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• There has been a rapid surge in disin
fectants containing QACs use during 
COVID-19. 

• The concentration of QACs was reported 
to be as high in raw sewage and sludge. 

• Exposure to QACs showed lethal effect 
or growth inhibition in aquatic 
organisms. 

• Some strains have a selective advantage 
for survival in QACs contaminated 
environments.  
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A B S T R A C T   

Amplified hygiene and precautionary measures are of utmost importance to control the spread of COVID-19 and 
future infection; however, these changes in practice are projected to trigger a rise in the purchase, utilisation and 
hence, discharge of many disinfectants into the environment. While alcohol-based, hydrogen peroxide-based, 
and chlorine-based compounds have been used widely, quaternary ammonium compounds (QACs) based dis
infectants are of significant concern due to their overuse during this pandemic. This review presents the clas
sification of disinfectants and their mechanism of action, focusing on QACs. Most importantly, the occurrence, 
fate, toxicity and antimicrobial resistance due to QACs are covered in this paper. Here we collated evidence from 
multiple studies and found rising trends of concern, including an increase in the mass load of QACs at a 
wastewater treatment plant (WWTP) by 331% compared to before the COVID-19 pandemic, as well as an in
creases in the concentration of 62% in residential dust, resulting in high concentrations of QACs in human blood 
and breast milk and suggesting that these could be potential sources of persistent QACs in infants. In addition to 
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increased toxicity to human and aquatic life, increased use of QACs and accelerated use of antibiotics and an
timicrobials during the COVID-19 pandemic could multiply the threat to antimicrobial resistance.   

1. Introduction 

The COVID-19 pandemic is gripping the world today, with over 597 
million people affected and more than 6.5 million dead by the end of 
September 2022 (https://coronavirus.jhu.edu/map.html). With the 
global economy weakening due to severe mobility restrictions and 
lockdowns, governments have been forced to relax restrictions in many 
parts of the world, which has only further increased the use of personal 
care products (PCPs) (Alygizakis et al., 2021; Kumar et al., 2021; Kumar 
and Jiang, 2022; Menon and Mohapatra, 2022; Mohapatra et al., 2021a, 
2022; Mohapatra and Menon, 2022). Center for Disease Control and 
Prevention (CDC) suggested that two critical activities can substantially 
lessen SARS-CoV-2 viral transmission risk: regular hand and surface 
sanitisation using environmental protection agency (EPA)-registered 
disinfectants and antimicrobials (MacGibeny and Wassef, 2021). For the 
disinfection of surfaces, the EPA published a list of antimicrobials 
against SARS-CoV-2 (MacGibeny and Wassef, 2021). Disinfectants 
meeting the EPA criteria often contain quaternary ammonium com
pounds (QACs) such as dialkyldimethylammonium compounds (DAD
MACs), alkyltrimethylammonium compounds (ATMACs) and 
benzalkonium compounds (BACs) (Table S1). Out of 594 EPA-listed 
disinfectants to use against SARS-CoV-2, QACs were the most active 
ingredients in 274 of the registered products. Around 51 products were 
tested effective against SARS-CoV-2 within 1 min of contact time 
(Table S2). 

The production and sales of disinfectants have risen steeply during 
the pandemic, with a month’s production in 2020 equivalent to the 
entire years of production in 2019 (Lysol, 2022). Elevated usage over the 
pandemic through hand and surface disinfection could result in residues 
finding their way to wastewater treatment plants (WWTPs) and 
receiving waters such as surface or marine environments (Hora et al., 
2020; Rizvi and Ahammad, 2022). The environmental fate and impact of 
chronic low doses of QACs could cause acute toxicity and lead to anti
microbial resistance. A commonly used quaternary ammonium salt, 
quaternium 15, is a well-known skin allergen that can cause dermatitis 
in humans when used in excess (Cahill and Nixon, 2005). In addition, 
this compound is known to persist in the environment and has even been 
reported to occur in marine ecosystems, where it caused reduced cellular 
viability and changes to the antioxidant mechanisms of the marine 
invertebrate, Mytilus galloprovincialis at sub-lethal concentrations (~ 
100 μg/L) (Faggio et al., 2016). Additionally, high residual levels of 
disinfectants may lead to the formation of N-nitrosodimethylamine 
(NDMA) in the environment, classified as a carcinogen and micro
biocidal at a concentration range from 0.5 to 5 mg/L and 10–50 mg/L, 
respectively (Gerba, 2015). The development of antimicrobial resistance 
in a broad range of microorganisms is an additional concern, as reported 
elsewhere (Hegstad et. al, 2010; Voumard et al., 2020a). 

A recent study by Zheng et al. (2020) estimated a 62 % rise in the 
concentration of QACs in residential dust samples during COVID-19, 
with concentrations ranging from 1.95 to 531 μg/g (Table S3). The 
median concentration during the pandemic was 58.9 μg/g compared to 
36.3 μg/g for the pre-pandemic period (Fig. 1). Such a high concentra
tion could increase the daily intake of these compounds in toddlers by 
ten times compared to adults staying in the same residential units 
(Zheng et al., 2020). An increase in the use of these QACs during the 
pandemic may also lead to increased loading in WWTPs, which, in turn, 
leads to increased discharge of such chemicals into the environment, 
where they can pose several chronic effects to aquatic and, eventually, 
human life. Increased use of household disinfection products having 
QACs is of additional concern during this pandemic as these chemicals 
are known to build up in human blood (Salamova et al., 2021). A recent 

study further reported the occurrence of 13 QACs in human breast milk, 
with total concentrations ranging from 0.33 to 7.4 ng/mL, indicating 
breastfeeding as one of the significant pathways QACs for infants. The 
most abundant QAC was dodecylbenzyldimethylammonium chloride 
(BAC C14), with a median concentration of 0.45 ng/mL (Zheng et al., 
2022). Thus, it is crucial to recognize the concentration, fate and effects 
of disinfectants in the environments. Since, 2019 around 350 papers on 
QACs have been catalogued under “environmental science” category in 
the Scopus database. As shown in Fig. 2, a word cloud generated from 
recent literature (2019–2022) using VOSviewer (version 1.6.17) illus
trates important keywords such as QACs and its co-occurrences with 
COVID-19, adsorption, wastewater treatment etc. Thus, this compre
hensive review addresses various aspects of QACs, focusing on the 
occurrence, fate, toxicity and antimicrobial resistance development due 
to their widespread use. The broad objective of this paper is to collate 
knowledge on the distribution and fate of several QACs in various 
environmental matrices, such as wastewater, surface and groundwater, 
and sediments in the past ten years, with a particular focus on the 
pandemic. Several papers before 2011 were also referred to for an 
additional explanation. Hence, the main objectives of this paper are (i) 
To systematically conduct a thorough literature review on the occur
rence and fate of QACs in the aquatic environment by reviewing papers 
published in the last few years with a special focus on the increased 
usage of QACs during the pandemic, (ii) To highlight research gaps on 
the frequent use of QACs and toxicity to the aquatic organism and 
human beings, (iii) To collate information on increased antimicrobial 
resistance due to the alarming use of antibiotics and QACs in various 
sectors, (iv) To critically review and discuss the increased use of QACs 
during this pandemic and future implications. In general, this study 
provides a comprehensive discussion on the classification of QACS, 
various sources of QACs, how humans and the aquatic environment are 
exposed, toxicity to aquatic organisms, and the resulting development of 
antimicrobial resistance (AMR). 

Fig. 1. Variation in the concentrations of QACs during and before the COVID19 
pandemic (Reproduced with permission [Zheng et al., 2020]). 
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2. Classification, mechanism of action and applications of QACs 

2.1. Classification of QACs 

QACs are active components in over 200 disinfectants in the recently 
published list by EPA and are effective at inactivating enveloped viruses 
(Table S2 and S4) (Vereshchagin et al., 2021; Ying, 2006; Grigoras, 
2021a, 2021b; Maillard, 2002). Their structure contains a positively 
charged nitrogen atom linked to at least one hydrophobic hydrocarbon 
chain, i.e., alkyl groups, which are usually short chain substituents such 
as methyl or benzyl groups (Fig. 3a). The core molecular structure of 
QACs can have one (mono- QAC), two (bis-QAC), or more (multi-QAC, 
poly-QAC) charged nitrogen atoms, including many heterocyclic com
pounds such as piperidine, pyridine, and imidazole (Vereshchagin et al., 
2021). Most of the QACs also contain chloride or bromide anions, form 
micelles, and the critical concentration of micelle formation decides the 
amphiphilic nature of these compounds. These structures make QACs 
easily adsorb negatively charged substances such as soil, sediments and 
sewage sludge (Ying, 2006). QACs are active ingredients in natural 
polymers such as cellulose, chitosan, dextran, starch, gum, poly(lactic 
acid) and synthetic polymers like poly(amidoamine), poly(urethane)s, 
poly(siloxane)s, poly(methacrylate)s and poly(ethylene) (Grigoras, 
2021a, 2021b). BACs, ATMACs, DADMACs with alkyl chain lengths 
from C8 to C18 are the most common active QACs (Fig. 3b, Table S1) 
covered in this review. 

2.2. Mechanism of action of QACs 

Knowing the mode of action of these compounds and understanding 
the molecular initiating event (MIE) is key to explaining QACs efficacy. 
The toxic action of QACs against the bacteria cell wall and membrane is 
because of the interaction between the cationic quaternary nitrogen 

with the head groups of the acidic phospholipids of the membrane and 
the negatively charged structural bacterial proteins (Maillard, 2002; 
Gilbert and Moore, 2005). The ionic interaction between QACs and 
bacteria cell membrane destabilises the cell membrane, causing leakage 
of intracellular low-molecular-weight material, proteins and nucleic 
acids, resulting in rapid cell lysis (Chapman, 2003). Like bacteria, QACs 
act on enveloped viruses by deactivating the protective lipid coating 
(Fig. 4). Several studies have reported the effectiveness of QACs against 
influenza and SARS viruses (Schrank et al., 2020; Osimitz and Droege, 
2021; Dellanno et al., 2009). These compounds can target intracellular 
genetic materials such as single-stranded RNA, in the case of 
SARS-CoV-2. Under normal circumstances, the hydrophobic regions of 
SARS-CoV-2, i.e., lipid, could help to moderate the proteins’ functioning 

Fig. 2. Network analysis of literature on QACs based on SCOPUS database.  

Fig. 3. General structure of (a) QACs and (b) BACs, DDACs and ATMACs 
(Zheng et al., 2022). 
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and stabilise it by divalent cations such as Ca2+ (Gilbert and Moore, 
2005). Cationic QACs such as BACs could directly interact with the virus 
membrane by displacing divalent cations. Such intervention could 
decrease fluidity, raising the endocytic and lysosomal pH leading to cell 
leakage, lysis and cell death (Gilbert and Moore, 2005). The effective
ness of QACs is affected by their structure. Normally, alkyl chain lengths 
from C12 to C16 have greater inhibitory ability (Gerba, 2015). Some 
double-chained compounds are better at killing Gram-negative bacteria, 
but biscationic QACs are even better (Jennings et al., 2015). However, 
structural analogues of BAC, having amide and ester groups, could 
exhibit analogous activity and lower toxicity than BAC alone (Allen 
et al., 2017). The efficacy of various QACs against several viruses, 
including SARS-CoV, is presented in Table S4. Within 5–60 min of QAC 
exposure, more than 99.9% reduction could be achieved (Table S4). 
Furthermore, within 1 min contact time, several QACs have shown 
promising results against SARS-CoV-2 (Table S2). 

2.3. Applications of QACs against SARS-CoV-2 

QACs are the most common cationic surfactants used as the active 
components in fabric softeners, disinfectants, biocides, detergents, 
phase transfer agents, and PCPs, such as hair cleaning products. Besides 
these applications, QACs have also been used in veterinary products, 
including contraception formulations, diagnostic testing and vaccine 
production (Novo, 2020), and nasal sprays (Baker et al., 2020). Due to 
the effectiveness of ammonium chloride, cetylpyridinium chloride, and 
miramistin against a range of viruses, including murine coronavirus, 
hepatitis C, influenza, hepatitis B, poliovirus 1, HIV, herpes and SARS. 
Baker et al. (2020) suggested these cheap clinically approved products 
for mouthwash or nasal spray to reduce the point of entry of SARS-CoV-2 
transmission. 

Nowadays, due to their antibacterial and virucidal properties, these 
compounds have been extensively used in residential homes (Zheng 
et al., 2020), hospitals and quarantine centres (Barrios Andrés et al., 
2021) and institutional settings (Table S2). These compounds are also 
found in antiviral coatings and surface wipes (Butot et al., 2021; Monge 
et al., 2020). It is also recommended to use didecyldimethylammonium 
chloride (DADMAC C10) and other QAC-based formulations in hospital 
settings, especially for patients with allergic contact dermatitis during 
this pandemic (Kreipe et al., 2021; Steinhauer et al., 2021). Ogilvie et al. 
(2021) found that among commercially available QACs and 0.2 % BAC 
solution, QACs could rapidly inactivate SARS-CoV-2 within 15 s of 
contact, even in the presence of a soil load or when diluted in hard water 
in hospital settings. 

QACs such as BACs have been recently used in face mask filters as a 
biofunctional coating (Martí et al., 2021; Tuñón-Molina et al., 2021). It 

was found that BACs could effectively inactivate 99 % of SARS-CoV-2 
particles in one minute of contact and methicillin-resistant Staphylo
coccus aureus and Staphylococcus epidermis (Martí et al., 2021; Tuñón-
Molina et al., 2021), indicating their possible preventive use among 
healthcare workers and researchers. Surgical masks infused with QACs 
were also reported to inactivate a high dose of up to 1 × 105 pfu (pla
que-forming units) of live SARS-CoV-2 within minutes (Selwyn et al., 
2021). 

With regard to personal care products (PCPs), these compounds have 
also been used as active ingredients in shampoos and body cleansers, 
and their effectiveness against human coronaviruses (HCoVs) HCoV- 
229E and SARS-CoV-2 have been assessed (Butot et al., 2021). 
Furthermore, Ijaz et al. (2021) confirmed their virucidal efficacies (≥ 3 
to ≥ 6 log10 reduction) against SARS-CoV-2 and other emerging viruses 
within 30 s to 5 min of contact time, indicating their usefulness as sur
face and hand hygiene disinfectants. QACs are also used in mouthwash 
(Baker et al., 2020; Chen and Chang, 2021a; Muñoz-Basagoiti et al., 
2021), with in vitro studies confirming the virucidal activity of oral care 
products containing a range of QACs (Muñoz-Basagoiti et al., 2021; 
Komine et al., 2021). 

During this unprecedented time, safe consumption of food items has 
also further triggered researchers to find suitable QACs that could be 
used against SARS-CoV-2 and disinfect food items. A group of re
searchers at Tokyo University suggested using diluted QACs to disinfect 
food items, although their long-term toxic effects on humans have yet to 
be evaluated (Miyaoka et al., 2021). Such findings are of commercial 
interest, which could have triggered the general population to use QACs 
to disinfect vegetables and fruits. A critical review of the application of 
QACs in the food industry to control the SARS-CoV-2 transmission has 
been reported (Pedreira et al., 2021). 

The ongoing pandemic has forced researchers to explore the viru
cidal ability of QACs for a wide range of applications, and with an ex
pected market size growth from USD 1070.1 million in 2021 to USD 
1548.1 million by 2027 i.e., compound annual growth (CAGR) rate of 
5.4 % (Marketwatch, 2021), a large amount of QACs will end up at the 
WWTPs and, ultimately, the environment. 

3. Environmental occurrence and fate of QACs 

As previously discussed, the use of commercial antibacterial and 
personal cleaning products has been continually increasing during the 
widespread COVID-19 pandemic, and a large fraction of these products 
contains QACs. Some of these compounds enter WWTPs through the 
sewage collection system. However, QACs can pass through the WWTPs 
and be released into the aquatic environment. Study shows that about 75 
% of QACs annually are released into WWTPs, while the remaining 25% 

Fig. 4. Mode of action of QACs on the SARS-CoV-2 envelope.  
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of QACs are discharged directly into the environment (Li and Browna
well, 2010; Ruan et al., 2014). There are two main pathways to remove 
QACs: biodegradation and active sludge adsorption. Although the 
degradation of QACs usually happens on sludge solids, the biodegra
dation process accounts for only a small part of QAC degradation 
because sorption to solids is much faster than biodegradation. Thus, 
these compounds finally enter the environment through sewage 
discharge or surface flooding. The concentration of QACs detected 
worldwide in surface water and wastewater effluent range from less than 
1 μg/L to approximately 100 μg/L, and their concentration could be ten 
times higher in raw wastewater (1200 μg/L) (Fig. 5, Table S6). This 
section highlights the occurrence and fate of QACs in WWTPs, and 
surface water. 

3.1. Wastewater and sludge 

In an earlier study, Gerike et al. (1994) found high abundances of 
QACs in German raw sewage samples, with a mean concentration of 
830 μg/L; subsequently, many studies across the globe have reported 
their concentration in wastewater (Fig. 5). Similarly, the concentrations 
of DADMACs, BACs and ATMACs in influent samples collected from 
WWTPs in Austria ranged from 0.17 to 1200 μg/L. In Taiwan, octade
cylbenzyldimethylammonium chloride (BAC C18) was the most abun
dant BAC homologue, with high concentrations of 22–100 µg/L in 
industrial effluent samples. Among several QACs, dodecylbenzyldime
thylammonium chloride (BAC C12) and tetradecylbenzyldimethy
lammonium chloride (BAC C14) were detected in the lower 

Fig. 5. Concentration of QACs in different types of wastewater and sludge samples across different countries. 1 (Pati and Arnold, 2020), 2 (Ferrer and Furlong, 2001), 
3 (Zhu et al., 2018), 4 (Ruan et al., 2014), 5 (Li et al., 2014), 6 (Ding and Liao, 2001), 7 (Alexandre et al., 2016), 8 (Merino et al., 2003), 9 (Gerike et al., 1994), 10 
(Sütterlin, 2008), 11 (Radke et al., 1999), 12 (Clara et al., 2007), 13 (Fernández et al., 1996). (CPC: Cetylpyridinium chloride; BZT: Benzethonium chloride). 
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concentration range between 0.5 and 4.7 μg/L of effluent samples. 
The concentration of QACs in wastewater and sludge samples at 

WWTPs might vary significantly between different years because of the 
prohibition of specific QACs. For example, after 1991, Europe replaced 
DADMACs with easily biodegradable diethyl ester dimethylammonium 
chloride; subsequently, the concentration range of DADMAC in sludge 
samples dropped from 2,570− 5,870 μg/g in 1991 to 150 − 300 μg/g in 
1994 (Fernández et al., 1996). In another study, relatively low levels of 
QACs were found in sludge samples collected from a WWTP in 
Guangzhou, with total concentrations of BACs, ATMACs and DADMACs 
up to 3.6, 8.3, and 156 μg/g, respectively (Li et al., 2014). Among BACs, 
BAC C12 is the most abundant QACs reported in both sewage and sludge 
samples based on the results obtained from ultrasonic extraction (USE) 
(Heyde et al., 2020). Through a non-targeted approach for the first time, 
Ruan et al. (2014) reported the presence of DADMAC C20 and mixed 
DADMAC C14:18, C18:20 in sewage sludge. 

While most of these studies have reported QACs concentrations 
before the pandemic, only Pati and Arnold (2020) and Alygizakis et al., 
2021 reported the occurrence of QACs in wastewater samples during the 
COVID-19 pandemic, at this time of writing. Notably, Pati and Arnold 
(2020) reported various homologs of BAC and DADMAC and 15 suspect 
QACs in at least one wastewater effluent sample with the concentration 
ranging from 0.4 μg/L to 6.6 μg/L, indicating the inability of the WWTPs 
to treat these contaminants. In the following year, Alygizakis et al. 
(2021), for the first time, reported an increase in the mass load of 
cationic QACs in raw wastewater by 331 %, i.e., 429 g/day in 2019 to 
1897 g/day in 2020, highlighting their increase attributed to 
stay-at-home measures, working from home, social distancing, hand
washing and surface-disinfection advisories during COVID19. Among 
the studied QACs, the mass loading for BAC C10, BAC C12, ATMAC C10, 
ATMAC C12, and dioctyldimethyl ammonium bromide (DADMAC C8:8) 
was increased by 322 %, 431 %, 173 %, 90 % and 181 %, respectively, 
during the pandemic. 

3.2. Removal of QACs at WWTPs 

The overall removal of QACs in different processes is summarised in 
Table S5 where several removal mechanisms including biodegradation, 
adsorption and advanced oxidations process have been highlighted. 
Bergero and Lucchesi (2018) studied the adsorption of cationic surfac
tants, tetradecyltrimethylammonium bromide (ATMAC C14), tetra- 
decylbenzyldimethylammonium chloride (BAC C14) and hex
adecylbenzyldimethylammonium chloride (BAC C16) in activated 
sludge. It was found that within 2 h of achieving adsorption equilibrium, 
81 %, 90 % and 98 % of ATMAC C14, BAC C14 and BAC C16 respec
tively, were completely adsorbed to the activated sludge. Similarly, 
Pseudomonas sp. was used to treat synthetic and industrial effluent 
containing BAC, in continuous up-flow biofilm aerobic reactors, and 
removal of up to 99.3 % was achieved in the lab (Fortunato et al., 2019). 
Similarly, by using an oxygen-based membrane biofilm reactor and 
increasing the solid recycling ratio up to 4 and the oxygen supply rate, 
the removal of QACs at WWTPs could be improved (Hajaya, 2021). 
Among biological WWTPs, cyclic-activated sludge systems are the most 
popular treatment units for removing organic compounds from waste
water (Zhu et al., 2018; Mohapatra et al., 2021b). Nevertheless, the 
biodegradation processes for QACs are highly dependent on several 
factors, including the concentration of QACs, the chemical structure of 
the compound, adsorption to biosolids, microorganisms consortia (e.g. 
QACs resistant or degrading microbes) and the presence of anionic 
surfactants (Brycki et al., 2014; Ying, 2006; García et al., 2001). Thus, an 
increased load of these compounds at the WWTPs may further hamper 
the overall removal process at biologically operated WWTPs by inhib
iting microbial activity. 

Several attempts were also made in an ultraviolet/persulfate (UV/ 
PS) oxidation system for complete detoxification or mineralization of 
dodecyltrimethylammonium chloride (ATMAC C12) in wastewater 

matrixes, where HCO3−
, Cl− and humic acid negatively affected ATMAC 

C12 elimination, whereas NO3− and SO4
2− had an insignificant effect on 

its removal (Lee et al., 2019). However, biodegradation coupled with the 
Fenton oxidation process can also enhance the degradation of these 
compounds by 85.5 % (Zhao et al., 2020). 

3.3. Surface water 

Several studies reported the concentrations of QACs in surface water, 
reservoir and marine water worldwide (Table S6) and all of these studies 
were conducted before the pandemic. For the first time, Radke et al. 
(1999) detected the concentration of DADMAC C16:16, DADMAC C16: 
C18, DADMAC C18:18 at 0.11 µg/L, 0.34 µg/L, and 0.41 µg/L, respec
tively, in Germany river water (Table S6). Similarly, the concentrations 
of most of the BACs in the surface waters of Taiwan were less than 
1 µg/L, except for BAC C18. BAC C18 is the most abundant among the 
compounds with different chain lengths, with a concentration range 
from 2.6 to 55 µg/L, followed by BAC C16 in the range of 1.2–5.3 µg/L 
(Ding and Liao, 2001a). In contrast, the concentrations of ATMACs in a 
Taiwan river were much lower, with a maximum concentration of 
0.66 µg/L (Ding and Tsai, 2003). The data indicate that wastewater in 
Taiwan contained high concentrations of BAC C18 that were directly 
discharged into the river. Although the removal rate of QACs at nontoxic 
levels is generally more than 90 % after biological treatment, continuous 
discharge of wastewater during the pandemic and, more specifically, 
untreated wastewater to surface waters could elevate their concentra
tions in surface water, particularly during the monsoon season. Due to 
their strong affinity to the soil, QACs tend to be adsorbed and concen
trated on the soil surface (Martínez-Carballo et al., 2007a). Thus, rivers 
receiving surface runoff could potentially experience a high concentra
tion of these compounds during the monsoon season, which was the case 
for high concentrations of QACs in Australian rivers (Martínez-Carballo 
et al., 2007a). Resuspension of sediment could further increase their 
aqueous concentration during the monsoon season and even during 
non-rainy seasons (Ruan et al., 2014). The highest BAC concentration 
(BAC C12 + BAC C14) up to 22,593 ± 7056 µg/L in roof runoff, was 
reported elsewhere (van De Voorde et al., 2012). Currently, no study 
during the pandemic has documented the concentrations of these com
pounds in surface waters. However, with an increased mass loading as 
high as 331 % (Alygizakis et al., 2021), QACs could potentially find their 
way into surface water and countries without proper sanitation or 
sewerage systems (Panth et al., 2021) may experience high 
concentrations. 

3.4. Fate of QACs in surface water 

In surface water, contaminants are simultaneously subjected to 
photodegradation, biodegradation and sorption (Eregowda and Moha
patra, 2020; Mohapatra et al., 2023). QACs, irrespective of structural 
variations, such as sidechain length and aromatic rings, are susceptible 
to indirect photodegradation, with OH⋅ in natural waters with half-lives 
ranging from 12 to 94 days, implying slow abiotic degradation in water 
bodies (Hora and Arnold, 2020). Only BAC is reported to undergo direct 
photolysis. Although QACs are generally aerobically biodegradable in 
the environment, the adsorption of QACs to sediments or biosolids often 
outcompetes biodegradation in QACs with longer alkyl chain length 
and/or the substitution of a benzyl group for a methyl group (García 
et al., 2001; Li and Brownawell, 2010). As the removal of QACs in the 
environment relies mainly on microorganisms through bio
degradation/biotransformation, microbial consortia play a crucial role. 
Pseudomonas, Xanthomonas sp. and Aeromonas hydrophila sp. are among 
the bacteria capable of degrading QACs (Brycki et al., 2014; Miura et al., 
2008; Patrauchan and Oriel, 2003). However, the ability of these mi
croorganisms to degrade QACs depends on various aspects, such as the 
concentration of QACs and types of QACs. Isolation of microbial con
sortia for biodegradation of QACs is challenging as QACs are biocides 
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and toxic to microorganisms. Some QACs resistant microorganisms can 
survive but may not be involved in biodegradation, while those degrader 
microorganisms may not be resistant to QACs. As such, most studies 
showed the degradation of QACs through mixed cultures. The current 
advancement in next-generation sequencing allows more in-depth study 
into the microbial community through metagenomics sequencing. While 
critical micelle concentration (CMC) plays an important role in deciding 
the fate of QACs in environmental matrices, Mulder et al. (2020) 
postulated that the number of carboxyl groups and small molecular 
weights of dissolved organic matter could reduce the CMC of BAC C12 
and BAC C16 at pH 6. 

With a fundamental knowledge of the persistence and degradation 
rates of QACs, modelling would be a great tool to predict concentrations 
and assess the risks of QACs, particularly for environmental exposure of 
QACs during such an unprecedented time. The fate of QACs in the 
aquatic ecosystem with special attention to the sediments, is discussed in 
the next subsection. 

3.5. Sediments 

QACs can readily adsorb on soil or sediments due to their unique 
structure and strong affinity to organic and inorganic particles. High 
adsorption and recalcitrance to biodegradation lead to the frequent 
presence of QACs in sediments. Table 1 lists the concentrations of QACs 
in sediment samples in the world. In the urban estuarine sediment 
samples of the USA, the maximum concentration of ATMACs was 
2820 ng/g and 6750 ng/g in 1998 and 2008, respectively (Lara-Martín 
et al., 2010). The concentrations of DADMACs C16-C18, ATMACs 
C16–18 and BACs C12–14 were higher in the sediment samples; for 
example, the concentration of BACs C12–14 varied from 40.7 to 
672.8 ng/g and 5.3–730.1 ng/g, while the concentration of BACs 
C16–18 varied from 1.20 to 189.9 ng/g and 2.10–82 ng/g (Li et al., 
2014). Among the different BAC homologues listed in the table, BAC- 
C12 was the most common compound, with an average percentage of 
70%, similar to the composition of the industrial BAC mixture. For the 
ATMAC homologues, ATMAC C16 and ATMAC C18 were two major 
types. Among the DADMACs, DADMACs C16:C16, C16:C18, C18:C18 

Table 1 
Concentration of QACs in different types of sediment samples (Heyde et al., 2021; Dai et al., 2018; Pintado-Herrera et al., 2017; Alexandre et al., 2016; Zhang et al., 
2015; Kaj et al., 2014; Li et al., 2014; Ruan et al., 2014; Lara-Martń́ńn et al., 2010; Li and Brownawell, 2010; Martínez-Carballo et al., 2007b).  

#Mulder et al. (2018) 
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take up more than 90% of the total DADMACs detected in the sediments. 
In contrast, DADMAC only has an average percentage of 4% of the total 
DADMACs (Li and Brownawell, 2010). A similar conclusion was reached 
after analysing the sediment samples of seven other countries: For 
DADMACs and ATMACs, with longer alkyl chain length, such as DAD
MACs C16:18, and DADMACs C18:18, possessed the largest proportion 
in the sediment samples, while BAC C12 was still the most common type 
of BAC homologues (Kaj et al., 2014). The similar QACs average 
composition patterns and comparatively high concentrations indicate 
that QACs are persistent in sediments. 

Relatively high concentrations of BACs and DADMACs were reported 
in China and Japan in sediment samples, indicating high pollution levels 
in both countries (Dai et al., 2018). The vertical profiles from the sedi
ment surface indicated a spike in BACs and DADMACs concentration 
during the 1970 s and 1980 s, but a significant drop in BAC concentra
tion before the pandemic indicated a compositional change in com
modities and the effectiveness of emission control strategies. The 
concentration of DADMAC remained relatively stable. In contrast, dur
ing this pandemic, a high concentration of BACs followed by ATMACs 
and DADMACs were reported in Mexican soil samples irrigated with 
sewage (Heyde et al., 2021). As expected, the concentrations of QACs 
increased linearly during the first few years of irrigation, but an expo
nential increase in the soil concentrations up to 155 µg/kg over time 
indicates strong adsorption and accumulation of these compounds in the 
soil. Environmental conditions, such as rainfall, will affect the precipi
tation of QACs because wet weather can increase the sedimentation 
ability of QACs. In Austria, the mean concentration of ATMAC and BAC 
in June was 35 ng/g and 1023 ng/g, respectively, while the mean con
centration of ATMAC and BAC in August was only 19 ng/g and 
351 ng/g, respectively (Martínez-Carballo et al., 2007a). Except for one 
study by Heyde et al. (2021), no additional studies on the occurrence of 
QACs in soil samples have been published during this pandemic. 

Slower biodegradation of QACs has been observed in anoxic or 
anaerobic conditions in sludge and sediments (Lara-Martń́ńn et al., 
2010). Some studies investigated the temporal distribution of QACs 
concentration by analysing dated sediments with different depths of 
sediment cores (Pati and Arnold, 2020; Lara-Martń́ńn et al., 2010). In a 
study at Jamaica Bay, elevated QACs levels were found around the 
1980 s, which was suspected to be associated with sewage sheds from 
upgrading works at the nearby wastewater treatment plant and drastic 
reduction after the upgrading works (Lara-Martń́ńn et al., 2010). A 
similar finding was observed by Pati and Arnold (2020), where the au
thors suggest that the federally mandated industrial pre-treatment pro
gram initiated in 1981 could be one of the reasons for the decrease in 
QACs levels after the 1980 s. These studies further prove the high 
persistence and slow degradation of QACs once the compounds are 
transferred to anoxic/anaerobic compartments. Tezel et al. (2006) 
conducted a systematic study on the degradation of QACs in aerobic, 
anoxic and anaerobic conditions. Their studies revealed that QACs with 
shorter alkyl chain lengths and lower adsorption affinity cause a greater 
inhibitory effect on methanogenesis. Under methanogenic conditions, 
none of the QACs tested was biodegraded (Tezel et al., 2006). As QACs 
are biologically active compounds, several potential environmental 
impacts need to be considered due to their high usage during the 
pandemic. Thus, it is crucial to study their concentrations and consider 
the toxic impact of QAC residuals in sediments. 

4. Toxicity of QACs to aquatic organisms and human 

4.1. Toxicity to aquatic organisms 

Exposure to QACs showed lethal effect or growth inhibition in 
aquatic organisms through oxidative stress, disruption of cell membrane 
or molecular defects causing apoptosis and endoplasmic reticulum stress 
(unfold or misfold of proteins) (Christen et al., 2017; Qian et al., 2022). 
In addition, a recent study demonstrated that exposure to QACs 

enhanced the release of cyanotoxin (i.e., microcystin MC-LR) via upre
gulation of synthesis proteins and damage to the cell membrane (Qian 
et al., 2022). Toxic effects were also observed in freshwater crustaceans 
at environmentally relevant concentrations of QACs (Lavorgna et al., 
2016). As such, the increased use of QACs during the COVID-19 
pandemic has raised concerns about their toxicity and potentially 
harmful effects on humans and aquatic organisms such as fish, algae, 
protozoa and other microorganisms (Qian et al., 2022; Chen et al., 2014; 
Zhu et al., 2010; Liang et al., 2013). Due to their amphiphilic nature, 
QACs are readily absorbed onto soil and sludge; thus, their concentra
tion in wastewater at which they pose toxicity to receiving water bodies, 
has attracted much attention. The toxicity of QACs to organisms can be 
divided into two parts: (i) single QAC toxicity (Table S7) and (ii) QACs 
mixture toxicity (Table S8). 

Different kinds of species have different sensitivities toward single 
QACs. For example, the 24 h median effective concentration values 
(EC50) of dodecyltrimethylammonium bromide (ATMAC C12), tetra
decyltrimethylammonium bromide (ATMAC C14), hexadecyl
trimethylammonium bromide (ATMAC C16) for Daphnia magna varied 
from 0.058 mg/L to 0.37 mg/L. Study shows that algae are more sen
sitive to QACs than other aquatic organisms such as fish and crustaceans 
(van Wijk et al., 2009). Due to their net positive charge, these com
pounds strongly bind with the negatively charged algal cell walls (Liang 
et al., 2013). The EC50 value of benzalkonium is 280 µg/L and 5.9 µg/L 
for fish and invertebrates, respectively (van de Voorde et al., 2012). 
Thus, BACs toxicity to other aquatic beings is usually much higher than 
microalgae and bacteria. Some species may have varying sensitivity to 
different QACs. The 48 h EC50 value of D. magna towards 5 kinds of 
single QACs varied from 6.6 µg/L to 0.3 µg/L. With a longer carbon 
chain, BACs are reported to show higher toxicities than the short carbon 
chained BACs. Thus, BAC C12 and BAC C14 have been reported to 
exhibit extremely high toxicity than stearyltrimethylammonium chlo
ride (ATMAC C18), n-hexadecyltrimethylammonium chloride (ATMAC 
C16) and octyl-decyl dimethyl ammonium chloride (ODDAC). 

There are instances where QACs are found combined with other 
chemical substances that may pose mixture toxicity (Table S8). In such a 
scenario, the toxicity of a single QAC could potentially differ from a 
mixture of QACs that are commonly encountered in the environment. 
The joint action of binary mixtures usually changes based on the con
centration of individual components. For example, the binary mixture of 
ATMAC C16 and aromatic hydrocarbons (Ahs) has a synergistic toxicity 
effect on C. vulgaris when Ahs have low concentration; however, at a 
high concentration of Ahs, the joint action changes to an antagonistic 
effect because they will compete (Ge et al., 2010). Similarly, the joint 
action of ATMAC C16 and fluoranthene (Flu) also shifted from a syn
ergetic toxic effect to an antagonistic effect when the levels of Flu grew 
from 50 µg/L to 200 µg/L (Yu et al., 2013). When the mixture of QACs is 
present in low concentrations in the environment, some hormetic effects 
are observed (Agathokleous et al., 2022; Mo et al., 2020). It may 
enhance the propagation of pathogenic microbes and increase the 
spread of antibiotic resistance. 

4.2. The impact of QACs on animals models 

The impact of QAC exposure has been mostly demonstrated in ani
mal models. For example, few studies on mice showed a significant 
reduction in pregnancy (dropped by 50–60 %) when disinfectants con
taining n-alkyl dimethyl benzyl ammonium chloride (ADBAC) and 
didecyl dimethyl ammonium chloride (DADMAC C10) were applied in 
the animal facility (Maher, 2008). In a long-term feed dosing study, 
results revealed a significant decrease in fertility rate, including a longer 
duration of the first litter, fewer pups, and a smaller number of preg
nancies in the 120 mg ADBAC + DADMAC C10 disinfectant/kg/day 
exposure group compared to the control group (Melin et al., 2014). This 
study further demonstrated that exposure to the same set of disinfectants 
at the same dose in female mice decreased reproductive capability in 
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terms of reduced ovulation and fewer estrus cycles, while male mice 
exhibited decreased sperm concentration and motility (Melin et al., 
2016). Increasing placental abnormalities and late gestation fetal deaths 
were reported with feed dosing at the same concentration (Hrubec et al., 
2017). Nevertheless, the exceptionally high dose in their toxicity studies 
was also criticised (Keating and Watkins, 2021; Hostetler, 2018). 

Apart from higher doses in toxicity studies, the impacts of ADBAC 
and DADMAC C10 at lower concentrations or/and ambient levels 
(where disinfectant containing ADBAC and DADMAC C10 was used for 
cage cleaning) were also examined. Significant reductions in sperm 
concentration and motility were observed in male mice upon exposure 
to ambient levels of ADBAC + DADMAC C10 for 7 weeks or 8 days oral 
dosing at 7.5 mg/kg/day (Melin et al., 2016). Similarly, higher neural 
tube defects were found in the mice exposed to ambient levels of these 
compounds (Hrubec et al., 2017). However, the lack of information on 
the concentrations of ADBAC and DADMAC C10 at ambient levels hin
ders solid conclusions from the studies. According to regulatory guide
lines, Hostetler et al. (2021) evaluated the prenatal toxicity potential of 
ADBAC and DADMAC C10 in rats and rabbits. The study reported that 
the no-observed-adverse-effect level (NOAEL) of ADBAC for maternal 
toxicity was 10 and 3 mg/kg/day in rats and rabbits, respectively, while 
prenatal toxicity was 100 and 9 mg/kg/day in rats and rabbits, respec
tively (Hostetler et al., 2021). For DADMAC C10, a NOAEL of 
1 mg/kg/day was reported for maternal toxicity in both rats and rabbits, 
while 20 and 3 mg/kg/day was reported for prenatal toxicity in rats and 
rabbits, respectively (Hostetler et al., 2021). Furthermore, the degree of 
toxicity of BAC was found to be correlated with BAC concentration in 
blood and tissue and the route of exposure (Xue et al., 2004). Regarding 
fetal development in mice, there could be a risk of QACs disinfectants 
crossing the blood-placental barrier and embryonic blood-brain barrier, 
which subsequently alter sterol and lipid hemostasis that might 
contribute to neural tube defects, as demonstrated in a mouse neonatal 
brain study (Herron et al., 2019). While there is some evidence linking 
the impact of QAC exposure to fertility, developmental, and reproduc
tion issues in animal models, it is largely unknown if these observations 
are translatable within a human context. 

4.3. Human exposure to QACs and the potential health risk 

Human exposure to QACs can occur through inhalation, dermal 
contact and oral ingestion. Application of ready-to-use QAC-related 
disinfectants is generally regarded as low risk with lower dosages of QAC 
compounds (Osimitz and Droege, 2021; EPA, 2022, 2017). However, a 
higher risk was found while handling concentrated QACs (EPA, 2022, 
2017). Furthermore, when inhaled or ingested at a high concentration, 
QACs such as BAC C12-C16 and DADMAC C10 can disrupt mitochon
drial functions leading to decreased ATP production and cell death 
(Osimitz and Droege, 2022). Increasing incidences of asthma have also 
been reported in healthcare workers exposed to disinfectants containing 
QACs (Migueres et al., 2021; Gonzalez et al., 2014; Heederik and Hee
derik, 2014). The study by Migueres et al. indicated the sensitizing po
tential of QACs involving heterogeneous pathobiological pathways with 
a highly eosinophilic pattern of airway response to develop occupational 
asthma (Migueres et al., 2021). In addition to the debatable toxicity 
impact on prenatal and maternal animals and humans, a study also 
showed the potential penetration of QACs into bloodstreams, where 
QACs were detected in 80 % of 43 human volunteers (Hrubec et al., 
2021). A similar study showed increasing detection frequency and 
significantly higher concentration of total QACs (15 QACs) in blood 
samples collected during the COVID-19 pandemic (median concentra
tion = 6.04 ng/mL) compared to the samples collected before the 
pandemic (median concentration = 3.41 ng/mL), with an overall in
crease of 77 % (Zheng et al., 2021). Although no biochemical alterations 
in the body tissues were observed, the low clearance rate of QACs in the 
liver indicated their high bioaccumulation. Associations were also seen 
between the concentration of QACs in blood and inflammatory 

cytokines, mitochondrial function and cholesterol synthesis in
termediaries or disruption of cholesterol homeostasis (Hrubec et al., 
2021). Among the QACs, the study reported that benzalkonium chloride 
could inhibit the DHCR7 gene expression, which is responsible for 
providing instructions to 7-dehydrocholesterol reductase, responsible 
for cholesterol production. 

Current industry practice assesses human health risks based on in
dividual QAC compounds and/or the total risks attributed to each QAC 
compound. Possible synergetic effects of multiple QACs have also been 
suggested, but this hypothesis has not been established in animals or 
humans. More reviews on human health hazard assessment of QACs, 
particularly on unpublished studies submitted and reviewed by regula
tory agencies, are presented by Luz et al. (2020) and Osimitz and Droege 
(2021). A recent paper by Agathokleous et al. (2022) further suggested 
including hormesis while evaluating the effects and risks of QACs as the 
linear-no-threshold (LNT), and threshold dose-response models are un
able to identify or predict their toxic effects. The scientific evidence on 
enhanced metabolic stability, particularly in longer alkyl chain QACs, 
and the potential bioaccumulation of QACs in humans has dramatically 
raised additional concerns on the toxicity of QACs (Zheng et al., 2021; 
Seguin et al., 2019). Hence, there is a need for a proper evaluation of the 
safe usage of QACs, including epidemiological study and risk assess
ment, as well as alternatives to QACs for disinfecting applications. 

5. Development of QAC and antimicrobial resistance phenotypes 

Besides the toxicity of QACs, there is a growing concern that QACs 
can lead to increased antimicrobial resistance in bacteria (Hegstad et al., 
2010; Mc Cay et al., 2010). The convergence of two public health issues, 
the COVID-19 pandemic and antimicrobial resistance, has raised con
cerns about the accelerated use of antibiotics and antimicrobials used to 
treat bacterial co-infections with SARS-CoV-2 (Bengoechea and Bam
ford, 2020; Hedberg et al., 2022; Mirzaei et al., 2020). One of the two 
key areas COVID-19 is anticipated to lead to the emergence of bacterial 
resistance is the use of QACs as disinfectants and biocides in hospitals 
and community settings due to their potent activity against a wide va
riety of pathogens (Chen and Chang, 2021b). Even prior to the 
pandemic, QACs were flagged as potential agents promoting antimi
crobial resistance (Zhang et al., 2015; Pereira and Tagkopoulos, 2019; 
Tezel and Pavlostathis, 2011). This has raised interest in ecotoxicology 
studies and the development of risk assessments capturing 
dose-response models effects within the hormetic (low dose) zones to 
determine permissible levels of disinfectants in the environment (Aga
thokleous et al., 2019). 

Certain Gram-negative bacterial species such as Pseudomonas aeru
ginosa display tolerance and intrinsic resistance to QACs and antibiotics 
by modifying cell membrane structures (e.g., fatty acid modification), 
using efflux pumps that extrude biocides or antibiotics out of the cell, or 
employing other adaptive strategies such as the formation of persister 
cells and biofilms (Méchin et al., 1999; Mc Cay et al., 2010; Pang et al., 
2019). Mc Cay et al. (2010) showed that sublethal concentrations of 
QACs can induce antimicrobial resistance in several bacterial species, 
including P. aeruginosa strains where decreased sensitivity to QACs and 
increased resistance to antibiotics have been documented (Mc Cay et al., 
2010). Studies on long and short term exposure of bacteria to 
sub-inhibitory concentrations of BACs (the most common types of QACs) 
have shown that bacteria can develop cross-resistance to more than one 
antibiotic or increased resistance to specific antibiotics through physi
ological adaptive mechanisms and genetic changes (Merchel Piovesan 
Pereira et al., 2020, 2021). Furthermore, an intrinsically QAC tolerant 
microorganism or an acquired QAC tolerant one is likely to exhibit 
cross-tolerance to other types of QACs upon exposure (Voumard et al., 
2020b). Although it is thought that Gram-negatives are more resistant to 
QACs due to their innate defence and adaptive mechanisms mentioned 
above, phenotypic resistance in Gram-positives such as Staphylocci is 
increasingly being reported, particularly on surfaces that are treated 
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with QACs (He et al., 2014). 
QACs tolerance and antibiotic resistance have been described in 

BACs exposure experiments in Gram-negative and Gram-positive bac
teria (Table S9). Collective studies show the minimum inhibitory con
centration (MIC) values of Escherichia coli to BACs and antibiotics 
increased by 2 – 7 fold, and 1 – 116 fold, respectively, exhibiting 
increased cross-resistance to antibiotics of different classes. However, 
not all bacteria display the trend of the coupled increase of BACs and 
antibiotic resistance. For instance, other studies indicate that Gram- 
negative species such as Klebsiella spp. Chryseobacterium spp. and 
Enterobacter spp. show only increased tolerance to BACs, but not to other 
screened antibiotics (Table S9). Increasing antibiotic resistance has also 
been observed in Gram-positive QACs resistant strains (Akimitsu et al., 
1999; Guérin et al., 2021a). Methicillin-resistant Staphylococcus aureus 
(MRSA) strains showed increasing resistance to β-lactam antibiotics 
with increased MICs values between 1 and 16 folds in BAC resistant 
strains compared to BAC susceptible strains (Akimitsu et al., 1999), 
while cross-resistance and increased antibiotic MICs were observed in 
BAC resistant Listeria monocytogenes isolated food-derived products (Yu 
et al., 2018) and environmental sources (Guérin et al., 2021b). 

5.1. Intrinsic, adaptive, and acquired mechanisms of QAC tolerance and 
antibiotic resistance 

5.1.1. Membrane permeability and physiological adaptive mechanisms 
Bacteria use shared resistance mechanisms to evade biocides and 

antibiotics that can contribute to cross-resistance. The first line of 
defence, particularly in Gram-negatives, is the presence of the outer 
membrane composed of lipopolysaccharides layers and efflux pumps 
that deter QACs and other antagonists (e.g. drugs, toxins) from entering 
and disrupting the cell membrane’s physical and ionic stability (Wessels 
and Ingmer, 2013). Nonetheless, BACs can readily bind to and enter the 
cell membrane of bacteria by ionic and hydrophobic interactions, 
changing the properties and functions of the membrane, disrupting the 
integrity, ultimately resulting in leakage of essential intracellular con
stituents (Ferreira et al., 2011; Ortega Morente et al., 2013). Besides the 
disruption of cell membranes, QACs can strike an imbalance of mem
brane osmoregulation, inhibition of respiratory enzymes, dissipation of 
proton motive force and oxidative stress, which induce error-prone DNA 
replication and finally lead to mutations and gene transfers of bacteria 
(Blázquez et al., 2012; Ceragioli et al., 2010). For example, P. aeruginosa 
can modify the fatty acid structure (e.g. lauric, β-hydroxylauric, palmitic 
acids) in cell membranes to deter the penetration of biocides, and an
tibiotics impart intrinsic resistance (Méchin et al., 1999). Additionally, 
these species have a biofilm-forming capability providing a diffusion 
barrier to reduce accessibility to both antibiotics and QACs via the cell 
membrane (Mah and O’Toole, 2001; Drenkard, 2003). Studies have also 
demonstrated that multispecies biofilms show greater biocidal resis
tance than single species (Touzel et al., 2016). Other bacteria such as 
Bacillus and Clostridium form endospores, enabling them to enter a 
metabolically dormant state in the presence of a stressor, which allows 
them to resist chemical treatment and aid survival (Vijayakumar and 
Sandle, 2019). 

5.1.2. Horizontal gene transfer (HGT) and its associated elements/genes 
There are a variety of molecular mechanisms in play that contribute 

to increased biocide tolerance in bacteria (Mc Carlie et al., 2020). HGT 
within cells is mediated through MGEs such as transposons, insertion 
sequences, integrons and gene cassettes which can carry biocide, metal 
and antibiotic resistance genes (MBMRG, ARGs) (Mc Carlie et al., 2020; 
Pal et al., 2015; Partridge et al., 2018). Conjugative plasmids and inte
grative conjugative elements (ICE) are MGEs that carry conjugative el
ements that encode the machinery that allows the transfer of genes 
between cells (Partridge et al., 2018; Johnson and Grossman, 2015). For 
example, Kim et al. (2018a) found that BAC tolerance was mediated 
through an efflux pump associated with ICE in P. aeruginosa. In silico, 

data mining studies of genome and metagenomes showed co-occurrence 
patterns of ARG and BMRG signatures (Li et al., 2017). Metagenomic 
studies in the guts of pigs (Li et al., 2022), wastewaters (Zhang et al., 
2021) and rivers (Thomas et al., 2020) have shown similar trends, which 
suggests that biocides, metals and antimicrobials present in the envi
ronment could select for these genes. In a study of bacteria isolated from 
seafood in supermarkets and fish markets using traditional culturing 
techniques, 7% of isolates were found to be resistant to multiple anti
biotics and biocides, and a subset of antibiotic-resistant isolates was able 
to grow on media containing copper sulfate and zinc chloride with metal 
resistance genes pcoA/copA, pcoR, and chrB detected (Romero et al., 
2017). 

5.1.3. Efflux pumps and acquired resistance 
Non-specific efflux pumps in microbes can transport a variety of 

substrates such as toxic substances, metabolites, quorum sensing mole
cules, biocides and antibiotics. There are five main categories of efflux 
pumps, (1) ATP (adenosine triphosphate)-binding cassette (ABC) family; 
(2) major facilitator superfamily (MFS), (3) resistance/nodulation/di
vision (RND) family, (4) small multidrug resistance (SMR) family; and 
(5) multidrug and toxic compound extrusion (MATE) family (Wand, 
2017). Biocidal resistance genes (BRGs) such as qacA/B, norA and smr 
have been found in opportunistic pathogens isolated from hospital en
vironments which are hotspots with frequent QACs usage, implicating 
their importance in biocide resistance (Liu et al., 2015). These BRGs 
associated with efflux pumps have been identified in QAC resistant 
opportunistic pathogens, some of which exhibit resistance to antibiotics 
(Vijayakumar and Sandle, 2019). 

The SMR family efflux pumps genes encoded by qac are the most 
notable BRG associated with efflux pumps that can conferresistance to 
QACs and are located on mobile genetic elements that can be horizon
tally transferred to other bacterial species by integrons carried by 
multidrug-resistant plasmids (Tezel and Pavlostathis, 2015). This mo
bile characteristic of qac genes and co-location on plasmids bearing 
antibiotic-resistant genes may result in dual resistance to QACs and 
antibiotics in recipient cells that acquire the plasmids. 

In the context of QAC resistance, most efflux pumps in Gram- 
negatives tend to be chromosomally located (e.g. norA, smr, sugE, 
emrE), while Gram-positives have acquired plasmid encoding efflux 
pumps except for norA, which is chromosomally encoded in S. aureus 
(Poole, 2002; Buffet-Bataillon et al., 2012; Meade et al., 2021). Various 
global clinical studies have identified BRGs associated with efflux pumps 
(e.g. qacA/B, qacC, qacG, qacH, qacJ, qacEΔ1, smr) in opportunistic 
pathogens, some of which exhibit resistance to both biocides and anti
biotics. The highest occurrence of qacA/B genes was found in 
Gram-positive S. aureus and Enterococcus faecalis, while other 
Gram-negatives such as Klebisella and Pseudomonas carried qacE and 
cepA, on plasmids, the latter of which confers resistance to beta-lactam 
antibiotics (Vijayakumar and Sandle, 2019; Bush, 2018; Slipski et al., 
2018). E. coli isolated from broiler chickens were also found carrying the 
qacEΔ1 gene linked to class 1 integrons and multiple antibiotic resis
tance gene cassettes, with AmpC beta-lactamases, although phenotypic 
resistance was not established (Roedel et al., 2021). Other studies in the 
UK showed that 75 % of class 1 integrons (CL1) containing isolates from 
the environment that carried QAC resistant genes also carried AMR 
genes (Amos et al., 2018). Genes encoding for carbapenemases (e.g. 
blaVIM, blaIMP, blaNDM) associated with qac genes in species of BAC 
resistant Acintobacter have been isolated from hospital environments in 
China (Liu et al., 2017). Phenotypic evidence coupled with the occur
rence of QAC and antibiotic resistance genes indicated that QACs at 
sub-MIC levels might offer selective pressure and promote the evolution 
and spread of AMR through horizontal gene transfer or/and efflux 
pump-mediated mechanisms of resistance (Gaze et al., 2011; Poole, 
2005; Gillings et al., 2009). 
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5.1.4. Adaptive resistance through genetic mutations 
Laboratory-based selective evolution experiments have charac

terised genetic changes in the genomes of bacteria to exhibit phenotypic 
resistance to biocides. For example, work by Merchel Piovesan Pereira 
et al. (2021) on E. coli showed that constant exposure to the same con
centrations of biocides leads to a decreased susceptibility to medically 
relevant antibiotics, with a subset of cross-resistant strains having one or 
more mutated genes that are functional pathways implicated in resis
tance to antibiotics (i.e., porin regulators, multidrug efflux proteins, 
RNA polymerase subunits) (Merchel Piovesan Pereira et al., 2021). In 
another study of bacterial communities of river sediments, BAC-fed 
bioreactors were selected for P. aeruginosa mutants and had mutations 
in polymyxin resistance genes (pmrB) and induced expression of efflux 
pump genes, which resulted in increased phenotypic resistance to 
polymyxin, tetracycline and ciprofloxacin (Kim et al., 2018b). Mutants 
of Salmonella enterica Typhimurium exposed to biocides showed single 
nucleotide polymorphism (SNPs) and deletions in genes, and amino acid 
substitutions membrane proteins involved in resistance to antibiotics 
and detergents (Curiao et al., 2016). Earlier studies on 
laboratory-generated mutants of S. aureus showed that increased sus
ceptibility to QACs was attributed to mutations in the chromosomal 
encoded norA gene (Furi et al., 2013). 

Failed efficacy of biocides is suggested to be responsible for the rapid 
selection of disinfectant-tolerant bacterial mutants. In experiments 
conducted by Nordholt et al. (2021), BAC tolerant E.coli clones were 
shown to have faster growth rates and outcompeted their wild-type 
counterparts in the presence of sub-inhibitory concentrations of four 
antibiotics (Nordholt et al., 2021). From an evolutionary point of view, 
the increased propensity in the fitness of BAC tolerant and antibiotic 
resistance phenotypes (and genotypes) in laboratory-based studies 
suggests that these adapted strains may have a selective advantage for 
survival in environments contaminated with chemicals. 

6. Consequences of the increased usage of QACs to the 
environment 

From an environmental perspective, the recent COVID-19 pandemic 
has triggered a spike in usage of disinfectants (e.g., QACs), which has 
introduced unprecedented heavy loads of QACs residues to the envi
ronment, such as surface water, groundwater, soil and wastewater 
treatment plant, although the surge in these environments has yet to be 
comprehensively accessed. This is compounded by the prevalent use of 
antibiotics in the current pandemic (Reardon, 2020). The presence of 
high concentrations of QACs may inadvertently kill off indigenous 
communities of beneficial microbes found in these environments due to 
their high susceptibility to disinfectants compared to clinically related 
pathogens (Tezel and Pavlostathis, 2011; Yang and Wang, 2018), 
consequently affecting the aquatic ecosystem and posing a potential 
health risk to humans. A higher load of QACs could potentially affect the 
performance of WWTP, such as nitrification and denitrification process, 
thus, reducing nitrogen removal capacity (Zhang et al., 2015; Hajaya 
and Pavlostathis, 2012; Yang, 2007). Similarly, decreased efficiency of 
the anaerobic digestion system was observed with the introduction of a 
high concentration of QACs (Tezel and Pavlostathis, 2009). Metha
nogens which play a crucial role in the anaerobic digestion process, were 
inhibited with a high concentration of QACs (e.g., > 50 mg/L BAC), 
resulting in an accumulation of volatile fatty acids and lower removal 
efficiency of chemical oxygen demand (Tezel and Pavlostathis, 2009). 
Additionally, the concentrations of QACs at sub-MIC levels provide a 
selective pressure to promote the evolution and spread of AMR through 
genetic mutations, horizontal gene transfer or/and efflux 
pump-mediated mechanisms of resistance (Gaze et al., 2011; Poole, 
2005; Gillings et al., 2009), although combinations of different resis
tance mechanisms have played a role in the overall survival and domi
nation of different genotypes. 

7. Conclusions 

The mass load of QACs at a WWTP has increased by 331% during 
COVID-19 compared to before COVID-19. Due to their low degradation 
rate, many of these compounds are typically removed through sludge 
disposal from the WWTPs. In general, QACs containing twelve or more 
carbons in the side chain are more prevalent in sediment samples and 
possibly originate from municipal wastewater effluent and surface 
runoff. Their concentration is expected to rise in surface water due to 
resuspension of the river water during the wet/monsoon season and 
strong adsorption to suspended particles. The actual toxicity, particu
larly chronic toxicity to humans, remains unknown due to the knowl
edge gaps in clinical and exposure studies, including dose-response for 
multiple types of QACs. Although toxicity tests have been conducted 
extensively in industries and regulated in various legislations, the risks 
of exposure to multiple types of QAC are still fragmentary, likewise for 
long-term exposure in health effects. This is also the primary concern in 
environmental exposure, particularly to aquatic and benthic animals 
and humans. The contamination of QACs in the environment is a fore
front challenge in mediating the spread of AMR, and hence there is an 
urgent need to conduct a robust risk assessment to evaluate both human 
and aquatic health risks associated with QACs and AMR. Additional 
efforts could be made on alternate disinfectant ingredients, including 
naturally available caprylic acid, citric acid, lactic acid and other active 
ingredients such as hydrogen peroxide, and alcohol (isopropyl alcohol 
or ethanol). With the emergence of new variants every year, the use of 
QACs will continue to rise, and environmental engineers, toxicologists 
and scientists should come together to study their occurrence, fate, 
toxicity, and antimicrobial potential. 

Environmental Implication 

Increased use of QACs during the COVID-19 pandemic has raised 
concerns about their toxicity and potentially harmful effects on humans 
and several aquatic organisms. Besides the toxicity of QACs, there is a 
growing concern that QACs can lead to increased AMR in bacteria. Thus, 
this comprehensive review addresses various aspects of QACs, focusing 
on the distribution and fate of several QACs in environmental matrices 
and during wastewater treatment. In general, this paper further provides 
a comprehensive discussion on the classification and sources of QACs, 
and the resulting toxicity and development of AMR. 
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