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ABSTRACT

Tetra-amido macrocyclic ligand (TAML) activator is a functional analog of peroxidase enzymes, which
activates hydrogen peroxide (H,0,) to form high valence iron-oxo complexes that selectively degrade
persistent aromatic organic contaminants (ACs) in water. Here, we develop quantitative structure
—activity relationship (QSAR) models based on measured pseudo first-order kinetic rate coefficients
(kops) of 29 ACs (e.g., phenols and pharmaceuticals) oxidized by TAML/H,0, at neutral and basic pH
values to gain mechanistic insight on the selectivity and pH dependence of TAML/H,0, systems. These
QSAR models infer that electron donating ability (Eyomo) is the most important AC characteristic for
TAML/H,0; oxidation, pointing to a rate-limiting single-electron transfer (SET) mechanism. Oxidation
rates at pH 7 also depend on AC reactive indices such as f; and qH", which respectively represent
propensity for electrophilic attack and the most positive net atomic charge on hydrogen atoms. At pH 10,
TAML/H;0, is more reactive towards ACs with a lower hydrogen to carbon atoms ratio (#H:C), suggesting
the significance of hydrogen atom abstraction. In addition, In ky,s of 14 monosubstituted phenols is
negatively correlated with Hammett constants (¢) and exhibits similar sensitivity to substituent effects as
horseradish peroxidase. Although accurately predicting degradation rates of specific ACs in complex
wastewater matrices could be difficult, these QSAR models are statistically robust and help predict both
relative degradability and reaction mechanism for TAML/H;0;-based treatment processes.

© 2018 Elsevier Ltd. All rights reserved.

1. Introduction

remove trace ACs, but the high financial and energy costs have
limited their applications (Zheng et al., 2017; Hu et al., 2017; Wang

A variety of natural and synthetic refractory aromatic organic
contaminants (ACs) such as phenolic compounds and pharmaceu-
ticals break through wastewater treatment plants and are released
into natural water systems, which can impact aquatic ecosystems
and human health (Pal et al., 2010). This has increased interest in
tertiary wastewater treatment. Physical adsorption/filtration
(granular activated carbon and membrane separation) and
advanced oxidation processes (AOPs, e.g., ozonation, Fenton
oxidation and persulfate-based oxidation) have been considered to
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et al,, 2017b) .

The tetra-amido macrocyclic ligand catalyst (TAML, Fig. 1),
which is as a functional analog of peroxidase enzyme, is a simple
and potentially effective green alternative to AOPs (Gupta et al.,
2002). TAML activates hydrogen peroxide (H,0,) to form a high
valence iron-oxo complex that is very reactive and more selective
for oxidation of ACs than AOP-generated, easily-scavenged free
radicals in complex wastewater matrices (Chanda et al., 2006a). The
toxicity of contaminated water was reported to dramatically
decrease after treatment with TAML/H,0,, and residual traces of
TAML had no adverse effects on fish or microorganisms (Ellis et al.,
2010). Additionally, TAML can be used at very low (nM to low uM)
concentrations (e.g., 1kg of catalysts could treat 20,000 tons of
water (Shappell et al., 2008)) and offers high efficiency for near-
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Fig. 1. Molecule structure of prototype TAML activator used in this study.

stoichiometric hydrogen peroxide utilization (Tang et al., 2016).
Accordingly, TAML has been used to degrade a wide variety of ACs
in wastewater, including dyes (Chahbane et al., 2007; Chanda et al.,
2006a; Ellis et al., 2009), estrogenic compounds (Chen et al., 2012;
Onundi et al., 2017; Shappell et al., 2008), persistent chloro- (Gupta
et al,, 2002), nitro- (Kundu et al., 2015) and bromo- (Wang et al.,
2017a) phenols, thiophosphate pesticides (Chanda et al., 2006b),
molluscicides (Tang et al., 2016), and drugs (Shen et al., 2011).

TAML activates H,0, to form oxidized TAML, which in turn ox-
idizes the AC molecule and restores itself to TAML (Scheme 1). The
initial rates of AC oxidation are given by Eq. (1), in which [TAML] is
the total concentration of TAML catalyst, k; is the first-order rate
constant for TAML oxidation, k_; is the rate constant for the reversal
reaction, and kj; is the rate constant for AC oxidation (Chahbane
et al,, 2007). If k;[H,0,] > ky[AC] and k_; is negligible, Eq. (1) sim-
plifies to Eq. (2).

dAC]  kiky[H,0,][AC]
dt K+ k0] + Ky[AQ] M Ho (1)
,@ — kyy[AC][TAML]y = Kops[AC] @)

The reactivity of oxidized TAML towards different ACs is highly
variable (Table S1), depending on the structures of both TAML and
the target ACs. Previously, it was shown that the electron-
withdrawing groups on the aromatic ring of TAML enhance both
ky and ky (Chahbane et al., 2007). However, little is known about
how AC structure affects treatment efficiency. Furthermore, the
speciation of oxidized TAML changes with pH (Ghosh et al., 2008),
which in turn affects both reaction rates and products distribution
(Chanda et al.,, 2006b; Onundi et al., 2017). Therefore, TAML-based
treatment process optimization and reliability enhancement re-
quires improved understanding and accurate prediction of how AC
structure and solution pH affect reaction mechanisms and kinetics.

Quantitative structure-activity relationship (QSAR) models are

ky
TAML + H,0, 2 Oxidized TAML
k_

kyy
Oxidized TAML + AC — TAML + Primary product

t
Primary product chini SR Final product(s)

Scheme 1. General mechanism of TAML/H,0, systems.

powerful tools to correlate degradation rates and physicochemical
properties of molecules. Numerous successful QSAR models have
been used to predict reaction rate constants for organic contami-
nants oxidation by ozone (O3) (Sudhakaran and Amy, 2013), chlo-
rine dioxide (ClO;) (Lee and von Gunten, 2012), UV (Luo et al,,
2018a), UV/H,0, (Xiao et al., 2016), hexavalent ferrate (Fe (VI))
(Ye et al., 2017), and free radicals such as ¢OH (Borhani et al., 2016;
Luo et al., 2017a; Xiao et al., 2017) and SO3~ (Xiao et al., 2015; Luo
et al., 2018b). For example, the second-order rate constant for the
reaction of horseradish peroxidase (HRP) with 32 phenolic or ani-
line compounds was positively correlated with Hammett sigma
constants (Na and Lee, 2017). Furthermore, the second-order rate
constants for the oxidation of 34 aromatic compounds by Fe (VI),
which is another high valence iron-oxo compound, was negatively
correlated with ionization potential (IP) (Ye et al., 2017); this im-
plies that SET was the rate-limiting first step. These examples
demonstrate the potential of QSAR models to predict rate constants
of diverse ACs oxidation reactions and to inform rate-limiting
mechanisms.

In this work, we develop QSAR models to predict reactivity and
elucidate the reaction mechanism and selectivity of TAML/H,0,-
based oxidative treatment, based on rate constants measured for
29 ACs at pH 7 and pH 10. Representative molecule descriptors (42
in total) including constitutional, geometrical, physicochemical,
quantum chemical, and electrostatic descriptors, were considered
to develop models by stepwise multiple linear regression (MLR).
Correlation analyses, internal and external validation, and appli-
cability domain assessment were also conducted to assess the
statistical robustness of these models and to gain mechanistic
insight on rate-limiting reactions.

2. Material and methods
2.1. Chemicals

Sodium salt of TAML was obtained from GreenOx Catalysts, Inc.
and dissolved in deionized water at 1 x 10~4M. All standards for
the organic compounds, H,0, (30 wt%), NaH,P0O4, and NayHPO4
were analytical grade and purchased from Sinopharm Chemical
Reagent Co., Ltd. Methanol of high performance liquid chroma-
tography (HPLC) grade was obtained from Thermo Fisher Scientific.
The stock solutions of ACs were prepared with phosphate buffer
solution or methanol depended on the solubility.

2.2. Kinetic experiments

The batch experiments were conducted according to the
following procedures. Each experiment was performed with 25 ml
reaction solution in a 50 mL flask kept in a 25 °C water bath. The
oxidation reaction was initiated by adding an aliquot of H,0,
(4 x 1073 M) to the phosphate buffer solution (5 x 1072 M) con-
taining the standard AC (1x107%*M) and TAML catalyst
(1 x 10"5M). At predetermined intervals, 0.5ml of sample was
withdrawn, immediately added into a HPLC vial, and acidified to pH
2 with 0.1 M HCl to terminate the catalytic reaction. Specifically, de-
metalation (i.e., loss of the iron metal) of TAML results in irre-
versible activity loss at acidic pH, with cleavage of the Fe-N bond in
TAML occurring at pH lower than 4 (Ghosh et al., 2003). Consid-
ering the pH-dependent performance of TAML oxidation, experi-
ments were conducted at pH 7 and 10, which represent pH values
commonly encountered in wastewater treatment and the optimal
pH for TAML oxidation, respectively. The concentrations of ACs
were quantitatively determined by HPLC (LC-2010AHT, Shimadzu)
equipped with a C-18 column (Shim-pack GIST C18) and an UV-vis
detector (SPD-20AV). Detailed HPLC analytical conditions including
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mobile phase, flow rate, and the detection wavelength are listed in
Table S2. All experiments were conducted in triplicate.

Under our experimental conditions with excess H>O, over ACs
and TAML concentrations, the batch systems exhibited pseudo-
first-order kinetics. Apparent first-order degradation rate con-
stants (kops, min~ ') were obtained from initial rates of all catalytic
processes by linear regression of natural logarithm of the AC con-
centrations versus time (Eq. (3)):

In([ACly/[AC),) = Kops  t 3)

where [AC]p and [AC]; are the respective concentrations of AC at
initial and reaction time (t) (Figs. S1 and S2).

2.3. Molecular descriptors

To identify molecular descriptors that impact ACs reactivity, a
total number of 42 representative molecular descriptors were
selected based on previous study (Table S3) (Xiao et al., 2015; Zhu
et al.,, 2015; Radian et al., 2015), including constitutional (#C, #H,
#0, #N, #X, #OH, #Acid, #H:C, #0:C, number of aromatic bonds
(#AB), number of atoms in the largest pi system (#Pi), double bond
equivalence (DBE), mean oxidation number of carbon (MOC),
hydrogen bond donor count (HD), hydrogen bond acceptor count
(HA), rotatable bond count (RB)), geometrical (molecular
complexity (CPLX), topological polar surface area (TPSA), molar
volume (V)), physicochemical (pKa, logP, ClogP, ClogS), quantum
chemical (Egomo, Erumo, Erumo — Enomo (Egap), IP, electron affinity
(EA), hardness (1), softness (S)), and electrostatic (electronegativity
(¢), electrophilicity index (w), dipole moment (u), average polariz-
ability (), Fukui indices (£, frins fOins frraxs frnaxs and f9 4 ), the most
positive net atomic charge on hydrogen atoms (qH"), the most
negative net atomic charge on carbon atoms (qC™)) descriptors.

The quantum chemical and electrostatic descriptors were
calculated based on density functional theory (DFT). The confor-
mational search for the global minimum structure of ACs was first
performed using the Merck Molecular Force Field (MMFF94) in the
Tinker software (Version 5.1.9) (Ponder, 2004). Then, the resulting
conformations with minimum energy were calculated using
Becke's three parameter hybrid functional (B3LYP) coupled with
the economical 6—31 + G(d,p) basis set provided by the Gaussian
09 W for further geometry optimizations (Borhani et al., 2016; Yang
et al., 2016). There was no imaginary vibrational frequency for the
optimized geometries, indicating they are at a minimum on the
potential energy surface.

The net atomic charge values for each compound were obtained
from the natural population analysis (NPA) procedure. The
condensed Fukui functions are found by taking the finite difference
approximations from NPA of atoms in molecules, depending on the
electron-transfer direction (Yang and Mortier, 1986):

fi =@+ 1)~ () )
fi = @) N - 1) (5)
S0 = SN +1) ~ gi(N 1) ®)

where g;(N), g;(N + 1), g;(N — 1) are electronic population of atoms
i in neutral, anionic, and cationic molecule, respectively. f*, f;~, fi0
indices were defined to describe nucleophilic, electrophilic, and
. L 0 :
radical attack. Further, the m1n1mum_(f$m,_ ins Jmin) ANd Maximum
(Fitax Frae fOax) condensed Fukui indices were collected as

descriptors. All the calculated results of quantum chemical and
electrostatic descriptors were listed in Table S4.

2.4. QSAR analyses

All rate constants were randomly divided into the training set
(22 ACs) for developing the QSAR models and test set (7 ACs) for
validating the models. A stepwise MLR was used to develop the
predictive model, by correlating Ink,,s and all descriptors of ACs
compounds.

Next, various strategies were adopted for validation of QSAR
models. Statistics such as coefficient of determination R?, F value,
significance level p, and variance inflation factor (VIF) were used to
assess internal performance. Leave-one-out (LOO) method was
used for cross-validation. For external validation, Q2 and average
absolute model bias (AMB) were used for estimating the predictive
capacity of the QSAR model, which were calculated as Eq. (7) and
Eq. (8) (Xiao et al., 2015):

2
stest (yi - 37)

& (J’i - )71’)2

S MABS (;i)
AMB = ——— ~-/ (8)

where y; and y; are the observed and predicted In ks values,
respectively, for compound i; y; is average value for the training set;
n is the number of training set.

Finally, the applicability domain was characterized by a Wil-
liams plot (i.e., the standardized residuals vs. leverage). The stan-
dardized residuals (3) and the leverage (h) were calculated using
Eq. (9) and Eq. (10):

2
xt*l_

(7)

5 Yi—J
\/z?_1 (y,-—y?)z/m—l’—n

h= xiT(XTX>_1x,- (10)

(9)

where P is the number of descriptors included in the model; x; is
the row vector of the descriptors of compound i; X is descriptor
matrix for the training set. The warning leverage was defined as
h* = 3(P 4 1)/n. Predictions for new compounds lying within the
applicability domain are supposed to be reliable (Tropsha et al.,
2003). Statistical analyses were performed using the IBM SPSS
Statistics software (Version 24).

3. Results and discussion
3.1. Model development

Table 1 summarizes the measured rate constants of TAML/H,0,
oxidation for 29 ACs at pH 7 and pH 10. Reaction kinetics followed
pseudo first-order (Figs. S1 and S2), with ks values (at pH 7)
ranging over two orders of magnitude from 4.0 x 10~4min~! (for
metronidazole) to 6.9 x 10~2min~! (for 4-aminophenol). The kg,
values were transformed into natural logarithm units (Inkg,s) to
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Table 1

The rate constants of all 29 ACs oxidized by TAML/H,0, at pH 7 and pH 10.
Organic compounds kops (min~1) Inkgps Inkpyeq Kops (min~1) Inkqps Inkpyeq

pH7 pH 10

Training set
Monosubstituted phenols
Phenol (3.08+0.19) x 1072 —3.48 -3.75 4.28 +0.09 1.46 -0.37
Catechol (217 +£0.14) x 1072 -3.83 -3.13 1.07 £ 0.06 0.07 1.05
Resorcinol (270 £0.78) x 1072 -5.91 —4.80 0.18 +0.006 -1.72 0.05
p-Cresol (3.68+0.11) x 102 ~3.30 —478 4.67+0.13 1.54 —0.45
4-Aminophenol (6.91+0.16) x 1072 —2.67 —-0.99 7.23+0.53 1.98 3.03
4-Nitrophenol (5.00+2.83)x 104 ~7.60 -6.93 (6.70+0.78) x 1073 -5.01 -2.88
4-Acetamidophenol (3.76 +0.11) x 102 -3.28 —3.44 6.91+0.05 1.93 0.60
4-Chlorophenol (5.70+0.28) x 1072 —2.86 —3.42 8.08 +0.42 2.09 0.59
4-Bromophenol (5.60 +0.29) x 1072 —2.88 —-3.37 6.46 +0.18 1.87 0.75
Guaiacol (1.91 +0.06) x 1072 —3.96 -3.92 4.67 +0.04 1.54 0.54
Salicylaldehyde (6.30+0.16) x 1073 ~5.07 -5.81 0.12 +0.002 -2.09 ~1.39
Pharmaceuticals
Sulfanilamide (9.50+0.04) x 103 —4.66 —547 (3.56+0.18) x 102 -3.34 -2.75
Ibuprofen (9.00+2.47) x 1074 -7.01 —5.47 (320+0.28)x 1073 —5.74 —4.42
Metronidazole (4.00+2.76) x 1074 -7.82 ~7.02 (3.00+0.71) x 107* -8.11 -7.83
Amoxicillin (226+0.11) x 1072 -3.79 —4.73 249+0.12 0.91 —2.62
Diphenhydramine (6.00+1.84) x 1074 —7.42 -7.29 (321+0.22) x 102 344 ~091
Tetracycline (1.61+0.09) x 1072 ~4.13 -3.93 1.93 +0.07 0.66 0.83
Chlortetracycline (3.04+0.18) x 102 -3.49 —3.83 2.78 £0.04 1.02 133
Other organics
2,3-Dihydroxybenzoic acid (2.91+0.08) x 1072 —3.54 —4.41 3.95+0.06 137 0.41
2,5-Dihydroxybenzoic acid (3.54+0.20) x 102 -3.34 —4.23 1.89+0.02 0.63 117
4,4'-Biphenol (3.38+0.17) x 1072 -3.39 —3.55 3.06 +£0.01 1.12 3.71
Benzoic acid (5.00 +1.34) x 1074 ~7.60 -6.81 (1.50 +0.28) x 1073 -6.50 ~3.50
Test set
Monosubstituted phenols
Hydroquinone (272+0.11) x 1072 -3.60 -2.19 2.93+0.02 1.08 1.57
4-Methoxyphenol (3.22+0.17) x 1072 —3.44 -3.75 7.05+0.23 1.95 1.00
4-Hydroxybenzaldehyde (1.50+0.14) x 103 —6.50 —6.09 (820+0.21)x 1073 -4.80 -1.40
Pharmaceutical
Oxytetracycline (1.66 +0.13) x 1072 —-4.10 —3.81 1.85+0.07 0.62 1.34
Other organics
3,4,5-Trihydroxybenzoic acid (2.72+0.16) x 102 -3.60 —4.69 1.67 +0.03 0.51 0.18
Bisphenol A (6.72+0.11) x 102 -2.70 —3.78 447 +0.19 1.50 0.64
Furfuryl alcohol (230 +0.52) x 1073 -6.07 ~5.09 (4.06 +0.10) x 1072 -3.20 -1.10

reduce the span of the data.

The QSAR models were developed with the Ink,, in the training
set (n=22) and all 42 molecular descriptors. A correlation analysis
between the Ink,,s and selected individual descriptors was per-
formed to assess the interrelationship strengths. The correlation
coefficients (r) and the statistical significances were listed in
Table S5. Among the descriptors correlated with Inky,s at pH 7,
Enowmo (r=0.69), IP (r = —0.64), { (r=—0.56) and f_;, (r=0.53) are
highly significant (p < 0.01). The results at pH 10 are similar, and the
order of correlation coefficients (p <0.05) is Eyomo (r=0.74) > IP
(r=-0.70)>¢ (r=-0.60) > f... (r=0.47)>#OH (r = 0.37). How-
ever, Egyomo is highly negatively correlated with IP (r=-0.95,
p <0.01), suggesting the collinearity between them. Interestingly,
strongly negative correlation has also been found in Ejyyo with EA
and w, proving that the calculated Ejynmo can be used for estimating
these two descriptors (Zhan et al., 2003). Moreover, the Inkgp,
values obtained at pHs 7 and 10 have a correlation coefficient of
0.95 (p <0.01), indicating TAML/H,0, systems may have similar
reactive preference toward these ACs at different pHs.

To avoid missing descriptors with low correlation but high
importance, all 42 descriptors were selected for stepwise MLR
analysis, and 6 models were listed in Table S6. Although the coef-
ficient of determination R? increases as the number of variables
increases, the p value of the last model for pH 10 is larger than 0.05,
thus #AB was excluded from the model. The models for pH 7 and
pH 10 were obtained as Eq. (11) and Eq. (12), respectively.

In kops = 2.32 + 1.95 x Eyomo + 11.6 x gH +27.9
X frin (PH =7) (11)

n=22, R”*=0.762, F=18.1, p<0.01, VIF< 12, Q% =0.627, Q3.
=0.566

In kops = 35.6 + 4.53 x Enomo — 742 x #H : C (pH = 10)
(12)

n=22, R*=0.747, F=26.6, p<0.01, VIF< 1.1, Q% =0.626, Q2
=0.619.

The respective coefficients of determination R? for In ke, at pH
7 and pH 10 are 0.762 and 0.747, respectively, which suggest that
these QSAR models reasonably fitted well with the training set. The
reasonable F values (18.1 and 26.6) and low p level (<0.01) indicate
these Ink,,s values are unlikely distributed under the null hy-
pothesis, which would be rejected. Further, the VIF values are less
than 1.2, indicating no potential collinearities among the de-
scriptors included in the models. The values of R? (>0.6), F (>15), p
(<0.05), and VIF (<10) all meet the minimum statistical robustness
criteria (Tropsha et al., 2003).

For internal validation (n=22), both Q2,, values (0.627 and
0.626) are larger than 0.5, corroborating that the models are sta-
tistically robust with no obvious over-fitting. The models predict
reasonably well the reactivity of the ACs used for external
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validation (n = 7). The calculated Q2 values are 0.566 and 0.619 for
pH 7 and 10, respectively. The AMBaining is 1.03 and 1.75, and the
AMBes: is 1.01 and 0.90 for pH 7 and pH 10, respectively. The ab-
solute model bias (100% and 86.2% for pH 7 and pH 10) is within a
factor of 0.5—-2, confirming the predictive power of the QSAR
models. The comparison of measured and predicted In ks value is
shown in Fig. 2. The 1:1 solid line shows perfect agreement. Among
the different families of ACs, the monosubstituted phenols exhibit
relatively high Ink,;,s but the goodness of the fitting is similar for all
ACs. Moreover, the probability-probability (P-P) plots show random
normal distribution for observed standard residuals, demonstrating
the validity of the regression models (Fig. S3).

The Williams plot was used to evaluate the applicability domain
of the QSAR models for oxidation of ACs (Fig. 3). The horizontal
dash lines are standardized residual outliers (+3) and vertical dash
lines are warning leverages (h* = 0.545 and 0.409). As can be seen
from Fig. 3, all data points in the training set and the test set fall into
applicability domain, indicating the QSAR models are reliable for
predicting ks of ACs by TAML/H;0;. Only diphenhydramine has
relatively high leverage (h = 0.499), but does not exceed h*. How-
ever, the models fit these data reasonably well with small stan-
dardized residuals, which improves model stability. No significant
difference was found in the applicability domain for different
families of ACs, suggesting that the QSAR models are broadly
applicable to phenolic compounds, pharmaceuticals, and organic
acids.

3.2. Implications of model descriptors

The QSAR models expressed as Eq. (11) and Eq. (12) show that
quantum chemical (Exomo) and electrostatic (f,;,, qH™) descriptors
are directly proportional to Ink,,, whereas constitutional
descriptor (#H:C) is inversely proportional to it. The contribution of
each variable to Eq. (11) is 44.8% for Eyomo, 27.9% for qH', and 27.3%
for f;., respectively. For Eq. (12), Eqomo and #H:C contributed
63.4% and 36.6% of the variance.

Both models include Eyopmo, the energy of the highest occupied
molecular orbital, which may be the predominant factor affecting
the reactivity of ACs towards TAML/H;0,. The experimental Inkgp
exhibits a linear trend when correlated with the respective Egyomo
(Figs. S4a and S4b). Although the coefficients of determination are
relatively low (R?>=0.47 for pH 7 and R?>=0.55 for pH 10), the

0 -
(a) O Training set /6
O Test set
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general trends show that reactivity increases with Egomo. The
compounds with higher Eyopmo are better electron donors. 4-
Aminophenol has the highest Egomo and hence the strongest
ability to donate electrons. The reaction of high valence iron-oxo
species with organic compounds is known to be an electrophilic
reaction via a SET process (Chahbane et al., 2007). The descriptor
Eyomo has frequently been included in other QSAR models for
oxidation reactions. For example, Lee et al. (2015) developed a
QSAR model for the second-order rate constants of the reaction
between O3 and 112 aromatic micropollutants in aquatic systems.
They reported R?> values of 0.82—1.00 with only Exomo as a
descriptor. Salter-Blanc et al. (2016) built QSAR models for relative
rate constants of aromatic amine oxidation by manganese dioxide
(MnO,), and found that Eyonmo calculated by different functionals
(Hartree—Fock, B3LYP, or M06-2X) and basis sets (6—31G* or
6—311++G(2d,2p)) correlate well with the logarithm of the relative
rate constants. In addition to O3 and mineral oxidants, the rate
constants of biocatalysts such as HRP and bovine methemoglobin
are also positively correlated with the Egomo of monosubstituted
phenols (Pérez-Prior et al., 2012; Sakurada et al., 1990). These
similarities are consistent with the peroxidase-like reaction of
TAML/H,0; systems, indicating that the oxidation rate is controlled
by the SET from the ACs to the active iron center.

Other quantum chemical descriptors such as Egap and IP have
been used to establish QSAR models for organic contaminants
oxidation by O3 (Sudhakaran and Amy, 2013), SO3~ (Xiao et al,,
2015; Luo et al., 2018b) and Fe (VI) (Ye et al.,, 2017) in aqueous
systems. No significant correlation was found between In ks and
Egap, which is the predominant descriptor affecting oxidation by
SO%~ (Xiao et al., 2015). This suggests that the reactions of TAML/
H,0, with the ACs used here are less likely to proceed through the
nucleophilic addition pathway. IP is approximately equal to the
negative Eyonmo (Table S5), but less significant than Egomo for TAML/
H,0; oxidation thus excluded by stepwise MLR.

Fukui indices f;*, f~, and fiocould quantitatively reflect the
respective affinity with nucleophilic attack, electrophilic attack,
and radical attack, which may suggest reaction mechanisms. For
example, Zhu et al. (2015) measured the rate constants of O3 with
33 kinds of ACs under acidic conditions, and observed that Inkg,
correlates strongly with f9,, which represented radical attack. For
the reaction at pH 7, the correlation between descriptor f_. and
Ink,ps is not high but significant (r = 0.53, p < 0.01). Fig. S4c shows
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Fig. 2. Plots of the measured and predicted In kg for oxidation of ACs by TAML/H,0, at (a) pH 7 and (b) pH 10. Fill colors with orange, red, and green were represented for
monosubstituted phenols, pharmaceuticals and other organic compounds, respectively. The dash lines represented the 95% predictive interval. (For interpretation of the references

to color in this figure legend, the reader is referred to the Web version of this article.)



H. Su et al. /| Water Research 140 (2018) 354—363

(a) . .
w4l O Training set |
© O Test set |
= it T
8’ g, B I
o " Q !
[(}] 0 - - u | |
N @R
T | . ;
3 2t h*=0.545 |
B e 1
w4+ |

i 1 1
0.0 0.2 04
Leverages

359

(b

o

O Training set |
O Test set |

A

I
N

T

o

Standardized residuals
o
&

2r I
____________ o s T L
af :
'} ll
0.0 0.2 04 0.6
Leverages

Fig. 3. Williams plots for the QSAR models at (a) pH 7 and (b) pH 10. Fill colors with orange, red, and green were represented for monosubstituted phenols, pharmaceuticals and
other organic compounds, respectively. The horizontal dash lines were standardized residual outliers (+3) and vertical dash lines were warning leverages. (For interpretation of the
references to color in this figure legend, the reader is referred to the Web version of this article.)

that the ACs with higher f_, have higher Ink,,. Therefore, the
susceptibility of ACs towards attack by electrophiles influences the
reactivity of oxidized TAML to some extent.

gH™ describes the hydrogen bond donating and electrostatic
attraction ability, deciding the reactive sites of a molecule to be
dehydrogenated. ACs at neutral pH with greater net atomic charge
on hydrogen atoms may possess higher reactivity toward oxidized
TAML, as suggested by the positive coefficient of qH". Most ACs
with hydroxyl and carboxyl groups have qH" value around 0.5
except for diphenhydramine (0.264) and sulfanilamide (0.437)
(Fig. S4e). The N—H or C—H bonds in these two drugs do not react
with TAML activators easily though the H-abstraction reaction
pathway. The qH™ was also positively correlate to the rate constants
of «OH in the established QSAR model (Luo et al., 2017b). Thus gH*
is considered a general electrostatic descriptor characterizing in-
teractions between oxidants and ACs whether for radical or non-
radical oxidation.

The computed electrostatic potential on the molecular surface
of two example ACs (4-chlorophenol and BPA) are shown in Fig. 4,
in which the blue color represents most positive value while the red
color illustrates most negative value. The overall electrostatic po-
tential between 4-chlorophenol and BPA was similar, indicating
comparable reactivity with TAML/H20,. Hydrogen atoms (H-13 of
4-chlorophenol, H-18 and H-19 of BPA) in hydroxyl groups have the
largest qH™, and are more easily removed from these compounds.
Condensed Fukui indices distribution yield additional insight. The
Srnin lies in C-5 of 4-chlorophenol and C-19 of BPA, while f,, locates

gH' =0.511

Fimtn = 0.026 (b)

near atoms with f_,  (CI-8 of 4-chlorophenol, C-6 and C-12 of BPA).
These regions (atoms with their bonds) indicate the likely reactive
sites for attack by oxidized TAML.

The second important descriptor of the pH 10 model is #H:C,
which is not included in models at pH 7, indicating a mechanistic
difference between the reaction at pH 7 and pH 10. The negative
coefficient of #H:C indicates that (at pH 10), ACs with lower ratio of
hydrogen atoms to carbon atoms have higher reactivity toward
oxidized TAML. This suggests that TAML reacts slowly with the
hydrocarbon portion of the molecule and H-abstraction reaction is
a crucial step in ACs oxidation. Nevertheless, the correlation be-
tween Ink,,s and single descriptor #H:C is not significant (Fig. S4d),
indicating #H:C should be considered in combination with other
factors. #H:C is a simple constitutional descriptor that was not
commonly used in previous QSAR models. However, the similar
descriptor #0:C exhibited an opposite negative correlation with
rate constants for organic contaminants oxidation by SO3~ (Xiao
et al., 2015). A high #0:C ratio means that fewer C—H atoms react
by abstracting a hydrogen atom with free SO7 . Similar results were
reported for eOH generated by O3 for oxidation of organic micro-
pollutants in four river water matrices (Sudhakaran et al., 2012).
However, unlike oxidation by TAML/H,0,, those are radical-based
reactions.

3.3. Hammett correlations

ACs with electron-donating groups are more likely to react

Frin =—0.016

qH* = 0.509
® Oxygen
© Chlorine

© Carbon
« Hydrogen

-0.06 I Ml 0.06

Fig. 4. Computed electrostatic potential on molecular surface of neutral (a) 4-chlorophenol and (b) Bisphenol A.
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through the SET pathway than that with electron—withdrawing
groups (Luo et al., 2017c). Due to the possible occurrence of the
SET pathway for AC oxidation by TAML/H,0,, we investigated the
influence of electron-donating groups on the relative rate constants
krel (Krel = Kobs/Kphenot) of monosubstituted phenols, using phenol as
the reference compound for normalization (Fig. S5). Amino, hy-
droxyl, and methoxy groups were categorized as strong electron-
donating groups, whereas aminoacyl and methyl groups are mod-
erate and weak electron-donating groups, respectively. Halogen,
formyl, and nitro groups are weak, moderate, and strong electron-
withdrawing groups, respectively (Luo et al., 2017c). As shown in
Fig. S5, In ke decreases in general from strong electron-donating
groups to strong electron-withdrawing groups. However, the rela-
tively low In k. value of resorcinol (with meta-hydroxyl group)
and high In k.. value of halogen substituted phenols are in contrast
with the trend. This is attributed to different rates of subsequent
reaction pathways (e.g. H-abstraction following the SET reaction).

Hammett constants (g, ¢ and ¢™) are useful for quantitatively
examining the inductive and resonance effect of substituents of ACs
especially phenols and anilines on the reaction kinetics (Lee and
von Gunten, 2012). The ¢ and ¢~ are particular scopes of ¢ con-
stants for the electron-donating substituents and the electron-
withdrawing substituents, respectively, which have been used for
stabilization of reaction centers via resonance interaction with
substituents (Lee and von Gunten, 2012). The large negative values
of Hammett constants describing electron-donating properties of
substituents while electron-withdrawing substituents have posi-
tive value. Therefore, Hammett correlations were established be-
tween Ink,,s of a series of monosubstituted phenols, and the
Hammett constants o, ¢* and ¢~ are listed in Table S7. The rate
constants of a series of substituted phenols are negatively corre-
lated to ¢ and ¢, but in poor correlation with ¢~ (Fig. 5 and Fig. S6).
This suggests that the regression equations on Fig. 5a and d with
relatively high R? (>0.74) are simple for predicting the rate constant
(Inkgps) for the oxidation of phenolic contaminants by TAML/H,05,
where 25 out of 28 (89.3%) predicted Ink,,s are within a factor of
0.5—2. The Ink,y is inversely proportional to Hammett constants,
which is typical for electrophilic reactions. These results are
consistent with previous studies on the oxidation of phenols and
anilines by relevant oxidants (O3 (Lee and von Gunten, 2012), Cl1O,
(Lee and von Gunten, 2012), Fe (VI) (Lee and von Gunten, 2012),
bovine methemoglobin (Pérez-Prior et al., 2012), lactoperoxidase
(Zhang and Dunford, 1993), and HRP (Na and Lee, 2017)), but are
different from oxidation processes with singlet oxygen ('0,)
(Tratnyek and Hoigne, 1991) and MnO, (Salter-Blanc et al., 2016),
which correlate better with ¢~ constants.

The slope (p) of the correlation reflects the sensitivity of the
reaction to the substituent effect. The lower slope (p=-3.63
and —1.98 for variables ¢ and ¢, respectively) of the pH 7 model
compared to that for pH 10 (p = —5.83 and —3.41 for variables ¢ and
o™, respectively) indicates that reaction at pH 7 is less sensitive to
the substituent variation. This is consistent with the Hammett re-
lationships based on ¢* for oxidation Kinetics of neutral and
deprotonated phenolics by Fe (VI) (Lee and von Gunten, 2012) and
potassium permanganate (Mn (VII)) (Song et al., 2015). These ob-
servations suggest that the reaction mechanism for TAML/H,0,
with phenols at pH 7 is different from that at pH 10. The Hammett
correlation between logky; at pH 10 and ¢ (Fig. S6d) shows that the
slope (p = —1.48) is similar to that of HRP (p = —2.0) (Na and Lee,
2017). This similar sensitivity to the substituent effect may be due
to the comparative reactivity of phenols by enzyme mimic TAML
and natural peroxidase.

The Ink,p values of halogenated phenols (4-chlorophenol and
4-bromophenol) are higher than those predicted by Hammett
constants, indicating that the reactivity of phenols with TAML/H,0;

may not simply follow the Hammett correlations. They were
therefore excluded in the linear regression. This is in contrast to the
oxidation of chloro- and bromo-substituted BPA by TAML/H,0-,
which have lower kj; than pristine BPA and methyl-substituted BPA
(Onundi et al., 2017). It is known that the halogen substituents are
weak electron-withdrawing groups that can reduce the electron
density of aromatic compounds, making them resistant to chemical
or biological oxidation. Nevertheless, TAML/H,0, could completely
mineralize chlorophenols through an oxidative ring-opening
pathway and the degradation rate increased with an increased
number of electron-withdrawing chlorine groups on the phenol
ring (initial degradation rate: pentachlorophenol > 2,4,6-
trichlorophenol > 2,4-dichlorophenol), which disagrees with the
Hammett correlation (Collins et al,, 2010; Gupta et al.,, 2002). A
possible reason is that the higher f,; value of 4-chlorophenol
(0.026) and 4-bromophenol (0.025) make them more susceptibly
attack by oxidized TAML (Fig. 4a).

The Ink,,s of salicylaldehyde is also significantly larger than the
QSAR prediction. The ortho-substituted hydroxybenzaldehyde was
predicted to have lower Ink,,s than the para-substituted com-
pounds, but the opposite result was observed. Similar discrepancies
were found for nitrophenol oxidation by TAML activators; 2-
nitrophenol has higher k; (154M~'s™!) than 4-nitrophenol (k
=33M!s7!) (Kundu et al., 2015). Note that the 4-nitrophenol is a
strong inhibitor of catalytic activity due to steric suppression of
reversible binding of nitrophenolate anions to the iron center
(Kundu et al., 2015). This suggests that 4-hydroxybenzaldehyde
exerts a similar steric effect, thus limiting the value of Hammett
correlations.

3.4. The pH-dependent mechanism

Considerable differences between TAML/H,0, oxidation of ACs
at neutral and basic pH were observed both in the QSAR models and
Hammett correlations. This indicates that the reaction mechanism
changes with pH. Furthermore, the rate constants of ACs in our
study and previous studies show strong pH-dependent reactions of
TAML activators. This pH-dependent feature could be attributed to
two possible reasons: (1) The reactive species of oxidized TAML
formed by TAML and H,0, were generated faster at pH 10 (higher
k;); (2) the dissociated ACs (most with pKa <10) at pH 10 have a
higher electron density and thus are more reactive to electrophilic
agents (oxidized TAML). Both effects lead to a significant increase in
rate as pH increases from 7 to 10. From Scheme 1, the TAML/H,0;
generally form an oxidized TAML then reacts with ACs. These highly
reactive species were characterized as high valence iron-oxo
complex (FeV—0) (De Oliveira et al., 2007) or FeV—O (Ghosh
et al., 2008) depending on pH. The deprotonated form of TAML
with —2 charge has the highest activity to react with H,0, at
around pH 10 (Ghosh et al., 2008), and the k; decreases above pH 10
due to the deprotonation of H,0, (pKa >11), suggesting that the
highest reactivity of TAML/H,0> falls in a narrow range between pH
10 and 11.

Our QSAR models helps understand the results of ACs degra-
dation at different pH values. Generally, ACs are rapidly destroyed
and toxicity decreases at the optimal pH (Gupta et al., 2002;
Shappell et al., 2008), but unintended intermediates may be
generated at sub-optimal pH (Chanda et al., 2006b; Onundi et al.,
2017; Shen et al., 2011). For example, during BPA oxidation by
TAML/H,0;, BPA is condensed into oligomers at neutral pH while
destroyed to small molecules at pH 11 (Onundi et al., 2017). The
initial step of TAML/H;0, oxidative degradation of BPA at neutral
pH is SET followed by H-abstraction (Eq. (11), Fig. S7). The primary
radical-cation molecules are the precursors of the coupled C—C and
C—O dimers. A potential explanation is that the removal of an
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electron from the HOMO of the molecule leads to this pathway,
indicating that the SET from the BPA to the oxidized TAML was a
rate limiting reaction steps. A hydrogen atom (H-18 or H-19) with
higher positive charge (Fig. 4b) is removed subsequently. The
oxidative coupling reactions of BPA is in agreement with natural
HRP/H,0, systems (Huang and Weber, 2005). For the fast and
complete degradation at pH 10, the BPA undergoes SET followed by
heterolysis (possibly occurred between C-6 or C-12 and C-19) to
form hydroquinone and then destroyed through ring-fission
pathways. The possible rate limiting step under this condition is
hydrogen atom transfer, thus constitute of total molecule (#H:C)
plays a vital role in the oxidation of ACs (Eq. (12)). To summarize,
pH-dependent reactivity and degradation pathways yield different
QSAR models at neutral and basic pH values, underscoring the
importance to consider pH depending mechanism when using
TAML/H,0, in wastewater treatment process.

4. Conclusions

We demonstrated rapid TAML/H,0,-based oxidation of a broad
range of ACs, indicating that this advanced oxidation process had
great potential as an efficient approach for water purification. First-
order degradation rate constants (k) for 29 ACs were determined
at pH 7 and pH 10, and were used to develop QSAR models to
predict rate constants and inform rate-limiting mechanisms. These

models are:

In kObS =2324+1.95 x EHOMO +11.6 x ql—lJr +27.9
x f— atpH 7, and

min

In kops = 35.6 + 4.53 x Eyopo — 7.42 x #H : C at pH 10.

Accordingly, the reactivity of TAML/H,0, increases with the
electron donating ability, and is influenced by the electrostatic
distribution and molecular composition of ACs. Hammett constants
are simple but not accurate predictors of rate constants for phenolic
compounds. Different reaction pathways may occur for some ACs
under various pH values, as is the case for natural enzymes. These
models could be used as a prescreening tool to identify which ACs
could be efficiently oxidized, and provide novel insight on pH-
dependent degradation mechanism for such non-radical medi-
ated advanced oxidation processes. The high efficiency of TAML-
based treatment simulated by our QSAR model is based on pa-
rameters determined under laboratory conditions. This model
could also apply to organic contaminants oxidation in complex
wastewater matrices. However, this would require determining
system-specific rate constants for the TAML/H,0, system in the
presence of potentially interfering constituents (e.g., natural
organic matters, ions, and alkalinity) for accurate assessments of
reaction rates under complex environmental conditions.
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