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ABSTRACT

Oxidation by Photocatalised reactions is proven and economically feasible process for destruction of a variety of hazardous
pollutants in wastewater. We report herein the oxidation of azure-A, a basic dye of thiazine series using a photocatalised reaction and
potassium peroxydisulfate as photo oxidant and ferrous sulphate as photocatalyst at normal laboratory temperature and at atmospheric
pressure. The effects of different parameters like the concentrations of dye, Fe?* and S,052 ions, pH of the solution, light intensity
etc. were observed and discussed. The progress of the photochemical oxidation was monitored spectrophotometrically. The optimum
reaction conditions were experimentally determined. The photochemical oxidation of dye follows pseudo—first order kinetics. The
result showed that the azure-A was completely oxidized and degraded into CO, and H,O. A suitable tentative mechanism for
photochemical bleaching of azure-A by photocatalised reaction has been proposed.
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INTRODUCTION

Dyes have been used for over 5000 years. Synthetic dyes quickly replaced the traditional natural dyes due to their low cost,
their vast range of new colors and their better properties upon the dyed materials. However, 1000 of synthetic dyes are raising
concerns due to their negative environmental effects. Synthetic dyes are the major water contaminants.™® The color is objectionable
aesthetically and it also reduces light penetration into the water thereby decreasing the efficiency of photosynthesis in aquatic plants
hence iznpacting on their growth and development.® Furthermore, their presence in drinking water constitutes @ potential human health
hazard.

Recently, developed techniques include the so called Advanced Oxidation Process (AOPs). AOPs are designed to oxidize
organic compounds into CO,, H,O and inorganic ions, or biodegradable compounds and to facilitate oxidation process involving
hydroxyl radicals.” Generation of the hydroxyl radical has been accomplished with the following technologies: ultraviolet (UV)
irradiation®, ozonation’, ozonation in combination with UV or hydrogen peroxide®, Fenton reagent oxidation®, photocatalysis with
titanium dioxide in combination with UV and oxygen.*

Oxidation of various substrates by peroxydisulfate ion is known to occur through several schemes. Jonnalagadda et al.™*
reported the one electron transfer by the direct reaction between the oxidant and reductant. Two successive reaction steps of the one
electron transfer from the reductant has been reported by Wilmarth et al.*? A kinetic and mechanistic study on the oxidation of indole—
3 acetic acid by peroxydisulfate was presented by Kalyanasundharam et al.** The photooxidation of vitamine E (tochopherol) in the
presence of peroxydisulfate in aqueous solution at neutral pH has been carried out in a quantum yield reactor using a high pressure
mercury vapour lamp.** Nishida et al.*® reported the light induced electron transfer oxidation reaction of ethylenediamine tetra acetate
by peroxydisulfate in presence of aqueous tris [2,2—bipyridine ruthenium (11) ion].

Peroxydisulfate has also been used as an oxidizing agent for paracetamol and sulpha drugs by Murad et al.*® and Gupta."’
Perez-ruiz et al.’® reported the photodegration of phenosafranine and neutral red in the presence of iron (111) as photocatalyst. Aarthi et
al."® photocatalytic degraded the azure (A and B) and sudan (11l & 1V) dyes using nano TiO, as photocatalyst. Azure-A was also
photocatalytic degraded using carbon doped zinc oxide® and n-doped zinc oxide.?* Recently, Meena, et al.?? developed photocatalyst
immobilized resin dowex-11 and used to degrade the textile dyes ponceau-S and sudan—IV. Panwar et al.” used zirconium phosphate
as a photocatalyst for the photobleaching of tolonium chloride dye. Photodestruction and COD removal of toxic dye erioglaucine
using TiO,-UV process was studied by Jain and Sikarwar.?*
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EXPERIMENTAL
MATERIALS AND METHODS

Azure-A is an organic compound with the chemical formula C;4H14CINsS (Figure 1). It is a light blue to dark blue dye. It is
used for screening test for mucopolysaccharides. It is also known as Giemsa stain, Azure-A chloride and dimethylthionine. It was
used as received and its structure is shown in figure 1.

IUPAC name (7-Amino-8-methyl-phenothiazin-3-ylidene)-dimethyl-ammoniumchloride
Molecular formula C14H14CIN;S
Molecular weight 291.80 g'mol-1
Appearance Green to dark brown powder
Solubility Water
H CHj
lll S Il|+
H™ Z CH,
Z
N

Figure 1: A Structure of azure-A

The dye solution of azure-A was prepared in doubly distilled water. 0.029181 g of azure-A was dissolved in 100.0 mL
doubly distilled water, so the concentration of azure-A was 1.0 x 10> M. It was used as a stock solution. The absorbance of the dye
solution was determined with the help of spectrophotometer at A, = 620 nm. 0.027802 g of ferrous sulphate was dissolved in 100.0
mL doubly distilled water so that a stock solution of 1.0 x 10 M concentration was obtained. The working solutions were prepared
by the process of further dilution. Standard solution of potassium peroxydisulfate was prepared a fresh just before use by dissolving
2.7031 g potassium peroxydisulfate in 100.0 mL doubly distilled water so that concentration of solution was 0.10 M.

Photocatalised oxidation of azure-A was studied by taking 30.0 mL reaction mixture containing 0.66 x 10~ M dye solution,
0.83 x 10> M peroxydisulfate and 0.83 x 10* M ferrous sulphate solution in a 100.0 mL beaker and then this reaction mixture was
exposed to light (light intensity = 70.0 mWcm™). The pH was adjusted at 3.5. A 200 W tungsten lamp (Philips) was used for
irradiation purpose. The intensity of light was measured with the help of a solarimeter (Surya Mapi Model CEL-201) in the units of
mWem 2. A water filter was used to cut off thermal radiations. The pH of the solution was measured by a digital pH meter (Systronics
Model-106). The desired pH of the solution was adjusted by the addition of previously standardized sulphuric acid and sodium
hydroxide solutions.

RESULT AND DISCUSSION
The photochemical degradation of azure-A was observed at Ama = 620 nm. The results for a typical run are given in Table 1
and Figure 2.

An aliquot of 2.0 mL was taken out from the reaction mixture at regular time intervals. It was observed that optical density
(OD) of reaction mixture decreases with increasing time intervals showing thereby that the concentration of dye decreases with
increasing time exposure. A plot of 2 + log OD versus time was linear and follows pseudo-first order kinetics. The rate constant was
determined by the following expression: k = 2.303 x slope. The rate constant (k) for this reaction was determined as 8.82 x 10 s™
.Results for typical run is given in Table 1.

Table 1: Typical Run

[Azure-A] = 0.66 x 10* M pH =35

[S;051=0.83x10% M [Fe?1=0.83x10*M

Light intensity = 70.0 mWcm ™

Time (min.) Log O.D. 2 +1log O.D.

0.0 0.32 1.50
10.0 0.18 1.25
20.0 0.11 1.04
30.0 0.07 0.84
40.0 0.04 0.60
50.0 0.02 0.30

k=8.82x10"*s*
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Figure 2: A Typical Run
Effect of pH

The effect of pH was studied up to pH 2.5 to 5.0 for azure-A. The rate of reaction for azure-A was maximum at pH 3.5. It
was observed that the rate of reaction increases on increasing pH of the reaction mixture. This may be attributed to the fact that as the
pH increases the number of S,0¢> ion increase, which are utilized in oxidation of Fe*? to Fe*® ions, which play an important role in
oxidizing excited dye to its cation radical. After attaining the maximum rate at particular pH, it starts decreasing. It may be explained
on the basis that, OH™ ions increases as pH increases and these OH™ ions may react with sulphate anion radical (SO4 ") to give
sulphate ion (SO,%). Sulphate anion radical is also considered one of the active oxidizing species and its removal from reaction
mixture at higher pH will retard the rate of reaction.

2S0,°+20H 5 2507 +H,0, A1)
2 H,0, > 2H0+0, Q)

At pH > 5.0 for azure-A some turbidity appeared and measurement of optical density becomes difficult and therefore, the
effect of pH was studied up to pH 2.5 to 5.0. The results are reported in Table 2.

Table 2: Effect of pH

[Azure-A] = 0.66 x 10* M [S,05°1=0.83x107%M
[Fe?*] =0.83 x 10 M Light intensity = 70.0 mWcm

pH kx10*s™

2.5 5.29

3.0 7.07

3.5 8.82

4.0 7.07

4.5 6.17

5.0 479

Effect of dye concentration

Effect of variation of dye concentration on rate of bleaching was also studied by taking different concentrations of dye. The
photo degradation was studied in the range of 0.16 x 10 M to 1.16 x 10* M. The maximum rate was found at 0.66 x 10* M. The
results are reported in Table 3.

The rate of photooxidation was found to increase with increasing concentration of dye. This may be explained on the basis
that on increasing the concentration of dye, the reaction rate increases as more molecules of dye are available for excitation. However,
on increasing the concentration beyond certain limits, the reaction rate decreases. This is probably due to the fact that after certain
limiting concentration of dye, the dye molecules present in the upper layer of the solution will absorb a major portion of light. This
will prevent the incident light to reach the dye molecules in the bulk of the solution. The high concentration of dye will act as a filter
for the incident light and hence, at higher concentration of the dye, the rate of bleaching decreases.
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Table 3: Effect of azure-A dye concentration

pH=35 [S,05°1=0.83x10%M
[Fe*1=0.83x10*M Light intensity = 70.0 mWcm ™
[Azure-A] x 10* M k x 10*s™*

0.16 4.39

0.33 6.17

0.50 7.07

0.66 8.82

0.83 8.22

1.00 7.94

1.16 6.91

Effect of peroxydisulfate ion concentration

The effect of variation of peroxydisulfate ion concentration on rate of the reaction was observed by taking different
concentrations of peroxydisulfate ion. The results are summarized in Table 4.

The results indicate that rate of the reaction increases on the increase in the oxidant concentration upto 0.83 x 1072 M,
because more peroxydisulfate ions are available for the oxidation. On further increasing the concentration of the oxidant, a reverse
trend was obtained. The decrease in the rate of the reaction may be due to the hindrance in the movement of these ions and as a result,
the activity of these ions was decreased.

Table 4: Effect of peroxydisulfate ion concentration
[Azure-A] = 0.66 x 10 M pH =35

[Fe?]1=0.83x10*M Light intensity = 70.0 mWcm ™
[S:0¢°] x 10° M kx10°s™
0.50 6.989
0.66 7.655
0.83 8.820
1.00 6.989
1.16 5.658
1.33 4,992

Effect of ferrous ion concentration

The effect of increasing concentration of Fe?* ions was also studied by keeping all other factors identical. The result indicates
that the rate of the reaction of azure-A increases on the increase in the photocatalyst concentration upto 0.83 x 10™* M. The results are
given in Table 5.

Table 5: Effect of ferrous ion concentration

[Azure-A] = 0.66 x 10* M pH=35
[S;06°1=0.83x 10* M [Light intensity = 70.0 mWcm™
[Fe®*] x 10* M k x10*s™*
0.166 6.24
0.33 6.65
0.50 7.29
0.66 7.80
0.83 8.82
1.00 7.29
1.16 6.65

It is clear from the data that the rate of bleaching of dye increases on increasing the concentration of ferrous sulphate. This
may be due to increase in number of Fe?* ions, which are oxidized to Fe** ions on reaction with peroxydisulfate ions. These Fe*" ions
convert excited dye molecule to its cation radical, which then undergoes degradation.
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Effect of light intensity

The effect of light intensity on the photodegradation of azure-A was also observed. The results obtained are reported in Table

6.
Table 6: Effect of light intensity
[Azure-A] = 0.66 x 10* M pH =35
[S,06°1=0.83x 102 M [Fe?*]=0.83x107*M
Light Intensity (mWcm™) kx10*s™
10.0 2.68
20.0 3.07
30.0 3.45
40.0 5.75
50.0 6.80
60.0 7.67
70.0 8.82

A linear plot between the rate constant and light intensity indicates that an increase in the light intensity increases the rate of
reaction. This may be duo to the increased number of photons reacting with Fe?* ions and as a result, there is an increase in the
number of active species, the S,04>~ and SO, * radical ions and corresponding increase in the rate of reaction. However, higher
intensities were avoided due to thermal effects.

Mechanism
Peroxydisulfate is a strong two electron oxidant and it works as a good oxidant for many chemical processes. On the basis of
experimental observations, a tentative mechanism for Fe?* catalyzed photochemical bleaching of the dye has also been proposed as —

Fe®* + S,05° > Ee 4 SO, + S0~ ..(3)
Azure-A + hv Azure-A* ...(4)
Fe** + Azure-A* Fe?* + Azure-A™* ..(3)
Azure-A** + 5,08 ——— P + S0, "+ S0, +2 H* ...(6)
Fe®+S0,° 5 Fe*+30,° (7
SO, + Azure-A"® ———>P + S0, + 2 H" .8

Where P = gaseous products like CO,, H,0, etc.

In the initial step, Fe" transfers its electron to peroxydisulfate ion and hence, Fe*" is oxidized to Fe** and peroxydisulfate ion
is broken into sulphate ion and sulphate anion radical. (eq. 3). Fe** ion pulls an electron from excited dye molecule to yield dye cation
radical and Fe?* ion (eq. 5). The dye cation radical also reacts with peroxydisulfate ions giving sulphate ion, sulphate anion radical
(SO,™), protons and the degraded products of the dye (eq. 6). Fe?* ion will also react with sulphate anion radical, converting it into
sulphate ions (eg. 7). In next step, sulphate anion radical reacts with dye cation radical to give sulphate ion and products (eq. 8). The
presence of sulphate ions and carbon dioxide was detected by their usual tests. The release of protons in two steps increases the
acidity of the reaction medium and the reaction rate decreases at lower pH values (strong acidic medium), as evident from
experimental observations.

The oxidative bleaching of dyes by peroxydisulfate can be enhanced by the addition of metal ion like ferrous ions which act
as electron donor and/or acceptor as it has variable oxidation states of +2 and +3. Such reactions may also be utilized for the treatment
of effluents from textile, dyeing and printing industries parallel to advanced oxidation processes (AOPS).
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