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a b s t r a c t

Electrochemical degradation performances of three non-steroidal anti-inflammatory drugs (NSAIDs), ac-

etaminophen (ACT), aspirin (ASP) and ibuprofen (IBP), were investigated and compared in their alone and

mixture conditions using Ti/SnO2-Sb/La-PbO2. The pseudo-first-order degradation kinetics (k) order was

kIBP-A (0.110 min−1) ˃ kASP-A (0.092 min−1) ˃ kACT-A (0.066 min−1) in their alone condition, while that was

kACT-M (0.088 min−1) ˃ kASP-M (0.063 min−1) ˃ kIBP-M (0.057 min−1) in their mixture condition. The •OH

apparent production rate constant of 5.23mmol L−1 min−1 m−2 and an electrical energy per order (EEO)

value of 6.55Wh/L could ensure the synchronous degradation of the NSAIDs mixture. The mineraliza-

tion efficiency of NSAIDs mixture was 86.9% at 240min with a mineralization current efficiency of 1.67%.

Acetic acid and oxalic acid were the main products in the mineralization process for the both conditions.

In the mixture condition, there were higher k values at lower initial concentrations and higher current

density, while the presence of carbonate and humic acid inhibited their degradation. The results indicated

electrochemical advanced oxidation process can effectively and synchronously mineralize NSAIDs mixture

in wastewater.

© 2022 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

The presence of non-steroidal anti-inflammatory drugs

(NSAIDs), one class of emerging contaminants, in waters has

become a topic of increasing concerns [1]. NSAIDs have been

detected in the effluent of traditional wastewater treatment plants,

surface water, ground water and even drinking water, with their

concentrations were up to hundred μg/L [2,3]. It is proved that

NSAIDs can cause considerable threat to the water ecosystem and

human health because of their bioactivity and pharmacological

activities [4]. Based on the risk quotients, NSAIDs could pose a

medium risk or high risk to aquatic organisms in the Hai River,

Yellow River and Liao River [5]. Researchers have found that the

adverse effects caused by NSAIDs mixture can be quite toxic at

environment concentrations [6]. Thus, it is important and urgent

to develop effective technology to eliminate NSAIDs mixture from

aquatic environment.

Conventional treatment processes, e.g., coagulation, sedimenta-

tion and filtration, cannot remove aqueous NSAIDs effectively [7].

Advanced oxidation processes (AOPs) are effective methods for de-

composition of pharmaceuticals through the generation of reac-
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tive oxygen species (ROS), such as •OH, SO4
•− and O2

•− [8–11].

UV/persulfate, photocatalysis and electro-Fenton have been used

in the degradation of NSAIDs mixture in water, however, these

processes are confronted with the difficulties of low mineraliza-

tion efficiency and addition of chemical agents [12–15]. Electro-

chemical advanced oxidation appears as an available alternative

due to its environmental compatibility, high degradation efficiency,

strong oxidation ability and non-addition of chemical agents. Elec-

trochemical advanced oxidation has been widely used in the ef-

ficient degradation of aqueous NSAID. For example, the electro-

chemical mineralization efficiency of ibuprofen (IBP) reached 93.2%

at 60min using Ti/SnO2-Sb/Ce-PbO2 at initial concentration of

20mg/L and current density of 10mA/cm2 [16]. Furthermore, trace

naproxen was effectively degraded in a flow-through electrochem-

ical advanced oxidation system with an energy consumption of

0.744Wh/L [17]. However, there is still a lack of understanding of

the electrochemical mineralization of NSAIDs mixture.

In this study, the electrochemical degradation of NSAIDs mix-

ture, such as acetaminophen (ACT), aspirin (ASP) and IBP, was stud-

ied. Ti/SnO2-Sb/La-PbO2 was prepared based on titanium plate (ef-

fective size of 70mm×80mm, thickness of 2mm) through sol-

gel and electrodeposition methods [18]. Electrochemical degrada-

tion experiments were conducted in a polymethyl methacrylate
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Fig. 1. (a) The CV curves of Ti/SnO2-Sb/La-PbO2 electrode in 50mmol/L Na2SO4 so-

lution with/without 100mg/L ACT, ASP and IBP at scan rate of 10mV/s. (b) The

production of •OH in the electrochemical advanced oxidation, current density of

10mA/cm2.

cell. Ti/SnO2-Sb/La-PbO2 was used as the anode, and two pieces

of titanium plates were used as cathodes, with the distances be-

tween them were 15mm. 10mmol/L Na2SO4 was used as the elec-

trolyte, and the initial concentrations of the contaminants were

10mg/L unless otherwise stated. The effective volume of solution

was 250mL with a magnetic stirring rate of 500 rpm in the electro-

chemical degradation, while 500mL solution was used in the min-

eralization process with the current density of 10mA/cm2. The de-

tailed information of chemicals and materials is presented in Text

S1 (Supporting information). The analytical methods of NSAIDs and

the produced small molecular carboxylic acids are shown in Texts

S2 and S3 (Supporting information), respectively.

Cyclic voltammetry (CV) curves were performed on an elec-

trochemical workstation (Autolab M204, Metrohm) equipped with

a Booster10A module in a conventional three-electrode system

(electrolyte of 50mmol/L Na2SO4), in which Ti/SnO2-Sb/La-PbO2,

a piece of titanium plate and a saturated calomel electrode (SCE)

were used as work electrode, counter electrode and reference elec-

trode, respectively. As shown in Fig. 1a, there was no oxidation cur-

rent of ACT, ASP and IBP observed in the CV curves. The higher

oxidation current of CV curve in control sample than in ACT, ASP

and IBP (concentration of 100mg/L) samples was because of the

changes of pH after the addition of the contaminants. That indi-

cated that there is not obvious direct oxidation (oxidation of an-

ode) of ACT, ASP and IBP on Ti/SnO2-Sb/La-PbO2, and the indi-

rect oxidation could be the main degradation mechanism of them.

Therefore, salicylic acid (10mmol/L) was used as the probe of •OH,

which is the significant ROS produced in the electrochemical ad-

vanced oxidation [19]. The analytical method of produced •OH con-

centration is shown in Text S4 (Supporting information), and the

result is shown in Fig. 1b. The apparent production rate constant

of •OH (k[•OH]) was calculated as 5.23mmol L−1 min−1 m−2.

The electrochemical degradation performances of ACT, ASP and

IBP in their alone (ACT-A, ASP-A and IBP-A, respectively) and mix-

ture (ACT-M, ASP-M and IBP-M, respectively) conditions were stud-

ied, the result of which is shown in Fig. 2a. The electrochemical

degradation of the NSAIDs followed the pseudo-first-order degra-

dation kinetics. In the alone condition, the kinetics constants or-

der was: kIBP-A > kASP-A > kACT-A, with their values of 0.110 min−1,

0.092 min−1 and 0.066 min−1, respectively. In the mixture condi-

tion, ACT, ASP and IBP could be degraded simultaneously in the

electrochemical advanced oxidation process, while their kinetics

constants order was: kACT–M (0.088 min−1) > kASP–M (0.063 min−1)

> kIBP–M (0.057 min−1). Compared with that in alone condition,

the degradation kinetics constant of ACT enhanced 33.3%, while

that of ASP and IBP decreased 31.5% and 48.2%, respectively. ACT

was preferentially degraded in the mixture condition, which was

might because ACT possessed the highest mass transfer rate and

the fastest reaction with ROS in the mixture solution. That is an in-

teresting finding, and the deep mechanism would be researched in

the further studies. The economic feasibilities of NSAIDs degrada-

tion were studied through electrical energy per order (EEO), energy

consumption when 90% of contaminant was degraded [19], the de-

talied calculation method of which is presented in Text S5 (Sup-

porting information). The EEO values of ACT, ASP and IBP in their

alone condition were 5.77Wh/L, 4.06Wh/L and 3.39Wh/L, respec-

tively, while the values were 4.24Wh/L, 5.93Wh/L and 6.55Wh/L

in their mixture condition, as shown in Fig. 2b. The energy con-

sumption of ACT degradation was the lowest in the mixture condi-

tion due to its highest kinetics constant. It was worth noting that

the three NSAIDs could be degraded simultaneously at the total

EEO value of 6.55Wh/L, indicating that the NSAIDs mixture could

be effectively degraded by the generated ROS in the electrochemi-

cal advanced oxidation process.

The total organic carbon (TOC) values decreased from 5.59mg/L,

5.36mg/L, and 6.31mg/L to 0.68mg/L, 0.23mg/L and 0.74mg/L

for ACT, ASP and IBP, respectively, after 240min in their alone

condition. Their mineralization efficiencies were 87.7%, 95.6% and

88.2%, respectively, as shown in Fig. 2c. Meanwhile, the mineral-

ization efficiency of NSAIDs mixture was 86.9% (from 17.83mg/L

to 2.34mg/L), which was slightly lower than the values in the

alone condition. ACT, ASP and IBP were synchronously mineral-

ized in the electrochemical advanced oxidation, which was sim-

ilar to the degradation efficiencies in Fig. 2a. The effective min-

eralization of NASIDs mixture could be achieved by the produced

ROS. The mineralization current density (MCE) was studied based

on the TOC decrease and electric energy input to evaluate the en-

ergy efficiency in the electrochemical advanced oxidation [19], and

its calculation method is presented in Text S6 (Supporting infor-

mation). As shown in Fig. 2d, the MCE value of ACT-A decreased

from 3.03% at 10min to 0.54% at 240min, while the value of ASP-A

decreased from 2.02% to 0.50%. The MCE value of IBP-A increased

from 2.34% at 10min to 2.93% at 20min, and then decreased to

0.66% at 240min. The MCE value of NSAIDs mixture was estimated

by assuming that the mineralization efficiencies of ACT, ASP and

IBP were equal with each other in their mixture condition. The

MCE value of the mixture increased from 6.88% at 10min to 6.99%

at 20min, and then decreased to 1.67% at 240min, which was al-

most the sum of ACT-A, ASP-A and IBP-A. The above results in-

dicated that the produced ROS in electrochemical advanced oxi-

dation can synchronously mineralize contaminants mixture, which

process has high electric energy utilization efficiency.

The carboxylic acids with small molecular were analyzed dur-

ing the mineralization process, the results of which are shown in

Fig. 3. Formic acid, glyoxylic acid, oxalic acid and acetic acid were

all detected in the ACT-A, ASP-A and IBP-A degradation processes,

while there was hardly any detection of pyruvic acid in the ACT-

A and ASP-A degradation processes. In the three electrochemical

degradation processes, the concentrations of acetic acid and oxalic

acid were found higher than those of the other three small molec-

ular carboxylic acids. The concentrations of produced acetic acid

were all increased and then decreased along with the reaction, its

highest concentrations were 3.24mg/L, 5.66mg/L and 5.29mg/L at

reaction time of 40min, 20min and 90min for ACT-A, ASP-A and

IBP-A, respectively. The concentrations of oxalic acid reached their

highest values at 60min for all the three NASIDs, the values of

which ranged from 2.10mg/L to 2.43mg/L. However, the concen-

trations of oxalic acid were not decreased in the following pro-

cesses, which might be due to its gradual production in the pro-

cesses and/or its high resistance to the electrochemical advanced

oxidation. Formic acid, glyoxylic acid and pyruvic acid (only for

IBP-A) were all produced and then decreased in the electrochem-

ical degradation of the three NASIDs, the highest values of which

were all lower than 1.00mg/L. In the electrochemical degradation

process of NASIDs mixture, the concentration change tendencies of

all the five carboxylic acids (Fig. 3d) were similar to those in Figs.

3a-c. The concentrations of formic acid, pyruvic acid, glyoxylic acid

and acetic acid in the mixture system were all higher than in the

3702



L. Xu, X. Cui, J. Liao et al. Chinese Chemical Letters 33 (2022) 3701–3704

Fig. 2. (a) The electrochemical degradation performance, (b) EEO values, (c) mineralization efficiency and (d) MCE values of the NSAIDs in their alone and mixture conditions.

Fig. 3. The production of carboxylic acids with low molecular in the electrochemical advanced oxidation of ACT (a), ASP (b), IBP (c) and their mixture (d).

Fig. 4. The effects of (a) initial concentration, (b) current density, (c) carbonate and (d) humic acid on the pseudo-first-order degradation kinetics of the NSAIDs in their

mixture condition.

alone system, for example, the highest concentration of acetic acid

was 11.38mg/L at 90min. However, the highest concentration of

oxalic acid in the mixture system was 2.36mg/L, which was similar

to that in ACT-A, ASP-A and IBP-A system. The acetic acid and ox-

alic acid at 240min were the main constituent of the residual TOC.

It is worth noting that the combined process of electrochemical

advanced oxidation and other AOPs could be more effective in the

mineralization of organic pollutants mixture, due to the higher ROS

production and the reaction kinetics between organic pollutants

and various ROS [20]. Meanwhile, there could be higher degrada-

tion performance using reactive electrochemical membrane in the

flow-through electrochemical advanced oxidation system, in which

the mass transfer of organic pollutants and utilization ratio of ROS

could be enhanced as proved in the previous studies [17,21].

The influencing factors, e.g., initial concentrations, current den-

sities, carbonate concentrations and dissolved organic matter con-

centrations, on the degradation performance of NASIDs mixture

were thoroughly studied. As shown in Figs. S1–S4 (Supporting in-

formation), the electrochemical degradation performances of the

three NASIDs were all obviously effected by the studied influenc-

ing factors. The k values of ACT-M, ASP-M and IBP-M at their con-

centrations of 5mg/L were 0.142 min−1, 0.085 min−1 and 0.095

min−1, respectively. These values were decreased to 0.066 min−1,

0.035 min−1 and 0.044 min−1, respectively, when the concentra-

tions increased to 20mg/L, as shown in Fig. 4a. The higher con-

centration of NSAIDs and concentration of their degradation in-

termediates could compete for the constant production of •OH at

10mA/cm2. Linear increases of the k values were observed when

current density was changed from 5mA/cm2 to 20mA/cm2 (Fig.

4b), in which the k values were increased from 0.047 min−1, 0.030

min−1 and 0.036 min−1 to 0.172 min−1, 0.124 min−1 and 0.116

min−1 for ACT-M, ASP-M and IBP-M, respectively. There could be

higher •OH production at higher current density because of the

faster electron transfer and higher anode potential, which caused

the more efficient degradation of NSAIDs mixture. The presence of

carbonate slowed down the degradation performances of NSAIDs

as shown in Fig. 4c, in which the pH value of the solution was

not adjusted after the addition of carbonate. After the addition

of 1mmol/L carbonate, the k values were sharply decreased by

18.4%, 14.3% and 19.3% for ACT-M, ASP-M and IBP-M, respectively.

However, there were slow decreases of k values when carbon-

ate concentration was increased from 1mmol/L to 100mmol/L.

There was greater inhibition of ASP-M degradation than ACT-M and

IBP-M at higher carbonate concentration. Carbonate can quench
•OH in the system, which produces CO3

•−. Although the produc-

tion of CO3
•− could accelerate the elimination of oxytetracycline

and oxcarbazepine [22], there were inhibitions of norfloxacin and

ciprofloxacin degradation in advanced oxidation processes in the

presence of carbonate [23,24]. The different effects were mainly

because of the different reaction kinetics between the organic

compounds and CO3
•−. The presence of humic acid, a typical dis-

solved organic matter, also inhibited electrochemical degradation

performances of NSAIDs as shown in Fig. 4d. The k values were

decreased by 46.6%, 40.3% and 54.4% for ACT-M, ASP-M and IBP-M,

respectively, after the addition of 40mg/L humic acid. The quench-

ing of •OH and decrease of electroactive sites on anode surface (ad-

sorption of humic acid) might be the reasons for the inhibitions.

In summary, the NSAIDs mixture could be degraded and min-

eralized simultaneously in the electrochemical advanced oxidation

process. The electrochemical degradation kinetics of ACT, ASP and

IBP in their mixture condition were different from those in the

alone condition. The produced ROS was more adequately utilized

in the mixture condition than in the alone condition, with the

similar mineralization efficiency of the NSAIDs mixture and higher
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MCE value in the mixture condition. Acetic acid and oxalic acid

were the main products in the mineralization process for both the

alone and mixture conditions. The presence of carbonate and hu-

mic acid could inhibit the electrochemical degradation of NSAIDs

mixture. This work provides novel knowledge for understanding

the synchronous elimination of aqueous NASIDs mixture in elec-

trochemical advanced oxidation process.
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