodegradation kinetic is analysed by the defined
Langmuir-Hinshelwood (L-H) model [39]. As it was be
explained by Nguyen et al. [40], the L-H model states the pro-
portionality between the degradation rate, v (mmol L min™)
and the dye fraction coverage the photocatalyst surface, o,
and it was expressed as:

Pseud d-ord Pseudo-first-ord v=-f ko= KRG ®)
seudo-second-order seudo-first-order m 1+K,C,
K,(gg'min™) g, (8" K G (887 R
Pure clay where C: is the concentration of dye at time f; K: is the rate
0.02 20.83 0.999  9.49 0.942 constant; K| : is the adsorption constant.
Considering the low concentration of dye pollutant or
ZnO relatively weak adsorption (K,C, << 1), Eq. (6) can be simpli-
0.0047 18.51 0994  7.98 0.599  fied as follows:
ZnO-clay ac, (ke -k ;
31.25 0.0053 0992 3118 098 g - RKG=K,G ©)
--@-- (ZnO/UV) ZnO-clay/UV - -e - Clay/UV
1 'f ---- .- __ .
W B el o _____
0.9 \\ - = - -
0.8 | \
0.7 Y\
0.6 Y
o \
(@) \
N \
= 0.5 \\\
© 04 o
.~ -
03 e
S
0.2 '
0.1
0
0 20 40 60 80 100 120 140

Reaction time (min)

Fig. 6. Photodegradation of AO dye over ZnO, pure clay and ZnO-clay photocatalysts ([AO], =10~ mol L™; pH,=7; T =25°C).
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where K is the apparent first-order rate constant (min™).
The 1ntegrat10n of Eq. (6) gives the following equation:

In—t=-K ¢ 7)

Modelisation of the experimental results of AO photo-
degradation by the investigated materials, using the L-H
model shows that the first-order kinetics is suitable for
this experience. Results (Table 4) show that ZnO-clay pres-
ents the highest constant rate (K =5 x 10 min™), as well
as pure ZnO (K =3 x 10° min™) compared to pure clay
(1 x10° min™?).

Therefore, under UV irradiations ZnO-clay photocat-
alyst showed both the highest photocatalytic activity and
the maximum apparent kinetic constant.

For a better explanation of the photochemical removal of
studied dye, photodegradation of AO was conducted under

Table 4
Parameters of first-order kinetics of the AO dye photodeg-
radation

Photocatalysts Photodegradation K, *x10° R?

(%) (min?)
124 1
77.2 3
84.5 5

0.97
0.98
0.99

Pure clay
ZnO
ZnO-clay

100 = Photodegradation %
90 -
80 -
70 -
60 -

50

RE (%)

40 -

30 -

20 -

10 -

different conditions in order to evaluate the contribution
of each parameter. In Fig. 7 we show the different studied
ways for AO degradation. Photolysis process illustrates 8%
of dye degradation under UV light without the presence of
any catalysts. In the case of UV light irradiation combined
with H,O, (UV/H,0,), AO photodegradation efficiency
increases to 92.5% because UV light catalysed H202 to
generate HO. radicals according to Eq. (8).

H,0, +hv —»2HO* 8)

A greater enhancement in photocatalytic degradation
was achieved in the presence of H,O, with (ZnO/UV) and
(ZnO-clay/UV) systems, indicating 84.9% and 97.8% of
photodegradation efficiency respectively. Indeed the major
advantage of oxidant addition is that hydroxyl radicals are
generated into the reaction system by photolysis of H,0,
under UV irradiations and the photocatalytic activity of
the studied photocatalysts ZnO and ZnO-clay under UV
irradiations.

To confirm the effectiveness of AO mineralisation via
the investigated photocatalysts, a comparison study of
photodegradation efficiency and COD analysis was deter-
mined at different reaction conditions (Fig. 7), irradiation
time was fixed at 90 min. Results show that for both photo-
catalysts, under UV irradiations only, the AO dye mineral-
ization degree attains 60% which is enhanced by the pres-
ence of H,O, reaching 62.9% and 82.7% for ZnO and ZnO-
clay respectively. We noted that with H,O,/UV system the
percent of COD removal reach 76.2%.

2 % COD removal

& O O ) & )
& @* S @4 \& RS W@ & & &S
@ O\‘b (\)Q \‘b @ &\ Q &\ \’é\ ’\,Qb r\)&b
S S
(\) »® (\)&\ &
(\)&\
Process

Fig. 7. Degree of AO dye degradation and mineralization by different ways ([AO], =10 mol L™'; pH =7; T =25°C).
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Stability of ZnO-clay photocatalyst during successive
photocatalytic reactions recycling tests was conducted. The
photocatalyst used in the previous test was collected by
centrifugation, washed several times with distilled water
and then dried at 70°C for 24 h. 0.2 g mass of this mate-
rial was taken into consideration for each test. The activity
of this material is evaluated 3 times by addition of a fresh
dye solution with the recovered photocatalyst of the pre-
ceding test under the following operating conditions:
[AO],=10"*mol L7, VHZO2 =1mL, pH =7 and T=25°C.

It can be clearly seen (Fig. 7) that there is no significant
decrease in the photocatalytic activity of ZnO-clay after
three successive cycles: the rate photodegradation of 94.5%
against 97.8% at the time of the first use. These finding
results confirm the stability and the possibility of reusing
ZnO-clay material for the removal of this textile dye.

It is known that in photocatalytic process using semicon-
ductor as ZnO, hydroxyl radical can be generated by sev-
eral ways. The most reported in literature are summarized
as follows [35]:

* Photo-excitation of photocatalyst with light, enhancing
the transfer of an electron e~ from the valence band (VB)
to the conduction band (CB), which assure the leave of
an electronic vacancy or hole h* in the valence band (VB)
and thus the generation of an electron-hole pair:

ZnO+hv — e (CB)+h"(VB) ©)

¢ The oxidation of HO and HO" by holes (h*) formed in
the valence band (VB):

H,0+h"(VB) > H" +HO’ (10)

(11)

OH +h* (VB) — H* +HO"

hv

¢ The reduction of O, by electrons photo-generated on
semiconductor surface via the conduction band (CB)
leading to the formation of O;" radicals then HO" radi-
cals, acting as it is reported in reactions sequences:

O,+e >0; (12)
O; +H" > HO; (13)
2HO; - H,0, + 0, (14)
€ +H,0, > OH +HO (15)

* Reactive oxygen species O;~ and HO" attack the adsorbed
dye onto ZnO-clay surface conducting to their mineral-
ization on CO, and H,O (Fig. 8).

Degradation products formed at the end of irradiation
process were analyzed by LC-MS technique. According to
obtained results (Table 5, LC-MS spectrum were not pre-
sented) and from the data provided in the literature [7,41],

Table 5
N-de-methylated intermediates formed during the photodegra-
dation of the AO dye after separation by LC-MS method

Product  N-de-methylation intermediates ~ LC-MS peaks
(m/z)
1 Acridine orange (AO) 266.12
2 N-de-mono-methyl-AO 252.13
3 N,N’-de-dimethyl-AO 238.08
4 N,N-de-dimethyl-AO 238.14
5 N,N,N’-de-trimethyl-AO 224.09
6 N,N,N’,N’-de-tetramethyl-AO 210.04
0;
oq
| |
&
/’> Ho-\j
CO; + H;0 + NOs+ NH,*

H>0o0r OH

Fig. 8. Mechanism of photocatalytic degradation of Acridine orange dye by ZnO-clay as photocatalyst.
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a pathway can be proposed for the Acridine orange deg-
radation (Fig. 9).

Acridine orange dye degradation can occur via the fol-
lowing mechanism: beginning by the remove of methyl
groups one by one until formation of the completely
N-de-methylated dye and finally, this organic compound
was mineralized to inorganic ions, CO, and H,0O. Similar

?“-‘
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results were obtained by Lu et al. [41] which described
the mechanism of AO degradation by Fenton process
in aqueous medium by the N-de-methylation reaction.
Also, Chen et al. [7] in their work were studied the degra-
dation of AO dye by TiO, under UV light irradiation and
defined the N-de-methylation reaction pathway for dye
degradation.

1 CH,

N N N
N

266.12

!

252.13

3 CHy

N N
=
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% !
nc? NNy,
224.09 e

210.04

!
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H H

| |
N M
HHKH
=

Fig. 9. Proposed degradation pathway of Acridine orange dye under UV light irradiation.
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3.3. Comparison of degradation efficiency of Acridine
orange dye with literature

In this section, a comparative study between this work
and literature was established regarding the application
of different photocatalysts for organic pollutants degra-
dation. For this purpose, Table 6 illustrates the results
obtained in term of degradation efficiency in the presence
of synthesized materiel ZnO-clay used in this work and
other catalysts mentioned in published works. According
to these results, we can conclude the efficiency and the
good activity of the investigated material which specify the
importance of this work in the research.

3.4. Real wastewater treatment

According to above-mentioned results, in this section
we are interested to the photodegradation of a real textile
effluent under the optimal conditions and we presented
the most physicochemical characteristics before and after
treatment. The sample was collected from the effluent of
local textile industry (SITEX company; east of Tunisia) spe-
cialized in yarn manufacturing, indigo dyeing process and
textile finishing, before being subjected to any form of treat-
ment. Water sample was filtered before use. An amount
of 0.2 g of ZnO-clay photocatalyst was added to 150 mL
of effluent sample. This mixture was shaken for 1 h in the
dark at room temperature (25°C) to ensure the adsorp-
tion-desorption equilibrium, then 1 mL of H,O, oxidant
was added and the lamp UV was turn ON. Table 7 shows
the most characteristic of the effluent before and after 3 h
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of treatment with photocatalyse reaction under ultraviolet
irradiations.

The photocatalytic activity of the prepared photocata-
lyst ZnO-clay under UV irradiation clearly indicates a good
performance of this material for real wastewater treatment.
As can be seen from table, physicochemical quality indica-
tors of effluents decrease considerably compared to them
before treatment. The pH reaches a neutral value; therefore,
it can be released in aquatic medium (6 < pH < 8.5) [42]).
Also, it is the case for COD value (65.53% of COD removal)
respects the condition for releasing in public sewage sys-
tems, yet in aquatic environment. Also, the color removal
was achieved 80.2% which is considered an efficient result.

4. Conclusion

Photocatalyst based on ZnO modified clay nanocom-
posite was synthesised and investigated in this study for
Acridine orange dye photodegradation. Pure clay, ZnO
and ZnO-clay were characterized by different techniques
like XRD, TEM analysis, textural analysis. Adsorption
experiments were conducted to study the affinity between
investigated material and AO dye. Adsorption experi-
ments were studied and both pseudo-second-order and
pseudo-first-order for kinetics models fitted the Acridine
orange adsorption data except with pure ZnO catalyst
adsorption process is described only by pseudo-second-
order model. The influence of different conditions of the
photocatalytic process (under UV irradiation and pres-
ence of H,O, oxidant) on the efficiency of AO dye degra-
dation was established. Experimental data indicated that

Table 6

Comparison of catalytic activity for different catalysts
Catalyst Pollutant % degradation Reference
ZnO-TiO,/clay Methyl green 89.3 [29]
ZnO-clay Acridine orange 97.82 This work
ZnO Acridine orange 85 This work

Malachite green 97.18
ZnO-cl 35
no-eay Congo red 97.6 [33]

Activated carbon supported titania Phenol 77 [7]
ZnO Acridine orange 90 [6]

Table 7

Most characteristics of real wastewater before and after photo-treatment with ZnO-clay/UV/H,O, system

Parameters Before treatment After treatment Tunisian Standard (for river discharge) [42]
pH 124 8.5 6.5-8.5

BOD, 600 90 30

COD 1,300 448.1 90

Color 3,500 190 70

Suspended solids 200 traces 30

Total hardness 100 traces 5

Oil and grease 10 traces 20

Chloride 1,700 600 600

Expect pH, the units of all other parameters are mg L.
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ZnO-clay was an efficient photocatalyst under UV irradi-
ation and in the presence of H,O, oxidant (around 97.8%
of Acridine orange removal and 82.7% mineralization were
achieved after 90 min). The photocatalytic reaction fol-
lowed pseudo-first-order kinetics and the apparent rate
constant increased with photocatalyst performance. The
N-de-methylation degradation was defined as reaction
mechanism of AO dye degradation. Above-mentioned
discussions indicate that the prepared catalyst exhibits
good photocatalytic activities on degradation and min-
eralization of AO dye in aqueous solution. Furthermore,
the conducted research has shown the practical applica-
tion of the developed material for real textile wastewater
treatment.
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