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Abstract

The kinetics studies of the adsorption and degradation phenomena involved in the photocatalytic degradation of Metanil
Yellow (MY) were investigated using a batch reactor and UV light irradiation. Experiments were performed in a suspended
Zn0 system at natural pH of 6.93 and catalyst concentration of 1 g L™. The initial concentration of MY varied between 10-
50 mg L™ The kinetic analysis of the photodecomposition of MY showed that the disappearance followed satisfactorily the
pseudo first-order according to Langmuir—Hinshelwood model. From the results, the adsorption was found to be an
essential factor in the photodegradability of the dye. The linear transform of the Langmuir isotherm curve was further used
to determine the characteristic parameters which were: maximum absorbable dye quantity Q,x = 6.802 mg g—1 and
adsorption equilibrium constant K,y = 0.168 L mg-l. The adsorption constant calculated from the linear form of this model,
K,y=0.155L mg-1 was found reasonably similar to K4, deduced from isotherm adsorption.
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1. Introduction

The removal of hazardous chemicals from wastewater is presently one of the most important subjects in
pollution control. These pollutants may originate from industrial applications such as textile processing.
Photocatalytic oxidation (PCO) is a highly effective process for the degradation of a wide variety of priority
pollutants in water and wastewater [1, 2]. PCO occurs as a result of the interaction of a semiconductor
photocatalyst and UV radiation that yields highly reactive hydroxyl radicals, which are believed to be the main
species responsible for the oxidation of organic substrates [1, 2]. Photocatalytic oxidation in the presence of
semiconducting materials, of organic compounds with environmental concern has been studied extensively
during the last 20 years and it has been demonstrated that heterogeneous photocatalysis can be an alternative
to conventional methods for the removal of organic pollutants from water and wastewater [3].

The catalyst may be used either as an aqueous slurry or it may immobilize onto a supporting substrate
[4]. Suspension or slurry type reactors have been reported to be efficient due to the large surface area of
catalyst available for reaction and the efficient mass transfer within such systems [5]. However, due to the
small particle size of the ZnO particles, a post-treatment catalyst recovery stage is necessary.

In the last decade, the mechanism of heterogeneous photocatalysis has been investigated by many
researchers [6, 7]. A photocatalytic reaction proceeds on the surface of semiconductors via several steps: (i)
production of electron—hole pairs by irradiating the semiconductor with light having an energy content higher
than the band gap energy of the semiconductor; (ii) separation of the photogenerated electrons and holes due
to trapping by species that are adsorbed on the semiconductor; (iii) redox reactions between the trapped
electrons and holes and the adsorbents; (iv) desorption of reaction products and reconstruction of the surface
[6, 7].

PCO kinetics of many organic substrates has been analyzed in terms of Langmuir—Hinshelwood (L-H)
rate equations [8-10]. Langmuir—-Hinshelwood rate expression has been successfully used for heterogeneous
photocatalytic degradation to determine the relationship between the initial degradation rate and the initial
concentration of the organic substrate [8-10].
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where [MY], is the initial concentration of organic compound (mg L'l), K,;; the Langmuir-Hinshelwood
adsorption equilibrium constant (L mg’l) and k. the rate constant of surface reaction (mg L™ min™"). The fitting

of experimental data with L—H type kinetic models has so far only been demonstrated for the PCO of organic
substrates in single-component systems [8-10]. Another point to check is adequate use of the dark adsorption
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measurement; if the kinetically obtained K, is different from that obtained in dark adsorption measurement,
the L—-H mechanism cannot be adopted [11]. Therefore, dark adsorption measurement is always required.

In the present work, an evaluation of the binding constants of a mono azo dye, “Metanil Yellow”, color
index name “Acid Yellow 36” calculated under dark adsorption and under irradiation with UV light was
performed to support the validity of the L—H reaction mechanism. MY is a water soluble substantive dye and
has a vast amount of applications in several industries [12].

2. Methods

2.1. Reagents

All reagents were used as received without more purification. The Metanil Yellow dye C;gH,4N3NaOsS (CI No.
13065, CAS No. 587-98-4, MW=375.38) was provided by SD Fine Chem company. The molecular structure of
this dye is shown in Figure 1. ZnO catalyst was Loba Chemie product. Distilled water was used to prepare the

solutions.
Figure 1: Chemical structure of Metanil Yellow (MY).
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2.2, Reactor

A circulating photo-reactor with a cube body shape and a capacity of about one liter was used. The 18 watt UV
lamp (Philips TUV PL-L) was positioned on top of the reactor with 15 cm distance from the surface of solution.
A pump was circulating the solution. In this way, both the well-mixing and fluidizing of catalyst particles were
provided. The whole reactor body was covered with reflectors of polished aluminum thin layer. Since the
photocatalysis is sustained by a ready supply of dissolved oxygen, air was supplied to the reaction system at
constant flow-rate using a micro air compressor.

2.3. Photocatalytic experimental procedure

To perform the experiments, one liter of solution containing 50 mg L' of MY (1.33x10™* M), which is within
the range of typical concentration in textile wastewaters [13] and a known amount of ZnO concentration was
prepared. To start the degradation, the solution was transferred to the reactor, and the lamp was switched on.
During each experiment, circulation of suspension was maintained to keep suspension homogeneous. The
experiments were done in ambient temperature and natural pH of solution (pH = 6.93). Samples (5 mL) were
taken at regular time intervals and then centrifuged, to separate the ZnO particles from the samples. Analyses
were performed with UV-Vis spectrophotometer (Systronics 166) provided with 1 cm matched quartz cells.

3. Results and Discussion

3.1. Effect of catalyst concentration
In slurry photocatalytic processes, catalyst dosage is an important parameter that can affect the degradation
rate. The optimal catalyst concentration depends on the nature of the compounds and the photoreactor
geometry [14]. Figure 2 shows a plot of the reaction rate constant (k) as a function of the catalyst
concentration at the fixed MY concentration (50 mg L'l). With catalyst concentrations up to about 1 g L_l, the
degradation rate increases; while it decreases mildly above this concentration. Increasing the concentration of
the catalyst causes an increase in the reaction rate because of an increase of the active site of the catalyst
which causes more hydroxyl radical generation; meanwhile, more dye molecules can be adsorbed on the
catalyst surface [8]. On the other hand, the additional higher quantities of it would increase opacity of the
suspension which in turn would provide reductions in the light intensity throughout the solution [8].

An empirical relationship between the initial decolorization rate and catalyst concentration has been

reported by Galindo et al. (r a[catalyst]"[dye]) [3], where n is an exponent less than 1 for all the dyes
studied [3, 15], relative to low concentration of catalyst. As it can be seen in Figure 3, the dependence of the
ZnO concentration on the initial decolorization rate of MY follows a similar relationship ( r,a[ZnO]**' [MY]),

when the ZnO concentrationis lessthan 1 g L™
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Figure 2: Effect of ZnO concentration (g L'l) on the degradation rate constant k., during the
photocatalytic oxidation.
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Figure 3: Relationship between In k,,s and the amount of ZnO (g).
0 T T

2 y = 08787 - 38119
R?=0.9703

In Kobs

In Zn0 mass)

3.2. Photocatalytic degradation kinetics

The initial concentration of the dye has a fundamental effect on the degradation rate, i.e. the kinetic rate
constant decreases with the increase of the initial dye concentration [16]. The degradation experiments by UV
irradiation of MY aqueous solutions containing ZnO follow the pseudo-first-order kinetics with respect to the
concentration of the dye in the bulk solution (C):

r = —E == kobSC (2)

Integration of this equation (with the same restriction of C = Cy at t = 0, with C; being the initial
concentration in the bulk solution and t the reaction time) will lead to the expected relation:

C
In(EO) =k,,.C (3)

in which k., is the apparent pseudo-first-order rate constant and is affected by dye concentration. A plot of
In(Cy/C) versus t for all the experiments with different initial bulk concentration of MY is shown in Figure 4.
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Figure 4: Linear variation of In(C0 /C) versus time for the photocatalytic degradation of MY at different initial

concentrations.
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The values of k,,s can be obtained directly from the regression analysis of the linear curve in the plot.
The values which correspond to different initial concentrations, along with the regression coefficients, are
listed in Table 1.

Table 1: Pseudo-first order apparent constant values for the different initial concentrations of MY.

Co(mgL™) | k,p X 100 (min™}) | R’
10 6.23 0.9991
20 4.12 0.9976
30 2.88 0.9937
40 211 0.9909
50 1.88 0.9839

According to the above description, the lower MY concentrations provide the better agreement with
the first order reaction. The influence of the initial concentration of MY on the rate constant of photocatalytic
degradation is shown in Figure 5. The rate of degradation increases with the initial concentration of MY and
then finds a tendency toward independent values with the higher initial concentrations.

Figure 5: Variation of initial rate of MY degradation versus different inital concentrations.
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According to Eq. (1), the plot of 1/ kObs versus [MY], represented in Figure 6 shows a linear variation,

confirming the Langmuir-Hinshelwood relationship for the initial rates of degradation. The values of kC and

1

K.y, calculated from the intercept and the slope of the straight line (R*=0.9983) were 1.053 mg L' min™ and

0.155L mg"1 respectively.

Figure 6: Variation of reciprocal of constant rate versus different inital concentrations of MY.
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3.3. Equilibrium dark adsorption

Several authors agreed that when the following assumptions were established, heterogeneous photocatalysis
could be analyzed using the Langmuir-Hinshelwood model: (i) there are limited sites of adsorption on the
surface of catalyst, (ii) the catalyst surface can be covered to the maximum by one layer; each site can adsorb
only one molecule, (iii) there is reversible adsorption reaction, (iv) the surface of catalyst is homogeneous and
(v) there is no interaction between molecules adsorbed [11, 17-19]. In this case, the classical Langmuir
adsorption model has been applied to numerous compounds in aqueous suspension according to the following
expression:

The adsorbed quantity (Q in mg g™') was calculated as

VAC
Q=—— (4)

m
where AC is the difference between the initial concentration (C,) and the equilibrium concentration (C), V is
the volume (1 L), and m is the mass of ZnO (1 g). Figure 7 shows the results for the dark adsorption of MY on
the catalyst surface in the initial concentration range up to 50 mg L.

Figure 7: Adsorption isotherm of MY on ZnO, quantity adsorbed as a function of equilibrium concentration.
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The adsorption behavior displayed by the dye adsorbed molecules onto ZnO with monolayer coverage
of the catalyst surface following the Langmuir adsorption model at the low concentration range:

Q _ Qmax KadsC (5)
1+K,,C
where Quq is the maximum absorbable dye quantity and K, is the equilibrium constant for adsorption. This
relationship can be written in linear form as:

c__1 ¢
Q QmaxKads Qmax

C/Q versus C plot is shown in Figure 8; Langmuir adsorption constant (K,4) and the maximum absorbable dye
quantity (Qnax) Were calculated from this figure as 0.168 (L mg'l) and 6.802 (mg g'l), respectively.

(6)

Figure 8: Establishment of Langmiur monolayer adsorption constants for adsorption of MY on ZnO.
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Since, adsorption constant in kinetic model determined in our case is found to be close to that obtained
in the dark (K4 = 1.07K,4), the photocatalytic degradation of 50 mg L™ of MY under its natural pH (6.93) and 1
g L™ of ZnO follows satisfactorily the Langmuir-Hinshelwood model. However, in other studies, it was reported
that K;;; measured under irradiation could be substantially different from K, measured in the dark [15, 20].

4. Conclusion

The Metanil Yellow is easily degraded by ZnO assisted photocatalysis in aqueous dispersion under irradiation
by UV light. We learned that catalyst concentration can affect the degradation rate. The dependence of the
ZnO concentration on the initial decolorization rate can be explained as (roa[ZnO]°'87), when the ZnO

concentration is less than 1 g L". The Langmuir-Hinshelwood kinetic model showed a good agreement for the
initial rates of degradation with the appropriate reaction rate constant and the substrate adsorption constant
values of k. = 1.053 mg L' min™" and K,,, = 0.155 mg ™ L, respectively. Langmuir adsorption constant (K,g) and
the maximum absorbable dye quantity (Q.,) were calculated as 0.168 (L mg™) and 6.802 (mg g). Adsorption
constant in kinetic model is found to be close to that obtained in the dark thus, the photocatalytic degradation
of MY follows satisfactorily the Langmuir-Hinshelwood model.
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