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ABSTRACT

The kinetics of the catalytic degradation of Orange G (OG), an azo dye containing two
sulphonic groups, by hexacyanoferrate(Ill) ions (HCF(ID) in the presence of iridium
nanoparticles (Ir nano) has been investigated. The effect of various operational parameters
such as the concentration of dye, oxidant, catalyst and solution pH on the reaction rate have
been determined. The results show that the reaction follows first-order kinetics with respect
to [HCF(I)] at optimum pH 8.0 and constant temperature of 40 + 0.1°C. The order of
reaction with respect to [OG] has been found to be one at its lower concentration tending
towards zero at its higher concentration. The reaction rate increases with an increase in the
concentration of iridium nanoparticles used as catalyst which reveals the good catalytic
activity of Ir nano. Thermodynamic parameters have been calculated by studying the
reaction rate at four different temperatures. Based on the experimental results, a plausible
reaction mechanism involving complex formation and rate law has been derived. The
UV-vis, FT-IR, HPLC, LC-MS of degradation product showed the formation of simpler and
less hazardous compound, 6-hydroxyamino benzene-1,2-diethanoic acid, 6-hydroxyamino
benzene-1,2-diethanoic anhydride and 7-hydroxy naphthalene-1,3-disulphonic acid as minor
degradation products and pentanoic acid, propanoic acid, ethanoic acid as major
degradation products.

Keywords: Kinetics; Degradation; Orange G; HCF(III); Ir nanoparticles

1. Introduction

Environmental pollution on global scale has drawn
much attention to the need for developing ecologically
clean chemical technology, materials and processes
[1]. Textile dyes constitute one of the largest groups of
organic compounds that represent an increasing envi-
ronmental concern with reference to water pollution
[2]. Azo dyes with one or more azo group (N=N)
being the largest and most diverse group of synthetic
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dyes, constitute up to 70% of all the known commer-
cial dyes produced [3]. They are widely used in vari-
ous industries, such as those producing textiles, foods,
cosmetics and paper printing [4]. Low reactivity of the
azo linkage makes this class of compounds resistant to
degradation [5]. These dyes not only impart colours to
water sources but also damage living organisms by
stopping the reoxygenation capacity of water, blocking
sunlight, and therefore disturbing the natural growth
activity of aquatic life. Thus, the removal of azo dyes
from textile wastewater is a major environmental
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concern. Many techniques, such as activated carbon
adsorption, flocculation, electrocoagulation, UV light
degradation and redox treatments are being routinely
used for azo dye degradation [6-10]. However, due to
the ineffectiveness of these techniques in some way or
other, the present scenario requires better and
improved wastewater treatment measures.

Recently, nanotechnology has been extended to
wastewater treatments [11,12]. Noble metal nanoparti-
cles with high specific catalytic activity are ubiquitous
in modern synthetic organic chemistry during the
recent decades [13]. In this study, synthesized col-
loidal dispersion of iridium nanoclusters are used as
catalyst in the oxidation of Orange G (OG), an azo
dye, by hexacyanoferrate(Ill) in aqueous alkaline
media. Goel and Sharma have used this technique in
the oxidation of some amino acids [14,15] and mono
azo dyes such as methyl orange [16] and orange II
[17] containing one sulphonic group. In the present
work, the purpose is to study the oxidative degrada-
tion of OG, a mono azo dye with two sulphonic
groups. The oxidative degradation with respect to
some important operating parameters such as pH of
solution, [HCF(ID], [Ir nano], [OG] and temperature
have been investigated to provide more.

2. Experimental
2.1. Materials

All the chemicals and reagents used were of AR
grade. OG was procured from SRL (Sisco Research
Laborateries Pvt. Ltd, India).The structure of an azo
dye is shown in Fig. 1. pH of the reaction mixture was
maintained using KH,PO, and NaOH as buffer. Ir
nano (particle size 4 nm) were synthesized by wet
reduction method using polyvinylpyrrolidone as pro-
tecting agent after the reduction of precursor salt,
IrCl3-3H,0O, by methanol as reported earlier [18].

2.2. Experimental procedures

The kinetic experiments were carried out at opti-
mum pH (8.0) and constant temperature (40 = 0.1°C).
The requisite amount of each reactant was ther-
mostated at 40°C to attain thermal equilibrium.

~ -s03Na

Fig. 1. Chemical Structure of the azo dye OG.
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The appropriate quantities of reactants were mixed in
a 100-ml iodine flask. The reaction was initiated by
injecting the solution of OG into the aforementioned
reaction mixture (prepared solution of HCF(II) and Ir
nano). The progress of the reaction was measured
spectrophotometrically (Systronics-117) with a spectro-
metric quartz cell (1 cm in path length) at 479 nm cor-
responding to the A« of the reaction mixture. It was
verified that there is a negligible interference from
other species present in the reaction mixture at this
wavelength. As the reaction proceeds, the absorbance
of the reaction mixture decreases with time and
decrease in the absorbance of reaction mixture with
time shows a linear relationship between dye concen-
tration and absorbance. Initial rate of reaction rate was
calculated from the slope of concentration vs. time
curve according to constant—volume batch system
mole balance equation (dCa/dt); = rog; where rog;
denotes the initial rate of degradation of dye.

2.3. Analytical methods

The reaction mixture was kept at atmospheric
conditions for 24 h and the products were extracted
with ethyl acetate. The degradation of dye and identi-
fication of degradation products were characterized by
FT-IR (Bruker, Alpha E-FTIR), HPLC (SHIMADZU,
LC-2010CHT) and LC-MS (BRUKER, ELITE). The
mobile phase consisted of acetonitrile: water at (1:1) at
the flow rate of 300 pL/min.

3. Results and discussion
3.1. Kinetic study

The oxidation kinetics of OG (both catalyzed and
uncatalyzed reactions) has been studied at constant
pH and temperature at different concentrations of one
reactant keeping the concentration of others constant.

3.1.1. Effect of pH

The pH of the reaction mixture plays a significant
role in the degradation of organic compounds. In the
case of ionic reactions, the pH affects ionization and
the optimum value is sought at which ionization is
maximum and then the rate of reaction is measured at
that optimum pH value. The effect of pH on the
degradation of OG was studied by varying pH of
solution from 6 to 9.5. Fig. 2 shows that the optimum
pH for the degradation of OG is 8 indicating the
maximum ionization. In alkaline medium, OH™ reacts
with dye to extract proton and form anionic species,
D in equilibrium [17]. At high pH values, the rate of
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Fig. 2. Effect of pH on initial degradation rate of OG
by  [HCF(ID].  Experimental  conditions: [OG]
=3.0x10°moldm ™~ [HCF(ID] =3.0 x 10" mol dm>;
[Ir nano] = 1.004 x 1077 mol dm™3; temperature = 40 = 0.1°C.

degradation may decline due to Coulombic repulsion
between anionic dye surface and hydroxyl anion,
hence do not have opportunity to react with dye mole-
cules [19,20].

D+OH =D + H,O ¢))

3.1.2. Effect of [HCF(IID)]

The kinetic results presented in Fig. 3 show effect
of oxidant’s concentration on initial reaction rate. The
oxidation of OG follows first-order kinetics with
respect to [HCF(ID)]. The concentration of HCF(III)
was varied from 1 x 107° to 9 x 107° mol dm .

3.1.3. Effect of [OG]

The effect of substrate concentration on initial reac-
tion rate was studied by varying its concentration
from 1 x 107 to 9 x 10> mol dm ™. The data presented
in Fig. 4 show first-order dependence of rate on lower
concentration of substrate which tends to be zero
order at its higher concentration.

3.1.4. Effect of [catalyst]

A gradual increase in rate with Ir nano concentra-
tion reveals first-order Kkinetics with respect to
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Fig. 3. Effect of [HCF(II)] on initial degradation rate
of OG by [HCF(I)]. Experimental conditions: [OG]
=30%x10° moldm™; [Ir nano] = 1.004 x 1077 mol dm™>;
pH 8.0; temperature = 40 = 0.1°C.
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Fig. 4. Effect of [OG] on initial degradation rate of OG
by [HCF(ID]. Experimental conditions: [HCF(ID] =
3.0 x 107° mol dm™2; [Ir nano] = 1.004 x 10~” mol dm™>; pH
8.0; temperature = 40 + 0.1°C.

[Ir nano] (Fig. 5). The concentration of Ir nanoparticles
was varied about many times from 0.2x 107 to
1.204 x 1077 mol dm™>. The rate of reaction varied with
the amount of catalyst, this means that the rate of
reaction may have been controlled by the mass of
catalyst.
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Fig. 5. Effect of [Ir nano] on initial degradation rate by [HCF
(ITID]. Experimental conditions: [OG] = 3.0 x 107° mol dm™3;
[HCFID] = 3.0 x 107 mol dm™3; pH 8.0; temperature = 40
+0.1°C.
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Fig. 6. Arrhenius plot for initial degradation rate of OG by
[HCF(III)]. Experimental conditions: [OG]=3.0 x 107>
mol dm™3; [HCF(JIID] =3.0 x 10 ° moldm ™%, [Ir nano] =
1.004 x 1077 mol dm; pH 8.0.

3.1.5. Thermodynamic parameters

The thermodynamic parameters for both catalyzed
and uncatalyzed reactions have been evaluated by
studying the reaction at four different temperatures,
i.e. 40, 45, 50 and 55°C (Table 1). The rate of a reaction
depends on the temperature according to Arrhenius
equation:

k= Ae F/RT @

Activation parameters, Ea and Arrhenius factor (A)
were evaluated from Arrhenius plots (Fig. 6). Enthalpy
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Table 1
Thermodynamic parameters

Values
Parameter

(Uncatalysed) (Catalyzed)
ky 1 mol™! min™?) 2.74 5.96
Ea (kcal mol™?) 17.48 10.50
AH* (kcal mol™) 16.852 9.86
AS* (eu) —-4.54 24 .44
AF* (kcal mol™) 18.29 17.69
A (Imol™ ' sec’™ 2.08 x 10'2 8.29 x 107

of activation (AH"), entropy of activation (AS*) and
energy of formation (AF') were calculated from
Egs. (3)-(5), respectively:

AH? = Ea — RT (3)
kr — (kT/h)eAS#/RefAEa/RT (4)
AF? = AH" — TAS" (5)

The data reveals low energy of activation for catalyzed
reaction as compared to uncatalyzed reaction. It
reveals good catalytic activity of Ir nano. Large nega-
tive entropy of activation for catalyzed reaction shows
more disorderness amongst the reactants and the
formation of polar species during the reaction. Energy
of formation is almost same for both the catalyzed
and uncatalyzed reactions suggesting similar mecha-
nism involved during the reaction. Comparison of the
data with previously reported oxidation of methyl
orange and orange II shows that the rate of degrada-
tion of OG is slower than that of methyl orange [16]
and orange II [17] which may be attributed to the
presence of two sulphonic groups. The sulphonic
groups present in dyes leads to the formation of sul-
phate ions which decrease the extent of further
degradation and thus decreases the rate [21]. Thus,
more is the number of sulphonic groups attached to

Table 2
Rate of degradation of reaction mixture for
consecutive cycles

three

No. of cycles (-dA/db); x 10° (min™ ")

Before recovery 3.0
After I cycle 2.6
After II cycle 22
After III cycle 2.0
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Fig. 7. UV-vis spectra showing the degradation of OG.
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Fig. 8. FT-IR of (a) OG and (b) degradation product.
the dye, lesser is the degradation. The almost same 3.1.6. Efficiency of recycled catalyst

value of energy of formation suggest that the mecha-
nism involved is same as that for methyl orange and
orange II.

In order to investigate the economy of the present
method, Ir nanoparticles were recovered and reused
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for three consecutive cycles. After the first degradation
cycle, the treated reaction mixture was centrifuged.
The obtained nanoparticles were washed thoroughly
with double-distilled water five to six times and were
further reused as catalyst in the kinetic study. The
same method was used for three successive cycles at
fixed experimental conditions. The results are pre-
sented in Table 2. It was found that the rate of reac-
tion decreased with each successive cycle. This may
be due to the increase in size of nanoparticles due to
agglomeration.

3.2. Product analysis

Successful degradation of an azo dye, OG by HCF
(IIT) ions in the presence of Ir nanoparticles has been
confirmed by UV-vis spectrum as shown in Fig. 7.
The spectrum corresponds to the disappearance of
peak at 479 nm and the appearance of a new peak at
241 nm suggesting the formation of new product/
products. The FT-IR analysis of OG and product also
confirm the degradation. The FT-IR of OG displays
bands at 3,732, 2,310, 1,622, 1,535, 1,488, 1,275, 1,199,
1,142, 1,047 and 980 cm '.The comparison of FT-IR
spectra of OG and degradation product (Fig. 8) shows
the disappearance of the band characteristic of azo
bond at 1,488 cm™' of OG in the spectra of product
indicating the degradation of dye and the appearance
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of new bands at 3,274 for OH stretching, 2,980 (CHj
stretching), 1,642 (C=O stretching), 1,044, 1,085 and,
876 cm™' which are attributed to the formation of
some new compounds [22,23].

Comparative study of HPLC chromatogram of OG
and degradation products as given in Fig. 9 suggests
the formation of new compounds. Fig. 9(b) shows three
major peaks at 4.0, 10.6, 16.7 min and four minor peaks
at 2.7, 7.8, 9.2, 24.1 min which are completely different
from that of OG in Fig. 9(a) with one major peak at
1.4 min. LC-MS of extracted product/products is given
in Fig. 10 indicating the formation of antici-
pated 6-hydroxyamino benzene-1,2-diethanoic acid,
6-hydroxyamino benzene-1,2-diethanoic anhydride and
7-hydroxy naphthalene-1,3-disulphonic acid as minor
degradation products and pentanoic acid, propanoic
acid, ethanoic acid as major degradation products
which are simple and less hazardous (Table 3).

3.3. Mechanism

Based on the above experimental results and previ-
ously reported work, the following reaction mecha-
nism for the oxidation of OG can be proposed:

OG™ +1Iry kkﬁl Complex(C) (6)
-1

10.0 125 15.0

16745

24.138

min

Fig. 9. (a) HPLC chromatogram of OG and (b) degradation products of OG.
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C + Fe(CN)> I"—> Ir, + Fe(CN)*™ + Products @)
slow

In the above scheme, it is assumed that in alkaline
medium mono azo dye OG exist as anion (OG") [24]
which slowly forms a loosely bonded complex with
iridium nanoparticles (Irp). This complex(C) slowly
reacts with HCF(II) ion resulting into products along
with Ir, and Fe(CN); .

3.4. Rate law

From the above reaction mechanism, reaction rate
will be:

rate = r, = ky [C][HCF(III)]. ®

During the reaction the [Ir,]r (total iridium concentra-
tion) will be:

[Irn]T: [Iry] + [C] )

The complex formed in Eq. (6) is short lived. In Eq.
(6), it is formed while in Eq. (7), it may decompose
into final product. It is also possible that the complex
may dissociate into Ir nano and dye anion. Thus, the
overall concentration of complex in the reaction mix-
ture remains constant. Hence, steady state treatment
can be applied to its concentration. Thus, applying the

279.2
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Fig. 10. LC-MS spectra of degradation products of OG.
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Table 3
Proposed structures of OG degradation products
Molecular
weight Proposed structure
304 HO
\
(@] ‘ (@]
\\S = S//
Ho N\ /o
(@] (@)
7-Hydroxy naphthalene-1,3-disulphonic acid
225
NHOH
COOH
COOH
6-Hydroxyamino benzene-1,2-diethanoic acid
207
NHOH
CcO
\/o
CcO
6-Hydroxyamino benzene-1,2-diethanoic anhydride
102
O
\/\)J\OH
Pentanoic acid
74
O
\)J\ OH
Propanoic acid
60

(@)

Ethanoic acid
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steady state treatment to the concentration of complex
[C] and substituting its value in Eq. (8), the following
rate law has been derived:

Kkiks[OG ][Ity [HCF(IID)

Tt = K [HCE()] + k1 [OG |

(10)

The derived rate law (10) can be verified by assuming
that at low concentration of HCF(II) and OG, it can
be written as:

_ kako[OG ] [Iry | [HCF ()|

rate
k-1

(11)

The derived law (11) is in agreement with the experi-
mental results.

But at higher concentration of reactants, the rate
law (10) can be written as following assuming that

0.8
0.6

0.4

(dA/dt); x10"% min

0.2

0 0.5 1 1.5
[HCF()I" x 10 mol! dm3

Fig. 11. Plot of rate™" vs. [HCF(IID] .
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Fig. 12. Plot of rate™ vs. [OG]™".
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[Ir,]T concentration (catalyst) is very small and almost
remain constant during the reaction:

1 k-4 1 1

= TkOG JHCFID)] T k0G| hHCE] 2

The plot of 1/rate vs. 1/[HCF(ID] (Fig. 11) and 1/rate
vs. 1/[OG] (Fig. 12) gives straight line. A close exam-
ination of these figures clearly indicates that these are
evidently straight line with positive intercept at 1/rate
axis showing the validity of derived rate law equation
on the basis of proposed mechanism.

4. Conclusion

This study confirms the successful oxidative
degradation of an azo dye, OG by HCF(II) in the
presence of Ir nanoparticles. Kinetics of dye degrada-
tion showed that solution pH, [Ir nano], [HCFIID)]
and [OG] are the main factors that influence the
degradation rate. The reaction follows first-order
kinetics with respect to HCF(II) at optimum pH 8.0
and constant temperature of 40 + 0.1°C. The order of
reaction with respect to [OG] has been found to be
one at its lower concentration tending towards zero at
its higher concentration. Ir nanoparticles proved to be
effective catalyst for the degradation of OG as the rate
of the reaction increases with an increase in the con-
centration of Ir nano. The catalyzed reaction is three
to four times faster than the uncatalyzed reaction. This
may be due to the presence of Ir nanoparticles as cata-
lyst which improved the reaction rate by providing
larger surface area to volume ratio. Moreover, these
nanoparticles can be recovered and reused making
them potential candidates for dye degradation tech-
nologies. The UV-vis, FT-IR, HPLC, LC-MS of
degradation product showed the formation of simpler
and less hazardous compounds, 6-hydroxyamino
benzene-1,2-diethanoic acid, 6-hydroxyamino benzene-
1,2-diethanoic anhydride and 7-hydroxy naphthalene-
1,3-disulphonic acid as minor degradation products
and pentanoic acid, propanoic acid, ethanoic acid as
major degradation products.

In the present method, the concentration of HCF
(III) used to degrade OG is 10 times less than that of
the dye concentration, while in the reported Fenton
oxidation method, the concentration of oxidant is
same or more than that of the dye concentration
[25,26]. Thus, the present method seems to be better
than other conventional methods due to its low cost,
easy availability and effectiveness. About 12%
degradation of OG was obtained under the studied
experimental conditions in 1h. The results of this
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study can be used to design a suitable process to get
higher percentage degradation of OG by increasing
the concentrations of HCF(II) and Ir nanoparticles.
After degradation of dye, HCF(II) converts into HCF
(I which is non-toxic and is used in food industries
for metal precipitation [27].
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