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ABSTRACT

Editor: Xiaohong Guan

The degradation of p-nitrophenol (p-NP) based on OH radicals (HO∙), HO2 radicals (HO2∙) and O2 in aqueous solution
was investigated using theoretical computational methods. The complete degradation mechanisms of reaction between
p-NP and HO∙ were explored by density functional theory (DFT) methods. The 4-nitrophenoxy radicals and 1,2-dihydroxy-4-nitrocylohexadienyl radicals are confirmed to be major intermediates of the HO∙-initiated reactions in aqueous
phase, which consistent with experimental results. The chemical structures of some products (2,4-dihydroxycyclohexa2,4-dien-1-one and 4-nitrocyclohexa-3,5-diene-1,2-dione) which were not identified in the experiment are determined.
New favorable formation channels for some intermediates were found. The primary reactions initiated by HO∙ or HO2∙
with p-NP reveals that HO∙-initiated degradation is the dominant reaction. HO2∙ and O2 can enhance the degradation
extent of p-NP in further reactions. Rate constants of the elementary reactions and overall rate constants were calculated. In addition, the HO∙-initiated primary reactions in a water box of 500 water molecules were studied using Monte
Carlo simulation. All the OH-addition reactions are barrierless and highly feasible. The observed dynamic reaction
process is similar to the DFT calculation prediction. Furthermore, the eco-toxicity evaluation shows that important
products are harmless or harmful to aquatic organisms, and are much less toxic than p-NP.
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1. Introduction

degradation process was also investigated. The investigations on the
mechanisms and kinetics of p-NP degradation were performed systematically using quantum chemical computational methods. This method
provides accurate Potential Energy Surfaces (PESs) which help to access
whether a reaction path is favorable or not. PESs give out some reliable
geometrical information of intermediates and products observed by
experimental researchers. For the kinetic studies involved in the reaction mechanism, elementary reaction rate constants were proposed. In
addition, the oxidation reactions of p-NP with HO∙ were studied by
Monte Carlo (MC) simulations with free-energy perturbation (FEP)
calculations in order to understand the reaction behavior in aqueous
solution. ECOSAR program was employed to access the eco-toxicity of
p-NP and its transformation products.

As a raw material in organic syntheses, p-nitrophenol (p-NP) is
widely used to make industrial products such as herbicides (Sun and
Lemley, 2011), insecticides, synthetic dyes (Zhang et al., 2012) and so
on. p-NP has been detected in natural water and wastewater systems
because of its high solubility and stability in water (El Mhammedi et al.,
2009). Experimental studies reveal that p-NP can induce liver, kidney
and blood disorder of humans and animals (Eichenbaum et al., 2009).
Environmental Protection Agency (EPA) lists p-NP as priority control
pollutant because of its high toxicity, and its discharge limit has been
set at 10 ng/L (Agency, 1980). Thus, the removal of p-NP-containing
wastewater is necessary due to human health risks.
Advanced oxidation processes (AOPs) have become important and
promising methods in wastewater treatment (Bethi et al., 2016; Xiong
et al., 2018; Luo et al., 2018; Liu et al., 2019). Individual AOP or a
combination of two or more AOPs have been successfully used to produce more free radicals and achieve higher oxidation efficiency
(Namkung et al., 2008; Wang et al., 2014; Zhang et al., 2019). Most of
the AOPs are based on the production of the highly reactive oxidants,
OH radicals (HO∙), which can oxidize almost all kinds of organic pollutants quickly and non-selectivity. Actually, other reactive oxygen
species (ROSs) such as HO2∙, O2 etc. are also produced along with the
generation of HO∙ (Gonzalez et al., 2004). HO2∙are reactive and can
react with target compounds in aqueous solutions (Zhao et al., 2013).
O2 has a lower oxidation potential and cannot react with pollutants
directly, but it can participate in subsequent reactions initiated by HO∙.
Various AOP techniques based on HO∙ for the purification of wastewater containing p-NP have been reported. Some major aromatic intermediates were identified in the degradation reaction of p-NP in
aqueous solutions, in the processes of radiolysis (Zhao et al., 2013; Yu
et al., 2010), Fenton oxidation (Oturan et al., 2000; Rodrigues et al.,
2017), electrocatalysis (Minghua and Lecheng, 2006), photocatalysis
(Dieckmann and Gray, 1996; Paola et al., 2003; Alif et al., 1991),
ozonation (Li et al., 2008; Xiong et al., 2016), UV/H2O2 (Zhang et al.,
2010), sonochemical (Kotronarou et al., 1991) and supercritical water
oxidation (Dong et al., 2015). Based on the detected intermediates, the
possible degradation pathways and the postulated reaction mechanisms
were proposed (Zhao et al., 2013; Yu et al., 2010; Oturan et al., 2000;
Minghua and Lecheng, 2006; Dieckmann and Gray, 1996; Paola et al.,
2003; Li et al., 2008; Xiong et al., 2016; Zhang et al., 2010; Kotronarou
et al., 1991; Dong et al., 2015; Alif and Boule, 1991). The kinetic data
were determined in the experiments (Oturan et al., 2000; Xiong et al.,
2016; Zhang et al., 2010; Kotronarou et al., 1991; Chang et al., 2008).
For example, (Oturan et al., 2000) investigated the destruction of p-NP
based on HO∙ generated by electro-Fenton method in aqueous solution.
The mineralization mechanisms and rate constants were gave out. Yao
et al. (Zhao et al., 2013) studied the role of HO2∙ and O2 in the reaction
of p-NP with HO∙ using pulse radiolysis and HPLC/MS methods. The
intermediates, products and possible degradation pathways are proposed in their work. However, there are still a few problems to be
solved in the research. The detailed mechanisms for the total reactions
and quantitative kinetic data for elementary reactions have not been
elucidated. The favorable reaction site, some intermediates or products
in the reaction processes need to be further decided. In addition, several
studies have proved that other ROSs such as HO2∙, O2 etc. play an important role in the degradation reactions of phenolic compounds (Yu
et al., 2010; Gopalan and Savage, 1994a; Du et al., 2007). In recent
years, theoretical calculations have a good application in the study of
degradation of organic pollutants (Li et al., 2017; Cao et al., 2019; Mao
et al., 2019; Iuga et al., 2015). The theoretical calculation method can
understand a reaction process more comprehensively and supplement
the deficiency of the experimental method (Qu et al., 2018; Cai et al.,
2019; Zhu et al., 2019; Qu et al., 2012; Long et al., 2018).
The aim of this paper is to elucidate the degradation reaction of pNP by HO∙ in aqueous phase in detail. The role of HO2∙ and O2 in the

2. Computational methods
2.1. Electronic structures
The Gaussian09 program package (version 09 A.01) (Frisch et al.,
2009) was employed to carry out the quantum chemical calculations
using the density functional theory (DFT) method. The geometrical
optimizations of all transition states and stationary points (reactants,
intermediates and products) located on the potential energy surfaces
(PESs) were calculated by using MPWB1K method with 6-31+G(d,p)
basis set which has been used in the previous studies successfully
(Lynch et al., 2000; Zhao and Truhlar, 2004; Xu et al., 2010; Yu et al.,
2011; Niu et al., 2013). Harmonic frequency calculations were performed for the stationary points at MPWB1K/6-31+G(d,p) level to
obtain Gibbs free energy contributions and judge whether the optimized structures are minima or transition states. Base on the optimized
structures, single point calculation was implemented in order to get
more accurate energies at the level of M062X/6-311+G(3df,2p) (Pari
et al., 2017; An et al., 2019). Each transition state were conducted an
intrinsic reaction coordinate (IRC) calculations (Gonzalez and Schlegel,
1990) to assess whether the transition state did connect the reactants
with products. The full solute electron density is used without defining
partial atomic charges in a continuum solvation model of density (SMD)
based on self-consistent reaction field theory (SCRF) of bulk electrostatics (Marenich et al., 2009). The SMD model is well suited for liquid
phase (Ribeiro et al., 2011; Luo et al., 2017) was used to investigate
reactions in aqueous phase.
2.2. Rate constant calculations
Conventional transition state theory (TST) has been successfully
applied to calculate rate constants for radical reactions (Galano and
Alvarez-Idaboy, 2014). The thermal rate constants were calculated at 1
M standard state, according to the Gibbs activation energy barrier:

k a = l (T)

G
kBT
exp( SET )
h
RT

(3)

where l is the degeneracy of the reaction path; (T) is corresponding to
quantum mechanical tunneling and is approximated by Wigner’s approach (Canneaux et al., 2014); T is temperature; kB is Boltzmann’s
constant; h is Planck’s constant; and R is gas constant. The effect on
diffusion-limit of the bimolecular reaction was taken into account based
on TST calculations. Collins–Kimball theory (Collins and Kimball, 1949)
was applied to correct the rate constants as:

k=

k dk a
k d + ka

(4)

where kd is the diffusion-limited rate constants for an irreversible bimolecular diffusion-controlled reaction. And kd was calculated by
Smoluchowski equation:

k d = 4 RABDAB NA
2

(5)
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where RAB refers to the reaction distance, and NA is the Avogadro
number. DAB is the mutual diffusion coefficient of reactants A and B,
which was calculated from DA and DB (Truhlar, 1985). DA and DB were
estimated by the Stokes–Einstein approach:

D=

kBT
6

(6)

where kB is Boltzmann constant, T is temperature, η is viscosity of the
solvent (η = 8.91 × 10−4 Pa s for water), and α is the radius of the
solute.
2.3. Monte Carlo simulations
Monte Carlo simulation calculations of mixed quantum mechanics
and molecular mechanics (QM/MM/MC) were carried out employing
BOSS 4.9 (Jorgensen and Tirado–Rives, 2005) program. The changes of
the free energy were determined by the free energy perturbation (FEP)
method (Wu et al., 2007) in the isothermal-isobaric (NPT) ensemble at
298 K and 1 atm. The solvent is represented by the explicit TIP4P water
model (Jorgensen et al., 1983; Jorgensen and Jenson, 1998). PDDG/
PM3 semiempirical molecular orbital method was used in this work,
which has been proved to be suitable for the QM/MM/MC study of
small molecule organic matter. CM3 charges were obtained for the
solute using PDDG/PM3 calculations. Each system consists of a QM
center containing the reactants and a MM center of the peripheral
TIP4P water molecules. The system is putting the reacting system as
solute in a pre-equilibrated box containing 500 solvent water molecules. The solvent-solvent non-bonded cutoff (RCUT) and the solutesolvent non-bonded cutoff (SCUT) were set as 12.0 Å. The dimension of
the periodic box was 25 × 25 × 25 Å. The BOSS program can directly
create a water box with 500 molecules. The solutes are directly inserted
into the center of water box. Water molecules with any atom initially
within 2.5 Å of a solute atom are removed. The direct cutoff from stored
water boxes are rough, and lead to high initial energies, so longer
equilibration simulations were performed. The distances of the forming
or breaking bonds in the reactions and the reaction coordinates were
perturbed. And 4 × 106 configurations of equilibration and 4 × 106
configurations of averaging were involved in every simulation. The
reaction coordinate increments were set as ± 0.04 Å. The corresponding changes of free activation energy (ΔG≠) and Gibbs free energy (ΔrG) were combined into energy profiles or into a two-dimensional (2D) free-energy map.

Fig. 1. The chemical structure and the numbering system adopted for p-NP,
HO∙, HO2∙ and O2.

the bond angle of H1-O1-C1 is 110.94°, and the dihedral angle of H1O1-C1-C6 is 0.09°. The degradation reactions of p-NP initiated by free
radicals in aqueous phase were mainly discussed, because the serious
pollution caused by p-NP is mainly concentrated in the water environment.
Electrostatic potential calculation and frontier molecular orbitals
analysis were implemented based on the optimized structure of p-NP.
Electrostatic potential diagram (Lu and Chen, 2012) of p-NP is shown in
Fig. 2. The blue region indicates an electron-rich region with electrophilic activity, where electrons are readily available; the red region is
an electron-deficient with nucleophilic activity. Fig. 3 exhibits the
frontier molecular orbitals of p-NP molecule. The shape of the molecular frontier orbitals demonstrates that a π-bonding orbital strongly
localized on the benzene ring and hydroxyl group. The frontier orbital
theory suggests that HO∙ is more likely to attack the location where has
higher frontier electron density. Thus, the reactions of p-NP and HO∙
occurring on the benzene ring and hydroxyl group were mainly researched in this work. The electron density of the ortho and para sites is
increased by the electron-donating groups while the electron-withdrawing groups deactivate meta position. The nitro group is electronwithdrawing group while phenolic hydroxyl group is electron-donating
group. When OH group and NO2 group are both present, the ortho and
para positions of the OH group on the benzene ring preferentially undergo electrophilic attack (Di Paola et al., 2003).
3.1. Mechanism of ∙OH-initiated reactions of p-NP

2.4. Eco-toxicity assessment calculations

Because of the asymmetric structure of p-NP and previous calculated
results (Abkowicz-Bieńko et al., 1999), the six C and five H atoms have
different charges respectively. The previous research shows that the
initial reaction of HO∙ mediated oxidative degradation of p-NP is
dominated by two reaction pathways: radical adduct formation and
hydrogen atom abstraction (Mei et al., 2019). Therefore six OH-

The eco-toxicity of p-NP and their transformation products were
estimated using ECOSAR package (version 2.0) which developed by
USEPA (Sun et al., 2019). Risk assessment was carried out by evaluating
the acute and chronic toxicity of target compound to three aquatic
species (green algae, daphnia and fish). The LC50 (i.e., the concentration that make 50 % of fish and daphnia die after a 96 h and 48 h
exposure, respectively) and EC50 (i.e., the concentration that make 50
% of green algae grow normally after a 96 h exposure) values are used
to indicate the acute toxicity of the target compound. In addition, the
ChV values express the chronic toxicity of the target compound on
green algae, daphnia and fish. The conservative effect concentrations
were adopted in this work.
3. Results and discussion
The chemical structures of p-NP and were determined by quantum
chemical calculation. The geometrical structures of transition states
labeled with the main bond lengths are displayed in Fig. S1. The energy
minimized configurations of p-NP, HO∙, HO2∙ and O2 with atom labels
are displayed in Fig. 1. The optimized stable structure illustrates that
the orientation of the H1 atom results in asymmetry structure of p-NP,

Fig. 2. Electrostatic potential diagram on p-NP.
3
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Fig. 3. The p-NP molecule frontier orbitals (The red and blue colors represent the positive and negative phases, respectively.) (For interpretation of the references to
colour in this figure legend, the reader is referred to the web version of this article).

TS6 are the transition states corresponding to HO∙ addition to orthocarbon atom. The ΔG≠ (7.82 kcal mol−1) of TS2 is lowest in all addition
routes and release energy of 8.54 kcal mol−1. The nitro group in p-NP is
electron-withdrawing, and hydroxyl group is electron-donating, which
lead to the ortho-position being the favorable site to be attacked.
Electrostatic potential diagram demonstrates that the region near the
site 2 is electron-deficient. Although both site 2 and site 6 are the orthopositions, the addition reaction at the site 2 is more likely to occur than
site 6. The addition path at the site 4 also has a lower ΔG≠ (10.04 kcal
mol−1) and has strongly exergonic by 12.53 kcal mol−1.
The HO∙ abstracts H atom from each site on the p-NP molecule to

addition pathways and five H-abstract channels are considered for the
initial reactions of HO∙ with p-NP. The possible HO∙-initiated reaction
pathways with ΔrG and ΔG≠ are illustrated in Fig. 4. The changes of
ΔrG involved in this work are calculated under 298 K. The ΔrG of the 11
HO∙-initiated reaction pathways is from -24.57 to -6.36 kcal mol−1, all
of which are exergonic reactions and are thermodynamically favorable.
The six HO∙-addition paths are those in which HO∙ attacks the six C
atoms on the benzene ring, respectively. Each pathway generates corresponding HO∙-adduct intermediates containing a free electron and
destroys the aromaticity of p-NP in a similar manner. These intermediates can form stable products by subsequent reactions. TS2 and

Fig. 4. Detailed reaction pathways of the HO∙-initiated reactions. ΔG≠ represents the change of Gibbs free energy of each elementary reaction, ΔrG stands for the
change of free activation energy. Units of ΔG≠ and ΔrG are kcal/mol.
4

Journal of Hazardous Materials xxx (xxxx) xxxx

Q. Mei, et al.

form the corresponding aromatic radical and water molecule. The five
H atoms on the p-NP are abstracted by HO∙ to form five H-atom abstraction channels. TS7 is the transition state connect p-NP and IM7 (4nitrophenoxy) + H2O, in which O1-H1 is broken (1.060 Å) and O4-H1
is formed (1.300 Å). This reaction overcome the energy of 9.87 kcal
mol−1. IM7 has much lower energy than the reactants (ΔrG = -24.57
kcal mol−1). The formation of IM7 through H-atom abstraction on the
hydroxyl group is favorable reaction. Experiments (Zhao et al., 2013;
Yu et al., 2010; Di Paola et al., 2003) present that IM7 is formed in the
secondary reaction, while calculation results suggest that the initial
reaction produces IM7. IM9 is also an important intermediate which is
not reported in the previous publications. This reaction has the smaller
ΔG≠ (11.71 kcal mol−1) and gives out 7.66 kcal mol−1 of energy to
form IM9.
By comparing above all OH-addition and H-atom abstraction reactions, R2, R4 and R7 are the reaction pathways that are prone to occur.
The most favorable OH-addition is R2 and the most favorable H-atom
abstraction is R7, which is consistent with the previous experimental
observation (Li et al., 2017; Iuga et al., 2015). R7 is the main source of
p-nitrophenol radicals. Thus, IM2, IM4 and IM7 were selected as research subjects to study the subsequent reactions of degradation of p-NP
by HO∙.

work because the reasonable path for concerted mechanism has not
been found by theoretical calculations. IM4 undergoes NO2 elimination
process via TS23 (ΔG≠ is 0.74 kcal mol−1) to obtain stable product
hydroquinone (P6) which has been determined in experiments (Di
Paola et al., 2003; Gu et al., 2008).
P6 is attacked by ∙OH to form IM24 which reacts with O2 and release
HO2∙ to produce benzene-1,2,4-triol (P3) through TS25. This path is
thermodynamically feasible and is prone to occur. The formation
scheme of maleic acid (P7) and fumaric acid (P8) were described in Fig.
S3. P7 and P8 have been detected in experiments (Yu et al., 2010;
Oturan et al., 2000; Gu et al., 2008). Notably, the ΔG≠ of the O2-addition and C2H2-releasing are very high which make the reactions difficult to proceed. The energy changes may be reduced by the artificial
oxidizing conditions in experiments. The previous experimental investigation (Zhao et al., 2013) exhibits that semiquinone radical (IM27)
is a very important intermediate. IM27 can be formed by O2 abstracting
H. The high ΔrG means that the reaction cannot take place spontaneously. The NO2 dropped from IM4 abstracts the H atom of the hydroxyl group from P6 to generate IM27. This reaction way is similar to
the experimental prediction, except that OH-addition and HNO2-releasing are stepwise reactions.
As an important intermediate, IM27 is further studied specially. A
previous work (Zhao et al., 2013) proposed that IM27 and IM29 are
isomers that can exist simultaneously and transform each other. The
semiquinone radical mainly exists as the structure of IM27 judging by
the energy changes. IM27 contains an activated phenoxy group and can
react with HO∙, O2, and HO2∙ as well as oligomerization. The reaction of
IM27 with O2 has two reaction routes. One is to generate benzoquinone
(P10) by H-atom abstraction reaction (Zhao et al., 2013; Yu et al., 2010;
Oturan et al., 2000; Gu et al., 2008). After ring-opening process of P10
and a series of subsequent reactions, the mineralization of the pollutant
could be realized eventually. And the other one is that IM27 is attacked
by O2 to produce IM30a. The oxidation of IM27 by HO2∙ obtains αhydroperoxide, and then the benzene ring is broken (Zhao et al., 2013;
Denisov and Afanas’ ev, 2005). IM27 can also spontaneously react with
HO∙ to form 2,4-dihydroxycyclohexyl-2,4-dienone (P13). In addition,
larger molecules can be generated by oligomerization of IM27.
Among the subsequent degradation reactions of IM4, P3, P6, P11
and P13 are advantageous products. The formation of P7 and P8 is
relatively difficult, but they have been detected in the experiment. The
intermediate IM27 can react with various oxidants and is most easily
oxidized by HO∙ to form P13.

3.2. Secondary reactions
The intermediates obtained from the primary reactions can further
react with other active oxidants such as O2 and HO2∙. The representative
intermediates IM2, IM4 and IM7 were chosen for further research.
3.2.1. Subsequent reactions of IM2 with HO∙, O2
Further reaction scheme of IM2 with HO∙/O2 is shown in Fig. S2.
Five reaction paths were considered. IM2 reacts with HO∙ and produce
product P4 through a barrier-free process. O2 abstracts H atom to
generate P1 (4-nitrobenzene-1,2-diol) which is an important intermediate in experiments (Yu et al., 2010; Oturan et al., 2000). The HO∙ is
added to C1 or C4 of P1 to form P2 and P3 eventually. P3 is more easily
formed than P2 in the aqueous phase. The other reaction channels can
form three different peroxy radical compounds (IM20-IM22) because of
the delocalization of π bond. The reaction through TS20 is the most
favorable for O2-addition because the hydrogen-bond (2.601 Å) make
TS20 has lowest energy.
Each O2-addition product contains a terminal O atom that can attack the C atom on the phenyl ring to form a heterocyclic intermediate.
The terminal O atom of IM20 is bonded to C2-C5 to form a heterocyclic
ring structure containing two O atoms. The generation of IM20-4 is
most likely to occur and is thermodynamically feasible. O2 can continue
to react with IM20-4 to form IM20-4b by overcoming 17.28 kcal mol−1
of ΔG≠. The terminal O of IM21 abstracts the H from C6 and generates
P1 by releasing HO2, which is an easier reaction routes for the subsequent reactions of IM21. The ΔG≠ of two steps are 25.15 and 11.12
kcal mol−1, respectively, and both are exergonic reactions. Similar to
IM21, IM22 carries out cyclization reactions and hydrogen transfer
reactions. The lowest ΔG≠ of TS22-3 means that the formation of IM204 is more favorable which is consistent with the O2-addition reaction of
IM20. The H atom attached on C6 in IM22 is abstracted by O of IM22 to
obtain IM22-2 which releases a HO2 to generate P5.
All the further reactions of IM2 see that the reaction of IM2 with HO∙
is the easiest to proceed, and that P1, P2 and P3 are relatively stable
products, of which P3 is the most favorable product. The single molecule decomposition reaction are not easy to occur in the liquid phase.

3.2.3. Subsequent reactions of IM7 with HO∙, O2, and HO2∙
IM7 can further react with HO∙, O2 and HO2∙ or it can be combined
with molecules to form oligomeric products (Fig. S4). IM7 has three
different conjugated isomers based on the π-bond structure of nitroquinoid type.
Similar to the reactions of OH-addition to p-NP, the reaction sites
that are most likely to undergo O2-addition is the para and ortho positions of IM7. O2 is added to C2 atom of IM7 through TS36 by a ΔG≠ of
22.09 kcal mol−1. O6 in IM36 connects with C1 to form a C-C-O-O
heterocyclic ring via Smiles rearrangement reaction. And then the ring
is opened after the C1-C2 bond is fractured. IM36 is transformed to 4nitrocyclohexa-3,5-diene-1,2-dione (P17) through releasing one OH
radical after H atom is transferred from C2 to O6. IM37 is an unstable
∙
OH-adduct produced by HO∙ attacking C1 in IM36. The bond C1-C2 in
IM37 is broken and O6 atom separates from IM37-1, with 2Z-4-nitro-6oxo-2,4-hexadienoic acid (P13) identified previously (Zhao et al., 2013)
is formed. Compared with above two pathways, OH-addition reaction
has the smallest ΔG≠. O2 is added to C4 atom in IM7, and rearrangement reaction causes a new bond (O6-C5) to generate IM38-1 with a
modest ΔG≠. IM38-1 is isomerized to IM38-2 through the cleavage of
the O–O bond.
The reaction of IM7 with HO2∙ takes place through TS39 with ΔG≠
of 14.18 kcal mol−1 and exoergic about 35.00 kcal mol−1. The

3.2.2. Subsequent reactions of IM4 with HO∙, O2, and HO2∙
As displayed in Fig. S3, IM4 performs a NO2 elimination reaction
after OH-addition because of its unstable structure. The substitution
reaction theoretically occurs through two mechanisms: concerted and
stepwise mechanisms. The stepwise mechanism was discussed in this
5
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following reactions from IM39 have two channels. One is that Htransfer to obtain IM39-1 and then IM39-1a reacts with O2 to produce
P17. The other one is that IM39 is decomposed into isomer P16 by
radical rearrangement by α-oxidized nitrohydroperoxide. The reaction
pathway has high ΔG≠ (69.50 kcal mol−1) although it been speculated
previously (Zhao et al., 2013). Thus, the stepwise reactions proposed
above for the generation of P16 is considered to be more reasonable.
The ∙OH attacks C2 atom of IM7 to form the adduct 6-hydroxy-4nitrocyclohexa-2,4-dien-1-one (P18), which is barrierless and highexoergic reaction. Similar to phenol (Gopalan and Savage, 1994b), nitrophenol can couple in liquid phase. IM7 can react with its isomeride
or p-NP to generate oligomeric products. P19 can transform to 4-nitro2-(4-nitrophenoxy) phenol (P20) via isomerization. The calculated results indicate that the radical-molecule reaction is more difficult than
that of the radical-radical reaction.

Table 1
Rate constants for HO∙/HO2∙initiated reactions at 298 K, 1 atm. Units are
M−1s−1.
reaction

k298

K

R + OH→TS1→IM1
R + OH→TS2→IM2
R + OH→TS3→IM3
R + OH→TS4→IM4
R + OH→TS5→IM5
R + OH→TS6→IM6
OH-addition
R+HO2→TS12→IM12
R+HO2→TS13→IM13

2.87
8.96
1.26
2.51
9.34
6.89
9.31
2.28
1.24

×
×
×
×
×
×
×
×
×

105
108
106
107
105
106
108
10−8
10−4

reaction

k298

K

R + OH→TS7→IM7
R + OH→TS8→IM8
R + OH→TS9→IM9
R + OH→TS10→IM10
R + OH→TS11→IM11
OH-abstraction
OH-overall
R+HO2→TS14→IM14
R+HO2→TS15→IM15
HO2-addition

1.34
2.07
5.24
3.46
7.73
1.45
1.08
8.03
6.52
1.24

×
×
×
×
×
×
×
×
×
×

108
106
106
106
104
108
109
10−8
10−7
10−4

3.3. Reactions of p-NP with HO2∙
HO2∙and O2 can be generated accompany with HO∙ when using the
AOP method to treat wastewater. HO2∙ could react with many compounds in aqueous solutions although their oxidizability is lower than
HO∙. O2 cannot react with target compounds directly. Therefore, the
ancillary reactions of p-NP with HO2∙ were considered. The addition
reactions between HO2∙ and p-NP are depicted in Fig. 5.
Four positions (C1-C4) in p-NP are selected to react with HO2∙. The
ΔG≠ of these reactions are more than 25 kcal mol−1, which are obviously higher than the OH-addition reactions. Four routes are all endergonic reactions, meaning that the HO2-addition reaction is difficult
to spontaneously occur in the liquid phase. All above calculations indicate that the OH-initiated reactions of p-NP are still the most favorable due to its high reactivity.

Fig. 6. Schematic diagram of the QM/MM/MC calculations for dynamic reaction process in water.

pathway to the whole reaction. These two rate constants have the same
level of magnitude which means that both of the two reaction types
take place in the environment. And the preponderance of the OH-addition reactions is obvious. Oturan et al. (2000) has provided the rate
constant for hydroxylation reactions of p-NP in aqueous medium as
(1.2 ± 0.2)×1010 M−1s−1 which is bigger than the value we obtained
(1.08 × 109 M−1s−1). The experimental calculation is influenced by a
serious of factors such as the aqueous medium, the pH value, the catalyst, the initial concentrations of added reactants, and the new generated intermediates. Therefore, it is reasonable that the experimental
value is slightly larger than the theoretical value. The rate constant of
the reactions initiated by HO2∙ is 1.24 × 10−4 M−1s−1. The results
confirm that HO∙ dominates the oxidation degradation reaction of p-NP.
The rate constants of the secondary reactions are listed in Table S1.
These data display that 4-nitrobenzene-1,2-diol (P1), 5-nitrobenzene-

3.4. Kinetic properties
Rate constants of the elementary reactions and overall rate constants were calculated at 298 K and 1 atm adopting TST theory and
Collins–Kimball theory. The corresponding rate constants of the primary reactions are listed in Table 1.
Comparing the individual rate constants of the reaction between pNP and HO∙, the most favorable channels of OH-addition reactions and
H-atom abstraction reactions are R2 and R7, respectively, which is
consistent with the speculation of thermodynamic results. The total rate
constant of OH-addition reactions is 9.31 × 108 M−1s−1 and the total
rate constant of H-atom abstraction reactions is 1.45 × 108 M−1s−1.
The branching ratio (Γ) of OH-addition and H-atom abstraction is 0.87
and 0.13 respectively. The Γ of each route was calculated by the
equation Γ = kroute/ktotal to determine the contribution of each

Fig. 5. Reaction mechanism of p-NP with HO2∙. Units of ΔG≠ and ΔrG are kcal/mol.
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generated bond in the reaction were set and gradually changed with the
system. The parameters such as the bond angle and the dihedral angle
vary with the system, and the single step increment of reaction coordinate was ± 0.04 Å.
Six OH-addition reactions and five H-atom abstraction reactions
have been investigated via QM/MM/MC calculations which use the
DFT optimized geometries as the initial structures. The initial reaction
initiated by free radicals is crucial for the degradation reaction of organic matter, so only the initial reaction has been studied (An et al.,
2014). The energy distribution curve (breaking or generation of a bond)
to form IM2 and IM4 and two-dimensional free energy map (breaking
or generation of two bonds) to form IM7 of HO∙-initiated reaction are
shown in Fig. 7. The ΔrG in each reaction is provided. Fig. S5 to S7
exhibit the free-energy profiles of the rest HO∙-initiated reactions and
HO2∙-initiated reactions.
All the OH-addition reactions are barrierless reaction, while H-atom
abstraction reactions have high ΔG≠ (at least 28.82 kcal mol−1) with
low reaction feasibility. The high exoergicity of the reactions indicates
the OH-addition channels very easy to take place than H-atom abstraction routes in water solvent. Compared with HO2-addtion reactions, OH-addition reactions are the most feasible in aqueous solvent.
The free energy graphs present that all reactions have the same tendency with the reaction calculated by the DFT methods, and the obtained dynamic reaction process is similar to the predicted results of the
DFT calculation. The changes on breaking and generation of the bonds
involved in the reaction process are also similar to the results of the DFT
calculation.
3.6. Eco-toxicity assessment of degradation process of p-NP
Acute toxicity (LC50 and EC50) and chronic toxicity (ChV) of major
compounds which are involved in the degradation process were evaluated using ECOSAR program. The major compounds refer to p-NP,
stable intermediates and important products. The data collected via
toxicity evolution help to understand the toxic changes of stable compounds covering in the HO∙-initiated oxidative degradation of p-NP, and
the development of better solutions and technologies could be facilitated for treatment of p-NP-containing wastewater.
The change of eco-toxicity (LC50 for fish and daphnid, EC50 for
green algae, and ChV for three hydrobios) of the organics in the ∙OHinitiated degradation reactions was illustrated in Fig. 8 and Fig. S8-S9.
For the reactant and important products included in this work, the
order of acute toxicity for fish is P1 > p-NP (P2) > P6 > P4 > P3 >
P13 > P17 > P18 > P11, while the chronic toxicity for fish is in the
order
p-NP > P1 > P2 > P6 > P3 > P4 > P17 > P13 > P18 > P11.
The trends of acute toxicity and chronic toxicity during the reaction are
basically similar. The acute and chronic toxicity changes of P1, P4 and
P10 relative to the reactants are opposite. The toxicity evaluation
suggests that P10 and P20 are toxic to three hydrobios and they require
further post-treatment to eliminate toxicity. Hence, it is necessary to
develop better wastewater treatment methods and reduce the production of toxic by-products in the process of degrading organic pollutants.

Fig. 7. Free energy profiles from the QM/MM/MC calculations for HO∙-initiated
reactions to form IM2, IM4 and IM7 in water.

1,2,3-triol (P2), benzene-1,2,4-triol (P3), 6-nitrocyclohexa-3,5-diene1,2,3-triol (P4), hydroquinone (P6), 2-hydroperoxy-4-hydroxycyclohexa-2,4-dien-1-one (P11), 2,4-dihydroxycyclohexa-2,4-dien-1one (P13), 4-nitrocyclohexa-3,5-diene-1,2-dione (P17) and 6-hydroxy4-nitrocyclohexa-2,4-dien-1-one (P18) are the major products. These
values are in consistent with the thermodynamic calculation results.

4. Conclusions
In this paper, the complete reaction process of degradation of p-NP
by HO∙ synergized with other active oxidants (HO2∙ and O2) in water
solution has been investigated. The energy changes and rate constants
of the degradation process in aqueous environment were compared and
analyzed. In addition, the eco-toxicity assessment of p-NP and corresponding degradation products were operated. This study is expected to
be a guide for the degradation of other similar pollutants in sewage
treatment.
The specific conclusions are as follows:

3.5. Aqueous solution effects using monte carlo simulations
Strict high-precision quantum chemistry calculations allow the entire reaction path and thermodynamic data to be figured out, while the
combination of quantum mechanics and statistical mechanics can simulate a dynamic reaction process by creating a water box in order to
better understand the reaction characteristics (Fig. 6) (Canuto, 2010).
In the MC simulation, the bond length of the broken bond and the

(1) The ∙OH-initiated reactions with p-NP were carried out by OH7
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Fig. 8. Changes in eco-toxicity of p-NP, stable intermediates and important products on fish.

(2)
(3)

(4)

(5)
(6)

addition and H-atom abstraction in aqueous phase. The OH-addition on the ortho-C of aromatic ring is the most favorable route, and
H-atom abstraction on the H atom of phenolic hydroxyl group is
more reactive.
The addition routes are main reaction mechanisms in the HO∙driven oxidation reaction.
IM2, IM4 and IM7 react with ROSs (HO∙, HO2∙ and O2) to form
major products such as 4-nitrobenzene-1,2-diol (P1), 5-nitrobenzene-1,2,3-triol (P2), benzene-1,2,4-triol (P3), hydroquinone
(P6), benzoquinone (P10), and 4-nitrocyclohexa-3,5-diene-1,2dione (P17). The chemical structure of 2,4-dihydroxycyclohexa-2,4dien-1-one (P13) and 4-nitrocyclohexa-3,5-diene-1,2-dione (P17)
that has not been identified in the experiment are determined.
The rate constant for hydroxylation reactions of p-NP in aqueous
medium is 1.08 × 109 M−1 s−1 at 298 K and 1 atm. The branching
ratios of OH-addition and H-atom abstraction are 0.87 and 0.13
respectively. The rate constant of the reactions initiated by HO2∙ is
1.24 × 10-4 M−1s−1, respectively. These kinetic values are in
consistent with the thermodynamic results.
The dynamic reaction process of HO∙/HO2∙initiated reactions with pNP which simulated by QM/MM/MC method in the aqueous phase
is similar to the mechanisms using DFT method.
Most of important products are harmless or harmful to hydrobios,
and the eco-toxicity of important products compared to p-NP is
significantly reduced. The production of a small amount of toxic
products during the degradation process based on HO∙ should be
noted.
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