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Abstract. Removal of Reactive Orange-16 (RO-16) dye, an emerging water pollutantand potential
carcinogen, was investigated using gamma radiation. The radiolytic degradation process was
studied in a batch reactor with a gamma-ray dose rate of 2426 Gy/h. Degradation of 96% RO-16
dyewas achieved at 3.0 kGy irradiation dose (0.1 mM initial dye concentration). Twelve degradation
products were predicted based on the m/z results from liquid chromatography-high resolution
mass spectrometry (LC-HRMS). Among these, acetic acid and formic acid were identified. Possible
degradation pathways were predicted based on the observed degradation products. The
concentrations of the reactants RO-16, acetic acid, and formicacid were quantified to determine a
specific kinetic model. The initial breakdown of the molecule occurred slowly, as indicated by the
small k value, due to the steric hindrance of the large RO-16 molecule. As the molecule became
smaller, the k value increased, indicating that the molecular breakdown process became faster,
ultimately leading to the formation of end products. The formation of smaller molecular mass
degradation products indicated that the gamma irradiation process is a promising alternative for
the potential degradation of RO-16 dye.
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INTRODUCTION

Water pollution is a worldwide issue that
poses a threat to the entire ecosystem
(Martin et al., 2023). Reactive Orange-16 (RO-
16) is a type of reactive azo dye, which is the
most commonly used. Azo dyes account for
an estimated 60-70% of all dyes used (R.
Ananthashankar, 2013). These dyes are
characterized by —N=N- bonds linked to
aromatic groups, known as chromophores,
which impart colour and make the dyes
resistant to degradation (Atay et al,, 2019).
Although biological processes are cost-
effective for treating certain municipal and
industrial wastewaters, studies indicate that
traditional biological methods are insufficient
for effectively breaking down azo dyes and
their aromatic components (Punzi et al,
2015). RO-16 dye poses environmental risks
due to its toxicity and mutagenic properties,
and the body can easily absorb it as it is
water-soluble (Gunasegaran et al., 2020).
Therefore, it is crucial to degrade this dye
before releasing it into the environment.

Combining biological treatment
(bioremediation) with advanced oxidation
processes (AOPs) is recognized as an efficient
method for degrading azo dyes or
decolorizing textile waste (Anouar et al., 2014;
Martin et al., 2023). Various AOP techniques
for degrading RO-16 include
photodegradation under UV light (Bilgi and
Demir, 2005), anodic oxidation with boron-
doped diamond electrodes (Migliorini et al.,
2011), UV/H,0, oxidation (Mitrovi¢ et al,
2012), photocatalysis with TiO, (Kaur et al,
2015), and  ozonolytic = degradation
(Muniyasamy et al., 2020).

lonizing radiation, gamma-ray, is a
promising AOP for complex mixtures as it can
break down bio-recalcitrant  species,
producing by-products that can be further

treated biologically (Madureira et al., 2018).
Several studies on the degradation of the day
using gamma-rays have been conducted,
including the degradation of Reactive Blue-
19 dye (Arshad et al., 2020), Disperse Red-73
dye degradation (Jamil et al., 2020), Congo
Red dye degradation (Shah et al, 2020),
Alizarin Yellow GG dye degradation (Sun et
al, 2013), and Erythrosine dye degradation
(Zaouak et al., 2019).

In this study, the degradation of RO-16
dye using gamma irradiation was
investigated. A key benefit of radiolytic
processes is that they do not require the
addition of any other chemicals to
wastewater, aligning with green chemistry
principles.

During the irradiation of water, three
reactive intermediates are generated,
specifically: hydroxyl radicals ("OH), solvated
electrons (eaq ), and a hydrogenatom (H’), as
can be seen in Eq. (1), which can degrade
many organic compounds in water (Abdel
Rahman & Hung, 2020; Wojnarovits and
Takécs, 2008). The radiation chemical yield
(G-value, umol-J™") measures the number of
species produced per 100 eV of absorbed
energy (Abdel Rahman & Hung, 2020). The
yields (G-values) are well-known: in pure
water, the yields of ‘OH, eaq~, and H" are 0.28,
0.28, and 0.06 pmol J™", respectively (Abdel
Rahman & Hung, 2020)(Kovacs et al., 2014).
The degradation of the dyes is solely initiated
by 'OH attacking electron-rich sites on the
dye molecules (Rauf & Ashraf, 2009).

H,O — "OH (0.28), eaq (0.28), 'H (0.06) (1)

It is clarified that the attack by radicals on
aromatic rings results in the rings breaking
apart and forming carboxylic acids,
acetaldehyde, and other degradation
products in the solution (Madureira et al,
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2020; Wang & Chu, 2016). However, a major
challenge with AOPs is the creation of
reaction degradation products, which may be
resistant or potentially more toxic than the
original compounds.

Identifying and characterizing these
degradation products is a complex task for
researchers in  this  field. Liquid
chromatography-mass spectrometry (LC-MS)
is frequently used to identify degradation
products in the aqueous phase (Arshad et al,,
2020; Kalsoom etal., 2012; Zhang et al., 2015).

In recent years, time-of-flight mass
spectrometry  (TOF-MS) and  hybrid
quadrupole TOF (QTOF) MS/MS systems,
coupled with ultra-high performance liquid
chromatography (UHPLC), have emerged as
the preferred techniques for separating,
monitoring, and identifying the reaction
intermediates generated during water
treatment (Frindt et al., 2017; Sijumon et al,,
2017). For organic and inorganic ions, ion
chromatography (IC) is utilized (Shah et al,
2020).

In this research, the generated
degradation products were detected using
liquid chromatography-high resolution mass
spectrometry (LC-HRMS), and a possible
degradation pathway was predicted based on
the observed degradation products. High-
resolution mass spectrometry (HRMY)
provides the benefits of precise mass
measurement and detailed fragmentation
data, facilitating the accurate characterization
and structural identification of compounds
(Qi et al, 2023). Additionally, HRMS is
advantageous for isolating target ions from
various potential interferences and other
chemical backgrounds in complex samples
(Decheng et al., 2022).

The objective of this study was to
investigate the radiolytic degradation of RO-
16 dye using gamma radiation as an

advanced oxidation process. Kinetic
modeling was employed to enhance
understanding of  the  degradation
mechanism and was validated against
experimental data. An iterative approach was
utilized to estimate each kinetic rate constant
(k), comparing experimental results with
predicted values of adjusted dependent
variables. Optimal values for each k were
determined by minimizing the standard least-
squares error, a method successfully
employed in various studies with intricate
reaction kinetic schemes (Madureira et al,
2020). The overarching aim was to develop
versatile kinetic models applicable to
technologies based on free-radical reactions.

o)
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Fig. 1: Molecule structure of RO-16 dye

EXPERIMENTAL SECTION

Materials

Reactive orange-16 (RO-16) with dye
content 270% was purchased from Sigma
Aldrich (Figure 1), water for LCMS (Merck,
Germany), acetonitrile (Merck, Germany),
acetic acid (Merck, Germany), formic acid
(Merck, Germany), and sulfuric acid (Merck,
Germany).

Instrumentations

A type | gammairradiator with a Co-60
radioactive source was used to irradiate the
sample. The irradiator was installed at the
Polytechnic Institute of Nuclear Technology
BRIN with a doserate of 2426 Gy/h. The RISO
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High Dose Reference Laboratory has
calibrated the irradiator at the Technical
University of Denmark. B3 DoseStix was used
as a dosimeter. The Shimadzu 1780 UV-Vis
Spectrophotometer was used to analyze the
RO-16 concentrations. The Thermo Scientific
LC-HRMS was used to identify the
degradation product. The Agilent HPLC was
used to quantify the degradation products
(acetic acid and formic acid).

Sample Irradiation

In each experiment, 250 ml of aqueous
dye solution with initial concentrations of 0.1
mM of RO-16 dyewas irradiated in a gamma
irradiation chamber at certain dose 0, 0.5, 1.0,
1.5,2.0,3.0,4.0, and 5.0 kGy, or at irradiation
time 742, 1483, 2226, 2968, 4452, 5936, and
7419 seconds. During irradiation, the solution
was rotated at a constant 10 rpm. A 15 ml
aliquot was taken to analyze the RO-16
concentration with a UV-Vis
spectrophotometer. Dye concentrations were
determined from the calibration curve, which
was established by relating the concentration
to the absorbance measured at 493 nm.

A 100 ml sample was evaporated using a
vacuum rotary evaporator at a vacuum
pressure of 72 mbar, a bath temperature of
40 °C, and a condenser temperature of 15 °C.
This process was carried out until the sample
was concentrated to approximately four
times its original concentration. The samples
resulting from this concentration process will
be used for qualitative analysis with the LC-
HRMS instrument and quantification of
product degradation using the HPLC
instrument.

LC-HRMS Analysis

The degradation product analysis utilized
liquid chromatography coupled with a hybrid
quadrupole-orbitrap high-resolution mass

spectrometer. Thermo Scientific Phenyl-Hexyl
100 mm x 2.1 mm ID x 2.6 ym analytical
columns  were  used for  liquid
chromatography. Mobile phases consisted of
MS-grade water (A) and MS-grade
acetonitrile (B), using a gradient method with
a flow rate of 0.3 mL/min. Initially, mobile
phase B was set at 5% and increased
gradually to 90% over 16 min. It was then
held at 90% for4 min before returning to the
initial condition (5% B) by 25 min. The column
temperature was maintained at 40°C, and a 3
uL injection volume was used. The spray
voltage was set at 3.30 kV, with a capillary
temperature of 320°C and an auxiliary gas
heater temperature of 30°C. The scan range
was 50-750 m/zin both positive and negative
ionization modes.

HPLC Analysis

Analysis of acetic acid and formic acid
concentration was performed using Agilent
HPLC with a Hi-plex H column (300 mm x 7.7
mm, 8 um) at 65 °C column temperature. The
sample injection volume was 20 pL, and 0.005
N sulfuric acid was used as the mobile phase
with a flow rate of 0.5 mL/min. The detector
wavelength was 220 nm.

Data Treatment

Kinetic data analysis was conducted
using the Python programming language,
utilizing Spyder 5.5.5 on a Windows 10
operating system.

RESULTS AND DISCUSSION

The Degradation Pathways of RO-16 Dye
by Radiolytic Degradation

The LC-HRMS analysis indicated that the
RO-16 dye (MW 617,54 g/mol) was
successfully degraded to form smaller
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molecules. Ten organic compounds as
degradation products (DPs) were detected
with the LC-HRMS instrument at certain M/Z
mentioned in Table 1. However, not all the
products were detected, ie., sodium 2-
(phenylsulfonyl)ethyl sulfate (DP2) and formic
acid (DP12). This could be related to the
reaction rate constants or the limited
sensitivity of the analysis. LC-HRMS cannot
detect formic acid because its molecular
weight is lower than the m/z scanning range
of the instrument. However, when tested with
a standard formic acid solution using HPLC, a
peak was observed at the same retention
time as the standard solution, indicating the
presence of formicacid in the sample. Besides
that, two inorganic DPs, i.e, H,SOsand H,O;,
were formed from ‘'OH-based degradation of
RO-16 dye.

The organic DPs were generated through
reactions involving  electron  transfer,
oxidation, and bond cleavage. The possible
degradation pathways were predicted based
on the observed degradation products. The
proposed degradation pathways are shown in
Figure 2.

The conversion of RO-16 into DP1, DP2,
and DP3 was followed by an attack of -OH at
the C-N single bond between the azo group
and the aromatic ring. C-N single bonds
cleavage mechanisms were mentioned in
several literature (Nemr et al., 2018; Ozen et
al., 2004).

The DP1 species furtherloses the SO3Na,
OH, azo, and acetamide groups to form the
DP4, DP5, DP6, and DP7.

Cleavage of the aromatic hydrocarbons
of DP2 formed DP8. Bond cleavage and
molecular restructuring of DP2 formed DP9
according to Figure 3, and formed DP10
according to Figure 4.

The C-N Bond cleavage on the RO-16
acetamide group formed the acetic acid
(DP11). Fragmentation of DP11 formed the
formic acid (DP12). Formic acid and acetic
acid can also be obtained through the ring
opening of aromatic intermediates when
compounds of degradation products
undergo further degradation (Bansal et al,
2010; Mitrovicet al.,2014; Nemret al., 2018).

Kinetic Modeling of RO-16 Dye
Degradation

This study involves determining the rate
equation based on the proposed model. The
remaining RO-16 reactant, along with
degradation products such as acetic acid
(DP11) and formic acid (DP12), were
quantified to determine the degradation
kinetics. Other degradation products are
labeled as DP1 to DP10, following the coding
in Table 1.

The kinetic model expression is
illustrated in Figure 5 and Equations 3-15.The
degradation of RO-16 dye by hydroxyl
radicals yields intermediate molecules DP1 to
DP10, which are further degraded into acetic
acid (DP11) and formic acid (DP12). Formic
acid will decompose into final products,
namely carbon dioxide and water.

The rate of hydroxyl radical formation is
determined by the product of the irradiation
doserate (D) and the G-value of "OH (Eq. (2)),
where D and G are 0.6738 Gy/sand 2.8 x 107
mol/J, respectively (Rauf and Ashraf, 2009).
The irradiation doserate in Gy/sis converted
to J/s. In an aqueous solution with a density
of approximately 1 kg/L, 1 Gy/s is equivalent
to 1J/s.

R(-OH) = D X G(- OH) @)
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Table 1. RO-16 Dye degradation products identified by HRMS
Code Compound Name Structure formula m/z Molecular Status
Weight
DP1 | Sodium 6-acetamido- .. 33004 331.02 Detected
3-diazenyl-4- OO I
hydroxynaphthalene-2- /H\
sulfonate
DP2 sodium 2- @ i - 287.97 Not
(phenylsulfonyl)ethyl I e O_E_ONE detected
sulfate !
DP3 CsHoN2NaOsS2 é@ 31521 31598  Detected
zlf
DP4 | Sodium 2-diazenyl-3- Eiom 223.05 223.99 Detected
hydroxybenzenesulfona Q:O a
te o
DP5 | Sodium 6-acetamido- E_m 315.21 315.03  Detected
3-diazenylnaphthalene- O'
2-sulfonate )L
DP6 N-(8- 201.05 201.08 Detected
hydroxynaphthalen-2- M)J\N”
yl) acetamide J i L
DP7 Ci2H11N30, )L OO 229.04 22909  Detected
HaC b N%NH
DP8 | Sodium (E)-2-(buta-1,3- | . 0—|—0Na 264.05 263.97 Detected
dienylsulfonyl) ethyl K/AL‘J_ |
sulfate )
DP9 4-(2-Hydroxyethyl) i 218.03 218.02 Detected
phenyl hydrogen ”°*H*°
sulfate °
DP10 4-ethyl-2,6- 234.03 234.02 Detected
dihydroxyphenyl
hydrogen sulfate D_Q_DH
DP11 Acetic acid J\ 60.04 60.02 Detected
DP12 Formic acid )J\ - 46.01 Detected

in HPLC
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Fig. 2: Proposed degradation pathways of RO-16 dye by gamma radiolytic
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Fig. 5: Specific Kinetics Model for the Degradation of RO-16 Dye

dRO16
dat
d-OH

= (—k, [RO16][- OH] — k, [RO16][- OH])V

dt
OH]— ks [DP1][- OH] — DP1][- OH] — k, [DP2][- OH] — kg [DP2][- OH] —
ko [DP2][- OH] — k1o [DP4][- OH] — kq, [DP5][- OH] — k1, [DP6][- OH] —
kiz [DP7][- OH] — k14 [DP8][- OH] — k5 [DPI][- OH] — k16 [DP10][- OH] —
ki, [DP11][- OH] — kyg [DP12][- OH])V

ke [
[

daDP1

—— = (k, [RO16][- OH] — k5 [DP1][- OH] — k, [DP1][- OH] — ks [DP1][- OH] — k¢ [DP1][

OHV
P2 — (k, [RO16][- OH] — k, [DP2][- OH] ~ kg [DP2][- OH] ~ ko [DP2][- OH])V

% = (ks [DP1][- OH] — kyo [DP4][- OH])V

@ = (k4 [DP1][- OH] — kyy [DPS][- OH])V
dDP6
d
0e7

= (ks [DP1][- OH] — k4, [DP6][- OH])V

= (k¢ [DP1][- OH] — k45 [DP7][- OH])V

dDP8

= (k; [DP2][- OH] — k14 [DPB][- OH])V

dDP9
°% = (k [DP2][- OH] — ky5 [DP9][- OH])V

dDP10
dt

dDP11
dt

= (ko [DP2][- OH] — k¢ [DP10][- OH])V

= (3ky, [DP4][- OH] + 6k, [DP5][- OH] + 6k, [DP6][- OH] + 6k,5 [DP7][- OH] +

3k, , [DP8I[- OH] + 4k, [DPOI[- OH] + 4k, [DP10][- OH] — ky, [DP11][- OH])V

dDP12
dat

= (2ky, [DP11][- OH] — kyg [DP12][- OH])V

%% — D x G(- OH) + (—k, [RO16][- OH] — k, [RO16][- OH] — k5 [DP1][- OH] — k, [DP1][-
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The experimental results indicated that
the concentration of RO-16 dye decreased
rapidly, reaching 96% of its initial
concentration at a dose of 3.0 kGy and an
irradiation time of 4452 seconds. On the
other hand, acetic acid and formic acid, as
degradation products, were formed and then
disappeared. This reduction was due to the
formation of even smaller molecules.

The kinetic constants were evaluated
based on the sum of square errors (SSE) of the
concentrations of reactive orange-16, acetic
acid, and formic acid.

SSE = Z((Ci)calculated - (Ci)data)z (1 6)

The best-fit specific constants, k;, in Egs.
(3)-(15) are presented in Table 2. The largest
value of kis k77, which is similarto k7, and k3.
These values represent the degradation of
DP5, DP6, and DP7 into DP11 or acetic acid,
respectively. These degradation products are
structurally similar, containing the aromatic
ring derived from the naphthalene moiety of
the RO-16 dye, but with differing side chains
or branching groups. It is proposed that the
naphthalene intermediate is attacked by
hydroxyl radicals through a conjugate
addition mechanism, resulting in the
formation of simple carboxylic acids (Meetani
et al, 2011). According to various studies,
acetic acid can be readily produced from the
ring-opening of aromatic intermediates
during further degradation (Bansal et al,
2010; Mitrovicet al., 2014; Nemret al., 2018).

The smallest value of k is found in ks,
which represents the reaction converting DP1
to DP4. DP1 contains two aromatic rings,
making it relatively difficult to cleave one of
the rings to form DP4. This pathway is less
favored due to the existence of alternative
reaction routes that are more energetically
favorable, resulting in faster reaction rates for

those pathways. Specifically, this pertains to
the conversion of DP1 into DP5, DP6, and DP7
through the release of its branching groups.

Table 2. Specific Rate Constants for the
Radiolytic Degradation of Reactive Orange-
16 Dye Solution Based on the Proposed

Model
Reaction rate Parameter value
constant (s'1)
ki 0,1971
k> 3,1x10°
k3 53x 107
k4 1,0779
ks 1,0742
ks 1,0774
k7 1,7935
kg 0,9196
ko 0,9355
kqo 0,2457
ki 1,8682
ki, 1,8677
kis 1,8652
ki4 0,4118
kis 0,3935
kis 0,3930
ki7 0,1975
kig 0,2457

[RO16]o= 0.1 mM, D= 2426 Gy/h= 0.6738
Gy/s, G -OH= 2.8 x 107" moly/..

Additionally, k>, which represents the
degradation rate of RO-16 to DP2, also has a
low value. This reaction occurs relatively
slowly due to the steric hindrance associated
with the RO-16 molecule. RO-16is a large
molecule with numerous branches, making it
highly susceptible to steric hindrance (Liet al,,
2016). The values of k8 and k9 are similar to
and lower than those of k7. This is because
the degradation products DP2 must undergo
multiple restructuring steps to form DP9 and
DP10, as illustrated in Figures 3 and 4.
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Fig. 6: Comparison of Experimental
Concentration Data (C data) and Simulation
Model Results (C calculated) for: (a) Reactive

Orange-16, (b) acetic acid, (c) formic acid

Figures 6 (a-c) display the experimental
data points alongside the model calculation
data forreactant and product concentrations.

Observed
experimental data and the model may be

differences  between  the
attributed to several factors, such as
simplified assumptions. The developed
model relies on simplified assumptions
regarding the system under study, including
the presumption of uniform radiation
distribution, constant reaction rates, G-value
data taken from literature, and the exclusion
of certain secondary reactions due to the
inability to measure other degradation
products aside from acetic acid and formic
acid. Such simplifications can lead to
discrepancies when compared to the more
complexrealities of the experimental system.

CONCLUSIONS

The findings presented in this manuscript
demonstrate the effective application of
gamma rays for the degradation of the
Reactive Orange-16 dye. The LC-HRMS
method is effective for carrying out
quantitative analysis. The major radiolytic
compounds were identified, and their
structures were suggested. Based on this,
degradation pathways were proposed, and a
kinetic model of the general reaction
sequence for degradation was developed.
The innovative methodological approach
could enhance the understanding of the
radiolytic degradation of azo dyes, offering
deeperinsights into the reaction mechanisms
of other resistant compounds.
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