JOURNAL OF ENVIRONMENTAL SCIENCES 90 (7070) 41I—50

Available online at www.sciencedirect.com

JES

JOURNAL OF
ENVIRONMENTAL
SCIENCES

ScienceDirect

www.elsevier.com/locate/jes .
www.jesc.ac.cn

Quantitative structure-activity relationship in the
photodegradation of azo dyes

Guoyang Zhang, Shujuan Zhang"

State Key Laboratory of Pollution Control and Resource Reuse, School of the Environment, Nanjing University,

Nanjing 210023, China

ARTICLE INFO

Article history:

Received 8 September 2019
Received in revised form

7 November 2019

Accepted 11 November 2019
Available online 9 December 2019

Keywords:
Azo
Hydrazone
Photolysis
QSAR
Softness

ABSTRACT

The photolysis characteristics of azo dyes are critically important in environmental
pollution control, dye-sensitized solar cells, and dyeing-related industries. However,
there is still lack of quantitative relationship between the structures of azo dyes and their
photolysis characteristics. To address this issue, the photolysis of 22 azo dyes were
conducted side by side at three pH (4.0, 6.0, 9.0). The obtained pseudo-first order pho-
todegradation rate constants (k;) were processed with meta-analysis. Statistically, the
hydrazone tautomer had a smaller excitation energy and was easier to undergo
photolysis than the azo tautomer. The ortho-substituted sulfonate groups had an obvious
protective effect on the photostability of azo dyes. The softness (s), the most positive and
negative partial charge on a carbon atom (qC*, qC~) were found to be crucial descriptors
in the establishment of QSAR models for the photostability of azo dyes. The QSAR model
at pH 9.0 was robust for predicting the photostability of azo dyes under UV irradiation.
N,-purging experiments and quantum chemical computation verified that the cleavage
of azo bond was not a result of direct photolysis but was caused by the attack of
photoinduced reactive oxygen species. The results here are helpful for the design of
more stable azo dyes or the selection of suitable approaches for the treatment of dye-

contaminated water bodies.
© 2019 The Research Center for Eco-Environmental Sciences, Chinese Academy of Sci-
ences. Published by Elsevier B.V.

Introduction

oxidation and biodegradation, can only remove 70—-80% of
the effluent dyes (Al-Kdasi et al., 2004; Thanavel et al., 2019).
The residual azo dyes in the waste streams would be a sig-

Azo dyes are the largest class of chemically synthesized
dyes, and are widely used in textile dyeing, leathering, food
processing, cosmetics, and paper printing (Pandey et al.,
2007). Due to the recalcitrant nature of synthetic dyes, the
disposal of wastewater from the above industries is a diffi-
cult task in the field of environmental protection. Conven-
tional treatment methods, such as flocculation, chemical
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nificant threat to public health and ecological environment
(Chung, 2016; Puvaneswari et al.,, 2006; Sztandera et al.,
2003). Photolysis is one of the dominant transformation
pathways of dyes in natural environment. In recent decades,
UV-based advanced oxidation processes (AOPs), such as UV/
H,0,, UV/ozone, UV/chlorine, UV/Fenton, and UV/TiO,, have
been extensively investigated for the elimination of
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dyestuffs (Abo-Farha, 2010; Chan et al., 2011; Katsumata et
al., 2010; Soares et al., 2016; Wu et al., 2016; Yasar et al.,
2007). Except for being studied as target compounds for the
purpose of pollution control, azo dyes are also widely used
as probing molecules in the performance evaluation of
emerging photocatalysts (Anwer et al., 2019; Chen et al,
2017; Ma et al.,, 2019), or used as photosensitizers in many
photoelectrochemical systems, such as dye-sensitized solar
cells (DSSCs) (Basheer et al., 2018; Ekmekci et al., 2019; Sato
et al., 2018). In UV-based AOPs, we are trying to take the
advantage of the self-photolysis of dyes, whereas the pho-
tostability of dyes is a crucial factor that determines the ef-
ficiency of DSSCs.

The photolysis/photostability of dyes is highly dependent
on the chemical structures and solvent circumstance. Azo
dyes are characterized by nitrogen to nitrogen double bonds
(-N=N-) that are usually attached to two aromatic rings
(benzene or naphthalene). When irradiated with UV light, the
azo dyes would undergo photochemical cis-trans isomeriza-
tion (Brode et al., 1952), photosensitized oxidation (Kuramoto
and Kitao, 1982a), one-electron oxidation (Coen et al., 2001)
and photoreduction process (van Beek et al., 1971; van Beek
and Heertjes, 1963). However, the relationship between the
photolytic characteristics of azo dyes and their molecular
structures has not been thoroughly explored (Beiknejad and
Chaichi, 2014; Haag and Mill, 1987; Kuramoto and Kitao,
1982; van Beek and Heertjes, 1963).

Quantitative structure activity relationship (QSAR) is a
cost-effective and powerful tool that helps to get insight
into the reaction mechanisms (Mannhold et al., 2008). Lots
of QSARs have been developed for predicating photochem-
ical quantum yields, half-lives or reactivity of chemicals, on
the basis of certain quantum chemical parameters, such as
the energy of the highest occupied molecular orbital
(Ezomo), the energy of the lowest unoccupied molecular
orbital (ELumo), hardness (n) and softness (s) (Chen et al,
2000, 2001; Sudhakaran and Amy, 2013; Xiao et al., 2015).
Beiknejad et al. found that the photolysis half-lives of dyes
depended strongly on Eyowmo, the largest electron density of
an atom in the molecule (ED*) and the lipophilicity (logP)
(Beiknejad and Chaichi, 2014). However, the data set
included only 4 azo dyes and could not describe the
photochemical characteristics of overall azo dyes. On the
other hand, solution pH affects the speciation of azo dyes,
and consequently influences the photochemical properties,
which are rarely considered in previous QSAR studies
(Beiknejad and Chaichi, 2014).

The objective of this study is to address the unclear issues
in the relationship between the structures of azo dyes and the
photolysis characteristics. First, we collected a data set con-
sisting 22 azo dyes through the photolysis experiments side-
by-side at three pHs (4.0, 6.0, 9.0). A meta-analysis was con-
ducted to understand the role of functional groups and con-
jugated systems in the photostability of azo dyes. Second, the
molecular structure parameters of these azo dyes were
calculated with the density functional theory (DFT). Correla-
tion analysis, principal component analysis (PCA), and mul-
tilinear regression (MLR) were used to develop QSAR models at
the three pHs (4.0, 6.0, 9.0). Internal and external validations

were conducted to check the robustness and predictability of
these models.

1. Materials and methods
1.1. Materials

All the azo dyes were obtained from Sinopharm Chemical
Reagent Co. Ltd., China or TCI (Shanghai) Development Co.
Ltd., China. Molecular structures and CAS numbers of the 22
dyes were shown in Fig. 1. These azo dyes can be divided into
two major categories: hydroxyazo dyes and aminoazo dyes.
The azo couplingin the first category usually takes place at the
ortho- or para-position to the hydroxyl group, while that in the
second category usually occurs at the position to the amino
group. The hydroxyazo dyes exist as azo-hydrazone tautom-
erism (Ball and Nicholls, 1982), while the aminoazo dyes exist
exclusively as azo tautomers. The diazo dyes (Ponceau S,
Naphthol Blue Black and Acid Red 73) containing amino and
hydroxyl groups are counted in the stack for these two
categories.

NaOH and HClO, of analytical grade were obtained from
Nanjing Reagent Station, China. Ultrapure water (18.25 MQ
cm) made from a water purification system (Shanghai Ulupure
Industrial Co., Ltd., China) were used for the preparation of
sample solutions. High purity N, (99.999%) was purchased
from Nanjing Tianze Gas Co., Ltd., China.

1.2. Irradiation experiments

UV irradiation experiments were carried out in a rotating
disk photoreactor (Nanjing StoneTech Electric Equipment,
China) with a 300 W medium-pressure mercury lamp (MP-
Hg, Shanghai Hongguang Tungsten & Molybdenum Tech-
nology Co., Ltd.) of maximum emission at 365 nm as the light
source. The diagrammatic sketch of the photo-reactor has
been reported in our previous work (Zhang et al., 2018). The
light intensity was measured with a radiometer (Photoelec-
tric Instrument Factory of Beijing Normal University, China)
equipped with a sensor of peak sensitivity at 365 nm. Sample
solutions (25 mlL) containing 100 pmol/L target dye were
parallelly arranged in a quartz tube around the lamp. The
initial solution pH was adjusted to the needed value with
HClO4 and NaOH. In N-purged experiments, the sample
solutions were firstly purged with N, for 30 min prior to
irradiation and then continuously purged during photo-
irradiation.

UV-Vis spectra of raw and irradiated dye solutions were
recorded with a double beam spectrophotometer (UV-2700,
Shimadzu, Japan). The dye concentrations were detected with
the UV spectrophotometer at their maximum absorption
wavelengths.

The photodegradation of these azo dyes followed pseudo-
first-order kinetics:

— dC/dt = k,C (1)

where k; is the pseudo-first-order decolorization con-
stant and C is the concentration of dye. Integration of
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Fig. 1 — Molecular structure of the azo dyes.

Equation (1) results in a linear dependency of In (C¢/C) on t 1.3. Quantum chemical calculation

with a slope of k;. The photolysis experiments for each azo

dye were carried out at three pH values (4.0, 6.0, 9.0), The DFT quantum chemical calculations were carried out
respectively. with Gaussian 09 (Frisch et al., 2010). Geometry optimizations
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of dyes were performed using the B3LYP hybrid density
functional and the 6-31 + G (d, p) basis set (Lee et al., 1988). The
optimized structure were confirmed as true minima by
calculating the harmonic vibrational frequencies at the same
level. No imaginary vibrational frequency was observed for
the optimized geometries. Solvent effects were introduced in
the calculations considering an electrostatic influence with
the SMD method (Marenich et al., 2009). The values of the all
quantum chemical descriptors are listed in Table 1. The to-
pological polar surface area (PSA), average polarizability (),
total dipole moment (u), Enomo, Erumo, energy difference be-
tween LUMO and HOMO (Egap), the most positive/negative
partial charge on a carbon atom (qC*/qC"), the most positive/
negative partial charge on a hydrogen atom (qH*/qH~) were
obtained from the Gaussian 09. Hardness (n), electronegativity
(¢), softness (s) and electrophilicity index (w) were proven
to be significant in QSAR/QSPR studies on the photolysis
of chemicals (Chen et al., 1996; Pearson, 1986). According
to Koopmans’ theorem for closed-shell molecules, these four

descriptors can be redefined as (Berkowitz and Parr, 1988;
Zhan et al., 2003):

n—(IP—EA)/2 2)
{=(IP+EA)/2 (3)
s=1/(IP-EA) 4)
W= :2/(27]) (5)

where IP was the vertical ionization potential, and EA was the
vertical electron affinity. IP and EA were calculated from the
absolute energies with Egs. (6) and (7), respectively, in which
M, M*, and M™, were the neutral, cationic, and anionic, forms
of the optimized dye structures.

IP=E(M) — E(M") (6)

Table 1 — The molecular descriptors of azo dyes.

DyeS PSA o Enomo Erumo Ecap m EA IP

Bismarck Brown Y 154 623.13 —5.348 —2.325 3.023 2.127 2.599 5.133
Acid Red 73 197 759.62 —5.980 —3.212 2.768 14.272 3.451 5.745
Chrysoidine 77 359.48 —5.398 —2.290 3.108 5.894 2.575 5.136
Gold Orange 94 464.29 —5.431 —2.538 2.893 13.115 2.810 5.149
Orange IV 102 666.15 —6.202 —3.473 2.729 23.440 3.743 5.977
Mordant Black 11* 173 705.24 —5.765 —3.292 2.473 19.152 3.541 5.512
Mordant Black 17 127 584.34 —5.597 —3.145 2.451 12.772 3.418 5.338
Acid Orange 7 107 438.45 —6.004 —2.908 3.096 5.828 3.183 5.749
Acid Orange 20 107 482.80 -5.818 —2.969 2.849 10.957 3.246 5.563
Calconcarboxylic Acid 162 637.63 —5.804 —3.404 2.401 9.874 3.673 5.551
Brilliant Red 5SKH? 223 695.81 -5.916 -3.199 2.717 8.274 3.460 5.666
Fast Fuchsine G 193 523.22 —6.032 —3.148 2.885 8.201 3.397 5.798
Acid Chrome Blue K 279 612.76 —5.856 —3.137 2.719 15.080 3.393 5.613
Amaranthe 238 660.70 —6.084 —3.386 2.698 6.864 3.650 5.841
Bordeaux Red 173 615.32 -5.811 -3.171 2.640 18.295 3.447 5.559
Acid Red 26 173 563.26 —5.978 —3.158 2.820 14.353 3.426 5.735
Acid Orange 10 173 502.54 —6.052 —2.972 3.080 13.404 3.236 5.792
Ponceau 4R 242 612.63 —5.851 —2.724 3.127 12.5235 2.957 5.618

n s ¢ 13 qC’ qC* qH" qH*

Bismarck Brown Y 1.267 0.395 3.866 5.897 —0.753 0.778 0.152 0.374
Acid Red 73 1.147 0.436 4.598 9.217 —1.645 0.585 0.172 0.409
Chrysoidine 1.281 0.390 3.856 5.805 -0.719 0.559 0.153 0.349
Gold Orange 1.170 0.428 3.980 6.771 -1.138 0.654 0.158 0.183
Orange IV 1.117 0.448 4.860 10.575 -0.971 1.019 0.169 0.211
Mordant Black 11* 0.985 0.507 4.527 10.397 -1.119 0.802 0.165 0.455
Mordant Black 17 0.960 0.521 4.378 9.982 —0.857 0.626 0.152 0.463
Acid Orange 7 1.283 0.390 4.466 7.774 —0.806 0.467 0.160 0.332
Acid Orange 20 1.158 0.432 4.404 8.372 -0.833 0.614 0.167 0.356
Calconcarboxylic Acid 0.939 0.532 4.612 11.323 —0.768 1.200 0.156 0.467
Brilliant Red 5SKH?* 1.103 0.453 4.563 9.438 —1.840 1.025 0.167 0.409
Fast Fuchsine G 1.201 0.416 4.597 8.802 —1.477 1.259 0.169 0.463
Acid Chrome Blue K 1.110 0.450 4.503 9.130 -1.316 1.057 0.182 0.470
Amaranthe 1.095 0.456 4.746 10.279 —1.588 0.569 0.171 0.385
Bordeaux Red 1.056 0.473 4.503 9.600 -1.790 0.745 0.156 0.378
Acid Red 26 1.154 0.433 4.580 9.089 -1.633 0.470 0.158 0.410
Acid Orange 10 1.278 0.391 4514 7.973 -1.561 0.911 0.163 0.409
Ponceau 4R 1.331 0.376 4.287 6.908 —1.660 0.538 0.162 0.458

& Samples in external test set..
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EA=E(M) — E(M") 7)
1.4. Data processing

All statistical analyses were performed using the software
package SPSS 22.0. ANOVA method is used to study the in-
fluence of the independent variables on the dependent vari-
ables. Stepwise regression procedure was used to build QSAR
models. The quality of derived QSAR was evaluated in accor-
dance with the squared regression coefficient (R?), t test and
the Fisher test. In order to check the robustness and pre-
dictivity of the models, the validation of the final models was
performed using leave-one-out cross-validation (Q?*.oc) and
the external validation (Q%r) (Li et al., 2013; Sudhakaran and
Amy, 2013). In both validation methods, a validation value of
greater than 0.5 indicates a robust and predictive model
(Eriksson et al., 2003; Ma et al., 2010).
The Q%00 and Q%xr were calculated as:

Qfoo = 1-PESS/TCSS (8)

2 —1_ '»cest ii,\.z test . 9
QEXT lel (y YI) Ziisl (yl — yl) ( )
where PESS is predicted error of sum of squares, TCSS is the
total corrected sum of squares. y; and y; are the measured and
predicted k, values, respectively. y; is the averaged value of the
k, for the training set.

2. Results and discussion
2.1.  Meta-analysis of k; values

The photodecolorization of the 22 dyes followed the pseudo-
first-order kinetics with R? values generally larger than 0.96
(Table 2). In order to explore the differences in the photo-
chemical properties of the azo and hydrazone tautomers as
well as the possible steric hindrance effect, all the dyes were
classified into four categories based on the functional groups:
aminoazo and hydroxyazo dyes, with (w/) or without (w/o)
sulfonate adjacent to the azo bond (2-sulfo) (Fig. 2a). Hydrox-
yazo dyes w/o 2-sulfo exhibited statistically different photol-
ysis reactivity (p < 0.01). At pH 6.0, the w/o 2-sulfo hydroxyazo
dyes (median k; = 0.014 min~?) were easier to photolysis than
the w/o 2-sulfo aminoazo dyes (median k; = 0.002 min~?). The
w/ 2-sulfo hydroxyazo dyes exhibited a higher photostability
(k1 = 0.004 min~?) than the w/o counterparts. These statistical
features were also applicable at pH 4.0 and pH 9.0 (Fig. 2b and
2c). Hydroxyazo dyes mainly exist in the hydrazone form in
aqueous solution (polar and hydrogen bonding environment)
and aminoazo dyes primarily exist as azo tautomers (Ball and
Nicholls, 1982). The results suggest that the hydrazone
tautomer was easier to be photolyzed than the azo tautomer
and the 2-sulfo substitution had a significant protective effect
on the photodegradation of azo dyes, which was consistent
with a previous study (Omura et al., 1992).

Depending upon the conjugated aromatic rings in the
molecule, the monoazo dyes could also be classified as: naph-

Table 2 — The pseudo-first order photodegradation rate
constant (k,) of dyes at three pH conditions.

Dyes CAS k1 (min~—?)
pH4.0 pH6.0 pHO9.0
Bismarck Brown Y 10114-58-6 1.0E-03 2.8E-03  1.2E-02
Congo Red 573-58-0 1.3E-02 8.4E-03 1.2E-02
Acid Red 73 5413-75-2 3.3E-03 8.6E-04 1.1E-03
Naphthol Blue Black 1064-48-8 6.7E-03 2.7E-03  4.4E-03
Ponceau S 6226-79-5 3.0E-03 1.2E-03 2.4E-03
Chrysoidine 532-82-1 1.9E-03 1.9E-03 4.2E-03
Gold Orange 547-58-0 3.7E-03 1.5E-03 1.8E-03
Orange IV 554-73-4 1.8E-03 2.0E-03 3.2E-03
Mordant Black 11* 1787-61-7 9.0E-03 1.3E-02 3.2E-02
Mordant Black 17 2538-85-4 1.0E-01 3.2E-02 1.5E-01
Acid Orange 7 633-96-5 1.9E-02 1.4E-02 3.5E-03
Acid Orange 20 523-44-4 1.7E-02 1.1E-02 2.4E-02
Calconcarboxylic Acid  3737-95-9  5.9E-02 4.3E-02 5.4E-02
Chlorophosphonazo III  1914-99-4  2.3E-03 2.4E-03 5.9E-03
Brilliant Red 5SKH?* 17804-49-8 1.9E-03 1.2E-03 1.9E-03
Fast Fuchsine G 4197-07-3 3.0E-03 1.9E-03 2.5E-03
Acid Chrome Blue K 3270-25-5  3.1E-03 2.5E-03 1.6E-02
Amaranthe 915-67-3 2.1E-02 1.5E-02 7.6E-03
Bordeaux Red 5858-33-3 1.3E-02 8.9E-03 8.0E-03
Acid Red 26" 3761-53-3 1.3E-02 8.1E-03 9.2E-03
Acid Orange 10 1936-15-8 5.5E-03 1.8E-03 1.8E-03
Ponceau 4R 2611-82-7 9.7E-03 2.8E-03 7.9E-03

2 Samples in external test set.

azo-naph, naph-azo-ph, ph-azo-ph dyes. As shown in Fig. 2d,
with the increase of conjugation, the photolysis of monoazo
dyes became easier.

The effect of pH on the photodegradation of azo dyes was
also explored. Fig. 3 shows that the pH-stability of each azo
dyes. 13 of 22 dyes are acid and base labile (both ki, py 4.0/k1, pu
6.0 and ki, pg 9.0/R1, pu 6.0 > 1). The remaining dyes are either
acid (ky, pu 4.0/k1, pu 6.0 > 1) or base (ky, pu 9.0/k1, pr 6.0 > 1) un-
stable. These results suggest that for a particular azo dye, it is
easier to photolysis under acidic and alkaline conditions than
that in neutral.

2.2. Model development

All the 16 micromolecular descriptors (i.e. PSA, «, Enxowmo,
Erumo, Ecar, 4, EA, IP, EA, 1,8, ¢, 0, qC", qC~, gH™, gH ") used in
model development were calculated. The optimal geometries
of Congo Red, Ponceau S, Naphthol Blue Black and Chlor-
ophosphonazo IIl were not found because of the complexity of
structure and the difficulty in computing. Except for these 4
dyes, the dataset was randomly divided into a training set (15
dyes) for developing the QSAR model and a test set (3 dyes) for
external validation.

The Egap could reflect the excitation energy (the lowest
electronic transition accessible via absorption of a single
photon) (Bredas, 2014). Egap values of seventy model azo
compounds with different substituted groups (-OH, —NH,,
—S03, —NO,) and position were constructed and calculated
(Fig. 4). These model azo compounds could be classified into
three core structures: azo, o-hydrazone and p-hydrazone.
Regardless of the substituent groups and positions, the Egap
values of all azo tautomers were significantly higher than
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those of hydroxyazo tautomers. The excitation energies
explained why the hydrazone tautomers were easier to be
photolyzed than the azo tautomers.

Correlation analysis was conducted between all the de-
scriptors and the k; values. There were 6 out of 16 descriptors
which exhibited correlation coefficients (r) above 0.5 for the k;
dataset (Table 3). At the three pHs (4.0, 6.0, 9.0), Ecap and n had

4.5

ok

5 3
4.0

35F

N =30 N=22
3.0F @ :

1

Egap (€V)

2.0

azo o-hydrazone  p-hydrazone

Fig. 4 — Box plot of Egap Values of model azo compounds of
three categories. —R represents —OH, —NH,, —SO3, and
—NO,. *represents statistically significant (p < 0.01) in one-
way ANOVA analysis.

strong negative correlation with the k, values, while both qC~
and s had strong positive correlation. qC* correlated well with
the k, dataset at pH 4.0 or 9.0, w correlated well with the k;
dataset at pH 6.0. The correlations for the k; values at initial
pHs of 4.0, 6.0 and 9.0 were very strong (r > 0.7), indicating that
compared to the molecule structure, the solution pH was not
the main determining factor in the photodegradation of dyes.
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Table 3 — The correlation coefficient between the selected
descriptors and the k, values.

kl, PH 4.0 kl, PH 6.0 kl, PH 9.0
4, 140 1.000 0.870* 0.957*
k1, pH 6.0 0.870** 1.000 0.728™
M, e o 0.957* 0.728** 1.000
Ecar —0.654" —0.656™* —0.630"
qC™ 0.738** 0.523* 0.821**
qC* —0.678" —0.326 —0.725*
© 0.472 0.556* 0.374
s 0.731** 0.741* 0.694"
n —0.675* —0.675* —0.647*

* Statistically significant at p < 0.05 level in paired t tests.
** Statistically significant at p < 0.01 level in paired t tests.
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Fig. 5 — Loading plots of the k, data set. Component 1 is
dominated by s, w, Egap, 7. Component 2 is dominated by
qC*" and qC.

After correlation analysis, PCA was conducted to further
reduce the dimensionality of the selected descriptors and to
determine the most important variables for k;. Two principal
components were found to account for 91.4% explanation of
the total variance. As illustrated in Fig. 5, component 1 was
dominated by s, w, Egap, n. However, the Egap and 7 clustered
together, which would cause redundancy in accounting for
the variability because of their statistical collinearity. There-
fore, s and Egap were selected to represent component 1, as
they have the higher loading score. Component 2 were mostly
dominated by qC* and qC~. With the 4 descriptors (i.e., s, Egap,
qC" and qC™) selected in PCA, 3 QSAR equations were obtained
using the stepwise MLR method at three pHs. Due to the poor
statistical performance, Egap was excluded in MLR analysis.

0.16 .
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g
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o
Q
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S
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. 1 1 1
0.00 0.04 0.08 0.12 0.16

Experimental k; (min™)

Fig. 6 — Predicted versus experimental k, values for the
training data and test data at pH 9.0. The dotted lines
represent the 95% confidence interval.

The statistical criteria for a good model, including R?, F, p, and
VIF, were met in the second eq (Table 4). The p value was less
than 0.05, indicating that it was unlikely that these k; values
would be observed under the null hypothesis. Further, with
the high F value, the null-hypothesis could be eliminated. The
VIF less than 10 indicates that the descriptors were not
strongly correlated with each other. Among the three QSAR
models, the models at pH 4.0 and 9.0 had high goodness of fit
(R%pr 4.0 = 0.78, R%pi1 9 0 = 0.88). The different R? values at pH of
4.0, 6.0 and 9.0 might be ascribed to the small sample size and
the inaccurate molecular structures of the input model. In
fact, in order to explore the effect of solution pH, all of the
protonated and deprotonated species of azo dye need to be
considered in detail in quantum chemical calculation and
model building. However, because of the high calculation cost,
it was not explored further in the present work.

In the validation process, the Q% oo values at pH 4.0, and 6.0
were 0.5 and 0.3, respectively. The Q%xr values at pH 4.0 and
6.0 were all below 0.5. These data indicates that the models at
PH 4.0 and 6.0 had instability and poor predictability. The
Q%00 and Q?%exr values at pH 9.0 were 0.5 and 0.8, respectively,
indicating a good prediction for the model at pH 9.0. The
experimental and QSAR predicted k; values at pH 9.0 for the
internal and external data sets were compared in Fig. 6. Both
datasets were in good agreement.

The three QSAR models indicate that the global molecular
property descriptor s, which was successful in the interpre-
tation of site-selectivity and/or regiochemistry (Gazquez,
1998; Roy et al., 1998; Torrent-Sucarrat et al., 2010), was pro-
portional to the k; values. As for the two molecular

Table 4 — QSAR models established from stepwise multiple linear regression.

Equation R? F p VIF Q%00 Q%exr
k1, pr 40 = — 0.092 +0.025(qC ") +0.315(s) 0.78 21 0.01 1.2 0.5 19
k1, pi 60 = — 0.074+0.194(s) 0.51 16 0.02 1.0 0.3 -18
Ky, proo= — 0.095+0.025 (qC") +0.366 (s) — 0.027(qC") 0.88 36 0.01 29 05 08
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Fig. 7 — The k, values of two aminoazo dyes and two
hydroxyazo dyes under air-equilibrated and N,-purged
conditions [dye], = 0.1 mmol/L, pH: 6.0, light intensity:
7.92 mW/cm?.

electrostatic interaction descriptors (qC* and qC~), qC~ was
positively proportional to Ry, p 4.0 and Ry, pu 0.0, While qC* was
negatively proportional to kq, pi 9.0- These results suggest that
the photodegradation of dyes was related to electrophilic
reactions.

2.3. Photo-oxidation mechanism

Photo-oxidation occurs mainly in the presence of oxygen (O,),
usually irreversible, which involve singlet oxygen (*O,), su-
peroxide ion (0O37), and some other reactive oxygen species
(ROS) (Kuramoto and Kitao, 1982a, 1982b). To evaluate the role
of 0,, two aminoazo dyes (Chrysoidine, Bismarck Brown Y),
two hydroxyazo dyes (Acid Orange 7, Mordant Black 11) were
selected and the experiments were conducted under UV/N,
irradiation. Nj-purging had little effect on the photo-
degradation of Chrysoidine and slightly increased the k, value
of Bismarck Brown Y (Fig. 7). However, the elimination of O,
significantly inhibited the photolytic reactions for the
hydroxyazo dyes. The k, values of Acid Orange 7 and Mordant
Black 11 were about 95% and 81%, respectively, inhibited by
N,-purging. These results indicate that O, played a decisive
role in photodegradation of hydroxyazo dyes.

10, could be generated via energy transfer between the
excited azo dyes with O,. The hydrazone tautomer was pro-
posed as the most likely sensitizer for the production of 'O, by
4-arylazo-1-naphthols and 1-arylazo-2-naphthols (Griffiths
and Hawkins, 1977). The generated O, could either decom-
pose the hydroxyazo dyes through a concerted “ene” mecha-
nism (0, adds to the carbon atom of the C=N group in the
hydrozone tautomer) and a hydrogen abstraction from N or
quenched by the dyes (Griffiths and Hawkins, 1977). Jansen
et al. reported that the contribution of the 'O, to the photo-
decomposition of 1-arylazo-2-naphthols in methanol was in
the range of 10%—30% (Jansen et al., 1999).

Besides energy transfer, electron transfer might occur
between the excited dyes and O,, leading to the formation
of O37. O3 could undergo various reactions, such as

disproportionation, one-electron transfer, and nucleophilic
substitution (Hayyan et al., 2016). The disproportionation of
O3~ generates H,0,, which could then photolyzed to hydroxyl
radicals (eOH). The principal reactions of peroxy radicals and
peroxides are hydrogen atom abstraction, addition to unsat-
urated systems, radical displacement, and oxygen atom
transfer (Ingold, 1969). All of the above species might
contribute to the photodegradation of the azo dyes. However,
due to the complexity of the reaction process, it is difficult to
identify the main contributing species.

Meta-analysis shows that there existed a significant pro-
tective effect of 2-sulfo (0-SO3) in the hydrazone tautomers.
The protective effect of 2-sulfo could be explained from two
aspects. First, the negative charge of SO3 inhibited the attack
of O3~ through electrostatic repulsion. Second, SO3 generated
a steric hindrance and thus a reduced accessibility. According
to the associated hard/soft acid/base principle (Torrent-
Sucarrat et al., 2010), species containing readily polarized ox-
ygen atoms and unpaired electrons are easier to react with the
highly polarizable and soft dyes. *0,, 057, «OH and peroxides
are such kind of ROS, which explains the positive correlation
between the descriptor (s, qC+ and qC-) and the k,; values in
the established QSAR models.

3. Conclusions

Our QSAR model shows that s, qC*" and qC~ could be used to
predict the light stability of azo dyes. Internal and external
validations indicate that the QSAR model at pH 9.0 had a good
predictability and was robust. The three parameters in the
QSAR model describe the electrostatic interactions between
photoinduced free radicals and azo dyes. N,-purging experi-
ments and quantum chemical computation verified the
speculation obtained from the QSAR models. The experi-
mental and simulation results demonstrate that the photo-
degradation of azo dyes was not a result of direct photolysis
but was caused by the attack of ROS. More research efforts are
needed to clarify why the QSAR models at pH 4.0 and 6.0 were
not robust enough. The correlation between the speciation of
dye molecules and the k; values is a topic deserve further
research.
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