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aqueous environment: mechanism, kinetics,
products and risk assessment†
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Bich-Tram Truong-Le,c Nguyen Thi Hoaa and Adam Mechler d

Methylene Blue (MB) is an industrial chemical used in a broad range of applications, and hence its discharge

is a concern. Yet, the environmental effects of its degradation by HOc radicals have not been fully studied

yet. This study employs quantum chemical calculations to investigate the two-step degradation of MB by

HOc radicals in aqueous environments. It was found that MB undergoes a rapid reaction with the HOc

radical, with an overall rate constant of 5.51 × 109 to 2.38 × 1010 M−1 s−1 and has a rather broad lifetime

range of 11.66 hours to 5.76 years in water at 273–383 K. The calculated rate constants are in good

agreement with the experimental values (kcalculation/kexperimental = 2.62, pH > 2, 298 K) attesting to the

accuracy of the calculation method. The HOc + MB reaction in water followed the formal hydrogen

transfer and radical adduct formation mechanisms, yielding various intermediates and products. Based

on standard tests these intermediates and some of the products can pose a threat to aquatic organisms,

including fish, daphnia, and green algae, they have poor biodegradability and have the potential to

induce developmental toxicity. Hence MB in the environment is of moderate concern depending on the

ratio of safe to harmful breakdown products.
1. Introduction

Methylene blue (MB, Fig. 1) is an aromatic heterocyclic dye that
is extensively used in industry, especially for coloring silk,
cotton, wool, paper, and similar materials.1–3 MB is a cationic
dye that is difficult to degrade in natural processes;4,5 therefore,
it has the potential to disrupt ecological systems and in an
uncontrolled release to cause a variety of health hazards to
humans,2,3 albeit it also has well-established clinical uses.6–8

Consistently, the elimination of MB from drinking water is
a critical concern.9–14

Several techniques such as UV-based advanced oxidation
processes (AOPs), photocatalytic methods, and ultra-sonic
treatments are in use for the decomposition of toxic chemicals
including MB from waste water.1,11,15–20 The pulsed power tech-
nique can entirely remove MB in alkaline solutions within 6–8
minutes.11 MB degradation can be greatly enhanced by using
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the vacuum-ultraviolet/ultraviolet/persulfate process in
comparison to the conventional ultraviolet/persulfate process.15

The degradation ofMB in water treatment can also be enhanced
by using photocatalysts such as TiO2 and ZnO; ultrasonic irra-
diation is also an efficient method.1,17,20–22 Arguably the simplest
approach is supplementing naturally occurring reactive oxygen
species (ROS, including HOc, SO4c

−, Clc, ClOc, HOOc and O2c
−)

for the AOPs technique. Of these, HOc radicals are known to be
the primary active substances for MB oxidation.16,19

HOc radicals are key natural oxidizing species in natural
aquifers due to their strong reactivity towards organic
substrates,23,24 playing a substantial role in dening the envi-
ronmental fate of industrial chemicals despite their low steady-
state concentrations ranging from 10−18 to 10−15 M.25–27

Therefore, principal photo-oxidation products are expected to
form with the involvement of HOc in the self-cleaning process of
water in nature. Multiple empirical studies have been carried
out to determine the rate of the MB + cOH reaction and to
Fig. 1 Structure of MB.
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identify the products of MB oxidation that occur in an aqueous
solution through the introduction of cOH.9,10,15,16,28–30 The rate
constant for the interaction of MB with cOH at ambient
temperature was determined to be 3.8 × 109 M−1 s−1.15 This
indicates that MB reacts quickly with HOc in water. In spite of
the promising results, no further studies have been performed
on the kinetics of the process.

The HOc + MB reaction proceeds principally through the
radical adduct formation (RAF) mechanism of HOc radicals into
the aromatic ring. Therefore the predominant intermediates of
the HOc + MB reaction are the adduct cations detected by mass
spectrometry at m/z = 300,28 whereas a two-step reaction of MB
with HOc radicals yields products at m/z = 316.10,11,28 To explain
the mass spectrometry results the addition of HOc radicals into
the C1 and C11 positions was proposed.2,10,11 However, there is
no evidence supporting this mechanism. Furthermore, it was
noted that the degradation of MB occurs slowly in the natural
environment and thus the formation of intermediates that may
cause toxicity for organic molecules cannot be neglected. Yet
the safety of these intermediates has not attracted any attention
thus far.

Quantum chemical calculations are well established as
a reliable method for determining thermodynamic and kinetic
properties of chemical reactions, including radical
reactions.31–35 Here we present a computational study of the
thermodynamic and kinetic properties of the hydroxyl radical
reactions that involveMB and related compounds, as well as the
intermediate product reactions that take place within the
specied environmental conditions. The toxicity, develop-
mental toxicity, mutagenicity, bioconcentration, and biode-
gradability of MB and its degradation products were also
evaluated.

2. Computational methods

Kinetic calculations were performed using the Quantum
Mechanics-based Overall Free Radical Scavenging Activity (QM-
ORSA) protocol31 which is directly applicable in this case.36,37

Eqn (1) was the basis of calculating the rate constant (k) by the
application of transition state theory (TST) under standard
conditions of 1 M at varying ambient temperatures (253–323 K
for the gas phase and 283–323 K for water).38–44

k ¼ sk
kBT

h
e�ðDGsÞ=RT (1)

The reaction symmetry number is denoted by s.45,46

Tunneling corrections are represented by k and were calculated
using the Eckart barrier,47 kB represents the Boltzmann
constant, h is the Planck constant, and DGs is the Gibbs free
energy of activation. The Marcus theory was used to determine
the reaction barriers of single electron transfer (SET) reactions
in the solvent.48,49 Eqn (2) and (3) were used to calculate theDGs

for the SET reaction.

DGs
SET ¼ l

4

�
1þ DG0

SET

l

�2

(2)
27266 | RSC Adv., 2024, 14, 27265–27273
l z DESET − DG0
SET (3)

For SET reaction, the nonadiabatic energy difference
between the reactants and the products is represented by DESET,
while the conventional Gibbs free energy change of the reaction
is denoted by DG0

SET.50,51 An adjustment was made for rate
constants around the diffusion limit.47 The steady-state Smo-
luchowski rate constant (kD) was estimated from the literature,
and the apparent rate constants (kapp) for an irreversible
bimolecular diffusion-controlled process in solvents52 were
computed using Collins–Kimball theory.50,53

kapp ¼ kTSTkD

kTST þ kD
(4)

kD = 4pRABDABNA (5)

DAB = DA + DB (denotes the mutual diffusion coefficient of A
and B),52,54 where DA or DB is obtained using the Stokes–Einstein
formulation (6).55,56

DA or B ¼ kBT

6phaA or B

(6)

h is the viscosity of the solvent (i.e. h(H2O) = 8.91 × 10−4 Pa s)
and a is the radius of the solute.

Energy minimization was applied to all conformers of
species with multiple conformers; the conformer with the
lowest electronic energy was used in the study.57 Each transition
stage was characterized by the exclusive existence of a single
imaginary frequency. Calculations of intrinsic coordinates were
conducted in order to verify the accurate connection between
each transition state and the pre- and post-complexes. In
addition, the pre- and post-complexes were incorporated into
the kinetic calculations.32,58

The calculations for this work were conducted using the
Gaussian 16 soware package59 at the M06-2X/6-311++G(d,p)
level of theory, known for providing precise thermodynamics
and kinetics results given the current computational
resources.37,60,61 The SMD methodology was employed to simu-
late the solvent effects of water,60 a typical method for assessing
the radical scavenging properties of antioxidants. The calcu-
lated values showed moderate differences compared to the
experimental results, with a kcalc/kexp ratio ranging from 0.3 to
2.9.32,37,43,62–66

The ecotoxicity assessment was carried out using the
Ecological Structure-Activity Relationship Model (ECOSAR
V2.0), which has a proven efficacy in assessing the ecotoxicity of
organic contaminants.33,67–70 The developmental toxicity and
mutagenicity of MB and its transformed products were evalu-
ated through toxicological analysis utilizing the T.E.S.T.
(Toxicity Estimation Soware Tool) toxicity assessment so-
ware.71 Utilizing the BCFBAF module of EPISUITE, the biolog-
ical concentration factors (BCFs) produced by the conversion
products of MB degradation were calculated. Utilizing the
BIOWIN 3 & 4model integrated into the EPISUITE soware,72 an
assessment was made of the biodegradability of MB and its
degradation products.
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Table 1 Computed DGs (kcal mol−1), k, kapp, koverall (M
−1 s−1), and G

(%) at 298.15 K, in the HOc + MB in watera

Mechanisms Positions DGs k kapp G Intermediates

SET 10.1 0.4a 2.50 × 105 0.0 ISET
FHT C16–H 5.3 1.0 1.90 × 109 18.6 I16

C17–H 5.4 1.0 1.75 × 109 17.1 I17
RAF C1 8.2 1.2 1.50 × 107 0.1 I1

C2 4.1 1.0 2.07 × 109 20.2 I2
C3 8.4 1.2 9.50 × 106 0.1 I3
C4 1.8 1.0 2.69 × 109 26.3 I4
C5 10.8 1.2 2.00 × 105 0.0 I5
C14 4.6 1.0 1.79 × 109 17.5 I14
N13 14.7 1.8 1.90 × 102 0.0 I13

koverall 1.02 × 1010

a The nuclear reorganization energy (l, in kcal mol−1).
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3. Results and discussion
3.1. Reaction of hydroxyl radical with MB in water

3.1.1. The initial reaction of MB with HOc in water.
Deprotonation plays a crucial role in the interaction between
organic molecules and free radical species in aqueous
media.33,73 Hence, when evaluating the efficacy of water in
eliminating radicals, it is essential to consider the deprotona-
tion of MB. The pKa value of MB has been previously docu-
mented as zero (Fig. S1, ESI†).74 Thus, in the natural aqueous
environment (pH > 2), diphenylamine exists in a cation state
(MB, Fig. S1, ESI†). Therefore, this state should be used to
evaluate the kinetics of the MB + HOc reaction in the aqueous
environment.

The reaction between MB and HOc can occur via the radical
adduct formation (RAF), formal hydrogen transfer (FHT), or
SET, as per eqn (7)–(9):33,36,37,75

RAF: MB–H + HOc / [HO–MB–H]c (7)
Fig. 2 Temperature dependence of apparent rate constants (log k) in wa
ratio (G, %) of the MB + HOc reactions; ki = 1–17: the rate constants of t

© 2024 The Author(s). Published by the Royal Society of Chemistry
FHT: MB–H + HOc / MBc + H2O (8)

SET: MB–H + HOc / [MB–H]c+ + HO− (9)

The kinetics of these reactions were calculated and are pre-
sented in Table 1, whereas the effect of temperature on the
degradation of MB is shown in Fig. 2. We found that the reac-
tion between MB and HOc radicals had an overall rate constant
(koverall) of 1.02 × 1010 M−1 s−1. This is consistent with the
observed experimental rate constant (kexp = 3.8 × 109 M−1

s−1).15 The FHT reactions at C16/17–H accounted for approxi-
mately 35.7% of the total rate constant, while the SET reaction
had no contribution (G= 0%) to theMB + HOc reaction. TheMB
+ HOc reaction was predominantly taking place via the RAF
reactions, which represented 64.2% of the reaction. The RAF
(C2, C4, and C14) took place rapidly with a rate constant similar
to the rate of diffusion (kz 109 M−1 s−1) and formed the cations
[MB–OH]+ (m/z = 300) that were also observed in the experi-
mental studies.11,28 On the other hand, the RAF reaction at the
C1, C3, and C5 sites had moderate reaction rates (k = 105 to 107

M−1 s−1) and did not have any impact on the overall reaction.
Therefore, the formation of cations [MB–OH]+ (m/z = 300) can
occur by introducing HOc radicals to the C2, C4, or C14 sites
(Fig. 3), but not at the C1 position, this is also consistent with
prior research.11,28 The likely cause for the preferential adduct
formation could be attributed to the presence of the electron-
donating group N(CH3)2 in either the ortho- or para-position.
This group has the potential to stabilize both the transition
states and the resultant radicals.

The incorporation of HOc radicals into the N13 position is
expected to be extremely rare with the highest activation energy
(DGs = 14.7 kcal mol−1) and the lowest rate constant (k = 1.90
× 102 M−1 s−1). Therefore, this reaction does not contribute to
the destruction of MB by HOc radicals. The primary interme-
diates of the MB + HOc reaction were I2 (20.2%), I4 (26.3%), I14
(17.5%), I16 (18.6%), and I17 (17.1%), as indicated in Table 1
and Fig. 3. Therefore, these intermediates were used as
ter in the range of 273–373 K ((a) theMB + HOc reactions; (b) branching
he positions in Table 1).

RSC Adv., 2024, 14, 27265–27273 | 27267
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Fig. 3 The selected mechanisms and % products (G $ 3%) of the two steps HOc + MB reactions in water at 298.15 K.
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a starting point for assessing the kinetics of the subsequent
reaction step.

To examine the effect of temperature on the degradation of
MB in water, we determined the rate constants for each reaction
in the range of 273 to 383 K (Fig. 2). The rate constants for all
reactions increase as the temperature rises with the exception of
the SET reaction, where the rate decreased from 3.80 × 105 to
3.90 × 103 M−1 s−1. The overall rate constants exhibited a 4.33-
fold increase, rising from 5.51 × 109 to 2.38 × 1010 M−1 s−1

(Fig. 2a). The FHT and RAF (C2, C4, and C14) reactions dened
the overall rate constants of the MB + HOc reaction at all
temperatures investigated. However, the RAF reactions at C1,
27268 | RSC Adv., 2024, 14, 27265–27273
C3, C5, and N13 did not contribute to the degradation ofMB by
HOc radicals.

As the temperature increases, the major intermediates for
the MB + HOc reaction, shown in Fig. 2b, exhibit varying
branching ratios. Specically, the percentages of I2 change from
20.2% to 18.6%, I4 changes from 21.8% to 39.7%, I14 goes from
18.3% to 13.0%, I16 changes from 20.2% to 15.8%, and I17 from
19.2% to 12.6%. Thus when the temperature climbed, the
fraction of intermediate I4 grew, while the amount of all other
intermediates decreased. Percentage-wise I4 is the main inter-
mediate in all of the studied temperatures.
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Table 2 Computed DGs (kcal mol−1), k, kapp, kr, koverall (M
−1 s−1), and G (%) at 298.15 K, in the HOc + MB-intermediates in water

States Mechanism DGs k kapp kr G Products

I2 FHT C16 8.9 4.4 2.40 × 107 4.86 × 106 0.1 1
C17 9.0 4.6 2.10 × 107 4.25 × 106 0.1 2
C19 6.4 5.1 1.10 × 109 2.23 × 108 2.4 3
C20 5.7 4.9 2.00 × 109 4.05 × 108 4.3 4

RAF C1 5.8 1.3 3.60 × 108 7.29 × 107 0.8 5
C3 5.6 1.2 4.50 × 108 9.11 × 107 1.0 6
C4 2.5 1.0 2.60 × 109 5.26 × 108 5.6 7
C8 2.7 1.1 2.50 × 109 5.06 × 108 5.4 8
C10 3.7 1.1 2.00 × 109 4.05 × 108 4.3 9
C14 5.0 1.1 9.40 × 108 1.90 × 108 2.0 10

koverall (r) (I2 + HOc) 2.43 × 109 25.9
I4 C19 6.5 1.1 3.30 × 108 8.68 × 107 0.9 11

C20 6.2 12.3 2.10 × 109 5.52 × 108 5.9 12
RAF C1 7.1 1.2 4.50 × 107 1.18 × 107 0.1 13

C2 4.1 1.1 1.80 × 109 4.73 × 108 5.0 7
C8 1.8 1.0 2.30 × 109 6.05 × 108 6.4 14
C14 7.2 1.2 4.10 × 107 1.08 × 107 0.1 15

koverall (r) (I4 + HOc) 1.74 × 109 18.6
I14 FHT C16 8.6 2.6 2.50 × 107 4.37 × 106 0.1 17

C19 7.5 5.4 2.70 × 108 4.72 × 107 0.5 18
C20 7.2 5.1 4.30 × 108 7.51 × 107 0.8 19

RAF C1 7.2 1.1 3.90 × 107 6.81 × 106 0.1 20
C2 6.0 1.2 2.70 × 108 4.72 × 107 0.5 10
C3 4.5 1.1 1.40 × 109 2.45 × 108 2.6 21
C4 5.0 1.1 8.80 × 108 1.54 × 108 1.6 16
C5 6.9 1.2 6.30 × 107 1.10 × 107 0.1 22
C8 3.3 1.1 2.20 × 109 3.84 × 108 4.1 23
C10 5.4 1.0 5.70 × 108 9.96 × 107 1.1 24
C11 6.6 1.2 9.80 × 107 1.71 × 107 0.2 25

koverall (r) (I14 + HOc) 1.09 × 109 11.7
I16 FHT C19 5.6 16.0 5.80 × 109 9.93 × 108 5.4 26

C20 5.5 9.5 1.70 × 109 2.91 × 108 5.0 27
RAF C2 5.6 1.2 2.60 × 107 4.45 × 106 0.9 1

C4 6.9 1.2 2.81 × 108 4.81 × 107 0.1 28
C8 1.5 1.1 2.14 × 109 3.67 × 108 4.4 29
C10 5.2 1.0 8.70 × 108 1.49 × 108 1.4 30
C16 3.6 1.0 1.98 × 109 3.68 × 108 3.9 31

koverall (r) (I16 + HOc) 1.97 × 109 21.0
I17 FHT C19 5.8 19.0 5.80 × 109 9.93 × 108 10.6 32

C20 6.4 10.5 1.70 × 109 2.91 × 108 3.1 33
RAF C2 7.4 1.2 2.60 × 107 4.45 × 106 0.1 2

C4 5.9 1.0 2.81 × 108 4.81 × 107 0.5 34
C8 3.1 1.0 2.14 × 109 3.67 × 108 3.9 35
C10 5.0 1.0 8.70 × 108 1.49 × 108 1.6 36
C17 4.1 1 6.20 × 109 3.05 × 108 3.3 37

koverall (r) (I17 + HOc) 2.16 × 109 23.0
koverall (MB + HOc, step 2) 9.39 × 109

kr = r × kapp; koverall (r) = Skr; koverall (MB + HOc, step 2) = Skoverall (r); G = kr × 100/koverall (MB + HOc, step 2); r(I2) = 0.202; r(I4) = 0.263; r(I14) =
0.175; r(I16) = 0.186; r(I17) = 0.171.
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3.1.2. The second step reaction of diphenylamine with HOc
in water. To better understand the interaction between inter-
mediates and HOc in water, a study was undertaken on the
second step of the MB + HOc reaction. The results of the
calculations are presented in Tables 2, S1 (ESI)† and Fig. 3.

The results show that the intermediates exhibit high reactivity
with the HOc radical, with an overall rate constant of the second
step koverall (MB + HOc, step 2)= 9.39× 109 M−1 s−1. The I2 + cOH
reaction has the highest rate, with koverall (r) (I2 + HOc) = 2.43 ×
© 2024 The Author(s). Published by the Royal Society of Chemistry
109 M−1 s−1 (G= 25.9%). This reaction is 2.2 times faster than the
I14 + cOH reaction (koverall (r) (I14 + HOc) = 1.09 × 109 M−1 s−1, G
= 11.7%). The I4/16/17 + cOH reactions have moderate activity
with koverall (r) values of 1.74 × 109 (G = 18.6%), 1.97 × 109 (G =

21.0%) and 2.16× 109 (G= 23.0%), respectively. The rate constant
of the second step reaction (koverall (MB +HOc, step 2)= 9.39× 109

M−1 s−1) was approximately 1.1 times lower than the rate constant
of the rst step reaction (koverall (MB + HOc, step 1) = 1.02 × 1010

M−1 s−1, Table 1).
RSC Adv., 2024, 14, 27265–27273 | 27269
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Fig. 4 Lifetime (log(s), hours) of MB in water at pH > 2.0 at 273–373 K.
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Fig. 3 illustrates that the two-step reaction between MB and
cOH in water can potentially take place through ve different
pathways. The reaction can proceed initially via RAF(C2) fol-
lowed by FHT(C20), or via RAF(C4/C8 or C10), resulting in the
formation of cations 4 (4.3%), 7 (5.6%), 8 (5.4%) and 9 (4.3%).
The RAF(C14)–RAF(C8) and RAF(C4)–RAF(C2/C14)/FHT(C20)
processes produced the cations 23 (4.1%), 7 (5.0%), 14 (6.4%)
and 12 (5.9%), respectively. Conversely, the FHT(C16/17)–
FHT(C19/20)/RAF(C8/16/17) pathways could form the cations 26
(5.4%), 27 (5.0%), 29 (4.4%), 31 (3.9%), 32 (10.6%), 33 (3.1%), 35
Fig. 5 Acute and chronic toxicity (log(LC50/EC50/ChV), mg L−1) (a) and
products (F: fish; D: daphnia; GA: green algae).

27270 | RSC Adv., 2024, 14, 27265–27273
(3.9%), and 37 (3.3%), respectively. Cation 32 has the largest
branching ratio value, reaching 11.6%, while the other products
displayed values below 7%. Overall the breakdown of MB by
HOc radicals through a two-step reaction is intricate and could
produce several compounds with low branching ratios (G <
11%).

The breakdown of MB by HO radicals leads to the formation
of hydroxylated products (7, 8, 9, 14, and 23;m/z = 316) through
the addition of two HOc groups to the MB molecule. This
nding is consistent with prior experimental studies that used
the developmental toxicity and mutagenicity (b) of MB and the main

© 2024 The Author(s). Published by the Royal Society of Chemistry
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ESI-MS to analyze the breakdown of MB by HOc radicals.10,11,28

Our calculations also highlighted that the addition reaction can
only occur in even positions (C2, C4, C8, C10, or C14), but not in
odd positions such as the C1 and C11 positions (Fig. 1) as
shown in previous studies.10,11,28 Hence, the computational
approach uncovered details of the MB breakdown process that
experimental observations failed to reveal.
3.2. Environmental risk assessment

3.2.1. Environmental lifetimes. The attribute of environ-
mental persistence of a compound is highly signicant for its
environmental safety as a lack of breakdown processes means
a compound retains its toxicity allowing its transportation to
distant regions.72 In the presence of HOc radicals in water at
a temperature range of 273–373 K, with environmentally rele-
vant pH values (pH > 2.0,MB > 99%), and with [HOc] = 10−18 to
10−15 M in natural water25–27 and 10−10 to 10−9 M in AOP-treated
wastewater,76 the lifetime ofMB was calculated (Fig. 4 and Table
S2, ESI†). In water, MB degrades within 5.17 × 10−5 to 5.04 ×

104 hours in the range of [HOc] = 10−18 to 10−9 M (Table S2,
ESI†). Specically, the degradation of MB in the AOP-treated
wastewater can occur within a second (0.04–1.82 s), whereas in
natural water, it can occur in 11.66 to 5.04 × 104 hours (log(s) =
1.07–4.70) (i.e. 11.66 hours to 5.76 years) in the 273–373 K
temperature range. For a given [HOc] concentration, the value of
s decreases as the temperature increases. Thus, the lifetime of
cOH-degraded MB in natural water environments is estimated
to be between 50.4 and 5.04 × 104 hours (log(s) = 1.70–4.70) at
a low temperature, which decreases to 11.66–1.17 × 104 hours
(log(s) = 1.07–4.07) at 373 K.

3.2.2. Ecological toxicity, developmental toxicity and
mutagenicity. To evaluate the environmental effects of MB and
its breakdown products, we analyze the acute and chronic
toxicity towards three aquatic organisms: sh, daphnia, and
green algae. The estimation is based on the reaction outcomes
and the ECOSAR program. Fig. 5a and Table S3, ESI† depict the
results. Previous research has shown that substances with LC50/
EC50/ChV (mg L−1) values lower than 100 (log(LC50/EC50/ChV)#
2) are harmful to green algae, sh, and daphnia.67,77 The log
values for LC50/EC50/ChV of all the species examined for prod-
ucts 23 and 24 are less than 2. This result indicates that the
chemicals demonstrate toxicity against three distinct groups of
aquatic organisms. The products 3, 4, 7, 11, 12, 26, 27, 29, 31,
32, 33, 35, and 37, as well as MB, might not cause damage to
sh, daphnia, or green algae. The degradation products 6, 8, 9,
10, 14, 15 and 21 may be harmful with green algae (EC50(green
algae) < 2), whereas the products 30 and 36 will be hazardous
with daphnid (ChV(daphnid) < 2). Therefore, it is crucial to
consider the possible ecological consequences linked to the
degradation process of MB.

In order to assess the impact of MB and its breakdown
products on living creatures, the developmental toxicity and
mutagenicity of these compounds were also determined using
T.E.S.T. The corresponding outcomes are illustrated in Fig. 5b
and Table S3, ESI.† The results imply that products 6, 7, 26, 27,
31, 32, 33, and 37, along with MB may have developmental
© 2024 The Author(s). Published by the Royal Society of Chemistry
toxicity, as indicated by toxicity values for development that are
higher than 0.5. These substances have the ability to disrupt the
processes of nucleic acid translation and expression, potentially
affecting the growth and development of humans.71 Simulta-
neously, the calculations indicate that the products 6, 10, 15, 21,
23, 24, 26, 27, 31, 32, 33, and 37, as well as MB, may present
mutagenic hazards (mutagenicity values $ 0.5). The rest of the
products, specically 3, 4, 8, 9, 11, 12, 14, 29, 30, 35, and 36, do
not exhibit any developmental toxicity or mutagenicity. This can
be explained by the structural change where the addition reac-
tion has the potential to disrupt the aromatic ring of MB which
is mostly responsible for its toxicity.

3.2.3. Bioconcentration, biodegradability. The level of
harm caused to organisms is directly related to the amount of
exposure they have to reactants and the substances produced
when those reactants break down. Estimating bioaccumulation
serves as a rational method for measuring the degree of expo-
sure to a chemical.78 MB builds up in organisms through
various processes, leading to negative health impacts and an
increase in ecological toxicity. Bioconcentration factors (BCFs)
of MB and its transformation products can be estimated using
the BCFBAF module of EPISUITE. Typically, the accumulation
of substances in sh tissues increases as the bioconcentration
factor (BCF) of the organic matter increases. This is seen in
Table S3, ESI.† A chemical is deemed to possess substantial
bioaccumulation potential if its bioconcentration factor (BCF)
exceeds 5000.79 The results indicate that the interaction
between the degradation products ofMB and the HOc radical in
a two-step reaction does not have an effect on the BCF values.
Consequently, the BCF values of the products closely resembled
that of the initial material (3.162). Hence, the likelihood of
organisms accumulating MB and its breakdown products may
not be substantial.

The biodegradability of the reactant MB and its degradation
products was assessed using the BIOWIN 3, 4, and 5 models
incorporated in the EPISUITE program (Table S3, ESI†).72 The
results obtained from the BIOWIN models suggest that degra-
dation products undergo initial biodegradation during a period
ranging from a few days to months, while both the MB and
degradation products may not be biodegradable. Consequently,
the breakdown of MB by HOc radicals in the two-step process
could result in the formation of non-biodegradable substances.
However, these substances may not accumulate in living
organisms.

4. Conclusion

A computational analysis was conducted to study the break-
down pathways ofMB in the presence of HOc. An assessment of
the thermodynamic and kinetic parameters of possible reaction
paths was conducted in order to ascertain the most probable
products. It was found that in natural water bodies MB can
undergo degradation with lifetimes in the broad range of 11.66
to 5.04 × 104 hours (i.e. 11.66 hours to 5.76 years). The HOc +
MB reaction in water can take place via either FHT or RAF
mechanism. The addition reaction is possible at carbon atoms
at most even positions C2, C4, C8, C10, or C14, but not at odd
RSC Adv., 2024, 14, 27265–27273 | 27271
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positions. The intermediates and some of the products gener-
ated in the process can pose a threat to aquatic organisms,
including sh, daphnia, and green algae. Additionally, they
have the potential to induce developmental toxicity and have
poor biodegradability. However, the introduction of the HO
radical to the aromatic ring might lead to the creation of
compounds that do not exhibit any developmental toxicity or
mutagenicity. Hence, MB poses a moderate environmental risk
with a mix of safe and toxic breakdown products.
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