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ABSTRACT

The degradation of Carmoisine A, a mono azo dye, by hexacyanoferrate(III) ions in the aqueous
alkaline medium using nickel nanoparticles as catalyst has been investigated by kinetic –
spectrophotometric method at max 515 nm of the reaction mixture. The effect of different
parameters like concentration of dye, concentration of oxidant, and pH of the solution on the rate
of reaction have been studied under the same experimental conditions. The results show that the
degradation rate of the dye increases linearly with the increase in concentrations of oxidant and
dye at optimum pH of 7.5 and constant temperature of 40 ± 0.1°C. Thermodynamic parameters such
as energy of activation (Ea), enthalpy of activation (H#), entropy of activation (S#), frequency
factor(A) and free energy of activation(F#) have been calculated by studying the reaction rate at
four different temperatures, i.e. 40–55°C. UV-Vis, HPLC and LC-MS methods of analysis of
degradation products reveals that degraded products are simple and less hazardous.
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INTRODUCTION

In the textile industry, azo dyes are common
synthetic colorants. The wastewater from textile
processes, kraft mills, tanneries, foods, cosmetics,
and other dyeing processes are strongly colored and
contain high concentrations of organic pollutants,
which are toxic and carcinogenic to aquatic life
(Benkhaya et al., 2017; Bilal et al., 2018; Bilal et al.,
2019). One of the extensively used dyes in the textile
industries is azo dyes, which are among the most
important pollutants in the water. The azo dyes are
hardly degraded due to their properties, for
example complex molecular structure, high
chemical stability and low biodegradability (Chao et
al., 2020; Brüschweiler et al., 2017).

The elimination of colour from dye-bearing
wastewaters is becoming one of the major
environmental problems. Effluent derived from the
textile and dyestuff activities can cause serious

environmental impact, not only affecting aesthetic
merit but also reducing light penetration and
photosynthesis. Furthermore, some are considered
toxic  and  even  carcinogenic for human health
(Fosso-Kankeu et al., 2018; Tsui et al., 2003; Gong et
al., 2009).

Up to now, the removal of azo dyes in
wastewater mainly includes physical, chemical,
biological methods or combination of various
methods, such as electrochemical treatment,
ozonation, photocatalysis, Fenton or Fenton-like
reagents. Nevertheless, many of these methods are
often ineffective for the decomposition of azo dyes
and result in large quantities of solid wastes or other
environmental problems during the treatment
processes (Hameed et al., 2008; Forgacs et al., 2004;
Guo et al., 2011; Han et al., 2009; He et al., 2005).

This study is focused on the degradation of
Carmoisine A in aqueous alkaline medium by using
hexacyanoferrate (abbreviated as HCF) (III) ions
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using nickel nanoparticles as a catalyst. The study
throws light on kinetics and suitable mechanism of
oxidation of azo dye Carmosine A by alkaline
hexacyanoferrate(III) ions on the basis of kinetic and
thermodynamic results. HCF(III) ions are commonly
used to oxidize numerous organic and inorganic
compounds in alkaline medium (Hoch et al., 2008;
Sharanabasamma et al., 2011; Zhang et al., 2011).
Previously we extended the oxidation capability of
HCF(III) ions to the degradation of some azo dyes
using mono and bimetallic nanoparticles as Ir, Ir-Cu,
Ir-Ni and Ir- Sn as catalyst. These nanoparticles
show good catalytic activity and stability (Shimpi et
al., 2014; Goel et al., 2016; Goel et al., 2014; Goel et al.,
2012) but rare abundance and high cost of Ir restricts
its use. Thus, in the present work the authors have
discussed the oxidation of Carmoisine A by
hexacyanoferrate(III) ions in aqueous alkaline
medium using nickel nanoparticles as a catalyst in
place of iridium nanoparticles.

MATERIALS AND METHODS

Azo dye Carmoisine A (chemical structure as shown
in Figure 1) was purchased from Loba Chemie (Loba
Chemie Pvt. Ltd, Mumbai, India). All reagents used
were of analytical grade. The measurements of the
pH of the reaction mixture was done on digital pH
meter (Systronics -pH System 361), which was
adjusted by using solutions of KH2PO4 as buffer and
NaOH. max of the reaction mixture was measured
by using Systronics-117 spectrophotometer in the
range 220– 480 nm. The HPLC chromatogram and
LC-MS spectra was measured by LC-MS
spectrometer model Q-ToF Micro Waters.

Kinetic - Study

The kinetic experiments were carried out at pH (7.5)
and constant temperature (40 ± 0.1 oC). The required
amount of each reactant was thermostated at 40oC to
attain thermal equilibrium. The proper quantities of

reactants were mixed in a 250 ml iodine flask. The
reaction was started by taking the solution of
Carmoisine A into the prepared reaction mixture of
HCF(III) and Ni nanoparticles. The evolution of the
reaction was recorded spectrophotometrically with
a spectrometric quartz cell at 515nm (max) of the
reaction mixture. It was confirmed that there is
neglect 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 shows a linear affiliation
between dye concentration and absorbance. Initial
rate (dA/dt) of reaction rate was calculated from the
slope of concentration vs. time. The first-order rate
constant was calculated by the plot of log (a-x)
versus time with slope equal to -k1/2.303. The
products were extracted by ethyl acetate using
solvent extraction method and identified by LC-MS.
Mobile phase for the extracted products of
Carmoisine A consisted of methanol: water:
acetonitrile (1:2:1).

Analytical methods

The reaction mixture was kept at atmospheric
conditions for 24 hrs and the products were
extracted with ethyl acetate. The degradation of dye
and identification of degradation products were
characterized by UV-Vis spectroscopy (systronic-
117), LC–MS (model Q-ToF Micro Waters). The
mobile phase consisted of methanol: water:
acetonitrile at (1:2:1) at the flow rate of 600 L/min.

RESULTS AND DISCUSSION

The oxidation kinetics of Carmoisine A has been
studied at constant pH (7.5) and temperature (40 ±
0.1oC) at different concentrations of one reactant
keeping the constant concentration of other
reactants spectrophotometrically.

Effect of PVP, CTAB, SDS supported nickel nano
particles (catalyst)

The nickel nanoparticles were synthesized by
modified polyol method by using different
surfactants as PVP, CTAB, SDS with ethylene glycol
(EG) as solvent as reported earlier for Ir
nanoparticles synthesis (Chaudhary et al., 2017)
Further the effect of these nanoparticles as catalyst
on the reaction rate has been studied. In figure 2 the
data reveals that PVP supported nickel
nanoparticles show the maximum reaction rate as
compared to other surfactant assisted nanoparticles.Fig. 1. Chemical structure of Carmoisine A.
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Thus study has been made with PVP supported Ni-
nanoparticles as catalyst.

the increase in oxidant concentration, the rate of
degradation of Carmoisine A increases. A straight
line between the concentration of HCF(III) and rate
of reaction indicates that reactions follows first order
kinetics with respect to [HCF(III)].

Effect of substrate

The effect of variation of substrate concentration (1
x 10-5 to 9 × 10-5 mol/dm3) on reaction rate was
studied. On increasing the dye concentration rate of
degradation increases linearly because more
molecules of dyes are available for degradation.

Fig. 2. Effect of different nanoparticles on the rate of
degradation of Carmoisine A. Experimental
conditions pH = 7.5; [HCF(III)] = 3 × 10-6 mol/dm3;
[catalyst] = 1.006 x 10-7 mol/dm3; temperature = 40
± 0.1°C.

Figure 6 show a gradual increase in the reaction
rate with the increase of catalyst concentration.
These results reveal that reaction follows first order
kinetics with respect to catalyst concentration. The
nickel PVP supported Ni nanoparticles show good
catalytic activity as compare to nickel precursor.

Effect of pH

The pH of the reaction mixture plays an important
role in the degradation of organic compounds. In the
case of ionic reactions, the pH affects ionization and
the optimum value is required at which ionization is
maximum and then the rate of reaction is measured
at that pH value. The effect of pH on the
degradation of Carmoisine A was studied by
varying pH of solution from 6 to 7.5. As the colour of
Carmoisine A becomes dark above 7.5, the higher
range of pH has not been considered for the
oxidation dye. Figure 3 shows that the pH for the
degradation of Carmoisine A is 7.5 representing the
maximum ionization in this range. It was not found
possible to study reaction in the acidic pH range,
that is, below 7 due to the electrostatic interaction
between hydrogen ion and dye molecule.

Effect of HCF(III)

To study the effect of oxidant concentration of
HCF(III) ions on the degradation rate of Carmoisine
A, concentration of HCF(III) ions was varied from 1
× 10-6 to 9 × 10-6 mol/dm3. Figure 4 shows that with

Fig. 3. Effect of pH on the degradation rate of Carmoisine
A. Experimental conditions [Carmoisine A] = 3 ×
10-5 mol/dm3; [HCF(III)] = 3 × 10-6 mol/dm3;
[Catalyst] = 1.006 x 10-7 mol/dm3 temperature = 40
± 0.1°C.

pH

Fig. 4. Effect of [HCF(III)] ions on the degradpaHtion rate
of Carmoisine A. Experimental conditions
[Carmoisine A] = 3 × 10-5 mol/dm3; [catalyst]=
1.006 x 10-7 mol/dm3; pH = 7.5; temperature = 40
± 0.1°C.
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Data presented as Figure 5 shows that reaction
follows first-order kinetics with respect to dye
concentration.

Figure 7 Arrhenius plot shows a linear relationship
between temperature and reaction rate. High value
of pre- exponential factor signifies large size of
reacting species (Table 1). Further, the reaction was
characterized by a more negative value of entropy of
activation reveals the formation of polar species and
a low value of activation energy show good catalytic
activity of nickel nanoparticles.

Fig. 5. Effect of [Carmoisine A] ions on the degradation
rate of Carmoisine A. Experimental conditions
[HCF(III)] = 3 × 10-6 mol/dm3; [catalyst]= 1.006 x
10-7 mol/dm3; pH = 7.5; temperature = 40 ± 0.1°C.

Effect of temperature

Thermodynamic parameters including activation
energy (Ea), pre-exponential factor (A), enthalpy of
activation (H#), entropy of activation (S#) and free
energy of activation (F#) for the oxidation of
Carmoisine A by HCF(III) ions have been calculated
by studying the reaction at four different
temperatures (T), that i.e. 40, 45, 50, and 55°C. In

Fig. 6. Effect of [catalyst] and [precursor] on the rate of
degradation of Carmoisine A. Experimental
conditions pH = 7.5; [HCF(III)] = 3 × 10-6 mol/dm3;
[Carmoisine A] = 3 x 10-5 mol/dm3; temperature =
40 ± 0.1°C.

Fig. 7. Arrhenius plot for initial degradation of MY by
[HCF(III)] ions. Experimental condition
[Carmoisine A] = 5 × 10-5 mol/dm3; [HCF(III)] =
5× 10-6 mol/dm3; [catalyst] = 1.006 x 10-7 mol/dm3;
temperature = 40 ± 0.1°C to 55 ± 1°C.

Table 1. Values of thermodynamic parameters

S. Thermodynamic Values
No. parameters [Carmoisine A]

1 Ea (kJ/mol) 24.64
2 A ( l mol-1 sec-1) 1.121 x 104

3 S# (e.u.) - 40.87
4 H# (kJ/mol) 21.97
5 F# (kJ/mol) 76.8

Identification of degradation products of
Carmoisine A UV-Vis Spectroscopy

UV-Vis spectroscopy is used as a primary technique
to determine the degradation of dye. Degradation of
Carmoisine A was monitored by UV-Vis spectropho-
tometer (systronic 117). Figure 8 shows that
Carmoisine A has maximum absorption at 515nm
(Lasyal et al., 2016) which after degradation
disappears and a new peak forms at 257nm.
Formation of new peak verifies the degration of dye
into some new substance/substances.
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LCMS

Liquid chromatography–mass spectrometry (LC-
MS) is an analytical technique that combines the
physical separation capabilities of liquid
chromatography (HPLC) with the mass analysis
capabilities of mass spectrometry (MS). Hence in the
present study LC-MS has been used to confirm
degradation of dye and to investigate the products
formed by the degradation. In Figure 9 HPLC
chromatogram show two major peaks at retention
time 2.72 and 3.23 min-1.  LCMS spectra (Fig. 10) also
show two major peaks along with some small peaks
indicating the formation of two major products
along with some minor products by the degradation
of Carmoisine A dye.

Fig. 8. UV-Vis spectra of Carmoisine A before and after
degradation.

Fig. 10. LC-MS spectra of degradation products of
Carmoisine A.

Fig. 9. HPLC chromatogram of degradation products.

Fig. 11. Proposed mechanism for the degradation of
Carmoisine A.

Thus the formation of two major products occurs
by the breakage of azo linkage as 3-naphthol-4-
hydroxy naphthalene sulphonic acid and 3-amino-4-
hydroxy naphthalene sodium sulphate. These two

major products further oxidized to give simple and
less hazardous compounds like propanoic acid,
toluene, 4- phenyl butanoic acid, 3- phenyl
propanaldehyde, 1,4- naphthoquinone, 1- hydroxy
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naphthalene, 1.4- di hydroxy naphthalene, 1-
hydroxy- 4-amino naphthalene, 1,4- di hydroxy -3-
amino naphthalene, , 4-amino naphthalene sodium
sulphate.

Mechanism

Based on the above kinetic study, thermodynamic
data, product analysis, and previously reported
work (Goel et al., 2019) the following reaction
mechanism for the oxidation of Carmoisine A has
been proposed. According to the mechanism, it is
assumed that dye molecule exists as an anion in the
aqueous alkaline medium which forms a weakly
bonded complex (C). This complex dissociates with
HCF(III) ions through a slow step into product along
with Nin.

k1

Dye- + Nin complex(C)
k-1

Derived rate law

k2 slow
C + Fe(CN)6

3-  Product + [Fe(CN) 4- + Nin

Based on the above mechanism and experimental
facts, the following rate law has been derived.

r = k2 . k1 / k-1 [Dye][HCF(III)][Nin]

which is similar to the following experimental rate
law

Robs  = k2 [Dye][HCF(III)][Nin]
where k = k1/k-1.

CONCLUSION

The kinetic–spectrophotometric study of the
oxidation of Carmoisine A by hexacynoferrate(III)
ions in aqueous alkaline medium proves HCF(III) is
a good oxidant for degradation of dye. Kinetic study
of Carmoisine A by HCF(III)  ions  follows first-
order  reaction rate with respect  to the substrate and
HCF(III) concentrations at pH 7.5 and at constant
temperature of 40 ± 0.1 °C. A suitable mechanism for
the degradation of Carmoisine A has been proposed.
Product analysis shows that the degradation of dye
Carmoisine A results in the formation of less
hazardous products. The comparision of the
catalytic activity of nickel nanoparticles with the
reported iridium nanoparticles (Goel et al., 2018)
under the same experimental conditions, it can be
concluded though the requirement of nickel

nanoparticles is approx three times more than that of
iridium nanoparticles to get the same degradation
rates but about thousands time low cost of nickel
metal than iridium metal makes the present method
superior and beneficial for commercial use of dye
degradation.
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