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Abstract: One of the major contributors to water pollution is food dye colorants, which in spite of
being utmost toxic and may be carcinogenic due to their aromatic ring structures, are used invariable
in many countries. Hence, the removal of such toxic food colorants from main stream waters is a
matter of utmost priority. In the present communication, the efficacy of gamma radiations in
degrading these food colorants was tested where the gamma radiolytic degradation and consequent
decolouration of food grade dye Erythrosine was carried out using 60Co as a source. The effects of
irradiation on efficacy of discoloration, pH, chemical oxygen demand (COD) and conductance were
also studied. The rate and extent of degradation was found to be the direct function of irradiated
gamma dose. The degradation of the Erythrosine follows pseudo-first order kinetics. Moreover the
effect of addition of certain additives on the fate of degradation was also undertaken and was found
to have varied effects.
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1. Introduction

Today’s world is grappling with numerous environmental issues, with water pollution being a
significant concern. One of the contributors to water pollution is food dye colorants, which are utmost
toxic and may pose cancer risks due to their aromatic ring structures. [1-3].Despite the harmful effects
of food dyes, we cannot avoid using them. As a result, extensive endeavors have been undertaken to
eliminate food dyes from effluents through conventional methods, which tend to be expensive in
terms of both implementation and maintenance. [4,5]. Classic treatment approaches, such as
adsorption and oxidation, do not fully eradicate dyes from contaminated water. Consequently, it is
crucial to implement and refine more efficient processes to achieve complete removal of various toxic
and colorful pollutants.Advanced oxidation processes (AOPs), including photo-Fenton, electro-
Fenton, photocatalysis, ozonation, sonolysis, electrochemical methods, and ionizing radiation, have
shown significant effectiveness in degrading a wide range of pollutants during wastewater
treatment.[6-18].Each of these methods focuses on producing strong oxidizing agents, particularly
hydroxyl radical species which can oxidize organic compounds, causing them to degrade into water
and carbon dioxide. Moreover, gamma radiolysis is a convenient, eco-friendly, clean and low-cost
technique when compared to previously described methods [19].

1.1. Rationale of the Investigation

This study aims to investigate the gamma radiation-induced degradation of erythrosine In
aqueous solutions. Erythrosine is classified as a fluorone dye and is commonly found in various
sweets, including candies and popsicles, as well as in cake-decorating gels. It is also used to color
pistachio shells and is found in printing inks, biological stains, and dental plaque disclosing agents.
Repeated or prolonged occupational exposure may lead to cumulative health effects that impact
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organs or biochemical systems. Some individuals may experience sensitization reactions upon skin
contact with this dye. Long-term exposure to high concentrations of dust can cause changes in lung
function, such as pneumoconiosis, due to particles smaller than 0.5 microns that penetrate and remain
in the lungs. The primary symptom of this condition is breathlessness.

Erythrosine dye has been authorized as a food additive in the EU since 1973 and is still approved
for food and pharmaceuticals. [20-23].While erythrosine is widely used as a water-soluble dye, its
environmental impact is becoming a greater concern, as its degradation can produce aromatic amines
that may be directly or indirectly associated with numerous diseases. Thus, it is standard practice to
treat effluent containing such dyes before discharge. Recent research has reported methods for their
removal, including electrochemical, photo-degradation, and bio-degradation techniques. [24-30].The
research pertaining to gamma radiation induced degradation of erythrosine is not documented
much.

2. Materials and Methods

2.1. Materials:

Erythrosine or Acid Red 51 is a synthetic xanthenes dye and oregano-iodine compound
commonly used in food products. Its chemical structure features a conjugated 7 system, contributing
toits strong red color due to significant light absorption. However, it is crucial to note that erythrosine
is toxicand have possibility to exceed the standard daily intake (ADI) 0.1 mg/kg body weight/day.
This highlights the importance of monitoring its usage in food to ensure safety and compliance with
regulatory guidelines. [22,23].

Figure 1 shows the structure of Erythrosine dye. Its molecular formula is C20HelsNa20s and
molecular weight is 879.84 g mol-1. The test samples of aqueous solution of erythrosine dye were
obtained by appropriate dilutions from the stock solution which was prepared afresh before every
study. All the studies were carried out at natural pH of the aqueous solutions. The desired

Figure 1. Structure of Erythrosine dye.

2.2. Irradiation of Samples:

The test solutions of desired strength were obtained by diluting stock solution. The
predetermined volume (25ml) of test solutions was exposed to gamma radiations using Co-60 as a
source available at the Department of Chemistry, Nagpur University, India ( Figure 2). The gamma
irradiator's dosage rate was determined using Fricke dosimetry and the samples were irradiated at
ambient temperature to different gamma doses.
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Figure 2. Gamma radiation source, P. G. Department of Chemistry, Nagpur University, India.

2.3. Analytical Methods

The pH of the test samples was determined using an Elico make pH meter, while the Chemical
Oxygen Demand (COD) was assessed following standard methodologies, providing a measure of
organic matter in the samples. For the analysis of dye solutions, a double beam UV-Visible
Spectrophotometer (Spectronic D-20) was employed to quantify dye concentration before and after
treatment. Double distilled water was used as the blank for calibration, ensuring precise
spectrophotometric measurements.

3. Results

3.1. Decoloration Study:

It was found that the extent and rate of decoloration increases with increase in the dose of
gamma radiation. For a particular dye concentration decoloration increases with increase in absorbed
gamma dose. The rate of decoration was high initially, but with increasing dose of gamma radiations,
the rate of decoloration increased gradually and beyond a particular dose, it remained almost
unaltered. It was seen that as the concentration of dye increases, dose of gamma radiations required
to achieve the same extent of decolorizationalso increases.

The dose of gamma radiation required for complete decolorization directly depends on the
strength of the dye solution. The significant decolorization achieved through gamma radiation may
be outcome of the products of water radiolysis formed, such as hydroxyl and hydrogen ions, which
attack the chromophoric groups of the dye molecules. Additionally, the energetic gamma radiation
can directly destroy dye molecules. However, since the radicals produced were not isolated, the
decomposition of the dyes was cumulative, making it challenging to attribute the color bleaching
achieved to a specific radical or to determine the extent of its contribution.

3.2. Changes in Process Parameters

It was observed that, there were changes in some process parameters such as COD, pH and
conductance of dye solutions upon irradiation.

3.2.1. Change in pH
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The change in pH of test samples was observed upon irradiation. While the pH consistently
decreased with increasing doses of y-radiation, though the rate of decrease was not uniform. Initially,
the pH of the sample solutions dropped gradually along with the extent of decoloration, but this
change in pH began to slow down later. Previous studies have shown that organic acids of low
molecular weight such as formic, oxalic, acetic, malonic, malefic, fumaric and succinic acids are
produced during the gamma irradiation of dyes. Therefore, the significant decreases in solution pH
are likely attributed to these organic and inorganic acids formed as degradation products of dye.
Literature validate these findings, explaining that the observed results stem from reactions between
the original dye molecules and various species generated from water radiolysis, such as hydrogen
radicals, dihydrogen water, oxygen, hydrated electrons, and hydroxyl radicals according to the
Equation (1) [7,19].

H20 -OH+ H™+ H'+ Ha +€73g + OH ™ 5+ H202 (D)

3.2.2. Change in Conductivity

The conductivity of the dye solution was found to increase progressively during the entire
course of irradiation. For the smaller gamma absorbed doses the conductivity slightly increases
however, as the degree of decolorization increased with dose, the conductance increased
significantly.

3.3. Effect of Radiolysis on COD

The Chemical Oxygen Demand (COD) is a key metric for assessing water pollution, indicating
the oxygen required to fully oxidize organic matter in a water sample. In your study, you investigated
the impact of gamma irradiation on erythrosine by measuring COD values at various absorbed doses
over time.

The results presented in Figure 3, exhibit a clear relationship between the irradiation dose and
the degradation of organic matter, with COD values decreasing exponentially over time. The
degradation process consists of two distinct phases: an initial rapid phase (up to 0.5 kGy) followed
by a slower phase (beyond 0.5 kGy). By 1.42 kGy, the COD elimination reached to 90%.
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Figure 3. Effect of gamma dose on the rate of decolration.
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Figure 4. Variation of C.O.D. with dose of gamma radiations.

The rapid degradation in the first phase can be attributed to the fragmentation of the erythrosine
molecule, resulting in aromatic intermediates as the dose absorbed increases. Conversely, the slower
decrease in COD during the second phase may be linked to the formation of aliphatic carboxylic
acids, which occur as a result of oxidative degradation of the aromatic rings.

These findings highlight the efficiency of gamma radiation in degrading organic pollutants and
the complex mechanisms involved in the breakdown process. [7,19,35,41]

Previous studies have indicated that during advanced oxidation processes, hydroxyl radicals
initially attack the chromophoric structure of dyes, followed by a series of subsequent reactions
[9,28,36]. Notably, research on xanthene dyes, which share similarities with erythrosine, provides a
basis for hypothesizing the degradation tract of erythrosine.

It can be proposed that the degradation of Erythrosine begins with the breakdown of the target
molecule, yielding two primary intermediate products: 2-(2-formylphenyl)-2-carboxylate and 2- (2-
(3, 6- dihydro- 2H- pyran- 4- yl- phenyl)- 2- carboxylate [33]. The so formed intermediates on
subsequent hydroxylation, yields hydroxylated aromatic compounds. Ultimately, oxidative cleavage
of the benzene ring occurs and to forms carboxylic acids. This process culminates in the
mineralization of the organic matter into COz2and water Hz0.

This proposed pathway underscores the complexity of erythrosine degradation and the
potential for complete mineralization through advanced oxidation processes.

3.4. The Effect of Additives on Radiolysis of Erythrosine

In this study, it was observed that certain substances can protect dye solutions by slowing down
the decoloration process. Specifically, alcohols such as ethyl alcohol (primary), isopropyl alcohol
(secondary), and tertiary butyl alcohol (tertiary), along with carbohydrates like dextrose (a
monosaccharide) and sucrose (a disaccharide), were added in various amounts to dye solutions with
selected concentrations. Simultaneously, the inclusion of oxidizing agents like hydrogen peroxide
(H202) and Fenton's Reagent was found to enhance the degradation efficiency of the dye, thereby
accelerating the decoloration process. This improvement is attributed to the generation of a higher
quantity of highly reactive hydroxyl (OH) radicals, which promote the breakdown of dye molecules.
The study also investigated the effects of different amounts of H20: on the dye solutions, as well as
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the impact of varying concentrations of H202 and Fe? ions when using Fenton’s Reagent to further
assess decoloration efficiency.

Addition of second solute to a solution can lead to competition with the first solute for radiolytic
products such as hydroxyl radicals (‘OH), hydrogen atoms (He), and solvated electrons (eaq). The
effectiveness of the second solute in scavenging these radicals determines the extent of protection for
the first solute, a phenomenon referred to as the "protection effect." The scavenging efficiency of a
given radical depends on both the concentration of the scavenger and the rate constant for its reaction
with the specific free radical. Scavengers interact with free radicals, effectively "intercepting” them
and safeguarding other solutes in the solution. Certain compounds, including alcohols,
carbohydrates, urea, and thiourea, have been shown to provide protective effects against dye
degradation, likely due to their ability to scavenge ewaq, H*, and ‘OH radicals generated as primary
products during the radiolysis of aqueous systems.

3.4.1. Effect of Alcohols

The addition of alcohols reduces dye decoloration by lowering the concentration of effective
radicals responsible for dye degradation through an indirect mechanism. Alcohols obstruct
decoloration by interacting with the radicals generated in the system. Once a certain concentration of
alcohol is reached and subsequently depleted, the degradation of the dye can accelerate due to the
availability of radicals.

Methanol and most alcohols react with «OH and eH, primarily by detaching hydrogen atom
from either oxygen or carbon atoms within their structure. This reaction further diminishes the pool
of radicals available for degrading the dye molecules as shown in equations (2) and (3).

‘CH20H + H: —>

CH30H + H | k=1.6 X10° M Tsec! en(2)
CHSO + H2 —»
‘CH20OH + H2 _

CH30H + -OH k8.4 X 108|\/|715€C71.....(3)
‘CH30 + H>

It is observed that lower molecular weight alcohols and lower dye concentrations enhance
scavenging activity. This can be attributed to the ability of alcohols to interact with *OH and *H
radicals yielded from water radiolysis, reducing the likelihood of these radicals interacting with dye
molecules. In contrast, the hydrated electron (ewq) reacts very slowly with alcohols under normal
conditions. Additionally, all alcohols react similarly with the radicals, providing a protective effect
for the dye molecules.

The data indicates that adding alcohols to dye solutions slows both the rate and extent of dye
degradation, which is attributed to their radical scavenging ability.

The efficiency of alcohols in scavenging radicals and protecting the dye from degradation
follows this order: Ethanol > 2-Propanol > Tertiary Butyl Alcohol. This suggests that ethanol is the
most effective at inhibiting degradation, while tertiary butyl alcohol is the least effective among the
three.

3.4.2. The Effect of Carbohydrates

Carbohydrates also have been reported to protect the synthetic dyes against the degradation
during radiolysis due to scavenging ability like alcohols.
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The reaction rates indicate that *OH radicals (k = 4 x 10"7 M-1s™) and hydrogen atoms (k = 1.9 x
1079 M-1s™) react readily with carbohydrates, while solvated electrons (e-aq) react more slowly (k =
3 x 10"5 M-1s7). The radicals He and ¢ OH both primarily abstract hydrogen atoms from the a-carbon
of carbohydrates. The slower reaction rate with eq can be attributed to the fact that sugars are mostly
in their cyclic hemiacetal form, rather than existing as aldehydes or ethers, which would be more
reactive. In solution containing dissolved oxygen, eaqwill form Oz, the hydrogen atom also will be
scavenged by oxygen as per equations(4) and(5).

H+O, ——» HO:> (or O2) )
€agt+ Or———» Oo (5)

The highly active -OH radicals in case of monosaccharide, can abstract any of the carbon-bound
hydrogen almost at random. It has been widely reported that acidic products are formed from
glucose irradiated with®Co [37,38].The scissor of glycosidic bond is dominant effect of irradiation on
disaccharides. The disaccharides can indeed undergo oxidation, oxidative destruction, and form
deoxy- and deoxy-keto compounds, just like their monosaccharide constituents, depending on the
conditions and the specific functional groups in the molecule. The dissociation of glycosidic bond
due to gamma irradiations a main characteristic of all disaccharides.

The effect of adding dextrose and sucrose on the gamma radiolysis of dyes is shown in Figure 5.
It reveals that, as the concentration of carbohydrates (dextrose or sucrose) increases, the rate of
degradation decreases for all dyes, indicating a protective effect of carbohydrates. Notably, dextrose
provides a better protective effect than sucrose, regardless of their concentrations.

100 +

I b.18 kay | lo.35 kay | |0.71 kay| | 1.06 kay | |1.41 kGy‘

80 -+

40 4 M

% Decoloration
|
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20
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Figure 5. Variation of decoloration with the doses of alcohols.
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Figure 6. Variation of decoloration with the amount of carbohydrates.

3.4.3. Effect of H202

Hydrogen peroxide, due to its chemical versatility, offers distinct advantages in oxidative
processes compared to other oxidizing agents like sodium hypochlorite and ozone, which require
more careful handling during application. The figure above illustrates the variation in the degree of
decolorization as a function of H202 dosage for Erythrosine. The results indicate that the addition of
hydrogen peroxide enhances the decolorization reaction.

This is because H20: interact quickly with hydrated electrons generated from water radiolysis,
producing hydroxyl (‘OH) radicals as per equation (6) below.

H202 + €'aqg — 'OH + OH™ .....(6)

0ppm 150 ppm 450 ppm 600 ppm 900 ppm|

% Decoloration

0.09 0.18 0.35 0.53 0.71 1.06 141
Dose Absorbed (kGy)
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Figure 7. Effect of H2O2addition on extent of decoloration.

The observed increase in decoloration with the addition of hydrogen peroxide is attributed to a
higher concentration of ® OH radicals produced during the reaction. This indicates that * OH radicals
are more effective in degrading chromophores than hydrated electrons. Graphical data shows that
decoloration increases as hydrogen peroxide concentration rises, reaching a peak at a specific
concentration known as the "critical dose."However, the graphs indicate that when the Hx0:
concentration exceeds the critical dose, efficacy of decoloration also decreases. This effect can be
justified on the basis that some of the ® OH radicals are scavenged by the excess hydrogen peroxide
[39,40],generated as per (7),(8) and (9) equations, which reduces their availability for degradation of
chromophore . This interaction limits the effectiveness of the decoloration process.

H>O, + ‘'OH — HO"; + H20 (7
H202 +HO"; — "OH + H20 + O

(8
.(9)

HO"; (or "OH) + HO", — H20; (or H20) + O2

5. Conclusions

The colour removal of erythrosine food dye in aqueous solutions by ionizing gamma radiation
was thoroughly investigated. The values of chemical oxygen demand (C.O.D) were found to be the
function of applied gamma doses. Nearly 90 % reduction in C.O.D. values was obtained at the dose
of 1.41kGy. The addition of alcohols and carbohydrates retarded the efficiency of degradation while
hydrogen peroxide was favorable additive in terms of increased efficiency of degradation. The results
obtained in present investigation, supports the use of high energy gamma irradiation treatment as an
better option to supersede the conventionally used techniques. The employment of gamma radiation
can be a potential and clean environment friendly treatment technique in the future, for treating the
effluents coming from industries using the variety of synthetic dyes.
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