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a b s t r a c t

Hydroxyl radical (�OH) based advanced oxidation technologies (AOTs) are effective for removing non‒
steroidal anti�inflammatory drugs (NSAIDs) during water treatment. In this study, we systematically
investigated the degradation kinetics of naproxen (NAP), a representative NSAID, with a combination of
experimental and theoretical approaches. The second�order rate constant (k) of �OH oxidation of NAP
was measured to be (4.32 ± 0.04)� 109M�1 s�1, which was in a reasonable agreement with transition
state theory calculated k value (1.08� 109M�1 s�1) at SMD/M05e2X/6e311þþG**//M05e2X/6e31þG**
level of theory. The calculated result revealed that the dominant reaction intermediate is 2‒(5‒hydroxy‒
6‒methoxynaphthalen‒2‒yl)propanoic acid (HMNPA) formed via radical adduct formation pathway, in
which �OH addition onto the ortho site of the methoxy�substituted benzene ring is the most favorable
pathway for the NAP oxidation. We further investigated the subsequent �OH oxidation of HMNPA via a
kinetic modelling technique. The k value of the reaction of HMNPA and �OH was determined to be
2.22� 109M�1 s�1, exhibiting a similar reactivity to the parent NAP. This is the first study on the kinetic
and mechanistic aspects of NAP and its reaction intermediates. The current results are valuable in future
study evaluating and extending the application of �OH based AOTs to degrade NAP and other NSAIDs of
concern in water treatment plants.

© 2018 Elsevier Ltd. All rights reserved.
1. Introduction

Non‒steroidal anti�inflammatory drugs (NSAIDs) are widely
used in relieving pain, reducing fever and inhibiting inflammation
(Kosjek et al., 2005; Zhang et al., 2017). They have been frequently
detected in influent of municipal wastewater treatment plant
(WWTP) (Benitez et al., 2011). Naproxen (NAP), one of the best‒
selling NSAIDs, is a propionic acid derivative with a naphthalene
ring and methoxy group. It was found with concentrations ranging
from 0.1 ng L�1 to 7.69 mg L�1 in the WWTP effluents and
Engineering, School of Met-
hangsha, 410083, China.
0.1e0.25 mg L�1 in surface water (Benotti et al., 2008; Boyd et al.,
2005). Despite such low measured concentrations (from ng L�1 to
mg L�1) in water environment, their potential threat to aquatic or-
ganisms cannot be ignored (Luo et al., 2017a; Zhou et al., 2017). The
toxicological studies demonstrate that NAP exhibits adverse effects
on aquatic organisms with an EC50 of 21.2 mg L�1 on Vibrio fischeri
(Balakrishna et al., 2017). In addition, ingestion of trace amounts of
NAP for long periods of time can cause humans to suffer a higher
risk of heart attack (Manrique-Moreno et al., 2010). However, these
compounds cannot be completely removed by activated sludge‒
based wastewater treatment technology due to their low
bioavailability and biodegradability. They reach surface and ground
waters though wastewater effluent discharge (Lapworth et al.,
2012). Therefore, it is urgent to develop an effective removal
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technology for these contaminants in wastewater treatment
processes.

The removal of NAP ranging from 1.4 to 4.8 mg L�1 was not
effective by the means of traditional sedimentation and adsorption
as it was shown no significant reduction in NAP concentrations in a
municipal wastewater treatment plant (Carballa et al., 2004). Tang
et al. (2014) investigated the removal efficiency of NAP in the
presence of activated sludge under aerobic conditions. The removal
efficiency was only 14.8e26.0% for the initial concentrations of
10e200 mg L�1 with 1 h of contact time. By comparison, advanced
oxidation technologies (AOTs) that form free radicals (e.g. hydroxyl
radical, �OH, or sulfate radical, SO∙�

4 ) at ambient temperature and
atmospheric pressure were demonstrated to be effective for
removal of those organic contaminants inwaters (Ghernaout, 2013;
Xiao et al., 2017). Hydroxyl radical attacks most of the organic
compounds with high second‒order rate constants (k), a key factor
to estimate degradation kinetics and removal efficiency (Buxton
et al., 1988). Although AOTs for removal of NAP have been re-
ported (Feng et al., 2013; Huber et al., 2005), little is known about
mechanistic aspects of NAP degradation, particularly the contri-
bution of each reaction pathway (i.e., radical adduct formation
(RAF), hydrogen atom transfer (HAT), and single electron transfer
(SET)) to the overall degradation. Further, it remains challenging to
obtain this kind of mechanistic evidence from experiments due to
the lack of analytical methods that enable comprehensive charac-
terization of the reaction intermediates.

The density functional theory (DFT) approach features many
advantages in calculating thermodynamic and kinetic behaviors in
biomolecular reactions between radical and non‒radical species
(Luo et al., 2017b; Yang et al., 2016; Ye et al., 2017). Mounting evi-
dences show that DFT designed for thermochemical kinetics rep-
resents a good balance between computational cost and
performance (Galano and Alvarez-Idaboy, 2013; Xiao et al., 2014,
2015a). For example, Xiao et al. (2017) investigated the k value
between �OH and bisphenol A (BPA) based on a combination of
experimental and computational methods at M05‒2X level of
theory. The HAT pathway accounted for 85.7% of the overall k value
in �OH oxidation reaction of BPA. They concluded that the quinone
of monohydroxylated BPAwas the dominant reaction intermediate,
which has been verified by many studies (Dai et al., 2016; Sharma
et al., 2016).

It should be noted that more and more studies indicate that
reaction intermediates play an important role during the AOT
process (An et al., 2013; Du et al., 2006). For example, Du et al.
(2006) investigated the reaction intermediates in the degradation
of 4�chlorophenol, 4�nitrophenol and phenol by Fenton reaction.
The hydroquinone‒like reaction intermediates quenched/
competed for �OH, and thus were considered to be an important
process in controlling the overall removal rate of target contami-
nants. Therefore, understanding formation kinetics of reaction in-
termediates will enhance our knowledge of mechanisms on �OH
oxidation of organic contaminants and practically guide the
application of AOTs.

In this study, experimental, theoretical, and kinetic modelling
approaches were combined to investigate the thermodynamics and
kinetics of �OH oxidation of NAP and its dominant intermediate.
First, the relative rate method was used to experimentally deter-
mine the k value for the reaction of �OH and NAP. In the following
theoretical calculation, the energy profiles of RAF, HAT and SET
reaction pathways between NAP and �OH were investigated by the
DFT approach. Further, a kinetic modelling technique was used to
simulate concentration evolution of NAP and its dominant inter-
mediate through the course of reaction. The k value between the
reaction intermediate and �OH was reported and compared with
the experimental measurement. This study shed light on the
mechanisms of �OH oxidation of NAP and the role of degradation
intermediates in the �OH based AOTs in advanced water treatment.

2. Materials and methods

2.1. Materials

Naproxen (NAP, >99%), H3PO4 (85e90%), Na2HPO4 (99%),
NaH2PO4 (99%), and acetophenone (ACP, >99%) were purchased
from Sigma‒Aldrich and used without further purification. H2O2
(30% by weight), H2SO4 (guaranteed reagent), KMnO4 (analytical
grade), and Na2C2O4 (analytical grade) were purchased from
SinopharmChemical Reagent, China. H3PO4, Na2HPO4 andNaH2PO4
were used as buffer system. H2O2 was used as precursor to generate
�OH under UV irradiation. H2SO4, KMnO4 and Na2C2O4 were used
for average light intensity per volume (I0) and optical path (l)
measurements. ACP was chosen as a reference compound to
determine the k value of �OH oxidation of NAP based on our pre-
vious studies (Xiao et al., 2017; Yang et al., 2017). The physico-
chemical properties of NAP are listed in Table A1 (see supplemental
information). All solutions were prepared using deionized (DI)
water from aMolecular water system (Molresearc 1010A). The S220
pH meter (Mettler Toledo) was used to measure solution pH.

2.2. Photochemical experiments

The degradation kinetic experiments were performed in a
merry�go�round photochemical reactor, which was greatly
modified from a commercial reactor (XPA�7, Xujiang Technology
Co., Ltd. Nanjing, China) (Fig. A1). A 10W low pressure UV lamp
(GPH212T5L/4, Heraeus) in a quartz trap was centered in 50mL
quartz reaction tubes. These reaction tubes were immersed in
constant temperature tank at 20± 1 �C maintained by a water
cooling system (SC150�A25B, Thermo Fisher Scientific). The solu-
tions in reaction tubes were continuously stirred by a Teflon mag-
netic bar. The initial concentrations of NAP, ACP and H2O2 in the UV/
H2O2 system were prepared at 10 mM, 10 mM, and 100 mM, respec-
tively. Solution pH was buffered at pH¼ 3.0 in a 10mM phosphate
buffer system. The majority (i.e., 93.5%) of NAP species is in its
neutral form at pH 3 based on its acid dissociation constant
(pKa¼ 4.15) (Bros�eus et al., 2009). The sample of 0.6mL was taken
from the reactors using a 2.5mL glass syringe (Gastight 1001,
Hamilton). The I0 and l were determined using potassium per-
manganate titration and UV spectrophotometry, respectively (Xiao
et al., 2017).

The molar absorption coefficients (ε, M�1 cm�1) and quantum
yield (4, mol Einstein�1) are the key factors to determine direct
photolysis at a given wavelength (Chuang et al., 2016; Zepp, 1978).
The ε and 4 values reflect the capability of a compound to utilize
photon. Based on the Beer�Lambert law, the initial rate of direct
photolysis of NAP (rUV, M min�1) can be determined as:

rUV ¼ �dC
dt

¼ 4I0
�
1� 10�εlC

�
(1)

where I0 is the lamp irradiance, which was measured to be
1.89� 10�6 Einstein L�1 s�1 in this study; l is the effective optical
path length (1.04 cm); C is concentration of NAP (M); and ε is the
molar absorption coefficient (M�1 cm�1) which can be calculated
from the total absorbance (A, cm�1) measured by spectrophotom-
eter at 254 nm.

ε ¼ A
b C

(2)
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where b is the path length of quartz cuvette (1 cm). The ε value in
our system was determined to be 4500M�1 cm�1 at 254 nm
(Fig. A2). The value was similar to the reported values by Pereira
et al. (2007) (4900M�1 cm�1) and Marotta et al. (2013)
(4180M�1 cm�1).

The 4 value of NAP was calculated according to eqn. (3):

4 ¼ rUV
I0 �

�
1� 10�ε�l�C

� (3)

The relative rate technique was used to determine the
second�order rate constant (k) value of the reaction between NAP
and �OH. The ACP has been successfully used as a reference com-
pound in a UV/H2O2 system to determine the k values for various
organic pollutants (Packer et al., 2003). The kACP value of NAP
reacting with �OH was reported to be 5.9� 109M�1 s�1 at pH 3
(Buxton et al., 1988), but its degradation kinetics of UV direct
photolysis was slow. The ACP is neither acidic nor basic and does
not protonate/deprotonate with pH, thus it is applicable in a wide
pH range; further, the k value (5.9� 109M�1 s�1) is at the level of
the same order of magnitude with the k values of some drugs
reacting with �OH (Yang et al., 2017). kNAP value was calculated
according to eqn. (4).

kNAP
kACP

¼
ln ½NAP�t

½NAP�0 e
�
ln ½NAP�t

½NAP�0

�
UV

ln ½ACP�t
½ACP�0e

�
ln ½ACP�t

½ACP�0

�
UV

¼
ln ½NAP�t

½NAP�0 ek
0
NAP; UV

ln ½ACP�t
½ACP�0 ek0

ACP; UV

(4)

where k0NAP; UV and k0ACP; UV are the first‒order rate constants
(min�1) of UV direct photolysis of NAP and ACP, respectively. All
photolysis experiments were carried out in duplicate.

2.3. Analytical methods

Quantitative analysis of NAP and ACP was performed using an
ultra‒performance liquid chromatography (Waters ACQUITY H‒
Class) with BEH C18 column (1.7 mm, 50� 2.1mm, Waters). The
column temperature was set at 35 �C, and sample injection volume
was 5 mL. The mobile phase with a flow rate of 0.3mLmin�1 con-
sisted of 35% acetonitrile and 65% phosphoric buffer (20mMat pH
3). The absorption wavelengths of NAP and ACP were set at 229 nm
and 255 nm, respectively. The absorption spectrum of NAP was
measured by a UV‒1800 spectrometer (Shimadzu, Japan) from 200
to 400 nm to determine the maximum absorption.

2.4. Theoretical computational methods

The DFT approach was used to calculate the energetics of
different reaction pathways between �OH and NAP. First, the
global minimum energy geometry of NAP was located by a
conformation search with MMFF force field using the Spartan' 10
program (Tonelli, 2014). The geometries of the reactants, products
and transition state (TS) were then optimized using Gaussian 09
(Revision A.01) (Frisch et al., 2009) at M05‒2X/6‒31 þ G** level of
theory (Zhao and Truhlar, 2008). All the local minima of reactants
and products have positive vibration frequencies, and TS species
have only one imaginary frequency (see Table A2�A15 for co-
ordinates) (Dreuw, 2005). The energies of all the species were
calculated at the M05�2X/6�311þþ G** level of theory with the
solvation model of density (SMD) continuum solvation model
(Zhao et al., 2006). The SMD model is considered to be a reliable
solvation model due to its applicability to both charged and un-
charged solutes in water (Marenich et al., 2009). The distribution
of highest occupied molecular orbital (HOMO) and lowest unoc-
cupied molecular orbital (LUMO) characterizes the chemical
reactivity and charge transfer interaction in the molecule (Sethi
et al., 2017).

The conventional transition state theory (TST) was also used to
calculate the k value at the molecular level (Truhlar et al., 1996):

k ¼ sG
kBT
h

e�ðΔzG�Þ=RT (5)

where kB and h are the Boltzmann and Planck constants, respec-
tively, R is the ideal gas constant (8.314 J mol�1 K�1), DzG�

is the
Gibbs free energy of activation, s represents the reaction path de-
generacy, G is the tunneling correction factor by Eckart's approach
(Brown, 1981; Xiao et al., 2014). The diffusion‒limited rate con-
stants (kD) was used to correct the TST calculated k values (kTST)
based on the Collins�Kimball diffusion limit theory (Collins and
Kimball, 1949):

kcorrection ¼ kTSTkD
kTST þ kD

(6)

kD can be calculated by the Smoluchowski equation for an irre-
versible bimolecular diffusion‒controlled reaction in aqueous so-
lution. The kD calculation is detailed elsewhere (An et al., 2013; Xiao
et al., 2017). The branching ratio (qi, %) represents the percent of the
contribution of each reaction pathway (i) to the overall k value:

q ¼ ki
koverall

(7)

2.5. Kinetic modelling

Kinetic modelling has been successfully used to model kinetics
of �OH oxidation of organic contaminants, and were elaborated in
previous studies in detail (Chuang et al., 2016; Lian et al., 2017).
The relevant reactions occurred in the UV/H2O2 system are listed
in Table 1. Among the 26 reactions, 23 k values were obtained from
literature. The formation rate (s�1) of �OH in our system was
measured. The k values for rxn (abbreviation for reaction) #25
(i.e., �OH oxidation of NAP) and #26 (i.e., �OH oxidation of the
dominant intermediate), and their concentration evolution were
fit by the kinetic model. The k value fitting was derived from the
mass balance of the target species (Chuang et al., 2016; Tonelli,
2014). The kinetic model was built with MATLAB (Version 8.0)
and Kintecus (Version 6.0) (Ianni, 2017). Briefly, in order to
roughly estimate the range of k values of rxn #25 and #26, the
MATLAB programwas first used to solve the system of differential
equations to simulate NAP concentration evolution based on the
experimental observation. The range of k values of rxn #25 and
#26 were determined to be approximately 5� 109 ~ 1010 M�1 s�1.
In addition to the input information of reactions such as interval
time, H2O2 concentration, etc., the estimated k values were fed to
Kintecus to simultaneously optimize k values and NAP concen-
tration evolution. The Kintecus program offers a combination of
five types of optimization algorithms (Mead & Nelder, Powerll,
Levenberg�Marquardt, simulated annealing, and complex
method) and three comparison operators (relative least squares,
standard least squares, and Ianni function) to fit the kinetic data
(Ianni, 2017).

3. Results and discussion

3.1. UV direct photolysis of NAP

UV direct photolysis was first monitored to evaluate its



Table 1
Reactions and their k values for the �OH oxidation of NAP in this study.

# Reaction k Reference

1 H2O2 þ hv / 2 �OH 8.39� 10�5 s�1 determined in study
2 H2O / Hþ þ OH� 1.0� 10�3 s�1 (Grebel et al., 2010)
3 Hþ þ OH� / H2O 1.0� 1011M�1 s�1 (Grebel et al., 2010)
4 H2O2 / HO2

� þ Hþ 1.3� 10�1 s�1 (Grebel et al., 2010)
5 HO2

� þ Hþ / H2O2 5.0� 1010M�1 s�1 (Grebel et al., 2010)
6 �OH þ H2O2 / HO∙

2 þH2O 2.7� 107M�1 s�1 (Buxton et al., 1988)
7 H2O2þHO∙

2/
�OH þ H2O þ O2 3.0M�1 s�1 (Koppenol et al., 1978)

8 HO∙
2 / O∙�

2 þHþ 7.0� 105 s�1 (Liang et al., 2006)
9 O∙�

2 þHþ / HO∙
2 5.0� 1010M�1 s�1 (Liang et al., 2006)

10 H2O2þ O∙�
2 / �OH þ OH� þ O2 0.13M�1 s�1 (Crittenden et al., 1999)

11 HO∙
2 þO∙�

2 / HO�
2 þO2 9.7� 107M�1 s�1 (Bielski et al., 1985)

12 HO∙
2 þ HO∙

2/ H2O2 þ O2 8.3� 105 M�1 s�1 (Bielski et al., 1985)
13 �OH þ �OH / H2O2 5.5� 109M�1 s�1 (Buxton et al., 1988)
15 �OH þ OH� / H2OþO�

2 1.2� 1010M�1 s�1 (Buxton et al., 1988)
15 �OHþHO∙

2 / H2O þ O2 7.1� 109M�1 s�1 (Buxton et al., 1988)
16 �OHþO∙�

2 / OH� þ O2 1.0� 1010M�1 s�1 (Liang et al., 2006)
17 �OHþHO�

2 / H2OþO∙�
2 7.5� 109M�1 s�1 (Christensen et al., 1982)

18 �OHþHO�
2 / HO∙

2 þOH� 7.5� 109M�1 s�1 (Christensen et al., 1982)
19 2H2O2 / 2H2O þ O2 2.3� 10�2 s�1 (Grebel et al., 2010)
20 �OH þ H3PO4/ H2PO

∙
4 þH2O 2.7� 106M�1 s�1 (Buxton et al., 1988)

21 �OHþH2PO
�
4 / H2PO

∙
4 þOH� 2.0� 104M�1 s�1 (Buxton et al., 1988)

22 �OHþHPO2�
4 / HPO∙�

4 þOH� 1.5� 105 M�1 s�1 (Buxton et al., 1988)
23 �OHþ PO3�

4 / PO∙2�
4 þOH� <1.0� 107M�1 s�1 (Buxton et al., 1988)

24 H2O2þHPO∙�
4 /H2PO

�
4 þHO∙

2 2.7� 107M�1 s�1 (Crittenden et al., 1999)
25 �OH þ NAP/ products 2.5� 109M�1 s�1

fitted
26 �OH þ HMNPA/ product 2.2� 109M�1 s�1

fitted

Note: [H3PO4], [H2PO
�
4 ], [H2PO

2�
4 ] and [PO3�

4 ] were detemined to be 1.29� 10�3, 8.66� 10�3, 5.34� 10�7, 2.38� 10�16M, respectively at pH¼ 3 in our system.
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influence on total degradation of NAP. The rUV of NAPwasmeasured
to be (2.32± 0.12)� 10�7Mmin�1 at the initial concentration of
10 mM. The 4 was measured to be 1.13± 0.12� 10�2mol Einstein�1

at 254 nm, which was consistent with the study by Marotta et al.
(2013) (1.3± 0.12� 10�2mol Einstein�1).

It should be noted that the direct photolysis of NAP is limited
due to the very high energy requirements for the p/p* and s/s*
or s/p* transitions. This is due to two factors, first that the aro-
matic ring requires a high energy to produce p/p* transition, and
second, the saturated alkane chain (eCH(CH3)e) requires a high
energy to produce s/s* or s/p* transition. Only minor dissoci-
ation of eCeCOOH bond occurs readily under the current UV
irradiation (Marotta et al., 2013), which likely leads to a decar-
boxylation reaction.
Fig. 1. Time�dependent degradation kinetics of NAP in the UV system with and
without H2O2 ([NAP]0¼ 10 mM, [H2O2]0¼100 mM, pH¼ 3, and I0¼ 1.89� 10�6 Ein-
stein L�1 s�1). The degradation kinetics of all the scenarios were fitted to a first‒order
kinetic model (lines). The error bars were 95% of confidence intervals.
3.2. �OH mediated degradation of NAP

The rUV of NAP was measured to be
(2.32± 0.12)� 10�7Mmin�1, and only 43.6% of NAP was removed
after 25min irradiation. The dark control result showed that NAP
does not exhibit degradation in the presence of H2O2 within 24 h
(Fig. 1). Upon UV irradiation, H2O2 is decomposed into �OHwith the
quantum yield of 1.0mol Einstein�1 in pH 3 condition (Table 1)
(Legrini et al., 1993). Thus, the apparent degradation rate (k', s�1) of
NAP in the UV/H2O2 system includes the direct photolysis and �OH
oxidation (eqn. (8)).

�dC
dt

¼ k0C ¼ �
k0UV þ k0·OH

�
C (8)

k0UV ¼ rUV
C

(9)

where k0�OH is the rate constant of �OH oxidation of NAP. The k0UV and
k0∙OH were fit to a pseudo first�order kineticmodel (R2> 0.95). Fig.1
demonstrated the degradation rate was significantly enhanced in
the presence of 100 mM H2O2. The k' value was determined to be
0.112min�1, and �OH mediated oxidation accounted for 83% of the
NAP degradation kinetics in our UV/H2O2 system.

The second‒order rate constant (k) value of �OH oxidation of
NAP was determined to be (4.32± 0.04)� 109M�1 s�1 at 298 K
using relative rate method. The experimental k value was in a good
agreement with the reported value by Feng et al. (2013). However,
our measured value is lower than that reported by Huber et al.
(2005), which is due to the fact that the dominant species was
neutral in our system (pH¼ 3) and deprotonated NAP in their
system (pH¼ 7). Many studies reported that neutral/ionized spe-
cies exhibited different reactivity with �OH (Adak et al., 2015). The
deprotonated species can form hydrogen bonding with H2O, thus
significantly lowering the activation energy of the reactions and
ultimately higher k values (Canonica et al., 2008; Luo et al., 2018a).
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3.3. Theoretical thermodynamics and kinetics

Three reaction pathways, namely, SET, HAT, and RAF, were
shown in Fig. 2. All possible reactions of �OH oxidation of NAP are
tabulated in Table A16 with calculated enthalpy change DH

�
R (kcal

mol�1), Gibbs free energy change DG
�
R (kcal mol�1), activation en-

ergy DzG�
(kcal mol�1), imaginary frequencies (cm�1), second‒or-

der rate constants k (M�1 s�1), and contribution ratio of each
pathway in overall k value q (%) for the �OH oxidation of NAP
calculated at SMD/M05e2X/6e311þþG**//M05e2X/6e31 þ G**
level of theory. The free energy profile for the reactions is depicted
in Fig. 3.

As shown in Table A16, the SET pathway is thermodynamically
unfavorable with positive DG

�
R ¼ 41.1 kcalmol�1. For the HAT
Fig. 2. Three degradation pathways for the reactions of NAP with �OH based on (a) HAT, (b) R
�OH addition onto C5 position. (For interpretation of the references to colour in this figure
pathways, DH
�
R ranges from �35.1 to �17.9 kcalmol�1, and DG

�
R

ranges from �36.1 to �19.9 kcalmol�1 (Fig. 3a), indicating that the
H�atoms on �CH� (H7), �CH3 (H11), �O�CH3 (H12) and eCOOH
(H14) sites can be abstracted by �OH. The DzG�

values of HAT
pathways range from 9.84 to 33.5 kcalmol�1. For RAF pathways,
DH

�
R values range from �28.0 to �0.54 kcalmol�1, and DG

�
R values

range from �18.5 to 5.07 kcalmol�1 (Fig. 3b). All the reactions are
thermodynamically favorable processes (DG

�
R < 0) except for the

addition processes on C13 (DG
�
R¼ 8.85 kcalmol�1) and C14 (DG

�
R¼

5.07 kcal mol�1). This is within expectation since addition at these
sites would lead to the loss of aromaticity in NAP. The DzG�

values
range from 1.76 to 15.1 kcalmol�1. Since the electron‒donating
ability of�O�CH3 is higher than that ofeCH(CH3)�COOH, the DzG�

values of �OH addition onto the benzene ring with �O�CH3
AF, and (c) SET pathway. The red dashed frame shows the dominant reaction pathway:
legend, the reader is referred to the Web version of this article.)



Fig. 3. The potential energy surfaces for the reaction of NAP and �OH via (a) HAT and
(b) RAF pathways at SMD/M05e2X/6e311þþG**//M05e2X/6e31 þ G** level of
theory.
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substitution (i.e., C5, C6, C7, C8) are lower than the corresponding
sites of benzene ring with eCH(CH3)�COOH substitution (i.e., C1,
C2, C3, C4). It should be noted that the DzG�

values of HAT pathways
are significantly higher than those of RAF pathways by an average
of 17.5 kcalmol�1. The DzG�

of RAF reaction of C5 site, ortho to the
electron-donating methoxy group, is significantly lower than other
reaction pathways, indicating a primary reaction channel.

The k values of the HAT pathways are from 3.33� 10�11 to
2.08� 106M�1 s�1 calculated with the Eckart's method. For RAF
pathways, their k values are from 9.68� 106 to 8.69� 109M�1 s�1.
These results indicated that the HAT pathways were almost negli-
gible as compared to the RAF pathways where C5 site was the
dominate reaction in �OH oxidation of NAP. The overall k value
(1.08� 1010M�1 s�1) determined by the model is slightly higher
than the k value ((4.32± 0.04)� 109M�1 s�1) measured experi-
mentally. It should be noted that the Eckart's potential in general
provides an accurate representation of the barrier (Miller, 1979).
The G values of RAF pathway range from 1.01 to 1.49, which is not
large due to the low barriers. However, for HAT pathway with
activation energy barriers ranging from 9.84 to 33.5 kcalmol�1, the
G values were from 2.76 to 9.80.
3.4. Mechanistic interpretation for NAP degradation

The unfavorability of the SET reaction is expected to some
extent, because the methoxy (�O�CH3) and ethidene (‒CH(CH3)‒)
groups on NAP molecule are moderate and weak in electron
donating abilities, respectively. Luo et al. (2017b; 2018b) system-
atically investigated the SET reactions between �OH and 76 aro-
matic compounds. The SET reaction is thermodynamically
favorable for aromatic compounds with strong electron donating
moieties, such as oxide, secondary/tertiary amine, and hydroxyl
functional groups.
The �OH can abstract a H atom from�O�CH3, ‒CH(CH3),�COOH

and �CH3 groups forming H2O and NAP radical (NAP�). The HAT
on �O�CH3 or �CH3 site forms an unstable methyl radical (�CH∙

2),
an unfavorable high�energy process, which results in the lower
reactivity (Xiao et al., 2017). The reaction with the acidic hydrogen
on eCOOH group is more complex. The acid group can be involved
in hydrogen-bonding which can stabilize the TS complex. However,
loss of the hydrogen atom generates a carboxylate radical which is
susceptible to a rapid decarboxylation reaction generating a stable
benzylic type carbon radical. This reaction pathway has been seen
in the observed reaction producing P3, P4, P5 and P6 (Table 2). Loss
of H7, the benzylic hydrogen atom, leads to a stable benzylic carbon
radical which can then react with an additional �OH in a radical
coupling reaction to form the hydroxyl compound seen in reaction
product P2 (Table 2). Decarboxylation and dehydration of P2 leads
to P3, while decarboxylation and oxidation of P2 leads to P4.

The HOMO and LUMOprovide insight into themechanism of the
RAF pathway. The HOMO and LUMO reflect the pebonding orbital
and anti�bonding p* orbital, respectively (Minakata et al., 2015;
Xiao et al., 2017). Minakata et al. (2015) indicated that the LUMO
represents the favorability of �OH addition pathway. Fig. A3(a) and
(b) show that the HOMO and LUMO are localized on the naphtha-
lene ring. The similarity between HOMO and LUMO indicates that
these electron rich regions (naphthalene ring) are more likely
attacked by an electrophilic radical (�OH) (DeMatteo et al., 2005).
Thus, the C4, C5, and C8 sites are more reactive to �OH with DzG�

values of 5.07, 1.76 and 5.22 kcalmol�1, respectively. The preferred
reaction at C5 is due to the electron-donating ability of themethoxy
group which increases the electron density on the ring carbons
ortho and para to it (i.e., C5 and C7, the para position at C14 has very
low reactivity since addition here will result in the loss of aroma-
ticity in the compound). The C5 addition is favored over C7 because
the other benzene ring can also act as an electron-donating group
to C5. These effects result in the very low DzG�

seen for C5, and the
major reaction pathway was RAF pathway in formation of 2‒(5‒
hydroxy‒6‒methoxynaphthalen‒2‒yl)propanoic acid (HMNPA).

3.5. Kinetics modelling and degradation intermediates

Although several reaction intermediates have been identified by
high performance liquid chromatography�mass spectrum (HPLC/
MS) technique from previous studies (Table 2) (Dulova et al., 2017;
Gao et al., 2017), the MS information cannot explicitly determine
which intermediate is favorable to form and its influence on sub-
sequent �OH oxidation steps (An et al., 2013; Du et al., 2006). This
study builds upon the previous work aiming to answer this
fundamental question. Based on the theoretical study, the major
dominant reaction intermediate was the HMNPA (P1 see Table 2).
Therefore, we used this dominant reaction intermediate as an
example to elucidate the interplay between parent NAP and formed
intermediate during �OH oxidation process.

We speculated that HMNPA exhibits a similar reactivity with
�OH as compared to parent NAP. This was based on the extended
HOMO and LUMO distribution of HMNPA (see Fig. A3(c) & (d)),
especially for LUMO distributions in carboxylic acid group. Since
experimentally measuring the k value for the reaction of �OH and
HMNPA provided some challenges due to the high cost of synthesis
and the extreme complexity of the reaction system, a kinetics
modelling techniquewas used in this study to answer this question.

Fig. 4 demonstrated the NAP and HMNPA concentration evolu-
tions. The fit NAP concentration over time (red line) agreedwith the
measured ones (red dots). The best model fitting of the kinetics was
achieved by applying Mead & Nelder optimization algorithms and
standard least squares comparison operator, because this



Table 2
The observed reaction intermediates from the �OH oxidation of NAP.

# Structure Molecular formula Molecular weight (g mol�1) m/z Ref.

P1 C14H15O4 246 247 (Dulova et al., 2017; Gao et al., 2017)

P2 C14H14O4 246 247 (Dulova et al., 2017; Gao et al., 2017)

P3 C13H12O 184 185 (Dulova et al., 2017; Gao et al., 2017)

P4 C13H12O2 200 201 (Dulova et al., 2017; Gao et al., 2017)

P5 C13H14O 186 187 (Gao et al., 2017)

P6 C13H14O3 218 219 (Dulova et al., 2017)

P7 C13H12O3 216 217 (Dulova et al., 2017)

P8 C4H6O5 134 135 (Gao et al., 2017)

Fig. 4. Concentration evolution of NAP and dominant intermediate (HMNPA) in a �OH
mediated process under the conditions of [NAP]0¼10 mM, [H2O2]0¼ 100 mM, pH¼ 3,
and I0¼ 1.89� 10�6 Einstein L�1 s�1.
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combination produced good description of evolution of NAP con-
centration and reasonable k value. The determination coefficient
(R2) between observed and predicted concentrations of NAP during
the experimental was 0.993, and the estimated standard deviations
of the modelling error was determined to be 3.12� 10�7M (6.59%).
The modeled concentration of HMNPA increased in the first 15min
and then decreased, indicating that �OH oxidized NAP first followed
by HMNPA that starts to compete for �OH in the system with an
increase of time. The modeled k value for the reaction between �OH
and NAP was 2.53� 109M�1 s�1. The k value of �OH oxidation of
HMNPA was modeled to be 2.22� 109M�1 s�1. The HOMO and
LUMO distributions of HMNPA (Fig. A3(c) & (d)) are different
compared to those of NAP. The energy gap in LUMO and HOMO of
HMNPA (6.15 eV) was lower than NAP (6.65 eV), indicating that
HMNPA exhibits a higher reactivity than NAP (Minakata et al., 2015;
Xiao et al., 2015b). This is likely due to the strong electron-donating
properties of the hydroxyl group on the aromatic ring. In addition,
the LUMO distribution of HMNPA was extended to carboxylic acid
group compared to NAP, suggesting that eCOOH group becomes
more reactive and could be subject to decarboxylation. It should be
noted that we did not calculate the k value of �OH oxidation of
HMNPA with the DFT method due to failure of the optimization of
their TSs with M05e2X functional.

4. Conclusion

In this study, we combined experimental, theoretical and kinetic
modelling approaches to investigate the �OH oxidation of NAP and
reaction intermediates in aqueous solution. The UV direct photol-
ysis rate and the k value of �OH oxidation of NAP were measured.
The measured k value (4.32± 0.04� 109M�1 s�1) was in good
agreement with previous reports. The thermodynamic and kinetic
behaviors of the initial step reaction pathways were calculated at
the SMD/M05�2X/6�311þþG**//M05�2X/6�31þG** level of the-
ory. The calculated k value (1.08� 1010M�1 s�1) was higher than
the experimentally determined value. In addition, the calculated
result shows that the activation barrier of RAF is lower than HAT,
and �OH addition at C5 site dominates the reaction. Further, we
provided an insight into reaction mechanisms based on electronic



S. Luo et al. / Water Research 137 (2018) 233e241240
properties of group, activation energy, and the HOMO/LUMO dis-
tribution. Finally, a kinetics modelling technique was used to fit the
k values and concentration evolution of �OH oxidation of NAP and
dominant intermediate (HMNPA). The modelling result is in good
agreement with experimental values and suggests that HMNPA
exhibits a similar �OH reactivity as compared to NAP, thereby
affecting �OH oxidation of NAP. These results can provide further
understanding of the salient mechanisms of degradation of NAP
using �OH based AOTs and provide guidance in future studies for
the removal of NSAIDs and other contaminants of concern by AOTs
when such technologies are considered in water and wastewater
treatment processes.
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