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Abstract

Carmine (C.I. name is Natural Red 4), a naturally occurring important dye, was subjected to UV radiation in the presence of hydrogen per-
oxide. The photo-oxidation of the dye was monitored spectrophotometrically. The apparent rate of decoloration was calculated from the ob-
served absorption data and was found to be of first order. A systematic study of the effect of dye concentration as well as H,O,
concentration on the kinetics of dye decoloration was carried out. Additionally, the effect of various additives on the decoloration of this
dye was also investigated. Most of the anions tested had an inhibitory effect on the decoloration of the dye, with the most pronounced effect
seen with sulfite ion as compared to carbonate, sulphate, nitrate and chloride ions. Examination of the effect of pH showed that the dye could
be efficiently decolorized in a basic media. A plausible explanation involving the probable radical initiated mechanism was given to explain the
dye decoloration. Lastly, we used HPLC analysis to show that the decoloration of carmine observed during the UV/H,O, photolysis treatment

was in fact due to the degradation of the dye.
© 2006 Elsevier Ltd. All rights reserved.
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1. Introduction

Dye degradation/decoloration has drawn considerable at-
tention by many workers in the last few years due to the
fact that dye related pollution causes many environmental
problems [1—3]. Moreover these dyes are toxic in nature
due to the fact that they all have aromatic groups[4]. In fact
many of these dyes have been shown to have hazardous prop-
erties [5]. On passage to water bodies at large, these chemicals
may pose a health concern to all marine life as well as human
life at the end of the food chain. Recently, many different tech-
niques have been suggested in the literature to address the sit-
uation by causing the complete decoloration of dyes in
industrial effluents prior to their entering the water bodies.
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These suggestions include photo-catalytic, photolytic and
bio-decoloration of various dye solutions [6—9]. Advanced ox-
idation process based on UV/H,0O, photolytic decoloration is
not only simple and homogeneous, but has also shown prom-
ising results in degrading many other organic compounds
[10—12]. The process in general depends on the generation
of OH radicals in solution in the presence of UV light. These
radicals can then react with the dye molecules to undergo a se-
ries of reactions in which the organic molecule is finally de-
stroyed or converted into a simple harmless compound.
Carmine is a representative example of an organic dye which
belongs to the “‘natural” class of dyes, and in food coloring,
cosmetics, and paints. Since dyes are suspected to be carcino-
genic in nature, any presence of them in waste water would
have detrimental effects on marine and human life. In this pa-
per an attempt is made to look at the decoloration of this dye
in aqueous solution in the presence of HO, and UV light. The
data are interpreted in terms of kinetic parameters. Further-
more, the effect of solution pH and the presence of various
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Fig. 1. Chemical structure of carmine and visible spectra showing photolytic
degradation of carmine using UV/H,0,. Scans were taken at 0, 3, 5, 10, 15,
20, 25, and 30 min after photolytic treatment.

additives in the form of anions on the decoloration of the dye
solution were also investigated.

2. Experimental

Carmine (C.I. name Natural Red 4) was obtained from
Fluka and was used as such. Deionized water was used to
make the dye solutions of desired concentration. Hydrogen
peroxide (35% w/w) was obtained from Merck and was di-
luted in water right before use. UV—vis studies were done
on a CARY 50 UV/VIS spectrophotometer, using a 1cm
cell. For photolytic experiments, the samples were irradiated
with a UV lamp with an output at 254 nm.

2.1. Preparation of samples and decoloration studies

Carmine stock solution of 1 x 107*M was prepared in
100 mL of deionized water in a 250 mL flask. Necessary dilu-
tions of this stock were done with deionized water to obtain
a series of dye solutions with varying concentrations. An ali-
quot of the diluted solution was mixed with a given amount
of H,O, and the mixture was irradiated with UV light. After
a certain time interval, the absorbance of the solution was
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monitored instantaneously on a spectrometer. The absorbance
value obtained in each case was plotted against time to obtain
the order of apparent decoloration rate. Photolytic oxidation
studies were carried out at 25 £2 °C.

For studying the effect of pH on dye decoloration, the pH of the
dye solution was altered by adding incremental amounts of either
dilute HCI or diluted NaOH. For experiments examining the ef-
fects of different ions on the decoloration of carmine, a final con-
centration of 0.5 mg/ml of various salts was added to the dye
solution before the addition of H,O,. None of the salts used had
any effect on the dye spectra in the absence of UV light. The solu-
tion was then subjected to UV light and change in absorbance value
was noted to calculate the apparent decoloration rate constant.

2.2. HPLC analysis of the discoloration/degradation
samples

For HPLC analysis of the dye decoloration/degradation,
50 ml of dye solutions were taken either at time zero (right after
addition of H,O, and no UV irradiation) or at 30 min of UV
irradiation after addition of H,O,, and the organic component
of the mixture was extracted using chloroform. The organic
layer was extracted again for a second time with chloroform,
and then dried in a rotary evaporator. The dried substance (dye
and/or degraded by-products) was then dissolved in 100% meth-
anol and then used for HPLC analysis. The samples were run on
Csg-Eclipse column (Agilent) using a 0—100% methanol (water
as the base mobile phase) gradient over 30 min, at 1 ml/min, and
analyzed by measuring the absorbance at 280 nm.

3. Results and discussion

In the present work, the kinetics of H,O, assisted photo-
chemical oxidation of carmine was investigated. The structure
of the dye as well as the UV —vis spectra of the dye is given in
Fig. 1. The decoloration studies were attempted by observing
changes in the absorbance value of the dye at 500 nm. Initially,
experiments were carried out with either UV light or H,O,.
The results showed that mere UV light or H,O, alone did
not result in any significant decoloration of this dye. However,
when the dye solutions of various concentrations were mixed
with H,O, prepared in aqueous media and subjected to UV
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Fig. 2. (A) Photolytic degradation of carmine using UV/H,0, [carmine] = 80 pM and [H,0O,] = 3.3 mM. Scans were taken at 0, 3, 5, 10, 15, 20, 25, and 30 min
after photolytic treatment. (B) First order curve fitting of carmine decoloration data.
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Fig. 3. Effect of carmine concentration on the % decoloration and apparent
rate constant of the decoloration reaction. Hydrogen peroxide concentration
was kept constant at 3.3 mM.

light, the dye started degrading immediately in the presence of
H,0, and the UV radiation. The decrease in the absorption
spectra of the dye solution was monitored at regular intervals
of time. Percentage decrease in absorption was calculated as
follows

%decrease in absorption = [{A(initial) — A(final)} /A(initial )
x 100

The change in absorption value which is a measure of its
decoloration, as a function of irradiation time is depicted in
Fig. 2. The kinetics of dye decoloration with respect to its
change in absorption values fitted well into a first order rate
equation.

Ln(Ap) —Ln(A,) =kt (1)

where k is the apparent rate constant, ¢ is the irradiation time
and Ag and A, are the initial and the final absorbance values of
the dye solution, respectively. The decoloration of the dye so-
lution is due to the reaction of hydroxyl radicals generated by
hydrogen peroxide in solution upon irradiation by UV light
[13]

H,0, — 2°0H (2)

Since hydroxyl radicals are very strong oxidizing reagents,
they can react with the dye molecules to produce intermediates
which can cause the decoloration of the original solution

‘OH + dye — ‘P (3)

Table 1
Effect of H,O, concentration on carmine decoloration (carmine = 80 pM)
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Fig. 4. Effect of hydrogen peroxide concentration on the % decoloration and
apparent rate constant of the decoloration reaction. Carmine concentration
was kept constant at 80 pM.

Assuming that all the hydroxyl radicals generated in solu-
tion remain in the vicinity of the dye molecule during their
short lifetime, it would be safe to say that they are probably
the main source of initiating the decoloration reaction of the
dye molecule [14].

To optimize the decoloration kinetics of the dye, we carried
out a systematic study by varying the concentration of both
H,0,; and carmine. Fig. 3 and Table 1 show the effect of vary-
ing carmine concentration on the kinetics of dye decoloration.
Unexpectedly we found that the apparent rate of carmine de-
coloration appears to be the same between 20 and 80 pM con-
centrations of carmine. Only at carmine concentration of
160 uM a lower apparent rate of carmine decoloration and
a slower apparent rate of decoloration were observed. Simi-
larly, Fig. 4 and Table 2 show the apparent rate constants
and % decoloration of carmine at different H,O, concentra-
tions. It can be seen that the apparent rate of dye decoloration
was directly proportional to H,O, concentration; however, at
high concentrations of H,O, the increase in dye decoloration
was not linear. As expected, at high concentrations, the solu-
tion undergoes self quenching of OH radicals by added
amounts of H,0, to produce HOS radicals [15].

H,0, + "OH — H,0 + HO} (4)

For subsequent decoloration studies, the concentration of
H,0, was kept at an optimum level of 33.2 mM, and the car-
mine was maintained at 80 uM.

The effect of pH value was also studied by adding incre-
mental amounts of either concentrated HCI or NaOH to the

Table 2
Effect of carmine concentration on its photolytic decoloration (H,O,=
3.3 mM)

[H,O,] mM k (minfl) x 1072 % Decoloration [Carmine] uM k (min~") x 1072 % Decoloration
0.83 1.42 34.02 20 2.2 53

1.7 1.91 43.76 40 2.5 53

33 2.6 55.02 80 2.6 55

66.4 3.03 59.18 160 1.3 32.6
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Table 3
Effect of pH on carmine decoloration (carmine = 80 uM; H,O, = 3.3 mM)

Table 4
Effect of various ions on carmine decoloration (carmine =80 puM;
H,0, =3.3 mM)

pH value k (min~") x 1072 % Decoloration
(30 min) Tons k (min~") x 1072 % Decoloration
2 10.1 57.17 2.6 55.02
2.6 55.02 Cco3~ 4.52 55.02
10 4.88 74.48 Neorm 354 65.51
NO3 3.34 62.7
Cl™ 2.63 55.89
SO%~ 0.21 10.76

dye solution in the presence of UV/H,0O,. Table 3 and Fig. 5
show the % change in decoloration of the dye at three different
pH values. The photolytic dye decoloration appears to be more
at alkaline pH and less at acidic pH. This enhancement in dye
decoloration in basic conditions is most likely due to the fact
that at alkaline pH, peroxide anions (HO,) are produced in so-
lution by UV radiation, which in turn can generate more OH
radicals [16]

HO, + hv — OH® + O°*" (5)

We and others have previously shown that ions that are nor-
mally present in textile waste-water streams can have dramatic
effects on the kinetics of dye decoloration [17]. Therefore, we
tested the effects of various anions on the photolytic decolor-
ation of carmine (Table 4). The kinetics of dye decoloration in
the presence of these ions is also shown in Fig. 6. It can be
seen from the table and the figure that carbonate and chloride
ions did not have any effect on dye degradation. Also surpris-
ingly, nitrate and sulphate ions caused a small but significant
increase in the apparent rate of dye decoloration. Most surpris-
ing result we observed was the dramatic effect of sulfite an-
ions. Under conditions where more than 50% carmine would
normally be degraded, sulfite ions reduced this to only 10%.
This can be explained by the fact that sulfite anions can readily
react with hydroxyl radicals as shown below [18].

*OH + SO; = H,0 + "SO;  k = 5.1 x 10° (Lmol 's™})

(6)
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Fig. 5. Effect of pH on the decoloration of carmine. Samples were exposed
to UV/H,0, for 30 min before measuring the resultant dye concentrations.
[Carmine] = 80 pM and [H,O,] = 3.3 mM.

Lastly in order to confirm that the actual degradation was
occurring during the photolytic treatment, samples of dye so-
Iution were taken at specific intervals and subjected to HPLC
analysis. Fig. 7 shows the HPLC analysis of the dye solution
after 30 min of photolytic treatment. As can be seen from
this figure, a significant amount of dye was degraded within
30 min and additional peaks (presumably by-products) were
produced. Hence, the loss of color (decoloration) we were ob-
serving was most likely due to actual dye degradation.

4. Conclusion

Photolytic oxidation of carmine dye was carried out in the
presence of hydrogen peroxide. The decoloration of the dye
solution was observed by monitoring the absorption values
of the solution. It was found that first order kinetics fitted
well into the decoloration scheme of the dye. The decoloration
of the dye was less in the presence of sulfite ions. Thus for ef-
fective decoloration of the dye, this ion should be removed
from the dye solution prior to its exposure to UV light. The
overall photolytic oxidation of the dye is due to the reaction
of the dye with the hydroxyl radicals generated in solution.
Lastly, HPLC analysis of the reaction mixture showed that
the decoloration observed during the photolytic oxidation pro-
cess was in fact due to carmine degradation.
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Fig. 6. Effect of various ions on the decoloration of carmine. [Carmine] =
80 uM, [H,0,] =3.3 mM, and [ions] = 0.5 mg/ml.



198 F.H. Abdullah et al. | Dyes and Pigments 75 (2007) 194—198

30 minute

Relative A.U.

0 minute

T T T T T T T T T T T T T T T T

0 10 20 30 40
Time (minutes)

Fig. 7. HPLC analysis of the decoloration/degradation of carmine by the UV/
H,0, photolytic process. Samples were taken either at 0 min (no UV or H,0,)
or after 30 min of UV/H,0, exposure. Samples were prepared and analyzed as
described in Section 2.

References

[1] Ligrini O, Oliveos E, Braun A. Chem Rev 1993;93:671—98.
[2] Searle CE. Chemical carcinogenesis. In: ACS monograph. Washington,
DC: ACS; 1976.

[3] Zollinger H. In: Ebel HF, Brezinger CD, editors. Color chemistry. 1st ed.
New York: VCH publishers; 1987.

[4] Boeningo M. Carcinogenicity and metabolism of azodyes especially
those derived from benzidine. Washington, D.C.: U.S. Gov. Printing
Off.; July 1994. DNHS (NIOSH) publication 80-119.

[5] Helmes CT, Sigman CC, Fund ZA, Thomson MK, Voeltz MK, Makie M.
J Environ Sci Health Part A 1984;19:97—231.

[6] Behnajady MA, Modirshahla N, Shokri M. Chemosphere 2004;55:
129-34.

[7] Balanosky E, Herrera F, Lopez A, Kiwi J. Water Res 2000;34:582—96.

[8] Chen KC, Wu JY, Liou DJ, Hwang SCJ. J Biotechnol 2003;101:
57—68.

[9] Rauf MA, Ashraf SS, Alhadrami S. Dyes Pigments 2005;66:197—200.

[10] Bigda RJ. Chem Eng Prog 1995;91(12):62—6.

[11] Keith LH, Telliard WA. Environ Sci Technol 1979;13(4):416—24.

[12] Casero I, Sicilia S, Rubia S, Bendito P. Water Res 1997;31:1985—95.

[13] Malik PK, Sanyal SK. Sep Purif Technol 2004;36:167—75.

[14] Land EJ, Ebert M. Trans Faraday Soc 1967;63:1181.

[15] Mozumder A, Mozumber A. Fundamentals of radiation chemistry. USA:
Elsevier Pub. Co; 1999.

[16] Titus MP, Molina VG, Banos MA, Gimenez J, Esplugas S. Appl Catal B
Environ 2004;47:219—56.

[17] Ashraf SS, Rauf MA, Alhadrami SN. Dyes Pigments 2006;69:74—8.

[18] Huie RE, Neta P. Atmos Environ 1987;21:1743—7.



	Kinetics and optimization of photolytic decoloration of carmine by UV/H2O2
	Introduction
	Experimental
	Preparation of samples and decoloration studies
	HPLC analysis of the discoloration/degradation samples

	Results and discussion
	Conclusion
	References


