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The degradation treatments of azo dyes using various advanced oxidation processes (AOPs) have attracted
considerable attention. Recently, our research group reported the degradation of reactive red 2 (RR2) azo
dye in the newly designed ozone aerated internal micro-electrolysis filter (OIEF) system, the treatment
performance of which is excellent. However, the reaction channels along which the RR2 dianion
degrades remain to be deciphered at the molecular reaction level. Here, we report the degradation
mechanism of the RR2 dianion by means of the density functional theory. The OH-initiated model in
aquatic conditions has been adopted in the quantum chemical calculations due to the key role of the
hydroxyl radical in the AOPs. According to our calculation results, there are three possible C-attack
electrophilic substitution channels for the RR2 dianion and two C-attack channels for its hydrazone
tautomer. It has been found that in each possible channel, the primal step is the initial association
between the hydroxyl radical and one of the sulfonic groups, leading to the formation of a pre-reaction
complex which is provided with a distinct hydrogen bond feature where the hydroxyl radical serves as
a proton donor. The tautomerization between the azo and hydrazone forms was also found to have an
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Accepted 7th August 2017 influence on the distribution of degradation intermediates and products. The theoretical results we
present are consistent with previous theoretical studies and our experimental findings and may shed
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Introduction

Azo dyes are the most widely utilized reagents in the organic dye
market with a market share of up to 60-70%."*> They are also
extensively used in various industrial fields such as plastics,
inks, varnish paper, paints, leather, color solvents, drugs, food,
and cosmetics.>* Due to the stability of the azo group, it is
commonly difficult to decompose when exposed to light or
under acidic, basic, or oxidizing conditions.? As a consequence,
these azo dyes, particularly those containing aromatic rings, are
resistant to conventional biological and even chemical waste-
water treatments,®® and have become hazardous materials in
the water environment because of their toxicity, carcinogenicity,
and bioaccumulation.'>**

Great efforts have been devoted to tackling the effluent
polluted by aromatic azo dyes, and the advanced oxidation
process (AOP) is still one of the most common techniques
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researched and designed for the degradation, decolorization,
and mineralization of pollutants under aqueous condition in
recent years."”> The AOPs include a variety of effective and
sustainable strategies such as homogeneous and heterogeneous
photo-catalysis upon near-UV or visible irradiation, ozonation,
Fenton, nonthermal plasmas, electrolysis, ultrasound, and wet
air oxidation.

Particularly, in our recent experimental studies, the ozone
aerated internal micro-electrolysis filter (OIEF) system was
designed and applied to the treatment of the azo dye reactive
red 2 (RR2). The degradation efficiency was evaluated and the
degradation by-products were identified in comparison with the
ozonation and IE treatments. The result showed that the
complete decolorization and 82% TOC removal rate can be
achieved in the OIEF system, which provided a luciferous
prospect for the practical application in the treatments of azo
dye waste water at neutral or alkaline pH.***” However, the
microscopic mechanism remains to become unraveled at the
molecular reaction level.

It is generally accepted that, the key purpose to all of these
AOP techniques is to create highly reactive oxygen species in the
aqueous phase, especially the hydroxyl radical, which are capable
to destroy the target pollutants.”®** Moreover, to this date, the
ability to generate hydroxyl radicals is used to characterize and
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evaluate the AOPs.*® In fact, the OH-initiated model has been
extensively used in theoretical investigations on the reaction
mechanisms of AOPs in aquatic environment.**

On the other hand, the organic sulfonic acids are usually very
strong in the organic acid family. For example, the pK,s of
benzenesulfonic and methanesulfonic acids are ca. —2.5 and
—2.0, respectively,* and the pK, of reactive red 1 dye is —3.3.%
Thus, it can be inferred that for the main pH value range in the
experimental study, the computational investigation adopting
the dianion structure of RR2 is appropriate and reliable.

Accordingly, as a subsequent research following our previous
experimental work and in order to decipher the intricate
degradation mechanism of RR2 dye in the presence of hydroxyl
radicals, here we report a computational study on the potential
energy surfaces of reaction between RR2 dianion and hydroxyl
radical based on the dual descriptor data.

Computational methods

The stationary points in the potential energy surfaces (PESs)
were fully optimized at the density functional theory (DFT) level
of theory employing the B3LYP functional.**** To make
a balance between the computational precision and cost, the 6-
31+G(d) basis set was used for all the atoms. Once a geometrical
optimization process was completed, the harmonic frequency
calculation was carried out at the same level to determine the
converged structure to be a minimum or a transition state. To
confirm the right connections between transition states and
minima along the reaction coordinates, the intrinsic reaction
coordinate (IRC) analyses starting from all the transition state
structures were carried out towards both forward and reverse
directions. The local quadratic approximation method**** was
used in the IRC calculations when needed. To take the deviation
between the computational model of harmonic vibration and
the actual anharmonic molecular vibration into consideration,
the zero point vibrational energy (ZPE) was corrected by
a scaling factor of 0.977.** In order to cope with the influence on
the reaction PES induced by the bulk surrounding water mole-
cules, the solvent effect was implicitly represented using the
SMD model.*> To check the accuracy of the 6-31+G(d) basis set,
the single point energies were further refined at the B3LYP/6-
311++G(d,p) level.

All the electronic structure calculations were carried out by
means of the GAUSSIANO9 program suite.*> The molecular
structures were displayed by using the Avogadro (version 1.2.0n)
software.**

For such a large and structurally intricate reactant as RR2, it
is almost impractical to take all the reaction channels into
account. The favorable reactive sites of RR2 by electrophilic
attacks can be concisely predicted by the dual descriptor (Af)
data.*® The dual descriptor is defined as follows:

Af = prar(r) = 2oM(0) + pya(1) = pRaa() — pha(®) (1)

where py(r) denotes the electron density at the coordinate (r) of
the molecule (or ion) with N electrons, and p3.(r) represents
the electron spin density at the coordinate (r) of the molecule (or
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ion) with N + 1 electrons. The dual descriptor data of RR2 dia-
nion were calculated and visualized by the Multiwfn program
(version 3.3.8)* on the basis of the electronic structure results
obtained by the GAUSSIANO9 program suite.

Results and discussion

The dual descriptor (Af) data of RR2 dianion and its
hydrazone tautomer

As shown in Fig. 1, at the B3LYP/6-31+G(d) level, the RR2 dia-
nion has a quasi C; symmetry with all the atoms almost in one
plane with the exception of the four oxygen atoms in the two
sulfonic groups. Since there are two sulfonic groups, the
sulfonic group made up of S24, 026, 027, and 028 atoms will be
referred to as sulfonic group 1, and the other one will be called
sulfonic group 2 for convenience. Additionally, the oxygen and
hydrogen atoms in the attacking hydroxyl radical will be labeled

(b)

Fig.1 The dual descriptor (Af) data of azo form (a, RR2) and hydrazone
form (b, HRR2) of RR2 dianion obtained at the B3LYP/6-31+G(d) level.
If Af > O (green), then the site is favorable for a nucleophilic attack,
whereas if Af < O (blue), then the site is favorable for an electrophilic
attack. Key bond lengths are also given in angstrom.

This journal is © The Royal Society of Chemistry 2017
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as 047 and H48, respectively. The C7-N14, C1-N32, and N33-
C34 distances in the equilibrium structure of RR2 dianion are
1.408,1.391, and 1.411 A, respectively. These three bond lengths
are all shorter than the typical C-N single bond length of 1.47 A,
but longer than the C=N double bond length of 1.29 A, indi-
cating strong conjunction effects over these moieties. The H46,
045, C2, C1, N32, and N33 atoms form a quasi planar six-
member ring structure, with the H46-045-C2-C1 dihedral
angle being —0.3°, which facilitates the tautomerization
between the azo and hydrazone forms of RR2. All the Cartesian
coordinates of the computed stationary points have been pre-
sented in the ESI, please see the ESIT materials for details.

When azo dye molecule contains hydroxyl group at the
neighboring position of azo group, especially at the ortho
position in aromatic ring, the hydrazone tautomer may usually
exist. As shown in Fig. 1(b), the C7-N14 and N33-C34 distances
in the equilibrium structure of hydrazone tautomer of RR2
dianion (referred to as HRR2 hereafter) are 1.403 and 1.408 A,
respectively, close to those in the azo tautomer, while the C1-
N32 distance is 1.338 A, shorter than that in the azo tautomer by
0.053 A, longer than the typical C=N double bond length of
1.29 A by about 0.048 A. In water solution, the absorption range
from 400 to 440 nm typically corresponds to the azo forms of
azo dyes, while the absorption band of hydrazone forms typi-
cally lies between 475 and 510 nm.*” The UV-vis spectrum of
RR2 dye we obtained experimentally (Fig. 1(b) in ref. 27)*” shows
that neither absorption regions can be neglected, indicating
that the degradation processes starting from the azo and
hydrazone forms are both likely to occur.

For relatively small size or structurally simple molecules, the
potential energy profiles would be generally constructed along
all the possible reaction channels.”®** When the RR2 dianion is
attacked by the "OH radical, however, due to the fairly large size
and structural complexity of RR2 dianion, it is an extremely
heavy computational workload to take all the possible reaction
channels into account, which is unaffordable at present. Since
the hydroxyl radical is a strong electrophilic species,* to give
a rational explanation on degradation mechanism of the RR2
dianion on the condition where plenty of hydroxyl radicals are
provided, the potential energy profiles will be constructed based
on the prediction of the favorable reactive sites by electrophilic
attacks.

Fig. 1(a) presents the dual descriptor data of RR2 dianion in
aquatic environment. The favorable reactive sites by the elec-
trophilic attacks are the C1, C5, C7, C8, C11, C34, and N14
atoms. In addition, our experimental results have shown that
the decolorization of RR2 is very fast.>**” This can be attributed
to the fact that the large delocalization 7 conjunction structure
of RR2 decomposes rapidly into smaller w conjunction frag-
ments, leading to the increased energy differences between the
frontier occupied and unoccupied molecular orbitals, and as
a result the corresponding absorption electronic transition
energies shift to the UV region from visible region of absorption
spectrum. The electrophilic substitution attacks on the C5, C8,
and C11 sites by hydroxyl radicals clearly play marginal roles in
the rapid destruction of the large delocalization 7 conjunction
structure of RR2. Therefore, it can be deduced that the most
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probable primary steps of the degradation reactions are the
cleavages of C7-N14 and C1-N32=N33-C34 bonds.”**’
Accordingly, the electrophilic substitution attacks on the C34,
C1, C7, and N14 sites by hydroxyl radicals will be taken into
account in this study. While for HRR2, as illustrated in Fig. 1(b),
the favorable reactive sites by the electrophilic attacks are the
C1, C5, C8, C11, C34, C35, C36, C41, N14, and N33 sites. And by
the same token, the electrophilic attacks on the N33, C1, C34,
and N14 sites which may probably lead to the rapid decolor-
ization of RR2 dye will be considered here.

The reaction channel for ‘OH attacking the C34, C1, C7, and
N14 sites of RR2

The "OH induced degradation process of RR2 mainly includes
two important steps, the formation of ‘OH radical adduct and
the cleavage of the target chemical bond (C-N or N-N bond).

When the C34 site is electrophilically attacked by hydroxyl
radical, the C34-N33 bond may be cleaved, leading to the
formation of phenol (P1) and P1-CPLT products. As shown in
Fig. 2, this electrophilic substitution process starts from the
formation of a pre-reaction complex labeled as C34-CP1, where
the hydroxyl radical is captured by one of the sulfonic groups
(sulfonic group 2) and the H48-030 distance is 1.748 A as
illustrated in Fig. 4. With respect to the reactant RR2 + "OH,
(and for convenience, the relative energies will be all given at the
B3LYP/6-311++G(d,p)//B3LYP/6-31+G(d) + ZPE level with respect
to RR2 + 'OH or HRR2 + "OH, unless otherwise noted), the
relative energy of C34-CP1 is —2.6 kcal mol . Via transition
state C34-TS1, intermediate C34-CP2, transition state C34-TS2,
intermediate C34-CP3, and transition state C34-TS3, the
hydroxyl radical can attach to the C36 atom by forming the C-O
bond, leading to the formation of C34-CP4. A transition state
C34-TSco is associated with the formation of the "OH radical
adduct at the target C34 site (C34-CP5). The relative energy of
C34-TSco is 3.1 kecal mol™*. From C34-CP5 to C34-CP8, the
torsions of the H48-047-C34-N33 and 047-C34-N33-N32
dihedral angles take place. C34-CP8 can dissociate into phenol
(P1, the D12 product in ref. 26) and P1-CPLT products by
overcoming an energy barrier C34-TScy, the relative energy of
which is —5.4 kcal mol ™. The cleavage of the C34-N33 bond is
a heterolytic process, leading to the formation of neutral phenol
and P1-CPLT dianion.

It should be pointed out that, in some cases, for example,
C34-CP7 lies only 0.02 kcal mol ™" below C34-TS7 at the B3LYP/
6-31+G(d) level, while with the ZPE correction, the relative
energy of C34-CP7 is higher than C34-TS7 by about 0.08 kcal
mol ', These cases may indicate negative transition states,
which are not uncommon and have been reported in certain
literatures.**

On the C1-attack pathway, the pre-reaction complex C1-CP1
is formed at first, the energy of which is —2.6 kcal mol ', very
close to that of C34-CP1. The transition state C1-TSgo corre-
sponds to the formation of the radical adduct at the C1 site (C1-
CP3). The C1-TS3 is responsible for the torsions of the N33-
N32-C1-C2 and H46-045-C2-C1 dihedral angles. By finally
overcoming the energy barrier of C1-TScy, the C1-N32 cleavage

RSC Adv., 2017, 7, 41799-41811 | 41801
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The blue, green, and black lines represent the -OH attack reaction channels at the C34, C1, and C7 sites, respectively.
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Fig. 2 The calculated potential energy profiles of the reaction channels for azo form of RR2 dianion (RR2) (energies in kcal mol™).

can take place. The relative energy of C1-TScy is —11.1 kcal
mol . Different from the case of C34-N33 cleavage, the C1-N32
bond fission is a homolytic process, which generates the neutral
FRG1 radical and FRG1-CPLT dianion.

Jiao et al.>® studied the OH-initiated C-N and N-N bond
cleavages of alizarin yellow R (AYR, see Scheme 1) and its anion
form (AYRA) computationally at the MPW1K/6-311+G(d,p)//
B3LYP/6-31G(d) with the integral equation formalism polar-
ized continuum model (IEF-PCM) used in the single point
energy calculation. They found that for AYRA, the C-N bond
cleavage is kinetically competitive with, but thermodynamically
more favorable than the N-N bond cleavage.* Their conclusion
is in line with the corresponding experimental finding, that is,
the phenol was observed as major product in the oxidation
degradation of AYRA.*® In the present paper, the dual descriptor

Normal values are obtained at the B3LYP/6-311++G(d,p)//B3LYP/6-31+G(d) + ZPE level

Values in brackets are obtained at the B3LYP/6-31+G(d) + ZPE level

The blue and green lines represent the -OH attack reaction channels at the C34 and Cl1 sites, respectively.

result suggests that the attacks by "OH at both the N32 and N33
sites of the azo group, which are associated with the N-N bond
cleavage,* are not favorite. This is consistent with the compu-
tational conclusion reported by Jiao et al.* In detail, for C-attack
on AYRA, according to the constructed energy profiles, the C4
site (see Scheme 1) is slightly more favorable kinetically, and
much more favorable thermodynamically than the C1 site.>* On
the reaction pathway for RR2 dianion attacked by “OH at the
C34 site in this study, the transition state for the formation of
radical adduct (C34-TSco), the transition state for the C34-N33
cleavage (C34-TScy), and the dissociation fragments generated
by the C34-N33 cleavage (P1 + P1-CPLT) all lie above the cor-
responding points on the C1-attack pathway (C1-TSco, C1-TScn,
and FRG1 + FRG1-CPLT) by 5.3, 5.6, and 4.3 kcal mol !,
respectively. This suggests that although the degradation

434 .
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Fig. 3 The calculated potential energy profiles of the reaction channels for hydrazone form of RR2 dianion (HRR2) (energies in kcal mol™).
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Fig. 4 The structures of stationary points on the calculated potential energy profiles (bond lengths in angstrom and dihedral angles in degree).

caused by the "OH attack at the C34 site is not hard to occur FRG1 is the most probable precursor intermediate for the
because the highest energy barrier of this channel is only formations of nitrosobenzene (P2) and nitrobenzene (P3). As
slightly higher (~3.1 keal mol™") than RR2 + "OH, it may not be  presented in Fig. 5, FRG1 can react with one hydroxyl radical at
a major channel in comparison with the C1-attack channel from the N13 site to generate ¢trans FRG1-OH-CP, which is a barrier-
both kinetic and thermodynamic viewpoints. less process and exothermic by 39.5 kcal mol ™" at the B3LYP/6-
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311++G(d,p)//B3LYP/6-31+G(d) + ZPE level. The molecular trans
FRG1-OH-CP can further react with another hydroxyl radical at
N12, leading to the formation of FRG1-20H-CP1, which is also
an exothermic reaction process without energy barrier. This
molecule-radical association process is exothermic by only
1.6 kcal mol™*. FRG1-20H-TS1 is responsible for the rotation
movement of the attacking hydroxyl radical and FRG1-20H-TS2
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Fig. 5 The calculated potential energy profile and the stationary point structures of the reaction channel from FRG1 to nitrosobenzene (P2)

(energies in kcal mol™, bond lengths in angstrom).
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with respect to FRG1-30H-CP3 + '‘OH. By overcoming the C-O
bond formation transition state FRG1-4OH-TS1 and the N-N
bond cleavage transition state FRG1-4OH-TS2, FRG1-4OH-CP1
can degrade into the nitrosobenzene molecule (P2) and
H,NO, radical.

Once the nitrosobenzene product is formed, it can be further
oxidized by two hydroxyl radicals resulting in the nitrobenzene
(P3) molecule. As shown in Fig. 6, at first, the N atom in P2 is
associated with a hydroxyl radical to form P2-OH-CP, which is
exothermic by 28.4 keal mol™" without any substantial barrier.
When the second hydroxyl radical is attached to P2-OH-CP, P2-
20H-CP can be yielded with a great deal of heat release by 69.1
kecal mol '. By losing one water molecule, P2-20H-CP can
convert to the nitrobenzene product, which is an endothermic
process by only 0.6 kcal mol *. The potential energy profile
from P2 to P3 shows that if there exist plenty of hydroxyl radicals
in the aquatic environment, it is very likely for the P2 product to
be oxidized to the P3 product.

The C7-N14 cleavage can take place when the C7 or N14 atom
is attacked by the "OH radical. According to the obtained dual
descriptor data of RR2, the two atoms are both favorable
reactive sites for electrophilic attacks. For the attack by "OH at the
C7 site, a pre-reaction complex, labeled as C7-CP1, was located
on the reaction pathway. The relative energy of C7-CP1 is
—2.8 kecal mol ™, which is close to those of the pre-reaction
complexes C34-CP1 on the C34-attack and C1-CP1 on the
C1-attack pathways. C7-CP2 and C7-CP3 are both the radical
adducts at the C11 site, between which the main structural
difference is the H48-047-C11-C10 dihedral angle. The tran-
sition state C7-TSgo corresponds to the formation of radical
adduct at the C7 site from C7-CP3. The relative energy of C7-
TSco is —2.3 keal mol™?, slightly lower than the corresponding
transition state C1-TSco on the Cl-attack pathway by
0.1 keal mol ™. C7-TS4 corresponds to the torsion of H48-047-

+OH

[+

P2-20H-CP P3
-96.8
(-97.5)

-H,0

-96.2
(-96.6)
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C7-C11 dihedral angle which connects C7-CP4 on the reactant
side and C7-CP5 on the degradation side. C7-CP5 can finally
degrade into FRG2 and FRG2-CPLT fragments by conquering
the C1-TScn energy barrier. The relative energy of C1-TScy is
—6.5 kecal mol™'. The C7-N14 bond fission is a heterolytic
process, that is, the two electrons in C7-N14 bonding orbital are
both distributed into the FRG2 fragment, leading to the
formations of FRG2 and FRG2-CPLT fragments which are both
provided with one negative charge. The relative energy of FRG2
and FRG2-CPLT fragments is 13.3 keal mol ", which is 25.6 kcal
mol ! higher than that of the C1-attack products. Thus it can be
concluded that from viewpoint of energy, in comparison with
C1-attack, the C7-attack is competitive in kinetics but unfavor-
able in thermodynamics.

In acidic pH solution, the yielded fragment FRG2 (anion) can
directly react with a proton to generate P4. At the B3LYP/
6-311++G(d,p)//B3LYP/6-31+G(d) + ZPE level, this process will be
exothermic by about 158.3 kcal mol™", indicating it may take
place very efficiently. While under the near-neutral or alkaline
pH conditions, the intermediate FRG2 (anion) may react with
a water molecule, as illustrated in Fig. 7. At first, a pre-reaction
complex labeled as FRG2-anion-H,0-CP1 is formed, and then
the FRG2 abstracts one hydrogen atom from the water molecule
via FRG2-anion-H,O-TS and results in the formation of reaction
complex FRG2-anion-H,0-CP2. Relative to FRG2 (anion) + H,0,
the energy of FRG2-anion-H,O-TS is 0.6 kcal mol . FRG2-
anion-H,0-CP2 can dissociate into the neutral P4 and hydroxide
ion without energy barrier above the endothermicity. The rela-
tive energy of P4 + OH™ is 8.7 kcal mol ' above FRG2 (anion) +
H,0. Provided with the fact that the FRG2 (anion) and
FRG2-CPLT (anion) can be generated from RR2 + 'OH which is
an exothermic process of 13.3 kcal mol ', it can be anticipated
that the formation of P4 is not hard to occur. Experimentally,
the P4 product, i.e. 2-amine 4,6-dichloro-1,3,5-triazine has been

Normal values are obtained at the B3LYP/6-311++G(d,p)//B3LYP/6-31+G(d) + ZPE level
Values in brackets are obtained at the B3LYP/6-31+G(d) + ZPE level

Fig. 6 The calculated potential energy profile and the stationary point structures of the reaction channel from nitrosobenzene (P2) to nitro-

benzene (P3) (energies in kcal mol™, bond lengths in angstrom).
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Normal values are obtained at the B3LYP/6-311++G(d,p)//B3LYP/6-31+G(d) + ZPE level
Values in brackets are obtained at the B3LYP/6-31+G(d) + ZPE level

Fig. 7 The calculated potential energy profile and the stationary point structures of the reaction channel from FRG2 to 2-amine 4,6-dichloro-

1,3,5-triazine in neutral or alkaline condition (energies in kcal mol’l,

detected extensively in Oj, IE, and OIEF degradation systems
with the initial pH = 7.?° It should also be pointed out that in
our previous experiment, the optimal pH for the TOC removal is
around 9, and the degradation efficiency drops when the pH
value increases to 10.*® It is generally considered that the
generation of hydroxyl radical from ozone decomposition could
be accelerated with the increasing pH value,” and the decrease
of degradation rate at pH = 10 is mainly ascribed to the
appearance of the free radical scavengers, such as carbonate
and sulfate at a high pH (>7).2%*"*® According to our calculation,
the hydroxide ion is the co-product in the degradation channel
leading to 2-amine 4,6-dichloro-1,3,5-triazine under the neutral
and alkaline pH conditions. From the viewpoint of reaction
equilibrium, the increase in the amount of hydroxide ion may
inhibit the formations of degradation products in this channel,
which may also be one of the reasons why the degradation rate
drops at high pH.

When the N14 atom of RR2 is attacked by hydroxyl radical,
the C7-N14 bond fission would result in the formation of the
FRG3 and FRG3-CPLT1 fragments. The most probable fission
products which have the lowest energy are the neutral FRG3 and
FRG3-CPLT1 (dianion). Nevertheless, the relative energy of
these degradation products is 39.9 kcal mol !, which is too high
for degradation on this pathway to take place as compared with
the channel along which the C7 atom is attacked. This indicates
that the attack on the N14 atom by hydroxyl radical may not play
an important role in the fission of C7-N14 bond in the degra-
dation process.

The reaction channel for ‘OH attacking the N33, C1, C34, and
N14 sites of HRR2

Different from the situation of the azo form of RR2 dianion, the
dual descriptor result shows that the N33 site of HRR2 is one of
the favorable sites by electrophilic attack. The N32-N33 distance
in HRR2 is 1.294 A, longer than that in azo form by 0.021 A,
which indicates that in the tautomerization from azo form to
hydrazone form the N-N bond strength is somewhat weakened.
As a result, the C-N and N-N cleavages induced by the electro-
philic attack on the N33 site were both considered. As shown in

41806 | RSC Adv., 2017, 7, 41799-41811

bond lengths in angstrom).

Fig. S1,7 the N-N cleavage by the N33-attack would finally yield
the neutral FRG4 and FRG4-CPLT dianion fragments, the relative
energy of which is 15.9 kcal mol " with respect to HRR2 + "OH at
the B3LYP/6-311++G(d,p)//B3LYP/6-31+G(d) + ZPE level. The C-N
cleavage pathway by N33-attack would lead to the degradation
fragments of the neutral FRG5 and FRG5-CPLT dianion. The
relative energy of the FRG5 and FRG5-CPLT dianion is 41.8 kcal
mol~'. From viewpoint of energy, these two endothermic
processes imply the N33-attack pathway is thermodynamically
prohibited. Aviyente et al.*® investigated the ultrasonic degrada-
tion processes of hydrazone forms of two monoazo dyes C.I. Acid
Orange 7 (AO7) and C.I Acid Orange 8 (AO8) by means of both
experimental and computational approaches. As shown in
Scheme 1, the molecular structures of AO7 and AOS8 are similar
with that of RR2, that is, the azo group is connected with a phenyl
group on one side and a naphthyl group on the other side, and
a hydroxyl radical substituent is attached to the naphthyl group
at the ortho-position of the azo group. They found that the energy
barrier along the N-attack pathway on the C=N double bond is
11.6 keal mol ™" higher than that along the C-attack pathway on
the C=N double bond at the MPW1K/6-31+G(d,p)//MPW1K/6-
31G(d) level. And according to the intermediate structures iden-
tified by the HPLC, GC-MS, CE-MS, and CE-UV/DAD analyses in
previous studies on the advanced oxidation of AO7,°%* they
concluded that the "OH radical addition by the N-attack cannot
compete with the C-attack pathway. Here in this study on the
degradation process of HRR2, the possibility of N-attack on the
C1=N32 double bond is ruled out in terms of the dual descriptor
data, that is, the N32 atom is not a favorite site by hydroxyl radical
attack. It can be seen that the dual descriptor result of the elec-
trophilic attack on the C1=N32 double bond for hydrazone form
of RR2 dye provides a prediction which is consistent with the
previous theoretical PES and experimental results on the hydra-
zone tautomer of azo dye which has similar structure.

As shown in Fig. 3, similar to the situation of the azo
tautomer, a pre-reaction complex HC1-CP1 was found to locate
on the Ci-attack pathway of HRR2. The transition state
HC1-TSco is corresponding to the formation of the "OH radical
adduct HC1-CP2 at the C1 site from HC1-CP1, and the relative

©
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energy of HC1-TS¢o is —2.8 keal mol ™" with respect to HRR2 +
"OH. The C1-N32 cleavage can take place via the transition state
HC1-TScy, the relative energy of which is —5.8 kcal mol . The
IRC calculation confirms that via HC1-TSco the FRG6 and
FRG6-CPLT dissociation fragments can be yielded. The transi-
tion states HC1-TSgo and HC1-TS¢y both lie below HRR2 + "OH,
indicating the degradation along this channel is possible in
terms of potential energy. Aviyente et al*> investigated the
potential energy surfaces of the "OH radical addition reactions
on the C sites of the C=N double bonds for hydrazone tauto-
mers of AO7 and AO8. Their calculated results have shown that
for both molecules, the energy barriers for the additions of "OH
at the C sites of the C=N double bonds are below the reactants
(AO7 + 'OH or AO8 + ‘OH). The section of potential energy
profile we calculated for the "OH addition reaction at the C1 site
of HRR2 is qualitatively consistent with Aviyente et al's
computational results. In addition, the radical adduct HC1-CP2
lies 22.0 kcal mol™" below HRR2 + ‘OH, which is close to the
relative energies (—24.6 and —20.8 kcal mol ") of the radical
adducts for hydrazone tautomers of AO7 and AO8 dyes calcu-
lated by Aviyente et al.*® at the MPW1K/6-31G(d) level, indicating
a hydroxyl radical adduct with fairly low relative energy may
probably locate on the C-attack degradation pathway of hydra-
zone tautomer of similar azo dye. The PES section of the C-N
cleavage was not considered by Aviyente et al,* while the
experimental findings®*** as mentioned above have shown that
the 1,2-naphthalenediol (or 1,2-naphthaquinone, see Scheme 1)
is the important intermediate structure detected in the AOP
degradation of AO7, which provides a clue to the feasibility of
this reaction channel.

The attack by "OH radical at the C34 site is another impor-
tant possible pathway for the AOP degradation of HRR2. The
pre-reaction complex on this pathway is HC34-CP1, the energy
of which is —2.7 keal mol ™" with respect to HRR2 + "OH. Via
transition state HC34-TS1, HC34-CP2 can be formed, which is
the radical adduct at the C35 site of HRR2. The hydroxyl radical
at the C35 site in HC34-CP2 can migrate to the C34 site in HC34-
CP3 via transition state HC34-TS¢o. From HC34-CP3 to HC34-
CP5, the major structural variation is the torsion of the 047-
C34-N33-N32 dihedral angle and the energy barriers for this
process can be virtually ignored. The C-N cleavage could take
place by overcoming the transition state HC34-TScy;, the relative
energy of which is —5.8 kcal mol '. Interestingly, the IRC
calculation shows that starting from HC34-TScy, the C-N
cleavage products are P1 and P1-CPLT, the same as the case of
the C34-attack channel of RR2. Overall, HC34-TSco is the
highest energy barrier on this reaction pathway, nevertheless it
lies only 2.1 keal mol~" above HRR2 + "OH. In comparison with
the C1 site, the attack at the C34 site is slightly unfavorable in
kinetics, but much more feasible in thermodynamics due to the
fairly low energy of the yielded cleavage products P1 + P1-CPLT
(—28.7 keal mol™ '), which is different from the case of RR2
where the C1l-attack is preferable to the C34-attack both kinet-
ically and thermodynamically as mentioned above. Theoreti-
cally, this degradation channel was not taken into account by
Aviyente et al.,* while in the experiments,*** the 4-hydrox-
ybenzenesulphonic anion (see Scheme 1) intermediate has been

This journal is © The Royal Society of Chemistry 2017
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detected in AOP degradation process of AO7, which gives the
evidence that the attack by "OH at the C site of the phenyl group
is possible. In addition, as mentioned above, the P1 product has
also been identified to be the degradation product of RR2 dye in
our Oz, IE, and OIEF system, proving the feasibility of this
channel, although a small amount of this product may be
generated from the degradation of the azo form of RR2 dye.

The attack by hydroxyl radical on the N14 site of HRR2
results in the formations of FRG3 and FRG3-CPLT2 (dianion)
fragments. The relative energy of FRG3 + FRG3-CPLT2 (dianion)
fragments is 42.3 kcal mol ' with respect to HRR2 + "OH,
indicating the electrophilic attack by ‘OH on this site is ther-
modynamically unfavorable, which is the same as the case of
the N14-attack channel of RR2.

Mechanism of OH-initiated degradation processes of RR2 and
HRR2, and implication for the AOP degradation of RR2 dye

On each of the three probable degradation pathways of RR2, the
first step is the initial association between the H atom in the
attacking hydroxyl radical and the O atom in one of the sulfonic
groups of RR2. The H48-030, H48-031, and H48-028 distances
are 1.748, 1.749, and 1.757 A in the pre-reaction complexes C34-
CP1, C1-CP1, and C7-CP1, respectively, which are slightly
shorter than the typical hydrogen bond in water determined to
be 1.84 A by Zeidler et al. using the TTM3-F model.®* Another
significant structural feature of a hydrogen bond in which the
hydroxyl radical serves as proton donor is that the OH:---X
structure is almost linear. When X = OH,, the O-H---OH, angle
was predicted to be 178.7° according to Lai and Chou's
computational results obtained at the UCCSD/6-31++G** level
of theory.* Here, the 047-H48-030, 047-H48-031, 047-H48-
028 angles in C34-CP1, C1-CP1, and C7-CP1 are 174.7, 174.6,
and 175.2°, respectively. Energetically, the complexes C34-CP1,
C1-CP1, and C7-CP1 lie —2.6, —2.6, and —2.5 kcal mol~* below
the reactant RR2 + "OH, all in the energy range of the typical
O-H---O hydrogen bond (8-34 kJ mol ").%> All these features
indicate that the pre-reaction complexes C34-CP1, C1-CP1, and
C7-CP1 are formed with distinct hydrogen bond characteristic
where the hydroxyl radical serves as the proton donor. For
HRR2, these features of structure and energy also exist in the
pre-reaction complexes HC34-CP1 and HC1-CP1. It should be
also noted that although the B3LYP functional may not be the
best choice for the computational investigation on the hydrogen
bonds, it has been proven to be able to describe the geometries
and strengths of the hydrogen bonds®** and has been
employed in our study due to its relatively small computational
cost. The influence of the polarization function basis set of the
hydrogen atom in the hydrogen bond was also taken into
consideration, that is, the 6-31+G(d,p) basis set was used for the
H48 atom (referred to as 6-31+G(d,p)-H48) in the structural
optimizations and frequency analyses of the complexes C34-
CP1, C1-CP1, and C7-CP1 for comparison. The calculation
results show that the structures of C34-CP1, C1-CP1, and C7-
CP1 obtained by using the 6-31+G(d,p)-H48 basis set are close
to those obtained at the 6-31+G(d) level, with slight shortenings
of the H48-030, H48-031, and H48-028 distances by less than
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0.03 A. The relative energies of C34-CP1, C1-CP1, and C7-CP1
obtained at the 6-31+G(d,p)-H48 level are —1.8, —1.7, and
—1.5 keal mol ™", respectively, which are also very close to those
obtained at the 6-31+G(d) level, with the largest deviation less
than 1.5 keal mol™". Accordingly, it can be concluded that, at
least qualitatively, the formation of hydrogen bond between the
hydroxyl radical and one of the sulfonic groups plays an
important role in the initial association process between RR2
(or HRR2) and hydroxyl radical.

For all the three probable primary C-attack reaction path-
ways of RR2 and two probable C-attack reaction pathways of
HRR2 as mentioned above, the OH-initiated degradations are
multistep processes. And on each reaction pathway, the highest
energy barrier to be conquered is the transition state which
corresponds to the C-O bond formation for the radical adduct
at the target reaction site (C34, C1, or C7 for RR2, and C34 or C1
for HRR2), rather than the transition state associated with the
C-N bond cleavage. The same tendency between the energy
barriers of the formation of hydroxyl radical adduct and C-N
cleavage has also been reported by Jiao et al.*® for "OH electro-
philic attacks at the C1 and C4 sites of AYR.

According to our calculations for RR2, all the energy barriers
in the three degradation channels are lower than the reactant
RR2 + "OH, with only one exception of the transitions state
C34-TSco in C34-attack channel of RR2 which lies only
3.1 kecal mol™" above. The situation for HRR2 is similar to
that for RR2, that is, the relative energy of HC34-TSco is
2.1 kcal mol ™" which is the only barrier lying above HRR2 + "OH.
This indicates that the degradations of RR2 along the C34, C1,
and C7 attack pathways and its hydrazone tautomer along the
C34 and C1 pathways are all feasible to take place.

In fact, our experimental studies have shown that the phenol
(P1) and 2-amine 4,6-dichloro-1,3,5-triazine (P4) products,
which are respectively the important tagged products of C34-
attack and C7-attack channels, are all detected and identified
in the ozone, IE, and OIEF systems.”® While for the C1-attack
channel, as mentioned above, the primarily yielded degrada-
tion intermediate FRG1 can be oxidized by four hydroxyl radi-
cals to form nitrosobenzene (P2), which can further react with
another two hydroxyl radicals generating nitrobenzene (P3).
Elovitz and von Gunten”™ proposed that the concentration
variation trend of p-chlorobenzoic acid (pCBA) could be used to
evaluate the concentration of 'OH under some conditions. As
suggested by Ruan et al®* and according to our previous
experimental results®® using pCBA as indicator of the amount of
the produced hydroxyl radicals, it could be considered that,
qualitatively, the abundance of hydroxyl radicals produced in
the ozone system is higher than that in the IE system, and both
are much lower than that in the OIEF process. According to the
potential energy profile as illustrated in Fig. 5, for trans-
formation from FRG1 to P2, there are three main steps in which
substantial energy barriers need to be conquered, that is, from
FRG1-20H-CP1 to FRG1-20H-CP3 via FRG1-20H-TS2 (8.1 kcal
mol "), from FRG1-30H-CP2 to FRG1-30H-CP3 via FRG1-30H-
TS (5.9 kcal mol "), and from FRG1-4OH-CP1 to P2 via
FRG1-40H-TS2 (5.0 kcal mol™"). Under the condition where the
concentration of produced hydroxyl radicals is low, the
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oxidation reaction process from FRG1 to P2 may be interrupted
by two reasons. One is that there are not enough hydroxyl
radicals to participate into the total oxidation process, and the
other is that the three energy barriers mentioned above could
not be overcome since the exothermic steps in this oxidation
process, mainly including the steps from FRG1 to FRG1-OH-CP
and from FRG1-20H-CP3 to FRG1-30H-CP1, could not provide
sufficient energy due to lack of hydroxyl radicals. This may
probably be the case for the IE system. While in the ozone
system, moderate amount of hydroxyl radicals can be gener-
ated, and it is possible for FRG1 to convert to P2 and further to
P3 partially through oxidation processes. In the OIEF system,
a large amount of hydroxyl radicals are produced which can be
used for the oxidation reactions of intermediate FRG1 and the
yielded P2 product. Because P2 can be easily oxidized to P3 by
hydroxyl radicals as mentioned above, it can be anticipated that
in the OIEF system the amount of P2 may be very small.
Experimentally, neither P2 nor P3 was detected in the IE system,
and both P2 and P3 were observed in ozone system, while only
P3 was identified in the OIEF system.*® Our calculated potential
energy profiles provide a rational explanation on the experi-
mental findings.

In addition, the comparison between the OH-initiated
degradation mechanisms of RR2 and HRR2 demonstrates that
for RR2, the C1-attack pathway is more favorable than the C34-
attack channel both kinetically and thermodynamically, and the
C7-attack channel is kinetically competitive with, but thermo-
dynamically much less favorable than the Ci-attack pathway,
while for HRR2, the C34-attack channel is slightly less favorable
kinetically, but much more favorable thermodynamically than
the C1-attack route as mentioned above. It can be seen that the
favorable routes in the OH-initiated degradation processes of
the two tautomers are not the same and the degradation
intermediates and products can be controlled, in some sense,
by the tautomerization between RR2 and HRR2. Experimentally,
Huang et al.” observed the azo-hydrazone tautomerization of
two disperse yellow dyes and verified the molecular structures
by means of UV-vis spectrum, "H NMR, and single-crystal XRD
techniques. They found that the pH control and metal-ion
complexation are two possible approaches which could affect
the equilibrium of reaction between the two tautomers, that is,
for example, the amount of azo form will increase and that of
hydrazone form will accordingly decrease when the pH value of
the solution increases. Therefore, it can be anticipated that the
experimental strategies which have the abilities to change the
ratio between the azo and hydrazone tautomers of azo dyes may
play a significant role in the field of intermediate and product
control for treatment of wastewater which is polluted by rele-
vant azo dyes.

In order to evaluate the reaction rate constant, the Gibbs free
energy profiles were also constructed at the B3LYP/6-
311++G(d,p)//B3LYP/6-31+G(d) level with the thermal correc-
tions at the temperature of 298.15 K and pressure of 1 atm. As
shown in Fig. S2 and S3,T the relative Gibbs free energies of the
reactant RR2 (or HRR2) + ‘OH and the degradation fragments
become lower than their relative energies obtained at the
B3LYP/6-311++G(d,p)//B3LYP/6-31+G(d) + ZPE level. This is

This journal is © The Royal Society of Chemistry 2017


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/c7ra05727j

Open Access Article. Published on 29 August 2017. Downloaded on 11/23/2025 11:54:12 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Paper

mainly caused by the fact that their entropy values are greater
than those of the reaction complexes and transition states. In
spite of this, the competitive relationship between different
reaction channels in Gibbs free energy profiles is almost identical
to that in the potential energy profiles obtained at the B3LYP/6-
311++G(d,p)//B3LYP/6-31+G(d) + ZPE level. For multistep reac-
tion, Murdoch” suggested a general solution for finding the rate-
determining step. The reaction coordinate can be divided into
several stages, and each stage begins with the reactant or an
intermediate and terminates with the first intermediate or
product which is more stable than the starting point of this stage.
For each stage, the energy difference between the transition state
with the highest energy and the beginning point of this stage,
referred to as AGy,.s, is computed. The AGy, s for all the stages will
be compared, and the stage with the largest AGy,s will be taken
as the rate-determining step. According to the Gibbs free energy
profiles, for C34-attack of RR2, the rate-limiting step is the stage
from C34-CP4, via C34-TSco, C34-CP5, C34-TS5, C34-CP6,
C34-TS6, C34-CP7, C34-TS7, C34-CP8, and C34-TScy, to P1 + P2-
CPLT, where the highest energy barrier is C34-TSgo. For C1-
attack of RR2, the rate-limiting step in the reaction coordinate
is the stage which starts from the reactant RR2 + "OH, via C1-CP1,
C1-TS1, C1-CP2, and C1-TS¢o, to C1-CP3, in which the highest
energy barrier is C1-TSco. For C7-attack of RR2, the rate-
determining step is the stage from C7-CP2, via C7-TS2, C7-CP3,
C7-TSco, C7-CP4, and C7-TS4, to C7-CP5, and the highest
barrier in this stage is C7-TSco. While for C34-attack of HRR2, the
rate-determining step is the stage from HC34-CP2, via HC34-
TSco, HC34-CP3, HC34-TS3, HC34-CP4, HC34-TS4, HC34-CP5,
HC34-TScn, to the dissociation product P1 + P1-CPLT, and the
highest barrier in this stage is HC34-TSco, and for C1-attack of
HRR2, the rate-determining step is the stage from HC1-CP2, via
HC1-TScy, to the dissociation product FRG6 + FRG6-CPLT, and
the only one energy barrier in this stage is HC1-TScy. The reac-
tions in rate-determining steps in the C34-attack and C7-attack
routes of RR2 as well as the C34-attack and C1-attack channels
of HRR2 are considered to be unimolecular reactions because
they start from the reaction complexes. The reaction rate
constants (k) for the four steps are predicted to be, in terms of the
conventional transition state theory, 3.3 x 10~7, 3.8 x 10°, 4.8 x
107°,and 1.2 x 10 s~ ', respectively. The rate-determining step in
C1-attack channel of RR2 starts from the reactant RR2 + ‘OH, and
the reaction can be consequently seen as a bimolecular one. The
AGy, s value between C1-TSio and RR2 + "OH is 7.7 kecal mol %,
the lowest one among all the five rate-determining steps
mentioned above, and the k is calculated to be 3.5 x 10° (mol
L 1) 's ! lying in the range of 10°-10"° (mol L™ ')~ " s which is
the typical rate constant range of reactions between hydroxyl
radical and organic compounds in aqueous solution.” While on
the other hand, the experimental efforts (including using pCBA
and phenol as indicators of the *OH concentration) to quantita-
tively measure the "OH concentration in our OIEF system were
fruitless, thus it is unfortunate that the obtained rate constant
cannot be converted to the degradation rate of RR2, although the
latter has been determined in our previous experiment.”**

This journal is © The Royal Society of Chemistry 2017
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Conclusion

The OH-initiated degradation mechanisms of RR2 azo dye and
its tautomer HRR2 have been investigated by means of the dual
descriptor data and the constructed potential energy profiles. It
can be concluded that the most favorable route for RR2 is the
attack by ‘OH at the C1 site, and the C7-attack may play
a competitive role in kinetics, and for HRR2, the C1-attack is
slightly preferable in kinetics and C34-attack channel is much
more favorable in thermodynamics. The tautomerization
between azo and hydrazone forms has influence on the distri-
bution of degradation intermediates and products. In aquatic
environment, in each of the three electrophilic substitution
channels of RR2 and the two for HRR2, the initial capture of the
hydroxyl radical by one of the sulfonic groups is the primal step.
The pre-reaction complexes are provided with distinct hydrogen
bond characteristic, in which the hydroxyl radicals serve as
proton donors and the O atoms in the sulfonic groups are the
proton acceptors. The distributions of the nitrosobenzene and
nitrobenzene products are associated closely with the concen-
trations of the hydroxyl radicals generated by various AOP
techniques.

Our theoretical results agree well with our previous experi-
mental findings and the theoretical investigations on similar
molecules in literature. The confirmed initial capture mecha-
nism of hydroxyl radical by the sulfonic groups of RR2 with the
hydrogen bond feature and influence of tautomerization
between azo and hydrazone forms on the degradation inter-
mediates and products may shed some light on the improve-
ments of the degradation treatments for RR2 and other
structurally similar azo dye pollutants.
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