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Abstract Metronidazole (MNZ) is widely used in clinical
applications and animal feed as an antibiotic agent and addi-
tive, respectively. Widespread occurrence of MNZ in waste-
water treatment and hospital effluents has been reported. In
this study, the mechanism of MNZ degradation in aqueous
solutions via thermally activated persulfate (TAP) process
was established under different conditions. The kinetic model
was derived for MNZ degradation and followed pseudo-first-
order reaction kinetics and was consistent with the model
fitted by experimental data (R2 > 98.8%). The rate constant
increased with the initial dosage of persulfate, as well as the
temperature, and the yielding apparent activation energy was
23.9 kcal mol−1. The pH of the solutions did not have signif-
icant effect on MNZ degradation. The degradation efficiency
of MNZ reached 96.6% within 180 min for an initial MNZ
concentration of 100 mg L−1 under the optional condition of
[PS]0 = 20 mM, T = 60 °C, and unadjusted pH. SO�−

4 and HO·

were confirmed using electron paramagnetic resonance (EPR)
spectra during TAP process. Radical quenching study re-
vealed that SO�−

4 was mainly responsible for MNZ degradation
at an unadjusted pH. MNZ mineralization evaluation showed
that the removal efficiency of total organic carbon (TOC)
reached more than 97.2%.
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Introduction

Metronidazole (MNZ, the properties of which is shown in
Table 1) is a nitroimidazole antibiotic derivative that is often
used in clinical applications and extensively used to prevent
and treat infections caused by a wide range of bacteroides,
anaerobic bacteria, and protozoal diseases, including tricho-
moniasis, gingivitis, amoebiasis, and vaginosis (Fang et al.
2010; Xiao et al. 2008).Moreover, MNZ is used as an additive
in fish and poultry feed to eliminate parasites (Fang et al.
2011). Thus, MNZ is accumulated in animals, fish farm water,
and wastewater from meat processing industries (Kmmerer
2001).

The maximum residual concentration of MNZ at 127 and
9400 ng L−1 has been found in wastewater treatment plants
and hospital effluents, respectively (Rosal et al. 2010). Given
its potential carcinogenic, mutagenic, and toxic properties,
MNZ has adverse effects on humans and the ecological envi-
ronment (Gómez et al. 2006).Moreover, MNZ is considerably
difficult to be removed by employing traditional wastewater
treatment methodologies and easily accumulates in the aquatic
environment because of its high solubility and low biodegrad-
ability in water (Kümmerer et al. 2000). Therefore, the remov-
al of MNZ from wastewater is of significant technical and
environmental significance.

Several methods of MNZ removal from aqueous solutions
have been reported, such as adsorption (Mendez-Diaz et al.
2010; Rivera-Utrilla et al. 2009), reduction of nanoscale zero-
valent iron particles (Chen et al. 2012; Fang et al. 2011; Fang
et al. 2010), Fenton processes (Shemer et al. 2006), ultra-
sound/photocatalysis/electrochemistry combined with
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Fenton process (Ammar 2016; Cheng et al. 2013; Shemer
et al. 2006), ozonation technology (Sanchez-Polo et al.
2008), biological methods (Sanchez-Polo et al. 2008), and
heterogeneous photocatalysis (Farzadkia et al. 2015).
Investigating MNZ adsorption only examines its physical
transformation process from water to solid phase and the
MNZ that is eventually accumulated in the solid phase with-
out any degradation, which is unsafe for the environment
(Mendez-Diaz et al. 2010; Rivera-Utrilla et al. 2009). The
reduction of nanoscale zero-valent iron particles and Fenton
processes are greatly affected by the pH values of aqueous
solution, and the methods perform well under low pH condi-
tions (Chen et al. 2012; Shemer et al. 2006). The ozone/carbon
system is efficient but with a low reactivity ozone (Sanchez-
Polo et al. 2008). MNZ degradation via biological methods
demands a long period of treatment, and the obtained degra-
dation efficiency is generally extremely low (Ingerslev et al.
2001). Based on the above-described methods, exploring ef-
fective and feasible technologies to degrade MNZ in aqueous
solutions is necessary.

Advanced oxidation process (AOP) has been proven effec-
tive in degrading organic pollutants in water. Traditional
AOPs are based on the generation of highly oxidative hydrox-
yl radical (HO·, Eθ = 2.70 V) (Buxton et al. 1988). More
recently, the reaction of sulfate radical (SO�−

4 , E
θ = 2.5–

3.1 V)-based AOPs with a series of pollutants, with a
second-order-rate constant ranging from 106 to 109 M−1 s−1,
has received increasing attention (Yan et al. 2013). In compar-
ison withHO·, SO�−

4 is considered to bemore selective and less
likely to be quenched by non-target water constituents because
it can react with organic compounds mainly by electron trans-
fer mechanism (Mahdi Ahmed et al. 2012). Persulfate (PS) is
usually used to produce SO�−

4 because of its high aqueous
solubility, high oxidative potential (Eθ = +2.01 V), and high
stability at room temperature (Ji et al. 2015). In addition, sul-
fate, which is the final product of PS, has minimal effect on
microorganisms (Tsitonaki et al. 2008). SO�−

4 can be effective-
ly generated by activating PS using initiators that include heat,
ultrasound, microwaves, UV light, and transition metals
(Men+) (Weng and Tsai 2016; Yan et al. 2011).

Among various activation methods, thermally activated
persulfate (TAP) is worth investigating. In TAP process, PS
is commonly used as a precursor that leads to SO�−

4 formation
via homolysis of peroxide bond, which further oxidizes the
organic compounds (Tsitonaki et al. 2010). Several previous
studies have documented the effectiveness of TAP oxidation
of antibiotics (Fan et al. 2015; Gao et al. 2016), herbicides (Ji
et al. 2015; Tan et al. 2012), and industrial chemicals (Gu et al.
2011). The TAP process offers some advantages compared
with other methods. For example, it can minimize the con-
sumption of PS during pre-mixing with other activators be-
cause it has no added chemicals. In addition, the TAP process
is commonly employed in evaluating the reaction mechanism
between pollutants and free radicals due to its simplicity and
high efficiency (Antoniou et al. 2010). However, the effect of
the TAP process on MNZ degradation has not yet been
investigated.

In the present study, control experiments were conducted to
evaluate the practicability of employing the TAP process on
MNZ degradation. The study aims to explore a feasible meth-
od in removing and even mineralizing MNZ in aqueous solu-
tions. Kinetic studies were performed to explore the influence
factors, including the initial PS concentration, temperature,
and pH. The dominant reactive radicals were identified
through ERP experiment, derivation of the kinetic modeling,
and radical quenching study to reveal the degradation mecha-
nism of MNZ.

Materials and methods

Chemicals

The following chemicals usedwere of analytical reagent grade
and purchased from Sinopharm Chemical Reagent Co.,
China: MNZ (99%), PS (Na2S2O8, ≥ 98.0%), 5,5-dimethyl-
1-pyrrolidine N-oxide (DMPO, C6H11NO, 99.0%, for EPR
spectroscopy), sulfuric acid (H2SO4, 95–98%), sodium hy-
droxide (NaOH, ≥ 96.0%), sodium bicarbonate (NaHCO3,
≥ 99.5%), methanol (MeOH, CH4O, ≥ 99.5%), and tert-butyl
alcohol (TBA, C4H10O, ≥ 98.0%). All chemical reagents were
intrinsically used without further purification, and all stock
solutions were prepared with ultrapure water from a
Millipore system.

Experimental produce

MNZ degradation was studied through batch experiments in a
range of 100-mL closed bottles containing 60 mL of the reac-
tion solution. The bottles were incubated in a stirring water
bath reactor at a determinate temperature under 150 rpm for
180 min. Given that the concentration limit of MNZ is higher

Table 1 Physical and chemical properties of MNZ

Molecular formula C6H9N3O3

Molecular weight (g mol−1) 171.15

Melting point (°C) 159–163

Water solubility (g L−1) 9.5

pKa 2.55

Molecular structure
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than its aqueous environmental, a relatively high initial con-
centration of MNZ was selected at 100 mg L−1 to explore its
degradation trend and kinetics in the batch oxidation experi-
ment. Different factors that affect the degradation efficiency of
MNZ were investigated, including the initial PS dosage, tem-
perature, and initial pH values. The initial pH values in all
solutions were unadjusted. However, pH values were adjusted
by adding 0.1 M H2SO4 or NaOH to investigate the influence
of the initial pH value. Control experiments without PS or heat
were also conducted under identical conditions. Different con-
centrations of quenchers were added to the reaction solutions
(including MeOH and TBA) at specific pH values to identify
the dominant reactive radicals in the solutions. Aliquots
(0.2 mL) of the samples were withdrawn from the reactor at
selected time intervals and quenched immediately with an
appropriate volume of MeOH (0.5 mL), a quenching reagent
for SO�−

4 and HO· (Chen et al. 2016). At the same time, sam-
ples were chilled in an ice bath for at least 30 min to prevent
further MNZ degradation (Fan et al. 2015; Olmez-Hanci et al.
2013). The pH values of the samples should be adjusted at the
same level (approximately 0.3) by adding 0.1 M H2SO4

(3.3 mL) before analysis. All the experiments were conducted
in triplicates or more, and the average values were used; the
standard deviations were limited to < 10%.

Analytical methods

MNZ concentration was quantified by a UV–visible spectro-
photometer (T6 New Century, Beijing) at the wavelength of
277 nm (Azam et al. 2011; Szente et al. 2011). PS concentra-
tion was analyzed according to the spectrophotometric meth-
od proposed by Liang et al. (2008). Solution pHwasmeasured
using a pH meter (Sartorius PB-10, Germany). By using
DMPO as a spin trap, SO�−

4 and HO· were identified with an
EPR spectrometer (JES-FA spectrometer/X band). TOC was
monitored using a TOC analyzer (Shimadzu SSM-5000A,
Japan). Determining TOC content requires a large number of
samples; thus, the same sample was withdrawn without
quencher from the three bottles under the same conditions,
mixed well, and then filtered through a 0.45-μm membrane
before measurement.

Results and discussion

Effectiveness of the TAP process for MNZ degradation

A series of comparative experiments was performed to iden-
tify the effectiveness of the TAP process for MNZ degrada-
tion. These batch experiments were conducted in the same
reactor and controlled under the same experimental condi-
tions. Figure 1 shows the performance of MNZ degradation

in PS solution or heat alone and in PS coupled with heat. The
results indicate that MNZ can stably exist for 180 min or more
without PS or at room temperature. By contrast, adding PS in
the TAP process resulted in rapid and pronounced MNZ deg-
radation, with 96.6% removal during the 180-min reaction
time. Therefore, MNZ degradation occurred in the presence
of PS and heat but not of PS or heat alone. The results prove
that reactive free radicals can efficiently induce TAP process.
The TAP process can produce SO�−

4 and HO· sequentially.
Thus, these free radicals may result in a decreased MNZ con-
centration. Although PS is a strong oxidant with a high oxi-
dative potential, it cannot react with MNZ at room tempera-
ture. However, SO�−

4 was induced by the TAP process with a
high redox potential. Produce of these free radicals can greatly
accelerate the kinetics of oxidation on MNZ degradation.

Kinetic modeling of MNZ degradation

A kinetic modeling study was conducted because of the
planned experimental conditions. A typical oxidation of con-
taminants based on PS activation can be described as the fol-
lowing three key reactions: (1) SO�−

4 generation from PS acti-
vation, as indicated in Eq. (1); (2) transformation from SO�−

4

into HO· or the consumption of free radicals, except in MNZ
degradation, as shown in Eqs. (2–7); and (3) degradation of
target organic compound by dominant radicals, as expressed
in Eqs. (8–9).

S2O2−
8 þ heat→2SO�−

4 ð1Þ
SO�−

4 þ OH− �������������������������→k2 ¼ 6:5 − 7:3 � 107M−1 S−1 SO2−
4 þ HO� ð2Þ

SO�−
4 þ SO�−

4 ����������������������→k3 ¼ 4:0 �1 08M−1 S−1 S2O2−
8 ð3Þ

SO�−
4 þ H2O����������������������→k4¼ 3:0 � 103M−1 S−1 HO� þ SO2−

4 þ Hþ ð4Þ

Fig. 1 Degradation of MNZ in different comparison blank experiments
(unadjusted pH, T = 60 °C, [PS]0 = 20 mM, [MNZ]0 = 100 mg L−1)
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SO�−
4 þ S2O2−

8 ����������������������→k5¼ 6:1 � 105M−1 S−1 SO2−
4 þ S2O�−

8 ð5Þ

HO� þ HO� �������������������������→k6 ¼ 4:2 − 5:3 � 107M−1 S−1 H2Oþ 1

2
O2 ð6Þ

HO� þ S2O2−
8 ����������������������→k7 ¼ 1:2 � 107M−1 S−1 OH− þ S2O�−

8 ð7Þ
SO�−

4 þMNZ→products ð8Þ
HO� þMNZ→products ð9Þ

To evaluate the kinetic models of these degradation
reactions, MNZ was assumed to be mainly degraded by
SO�−

4 and HO·. The corresponding kinetic equation for
MNZ and the free radicals can be expressed as follows
(Eqs. (10–12)):

d MNZ½ �
dt

¼ −k8 SO�−
4

� �
MNZ½ �−k9 HO�½ � MNZ½ � ð10Þ

d SO�−
4

� �

dt
¼ k1 S2O2−

8

� �
−k2 SO�−

4

� �
OH−½ �−k3 SO�−

4

� �2−k4 SO�−
4

� �
H2O½ �

−k5 SO�−
4

� �
S2O2−

8

� �
−k8 SO�−

4

� �
MNZ½ �

ð11Þ

d HO�½ �
dt

¼ k2 SO�−
4

� �
OH−½ � þ k4 SO�−

4

� �
H2O½ �−k6 HO�½ �2−k7 HO�½ � S2O2−

8

� �

−k9 HO�½ � MNZ½ �
ð12Þ

The rate constants of Reactions (4) and (5) are evi-
dently lower than those of other reactions consuming
SO�−

4 ; thus, the rate constants of Reactions (4) and (5)
can be neglected in the side reaction. Similarly, the rate
constants of Reaction (4) are significantly lower than
those of other reactions depleting HO·. [SO�−

4 ] and
[HO·] are constants and do not change with time when
these reactions reach equilibrium. The reaction can be
simplified as follows (Eqs. ((13–14)):

d SO�−
4

� �

dt
¼ k1 S2O2−

8

� �
−k8 SO�−

4

� �
MNZ½ �−∑

i
ki Si½ � SO�−

4

� � ¼ 0

ð13Þ

d HO�½ �
dt

¼ k2 SO�−
4

� �
OH−½ �−k9 HO�½ � MNZ½ �−∑

j
k j S j
� �

HO�½ � ¼ 0

ð14Þ
where [Si] represents the SO�−

4 quenchers, including SO�−
4 and

OH−, and [Sj] represents the quenchers of HO
·, including HO·

and S2O2−
8 .

PS concentration should be sufficient to degrade pollutants
completely and avoid free radical scavengers. Under the opti-
mal experimental conditions, MNZ concentration is lower
than that the other scavengers. Thus, [SO�−

4 ] and [HO·] can
be derived as follows (Eqs. (15–16)):

SO�−
4

� � ¼ k1 S2O2−
8

� �

k8 MNZ½ � þ ∑
i
ki Si½ � ¼

k1 S2O2−
8

� �

∑
i
ki Si½ � ð15Þ

HO�½ � ¼ k2 SO�−
4

� �
OH−½ �

k9 MNZ½ � þ ∑
j
k j S j
� � ¼ k2 SO�−

4

� �
OH−½ �

∑
j
k j S j
� � ð16Þ

Equation (1) can be converted as Eq. (17):

d MNZ½ �
dt

¼ −k8
k1 S2O2−

8

� �

∑
i
ki Si½ � MNZ½ �−k9

k2 SO�−
4

� �
OH−½ �

∑
j
k j S j
� � MNZ½ �

¼ −k8
k1 S2O2−

8

� �

∑
i
ki Si½ � MNZ½ �−k9 k2 OH

−½ �
∑
j
k j S j
� � � k1 S2O2−

8

� �

∑
i
ki Si½ � MNZ½ �

¼ − k8 þ k9
k2 OH−½ �
∑
j
k j S j
� �

0

B@

1

CA � k1 S2O2−
8

� �

∑
i
ki Si½ � MNZ½ �

ð17Þ

The simplified form of Eq. (17) is shown below.

d MNZ½ �
dt

¼ −kobs MNZ½ � ð18Þ

The integrated form of Eq. (18) is shown below.

ln
MNZ½ �
MNZ½ �0

� �
¼ −kobst ð19Þ

Therefore, the relationship between ln([MNZ]/[MNZ]0)
and the reaction time t is linear and follows the pseudo-first-
order reaction kinetic model. The kinetic model derived did
not only analyze the degradation process but also verified the
proposed model fitted by experimental data in this work.

Effect of initial PS dosage

The effect of different PS dosages (10, 20, 30, 40, and 50mM)
on the degradation rate of MNZ was investigated at an opti-
mized temperature of 60 °C and unadjusted pH, and the ex-
perimental results are shown in Fig. 2a. From the figure, MNZ
concentration decreased obviously over time.Within the same
reaction time, the total degradation efficiency of MNZ in-
creased significantly with the increase of PS concentration
from 10 to 30 mM, and high degradation efficiencies were
obtained with high PS concentration. However, for high con-
centration of PS, the percentage of MNZ degradation slightly
decreased when the PS concentration reached 50 mM.
Excessive SO�−

4 can be generated at excess PS concentrations;
thus, the recombination of sulfate radicals and their reaction

with H2O, S2O2−
8 , as well as their reaction with each other and

as scavengers (Eqs. (3–5)), diminish the efficiency of MNZ
degradation (Lee et al. 2012; Wang et al. 2014). As shown in
Fig. 2b, degradation of MNZ could be well-fitted to the
pseudo-first-order kinetic model at different PS dosage. The
degradation rate constant of MNZ kobs (i.e., the value obtained
by linear regression of ln([MNZ]/[MNZ]0) versus t) plot
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increased from 0.012 to 0.044 min−1, and half-lives decreased
from 58.39 to 15.85 min (calculated by Eq. (20)) when the PS
concentration increased from 10 to 50 mM. This result is
caused by the PS concentration directly affecting the equilib-
rium concentration of [SO�−

4 ] (Ghauch et al. 2012; Ji et al.
2015).

t1
2
¼ ln2

kobs
ð20Þ

Based on the PS dosage being proportional to the degrada-
tion rate constant, the increase in PS concentration could en-
hance the degradation rate constant. The TAP process could
yield SO�−

4 , which participates in the oxidation reaction and
MNZ degradation. Obviously, TAP process could generate
more SO�−

4 when more initial PS concentration is added into
the reaction process, thereby enhancing degradation rate,
which is in accordance with the results obtained in the

literature (Chen et al. 2016). The calculated rate constants kobs
were well-fitted with the pseudo-first-order kinetic model, as
made evident by the high linear correlation coefficient
(R2 > 0.99). In view of economic efficiency, 20 mM PS was
selected as the optimal PS concentration for 100 mg L−1 MNZ
degradation.

Effect of temperature

Temperature plays an important role in the TAP process. It
determines the decomposition of PS and the amount of SO�−

4

(Deng et al. 2013). Therefore, the influence of temperature on
MNZ degradation trend was evaluated by varying activation
temperatures (i.e., 50, 60, 70, and 80 °C) at an optimized PS
dosage of 20 mM and unadjusted pH. As shown in Fig. 3a,
MNZ degradation rate obviously enhanced with the increas-
ing temperature. Thus, high temperature is beneficial to MNZ
degradation. The results show that MNZ degradation weak-
ened at 50 °C and that the degradation efficiency of MNZ was
only 56.1% at a reaction time of 180 min. However, the deg-
radation efficiency of MNZ significantly increased with the
increase in temperature from 60 to 80 °C. Over 90% MNZ
degradation was obtained at 80, 70, and 60 °C within 25, 40,
and 120 min, respectively. Meanwhile, the degradation effi-
ciency ofMNZwas 6.7, 26.6, 71.8, and 84% at 50, 60, 70, and
80 °C, respectively, for the reaction time of 20 min. This
phenomenon is typical for the TAP process, during which
more free radicals can be generated through thermal energy
for the degradation of target contaminants at higher tempera-
ture and considerably increasing the degradation rate (Ghauch
et al. 2012). Therefore, the TAP process can reduce the reac-
tion time by increasing the reaction temperature.

At each temperature, the calculated reaction rate con-
stant by the MNZ degradation trend was observed to be
well-fitted with the pseudo-first-order kinetics model
(R2 > 99%), and the experimental results are shown in
Fig. 3b. Moreover, the obtained degradation rate con-
stant of MNZ increased from 0.0046 to 0.10 min−1,
and half-lives decreased from 149.71 to 6.74 min when
the reaction temperature increased from 50 to 80 °C.
The kobs value evidently increased with the increase of
reaction temperature based on thermodynamic principle.
The temperature dependency of kobs was further inves-
tigated using the Arrhenius equation, as shown as fol-
lows (Eq. (21)):

lnkobs ¼ lnA−
Ea

RT
ð21Þ

where A is the pre-exponential (or frequency) factor, Ea

is the apparent global activation energy (J mol−1), R is
the universal gas constant (1.99 cal mol−1 K−1), and T
is the absolute temperature (K).

Fig. 2 a Effect of initial persulfate dosage on MNZ degradation. b The
pseudo-first-order kinetic reaction equations derived from a (unadjusted
pH, T = 60 °C, [MNZ]0 = 100 mg L−1)
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According the Arrhenius equation, the activation energy Ea
was determined to be 23.9 kcal mol−1 over the range of 50–
80 °C. This value of Ea is lower than other previously reported
contaminants (e.g., 25.8 ± 0.7 kcal mol−1 for trichloroethene
(Gómez et al. 2007), 39.8 ± 0.2 kcal mol−1 for diuron (Tan
et al. 2012), and 40.1 kcal mol−1 for ibuprofen oxidation
(Ghauch et al. 2012). This comparison indicates that the
TAP process easily oxidizes MNZ molecules.

For a deeper understanding, activation enthalpy ΔH and
activation entropy ΔS could be calculated simultaneously by
Eqs. (22–23), wherein Eq. (22) is the Eyring–Polanyi equa-
tion. The general form of the equations is expressed as fol-
lows:

kobs ¼ kBT
h

exp −
ΔG
RT

� �
ð22Þ

ΔG ¼ ΔH−T �ΔS ð23Þ

By substituting Eq. (23) in Eq. (24), the Eyring–Polanyi
equation can be expressed as:

ln
kobs
T

¼ −
ΔH
R

� 1
T
þ ln

kB
h

þ ΔS
R

ð24Þ

where kobs is the rate constant, kB is the Boltzmann constant
(3.3 × 10−24 cal K−1), T is the absolute temperature (K), h is
the Planck constant (1.58 × 10−34 cal s), ΔG is the Gibbs
energy of activation, and R is the universal gas constant
(1.99 cal mol−1 K−1).

According to Eq. (14), the plot of ln(kobs/T) versus 1/T fits
out of a straight line, wherein −ΔH/R is the slope and ln(kB/
h) +ΔS / R is the intercept, from which the values ofΔH and
ΔS could be calcula ted as 23.2 kcal mol−1 and
3.08 cal mol−1 K−1, respectively.

The result confirms that the TAP process can increase the
reaction rate and reduce half-life by increasing the reaction
temperature. Thus, temperature plays a critical role in the
TAP process. Although higher radicals can be generated in a
short period of time at a high temperature, which can promote
MNZ degradation, elevated scavenging reactions and fast PS
consumption may occur simultaneously (Peyton 1993). This
phenomenon was not evident in this study, which might be
due to the relatively low concentration of PS used in the ex-
periment. Therefore, determining an optimal temperature is
essential for the target contaminant degradation. In view of
all these factors, 60 °Cwas selected as the optimal temperature
for MNZ degradation.

Effect of initial pH

pH plays a complex role and influences the generation of
various free radicals of target contaminants during TAP oxi-
dation (Nie et al. 2014). At the same time, varying pH values
can influence the speciation and functional groups of pollut-
ants differently, thereby affecting the mechanisms of pollutant
degradation. The mechanism of uncatalyzed, acid-catalyzed
(Kolthoff and Miller 1951), and basic-activated reactions
(Furman et al. 2010) is advanced for the thermal decomposi-
tion of PS on target contaminant degradation in aqueous so-
lutions. The uncatalyzed reaction was conducted using the
TAP process and the generated reaction radicals in this work
(as described by Eqs. (1), (4), and (6)). Acid-catalyzed reac-
tion could deplete PS concentration through non-radical path-
ways without SO�−

4 generation under acidic conditions, and PS
had different consumption pathways at a strong and weak
acidic pH (as described by Eqs. (25–27). However, SO�−

4 gen-
eration could be inhibited by ineffective anions formed at a
strong acidic condition (Eq. (28)) (McCallum et al. 2000).
Most studies have shown that basic-activated PS is also an
effective method for pollutant degradation (Yifei and
Shaojin 2008). Under basic conditions, the generated SO�−

4

Fig. 3 a Effect of reaction temperature on MNZ degradation. b The
pseudo-first-order kinetic reaction equations derived from a (unadjusted
pH, [PS]0 = 20 mM, [MNZ]0 = 100 mg L−1)
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can also be transformed into HO· by reacting with OH−/H2O
(Eqs. (2) and (4)) with different chemical equilibrium con-
stants (Liang et al. 2007). Apart from these reaction pathways,

some studies have also mentioned that S2O2−
8 can produce

HO−
2 by initially reacting with OH−. HO−

2 generation has an
intermediate interaction with PS, which forms the cleavage of
O–O in PS molecule and generates SO�−

4 under base activation
in the solution (Eqs. (29–31)) (House 1962; Singh and
Venkatarao 1976).

Acid-catalyzed reaction

S2O2−
8 þ Hþ→HS2O2−

8 →HSO−
4 þ SO4 ð25Þ

SO4 þ H2O→HS2O5 under strong acidicpHð Þ ð26Þ

SO4→SO3 þ 1

2
O2 under weak acidic pHð Þ ð27Þ

SO�−
4 þ H2SO4→HSO−

4 þ HSO4 ð28Þ

Basic-activated reaction

S2O2−
8 þ H2O OH−ð Þ→HO−

2 þ 2SO2−
4 þ 2Hþ ð29Þ

S2O2−
8 þ HO−

2→SO�−
4 þ SO2−

4 þ Hþ þ O�−
2 ð30Þ

2S2O2−
8 þ 2H2O→3SO2−

4 þ SO�−
4 þ 4Hþ þ O�−

2 ð31Þ

The mechanism of contaminant degradation was af-
fected by the composition of effective substances at dif-
ferent pH values. The reaction mechanism of different
reactive radicals with functional groups of different or-
ganic compounds could be slightly different, which also
influences the degradation of target contaminants. For
example, different from the mechanism by HO·, which
attacks organic pollutants, HO· principally reacts by
adding to C=C double bonds, adding to aromatic rings
and abstracting H from C-H, O-H, or N-H bonds
(Pignatello et al. 2006), Conversely, SO�−

4 reacts with
contaminants primarily through electron transfer mecha-
nisms, such as H- atom abstraction and addition elimi-
nation, as described by Eqs. (32–33), respectively)
(Padmaja et al. 1993). The specific reactions are as fol-
lows:

SO�−
4 þ RH→HSO−

4 þ R ð32Þ
SO�−

4 þ H2C ¼ CHR→−OSO2OCH2−C�HR ð33Þ

Therefore, a series of experiments on MNZ degradation
was conducted at different pH values ranging from 3 ± 0.1
to 11 ± 0.1 to verity the influence of pH values on MNZ
degradation. These experiments were conducted at an opti-
mized temperature of 60 °C and PS dosage of 20 mM; the
pH value of the solution was adjusted to the target value by
adding 0.1 M H2SO4 or NaOH without using other buffer
solutions to avoid free radical quenching. The experimental
data is shown in Fig. 4a. From the figure, MNZ degradation

was observed to be following almost the same trend in all the
pH conditions, considering that the effect of pH on MNZ
degradation is subtle. As shown in Fig. 4b, the reaction rate
constant was observed to be well-fitted with the pseudo-first-
order kinetics model of pH 9 > pH 7 ≈ pH 5 > unadjusted pH
(approximately 3) > pH 11 (R2 > 98.8%). Similar enhanced
oxidation of sulfamethazine and sulfonamides at weak basic
condition was observed in ozonation (Fan et al. 2015). This
result is plausibly attributed to the similar functional groups
of MNZ (with nitro group) and sulfonamides (aniline moie-
ty), thereby producing a withdrawing effect of electrons in the
molecules (Fan et al. 2015). Moreover, MNZ by PAA/
PVDF–NZVI hybrids and p-nitrophenol by TAP process
has similar degradation trends at different pH values. As pre-
viously discussed, the TAP process oxidizes MNZ within a
broad range of pH, which is of great significance for engi-
neering applications.

Fig. 4 a Effect of initial pH on MNZ degradation. b The pseudo-first-
order kinetic reaction equations derived from a (T = 60 °C,
[PS]0 = 20 mM, [MNZ]0 = 100 mg L−1)
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Identification of dominating reactive radicals

At present, SO�−
4 and HO· are considered as reactive oxidative

species in the TAP process (Anipsitakis and Dionysiou 2004).
To identify the contribution of these two radicals to MNZ
degradation, classical quenching tests were conducted using
MeOH and TBA as quenching agents in MNZ degradation.
MeOH is a quenching agent containing R–H that can react
with HO · at a second-order-rate constant of (1.2–
2.8) × 109 M−1 s−1, which is approximately 50-fold higher
than that of SO�−

4 at (1.6–1.7) × 107 M−1 s−1. By contrast,
TBA without R–H can effectively react with HO· at a high
rate constant of (3.8–7.6) × 108 M−1 s−1, which is nearly
1000-fold higher than that of SO�−

4 at (4–9.1) × 105 M−1 s−1

(Hussain et al. 2014). These quenching results are shown in
Fig. 5a. The degradation efficiency of MNZ decreased from
96.6 to 15.3% with the addition of excess MeOH (20 M)
during the 180-min reaction time; hence, most MNZ was ox-
idized by SO�−

4 and HO·. Because the concentration of TBA
cannot be continuously increased, thus, 8 M TBAwas used to
quench free radicals, and the inhibition efficiency of MNZ
degradation was 40.9% with TBA. Therefore, 43.8% of deg-
radation efficiency could be attributed to SO�−

4 , whereas only
37.5% should be due to HO·. These results indicate that SO�−

4

is the primary reactive radical dominating the MNZ
degradation.

To further verify the reactive radicals in TAP process,
the radical intermediates were identified through EPR
experiments by adding the spin-trapping agent DMPO
and comprehensively evaluating the absence of SO�−

4

and HO·. As shown in Fig. 5b, the EPR spectrum was
a composite spectrum of two different radical adducts,
namely, DMPO–SO�−

4 and DMPO–HO· adducts. The in-
tensity of the characteristic peak was in accordance with
those of DMPO–SO�−

4 and DMPO–HO· adducts (Gao
et al. 2016). Moreover, the intensity of DMPO–SO�−

4

and DMPO–HO· adducts increased from approximately
250 to 2300 a.u. and from 50 to 300 a.u., respectively,
with the increase of reactive time from 1 to 9 min.
These results further confirmed that both SO�−

4 and HO·

were produced in TAP process.

MNZ mineralization analysis

An extended period of 10 h was conducted to analyze the
mineral izat ion of MNZ during the TAP process.
Mineralization was tested for MNZ (100 mg L−1) using a
TOC analyzer. As shown in Fig. 6, an experimental TOC
value of 45.86 mg L−1 was measured for non-treated MNZ.
The measured value was consistent with the theoretical value
of 42.12 mg L−1, which was calculated by the molecular for-
mula of MNZ ((12.01 × 6)/171.1). Moreover, approximately

Fig. 6 Consumption of PS and mineralization of TOC on MNZ
degradation (unadjusted pH, T = 60 °C, [PS]0 = 20 mM,
[MNZ]0 = 100 mg L−1)

Fig. 5 a Effect of MeOH and TBA as radical scavengers on MNZ
degradation. b EPR spectrum for TAP process in presence of DMPO (s
represents the DMPO-SO�−

4 and 1, 2, 2, 1 represent the four typical spectra
of DMPO-HO·) (unadjusted pH, T = 60 °C, [PS]0 = 20 mM,
[MNZ]0 = 100 mg L−1)
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97.2% of TOC removal (measured final TOC of
1.31 mg L−1) was detected after 10 h at 60 °C.
Compared with other methods for MNZ degradation,
only 15% MNZ degradation was achieved by biological
treatment and approximately 85% of TOC was removed
by electrochemical reduction combined with biological
treatment (Saidi et al. 2014). In contrast to the TOC
removal of other pollutants by TAP process, approxi-
mately 11.5% of TOC removal was achieved after 8 h
at 60 °C for triclosan degradation (Gao et al. 2016).
These results indicate that the TAP process is a simple
and effective method for realizing a complete MNZ
mineralization.

Parallel to MNZ mineralization analysis, PS consumption
was also detected in the TAP process. PS showed a relatively
low consumption efficiency of 26.2% in the process, and PS
concentration had a stable consumption rate. The results indi-
cate that the pollutant was degraded continuously and stably.
Thus, a greater concentration of MNZ could also be mineral-
ized completely over time.

Conclusions

In this work, the effectiveness of TAP process in
degrading MNZ in aqueous solutions was systematically
investigated. MNZ degradation was well fitted with the
pseudo-first-order kinetics by deriving and fitting experi-
mental data simultaneously. Increasing the initial PS con-
centration or temperature considerably enhanced the deg-
radation efficiency of MNZ; however, pH value did not
significantly influence MNZ degradation. The degradation
efficiency of MNZ reached 96.6% within 180 min for an
initial MNZ concentration of 100 mg L−1 under the op-
tional condition of [PS]0 = 20 mM, T = 60 °C, and
unadjusted pH. Based on the results of the quenching
experiment and EPR, SO�−

4 and HO· were proven to be
the main reactive radicals generated in the process.
Moreover, SO�−

4 played the dominant role in MNZ
oxidation.
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