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Abstract: The extensive use of pharmaceuticals and personal care products (PPCPs) causes high
concentrations of pharmaceutical metabolites to exist in aquatic environments. Though the removal
of parent PPCPs has raised concerns, the degradation of pharmaceutical metabolites was rarely
investigated. In this study, the degradation of 4-acetylaminoantipyrine (4-AAA), a typical dipyrone
metabolite frequently detected worldwide in surface water and wastewater, was initially studied
using persulfate (PDS)-based advanced oxidation processes (AOPs). Compared with commonly used
activation methods of alkali, ultrasonic, ultraviolet, and Fe2+, 4-AAA achieved its best degradation
(98.9%) within 30 min in a thermally activated PDS system due to the promotion of both radical
production and the reaction rate with the rise in temperature. The optimum degradation of 4-AAA
could be achieved with the temperature of 80 ◦C regardless of initial pH values, indicating a wide
suitable pH range. Moreover, over 80% of the degradation of 4-AAA could be achieved with the
presence of Cl− (0–16 mM), HCO3

− (0–8 mM), and humic acid (0–30 mg/L), further indicating
the application potential of the system. Both sulfate radicals (SO4

•−) and hydroxyl radicals (•OH)
contributed to 4-AAA degradation and the contribution of •OH increased with the pH rising from
3 to 11 due to the transformation from SO4

•− when reacting with OH−. Three hydroxylated and
ring-opening intermediates were detected during the 4-AAA degradation. The ECOSAR prediction
indicated that the acute toxicity of most intermediates decreased than 4-AAA while the chronic
toxicity increased, which suggested the transformation of intermediates should be further focused
on in SO4

•− and •OH based AOPs. This study would provide technical reference for the control of
4-AAA in wastewater treatment processes, raise concerns on the influence of PPCPs metabolites, and
throw light on reducing the harm of PPCPs and their metabolites in aquatic environments.

Keywords: 4-acetylaminoantipyrine (4-AAA); heat activation; persulfate; degradation pathway;
toxicity

1. Introduction

In recent years, pharmaceuticals and personal care products (PPCPs) have raised
increasing concerns due to their frequent detection in aquatic environments and potential
threats to human health [1]. Though a large number of studies have been conducted with
the aim to remove parent PPCPs during water treatment processes, various hydrolyzed
or metabolized pharmaceuticals are also extracted from the human body via feces and
urine and eventually discharged into the wastewater treatment system. Compared with
parent PPCPs, metabolites are usually water-stabilized. Previous studies indicated that
some metabolites (e.g., the primary metabolites of carbamazepine) have larger toxicities
and higher concentrations than the parent PPCPs due to the transformation of parent
PPCPs in biotic and abiotic wastewater treatment processes [2]. Thus, metabolites of PPCPs
might also show a risk to both the environment and human health, whose removal and
transformation during water treatment processes are necessarily focused on. However,
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compared with parent PPCPs, researches on the efficient degradation of PPCP metabolites
are still limited.

Among these metabolites, 4-acetylaminoantipyrine (4-AAA) is the typical PPCP
metabolite whose parent PPCP is dipyrone, a commonly used analgesic and antipyretic
drug. After oral intake, dipyrone is hydrolyzed to 4-methylaminoantipyrine (4-MAA) in
the human body, then 4-MAA is further metabolized to 4-aminoantipyrine (4-AA), which
is finally acetylated to 4-AAA in the liver [3]. Thus, though dipyrone is highly consumed in
clinical use, 4-AAA is more frequently detected in worldwide aquatic environments under
high concentration ranges of µg/L level [4–8]. Conventional biological wastewater treat-
ment processes show limited effects on the removal of 4-AAA due to its strong antimicrobial
activity [9,10]. Normally, around 50% of 4-AAA could be removed during wastewater
treatment processes [5,7]. Recent research reported that only less than 11% of 4-AAA
was degraded in a municipal wastewater treatment plant with detected concentrations
higher than 390 ng/L in both influents and effluents [11]. Under these conditions of high
concentrations and frequent detections, it is urgent to develop effective treatment methods
besides conventional biological treatments for 4-AAA removal to avoid its potential harm
to the environment and human bodies.

However, studies have rarely focused on the degradation of 4-AAA in water, except
for their gradual removal through photolysis and with the addition of Cl2 and O3 once
reported [3,12,13]. Considering the limited degradation effects of 4-AAA in conventional
wastewater treatment processes, advanced oxidation processes (AOPs) with the production
of strong oxidizing free radicals would be the promising way. In the past two decades,
SO4

•−-based AOPs have been developed and shown good effects on the removal of various
refractory organic contaminants due to the selective reactivity and relative longer half-life
of SO4

•− [14,15]. With the usage of persulfate (PDS) as the oxidant, various methods
including heat, UV radiation, alkaline treatment, ultrasonic, electricity, and transition metal
species could be adapted for PDS activation to produce SO4

•− [16–21]. Among these
methods, thermally activated PDS shows its unique advantages. Researchers have found
that high temperatures (usually >50 ◦C) could promote the homolysis of the O−O bonds
in PDS to produce SO4

•− and increase the reaction rate for pollutants oxidation at the
same time [18,22–24]. Especially, many industrial processes would produce large amounts
of waste heat with temperature ranges from 60 to 120 ◦C, which has been an attractive
source of heat for PDS activation in recent studies [25]. Based on above analysis, thermally
activated PDS has potential application in 4-AAA removal. With the potential harm of
4-AAA and research on its removal being scarce, the degradation of 4-AAA using thermally
activated PDS deserves further investigation.

In this article, the degradation of 4-AAA was initially studied in thermally activated
PDS systems. To provide a systematic evaluation on the degradation efficiency, response
surface methodology (RSM) were adapted to analyze the interactive and synergistic effects
of various activation conditions on 4-AAA removal [26]. The aims of this research are (1) to
investigate the degradation efficiency of 4-AAA and obtain the optimal reaction conditions
in thermally activated PDS system, (2) to explore the major reactive species and possible
degradation pathways of 4-AAA, and (3) to investigate the effects of water constitutes on
4-AAA degradation for the evaluation of practical treatment potential. This study would
provide technical support and a theoretical basis for the effective control of 4-AAA in
aquatic environments.

2. Material and Methods
2.1. Chemicals

4-acetylaminoantipyrine (4-AAA) and ferrous sulfate (FeSO4) were purchased from
J&K scientific Ltd. (Shanghai, China). Potassium persulfate (K2S2O8, PDS) was provided
by Beijing Innochem Science & Technology Co., Ltd. (Beijing, China). Sodium hydroxide,
sodium bicarbonate, sodium chloride and sulfuric acid were obtained from Sinopharm
Chemical Reagent Co., Ltd. (Shanghai, China). Methanol (MeOH) and tert-butyl alcohol
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(TBA) were purchased from Shanghai Aladdin Biochemical Technology Co., Ltd. (Shanghai,
China), and humic acid (HA) was supplied by Shanghai yuanye Bio-Technology Co., Ltd.
(Shanghai, China). Chemicals were at least of analytical grade and used as received.

2.2. Experimental Procedures

Batch-scale experiments were conducted in 250 mL Erlenmeyer flasks with a total
volume of 100 mL reaction solution. 4-AAA was first added to the reaction system and
quickly mixed to keep the concentration of 40.77 µM. For scavenging experiments and
water- matrix influence experiments, a desired concentration of alcohol (MeOH or TBA),
anions (provided by NaCl or NaHCO3), or HA was also added with 4-AAA. The mixed
solution was heated to 80 ◦C with a water bath and then the stock solution of the PDS was
added to initiate the reaction (detailed schematic for experimental reactors in Figure S1).
Initial values of pH were adjusted to 7.0 by H2SO4 or NaOH just before the reaction started.
The samples were withdrawn at predetermined time intervals and quenched by excess
MeOH before analysis.

2.3. Analytical Methods

The concentration of 4-AAA was measured using high-performance liquid chromatog-
raphy (HPLC, Thermo Fisher 3000) with a reversed-phase C18 column (4.6 mm × 150 mm
× 5 µm) at 270 nm. The mobile phase was composed of water (1‰ formic acid) and
methanol (1‰ formic acid) mixed at a ratio of 40:60 (v:v) with a flow rate of 0.4 mL/min.

Oxidation intermediates of 4-AAA were analyzed using ultra-performance liquid
chromatography-ion trap-mass spectrometry (UPLC-Orbitrap-MS, Thermo Scientific)
equipped with a Waters Acquity UPLC BEH C8 column (2.1 × 100 mm, 1.7 µm parti-
cle size) under a positive ion mode. A gradient mobile phase program was used for
separation. Detailed separation conditions for UPLC and operating parameters for MS
were provided in Text S1.

The changes of total organic carbon (TOC) during 4-AAA degradation were detected
using the TOC analyzer (TOC-Control L/V, Shimadzu).

2.4. Response Surface Methodology Analysis

Traditional laboratory experiments mainly focused on the effect of certain single
reaction parameters on degradation efficiency. To investigate the interacting effects of
reaction parameters (PDS concentrations, values of initial pH, and temperature) on the
removal rate of 4-AAA in thermally activated PDS system, response surface methodology
(RSM) was used due to its advantages of reducing experimental errors [21,27,28]. To build
the quadratic regression model using multiple independent variables and determine the
optimal levels as well as interactions of such variables, a three factor, five-level experiments
with 25 runs were designed and the five coded levels of each variable were designated as
−2, −1, 0, +1, and +2 (Table 1). Design Expert 8.0.6 software was used to design, calculate,
and analyze the experimental data in RSM.

Table 1. Level and encoding of experimental factors using RSM.

Variables Code
Coded Levels

−2 −1 0 1 2

Temperature (◦C) A 40 50 60 70 80
pH B 3 5 7 9 11

[4-AAA]0:[PDS]0 C 1:20 1:30 1:40 1:50 1:60
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3. Results and Discussion
3.1. Degradation of 4-AAA Using Thermally Activated PDS with Changes of Single
Reaction Conditions

To achieve the efficient degradation of 4-AAA, five activation methods (i.e., heat, alkaline,
Fe2+, ultrasonic, and UV) were tested under the commonly reported conditions [20,29–31]. As
shown in Figure 1a, 4-AAA was hardly degraded in alkaline/PDS (0.63%) and ultrasonic
(US)/PDS (13.26%) systems, while it achieved the fastest degradation in thermally activated
PDS systems with the removal process almost completed in 15 min. For the whole reaction
time of 30 min, the ultimate 4-AAA degradation efficiency using thermally activated PDS
was 98.9%, which was significantly higher than that using UV/PDS (82.27%) and Fe2+/PDS
(29.59%). Considering the slight degradation of 4-AAA with single PDS and heat, it could
be deduced that the combination of heat and PDS resulted in PDS activation for efficient
4-AAA degradation, which showed advantages differing from the commonly used PDS
activation methods.
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Figure 1. Degradation of 4-AAA with various activation methods (a) and different PDS concentrations
(b), initial pH (c) and temperature (d) in thermally activated PDS systems. Experimental conditions:
[4-AAA]0 = 40.77 µM, [PDS]0 = 1.63 mM, pH0 = 7. For various activation methods in Figure 1a:
pH0 = 11 for alkaline/PDS, T = 80 ◦C for heat and heat/PDS, [FeSO4]0 = 1.63 mM for Fe2+/PDS,
ultrasonic frequency was 40 kHz for US/PDS, and λ = 253.7 nm for UV/PDS.

The effects of reaction conditions in thermally activated PDS systems were further
investigated to obtain the optimal reaction parameters for 4-AAA removal. After the
reaction of 30 min, the degradation of 4-AAA was partly improved from 91.96% to 98.48%
with the molar ratio of [4-AAA]0:[PDS]0 increasing from 1:20 to 1:40 (Figure 1b), while
further increasing the molar ratio to 1:60 hardly improved 4-AAA degradation (Figure 1b).
The pseudo first-order kinetic fitting results also indicated that the value of pseudo first-
order rate constants (kobs) was almost doubled when [4-AAA]0:[PDS]0 increased from 1:20 to
1:40 and then it dropped with further increases in PDS concentrations due to the competitive
consumption of reactive species by excess PDS (Figure 1b). Differently, more than 95% of
the 4-AAA could be degraded in 30 min regardless of the initial value of pH from 3 to 11
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with the value of kobs fluctuating in the range of 0.11–0.15 min−1, indicating a broad range
of suitable initial pH in thermally activated PDS system (Figure 1c). Particularly, changes
in temperature showed significant effects on 4-AAA degradation (Figure 1d). The removal
of 4-AAA improved from 7.2% to 68.4% in 30 min when the temperature rose from 40 ◦C
to 70 ◦C. Moreover, when the temperature further increased to 80 ◦C, 4-AAA could be
almost completely degraded in 15 min with the value of kobs 104 times higher than that of
40 ◦C. Through the PDS activation process, the rise in temperatures would both promote
SO4

•− production (Equation (1) [32]) and improve its reaction rate with target pollutants,
eventually resulting in a large improvement of 4-AAA degradation efficiency. Since the
degradation of 4-AAA followed the pseudo first-order kinetics in thermally activated PDS
systems (Figure S2), the apparent activation energy (Ea) of 4-AAA could be calculated to be
104.88 kJ/mol using the Arrhenius equation based on a series of temperatures and related
kobs (Figure S3). Compared with previous research, the Ea of 4-AAA was lower than that of
other typical PPCPs such as bisoprolol (119.8 kJ/mol), sulfamethazine (126 kJ/mol), and
iohexol (122.2 kJ/mol) [33–35], further indicating the advantages of thermally activated
PDS systems on 4-AAA degradation.

S2O8
2− heat→ 2SO4

•− (1)

3.2. Optimization of 4-AAA Degradation Conditions in Thermally Activated PDS System

Despite the efficiencies of thermally activated PDS systems, the above experimental
results could only show the influence of each single factor on 4-AAA degradation, while
the interactions among these experimental parameters and their influence on 4-AAA
degradation were unable to be provided. To obtain the optimal reaction conditions with
the consideration of multiple experimental parameters, RSM was used to establish the
polynomial regression model with multiple independent variables of temperature, initial
pH, and PDS concentrations during the 4-AAA degradation process.

3.2.1. Predicting the Optimal 4-AAA Degradation Conditions with Response Surface
Methodology

Based on the key factors of temperature, initial pH, and PDS concentrations, three
factor, five-level experiments with 25 runs were designed and the degradation efficiencies
of 4-AAA were all detected (Table 2).

Table 2. Experimental scheme and response of 4-AAA removal.

Number Temperature (◦C) pH [4-AAA]0:[PDS]0 Removal Rate of 4-AAA (%)

1 40 3 1:20 9.12
2 70 11 1:40 66.28
3 50 11 1:30 13.72
4 70 7 1:50 71.39
5 70 3 1:60 68.51
6 40 11 1:50 15.76
7 50 5 1:20 3.07
8 40 5 1:40 11.26
9 50 7 1:40 15.43
10 50 9 1:60 21.05
11 60 11 1:60 37.70
12 80 5 1:60 98.87
13 60 5 1:50 28.21
14 60 7 1:20 12.94
15 60 3 1:30 12.70
16 40 9 1:30 10.26
17 80 11 1:20 78.60
18 80 7 1:30 97.60
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Table 2. Cont.

Number Temperature (◦C) pH [4-AAA]0:[PDS]0 Removal Rate of 4-AAA (%)

19 60 9 1:40 24.52
20 40 7 1:60 15.51
21 70 5 1:30 49.59
22 80 3 1:40 98.02
23 80 9 1:50 98.56
24 50 3 1:50 16.43
25 70 9 1:20 40.89

A polynomial regression equation was built through RSM on the basis of the afore-
mentioned experimental matrix (Equation (2)) to describe the simultaneous function of
temperature, initial pH, and PDS concentrations on 4-AAA removal.

Y = 28.89 + 42.02A + 1.8B + 9.76C + 0.55AB + 4.17AC + 0.65BC + 26.83A2 + 0.94B2 − 4.28C2 (2)

where Y represented the removal of 4-AAA in 20 min, A, B, and C represented temperature,
initial pH and PDS concentrations, respectively.

The linear terms, quadratic terms, and interaction terms of A, B, and C were all
considered relevant to 4-AAA removal in thermally activated PDS system. The analysis
of variance (ANVOA) and regression coefficients were obtained to further evaluate the
model (Table 3). The “F-value” and “p values” were used to evaluate the significance level
of the model. The “F-value” of the model was 81.61 (>1) and “p value” was less than 0.0001,
indicating that the model was statistically significant and there was only 0.01% chance
that the “F-value” could have occurred as the result of noise. Among all the terms in the
model, the “p values” of A, C, and A2 were less than 0.0001, indicating that A, C, and A2

showed a more significant impact on the response value. Especially, A and C had significant
linear effects and A2 showed significant quadratic effects on the degradation efficiency of
4-AAA. Thus, temperature (A) was identified as the most important factor affecting 4-AAA
degradation in thermally activated PDS systems, which was in accordance with previous
research on the removal of polyvinyl alcohol and acid orange 7 using thermally activated
PDS [36,37].

Table 3. Analysis of variance (ANVOA) for the optimized RSM model.

Source Sum of Squares df Mean Square F Value p Value Prob > F

Y—removal of 4-AAA 26,387.49 9 2931.94 81.61 <0.0001 highly
significant

A—temperature 19,217.62 1 19,217.62 534.92 <0.0001 highly
significant

B—initial pH 35.16 1 35.16 0.98 0.3382

C—PDS concentrations 1035.57 1 1035.57 28.82 <0.0001 highly
significant

AB 1.59 1 1.59 0.044 0.8361
AC 91.55 1 91.55 2.55 0.1313
BC 2.24 1 2.24 0.062 0.8062

A2 3134.93 1 3134.93 87.26 <0.0001 highly
significant

B2 3.86 1 3.86 0.11 0.7477
C2 77.03 1 77.03 2.14 0.1638

Residue 538.89 15 35.93
Cor Total 26,926.38 24

The predicted values of 4-AAA removal rate using the model were further calculated.
As shown in Figure 2, the predicted results could well overlap the experimental data points
(R2 = 0.9800) and the value of R2

pred was 0.9352, indicating that 93.52% of changes on the
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response surface could be predicted using this model. These results further proved the
validity of the RSM model to fit with the experimental results. According to the RSM model,
three optimal experimental parameters were obtained and the degradation efficiencies
of 4-AAA were predicted (Table 4). To examine the validity of the optimal conditions,
experiments were performed under the same conditions and the degradation of 4-AAA
were measured (Figure S4). For the three optimal conditions with the pH values of 3.73,
7.34, and 11.00, respectively, the removal rate of 4-AAA by experiments were 98.38%,
98.48%, and 94.34%, whose relative deviations from the model predicted results were 2.3%,
1.9%, and 11.1%, respectively. This result was also in accordance with the single factor
experiments showed in Figure 1c that the efficient removal of 4-AAA could be achieved
with a wide range of initial pHs. Therefore, the model could reflect the influence of various
factors and obtain the optimum reaction conditions on 4-AAA degradation in thermally
activated PDS systems. The optimum reaction conditions also indicated that with the
temperature of 79 ◦C and PDS concentration of about 49 times higher than that of 4-AAA,
the 4-AAA could achieve effective degradation under the initial pHs of acid, medium,
and alkaline, further proving the broad applicability of thermally activated PDS on the
degradation of 4-AAA.
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Table 4. The optimal 4-AAA degradation conditions in thermal/PS system using RSM.

Temperature (◦C) [4-AAA]0:[PDS]0 pH
Degradation Efficiency of 4-AAA (%)

Predicted Value Experimental Value

79.24 1:56 3.73 100.718 98.38
79.53 1:47 7.34 100.418 98.48
79.11 1:58 11.00 106.152 94.34

3.2.2. Analyzing the Interaction of Reaction Conditions for 4-AAA Degradation Using
Response Surface Methodology

Based on the established model of Equation (2), the interacting influence of temper-
ature, pH, and PDS concentrations on 4-AAA degradation in thermally activated PDS
systems could be elucidated. The 3D surface plots of the RSM study indicated that the
degradation rate of 4-AAA would increase with the increasing temperature and initial pH,
but the influence of the temperature on the 4-AAA removal was more significant (Figure 3a).
Similarly, the increase in temperature and PDS concentrations improved the degradation of
4-AAA (Figure 3b). Though the effect of temperature was significant, the influence of PDS
concentrations on 4-AAA degradation was only obvious at high temperature. Considering
that increasing temperature could promote PDS activation, the rise of PDS concentrations
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under high temperatures would increase free radical (e.g., SO4
•−) production as well as

the collision between radicals and 4-AAA molecules, eventually achieving a higher 4-AAA
removal rate. Yazici Guvenc also found that a SO4

•− formation at high temperatures could
be strengthened by increased PDS concentrations [38]. As for pH and PDS concentrations,
the interaction between pH and PDS concentrations on 4-AAA removal gradually became
significant under high PDS concentrations (Figure 3c). Since more free radicals were gener-
ated with high PDS dosages, the transformation between radicals under different initial
pHs (e.g., the transformation of SO4

•− to •OH with the presence of OH− [39]) would be
more significant to affect 4-AAA degradation. In a word, temperature played a dominant
role for 4-AAA removal in thermally activated PDS systems and the impact of the initial
pH was minimum, which were in accordance with the aforementioned results of single
factor experiments.
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3.3. Exploration of Reaction Mechanism of 4-AAA in Thermally Activated PDS Systems
3.3.1. Identifying the Major Reactive Species for 4-AAA Degradation

Above analysis showed the advantage of thermally activated PDS systems on 4-
AAA removal and the dominant role of temperature. To elucidate the inner reaction
mechanism for deeply understating the degradation of 4-AAA, major reactive species for
4-AAA degradation in thermally activated PDS system were identified with scavenging
experiments. MeOH and TBA were chosen as scavengers to distinguish the contribu-
tion of SO4

•− and •OH in 4-AAA degradation. As could be seen in Figure 4a–c, only
around 20% of the 4-AAA was degraded with excess MeOH added in thermally acti-
vated PDS systems, while the degradation of 4-AAA was only partly inhibited with the
addition of excess TBA regardless of initial values of pH. Since MeOH could scavenge
both SO4

•− and •OH (kSO4
•− .MeOH = 2.5 × 107 M−1 s−1, k•OH MeOH = 9.7 × 108 M−1 s−1)

and TBA could only effectively scavenge •OH (kSO4
•− .TBA = 8 × 105 M−1 s−1,

k•OH TBA = 6 × 108 M−1 s−1) [40,41], the changes of degradation efficiency with MeOH
and TBA indicated that both SO4

•− and •OH contributed to 4-AAA degradation in ther-
mally activated PDS systems. As aforementioned, SO4

•− was produced through the
activation of PDS and •OH could be generated from the reaction between SO4

•− and
OH− (Equation (3) [39]). With the initial values of pH increasing from 3 to 7 to 11, the
degradation of 4-AAA decreased 27.74%, 42.9%, and 45.05% with the addition of excess
TBA, respectively, indicating the increasing contribution of •OH to 4-AAA degradation
in thermally activated PDS systems, which further proved the transformation of SO4

•−

to •OH with the reaction of OH−. The increased contribution of •OH with the rise of pH
was also found for bisoprolol degradation in thermally activated PDS systems [33]. Thus,
though both SO4

•− and •OH contributed to 4-AAA degradation, the contribution of •OH
could increase with higher initial values of pH in thermally activated PDS systems.

SO4
•− + OH− → •OH + SO4

2− (3)

3.3.2. Identifying the Degradation Intermediates of 4-AAA Using Thermally
Activated PDS

With the reaction of both SO4
•− and •OH, the degradation intermediates of 4-AAA

were investigated to explore the possible reaction pathway. A total of three reaction
intermediates were detected in thermally activated PDS systems (Table 5 and Figure S5),
indicating that the hydroxylation of the aromatic ring (P-262) and the pyrazolinone ring
opening reaction (P-235 and P-165) were two possible parallel reaction pathways for 4-AAA
degradation in thermally activated PDS systems and the N–N bonds in the hydrazine
group were the major active site reacting with SO4

•− and •OH. Though the degradation
intermediates of 4-AAA by AOPs were rarely reported in detail in previous studies, similar
hydroxylated and ring-opening intermediates were once found during the degradation of
other phenazone drugs and their metabolites such as 4-MAA by AOPs [3], further proving
the possible degradation pathway of 4-AAA. Accordingly, the removal of total organic
carbon (TOC) was around 36.1% when 98.48% of the 4-AAA was degraded (Figure S6).
Thus, 4-AAA was mostly converted to the abovementioned intermediates during the
reaction in thermally activated PDS systems, rather than mineralizing into CO2 and H2O.
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Figure 4. Scavenging experiments for 4-AAA degradation in thermally activated PDS systems with
initial pH of 3 (a), 7 (b), and 11 (c). Experimental conditions: [4-AAA]0 = 40.77 µM, [PDS]0 = 1.63 mM,
[MeOH]0 = [TBA]0 = 2.4 M, T = 80 ◦C.



Sustainability 2022, 14, 14300 11 of 16

Table 5. Identified intermediates for 4-AAA degradation in thermally activated PDS systems.

No. Retention Time (min) Structural Formula Formula Exact Mass (M) [M + 1]+

P-235 5.951

Sustainability 2022, 14, 14300 11 of 16 
 

 

hydrazine group were the major active site reacting with SO4•− and •OH. Though the 

degradation intermediates of 4-AAA by AOPs were rarely reported in detail in previous 

studies, similar hydroxylated and ring-opening intermediates were once found during the 

degradation of other phenazone drugs and their metabolites such as 4-MAA by AOPs [3], 

further proving the possible degradation pathway of 4-AAA. Accordingly, the removal of 

total organic carbon (TOC) was around 36.1% when 98.48% of the 4-AAA was degraded 

(Figure S6). Thus, 4-AAA was mostly converted to the abovementioned intermediates 

during the reaction in thermally activated PDS systems, rather than mineralizing into CO2 

and H2O. 

Table 5. Identified intermediates for 4-AAA degradation in thermally activated PDS systems. 

No. Retention Time (min) Structural Formula Formula Exact Mass (M) [M + 1]+ 

P-235 5.951 

 

C12H14N2O3 234.10044 235 

P-165 4.797 

 

C9H12N2O 164.09000 165 

P-262 5.067 

 

C13H15N3O3 261.11134 262 

Since the presence of 4-AAA were related to the drug metabolism process in the 

human body, the existence of 4-AAA and its degradation intermediates in aquatic 

environments would show a potential risk of being accumulated through food chains and 

eventually threaten human health. To investigate the toxicity changes of 4-AAA during 

degradation in thermally activated PDS systems, ECOSAR V 2.0 was used to provide the 

predicted acute and chronic toxicities of 4-AAA and aforementioned intermediates. As 

showed in Figure 5, the LC50 values of 4-AAA for fish and daphnia and the EC50 value for 

green algae were 8.190, 8.506, and 3.070 mg/L and the ChV values of 4-AAA for fish, 

daphnia, and green algae were 23.590, 3.960, and 0.311 mg/L, respectively, indicating that 

the acute toxicity of 4-AAA was in the category of toxic substance (1–10 mg/L) and the 

chronic toxicity of 4-AAA for green algae was assigned to be a very toxic level (0–1 mg/L) 

[42]. With the degradation in thermally activated PDS systems, the LC50 and EC50 values 

of P-235 and P-262 mostly increased and were assigned to harmful levels, indicating the 

decrease in acute toxicity compared with 4-AAA. While the ChV of intermediates 

decreased even to very toxic levels except for P-235, which suggested the increase in 

chronic toxicity of most intermediates compared with 4-AAA. Among the three 

degradation intermediates, P-165 showed the highest level of both acute and chronic 

toxicities, whose values were higher than the parent compound of 4-AAA. Thus, the 

production and transformation of P-165 should be focused on in further treatment 

processes. 

C12H14N2O3 234.10044 235

P-165 4.797

Sustainability 2022, 14, 14300 11 of 16 
 

 

hydrazine group were the major active site reacting with SO4•− and •OH. Though the 

degradation intermediates of 4-AAA by AOPs were rarely reported in detail in previous 

studies, similar hydroxylated and ring-opening intermediates were once found during the 

degradation of other phenazone drugs and their metabolites such as 4-MAA by AOPs [3], 

further proving the possible degradation pathway of 4-AAA. Accordingly, the removal of 

total organic carbon (TOC) was around 36.1% when 98.48% of the 4-AAA was degraded 

(Figure S6). Thus, 4-AAA was mostly converted to the abovementioned intermediates 

during the reaction in thermally activated PDS systems, rather than mineralizing into CO2 

and H2O. 

Table 5. Identified intermediates for 4-AAA degradation in thermally activated PDS systems. 

No. Retention Time (min) Structural Formula Formula Exact Mass (M) [M + 1]+ 

P-235 5.951 

 

C12H14N2O3 234.10044 235 

P-165 4.797 

 

C9H12N2O 164.09000 165 

P-262 5.067 

 

C13H15N3O3 261.11134 262 

Since the presence of 4-AAA were related to the drug metabolism process in the 

human body, the existence of 4-AAA and its degradation intermediates in aquatic 

environments would show a potential risk of being accumulated through food chains and 

eventually threaten human health. To investigate the toxicity changes of 4-AAA during 

degradation in thermally activated PDS systems, ECOSAR V 2.0 was used to provide the 

predicted acute and chronic toxicities of 4-AAA and aforementioned intermediates. As 

showed in Figure 5, the LC50 values of 4-AAA for fish and daphnia and the EC50 value for 

green algae were 8.190, 8.506, and 3.070 mg/L and the ChV values of 4-AAA for fish, 

daphnia, and green algae were 23.590, 3.960, and 0.311 mg/L, respectively, indicating that 

the acute toxicity of 4-AAA was in the category of toxic substance (1–10 mg/L) and the 

chronic toxicity of 4-AAA for green algae was assigned to be a very toxic level (0–1 mg/L) 

[42]. With the degradation in thermally activated PDS systems, the LC50 and EC50 values 

of P-235 and P-262 mostly increased and were assigned to harmful levels, indicating the 

decrease in acute toxicity compared with 4-AAA. While the ChV of intermediates 

decreased even to very toxic levels except for P-235, which suggested the increase in 

chronic toxicity of most intermediates compared with 4-AAA. Among the three 

degradation intermediates, P-165 showed the highest level of both acute and chronic 

toxicities, whose values were higher than the parent compound of 4-AAA. Thus, the 

production and transformation of P-165 should be focused on in further treatment 

processes. 

C9H12N2O 164.09000 165

P-262 5.067

Sustainability 2022, 14, 14300 11 of 16 
 

 

hydrazine group were the major active site reacting with SO4•− and •OH. Though the 

degradation intermediates of 4-AAA by AOPs were rarely reported in detail in previous 

studies, similar hydroxylated and ring-opening intermediates were once found during the 

degradation of other phenazone drugs and their metabolites such as 4-MAA by AOPs [3], 

further proving the possible degradation pathway of 4-AAA. Accordingly, the removal of 

total organic carbon (TOC) was around 36.1% when 98.48% of the 4-AAA was degraded 

(Figure S6). Thus, 4-AAA was mostly converted to the abovementioned intermediates 

during the reaction in thermally activated PDS systems, rather than mineralizing into CO2 

and H2O. 

Table 5. Identified intermediates for 4-AAA degradation in thermally activated PDS systems. 

No. Retention Time (min) Structural Formula Formula Exact Mass (M) [M + 1]+ 

P-235 5.951 

 

C12H14N2O3 234.10044 235 

P-165 4.797 

 

C9H12N2O 164.09000 165 

P-262 5.067 

 

C13H15N3O3 261.11134 262 

Since the presence of 4-AAA were related to the drug metabolism process in the 

human body, the existence of 4-AAA and its degradation intermediates in aquatic 

environments would show a potential risk of being accumulated through food chains and 

eventually threaten human health. To investigate the toxicity changes of 4-AAA during 

degradation in thermally activated PDS systems, ECOSAR V 2.0 was used to provide the 

predicted acute and chronic toxicities of 4-AAA and aforementioned intermediates. As 

showed in Figure 5, the LC50 values of 4-AAA for fish and daphnia and the EC50 value for 

green algae were 8.190, 8.506, and 3.070 mg/L and the ChV values of 4-AAA for fish, 

daphnia, and green algae were 23.590, 3.960, and 0.311 mg/L, respectively, indicating that 

the acute toxicity of 4-AAA was in the category of toxic substance (1–10 mg/L) and the 

chronic toxicity of 4-AAA for green algae was assigned to be a very toxic level (0–1 mg/L) 

[42]. With the degradation in thermally activated PDS systems, the LC50 and EC50 values 

of P-235 and P-262 mostly increased and were assigned to harmful levels, indicating the 

decrease in acute toxicity compared with 4-AAA. While the ChV of intermediates 

decreased even to very toxic levels except for P-235, which suggested the increase in 

chronic toxicity of most intermediates compared with 4-AAA. Among the three 

degradation intermediates, P-165 showed the highest level of both acute and chronic 

toxicities, whose values were higher than the parent compound of 4-AAA. Thus, the 

production and transformation of P-165 should be focused on in further treatment 

processes. 

C13H15N3O3 261.11134 262

Since the presence of 4-AAA were related to the drug metabolism process in the human
body, the existence of 4-AAA and its degradation intermediates in aquatic environments
would show a potential risk of being accumulated through food chains and eventually
threaten human health. To investigate the toxicity changes of 4-AAA during degradation in
thermally activated PDS systems, ECOSAR V 2.0 was used to provide the predicted acute
and chronic toxicities of 4-AAA and aforementioned intermediates. As showed in Figure 5,
the LC50 values of 4-AAA for fish and daphnia and the EC50 value for green algae were
8.190, 8.506, and 3.070 mg/L and the ChV values of 4-AAA for fish, daphnia, and green
algae were 23.590, 3.960, and 0.311 mg/L, respectively, indicating that the acute toxicity
of 4-AAA was in the category of toxic substance (1–10 mg/L) and the chronic toxicity of
4-AAA for green algae was assigned to be a very toxic level (0–1 mg/L) [42]. With the
degradation in thermally activated PDS systems, the LC50 and EC50 values of P-235 and
P-262 mostly increased and were assigned to harmful levels, indicating the decrease in
acute toxicity compared with 4-AAA. While the ChV of intermediates decreased even to
very toxic levels except for P-235, which suggested the increase in chronic toxicity of most
intermediates compared with 4-AAA. Among the three degradation intermediates, P-165
showed the highest level of both acute and chronic toxicities, whose values were higher
than the parent compound of 4-AAA. Thus, the production and transformation of P-165
should be focused on in further treatment processes.
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3.4. Effects of Water Constitutions on Degradation of 4-AAA Using Thermally Activated PDS

With the high degradation efficiency of 4-AAA in thermally activated PDS systems,
the effects of water constitutions on 4-AAA degradation were investigated to evaluate the
systematic applicability. The degradation of 4-AAA changed slightly with the presence of
commonly existing anions Cl− and HCO3

− (Figure 6a,b), while its removal rate decreased
from 98.48% to around 81% with the addition of humic acid ranging from 5 to 30 mg/L
(Figure 6c). The addition of Cl− would produce Cl• and Cl2•− through the reactions with
SO4

•− (Equation (4) and (5)) [43,44]. Though these reactions competed with 4-AAA for
SO4

•− consumption, the produced Cl• and Cl2•− showed a high reactive selectivity to
electron-rich functional groups [45], which might also effectively react with 4-AAA due
to the contained electron-donating group of acetyl. Compared with Cl•, the production
of CO3

•− through reactions of •OH and SO4
•− with HCO3

− were significantly slower
(Equation (6) and (7)) [46], resulting in the limited scavenging ability of •OH and SO4

•−

compared with 4-AAA. Thus, the degradation of 4-AAA was less influenced by Cl− and
HCO3

− in thermally activated PDS systems. Different from Cl− and HCO3
−, the diverse

electron-rich functional groups of humic acid (e.g., phenolic compounds) resulted in its
reducibility and strong radical scavenging capacity with the reaction rate constant around
108 MC

−1 s−1 toward both •OH and SO4
•− [47]. Thus, the degradation of 4-AAA was

partly inhibited with the presence of humic acid in thermally activated PDS systems.
Despite this inhibition effect, more than 80% of the 4-AAA could be degraded after 20 min
of reaction, indicating that thermally activated PDS systems could show good effects on
4-AAA removal with the presence of commonly existing water constitutions, which were
scarcely investigated in previous research on 4-AAA oxidation processes. Besides, thermal
activated PDS systems exhibited higher or identical degradation efficiencies on 4-AAA
than the previously studied solar UV, Cl2, and O3 systems under the optimum reaction
conditions (Table 6), indicating its promising application potential in drinking water and
wastewater treatment processes.

SO4
•− + Cl− → Cl• + SO4

2− k = 2.7 × 108 M−1 s−1 (4)

Cl• + Cl− → Cl2•− k = 8 × 109 M−1 s−1 (5)

HCO3
− + •OH→ CO3

•− + H2O k = 8.5 × 106 M−1 s−1 (6)

HCO3
− + SO4

•− → CO3
•− + HSO4

− k = 2.8 × 106 M−1 s−1 (7)

Table 6. Summary of previous research on the removal of 4-AAA.

System Reaction Conditions Reaction Rate Constant References

4-AAA/solar UV [4-AAA]0 = 10 mg L−1, freshwater,
250 W m−2 k = 0.025 h−1 [3]

4-AAA/O3

[4-AAA]0 = 2.4 µM, pH 7 with phosphate
buffer (50 mM), [4-AAA]0:[O3]0 = 2:1, 1:1,

1:2, 1:4, 1:8
kO34-AAA = 7 × 104 M−1 s−1 [12]

4-AAA/white-rot fungal
biomass

[4-AAA]0 = 50 mg L−1,
[fungal sludge]0 = 250 mg L−1, 209 ◦C

40% removal in 7 days. [48]

4-AAA/Cl2
[4-AAA]0 = 1 µg mL−1,

[Cl2]0 = 10 µg mL−1, pH = 5.7, 7, 8.3 kCl24-AAA = 195 M−1 s−1 (pH 5.7) [13]



Sustainability 2022, 14, 14300 13 of 16Sustainability 2022, 14, 14300 13 of 16 
 

 

 

Figure 6. Degradation of 4-AAA with different concentrations of Cl− (a), HCO3− (b), and humic acid 

(c) in thermally activated PDS systems. Experimental conditions: [4-AAA]0 = 40.77 µM, [PDS]0 = 1.63 

mM, pH0 = 7, T = 80 °C. 

Table 6. Summary of previous research on the removal of 4-AAA. 

System Reaction Conditions 
Reaction Rate Con-

stant 
References 

4-AAA/solar UV [4-AAA]0 = 10 mg L−1, freshwater, 250 W m−2 k = 0.025 h−1 [3] 

4-AAA/O3 
[4-AAA]0 = 2.4 µM, pH 7 with phosphate buffer (50 mM), [4-

AAA]0:[O3]0 = 2:1, 1:1, 1:2, 1:4, 1:8 
kO34-AAA = 7 × 104 M−1 s−1 [12] 

4-AAA/white-rot 

fungal biomass 
[4-AAA]0 = 50 mg L−1, [fungal sludge]0 = 250 mg L−1, 209 °C 40% removal in 7 days. [48] 

4-AAA/Cl2 [4-AAA]0 = 1 µg mL−1, [Cl2]0 = 10 µg mL−1, pH = 5.7, 7, 8.3 
kCl24-AAA = 195 M−1 s−1 

(pH 5.7) 
[13] 

0 5 10 15 20
0.0

0.2

0.4

0.6

0.8

1.0
 Cl- 0 mM

 Cl- 0.16 mM

 Cl- 1.6 mM

 Cl- 16 mM

4
-A

A
A

 (
C

/C
0)

Reaction Time (min)

0 5 10 15 20
0.0

0.2

0.4

0.6

0.8

1.0
 HCO3

- 0 mM

 HCO3
-  0.16 mM

 HCO3
- 1.6 mM

 HCO3
- 8 mM

4-
A

A
A

 (
C

/C
0
)

Reaction Time (min)

0 5 10 15 20
0.0

0.2

0.4

0.6

0.8

1.0

4-
A

A
A

 (
C

/C
0)

Reaction Time (min)

 HA 0 mg/L
 HA 1 mg/L
 HA 5 mg/L
 HA 10 mg/L
 HA 30 mg/L

(a)

(b)

(c)

Figure 6. Degradation of 4-AAA with different concentrations of Cl− (a), HCO3
− (b), and hu-

mic acid (c) in thermally activated PDS systems. Experimental conditions: [4-AAA]0 = 40.77 µM,
[PDS]0 = 1.63 mM, pH0 = 7, T = 80 ◦C.

4. Conclusions

In this article, efficient 4-AAA degradation was achieved using a thermally activated
PDS system. Compared with other common activation methods of PDS such as UV, US,
alkaline, and iron species, 4-AAA obtained its highest removal rate (98.9%) in thermally
activated PDS systems with a reaction time of 30 min. Temperature was the dominant
factor affecting 4-AAA degradation due to the promotional production of SO4

•− and
•OH through PDS activation. The degradation of 4-AAA was slightly influenced with
the presence of Cl− and HCO3

− and over 80% of 4-AAA could be removed with the
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existence of humic acid, indicating that the degradation process was less affected by water
constitutions.

As the commonly detected antibiotic metabolism in municipal wastewater, only a
limited removal of 4-AAA could be achieved in conventional biological treatment processes.
Moreover, the efficient degradation method of 4-AAA was rarely reported in previous
studies. This study demonstrated that thermally activated persulfate systems were useful
for 4-AAA degradation, which would provide technical support on the removal of 4-
AAA in drinking water and wastewater treatment processes. Besides, the acute and
chronic toxicities of 4-AAA intermediates were initially focused on. The hydroxylated
and pyrazolinone ring-opening intermediates of 4-AAA might show an identical or higher
predicted chronic toxicity. Thus, the following transformation of these intermediates
from 4-AAA and other PPCP metabolites after AOPs should be further focused on in
future studies.
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concentrations (a), initial pH (b) and temperature (c) in thermally activated PDS systems; Figure S3:
Calculation of Ea of 4-AAA in thermally activated PDS systems; Figure S4: Validation experiments of
the optimal conditions by RSM model; Figure S5: Chromatography and mass spectrometry of reaction
products and structural formula; Figure S6: TOC changes in degradation of 4-AAA by thermal/PS
system; Text S1: Separation conditions and operating parameters for UPLC-Orbitrap-MS.
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