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ABSTRACT

Decolorization of 5-[4-(dimethylamino)phenylmethylene]-2-thioxo-4-thiazolidinone was photo-
catalyzed by nano-sized zinc oxide at various basic buffer solutions with pHs of 9-13. Various
effectual physicochemical parameters such as dye concentration, dosage of photocatalyst, irra-
diation time, and pH of solution on photocatalytic decolorization under high-pressure mercury
lamp illumination were optimized. The dye was found to be decolorized effectively at opti-
mum conditions within 90-180 min. The kinetic studies showed a pseudo-first-order kinetic
behavior regarding the Langmuir-Hinshelwood kinetic model at all basic pHs. The pseudo-
first-order rate constants (k.ps) Oof photocatalytic process were evaluated in the range of
1.80 x 1072-4.40 x 1072 for the studied pHs (9, 10, 12, and 13). Furthermore, k;, rate constant of
decolorization at catalyst surface, and K,, adsorption constants of dye were calculated based
on the Langmuir-Hinshelwood model at investigated pHs.
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1. Introduction

At increasing rate at the chemical and food
industries causes wide disposal of large amounts of
organic pollutants to wastewaters that are responsible
for environmental problems [1-6]. These organic pol-
lutants introduce both color and high character of tox-
icity to receiver water that is harmful to the various
aquatic lives in ecosystem. Thus, the treatment of
wastewaters is necessary for the removal of any
unpleasant parameters. Dye removal is performed by
various methods such as dye adsorption by wastewa-
ter treatment plant [7,8], coagulation [9,10], floccula-
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tion [11,12], ozonation [13], reverse osmosis [14,15]
and physical adsorption on some organic or inorganic
materials and/or nano-material [16-21]. The above-
referred methods are generally non-destructive and in
fact transfer the organic pollutants from wastewaters
to another place. To overcome this disadvantage, vari-
ous oxidative degradation methods have been utilized
such as advanced oxidation process using UV/H,O,
[22,23], photo-Fenton reagent [24,25], and photocata-
lytic process [26-32]. Finally, for many environmental
researchers, complete oxidation of the pollutants to
mineralized products is favorite. The air may be
considered as a cheap and convenient oxidant in pho-
tocatalytic oxidation. The titled dye that is also known
as rhodanine may be harmful when it is inhaled,
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swallowed, or absorbed through skin, and also it
causes irritation of skin and eye. To the best of
our knowledge, there is no report on photocatalytic
degradation and/or decolorization of the titled dye. In
this direction, in continuation of our previous
works [33-37], herein we wish to report the photocata-
lytic degradation of titled dye using nano-sized
zinc oxide under aerobic condition in basic buffer
solutions.

2. Materials and methods
2.1. Reagents

All chemicals were provided from Merck, Fluka
and Aldrich. 5-[4-(dimethylamino)phenylmethylene]-
2-thioxo-4-thiazolidinone was purchased from Merck.
Nanopowder zinc oxide(<100nm) was analytical
grade with surface area 15-25 m’g ™ '(Sigma-Aldrich).
The SEM and TEM of nanopowder zinc oxide are
shown in Fig. 1. The basic buffer solutions were

Fig. 1. The TEM and SEM of nanopowder zinc oxide.
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prepared by the following compounds: KH,POy,
Na,HPO,, NaOAc, HOAc, Na,B,O;, HCl, H,SO, and
NaOH. Double distilled water was used for preparing
the buffer solutions.

2.2. Apparatus

Photochemical apparatus containing 400 W high-
pressure mercury lamp was used for photocatalytic
degradation experiments. UV-visible spectrophotome-
ter, JASCO-V570, was applied for the monitoring of
the photoremoval of titled dye. Separation of photo-
catalyst particles was performed by a centrifuge of
Sigma-301 model. The pH of buffer solutions was
adjusted by the aid of pH-meter of F-60.

2.3. Determination of residual dye concentration

The concentration of residual dye after each photo-
process was determined by means of calibration
curves that have been plotted based on a series of
standard solutions with regard to Amax of titled dye at
455nm for each solution with pHs of 9, 10, 12, and 13.

2.4. General procedure for photocatalytic dye removal

The photocatalytic removal processes were
performed by irradiation of continuously stirred of
25mL of a buffer solution (pHs of 9, 10, 12, and 13)
containing 30 ppm of dye and a considered amount of
photocatalyst under air-bubbling conditions by an air
pump in photoreactor instrument equipped with
400 W high-pressure mercury lamp at room tempera-
ture. After definite time for each photoprocess,
photocatalyst (nano-powder) was separated by centri-
fugation of photoirradiated reaction mixture, and
then, residual concentration of dye was measured by
spectrophotometric method and by the aid of calibra-
tion curves at each pH.

3. Results and discussion
3.1. Calibration curves

The solubility of titled dye was not suitable at acidic
and neutral media, but it dissolves in basic media well.
Therefore, the photocatalytic processes were designed
for basic media at pHs of 9-13. The 30 ppm of dye solu-
tion at all studied pHs was chosen as target concentra-
tion for degradation. Due to high molar absorption
coefficient of dye, the use of higher initial concentration
was not possible because of the ambiguity that exists in
dye removal monitoring by spectrophotometric method
during the photo-processes. With regard to initial dye
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concentration in photoprocess, the range of 0-30 ppm
of dye solution with pHs of 9-13 was used for plotting
the calibration curves as absorbance vs. concentration
at Amax =455 nm as shown in Fig. 2.

3.2. Catalyst loading effect

The amount effect of zinc oxide nano-powder on
photocatalytic dye removal as diagrams exhibiting
dye residual concentration vs. catalyst amount at each
pH has been shown in Fig. 3. As shown in Fig. 3, with
an increase in catalyst amount, a decrease in residual
concentration is observed until after that no higher
dye removal or even reverse change is seen. With a
focus on the diagrams, it is possible to suggest opti-
mum amounts of photocatalyst at each pH. Accord-
ingly, the selected optimum amounts of catalyst for
next processes were considered as 30 mg for pHs of 9
and 12; and 25mg for pHs of 10 and 13 per 25mL of
solution. This behavior has been observed by the
others through photocatalytic degradation reports
[38,39]. The decrease in residual concentration with an
increase in catalyst amount may be due to an
increased number of active sites on zinc oxide nano-
powder surface, although, more amount of catalyst
than optimum values, may cause light scattering and
then reducing the suitable penetration of light to the
solution and depress the target excitation of photocat-
alyst particles leading to decrease in the efficiency of
the photoprocess [38-40]. Self-deactivation and
agglomeration of the photocatalyst nanoparticles dur-
ing the irradiation may be considered as other reasons
for the observable trends in the diagrams of residual
concentration vs. catalyst amount in current photocat-
alytic degradation [40].

€ PH=9, y=0.0978x-0.0176
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Fig. 2. Calibration curves of dye at various buffer media at
455nm (pH=9 (¢), pH=10 (A), pH=12 (x), and pH=13
().
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Fig. 3. The effect of nano-catalyst amount on photocatalytic
removal (irradiation time=1h; V=25mL).

3.3. pH effect

It is obvious that pH has a key role in many types
of reactions, especially in photocatalytic treatment of
pollutants, so that the scientists in this field generally
investigate its effect [26-40]. The effect of pH on dye
photocatalytic removal is discussable in several points
of view that can be referred to it based on its effect on
catalyst surface and probable protonation-deprotona-
tion of dye in bulk solution. In the view of catalyst
surface, the pH induces positive, negative, and/or
neutral charges to the surface of catalyst. Zinc oxide
nano-powder has a nearly neutral surface at pH 8.9
[41]. Above this pH, more negatively charged and
below that more positively charged particles exist. The
surface charge can effect on the adsorption of dye on
it and therefore influences on its photoremoval. On
the other hand, the protonation-deprotonation of dye
is directly affected by the pH of medium. Although
the current photocatalytic degradation had been inves-
tigated separately at four buffer pHs, but a competi-
tive photocatalytic removal was designed. For this
mean, four photoexperiments using the optimum cata-
lyst amount with pHs of 9, 10, 12, and 13 at the same
condition were performed. The results have been pre-
sented as column plots showing the photocatalytic
degradation(%) vs. pH after 1h in Fig. 4. As it can be
seen from this figure, the higher removal belongs to
the pH of 10 and pHs of 12, 9 and 13 are in the next
positions, respectively. It is suggested that the dye is
in neutral form when pH is 10 while the catalyst sur-
face is nearly negatively charged at this pH. The
hydrogen bonding between the NH-group of dye and
surface oxide anions of zinc oxide causes the suitable
adsorption of dye leading to higher degradation of
dye molecules by holes (h+) attack of excited active
sites of catalyst at pH=10. At higher pHs, 12 and 13
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Fig. 4. The effect of pH on photocatalytic degradation (%)
(nano-powder ZnO: optimum amount in each pH;
V =25mL; irradiation time=1h).

probably dye molecules are deprotonated to anionic
forms in bulk solution. Also the catalyst surface is
more negatively charged than when pH is equal to 10,
and therefore a considerable repulsion between dye
anions and negative surface is occurred that causes
lower dye adsorption on surface and accordingly a
lower degradation is observed. Of course, it is also to
be referred that the dye degradation happens both at
catalyst surface and in bulk solution. Naturally, in
more basic medium, more hydroxyl radical exists due
to higher concentration of hydroxide anions that again
can effect on the rate of degradation.

3.4. Kinetics investigation

First-order kinetics has been often reported for
photocatalytic removal of dyes at various conditions
in which the concentration of dye exponentially
decreases vs. irradiation time [26—40]. In the current
study as shown in Fig. 5, the plots of the residual con-
centration vs. time are found to be exponentially
decreased suggesting first-order kinetics for photocata-
lytic removal of dye at all studied pHs.

For the evaluation of observed first-order rate con-
stants at various pHs (kops), the plot of In(Cy/Cp (in
which Cy and C; are initial dye concentration and con-
centration at time f, respectively) vs. time (f) were
sketched and presented in Fig. 6. It is well exhibited
that all diagrams are linear with high regression coef-
ficient (R) so that the slope of the plot at each pH can
be evaluated as k., at that conditions. The observed
rate constants at all buffer solutions have been col-
lected at Table 1. The results show that the value of
kobs are found in the range of (1.8-4.4) x 1072 with an
order of degradation for pHs of 10, 12, 9, and 13,
respectively. The same explanation as suggested in
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Fig. 5. Residual concentration vs. time during the photo-
catalytic degradation at various buffer pHs by using
optimum amount of zinc oxide nano-powder (V=25mL).
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Fig. 6. The plots of In(Cy/Cy) vs. time (min) at various
buffer pHs for photocatalytic removal of dye.

previous section can be presented for the observed
trend in kg values.

More kinetic investigations were carried out by
using Langmuir-Hinshelwood (L-H) model that is
presented by equation (Eq. (1)):

1/R = 1/kKA[Co] + 1/k; (1)

where K, is the adsorption constant, [Co] is initial
concentration of dye, and k, is apparent degradation
rate constant at catalyst surface [42—44]. If the plot of
1/R vs. 1/[Co] is drown and a linear diagram is
observed, it indicates the photocatalytic removal is in
agreement with L-H model. Thus, the slopes and
intercepts values of plots are equal to 1/k.K, and 1/k,,
respectively. The related plots for the titled dye in the
current work were depicted in Fig. 7.
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Table 1
Kinetic and thermodynamic parameters in photodegradation of dye at various buffer pHs
Parameters pH=9 pH=10 pH=12 pH=13
Ka (Lmg ™) 729 x 1073 7.27 x 1073 1.14x 107" 438 x 102
k; (mgmin 'L") 4329 x10°" 38.46 x 10" 2.06 x 10" 7.50 x 10"
kopbs (min™") 21x1072 44x1072 31x1072 1.8x 1072
t1 /2 (min) 33.00 15.75 22.35 38.5
12 Acknowledgment
* pH=9'y=3169x+0.231
10| W pH=10y=3578x+0.260 L A partial support of Yasouj University to complete
A pH=12,y=42.52x+4.855 __— this study is acknowledged.
8 < pH=13,y=30.34x+1.334 ‘_f___,---*""'
A
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