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A B S T R A C T

In the post-Corona Virus Disease 2019 (COVID-19) era, the presence of COVID-19 drugs in the environment has 
garnered significant attention. These drugs persist in aquatic environments due to their photostability and 
biological activity. In Wuhan, China, the concentration of chloroquine in surface water reached 20,00 ng/L 
during the COVID-19 outbreak [1]. Lopinavir, ritonavir, abacavir, zidovudine, efavirenz, nevirapine, lamivudine, 
and telbivudine have all been detected in aquatic environments [2,3]. This study provides a comprehensive 
overview of the physicochemical properties and chemical structures of COVID-19 drugs. It reviews and sum
marizes the removal techniques for these drugs, including biological methods, advanced oxidation processes, and 
physical treatment technologies. The concept of "COVID-19 specific drugs" is introduced, highlighting their 
anticipated long-term use in the treatment of COVID-19. Additionally, this study presents a novel analysis of the 
removal mechanisms of ferrate for COVID-19 drugs and explores future research directions in wastewater 
treatment technologies for the post-COVID-19 era.

1. Introduction

In December 2019, COVID-19 outbreak emerged in Wuhan, Hubei 
Province, China. This was the first global instance of COVID-19. As of 15 
June 2024, the cumulative number of COVID-19 cases reported by the 
World Health Organization globally has reached 775,552,205, with 
7010,681 deaths [4]. Among them, the reported cases of infection in the 
United States and China reached 103 million and 99.4 million respec
tively [5]. In May 2023, the World Health Organization (WHO) declared 
that the global emergency it had created was over [6]. COVID-19 is still 
prevalent around the world, and since the outbreak of COVID-19, the 
novel coronavirus has continuously mutated over time, producing new 
variants. Includes the novel coronavirus variant strains Alpha、Beta、 
Gamma、Epsilon、Zeta、Eta、Theta、Lota、Kappa、Lambda 、Mu and 
Delta [7].

Initially, at the onset of the COVID-19 pandemic, there was no spe
cific treatment for COVID-19. Based on previous clinical experience in 
the treatment of viral infections, people infected with COVID-19 have 
been treated with a large number of antiviral drugs, oseltamivir (OP) 
[8], acyclovir (ACV), ribavirin (RBV), arbidol (ABD) [9], remdesivir 
(RDV) [10] etc. Antibiotic treatment, amoxicillin (AMX), cephalosporin 

(CEP) [11], vancomycin (VAN),doxycycline (DOX) [12] etc, 
Non-steroidal anti-inflammatory drugs (NSAIDs) treatment, ibuprofen 
(IBU) [13], chloroquine (CQ) [14], hydroxychloroquine (HCQ) [15], 
acetaminophen [16]. And traditional Chinese medicine treatment lian
hua qingwen capsule (LQC), huoxiang zhengqi wan (HZW) [17], These 
drug treatments have not shown a very significant effect on the fight 
against COVID-19. With the continuous improvement of human cogni
tion of COVID-19, more drugs have been put into clinical use. Studies 
have shown that lopinavir (LPV) - ritonavir (RTV) combination has 
antiviral effects on SARS-CoV-2 [18], azivudine (AZV) and paxlovid 
(PXVD) have been used clinically in China [19,20]. The results showed 
that AZV was more effective than PXVD in treating hospitalized 
COVID-19 patients with existing comorbidities [21]. Arbidol demon
strated statistically significant efficacy in mild asymptomatic patients in 
a double-blind, placebo-controlled trial [22]. Clinical trials have been 
conducted in the United States, China, Japan, Korea and other countries. 
This class of drugs has a significant inhibitory effect on COVID-19, 
known as the new coronavirus specific drugs (NCSDs).

As shown in Fig. 1, NCSDs are not fully metabolized in the patient’s 
body, and the incomplete metabolized part is excreted from the body in 
the form of feces and urine, and eventually reaches wastewater 
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treatment plant (WWTP) [23]. However, existing wastewater treatment 
processes are primarily designed for conventional urban wastewater and 
have not adequately accounted for the increased concentrations of 
antiviral drugs in influent wastewater, a consequence of the widespread 
use of antibiotics, immunomodulators, and antiviral medications during 
the pandemic [2]. The traditional wastewater treatment process of 
WWTP has limited removal efficiency for new pollutants such as anti
viral drugs and antibiotics [3]. For example, sulfamethoxazole (SMZ) 
has a removal rate of 44 % in WWTP [24]. The highest removal rate of 
nevirapine (NVP) was 49 % in a WWTP in Kenya [25]. At present, only 
abacavir (ABC) and lamivudine (3TC) can be completely removed by 
sewage treatment plants, and the average removal efficiency of other 
antiviral drugs is less than 70 % [3]. These pollutants have low biode
gradability [26]. In traditional water treatment processes, these NCSDs 
may affect the biological activity of activated sludge during treatment, 
resulting in fluctuations in effluent water quality, which may lead to 
substandard effluent water quality. These NCSDs eventually reach nat
ural water bodies. As shown in Table 1 The concentration of ATV in 
surface water detected in 11 countries in Asia, Europe and Africa has 
reached the level of ng/L [27]. Such as 3TC (5.43 μg/L), NVP 
(4.86 μg/L), zidovudine (ZDV) (7.68 μg/L) and amantadine (AMT) 
(10.30 μg/L) [28,29]. Kumar et al. highlight that widespread use of 
antivirals during the COVID-19 pandemic significantly increases the risk 
of biological resistance [30]. Some antiviral drugs have also been shown 
to be toxic to some fish, which persist in aquatic environments for an 
extended period, resulting in antiviral drug resistance [31,32]. Once the 
concentration of these drugs in the aquatic environment accumulates to 
a certain degree, contaminated water flows into waterworks and even
tually enters the human body through drinking water, presenting risks 
and potential threats to human health and ecological environmental 
safety.

The existing water treatment removal technologies are mainly 
divided into three categories: chemical method, biological treatment 
method and physical method. Advanced oxidation method mainly pro
duces reactive oxygen species to attack pollutants and achieve the effect 
of degrading pollutants. The biological treatment method uses micro
organisms to oxidize pollutants by domesticating activated sludge and 
converting them into harmless substances or small molecules. The 
adsorption method is to remove the target pollutant by electrostatic 
attraction or intermolecular force. The removal efficiency of water 
treatment technology is also very different for different types of NCSDs. 

The octanol-water partition coefficient (Kow) is a widely used physi
cochemical parameter that describes the distribution behavior of a 
compound between two immiscible liquids: n-octanol and water. The 
Kow value reflects the hydrophobicity or lipophilicity of a compound. In 
environmental chemistry, Kow serves as a critical indicator for pre
dicting a compound’s bioaccumulation potential in organisms. Com
pounds with higher Kow values tend to exhibit stronger hydrophobicity, 
making them more likely to accumulate in the lipid tissues of living 
organisms. Substances with high Kow values are generally less prone to 
diffusion in aqueous systems and are more likely to adhere to organic 
matter or sediments. The Kow is typically expressed on a logarithmic 
scale for clarity and ease of comparison. When the logKow is greater than 
3, the pollutant is lipophilic and hydrophobic, so it is easier to be 
removed by adsorption [47,48]. Adsorption is more efficient for the 
removal of NCSDs with low water solubility. Some NCSDs have good 
biodegradability and have a good removal effect for such pollutants by 
biological method. The advanced oxidation method is more suitable for 
the removal of other refractory pollutants. In the actual WWTP and 
water treatment plant (WTP) water treatment process, the appropriate 
treatment process should also be selected according to the actual pro
duction cost.

Fig. 1. The route of COVID-19 drugs.

Table 1 
The presence of some antiviral drugs in water environments.

Drugs Concentration 
(ng/L)

Aqueous 
matrix

Country Toxicity 
Risk

Chloroquine 20000 
[1]

Surface 
water

Wuhan, 
China

High 
[33,34]

Dexamethasone 55.6 
[35]

Surface 
water

Hungary Moderate 
[36,37]

Favipiravir 64 
[38]

Domestic 
wastewater

Japan Moderate 
[39]

Lamivudine 20 
[40]

Surface 
water

Germany Moderate 
[41]

Lopinavir 3800 ± 350 
[42]

WWTP 
Effluents

KwaZulu- 
Natal, South 
Africa

Moderate 
[43]

Ribavirin 10 
[44]

WWTP 
Effluents

Germany High 
[45]

Ritonavir 12 ± 5 
[46]

Surface 
water

France Moderate 
[43]

Notes: Toxicity risks are roughly classified according to the severity and prob
ability of occurrence of toxicity.
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According to the current literature, while some studies have exam
ined the presence of novel coronavirus drugs in the aquatic environment 
and their removal methods, advancements in our understanding of 
COVID-19 have led to more refined clinical drug regimens. The wide
spread use of antibiotics, antiviral drugs, and other medications has 
introduced a variety of new antiviral drugs into the water environment, 
which were not previously considered. As a result, NCSDs are likely to 
persist and accumulate in the environment, posing potential environ
mental risks. Previous research has predominantly focused on biological 
treatment and conventional advanced oxidation methods, such as UV 
disinfection and O3 disinfection. However, there is a notable gap in the 
study of advanced oxidation processes involving new green materials, 
such as ferrate, permanganate, and catalytic materials, for the degra
dation of antiviral drugs. This paper provides a detailed summary of the 
physicochemical properties of antibiotics, antiviral drugs, non-steroidal 
anti-inflammatory drugs, and immunomodulators used since the onset 
of the COVID-19 pandemic. It discusses the removal methods and 
mechanisms for these pollutants and offers suggestions and perspectives 
on future research and development, taking into account the latest 
treatment technologies and the current status of WWTP.

2. Bibliometrics

Bibliometrics is a method to analyze the current situation of a spe
cific research field [49]. The study analyzed 935 papers from the Web Of 
Science database core database, from January 1, 2020, to June 6, 2024, 
from 4627 authors from 1189 institutions in 80 countries and published 
in 56 journals. 37,731 citations from 4246 journals were cited, of which 

59 were cited more than 20 times.
Keywords reflect the research content of an article [50]. Through 

visual analysis of literature keywords, the current research status of 
COVID-19 drugs in the field of environmental science can be summa
rized. As shown in Fig. 2, the larger the size of the sphere, the higher the 
frequency of the keyword, which can also reflect the current research 
hotspot from the side, and the color of the sphere represents different 
research topics. It can be seen from the Fig. 2 that the current research 
on COVID-19 drugs mainly focuses on the removal of antibiotics, which 
may be because antibiotics have been detected as emerging pollutants in 
the water environment before the outbreak of COVID-19, while antiviral 
drugs have gradually entered the field of vision of researchers after the 
outbreak of COVID-19. At present, there are few researches on the 
removal technology of COVID-19 antiviral drugs, so it is speculated that 
the future research direction may focus on the removal and degradation 
of antiviral drugs.

3. Drugs used during the COVID-19 epidemic

Fig. 3 shows the annual global consumption of drugs during the 
COVID-19 epidemic, with antibiotics being the most heavily used, fol
lowed by antiviral drugs, non-steroidal anti-inflammatory drugs, and 
immunomodulators. The largest use of the drug is in Asia, which may be 
due to its large population. The use of antiviral drugs in Africa is com
parable to that in Asia, which may be a result of the HIV epidemic in 
Africa [52]. The use of medicines in the COVID-19 outbreak poses sig
nificant risks to the environment. As shown in Table 2, we classify and 
summarize the drugs used during the COVID-19 epidemic, including 

Fig. 2. Visualization of literature keywords from 2020 to 2024.
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physical and chemical properties and drug detection methods.

3.1. Antiviral drugs

In the early stages of the COVID-19 outbreak, our understanding of 
the virus was limited. Laboratory studies identified COVID-19 as an RNA 
retrovirus, akin to HIV. Leveraging this characteristic, and drawing on 
prior experience with SARS and MERS, healthcare professionals 
administered a lopinavir-ritonavir combination therapy to COVID-19 
patients. lopinavir-ritonavir monotherapy is recommended for first - 
and second-line therapy in some countries [118]. PXVD is a new oral 
antiviral drug [119]. PXVD consists of two components, nirmatrelvir 
(NAT) and ritonavir (RTV). Several previous studies showed that 
NAT/RTV reduced mortality rates in a 28-day follow-up by 88 % [120]. 
In the latest study, Sakander et al. found that molnupiravir (MPV) can be 
used as a viable treatment option to mitigate SARS-CoV-2 infection by 
reducing disease severity and mortality [121]. According to the newly 
released WHO treatment of novel coronavirus protocol, NAT, RDV and 
MPV are three antiviral drugs considered as NCSDs. NAT, RDV and MPV 
have played a significant role in clinical treatment, After taking the drug, 
the COVID-19 load in the body showed a significant downward trend, 
and the study confirmed that the amount of virus in the lung decreased 
significantly while the lung function was improved. NCSDs such as NAT, 
RDV and MPV will be used to fight the decline of COVID-19 for a long 
time in the future when humans live with COVID-19.

According to Fig. 4, it can be observed that the eight antiviral drugs 
ACV, Arbidol (ARB), Azvudine (AZV), CQ, MPV, RDV, RBV, and ZDV all 
possess hydroxyl (-OH) and amino (-NH2) functional groups. When these 
functional groups are present in a chemical structure, the oxidation of 
-OH can lead to the formation of aldehydes or acids, thereby enhancing 
the water solubility of the compound. Consequently, the presence of -OH 
and -NH2 functional groups increases the likelihood of these antivirals 

being removed in aqueous solutions. Furthermore, ACV, Ivermectin, and 
OP contain ether (-O-) functional groups, which typically exhibit low 
photosensitivity. Thus, antiviral drugs with ether groups are not suitable 
for water treatment methods that rely on photocatalysis or UV irradia
tion. CQ’s chemical structure, in addition to containing -OH and -NH2 
functional groups, features an aromatic ring, which is highly photo
sensitive, making UV-based removal methods more appropriate. Favi
piravir (FPV) contains carboxyl (-COOH) and carbonyl (-C––O) 
functional groups, which enhance its polarity, and higher polarity 
compounds generally respond better to advanced oxidation processes. 
Ivermectin contains ester (-COOR) functional groups, with a macrocy
clic lactone structure that is resistant to hydrolysis, although the hy
droxyl and ester groups can be removed through advanced oxidation 
processes. LPV has an amide (-CONH2) functional group, which in
creases its polarity and improves its efficiency in advanced oxidation 
processes. MPV, NMT, RBV, and ZDV possess carbonyl (-C––O) func
tional groups, and in advanced oxidation processes, reactive radicals 
typically attack the carbonyl group to degrade the contaminants. NVP’s 
structure includes an azacyclic ring, which exhibits some degree of 
photosensitivity. RDV’s structure contains a phosphate (-PO4) group, 
which increases its polarity, but the phosphate group is quite stable. 
Therefore, to degrade RDV by attacking the phosphate group, a high 
oxidation potential oxidant is required. RTV contains a thioether (-S-) 
functional group, which can be oxidized to sulfoxide by introducing a 
double-bonded oxygen structure under strong oxidants, and further to 
sulfone, forming two double-bonded oxygen structures. This signifi
cantly increases the molecule’s polarity, providing insights into the 
advanced oxidation degradation of RTV.

3.2. Immunomodulator

Immunomodulators are drugs or natural substances that can 

Fig. 3. Estimated global usage of COVID-19 drugs in 2023. (A) antiviral drug usage; (B) non-steroidal anti-inflammatory drug usage; (C) antibiotic drug usage; (D) 
immunomodulator usage. (Unit: ton) [51].
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Table 2 
Physicochemical properties and detection methods of antiviral drugs.

Classification of 
Drugs

Compound name Chemical 
formula

CASRN Molecular 
weight (MW) 
(g/mol)

Solubilitya Detection method pKab LogKow
c

Antiviral Drugs Acyclovir C8H11N5O3 59277–89–3 225.21 Solubility in water 
0.7 mg/mL

HPLC [53] 2.27 − 1.56

Arbidol C22H25BrN2O3S 131707–25–0 477.42 Chloroform (slightly), 
methanol (slightly, 
heated)

HPLC [54] 6.02 
± 0.50

5.40

Azvudine C9H11FN6O4 1011529–10–4 286.22 Solubility in water 
57 mg/mL

LC-MS [55] 9.29 − 0.82

Chloroquine C18H26ClN3 54–05–7 319.88 Soluble in chloroform 
(slightly), methanol 
(slightly)

HPLC [56] 8.4 4.88

Favipiravir C5H4FN3O2 259793–96–9 157.10 Soluble in DMSO 
(30 mg/mL), water 
(12 mg/mL, heated)

LC-MS/MS [57]; 
RP-HPLC [58]; HPLC 
[59]

8.77 
± 0.60

− 0.58

Ivermectin C48H74O14 70288–86–7 875.11 Solubility in water 
4 mg/L

HPLC [60]; LC-MS/MS 
[61]

12.80 3.22

Lopinavir C37H48N4O5 192725–17–0 628.81 Solubility in DMSO 
20 mg/mL

HPLC [62]; HPLC-DAD 
[63]

13.89 
± 0.46

4.87

Molnupiravir* C13H19N3O7 2349386–89–4 329.31 Soluble in DMSO 
(slightly), methanol 
(slightly)

RP-HPLC [64]; 
LC-MS/MS [65]

2.2 − 1.50

Nevirapine C15H14N4O 129618–40–2 266.30 Solubility in Dimethyl 
sulfoxide ≥ 22 mg/mL

HPLC with UV [66]; 
LC-MS [67]

2.8 3.89

Nirmatrelvir* C23H32F3N5O4 2628280–40–8 499.54 Solubility in water 
27.7 mg/L

HPLC [68]，LC-MS 
[69]

10.26 
± 0.46

2.12

Oseltamivir C16H28N2O4 196618–13–0 312.41 Soluble in methanol 
(slightly)

HPLC with UV [70]; 
LC-MS/MS [71]

7.7 0.45

Remdesivir* C27H35N6O8P 1809249–37–3 602.58 Solubility in ethanol is 
12 mg/mL

LC/MS [72]; HPLC [73] 12.00 
± 0.70

2.40

Ribavirin C8H12N4O5 36791–04–5 244.21 Solubility in 
water≥ 10 g/mL

HPLC [74]; LC-MS/MS 
[75]

12.95 
± 0.70

− 1.49

Ritonavir C37H48N6O5S2 155213–67–5 720.31 Solubility in water 
5 mg/L

HPLC with UV [66]; 
LC-MS/MS [76]

11.47 
± 0.46

5.92

Zidovudine C10H13N5O4 30516–87–1 267.25 Solubility in water 
50 mg/mL

HPLC [77]; LC-MS [78] 9.53 0.05

Antibiotics Amikacin C22H43N5O13 37517–28–5 585.61 Solubility in water 
50 mg/mL

RP-HPLC [79]; 
LC-MS/MS [80]

8.1 − 4.36

Amoxicillin C16H19N3O5S 26787–78–0 365.40 Solubility in water 
4 mg/mL

HPLC [81]; UV–visible 
spectrophotometer [82]

2.4 0.87

Azithromycin C38H72N2O12 83905–01–5 749.00 Insoluble in water, 
soluble in anhydrous 
ethanol and 
dichloromethane

HPLC with UV [83]; 
LC-MS/MS [84]

8.74 4.02

Ceftazidime C22H22N6O7S2 72558–82–8 546.57 Insoluble in ethanol and 
water

HPLC [85]; LC-MS [86] 2.77 − 1.52

Ceftriaxone C18H18N8O7S3 73384–59–5 554.57 Solubility in water 40 g/ 
mL

HPLC with UV [87] 3.2 
± 0.6

− 2.64

Ciprofloxacin C17H18FN3O3 85721–33–1 331.35 Solubility in water 
86 mg/L

HPLC [88]; LC-MS [89] 4.04 0.28

Levofloxacin C18H20FN3O4 100986–85–4 361.37 Slightly soluble in water 
or methanol

RP-HPLC [90]; HPLC 
[91]; LC-MS [91]

5.19 
± 0.40

− 0.23

Linezolid C16H20FN3O4 165800–03–3 337.35 Solubility in 
DMSO> 20 mg/mL

UHPLC [92] 15.53 
± 0.46

0.05

Meropenem C17H25N3O5S 96036–03–2 383.46 Solubility in water 
（ultrasonic）≥

9.88 mg/mL

HPLC with UV [93]; 
LC-MS [94]

4.27 
± 0.60

− 0.48

Non-steroidal anti- 
inflammatory 
drugs

Aspirin C9H8O4 50–78–2 180.16 Solubility in water 
3.3 g/L

LC/MS-MS [95] 3.5 1.19

Diclofenac C14H11Cl2NO2 15307–86–5 296.15 Solubility in water 
1.278 mg/L

HPLC [96]; LC-MS [97] 4 4.51

Ibuprofen C13H18O2 15687–27–1 206.29 Insoluble in water, 
soluble in acetone, 
methanol

HPLC [98]; LC-MS/MS 
[99]

4.45 
± 0.04

3.97

Indomethacin C19H16ClNO4 53–86–1 357.79 Solubility in acetone, 
ethanol (20 mg/mL) 
insoluble in water

HPLC [100]; 
LC-ESI-MS-MS [101]

4.5 3.68

Ketoprofen C16H14O3 22071–15–4 254.29 Solubility in water 
209 mg/L

HPLC with UV [102]; 
LC-MS [103]; 
LC-MS/MS [104]

5.94 3.12

Naproxen C14H14O3 22204–53–1 230.26 Insoluble in water, 
soluble in ethanol and 
methanol

HPLC [105]; LC-MS/MS 
[106]

4.28 
± 0.02

3.18

(continued on next page)
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influence the function of the immune system, primarily encompassing 
immune enhancers and immunosuppressants. As drug development 
continues to progress, treatment of hospitalized patients with COVID-19 
has shifted from untargeted treatment to mildly effective antiviral drugs, 
to immunomodulatory therapies that reduce mortality [122]. Some 
studies have shown improved outcomes in patients with progressive and 
critically ill COVID-19 who received either tocilizumab or saliuzumab 
combined with corticosteroids [123]. Bekta et al. injected two kinds of 
glucocorticoids, anakinra (ANK) and baricitinib (BCB), into critically ill 
patients with COVID-19. Clinical results showed that the mortality rate 
and tracheal intubation rate of patients after intravenous ANK and BCB 
treatment were 46.7 %. Compared with the control group, the mortality 

rate and tracheal intubation rate were decreased by 69.8 % [124]. Liu 
et al. found that a single dose of pulse methylprednisolone (40–500 mg) 
had no significant negative effects on SARS-CoV-2 removal and specific 
IgG production, while effectively blocking the inflammatory cascade 
[125]. Clinically, the use of immunomodulators provides a new idea for 
the clinical treatment of COVID-19 in the future, not only reducing the 
number of COVID-19 carriers, but also regulating the immune system in 
patients to enhance immune capacity and avoid other side effects.

As shown in Fig. 5 BCB contains -NH2, -S––O, -CN, and a pyridine 
ring. The -NH2 and -S––O groups are susceptible to attack by reactive 
radicals, while the -CN and pyridine ring structures exhibit higher sta
bility. Therefore, it is recommended to use strong oxidizing agents when 

Table 2 (continued )

Classification of 
Drugs 

Compound name Chemical 
formula 

CASRN Molecular 
weight (MW) 
(g/mol) 

Solubilitya Detection method pKab LogKow
c

Paracetamol C8H9NO2 103–90–2 151.17 Solubility in water 14 g/ 
L

HPLC [107]; LC-MS 
[108]

9.86 
± 0.13

0.46

Imunomodulator Baricitinib* C16H17N7O2S 1187594–09–7 371.12 Solubility in DMSO 
30 mg/mL

RP-HPLC [109]; LC-MS 
[110]

11.66 
± 0.50

1.08

Dexamethasone C22H29FO5 50–02–2 392.47 Solubility in water 
10 mg/100 mL

HPLC [111]; LC-MS 
[112]

12.13 
± 0.70

1.83

Leflunomide C12H9F3N2O2 75706–12–6 270.21 Insoluble in water, 
soluble in methanol

HPLC [113] 10.8 2.36

Methylprednisolone C22H30O5 83–43–2 374.48 Solubility in water 
0.12 g/L

LC-MS/MS [114] 12.46 
± 0.70

1.60

Notes: CASRN (Chemical Abstracts Service Registry Number); LogKow (Logarithm of the octanol-water partition coefficient); HPLC (High-Performance Liquid 
Chromatography); RP-HPLC (Reversed-Phase High-Performance Liquid Chromatography); HPLC-DAD (High-Performance Liquid Chromatography with Diode Array 
Detector); LC-MS (Liquid Chromatography-Mass Spectrometry); HPLC with UV (High-Performance Liquid Chromatography with Ultraviolet Detection); UHPLC (Ultra- 
High Performance Liquid Chromatography); MS (Mass Spectrometry); LC-ESI-MS-MS (Liquid Chromatography-Electrospray Ionization Tandem Mass Spectrometry).
* WHO recommended medication for 2024
Source: a c from [115], b from [116], d from [117].

Fig. 4. The chemical structure of the antiviral drug used in the COVID-19 epidemic[115].
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reacting with BCB. DEX contains a C––C bond, which typically has lower 
stability. During the oxidation process, oxidizing agents may initially 
target and cleave the C––C bond. Leflunomide’s structure includes an 
isoxazole ring, a formamide group (-NH-CO-), and an aromatic ring. The 
-NH-CO- group can degrade through hydrolysis, while the benzene ring 
structure provides some stability, making it removable under strong 
oxidative conditions. Methylprednisolone contains a cyclohexane ring, a 
cyclopentane ring, and two C––C bonds, imparting a certain level of 
stability to the molecule. During oxidation, the oxidizing agents are 
likely to first attack and break the C––C double bonds, followed by 
subsequent attacks on the cyclohexane and cyclopentane ring structures.

3.3. Non-steroidal anti-inflammatory drugs

Combined with clinical feedback from laboratories and hospitals, the 
main clinical symptoms of COVID-19 are fever, dyspnea, sore throat, 
weakness of limbs, dizziness, and nausea [126]. Qiao et al. reported that 
70 % of patients’ body temperature fluctuated in the range of 36.5◦C to 
38.8◦C [127]. Before the advent of NCSDs, symptomatic treatment 
strategies were used for people infected with COVID-19. Traditional 
antipyretic and analgesic drugs include ibuprofen (IBU), acetaminophen 
(APAP), aspirin (ASA) and etc. Clinical trials confirm the safety of APAP 
and IBU in patients with COVID-19 [128]. The use of such drugs has 
risen sharply during the outbreak. In late December 2022, the highest 
concentration of ASA detected by WWTP in urban China reached 10, 
00 mg/d/inch, the highest concentration of ASA detected by WWTP in 
rural China reached nearly 900,000 mg/d/inch, and the highest con
centration of ibuprofen reached nearly 10,000 mg/d/inch [129]. This 
may be because antipyretic and analgesic drugs such as IBU and ASA are 
inexpensive and available over the counter, making them more acces
sible to residents and ultimately leading to a significant increase in use. 
As routine clinical treatment drugs, IBU, APAP and ASA are widely used 
worldwide in the environmental matrix, and the concentration changes 

and toxicity risks of non-steroidal anti-inflammatory drugs are worthy of 
attention, and relevant studies are worthy of environmental risk 
assessment in the future.

Non-steroidal anti-inflammatory drugs have relatively simple struc
tures, as illustrated in Fig. 6 They all feature a benzene ring, which 
contributes to their stability. Additionally, these drugs contain amide 
(-CONH-) and indole ring structures. The -CONH- group can be hydro
lyzed, while the indole ring is highly stable. Naproxen (NPX) contains a 
methoxy (-OCH3) group, which is readily oxidized during the oxidation 
process, leading to the formation of more polar substances.

3.4. Antibiotics

Antibiotics are used to treat bacterial infections. In the treatment of 
COVID-19, antibiotics are not used to fight COVID-19 itself, but to 
prevent bacterial infections caused by COVID-19, such as bacterial 
pneumonia, sepsis and other complications. In the early days of the 
COVID-19 outbreak in Wuhan, antibiotic treatment was used as one of 
the treatments [130]. In one Scottish hospital, AMX accounted for 22 % 
of the prescriptions given to COVID-19 patients, doxycycline (DOX) 
accounted for 17 % and ciprofloxacin (CIP) accounted for 3.2 % [131]. 
In the treatment of severe patients, the combination of antiviral drugs 
and amoxicillin accounted for about 60 %, followed by the combination 
of antiviral drugs and cephalosporin (CEP) accounted for about 16 %. 
Although studies have shown that antibiotic treatment does not improve 
the clinical symptoms of COVID-19 patients, more than 80 % of hospi
talized patients are still receiving antibiotics because almost all infected 
patients have weakened immunity, which increases the risk of bacterial 
infection. AMX, CEP, DOX, CIP and other drugs used in large quantities 
in the COVID-19 epidemic are bound to cause concentration changes in 
the environment, increasing environmental risks. The traditional treat
ment process of WWTP has limited degradation efficiency for antibi
otics, and even high antibiotic concentration can lead to decreased 

Fig. 5. The chemical structure of the immunomodulator drug used in the COVID-19 epidemic [115].

Fig. 6. The chemical structure of the non-steroidal anti-inflammatory drug used in the COVID-19 epidemic [115].
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treatment efficiency. In WTP, the removal efficiency of the coagulation 
precipitation process is about 11.3 % ± 26.4 %, that of sand carbon 
filtration is about 1.7 % ± 21.4 %, and that of chlorine disinfection is 
about 48.7 % ± 11.9 %, and there are great differences in the removal 
efficiency of different types of antibiotics. The stability of antibiotic 
removal efficiency cannot be guaranteed [132].

As shown in Fig. 7, amikacin with its multiple aminoglycoside 
groups, is relatively stable in acidic environments. Consequently, 
neutral or alkaline conditions may be more effective for its degradation. 
AMX, ceftazidime, and ceftriaxone each feature a β-lactam ring, which is 
prone to hydrolysis. Azithromycin contains a macrolide ring structure, 
which enhances its stability, but it also shows some photosensitivity, 
suggesting that photocatalysis or UV methods might be effective for its 
removal. CIP and levofloxacin have fluoroquinolone structures that in
crease their stability. Linezolid features an oxazolidinone structure, 
which provides good stability. Due to its polarity and ring structure, 
oxazolidinone may interact with certain enzymes in biodegradation 
processes, potentially enhancing the effectiveness of biological methods 
for removing linezolid. Meropenem contains a carbapenem structure, 
which is susceptible to hydrolysis. The carbapenem structure includes a 

five-membered ring connected to a β-lactam ring with various side 
chains, which increases its chemical stability.

4. Removal methods of COVID-19 drugs

4.1. Biological method

Biological water treatment technology leverages the metabolic ca
pabilities of microorganisms to convert organic substances and pollut
ants in water into simpler, harmless compounds. This approach offers 
significant environmental benefits as it avoids the need for large quan
tities of chemical agents and reduces the generation of chemical waste. 
Compared to traditional physicochemical treatment methods, biological 
treatment is typically more cost-effective, particularly for long-term 
operations, with lower operation and maintenance costs. Renowned 
for its high efficiency and sustainability, biological treatment technol
ogy is a key option in modern water treatment practices. As shown in 
Table 3, this study reviews the efficiency and conditions of biological 
removal of COVID-19 drugs in water.

Fig. 7. The chemical structure of the antibiotic drug used in the COVID-19 epidemic [115].
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4.1.1. Activated sludge method
The activated sludge method has the advantages of strong adapt

ability, stable system and low operating cost, and activated sludge can 
be recycled and reused, which meets the requirements of environmen
tally sustainable development.

Victoria Osorio et al. investigated the removal mechanism of DCF 
and anti-inflammatory drugs with similar structures in nitrification 
sludge reactors. During the nitrification reaction, NO⋅ will be produced, 
which is a highly active substance. Under anaerobic conditions, mo
lecular oxygen and NO⋅ will generate nitrous oxide (N2O3). The presence 
of superoxide radical anion (O•−

2 ) in the system produces peroxynitrite 
(ONOO-), ONOO- and N2O3 have higher activity than NO⋅[148]. It has 
been reported that there are differences in the degradation efficiency of 
nitrifying activated sludge for different types of anti-inflammatory 
drugs, which is due to the presence of certain functional groups, 

forming steric hindrance [149]. The poor effect of drug degradation also 
depends on the presence of halogens and aromatic amines in their 
chemical structure. However, the microorganisms present in the nitri
fying microbial community in activated sludge can be used to degrade 
the pollutants [150]. Park proposed the degradation of APAP by mi
crobial communities in activated sludge. After one month of acclimation 
with APAP, the degradation rate of the activated sludge reached 95 %, 
which was 8 times higher than that of the initial unacclimated activated 
sludge. Park isolates the Pseudomonas species group (PCO) from the 
APAP degradation community. The efficiency of APAP removal in the 
activated sludge inoculated with PCO reached 590 mg/L, and APAP 
would eventually decompose into APAP-derived metabolites, 4-amino
phenol, hydroquinone and 1, 4-benzenone [151]. DEX as a hormone 
drug, the concentration reached the level of ug/L. Liu et al. investigated 
the effect of DEX on SBR reactors. It was found that when the DEX 
concentration was increased to 500 and 1000 μg/L, the removal effi
ciency decreased to 72.4 % and 30.8 %, respectively. This may be 
because DEX inhibits the ability of activated sludge to remove C and N. 
During the first 15 days after adding DEX, effluent chemical oxygen 
demand (COD) and total nitrogen (TN) both fluctuate to some extent, 
but long-term studies show that effluent quality is relatively stable. This 
may be due to the gradual increase in the ammoniacal oxidation activity 
of activated sludge in the long-term presence of DEX, while the ammo
niacal oxidation activity has not reached the level of treated DEX in the 
initial stage, resulting in the fluctuation of TN [152]. Xu et al. found that 
free nitrite (FNA) is an important factor in inhibiting ammonia-oxidizing 
bacteria (AOB) ammonia oxidation and FPV degradation. When the 
concentration of FNA was 0.07 and 0.02 mg-N/L, the removal efficiency 
of FPV reached 12.6 % and 35.0 %, respectively. Although FNA inhibits 
the cell’s production of ATP [152]. As a result, the energy of the mi
crobial community in the activated sludge is insufficient, resulting in 
decreased activity, but at a lower concentration, it can still work with 
AOB ammonia oxidation to remove FPV [138].

4.1.2. Membrane bioreactor (MBR)
MBR as a relatively mature water treatment process, MBR has many 

advantages, including high permeability, low sludge yield, high mixed 
liquid suspended solids concentration, low environmental impact, and 
small footprint. Therefore, MBR systems are widely used in wastewater 
treatment, especially when high water discharge is required and space is 
limited[153], WWTP and WTP have great potential for removing new 
pollutants such as NCSDs.

Gonzalez-Perez studied the degradation effects of nonsteroidal anti- 
inflammatory drugs IBU, DCF, ketoprofen (KPF) and NPX in biofilm 
reactors [154]. The removal rate of IBU, NPX and KTP reached more 
than 95 %, but the removal efficiency of DCF was very low, and the 
highest removal rate reported in the literature was only 53.4 % [155]. It 
is reported that prolonged hydraulic retention time (HRT) is of great 
help to the removal of pollutants, because by extending HRT, the pol
lutants are in contact with and fully react with the biofilm components, 
in which the biodegradable part reaches 100 %. DCF is hydrophilic and 
has low biodegradability [156]. Obviously DCF is not suitable for bio
logical removal. Gutierrez studied the effect of powdered activated 
carbon (PAC) on the degradation efficiency of MBR [157], and found 
that the degradation efficiency of DCF, caffeine, ofloxacin, SMX and 
amphetamine was significantly improved after PAC was added. This 
may be attributed to the adsorption of contaminants by the PAC, which 
in turn improves the contact time with the MBR, allowing it to fully 
react. Liu et al. evaluated the effect of anaerobic biofilm reactors on the 
removal of fluoroquinolones, sulfonamides, and tetracycline antibiotics. 
The results showed that the removal rate of tetracycline drugs could 
reach 100 %, while the removal efficiency of fluoroquinolones and 
sulfonamides was lower, which were 35–64 % and 21–71 %, respec
tively [158], and showed poor biodegradability [159,160]. The removal 
rate of tetracycline drugs is high. We analyzed from the perspective of 
chemical structure, which may be due to the presence of amides and 

Table 3 
Biological removal methods for COVID-19 drugs.

Drugs Concentration Removal Technique Removal 
rate

References

Acyclovir 170 mg/L Activated sludge 
process

> 90 % [133]

600 ng/L Aerobic treatment 
system

80 % [134]

154 mg/L Membrane 
bioreactor

98 % [135]

Arbidol 0.5–10.0 mg/L Removal of ARB by 
M. aeruginosa

49.8 %−

72.4 %
[136]

Azvudine /
Chloroquine 51.6 mg/L Membrane 

bioreactor
98.2 % [137]

Favipiravir 8 mg/L Activated sludge 
process

35 % [138]

Ivermectin 800 ng/L Activated sludge 
process

100 % [139]

709 ± 544 ng/ 
L

Artificial wetlands 97 % [140]

0.1 μg/L Granular activated 
carbon biological 
filter 
+ ultrafiltration

63 % [141]

Lopinavir 21–829 ng/L A2/O treatment 
process

96 %−

98 %
[3]

21–829 ng/L CASS treatment 
process

− 50 % [3]

Molnupiravir /
Nevirapine 0.41–1.59 ng/ 

L
A2/O/MBR 
treatment process

48 % [3]

Nirmatrelvir /
Oseltamivir 10 mg/ 

L,20 mg/ 
L,30 mg/L

Microalgal 
bioremediation

100 %, 
63 %, 
54 %

[142]

5–100 ng/L Activated sludge 
process

< 50 % [143]

Remdesivir 10 mg/L Novel, continuous- 
flow, helical-baffle 
incorporating 
VUV/UVC 
photoreactor

67.9 % 
(10 min)

[144]

Ribavirin 1 mg/L Moving bed 
bioreactor (MBBR)

31.1 % [145]

2 mg/L Bio-Electro-Fenton 
(BEF) system

70.2 % [146]

Ritonavir 110 ng/L A2/O treatment 
process

97 %−

99 %
[3]

110 ng/L CASS treatment 
process

25 %−

65 %
[3]

Zidovudine 3596 ng/L Trickling filter 
+ Stabilization 
ponds

88.4 % [147]

4202 ng/L Decentralized 
Treatment Facility

70.5 % [147]

The removal conditions are shown in Table S1.
/: Not found in existing studies.
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carboxyl groups in the structure of tetracycline drugs, and the biofilm 
adsorbs them by electrostatic attraction [161], which improves the 
biodegradation effect. In contrast, complex heterocyclic substituents in 
sulfonamides, such as pyrimidine in sulfadimethazine and pyridine in 
sulfadiazine, significantly impede their biodegradation. These hetero
cyclic substituents induce strong spatial blocking effects by increasing 
molecular volume and structural complexity, making it difficult for 
microorganisms or enzymes to effectively degrade these compounds 
[162]. Arriaga et al. used MBR process to remove ACV, and its maximum 
degradation rate reached about 90 % [163]. When the target pollutant 
has good hydrophicity, or some groups with poor biodegradability such 
as -CONH2, -CONHR and -CONR2 [164], MBR process or other biological 
methods usually cannot achieve better removal effect. For example, 
carbamazepine (CBZ) removal rates were reported to be only 
0.3–39.2 % [164]，and 1.0–28.3 % for IBU [165].

4.1.3. Microbial fuel cell (MFC)
A microbial fuel cell is a system that converts chemical energy 

generated by the metabolic activities of organisms into electrical energy. 
Often anaerobic microorganisms in the anode chamber of MFC perform 
metabolic activities using pollutants as carbon sources. Protons and 
electrons are produced as anaerobic microbes degrade pollutants [166], 
and the oxidation reduction reaction occurs in the cathode chamber to 
achieve the removal of pollutants. MFC combines the characteristics of 
biological method and electrochemical method, reduces the production 
cost, and the by-products generated by the reaction are mainly H2O and 
CO2, which has the advantages of environmental friendliness. Utami 
et al. explored the degradation of paracetamol by microbial batteries 
and found that Burkholderia dominated the microbial community in MFC 
by analyzing the types and quantities of microbial communities in MFC 
[167]. Burkholderia not only has the ability of electron transfer, but also 
can degrade large molecules into simple small molecules, and the 
degradation rate of paracetamol reached 48.69 ± 0.86 % when the pH 
value was 8.2. It has been reported that MFC has an excellent degra
dation effect on antibiotics, the degradation rate of penicillin in MFC is 
98 %, the degradation rate of SMX is 87.52 ± 1.97 % [168], and the 
degradation rate of oxytetrin is 99 % [169]. At present, the published 
literature focuses on the degradation of MFC to antibiotics and 
non-steroidal anti-inflammatory drugs, while there are still a lot of gaps 
in the research of MFC on NCSDs such as antiviral drugs and immuno
modulators in the COVID-19 epidemic. The degradation of new pollut
ants such as NCSD by MFC is one of the future research directions.

4.2. Non-biological method

4.2.1. Advanced oxidation method
Advanced oxidation process (AOP) is a treatment approach that 

degrades pollutants by generating highly reactive oxygen species (ROS). 
the advanced oxidation method is not only capable of generating 
strongly oxidizing active free radicals within a short period. Simulta
neously, the end product of the advanced oxidation process is mainly 
H2O and CO2, which constitutes a green and environmental friendly 
water treatment procedure. As shown in Fig. 8 and Table 4, this study 
reviews the application of advanced oxidation processes, including fer
rate, ozonation, ultraviolet, electrochemical oxidation, permanganate, 
and photocatalysis, in the treatment of COVID-19 pharmaceuticals.

4.2.1.1. Ferrate(VI). Ferrate is a new kind of water treatment agent. 
Although ferrate is not commonly employed in conventional water 
treatment processes, its application in the pre-treatment stage has 
demonstrated significant effectiveness, particularly during major public 
health emergencies. Fe(VI) is a strong oxidizing agent with a reduction 
potential of 2.20 eV [200]. In the process of degradation of pollutants, 
Fe(VI) will undergo a redox reaction with the target pollutants, and first 
decompose into Fe(V) and Fe(IV) with high activity. Fe(V) and Fe(IV) 
will further degrade the pollutants, among which Fe(IV) will 
self-decompose and produce H2O2, which helps to improve the removal 
efficiency of pollutants. Fe(VI) eventually breaks down into Fe(III) and 
Fe(II). The main reaction formula is shown in formulas (1)–(8), and the 
Fe(III) generated at the same time has the effect of adsorption coagu
lation to further remove the residual pollutants [201,202]. 

HFeO−
4 +6H2O→4Fe(OH)3 +4OH− +3O2 (1) 

4FeO2−
4 +20H+→4Fe3+ +10H2O+3O2 (2) 

FeO2−
4 +H2O→FeO2−

3 +H2O2 (3) 

Fe2O2−
6 +4H2O+4H+→Fe3+ +H2O2 (4) 

O2 + e− →O•−
2 (5) 

2O•−
2 +2H+→H2O2 +O2 (6) 

Fe2+ +O•−
2 +2H+→H2O2 +Fe3+ (7) 

O•−
2 +H2O2→ 1O2 +OH− + •OH (8) 

Suyamud et al. investigated the removal of AMX, oxytetracycline 

Fig. 8. Schematic diagram of advanced oxidation method.
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(OTC) and enrofloxacin (ENR) by Fe(VI) in deionized water and shrimp 
aquaculture water, and the removal rate of OTC is close to 100 % [203]. 
This may be due to the presence of electron-rich phenolic groups in the 
chemical structure of OTC, with which ferrates react to degrade. How
ever, olefin and amine groups are the main chemical structures of AMX 
and ENR [204], additionally, the study revealed that Fe(VI)’s reactivity 
with olefin and amine groups is lower compared to its reactivity with 
electron-rich classification groups, so the degradation efficiency is 
slightly worse. The highest removal efficiency of ENR reaches 84 %, and 
the highest removal efficiency of AMX is close to 60 %. Wang et al. 
studied the process of ferrate degradation of APAP and showed that the 
removal efficiency of APAP can be as high as 99.6 % within 5 min [205]. 
The study also found that ferrate exhibits high degradation efficiency for 
highly protonated APAP, which is because the chemical structure of 
APAP has a phenol structure. Based on this discovery, ferrate may also 
have a high degradation effect on compounds with phenol chemical 
structure in COVID-19 drugs. Li et al. investigated the removal of the 
antiviral drug RBV by ferrate. It was found that when the molar ratio [Fe 
(VI)]:[RBV]= 60:1, the removal efficiency of RBV was about 91.68 % 
within 120 min, and when [Fe(VI)]:[RBV]= 30:1, the removal effi
ciency was 81.70 % [206]. Although the concentration of Fe(VI) is 
doubled, the removal efficiency is not significantly improved, which 
may be because Fe(VI) itself has a high redox potential of 2.20 V, 
resulting in Fe(VI) has a strong ability to seize electrons, so that Fe(VI) 
has a self-decay phenomenon within a certain period of time, resulting 
in its oxidation capacity weakened. The quenching test showed that the 
main active substances for RBV degradation in Fe(VI) system were •OH 

(12.91 %), Fe(V)/Fe(IV) (13.83 %), Fe(VI) (73.26 %), It has been 
established that Fe(VI) plays a primary role in the degradation of RBV. 
As shown in Fig. 9, Fe(VI) initially attacks the amide group of the RBV 
molecule, leading to the destruction of the amide group and the for
mation of a carboxyl group, resulting in the intermediate P1. Subse
quently, the carboxyl group of P1 is substituted by hydroxyl and 
hydrogen atoms, forming intermediates P2–1 and P2–2. Next, the 
carbon-nitrogen bond in the triazole ring of P2–1 breaks, while P2–2 
reacts at the hydroxymethyl group connected to the ribose. Through 
these degradation pathways, RBV is ultimately broken down into 
non-toxic, harmless substances. Li et al. also used ferrate/acetylpyruvate 
(AA) system to degrade RBV, and degraded RBV by producing Fe(IV), Fe 
(V), •OH, CH3 and -CHO active free radicals. The concentration ratio [Fe 
(VI)]:[AA] = 4:1, the degradation efficiency reached 73.70 % in 15 min, 
which was significantly higher than that of 51.38 % for RBV degradation 
by ferrate alone [207], The results show that organic free radicals play a 
major role in the system. At present, the degradation of new pollutants 
by ferrate is mainly concentrated in antibiotics, and there are few studies 
on the degradation of antiviral drugs by ferrate, especially the degra
dation of antiviral drugs by ferrate combined system is worthy of further 
study.

4.2.1.2. Ozonation. Ozonation is a kind of advanced treatment tech
nology in water treatment technology, usually when the water quality of 
the conventional treatment process does not meet the requirements of 
the standard specification, additional treatment technology. Ozone and 
hydroxyl radicals attack the electron-rich part of the target pollutant, 

Table 4 
Non-biological removal methods for COVID-19 drugs.

Drugs Concentration Removal Technique Removal rate References

Acyclovir 10 mg/L Photo-Bio-Electro-Fenton (PBEF) 100 % [170]
100 μM Photocatalysis 100 % [171]
400 mg/L Adsorption 90.3 % [172]
40 μM Phosphate/peroxymonosulfate 100 % [173]

Arbidol 20 mg/L Electrochemical oxidation 96–98 % [174]
20 mg/L MOFs material adsorption 100 % [175]

Azvudine /
Chloroquine 125 mg/L Electrochemical oxidation 100 % [176]

6 mM UV/H2O2 process 73.7 % (10 min) [177]
10 μM Ferrate 100 % (20 min) [178]
100 mg/L Adsorption 90.37 % (25 min) [179]

Favipiravir 0.4 mM Electrochemical oxidation 89.5 % (20 min) [180]
100 μg/L Photocatalysis 99 % (7 h) [57]
80 mg/L Electrochemical oxidation 100 % (saturating O2 and passing current) [181]

Ivermectin 0.5 mg/L UV / TiO2 process 98 % (10 min) [57]
500 μg/L Adsorption ≥ 96 % [182]
100 μg/L Ferrate 25 % [183]

Lopinavir 200 mg/L Adsorption 78 % (after five cycles) [184]
10 mg/L Photocatalysis 95 % (60 min) [185]

Molnupiravir 32.93 mg/L Electrochemical oxidation 100 % [186]
Nevirapine 10 mg/L Photocatalysis 100 % [187]

5–20 ppm Photocatalysis 68 % [188]
1 mg/L Adsorption 95–99 % [189]

Nirmatrelvir /
Oseltamivir 1 μM Ozonation > 50 % [190]
Remdesivir 1 mg/L Photo-electrocatalytic 

process
92 % (2 h) [191]

125 mg/L Adsorption 93 % [192]
10 mg/L Photolysis 98 % [193]
10 mg/L Photocatalysis 91.6 % (30 min) [194]

Ribavirin 10 μM Ozonation 50 % (5 min) [195]
41.5 μM Ferrate 91.68 % (120 min) [196]
1 μM UV/H2O2 process 71 % [197]
1 μM UV/PDS process 90 % (60 min) [197]

Ritonavir 10 mg/ L Photocatalysis 95 % (15 min) [185]
0.5 mg/ L Adsorption 75.1 ± 0.9–92.8 ± 0.1 % [198]

Zidovudine 1 g/L Ozonation / [78]
10 mg/L Sono-electrochemical degradation 69.09 % [199]

The removal conditions are shown in Table S2.
/: Not found in existing studies.
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achieving the effect of degrading the pollutant.
Jing et al. compared the removal effects of UV/O3, UV alone, and O3 

alone on the degradation of ibuprofen (IBU) in water. The study found 
that a 0.6 mol/L UV/O3 system achieved a 100 % degradation rate 
within 20 min, while a 0.6 mol/L O3 system alone reached only 82 % 
degradation after 80 min. Quenching tests indicated that ozone mole
cules played a dominant role in IBU degradation. However, the addition 
of tert-butanol (TBA) resulted in a 90 % removal rate, highlighting the 
significant role of UV in the system. The degradation process produced 
11 transformation products with -OH and -COOH groups, which was 
fewer than the 17 transformation products generated by O3 alone [208], 
and UV/O3 TPs has lower ecotoxicity and lower economic cost in pro
duction investment. Funke studied the process of ozone degradation of 
ZDV and found that ZDV can be completely removed when the ratio of 
O3 to ZDV is 2:1. The study also analyzed the TPs of ZDV. O3 first 
attacked the C-C double bond in the chemical structure of ZDV, causing 
it to decompose into nine equivalent TPs. In the degradation process, O3 
did not attack the nucleoside part of ZDV, but concentrated on the nu
clear base [78]. The azide part of ZDV remains stable, and the azide part 
is not attacked by active free radicals during the degradation of O3. Liu 
et al. studied the removal process of the antiviral drug RBV in O3/per
oxymonosulfate (PMS) system. This system mainly produces •OH and 
SO4

•− two kinds of reactive free radicals, which mainly act on •OH. The 
formula of free radical formation is shown in (9)–(12), The reaction rate 
constants between RBV and •OH and SO4

•− are 1.9 × 109 M− 1 s− 1and 
7.9 × 107 M− 1 s− 1, respectively. RBV is first dehydrogenated at the 
hydroxyl group and then loses the amide or methanol group. The 
removal rate of RBV in O3/PMS system exceeds 50 % within 2 min, 
while the removal rate of RBV in O3 degradation alone is only about 
20 % within 2 min. 

SO−
5 +O3→SO−

8 (9) 

SO−
8 →SO•−

5 +O•−
3 (10) 

SO•−
5 +O3→SO•−

4 +2O2 (11) 

O•−
3 +H2O ↔ •OH+OH− +O2 (12) 

4.2.1.3. Ultraviolet. Huang et al. studied the degradation mechanism of 
RDV, HCQ and DEX in the combined UV and H2O2 system [193]. It is 
reported that RDV, HCQ and DEX can be completely degraded by up to 
160 s. Among them, the mineralization rate of RDV is only 14 %, which 

is much different from HCQ (50 %) and DEX (44.5 %). As a nucleoside 
antiviral drug, RDV has nucleotide groups in its structure [209]. This is 
different from DEX and HCQ, through the comparison of RDV and DEX, 
HCQ chemical structure formula found that RDV also has a complete 
benzene ring structure, which is speculated to be one of the reasons for 
the low mineralization rate, the subsequent density functional theory 
(DFT) simulation calculation also confirmed this point. The degradation 
of RDV is caused by •OH attacking the C atom with the largest atomic 
potential, resulting in the break of chemical bonds, and the chemical 
bonds of the generated TPs are not stable enough, and the •OH in the 
system is easy to crack it, thus achieving removal. The removal mech
anism of DEX as an immunomodulator is slightly different, mainly 
through the substitution of hydroxyl by aromatic ring, the substitution 
of C-F bond by -OH, and the attack of •OH on dihydroxyacetone and C. 
The final degradation efficiency is DEX > HCQ > RDV. The effective 
destruction of nucleotide groups in the chemical structure of nucleoside 
antiviral drugs such as RDV is worthy of further study. Wu et al. studied 
the mechanism of RBV removal by UV/TiO2/H2O2 system, and the 
research showed that the removal efficiency of RBV reached 97.8 % and 
the mineralization rate was 53.3 % within 20 min, which did not ach
ieve the effect of complete mineralization. In the actual medical 
wastewater, the RBV removal efficiency of the UV/TiO2/H2O2 system 
reached 80 %, which only reflects the advantages of the UV/TiO2/H2O2 
system for RBV degradation. The system mainly produces •OH and O⋅−

2 
active free radicals. Although the toxicity risk of the final degradation 
product is low, in the initial TPs, due to the incomplete mineralization of 
RBV, toxicity increases compared to the toxicity of RBV itself. Given the 
current low mineralization rate of antiviral drugs by oxidation tech
nology, future studies can explore how to improve the mineralization 
rate of antiviral drugs. It can also focus on different UV co-use systems, 
and the combined effect of multiple oxidation technologies is better than 
that of a single system to degrade drugs.

4.2.1.4. Electrochemical oxidation. Electrochemical oxidation is an 
advanced oxidation technology, which has the advantages of simple 
operation and controllable cost. Zhang et al. for the first time used 
carbon Fe3O4-doped montmorillonite (Mt) particle electrodes to 
degrade ARB and ACV in the electro-fenton system [174]. 
Mt./GH/Fe3O4 electrodes were prepared with FeCl3, NaAc and PEG by 
using Mt as a carrier and sucrose as carbon source. The study shows that 
the removal rate of ARB and ACV in the system is also higher when the 
applied voltage is higher, and the removal rate of ARB and ACV is close 

Fig. 9. Mechanism of RBV degradation by ferrate [206].
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to 100 % after 15 min of reaction. It was also found that the removal rate 
of ACV can be increased from 45 % to 91 % under aeration conditions, 
but the increase in pollutant removal rate is not obvious when the 
aeration concentration is too high, which may be related to the reduc
tion of the contact area between the catalytic electrode and pollutants 
[210]. Zhou et al. prepared porous Ti/SnO2-Sb anode antiviral drug ABC 
with permeable flux and conducted degradation tests. The results show 
that the degradation efficiency of ABC can reach 97 % when the current 
density is 0.2 mA cm− 2 for 10 min [211]. The degradation process 
mainly attacks the ABC cyclopropyl structure and the cyclopropylamine 
structure, in which the cyclopropylamine structure generates acetamide 
structure after losing C and N atoms, thus achieving the purpose of 
degradation. The minimum energy consumption is only 6.5 m WhL− 1, 
and the ecological environmental toxicity is also greatly reduced. In the 
current study, titanium coated electrode, glass carbon electrode, 
graphite electrode, platinum electrode, titanium platinum electrode, 
doped diamond electrode and other different composite materials are 
used to prepare electrodes, but there are few studies on bio-based 
electrode materials, such as sucrose derivatives and other environmen
tally friendly bio-based materials. The combination system of electro
chemical technology and other advanced oxidation technology is also 
the future research and development direction. At the same time, in the 
study of electrochemistry in water treatment, the selection of pollutants 
is still concentrated on antibiotics or traditional antiviral drugs, such as 
ACV, ABC, etc. The research on FPV, NAT and other NCSDs is still in its 
infancy, and NCSDs can be selected as the target pollutants for future 
research.

4.2.1.5. Permanganate. Permanganate is a strong oxidizing agent 
[212], Commonly used in water treatment, MnO2, one of the products of 
permanganate, has flocculation in the water treatment process, 
removing contaminants by flocculating them [213].

Rodriguez-Alvarez studied the oxidation effect of permanganate on 
seven kinds of non-steroidal anti-inflammatory drugs, but only on DCF 
and indomethacin. The oxidation process was mainly caused by the 
aromatic ring breaking and the introduction of alcohol and ketone 
groups, and the highest degradation rate was only 80 % [214]. Zhou 
found that the presence of MnO2 in the system could activate Mn (VII) 
and improve the degradation rate of levofloxacin. When benzoquinone 
(BQ) was added to the system, the in-situ formation of MnO2BQ and 
hydroquinone (HQ) accelerated the reduction of Mn(VII) to MnO2, 
significantly increasing the degradation rate [215]. Tuwar conducted 
experiments on the oxidation of valaciclovir hydrochloride (VCH) by 
permanganate and found that MnO4

− in potassium permanganate could 
be complexed with the methylene part of VCH to produce an active 
substance [MnO4(OH)]2− to achieve the purpose of VCH degradation 
[216].

There are very few studies on permanganate degradation of antiviral 
drugs and immunomodulator drugs. Previous studies on permanganate 
degradation of pollutants focused on antibiotics and non-steroidal anti- 
inflammatory drugs. permanganate plays a decisive role in the effluent 
quality of WWTP and WTP, especially for antiviral drugs that are diffi
cult to biodegrade. The concentration of drugs in the effluent mainly 
depends on the removal effect of strong oxidants such as potassium 
permanganate added in the pretreatment stage. Therefore, in the future, 
permanganate removal of immunomodulators and antiviral drugs 
should be further studied.

4.2.1.6. Photocatalysis. Photocatalysis is to activate the catalyst mate
rial by light to produce active free radicals to achieve the purpose of 
degrading pollutants. At the same time, it has the advantages of green 
environment and no pollution. The •OH, singlet oxygen 1O2 and su
peroxide free radical O•−

2 are usually produced in the system [217,218]. 

Catalyst̅→hv e−
cb +h+

vb (13) 

h+

vb +H2O→•OH+H+ (14) 

e−
cb +O2→O•−

2 (15) 

Where e−cb and h+
vb are conduction electron and valence electron va

cancy, •OH denotes hydroxyl radical, O•−
2 denotes superoxide radical.

In the published literature, the mineralization rate of OTV after 
photocatalysis is < 10 % [70], The mineralization rate of ACV reached 
80 %, 3TC > 90 %, AMT reached 91.7 % and zanamivir (ZNV) reached 
100 % [219]. Hojamberdiev et al. synthesized WW3 photocatalyst by 
calcining waste from the process of making ammonium molybdate 
[185]. Within 15 min, the removal efficiency of RTV reached 95 %, 
while LPV needed 60 min of light to achieve the same removal efficiency 
as RTV. •OH produced in the photocatalytic system would attack the 
ketone, phenyl and phenoxy structures in LPV, while RTV is cleaved by 
the hydrolysis of carbamate and urea structures. Wang et al. studied the 
degradation of IBU and found that the degradation efficiency of IBU 
would increase with the increase of the concentration in the prepared 
material. The carrier ZIF-8 in the material inhibited the recombination 
of electron-hole pairs and increased the number of active sites by 
dispersing the catalyst [220]. The electron migration is increased, and 
the photocatalytic activity and degradation efficiency are improved. 
Studies have shown that O2 and O•−

2 are formed at a light intensity of 
− 0.33 eV, and H2O and •OH are formed at a light intensity of + 0.19 eV 
[221]. It was confirmed that h+ and O•−

2 were the main active substances 
in the system. Due to the photostability of some antiviral drugs, the 
degradation efficiency of some antiviral drugs is not high in the appli
cation of photocatalytic degradation. However, some antiviral drugs 
have aromatic rings in their chemical structure, which can achieve the 
effect of decomposition by absorbing sunlight [28]. For example, after 
exposure to light, a single electron in the cyclopropylamine part of the 
structure of ABC is oxidized and then decomposed to produce small 
molecules and cyclopropylamine free groups [29]. Under light condi
tions, •OH will attack the alcohol structure at the end of the ACV 
structure, and eventually produce aldehydes [222]. In future research, 
degradation drugs should be selected according to the characteristics of 
the chemical structure of NCSDs, such as drugs containing aromatic 
rings, heterocycles, alcohols and other structures, and then degradation 
by photocatalysis, which will greatly improve the degradation 
efficiency.

4.2.2. Physical methods
The physical method is a simple operation method, cost-effective 

water treatment method, compared with the advanced oxidation 
method and biological method, in the treatment process, greatly reduces 
the formation of other by-products, and reduce the degradation of pol
lutants in the environment.

MOFs materials have recently been the focus of research. MOFs is a 
kind of material with a crystalline porous structure, mainly formed by 
the connection of metal ions and ion clusters. This network structure is 
similar to activated carbon and has good adsorption performance. It can 
be prepared without calcination at ultra-high temperatures, and studies 
have shown that MOFs can remove antibiotics from water bodies [223]. 
Viltres et al. prepared Fe-BTB MOF material and studied its adsorption of 
tetracycline (TC) and sulfamethoxazole (SMZ) in water. The results 
showed that within 30 min, the adsorption rates of Fe-BTB on TC and 
SMZ reached 89.4 % and 95.2 %, respectively, and the maximum 
adsorption capacity reached 649 and 276 mg/g, so most of the pollut
ants could be adsorbed and removed in a short time [224]. It was also 
found that the adsorption efficiency of TC was the highest at room 
temperature. The adsorption rate slightly decreased as the temperature 
increased, confirming the suitability of Fe-BTB for practical water 
treatment at room temperature. As shown in Fig. 10, The primary 
mechanisms for TC and SMZ adsorption include π-π electron 
donor-acceptor interactions, hydrogen bonding, and electrostatic 
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interactions between the aromatic rings in Fe-BTB and the antibiotic 
molecules, facilitating their adsorption. Even after multiple 
adsorption-desorption cycles, Fe-BTB retained nearly the same crystal
linity as at the outset, highlighting the material’s reusability.

Biochar (BC) is another adsorption material, which also has the 
characteristics of low cost, larger specific surface area and good 
adsorption effect. Saghir prepared BC @ layered double hydroxide 
(LDH) composites using pistachio fruit as raw material. LDH nano
particles were successfully deposited on the surface of BC, and the 
adsorption capacity of LPV reached 832.9 mg/g [184], It is reported that 
the hydroxyl and alkoxy groups present in BC@LDH play a key role in 
the adsorption of LPV, which may promote the formation of hydrogen 
bond. At the same time, π-π bond is formed between the benzene ring of 
LPV and BC@LDH. Under the double action of π-π bond and hydrogen 
bond, the adsorption effect of LPV is achieved. One of the factors that 
determine the adsorption capacity of the adsorbent is the type and 
number of its functional groups, so a single BC may exist because it in
dicates that the type and number of functional groups are insufficient, 
resulting in poor adsorption capacity [226]. BC composite material can 
perfectly solve the problem of an insufficient number of functional 
groups, and the future will tend to study the adsorption of pollutants in 
the water environment by BC composite material. At the same time, 
MOFs material is worth more effort to explore MOFs adsorption material 
due to its excellent adsorption performance in water treatment. 
Although there have been studies on the removal of novel 
coronavirus-specific drugs such as LPV and FPV by adsorption, 
compared with previous well-known antibiotics, the adsorption of 
NCSDs in water environment is still worthy of more exploration and 
discussion.

As shown in Table 5, This study summarizes the cost of different 
water treatment technologies in practical applications. The selection of 
an appropriate water treatment technology should be based on a 
comprehensive evaluation of local economic development levels and the 
concentration of pollutants in the water. By considering these factors, 
regions or countries can choose the most suitable technology to maxi
mize the benefits and optimize the cost-effectiveness of water treatment 
processes.

5. Conclusion and prospects

A review of the literature reveals that water treatment technologies 
are primarily categorized into biological treatment, advanced oxidation 
processes, and physical methods. Research on the removal of antibiotics 

and non-steroidal anti-inflammatory drugs using these methods is rela
tively comprehensive and well-developed. This is largely due to the 
widespread use of antibiotics prior to the COVID-19 outbreak, which 
occurred in medical treatments, animal husbandry, and various other 
applications. In China, it is estimated that the Yangtze River receives 
approximately 3000 tons of antibiotics annually, with detected residues 
ranging from 2.05 to 111 ng/L [227]. Antiviral drugs constitute a sig
nificant portion of NCSDs, but current research on their removal from 
water predominantly focuses on historical HIV medications. There is a 
notable lack of studies on the degradation of COVID-19 drugs such as 
NAT, RDV, MPV, LPV, and FPV. Additionally, immunomodulators, 
which are widely used in COVID-19 treatment, contribute to the prob
lem. Given the current usage trends and anticipated growth, it is pro
jected that thousands of tons of COVID-19 antivirals could be utilized 
globally each year by 2030. The presence of NCSDs in the environment 
poses a considerable risk to ecological health. Therefore, addressing the 
removal of NCSDs, particularly antiviral drugs, from water is an urgent 
issue. It is crucial to encourage further research and investment in this 
area to better manage and mitigate the impact of these substances on 
aquatic environment.

This study provides a comprehensive summary of the solubility, pKa, 
LogKow, and other physical and chemical properties, as well as the 
chemical structures of COVID-19 drugs, enabling subsequent re
searchers to select appropriate removal technologies. Some antivirals in 
NCSDs contain nucleotide groups and nucleobase structures, which are 
particularly vulnerable to attack. For these, removal technologies with 
strong oxidative potential, such as ferrate, should be employed to 
effectively degrade these antivirals. Antiviral drugs with a LogKow 
greater than 3 are more readily adsorbed onto activated sludge, making 
adsorption or biological methods more effective for their removal. The 
study also reviewed various removal technologies and found that a 
combination of multiple methods often yields better results than any 
single technology alone. Future research should focus on advanced 
combinations such as bio-advanced oxidation, bio-biological processes, 
advanced oxidation-advanced oxidation, bio-adsorption, and advanced 
oxidation-adsorption techniques. While traditional advanced oxidation 
processes like ozone and UV have been studied for antiviral drug 
removal, there is limited research on newer oxidants like ferrate and 
permanganate. Because these substances are highly oxidizing, they are 
promising candidates for WTP and WWTP. Researchers should further 
investigate the use of ferrate and permanganate in removing antiviral 
drugs. Currently, studies on adsorption methods for antiviral and 
immunomodulator drugs are lacking. Recently, MOFs have gained 

Fig. 10. MOF material adsorption of antiviral drugs [225].
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attention due to their excellent adsorption properties and straightfor
ward preparation methods. Utilizing MOFs materials for the removal of 
coronavirus-specific drugs could offer highly efficient results.

6. Results

In the post-COVID-19 pandemic era, COVID-19 will coexist with 
human beings for a long time. With the development of drugs, the range 
of effective drugs for COVID-19 treatment is also shrinking, and such 
NCSDs will be used for a long time in the future fight against COVID-19, 
which further increases the risk of environmental harm from NCSDs. In 
the context of major public health emergencies, water treatment pro
cesses are often characterized by the need for achieving efficient treat
ment outcomes within a short timeframe. Strong oxidants such as ferrate 
and permanganate play a critical role in ensuring water safety under 
such circumstances. Compared to the extended timeframes required for 
biological treatment, the use of ferrate and permanganate in short-term 
pre-treatment or advanced treatment processes significantly reduces the 
cost barriers to practical application while ensuring water safety. These 
oxidants exhibit high efficiency in the removal and inactivation of 
various emerging contaminants, as well as bacteria and viruses, making 
them highly suitable for deployment as emergency water treatment 
agents. Although the existing water treatment technology is very rich, 
there are still a lot of gaps in the research of NCSDs in the field of 
environmental science, which need to be explored continuously by re
searchers, including but not limited to the removal mechanism of NCSDs 
in the water environment, risk assessment to the environment, and 
toxicity analysis of by-products generated during removal. The combi
nation of water treatment technology and COVID-19 drugs will also 
become a research hotspot in the environmental field in the future.
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Table 5 
The cost comparison of COVID-19 drug removal technologies.

Type Name Cost Note

Biological 
method

Activated sludge 
process

Low The activated sludge process 
is a well-established and 
widely applied method with 
relatively low initial 
investment and operating 
costs, making it suitable for 
large-scale water treatment.

Membrane 
bioreactor

High The membrane bioreactor 
combines activated sludge 
treatment with membrane 
filtration technology. While 
it offers excellent treatment 
performance, the costs of 
membranes, maintenance, 
and higher energy 
consumption make it 
relatively expensive.

Microbial fuel cell High Microbial fuel cells are a 
relatively new technology. 
Although they offer high 
energy efficiency and 
environmental benefits, the 
initial equipment investment 
and long economic return 
period contribute to their 
high costs.

Non- 
biological 
method

Ferrate Moderately 
high

Ferrate technology incurs 
higher costs, particularly for 
the production of ferrate 
salts. However, its high 
efficiency and 
multifunctional capabilities 
(such as oxidation and 
disinfection) offer a cost- 
effective solution in specific 
applications.

Ozonation Moderate Ozone generation requires 
considerable electricity, and 
the initial capital investment 
is high. However, ozonation 
is highly efficient in 
removing various pollutants 
and disinfecting water.

Ultraviolet Moderately 
low

The main costs of UV 
disinfection are related to 
electricity consumption and 
equipment investment. 
However, it does not require 
chemical agents, and 
maintenance and operation 
are relatively simple.

Electrochemical 
oxidation

Moderately 
high

Electrochemical oxidation 
requires higher initial 
equipment investment and 
electricity consumption. 
However, its effectiveness in 
degrading pollutants makes 
it a viable option for high- 
pollution water treatment.

Permanganate Moderate The use of potassium 
permanganate involves a 
significant chemical cost, but 
the process is 
straightforward. It is 
commonly used for the 
removal of specific pollutants 
and is effective in some water 
quality issues.

Photocatalysis High Photocatalysis relies on 
specific catalysts and 
ultraviolet light, which 
involves high material and 
equipment costs. However, it 
is highly effective in  

Table 5 (continued )

Type Name Cost Note

degrading organic pollutants 
and disinfecting water.

Adsorption Low Adsorption typically utilizes 
activated carbon or other 
adsorbent materials 
(excluding MOF). Although 
initial costs are relatively 
low, the need for periodic 
replacement and 
regeneration of adsorbents 
may lead to increased long- 
term operational costs.
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