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Abstract

In response to the coronavirus (COVID-19) pandemic, there has been an increased need for personal and environmental
decontamination to aid in curbing transmission of the SARS-CoV-2 virus. Products used for this purpose include sanitizers for
hands and disinfectants for surfaces. The active chemical ingredients used in these products, termed antimicrobials, can enter
waste streams after application and may be emerging as more prominent environmental contaminants. Even prior to COVID-
19, there was recognized need to examine their implications for aquatic biota, which is now made more pressing due to their
exaggerated use in response to the pandemic. Our objectives were to identify current antimicrobial active ingredients, quantify
their increased use, and determine which may be candidates for further consideration as possible aquatic contaminants. By
consulting multiple sources of publicly available information in Canada, we identified current-use antimicrobials from the
lists of sanitizers and surface disinfectants approved for use against SARS-CoV-2 by Health Canada and the drug registration
database. To estimate the use of sanitizers and disinfectants, we evaluated import quantities and grocery store retail sales of
related compounds and products (Statistics Canada) and both lines of evidence supported increased use trends. The list of
identified antimicrobials was refined to include only candidates with potential to reach aquatic ecosystems, and information
on their environmental concentrations and toxicity to aquatic biota was reviewed. Candidate antimicrobials (n = 32) fell into
four main categories: quaternary ammonium compounds (QACs), phenols, acids, and salts. Benzalkonium chloride, a QAC,
was the most prominent active ingredient used in both nonalcohol-based hand sanitizers and surface disinfectants. Four QACs
followed in prevalence and the next most used antimicrobial was triclosan (hand sanitizers only), an established and regulated
environmental contaminant. Little information was found on environmental concentrations of other candidates, suggesting
that the majority would fall into the category of emerging contaminants if they enter aquatic systems. Several were classified
as acutely or chronically toxic to aquatic biota (Globally Harmonized System), and thus we recommend empirical research
begin focusing on environmental monitoring of all candidate antimicrobials as a critical next step, with detection method
development first where needed.

Key words: biocide, pharmaceutical and personal care products, PPCP, pandemic, SARS-CoV-2, Canada, COVID-19, antimicro-
bial

Résumé

En réponse a la pandémie de coronavirus (COVID-19), un besoin accru de décontamination personnelle et environnementale
s’est manifesté pour aider a freiner la transmission du virus SRAS-CoV-2. Les produits utilisés a cette fin comprennent des

Environ. Rev. 31: 73-91 (2023) | dx.doi.org/10.1139/er-2022-0035 73



https://orcid.org/0000-0001-6862-8679
https://orcid.org/0000-0002-5407-0659
mailto:sarah.marteinson@dfo-mpo.gc.ca
http://dx.doi.org/10.1139/er-2022-0035

Environ. Rev. Downloaded from cdnsciencepub.com by 76.68.7.116 on 11/02/22
For personal use only.

‘Canadian Science Publishing

assainisseurs pour les mains et des désinfectants pour les surfaces. Les ingrédients chimiques actifs utilisés dans ces produits,
appelés antimicrobiens, peuvent entrer dans les systémes des eaux usées aprés leur application et peuvent devenir des contam-
inants environnementaux plus importants. Avant méme 1’avenement de la COVID-19, on reconnaissait qu’il était nécessaire
d’examiner leurs implications pour le biote aquatique, ce qui est aujourd’hui rendu plus urgent en raison de leur utilisa-
tion exagérée en réponse a la pandémie. Nos objectifs consistaient a identifier les ingrédients actifs antimicrobiens actuels,
a quantifier leur utilisation accrue et a déterminer ceux qui pourraient étre considérés comme des contaminants aquatiques
potentiels. En consultant de multiples sources d’information publiquement accessibles au Canada, nous avons pu identifiéer
les antimicrobiens utilisés actuellement a partir des listes d’assainisseurs et de désinfectants de surface dont I'utilisation con-
tre le SRAS-CoV-2 a été approuvée par Santé Canada, et de la base de données sur les produits pharmaceutiques. Pour estimer
I'utilisation des assainisseurs et des désinfectants, nous avons évalué les quantités importées et les ventes au détail dans les
épiceries de composés et de produits connexes (Statistique Canada) et les deux sources de données ont confirmé les tendances
a 'augmentation de 'utilisation. La liste des antimicrobiens identifiés a été affinée pour n’inclure que les candidats suscepti-
bles d’atteindre les écosystémes aquatiques, et les informations sur leurs concentrations environnementales et leur toxicité
pour le biote aquatique ont été examinées. Les antimicrobiens candidats (n = 32) se répartissent en quatre grandes catégories:
les composés d’ammonium quaternaire (CAQ), les phénols, les acides et les sels. Le chlorure de benzalkonium, un CAQ, était
I'ingrédient actif le plus utilisé dans les désinfectants non alcoolisés pour les mains et les désinfectants de surface. Quatre CAQ
suivaient en prévalence et I’'antimicrobien le plus utilisé ensuite était le triclosan (uniquement dans les désinfectants pour les
mains), un contaminant environnemental avéré et réglementé. Peu d’informations sur les concentrations environnementales
des autres candidats étaient accessibles, ce qui suggére que la majorité d’entre eux entreraient dans la catégorie des contam-
inants émergents s’ils pénetrent dans les systemes aquatiques. Plusieurs d’entre eux ont été classés comme présentant une
toxicité aigué ou chronique pour le biote aquatique (Systéme général harmonisé de classification et d’étiquetage des produits
chimiques, SGH). Les auteurs recommandent donc que la recherche empirique commence a se concentrer sur la surveillance
environnementale de tous les candidats antimicrobiens comme prochaine étape critique, en commencant par le développe-
ment de méthodes de détection si nécessaire. Le texte intégral de l’article en francais est disponible parmi les documents
supplémentaires.

Mots-clés : biocide, produits pharmaceutiques et de soins personnels, PPSP, pandémie, SRAS-CoV-2, Canada, COVID-19, an-
timicrobien

1. Introduction (Senta et al. 2013), antimicrobials may be released from efflu-

ent outfalls into aquatic ecosystems, or leach from biosolids
applied to agricultural fields, and exert toxicity on nontarget

The use of sanitizing and disinfecting products dramat-
ically increased during the COVID-19 pandemic (da Silva

et al. 2021; Dhama et al. 2021), and more information on the
impacts of this rapid global change on aquatic communities
is needed. The active chemical ingredients in these products,
termed antimicrobials, are compounds designed to Kkill or
deactivate numerous pathogens, including bacteria, fungi,
algae, and viruses. Many antimicrobials, categorized under
pharmaceuticals and personal care products (PPCPs) (Ebele
et al. 2017, and references therein) or pesticides (e.g., PMRA
2005, 2017), have been increasing in use for some time and
several have been considered as established or emerging
environmental contaminants (Ebele et al. 2017; Abbott et al.
2020).

The SARS-CoV-2 virus, which causes COVID-19, can remain
active on surfaces for several hours (Pastorino et al. 2020;
Van Doremalen et al. 2020) to days (Chin et al. 2022), and the
World Health Organization (WHO 2020) and governments
around the world, including in Canada, made early recom-
mendations for the use of hand sanitizers and disinfection
of high-touch surfaces (Government of Canada, GoC 2020a),
which currently remain in place (WHO 2020; GoG 2020a:
last reviewed September 2022). Like other PPCPs, following
consumer use, many of these sanitizers and disinfectants
are washed down the drain, may reach stormwater systems
following outdoor application, or may be released during
product manufacturing. With respect to the former path-
ways, because wastewater treatment technologies in Canada,
and elsewhere, are not designed to remove these chemicals
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biota (Lapen et al. 2008; Luo et al. 2014; Krogh et al. 2017;
Srain et al. 2021). These releases, which have the potential
to be continuous, may render contaminants that might
otherwise breakdown quickly to have pseudopersistence,
resulting in chronic exposure to aquatic biota (Ebele et al.
2017). Due to their bioactivity, low levels of many PPCPs
(e.g., as micropollutants) may be enough to elicit effects in
nontarget organisms (e.g., Chalew and Halden 2009) and
communities, including microbiomes (Evariste et al. 2019).
The potential for an increased input of antimicrobials into
the aquatic environment is likely under elevated pandemic
use, and may be predicted to continue based on projected
market expansion (CMI 2020; GVR 2021); thus, the risk they
may pose to aquatic biota is of global concern (Wilkinson
et al. 2022).

For many sanitizers, the antimicrobial ingredient is an
alcohol (usually ethanol or propanol-2), which evaporates
quickly following application (<1 min; Macinga et al. 2014)
and thus is not likely to enter aquatic environments through
waste- or stormwater (and these alcohols are not consid-
ered environmental concerns by Canada’s Pesticide Man-
agement Regulatory Agency; PMRA 2018a, 2018b). However,
there are numerous other active antimicrobial ingredients
that are used in non-alcohol-based sanitizers and disinfec-
tants and these may have potential to enter the environ-
ment. A number of antimicrobial compounds are currently
considered as established (e.g., triclosan, reviewed in Ebele
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et al. 2017), or emerging environmental contaminants (e.g.,
2-phenylphenol, chlorophene: Salimi et al. 2017; quaternary
ammonium compounds, QACs; Zang et al. 2015) and there
remains the need to determine which antimicrobials are in
current use to support hazard review and to direct environ-
mental monitoring efforts.

In response to the increased need for decontamination dur-
ing the COVID-19 pandemic, and using Canada as an exam-
ple, our first two objectives were to identify the most promi-
nent current-use antimicrobial active ingredients in sanitiz-
ers and disinfectants and to quantify the recent increased
use of these products. Three lines of evidence were reviewed
based on continuously available drug registration and eco-
nomic data: (i) active antimicrobial ingredients listed in regis-
tered sanitizers and disinfectants in Canada, (ii) import quan-
tities of antimicrobials or products containing them, and (iii)
domestic grocery store retail sales of hand sanitizers and sur-
face disinfectants. We predicted that a wide variety of antimi-
crobials would be identified, which is typical for other types
of PPCPs, and that imports and sales of products containing
antimicrobials would reflect the common assumption that
they were in increased use during the COVID-19 pandemic.
The success of examining these types of economic and health-
product registration data in the context of environmental
contamination was discussed. Our third objective was to re-
fine the long list of identified antimicrobials in current use
to a list of candidates with potential to reach aquatic envi-
ronments based on chemical properties (likelihood of evap-
oration or stability in water). To support this goal, we ad-
ditionally reviewed existing information on environmental
concentrations, toxicity indicators, and Canadian regulation
of candidate antimicrobials, to separate established from po-
tentially novel candidate compounds. We predicted that the
majority of candidates would fall into the latter group, sim-
ilar again to many PPCPs. Although the focus here is on the
Canadian context, we submit that our findings are broadly
relevant to regulators, scientists, and other parties in various
countries where there is concern for this emerging source of
aquatic pollutants, and we conclude with recommendations
for future research and policy.

2. Approach

2.1. Identification of current-use antimicrobial
compounds and estimation of domestic
demand

2.1.1. Hand sanitizers and disinfectants approved
for use against SARS-CoV-2

In Canada, hand sanitizers and products labelled as disin-
fectants are considered as drugs, and they undergo review
for human safety and registration by Health Canada (GoC
2014). During the pandemic, surface disinfectants that were
industry-tested for effectiveness against the SARS-CoV-2 virus
(directly or indirectly on similar viruses) were approved for
this use by Health Canada and compiled into a publicly avail-
able list by the Natural and Non-Prescription Health Products
Directorate of Health Canada (GoC 2020b). While there are
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no hand sanitizers proven to deactivate SARS-CoV-2, a list of
product registrations with likely effectiveness was also pub-
lished (GoC 2020b). These lists were updated weekly with new
registrations and all of the active antimicrobial ingredients
are conveniently included. These lists were assessed in Octo-
ber 2020 and again in May 2021 to determine what antimi-
crobial chemicals were being used for hand sanitization and
surface disinfection purposes in Canada (and remain avail-
able in October 2022 with monthly updates). Because many
products have multiple active ingredients, we treated the
data to generate one entry for each active ingredient in each
product. The number of these “entries” per active ingredient
was determined and the proportion of entries was calculated
for each antimicrobial. Though numerous registrations were
added to these lists between the two assessment points, the
active ingredients and their proportional presence in prod-
ucts changed little between the two assessment time points,
thus only those from May 2021 are presented.

2.1.2. Other registered disinfectants

There are numerous surface disinfectants that are regis-
tered and marketed in Canada but not approved for use
against SARS-CoV-2 because they were not industry-tested
for effectiveness against this virus. While those that are ap-
proved have likely been favoured generally, Health Canada
states that most registered disinfectants are beneficial for
use against SARS-CoV-2 (GoC 2020b). Hence, other registered
disinfectants are also likely receiving some increased cur-
rent use, particularly if there were any shortages in approved
products or any lack of awareness of the distinction. To iden-
tify active ingredients used in disinfectants not captured by
the detailed analysis of the lists of approved products, the
Health Canada Drug Product Database (updated daily) was
searched (GoC 2021a; September 2021) using the following
criteria status: “marketed”, class: “disinfectant” (which also
includes those approved for use against SARS-CoV-2 which
cannot be eliminated from the search). Because only the top
active ingredient is listed in the search results, each product
was reviewed and new active ingredients recorded along with
the number of products containing them. Those found in the
largest number of products were included in our list of iden-
tified antimicrobials.

2.1.3. Import quantities

To examine quantities of products containing antimicro-
bial ingredients entering the country, import data were ob-
tained from the Canadian International Merchandise Trade
Program at Statistics Canada (available for public purchase;
https:/[www.statcan.gc.ca/en/reference/custom). The aim was
to use this data both to identify antimicrobials in increased
use and as a coarse estimate of national demand. Globally,
traded products are categorized by the International Harmo-
nized Item Description Coding System (HS code) which, for
sanitizing and disinfecting goods, is based on their format,
purpose, and (or) main chemical constituents. Data on all
HS codes relevant to cleaning or disinfection were obtained
as were single chemicals that may have antimicrobial uses.
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Table 1. International Harmonized Item Description Coding System (HS) codes for products or single chemicals related to
sanitization and disinfection imported into Canada between 2018 and 2020 and annual total imports by mass.

Total annual import mass (million kg)

HS code Name 2018 2019 2020
2828.90.00.00 Hypochlorites of metals or chlorites and hypobromites of metals 40.5 41.5 39.8
2905.12.00.20 Propanol-2 11.9 7.4 29.1
(@) 2207.10.10.00; (b) 2208.90.29.00 Ethyl alcohol [(a) 80% or (b) <80%] 483 53.5 72.0
(a) 2847.00.00.10; (b) 2847.00.00.20 Hydrogen peroxide [(a) not solidified with urea; (b) solidified with urea] 31.4 28.9 15.9
3808.94.10.90; 3808.94.20.90 General disinfectants (coded based on package weight) 39.6 42.6 138.4
3808.94.10.10; 3808.94.20.10 Disinfectants with bromoethane/bromochloromethane (coded based 0.4 0.3 0.8
on package weight)
8419.20.00.20 Medical and surgical sterilizers 0.01 0.02 0.01
3402.12.00.00 Laboratory sterilizers 0.006 0.009 0.03
8419.20.00.10 Quaternary ammonium salts and hydroxides 4.7 5.8 2.8
2923.90.00.00 Cationic surface-active agents (surfactants) 9.3 6.2 7.1

Note: Data were obtained from Statistics Canada, Canadian International Merchandise Trade Program.

Data were available in monthly import quantities by total
product mass (kilograms) and were examined from January
2018 until March 2021; due to the similarity between 2018
and 2019, we statistically assessed only 2019 to include 1-
year prior (baseline) and 1 year after the pandemic began in
Canada. For HS codes with a clear common purpose or active
ingredient (Table 1), data were pooled. For standardization
with available retail data (see the next section), an index of
monthly import quantities was calculated (monthly imports
in kilograms of product x 100/average monthly imports in
2019). The reference year of 2019 was used in the denomi-
nator to provide the percentage increase relative to recent
prepandemic baseline values. Data were graphed chronolog-
ically and monotonic trends assessed using Mann—Kendall
tests (using the Mann—Kendall function from the {Kendall}
package in R; McLeod 2011). Any product categories with in-
creasing importation following the onset of the pandemic
in Canada (March 2020) were considered products likely to
have increased in use. We aimed to use products that iden-
tified chemical constituents to further identify current use
antimicrobial compounds from the active ingredients, along-
side the analysis of product registrations (see above). There
are a number of limitations to these import data that we dis-
cuss (see Section S1 of Supplementary Material), and they are
thus used here as a proxy to identify potential candidate an-
timicrobial chemicals and their use in Canada in conjunction
with retail sales (next section).

2.1.4. Retail sales

To broadly determine whether household use of antimi-
crobials has increased since the beginning of the COVID-19
pandemic in Canada (March 2020), grocery store retail sale
indices of products categorized as either “hand sanitizers” or
“disinfectants” in Canada were obtained from the Consumer
Prices Division of Statistics Canada (publicly available for pur-
chase; see link above). These were the only sales data avail-
able for these product categories; they contained no chem-
ical specificity (brands are not identified nor active ingredi-
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ents) and thus could only be used to estimate demand. Data
spanned from January 2019 to June 2021 (representing all
available data for 2021 at the time of the request and to cap-
ture baseline and pandemic trends and roughly match im-
port data timeframe). These data were only available in the
form of a sales index (%) (weekly product sales in Canadian
dollars x 100/average weekly sales in 2019); raw sales num-
bers were not available due to privacy reasons. The sales in-
dices were graphed chronologically and monotonic trends
were examined using the Mann—Kendall test. Similar to im-
ports, there are a number of limitations to these data (dis-
cussed in Section S1 of the Supplementary Material); sales
indices are used herein as a proxy to highlight potential de-
mand, or increased use, during the pandemic and to support
import numbers that are not fully synonymous with domes-
tic sales or use.

2.2. Aquatic environmental considerations

2.2.1. Candidate antimicrobial contaminants

To fulfil our objective of determining which identified an-
timicrobials should be further considered in the context of
aquatic environmental contamination, we eliminated all ob-
vious unlikely candidates. First, any that would have little po-
tential to reach aquatic environments were not considered
further. These include any alcohols that evaporate quickly
from the surfaces they are applied to (e.g., Macinga et al.
2014) and any with similar volatility based on indicative
chemical properties: low boiling point (<25 °C) and (or) high
vapour pressure (>10"*mm Hg at 20-25 °C; US EPA 2015).
These also included any identified antimicrobials that break
down rapidly into harmless transformation products in water
which would likely occur prior to wastewater release into the
environment (low stability in water). The related chemical
properties were collected for all non-alcohol-based identified
antimicrobials from the US National Library of Medicine’s
National Centre for Biotechnology Information’s (NCBI) Pub-
Chem database (www.pubchem.ncbi.nlm.nih.gov). We also
eliminated any established antimicrobials related to avail-
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able chlorine (e.g., hypochlorites, used in pools and water
treatment), or which are also used as road salt (sodium chlo-
ride, NaCl; Szklarek et al. 2022), as their contribution to the
environment from disinfectants is likely to play a minor role
compared to these other wider uses. Additionally, environ-
mental review of hypochlorites is conducted regularly by the
PMRA, with no concerns noted in 2005 (PMRA 2005; a re-
review was scheduled to begin in 2021, hypochlorite clus-
ter: PMRA 2021b). All other identified antimicrobials were in-
cluded in our list of candidates to be considered for their po-
tential to enter aquatic systems in future work, and they were
ranked for prominence based on the number of products con-
taining them.

2.2.2. Environmental concentrations

To determine if any candidate antimicrobials are already
known environmental contaminants or have been detected
in aquatic systems, we searched for reports on environmen-
tal concentrations in Canada. Due to the timing, we ex-
pected only prepandemic levels to be available. We consulted
national water contaminants monitoring programs (CMP
Wastewater Monitoring Program, National Long-term Water
Quality Monitoring) and the literature using the following
search string: environmentx AND concentration AND (wa-
ter OR aquatic) AND Canada AND “antimicrobial”. The search
was conducted for each identified antimicrobial to replace
the last term, as well as the following general terms: antimi-
crobial, disinfectx, PPCP, quaternary ammonium compound
(or salt), or phenol. All results were scanned for relevance to
our objective, that is, they reported Canadian environmental
concentrations of identified sanitizing or disinfecting antimi-
crobials. Antibiotic pharmaceuticals, also termed antimicro-
bials, were excluded and considered out of scope as they were
not predicted to increase in use during a viral pandemic.

2.2.3. Toxicity indicators

As an overall measure of aquatic toxicity, hazard warn-
ings by the Globally Harmonized System (GHS) of Classifica-
tion and Labelling of Chemicals of the United Nations Eco-
nomic Commission of Europe (UNECE) were recorded (ob-
tained from the PubChem database). These classifications are
based on the results of standard toxicity tests on aquatic
biota (algae/aquatic plants, invertebrates, and fish) at three
levels for either acute (e.g., for fish: very toxic, H400: LCsg
< 1 mgfL; toxic, H401: LCso = 1-10 mg/L; or harmful, H402:
LCso = 10-100 mg/L) or chronic toxicity (very toxic, H410:
no observable effect concentration, NOEC < 0.01 mg/L; toxic,
H411: NOEC < 0.1 mg/L; or harmful, H412: NOEC < 1 mg/L)
(UNECE 2019). These thresholds (LCsy or NOEC) are used for
rapidly degradable compounds, a category we expect most
antimicrobials to fall under; however, it should be noted
that thresholds for nonrapidly degrading compounds are 10x
higher (UNECE 2019). We searched for any aquatic environ-
mental toxicity thresholds or benchmarks that have been de-
veloped for candidate antimicrobials from multiple sources
including: (i) the Canadian Council of Ministers of the En-
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vironment’s water quality Guidelines for the Protection of
Aquatic Life (CCME 2021), (ii) Canadian Government chemi-
cals fact sheets (GoC 2021b), and (iii) US Environmental Pro-
tection Agency’s water quality criteria (US EPA 2021). Finally,
we determined whether any identified antimicrobials are re-
stricted in use in Canada and present on Schedule 1 List
of Toxic Substances in the Canadian Environmental Protection
Act (CEPA; S.C. 1999, c. 33); i.e., determined to be “toxic”
under CEPA and with an accompanying risk management
plan in place in Canada that outlines preventive and control
actions.

3. Findings
3.1. Identification of antimicrobial compounds

3.1.1. Hand sanitizers approved for use against
SARS-CoV-2 in Canada

A total of 5094 hand sanitizers were included on the list
of products approved for use against SARS-CoV-2 by Health
Canada up until May 2021. There was a wide diversity in the
types of products included; however, the majority appeared
to be leave-on products, described as sanitizer, wipes/swabs,
sanitizing gel, spray, cleanser, and others. Several antimi-
crobial (or "antiseptic” or "antibiotic") soaps were also listed
among these hand sanitizing products. As these are applied
while washing hands directly under water, they may differ
from leave-on products in how they transform and (or) reach
aquatic environments. The products in the list of hand sani-
tizers typically contained only one active ingredient (only 12
of these products contained a mixture of them) and entries
extracted from this list of hand sanitizers totalled 5111 from
which 13 antimicrobials were identified. The antimicrobial
active ingredients in hand sanitizers were dominated by alco-
hols (ethyl alcohol: 71% of entries; propanol-2: 22%; and anhy-
drous alcohol: 0.3%; Fig. 1). Of the remaining 6% of entries, the
nonalcohol active ingredients in these 335 product entries
were dominated by benzalkonium chloride (alkyl dimethyl
benzyl ammonium chloride; 56% of nonalcohol-based hand
sanitizers) followed by triclosan (21%), chloroxylenol (10%),
chlorhexidine gluconate (7%), benzethonium chloride (ben-
zyl dimethyl trimethylpentan phenoxy ethodyetan ammo-
nium chloride, 5%), and five others found in very few ap-
proved products (Supplementary data, Table S1). It was not al-
ways possible to know which products were soaps (terminol-
ogy such as hand wash, foam, lotion, skin cleanser, and com-
pany names were used); however, 74 clearly included “soap”
in the product name, and they contained strictly nonalcohol-
based antimicrobials: benzalkonium chloride (n = 30), tri-
closan (n = 29), chlorhexidine gluconate (n = 9), chlorox-
ylenol (n = 4), benzethonium chloride (n = 1), and bronopol
(n=1).

3.1.2. Surface disinfectants approved for use
against SARS-CoV-2 in Canada

A wider variety of antimicrobial chemicals (n = 35)
were identified from approved surface disinfecting products,
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Fig. 1. Per cent of hand sanitizers approved for use against SARS-CoV-2 by Health Canada grouped according to active an-
timicrobial ingredients in product entries. The lists of products approved for use against SARS-CoV-2 by Health Canada were
consulted (GoC 2020a). Each product was entered separately, once for each active ingredient per row (entries n = 5111, May

2021).
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which is likely consistent with the fact that they are not re-
stricted by the safety of use on skin (Fig. 2). A total of 621
surface disinfecting products were registered with proven
effectiveness against SARS-CoV-2 by May 2021, each con-
taining up to four active antimicrobial ingredients for a to-
tal of 1353 entries. In contrast to hand sanitizers, alcohol
active ingredients were in the minority (propanol-2 at 2%
of entries and anhydrous alcohol at 3%) as were hypochlo-
rites (sodium hypochlorite at 2%; Fig. 2). Nonalcohol-based
compounds were the favoured antimicrobials found in ap-
proved surface disinfectants and these were highly domi-
nated by QACs (82% or 1104 entries), most commonly again,
benzalkonium chloride (32%), followed by alkyl dimethyl
ethybenzyl ammonium chloride (17%) and didecyl dimethyl
ammonium chloride (8%) (Fig. 2). The remaining 18% of
entries included thymol (1%), citric acid (1%), acetic acid
(1%), and 17 other compounds found in a small number
of approved products (including five other QACs; Fig 2 and
Table S1).

Close to one-third (27%) of the approved disinfecting prod-
ucts contained only one active ingredient which may sug-
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gest that they are particularly effective as antimicrobials,
and these included sodium hypochlorite, hydrogen perox-
ide and anhydrous alcohol, as well as several QACs (ben-
zalkonium chloride, alkyl dimethyl ethylbenzyl ammonium
chloride, and saccharinate and dodecyl dimethyl ammonium
chloride) and others (citric acid, glycolic acid, hydrochlo-
ric acid, hypochlorous acid, lactic acid, potassium peroxy-
monosulfate, sodium dichlorocyanurate, and thymol). The
majority of disinfectants, however, included a mixture of
2—4 antimicrobials (n = 451); almost all of these prod-
ucts contained at least one QAC (95% or 429 products)
and the majority were mixtures of only QACs (89% or 400
products).

The surface disinfectants in the assessed list were approved
for use in various settings (domestic, hospital, industrial, food
premises, and barns) which could impact how, and where,
they enter the aquatic environment (e.g., wastewater efflu-
ents vs. runoff). Most of the approved products can be used in
multiple settings. The majority are approved for use in hos-
pitals (88%) followed by industrial areas and food premises
(75% and 73%, respectively), and fewer are approved for use in
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Fig. 2. Percent of surface disinfectants approved for use against SARS-CoV-2 by Health Canada, grouped according to active
antimicrobial ingredients in product entries. The lists of products approved for use against SARS-CoV-2 by Health Canada were
consulted (GoC 2020a). Each product was entered separately, once for each active ingredient per row (entries n = 1353, May

2021).
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homes or barns (38% and 36%, respectively). Those approved
for use in domestic settings, which were captured in the
grocery store retail sales, contained mainly QACs (72%), fol-
lowed by thymol and sodium hypochlorite (7% each), and a
number of the other antimicrobials, each in a small number
of products.

3.1.3. Other marketed disinfectants in Canada

At the time of query (September 2021), there were 1140
registered and marketed disinfectants in the drug product
database which included those approved for use against
SARS-CoV-2. A total of 25 single chemical active ingredi-
ents were found that were not listed in products approved
for use against SARS-CoV-2 (Supplementary data, Table S2)
and each was found in only a small number of products
(1-10). Otherwise, the vast majority of active ingredients
in marketed disinfectants were the same as those found in
formulations approved for use against SARS-CoV-2. The top
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two additional antimicrobial active ingredients identified
were P-tert-pentyphenol (used in 10 products) and clorophene
(used in nine products) and these were thus included in our
list of identified antimicrobials (Supplementary data, Tables
S1 and S2).

3.1.4. Imports into Canada

In our exploration of HS codes related to cleaning and
decontamination, products categorized under 13 codes im-
ported by Canada from 2019 to March 2021 showed some
relevance to our objectives (Table 1; Figs. 3 and 4). Imported
products under these codes came from several countries, in-
cluding Canada originally for some, indicating that a cer-
tain amount of domestic production was also captured in
these data. Several product categories identified the active
ingredients which could be used to both identify antimicro-
bials in increased use as well as to estimate domestic de-
mand. The only antimicrobials identified from import codes
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Fig. 3. Index of monthly import quantities (kg) for disinfecting products with chemical specificity, 1 year before and 1 year after
the pandemic began in Canada (March 2020, dashed line), captured under international Harmonized Item Description Coding
System (HS code, see also Fig. 2). Data were obtained from the Canadian International Merchandise Trade Program at Statistics
Canada. Import index = monthly imports in kilograms x 100/average monthly imports in 2019. Cationic surface-active agents
and quaternary ammonium salts and hydroxides include QACs (see Table 1 for HS import codes). For a monochromatic version
of this figure, see the Supplementary Material.
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Fig. 4. Index of monthly import quantities (kg) for general disinfecting products one year before and one year after the pan-
demic began in Canada (March 2020, dashed line), captured under international Harmonized Item Description Coding Sys-
tem (HS). Data were obtained from the Canadian International Merchandise Trade Program at Statistics Canada. Import in-
dex = monthly imports in kilograms x 100/average monthly imports in 2019 (see Table 1 for HS codes). For a monochromatic
version of this figure, see the Supplementary Material.
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bromoethane and bromochloromethane (the former being  vary greatly from the average for that same year (i.e., it re-
used for fumigation pesticide purposes rather than surface mained close to 100%), suggesting a consistent demand dur-
disinfection; PubChem 2022). ing that recent prepandemic year in most months (Figs. 3
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Fig. 5. Index of weekly grocery store retail sales of disinfectants or hand sanitizers (an order of magnitude higher), one year
before and one year after the pandemic began in Canada (March 2020, dashed line). Data from Statistic Canada, Consumer
Prices Division. Sales index (%) = weekly sales in Canadian dollars x 100/average weekly sales in 2019; raw data were unavailable
due to privacy concerns. For a scatter plot visualization (Supplementary Fig. S2) and monochromatic versions of these figures,

see the Supplementary Material.

and 4). Once the pandemic began (March 2020), the relevant
HS codes that saw the greatest increases were propanol-2 as
a single compound, which saw a large spike at the onset
and then levelled off between 200% and 400% of the 2019
monthly average around July 2020 (Fig. 3; see Table 1 for
annual totals), and disinfectants containing bromoethane or
bromochloromethane, which were increasingly imported at
200%-600% of the 2019 monthly average in most months dur-
ing the first year of the pandemic (Fig. 3), albeit in much
smaller quantities (Fig. 3 and Table 1). Ethyl alcohol imports
also rose by 50% fairly consistently (Fig. 3; Table 1). All of
these products showed significant monotonically increasing
trends (propanol-2: Mann—Kendall tau = 0.47, p < 0.001; bro-
moethane/bromochloromethane: tau = 0.38, p < 0.01; ethyl
alcohol: tau = 0.50, p < 0.001). Imports of quaternary ammo-
nium salt and hydroxides and hydrogen peroxide showed sig-
nificant decreasing trends (tau = —0.60, p < 0.00001 and tau
= —0.45, p < 0.001, respectively), while cationic surfactants
(which may include QACs) and hypochlorites showed no sig-
nificant trend (tau = 0.01, p = 0.967 and tau = 0.1, p = 0.478,
respectively; Fig. 3).

3.2. Estimated domestic demand for
disinfectants

3.2.1. Imports into Canada

Similar to some products with chemical specificity, gen-
eral disinfectants also saw a sharp increase in import quan-
tities into Canada at the start of the pandemic (600% of
the 2019 monthly average), which settled to a steady level
of 300% of 2019 imports after September 2020 (Fig. 4) and
were monotonically increasing (Mann—Kendall tau = 0.45,
p < 0.001). Though in considerably smaller quantities, im-
port mass of laboratory sterilizers also increased monoton-
ically (tau = 0.31, p = 0.02), albeit with visible large fluctua-
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tions (200%—1300% of 2019 imports), while medical steriliz-
ers showed no increasing trend (tau = 0.15, p = 0.27; Fig. 4).

3.2.2. Retail sales within Canada

In 2019, similar to imports, monthly grocery store sales
indices for hand sanitizers and disinfectants did not vary
greatly from the average for that same year, suggesting a
consistent prepandemic baseline demand (Fig. 5). During
the COVID-19 pandemic in Canada (beginning March 2020),
the sales indices for these products revealed that purchase
for home-use rose considerably, mirroring import trends
and supporting the assumption that these products have in-
creased greatly in use. As occurred with numerous consumer
products (Statistics Canada 2020), sales rose sharply at the on-
set of the pandemic in Canada, but once they levelled (April
2020 for disinfectants and December 2020 for hand sanitiz-
ers; Fig. 5 and Supplementary Fig. S2), they consistently re-
mained close to 150% and 300% of the 2019 weekly average
for disinfectants and hand sanitizers respectively, up to at
least March 2021 (hand sanitizers Mann—Kendall tau = 0.37,
p < 0.0001; disinfectants tau = 0.40, p < 0.0001; Fig. 5 and
Supplementary Fig. S2). Supply chain issues and greater than
usual inflation of prices (5% in 2020 for cleaning products:
Statistics Canada 2021) likely factored into the dollar-value
sales numbers in the peak seen in the months immediately
following the inception of the pandemic in Canada; however,
the effects of both of these factors dissipated quickly accord-
ing to analyses conducted by Statistics Canada (2021). Thus, it
is likely that the ongoing increased sales do not merely reflect
price increases and suggest that these products continued to
be purchased and used more frequently, including following
any early stockpiling. That hand sanitizer sales in grocery
stores increased much more than disinfectant sales is not
surprising as disinfection in homes is less necessary than it
is in public spaces. This highlights one limitation of these
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data, as the use of disinfectants in public or workplace set-
tings would likely have increased considerably more than
home use; however, this was more broadly captured by im-
ports into Canada described above (see also Section S1 of the
Supplementary Material).

3.3. Candidate antimicrobial contaminants

Several identified antimicrobials were eliminated from
the list of candidates for further consideration for aquatic
environmental implications. These included (i) all alcohols
(propanol-2, ethyl, and anhydrous), (ii) bromochloromethane,
bromoethane, and chlorine dioxide due to their high like-
lihood of evaporating quickly following application (NCBI
2022a, 2022b; Supplementary Table S1), (iii) hydrogen per-
oxide due to its high instability in water (readily breaks
down into hydrogen and oxygen; NCBI 2022c), (iv) sodium
hypochlorite (PMRA 2021a) and sodium dichlorocyanurate
(NCBI 2022d), which are also used as chlorine, and (iv) sodium
chloride (also used as road salt). It should be noted, however,
that the chemical properties used as elimination criteria were
not available for all identified antimicrobials (Supplementary
Table S1). Two identified antimicrobials were not searchable
as named and thus not included in our final list for consider-
ation. These included “octyl dimethyl ammonium chloride”
and “dimethyl benzyl ammonium chloride”. These are likely
related to other identified QACs; however, we decided not to
assume which ones, and since this only involved two prod-
uct entries in total we simply removed them from further
consideration. These eliminations resulted in a refined list of
32 candidate antimicrobials, most of which could be broadly
categorized as QACs (n = 8), acids (n = 8), phenols (n = 7), or
salts (n = 4) along with a few others (n = 5; Table 2 and Sup-
plementary Table S1). These candidate antimicrobials were
found in a total of 1534 product entries (sanitizers and dis-
infectants), 85% of which (n = 1302 entries) were QACs. The
candidate antimicrobial found in the most products was ben-
zalkonium chloride (624 entries) followed by four other QACs
(Table 2 and Supplementary Table S1). Phenols were found in
the second highest number of product entries, albeit an order
of magnitude lower (n = 148; 10%), and triclosan was the top
used phenol, and the sixth most prominent candidate antimi-
crobial overall (n = 70 products), followed by chloroxylenol
(n = 32; Tables 2 and Supplementary Table S1). While sev-
eral salt and acid antimicrobials were identified in total, com-
pared with these other two groups, they were used in only a
small proportion of product entries each (3% and 2%, respec-
tively), suggesting a lower prominence (Table 2 and Supple-
mentary Table S1).

3.4. Environmental concentrations and toxicity

to aquatic biota

Reports of environmental concentrations in Canada of
candidate antimicrobial contaminants were sparse. None of
the candidate antimicrobials were previously included in
Canada’s National Long-term Water Quality Monitoring Pro-
gram which mainly tracks pesticides, persistent organic pol-
lutants, metals, and polycyclic aromatic hydrocarbons (GoC
2016) nor were they included in CMP’s Wastewater Mon-
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itoring Program which additionally tracks major ions, ni-
trogen, ammonia, and numerous other compounds (GoC
2019a). This is unsurprising for candidates that may have
known low environmental risk or are newly emerging, but
for some it may also be related to the lack of standard an-
alytical methods for their detection (as noted for other con-
taminants: Anderson et al. 2021). Studies reporting environ-
mental concentrations of candidate antimicrobials in aquatic
habitats in Canada were also rare and for most, our search
string yielded no relevant results. The more general search
terms yielded several reports of PPCPs in wastewater or rele-
vant environmental compartments. However, all were heav-
ily focused on other pharmaceuticals (including antimicro-
bial drugs, i.e., antibiotics), and of the few disinfecting an-
timicrobials included, only triclosan and triclocarban were
reported (Lapen et al. 2008; Couperus et al. 2016; de Solla
et al. 2016; Krogh et al. 2017; Srain et al. 2021). Furthermore,
there is a lack of established water quality guidelines for all
but two of the candidate antimicrobials: triclosan (0.47 pg/L;
GoC GoC 2018) and one QAC (didecyl dimethyl ammonium
chloride; 1.5 pg/L; CCME’s Water Quality Guidelines database)
GoC 2017). Notwithstanding 19 of the candidate antimicro-
bials are classified as hazardous to aquatic biota (fish, crus-
taceans, and (or) algae or aquatic plants) based on the acute
and chronic toxicity thresholds of the GHS (Tables 2 and S1).
Only triclosan is currently managed and is listed on Canada’s
Schedule 1 of CEPA, the List of Toxic Substances based on
its potential to enter aquatic environments at concentrations
with potential to elicit immediate or long-term harmful ef-
fect on the environment or biodiversity. As a result, risk
management actions have been taken to reduce the quan-
tities of triclosan released to the environment (GoC 2018).
Chlorhexidine and its salts (which includes chlorhexidine
gluconate) are proposed for addition to Schedule 1, also based
on the results of a final screening assessment which con-
cluded that immediate or long-term harmful effect on the
environment or its biological diversity were possible (GoC
2019b) and risk management actions have been proposed
(GoC 2022b).

4. Discussion

4.1. Evaluation of proxy evidence for

antimicrobial identification and use

The three lines of proxy evidence we consulted (retail sales
of sanitizers and disinfectants and imports of disinfectants
and related product codes and drug registrations) varied in
their usefulness to respond to our objectives of identifying
antimicrobial chemicals and estimating Canadian use trends.
The assessments of domestic grocery store retail sales as well
as imports into Canada were useful to confirm the assump-
tion that demand for disinfecting personal care products in-
creased in Canada from the onset of pandemic restrictions
(March 2020) and in the year that followed. These observed in-
creasing trends were likely coupled with increased use, thus
elevating the potential for antimicrobial active ingredients
to enter the aquatic environment through wastewater efflu-
ents (or other pathways). Of all three proxy lines of evidence,
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Table 2. Active antimicrobial ingredients identified in hand sanitizers and surface disinfectants approved for use against SARS-
CoV-2 and other registered disinfectants up until May 2021 to be considered for implications for aquatic biota.

Total no. of
Rank Antimicrobial active ingredient CAS No. Group  products GHS
1 Alkyl dimethyl benzyl ammonium chloride (benzalkonium chloride) 63449-41-2 QAC 624 H400, H410
2 Alkyl dimethyl ethylbenzyl ammonium chloride 85409-23-0 QAC 227 H410
3 Didecyl dimethyl ammonium chloride 7173-51-5 QAC 204 -
4 Octyl decyl dimethyl ammonium chloride 32426-11-2 QAC 112 H400
5 Dioctyl dimethyl ammonium chloride 5538-94-3 QAC 107 H400
6 Triclosan* 3380-34-5 Phenol 70 H400, H410
7 Chloroxylenol 88-04-0 Phenol 32 -
8 Chlorhexidine gluconate* 18472-51-0 Salt 29 H400, H410
9 Benzyl dimethyl trimethylpentan phenoxy ethodyethan ammonium chloride 121-54-0 QAC 22 H400, H410
(benzethonium chloride)
10 Thymol 89-83-8 Phenol 18 H401, H411
11 Citric acid 77-92-9 Acid 14 -
12 Hypochlorus acid 7790-92-3 Acid 10 -
12 P-tert-pentylphenol 80-46-6 Phenol 10 H410, H411
13 Clorophene 120-32-1 Phenol 9 H400, H410
14 2-Phenylphenol (O-phenylphenol) 90-43-7 Phenol 7 H400
15 Peracetic acid 79-21-0 Acid 5 H400
16 Alkyl dimethyl benzyl ammonium saccarinate (myristalkonium saccharinate) 68989-01-5 QAC 4 -
16 Hydrochloric acid 7647-01-0 Acid 4 —
17 Potassium peroxymonosulfate 10058-23-8 Salt 8 -
18 Acetic acid 64-19-7 Acid 2 -
18 Didecyl dimethyl ammonium carbonate/bicarbonate 148788-55-0 QAC 2 -
18 Dodecyl benzene sulfonic acid 27176-87-0 Acid 2 H411
18 Glycolic acid 79-14-1 Acid 2 —
18 Iodine 7553-56-2 Other 2 H400
18 Lactic acid 50-21-5 Acid 2 -
18 Phenol 108-95-2 Phenol 2 -
18 Phenolate sodium/sodium phenoxide 139-02-6 Salt 2 —
18 Silver dihydrogen citrate None Other 2 -
18 1-Vinyl-2-pyrrolidinone (within polymers) 88-12-0 Other 1 -
18 Bronopol 52-51-7 Other 1 H400
18 Gluteraldehyde 111-30-8 Other 1 H400, H411
18 Potassium iodide 7681-11-0 Salt 1 H411

Note: Toxicity classification by the Globally Harmonized System (GHS): very toxic, H400: LCso < 1 mgJL; toxic, H401: LCsp = 1 — 10 mg/L), or chronic toxicity (very
toxic, H410: no observable effect concentration, NOEC < 0.01 mg|L; toxic, H411: NOEC < 0.1 mg/L; or harmful, H412: NOEC < 1 mg/L) toxicity (UNECE 2019). References:
NCBI's PubChem database was searched to identify CAS No., all available chemical information (basic and properties related to evaporation potential) and GHS toxicity

classification (https://[pubchem.ncbi.nlm.nih.gov)).

Antimicrobials are listed from highest to lowest for the total number of products (sanitizers and surface disinfectants) that they were identified in. Identified antimicro-
bials unlikely to reach aquatic systems due to evaporation or instability in water were not included in this list nor were those related to available chlorine (Supplementary

Table S1).

«Listed or proposed for Schedule 1 List of Toxic Substances under the Canadian Environmental Protection Act, CEPA for environmental reasons (reference: https:

/[pollution-waste.canada.ca/substances-search/substance).

the analysis of products approved for use against SARS-CoV-
2 was the most successful in identifying the widest variety
of antimicrobial chemicals. It was easier to extract informa-
tion from these lists of products than the permanent search-
able database of all current disinfectant registrations, as not
all active ingredients are immediately displayed in the latter.
However, using the regular drug database may become neces-
sary for any similar future analyses if the COVID-19 approved
product lists are not maintained indefinitely. Furthermore, it
is also of note that many of the disinfectant registrations are
not new, indicating that these products were in use prior to
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the pandemic, and their registration date could be a useful
data point to explore in a temporal context.

Our assumption that products approved for use against
SARS-CoV-2 are also those in greatest use was well supported
by the increased retail sales and import trends. Of these sets
of economic data, some chemical specificity could only be
obtained from the import data. Thus, for future objectives,
retail sales may be of limited use. Though we were unsuc-
cessful in identifying candidate antimicrobials additional to
those found in registered sanitizers and disinfectants from
imports, further detail on the types of products was useful.
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The study of imports into Canada, though affected by numer-
ous factors (see the Supplementary Material, Section S1), thus
represents a useful line of evidence for estimating the cur-
rent use of these and other HS-coded classes of products or
chemicals that can make their way indirectly into the en-
vironment. One of the great benefits of these data is that
they are historically and continually available with monthly
updates (by mass or dollars) that can be purchased from
Statistics Canada or annual values that can be obtained on-
line (in dollars; exports or imports, etc.: https:/[www.ic.gc.
cafapp/scr/tdst/tdo/crtr.html). Both long-term trends and cur-
rent imports could be assessed and (or) regularly monitored
for chemicals with a lack of central sales monitoring (i.e.,
unlike pesticides: Anderson et al. 2021). This was particu-
larly useful in the present work because there can be large
delays in accessing contaminant concentrations in the en-
vironment due to the time it takes to collect and analyse
samples followed by publication timeframes. In the present
pandemic situation, this was further compounded by the re-
strictions on in-person work both in the field and labora-
tory in Canada. The use of these proxies has enabled us to
rapidly highlight contaminants of potential concern and to
provide a list of compounds for environmental monitoring
studies that may not otherwise have been included. Com-
paring imports of chemicals with environmental concentra-
tions over time would be a worthwhile exercise to validate
this approach for antimicrobials or other chemicals. For re-
searchers in other countries, similar lines of evidence may be
available and worth exploring to respond to similar questions
regionally.

4.2. Candidate antimicrobials for

ecotoxicological consideration

This exercise has revealed that a wide variety of candi-
date antimicrobial active ingredients are currently included
in sanitizing and disinfecting products in Canada, that their
use has drastically increased during the COVID-19 pandemic,
and that most would be considered as novel environmen-
tal contaminants if they are reaching aquatic environments.
These findings align with our predictions and exemplify the
circumstances of most classes of PPCP chemicals. Further-
more, while leave-on hand sanitizers contain mainly alcohols
as active ingredients, antimicrobial soaps and surface disin-
fectants are dominated by candidate antimicrobial contam-
inants. The majority of these candidates fell into the cate-
gories of QACs, acids, phenols, and then salts, with QACs and
phenols being the most prominent, and there may be varying
environmental implications for each of these groups.

4.2.1. Quaternary ammonium compounds

A key finding of our review was the heavy emphasis on
QAC antimicrobials in current-use products. These antimi-
crobials held the top five positions for the most promi-
nent active ingredients in sanitizing and disinfecting prod-
ucts approved for use against SARS-CoV-2 by Health Canada
and were present in the vast majority of product entries in
our refined list of candidate antimicrobials for further en-
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vironmental consideration. This finding reflects their dom-
inance in the global market where 31% of all cleaning prod-
ucts contained them in 2020 (CMI 2020; GVR 2021). QACs
are cationic surfactants (i.e., compounds with hydropho-
bic and hydrophilic components) that reduce surface ten-
sion and have an additional biocidal capacity. They are
used in household, commercial, and medical settings for
surface disinfection (reviewed in Pereira and Tagkopoulos
2019) including for deactivating SARS-CoV-2 (Celina et al.
2020; Wu et al. 2020) with proven effectiveness (e.g., dide-
cyl dimethyl ammonium chloride; Xiling et al. 2021). QACs
function by disrupting lipid bilayers of microorganisms (re-
viewed in Nagai et al. 2003) and lipid bilayers that surround
enveloped viruses (including coronaviruses; Falk 2019), prop-
erties that are potentially harmful to a range of aquatic
species.

Our understanding of QACs as environmental contami-
nants remains limited. Reports on environmental concentra-
tions of QACs are sparse, particularly in Canada; however,
those from other industrialized nations may be comparable.
Although a significant portion of QACs are removed from
waste streams via wastewater treatment facilities (e.g., 90%,
Zang et al. 2015), predominantly through sorption to organic
solids and biodegradation, they are still measured in down-
stream aquatic systems (Hora et al. 2020). For example, a 2018
study of wastewater effluent in Minneapolis, USA, showed
that QAC concentrations ranged from 0.4 to 8.3 ug/L (sums)
and that individual QAC concentrations in regional lake sur-
face sediments ranged from 14 to 436 ng/g dry weight (in-
cluding one site in Lake Superior; Pati and Arnold 2020).
Benzalkonium chloride, the most prominent antimicrobial
in current use products identified in the present work, has
been detected in effluent and surface waters at maximal
concentrations ranging from 0.01 to 99.6 pg/L in various
locations in Korea, the USA, and Europe (reviewed in Kim
et al. 2020).

The toxicity of QACs has also yet to be well characterized,
but their broad presence in aquatic systems and toxicity to
a range of aquatic species, from microorganisms to fish, is
concerning (Zang et al. 2015). The only QAC on our candidate
list that has an established water quality guideline is dide-
cyl dimethyl ammonium chloride (which is likely related to
its additional and possibly more widespread use as a wood
preservative: NCBI 2022¢), which was the third most promi-
nently used QAC in current disinfectants (freshwater, long-
term exposure: 1.5 pg/L; CCME 2021). However, no data are
available for the determination of other thresholds for this
compound, including short-term freshwater exposure, ma-
rine exposure, and sediment concentrations (CCME 2021). We
found that several of the identified QAC antimicrobials are
classified as toxic to aquatic biota (GHS, Tables 2 and S1; see
Section 2.2.3.), underscoring the need to determine to what
degree they are reaching downstream aquatic ecosystems in
Canada, and their relative persistence and bioaccumulation
potential. Additional research on the bioavailability of QACs
in aquatic ecosystems is also needed. Early studies that have
shown that QACs readily sorb to particulates making them
less bioavailable compared to the freely dissolved form which
is primarily responsible for aquatic toxicity (Hora et al. 2020).
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How this varies between individual QACs under a range of
conditions and the impact for water column versus sediment-
dwelling biota is needed. Though the degree to which individ-
ual QACs are used varies, it is likely important to increase
our knowledge on these compounds in general and infer-
ences may ultimately be made between those with similar
chemistry. The dearth of knowledge on QACs has been ac-
knowledged by Canada’s Chemicals Management Plan which
has identified them as highly hazardous and has indicated
that further review could be challenging due to a lack of eco-
toxicological information and the difficulty in their testing
and modelling (GoC 2019c; data gathered to date: GoC 2020c).
As such, timely studies on these chemicals also stand to be
highly informative for regulatory purposes.

4.2.2. Phenols

The next most prominent group of candidate antimicro-
bials were phenols, and though there appears to be a con-
siderably lower emphasis on their use compared to QACs, it
remains important to consider their potential environmen-
tal impacts. Phenols are chemicals that may arise from both
natural (e.g., decomposition) and anthropogenic sources (e.g.,
oil and gas, pesticides), and their toxicity varies with their
degree of hydrophobicity, ability to form free radicals, and
the type and position of halogen atoms (e.g., chlorine; re-
viewed in Michalowicz and Duda 2007). In their use against
target species, they can penetrate cell membranes where elec-
trophilic metabolites may bind to enzymes and (or) DNA and
can elicit mutagenic or carcinogenic effects and histological
changes in tissues (reviewed in: Michalowicz and Duda 2007).
Triclosan, the top phenol in the present exercise, is also the
only established, or legacy, environmental antimicrobial con-
taminant (Abbott et al. 2020) among our candidates. It has
had a broad range of uses associated with multiple antimi-
crobial mechanisms of action (Russell 2004; Lubarsky et al.
2012). Though human health risks were deemed low, risk as-
sessment conducted by the Canadian Government revealed
that triclosan poses a risk to the environment because it ad-
versely affects aquatic biota at low concentrations (GoC 2018).
The use of triclosan for pest control in Canada ceased in 2014,
added to Schedule 1 in 2020, and under the Food and Drugs
Act (R.S.C.,, 1985, c. F-27), Canada regulates its use in cos-
metics, nonprescription drugs, and natural health products
with maximum allowable concentrations of 0.03% in mouth-
washes, 1.0% in nonprescription drugs, and 0.3% in cosmetics
and natural health products (GoC 2018).

In the most recent (and still prepandemic) reports, the pres-
ence of triclosan in wastewater effluent ranged from 10.3 to
1390 ng/L across 13 different treatment facilities in 2011-
2014; removal of triclosan ranged from 40% to 100% depend-
ing on the type of water treatment method (Guerra et al.
2019). In Canadian surface waters from 44 locations sam-
pled between 2012 and 2018, triclosan was detected in 25%
of samples (<6-874 ng/L; mean 52.84 ng/L), and in three sam-
ples, concentrations were above the water quality guideline
of 470 ng/L (Lalonde et al. 2018). Concentrations of triclosan
in water were higher in locations situated downstream of
wastewater treatment effluent but overall showed no tempo-
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ral trend during the sampling period (Lalonde et al. 2018).
There is also some evidence for bioconcentration or bioaccu-
mulation of triclosan and other phenols in aquatic biota, and
mussels located close to wastewater effluent release showed
96.3 + 48.1 ng/g wet weight (ww) of triclosan in tissue com-
pared with 12.5 + 27.9 ng/g ww farther downstream (de
Solla et al. 2016). Environmental concentrations of other
phenols were not found for Canadian locations; however, 2-
phenylphenol has been detected in 82% of freshwater fish and
prawn samples (median concentration of 7 ng/g lipid weight)
in China (Peng et al. 2018), suggesting that it can enter the
environment and be taken up by aquatic biota as well.

4.2.3. Others

Aside from QACs and phenols, a variety of other antimi-
crobial active ingredient types were identified. Though most
were generally present in small numbers of products each,
we have used these numbers as a proxy for use, and it
may remain worthwhile to further consider the potential
of some of them to enter aquatic environments. With re-
spect to acid antimicrobials, their mechanisms of action in-
clude disrupting membranes, inhibiting metabolic reactions,
altering pH, and promoting build-up of toxic anions (e.g.,
weak organic acids: Arshad and Batool 2017). Many of the
acid antimicrobials identified are naturally occurring com-
pounds, with well-characterized roles in biological processes
(e.g., hydrochloric, lactic, acetic, citric, glycolic, hypochlor-
ous; Tables 2 and S1) which may influence ecotoxicological
considerations. Hypochlorous acid (endogenous in mammals
and effective for virus inactivation: Block and Rowan 2020)
is formed when sodium hypochlorite dissolves in water and
is the intermediate in the production of available chlorine
(Severing et al. 2019). Thus, ecotoxicological considerations of
hypochlorous acid may be related to chemicals used as chlo-
rine. However, as it is listed on Canada’s Non-domestic Sub-
stances List and thus requires regulatory review in Canada
(GoC 2022a), we have maintained it on our list of candidates
for now. A number of candidate salt antimicrobials were
identified in a small proportion of products. The antimicro-
bial ability of salts has long been known and they mainly
function by desiccation or by physical damage to cells dur-
ing recrystallization (e.g., Quan et al. 2017). The most promi-
nent among the candidate antimicrobials in the present work
was chlorhexidine gluconate, which has recently been eval-
uated in Canada and proposed for addition to Schedule 1
List of Toxic Substances under CEPA, under the category of
“chlorhexidine and its salts”. The review concluded that re-
leases of chlorhexidine moiety in the aquatic environment
from the industrial formulation of chlorhexidine-based prod-
ucts pose a risk to aquatic and benthic organisms; and we re-
fer readers to the screening assessment for further informa-
tion (GoC 2019d). As a result of this assessment, on 14 Febru-
ary 2022, the government published a proposed Environmental
Performance Agreement for the Formulation of Chlorhexidine Prod-
ucts for a 60-day public comment period (GoC 2022b). The pur-
pose of this proposed agreement is to protect the aquatic en-
vironment by minimizing participating companies’ releases
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of chlorhexidine and its salts, from their facilities that for-
mulate chlorhexidine-based products.

Only five candidate antimicrobials were identified that did
not fall into one of the four main groups, and each was
present in one or two products only (iodine, silver dihy-
drogen citrate, 1-vynyl-2-pyrrolidinone, bronopol, and glu-
taraldehyde). Though aldehyde-based products are consid-
ered a major class of cleaners (GVR 2021), that only glu-
taraldehyde was identified in the present exercise and only
in one product suggests that they are not prominent in these
types of registered health products. However, further consid-
eration for environmental impacts may be warranted due to
their use in cleaning products.

4.3. Recommendations

4.3.1. Environmental monitoring

The analysis that we have completed has revealed a num-
ber of antimicrobial chemicals in current, and likely in-
creased, use for sanitizing and disinfecting purposes that
have potential to enter the environment. The first step in
determining how prominent they are (or may become) as
contaminants will be to begin biotic and abiotic monitor-
ing efforts for these compounds in a wide variety of aquatic
ecosystems. This information is important to better docu-
ment environmental concentrations and trends and to in-
crease our understanding of their fate within aquatic com-
partments and uptake into biota. This is particularly impor-
tant for regulators, such as Environment and Climate Change
Canada and Health Canada, to understand risk when they
are assessing these substances and setting control measures.
The fact that we were unable to find Canadian aquatic envi-
ronmental concentrations for any of the identified antimi-
crobials other than triclosan, using our directed literature
search string, underscores this recommendation. However,
we acknowledge that a deeper dive into the literature or
other sources might be beneficial to uncover more reports.
Though triclosan is generally considered a legacy antimicro-
bial (Abbott et al. 2020) that is already regulated in Canada
(GoC 2018) and elsewhere, some environmental monitoring
to ensure it remains under the water quality benchmark de-
spite possible increased use in response to the COVID-19 pan-
demic may be beneficial, along with efforts to monitor other
phenols. However, a shift away from using triclosan and tri-
clocarban (used in cleaning products (GoC 2020d), but not
identified in disinfectants herein) as the only exemplary, or
sentinel, disinfecting antimicrobials in monitoring studies is
warranted due to the variety of compounds we have found to
be in use, and inclusion of QACs in particular would be a ben-
eficial addition. We recognize that the lack of environmental
concentrations could also be related to the lack of analytical
techniques for the detection of some of the candidates. Non-
target analysis may be a useful approach in the immediate
future, and where applicable, a focus on analytical method
development where needed could be important. On a broad
note, in these efforts, we appeal to researchers conducting
environmental monitoring studies to incorporate reconcilia-
tion with Indigenous peoples. Towards this goal in Canada,
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we highlight the advice laid out in the ten Calls to Action for
natural sciences (Wong et al. 2020). Additionally, we recom-
mend consideration for the cultural significance of aquatic
species and ecosystems under study (e.g., Whyte et al. 2016)
and that the personal implications of contaminants research
for Indigenous peoples be observed (Liboiron 2021).

While we present a specific case study, using Canada as an
example, we encourage researchers in other countries to con-
sider the same recommendations. That few reports on envi-
ronmental concentrations of candidate antimicrobials were
available from other regions as well highlights the fact that
the need to determine their significance is global. It would
be beneficial for researchers in other nations or regions to
search out and examine similar sources of information to de-
termine whether these, or other antimicrobial active ingredi-
ents, are in current use to ensure that local monitoring efforts
are relevant.

Though the scope of this study was to identify antimi-
crobial compounds that are likely receiving increased use
(largely based on active ingredients in products approved
for use against SARS-CoV-2), there may be other antimicro-
bials of concern. For example, these may be commonly used
in household products that do not require drug registration
(e.g., cleaning products), and products for other disinfecting
purposes, and for researchers in other countries there may be
additional compounds approved for this use. Though dras-
tic increased importation of general cleaning products was
not evident in the first year of the pandemic (Supplemen-
tary Fig. S1), imports of a variety of general cleaning prod-
ucts are considerably higher than any disinfecting or sani-
tizing product categories (Supplementary Fig. S1), and thus
their use and potential release are likely greater. In addi-
tion, it is important to note that the reviewed products con-
tain numerous inactive ingredients (e.g., other surfactants,
gels, scents, nonylphenol ethoxylates, etc.). The fate of these
compounds may be of environmental concern should they
evade water treatment processes and enter aquatic environ-
ments and are a consideration for all sanitizing and disin-
fecting products irrespective of the likelihood for the active
antimicrobial ingredient to reach aquatic environments. Fu-
ture work includes identifying these compounds and assess-
ing their risk through desktop reviews, lab studies, and envi-
ronmental monitoring, where necessary, to improve our un-
derstanding of individual and chemical mixture concentra-
tions in the environment that could induce negative health
effects in aquatic species. Further work to determine what
some of these additional antimicrobials and nonactive ingre-
dients may be and (or) including them in environmental mon-
itoring efforts when possible would be complementary, as
they may have similar effects to the present compounds dis-
cussed and (or) could contribute to environmental mixtures
of chemicals.

It may be predicted that ongoing increased disinfection rel-
ative to prepandemic levels is likely to persist while the pan-
demic is active or outbreaks reoccur; however, the reasonable
question does arise as to how long exaggerated use of decon-
taminants will persist and thus how long study of these an-
timicrobials should be prioritized thereafter. We recognize
that scientific knowledge on SARS-CoV-2 transmission has
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increased rapidly and evidence is mounting for low transmis-
sion from surfaces (Pitol and Julian 2021). Notwithstanding,
surface or hand decontamination practices remain recom-
mended (GoG 2020a: last reviewed March 2022; WHO 2020),
and recent findings indicate that some newer variants may
last longer on surfaces (Chin et al. 2022). This suggests that
increased sanitization and disinfection is likely to persist, cer-
tainly in high-risk settings such as health care facilities, and
hand sanitization remains important (Pitol and Julian 2021).
In addition, aside from the COVID-19 pandemic, we believe
that disinfecting chemicals will remain important as emerg-
ing environmental contaminants, firstly because many of the
candidate antimicrobials were already in use and some were
detected in aquatic environments before the pandemic be-
gan (e.g., Guerra et al. 2019; Pati and Arnold 2020), and thus
further understanding their impacts is not a new require-
ment. Secondly, the global market for disinfecting and clean-
ing products has been projected to grow by 6%—20% per year
with QACs showing the fastest increases (2020-2028; CMI
2020; GVR 2021). Indeed, initially the COVID-19 pandemic is
estimated to contribute to this growth; however, on a more
prolonged basis, the increased prevalence of numerous other
pathogens (e.g., antibiotic-resistant bacteria in hospitals) and
the expansion of the disinfectant market to countries where
use has been less widespread to date are expected to continue
driving this growth worldwide (CMI 2020; GVR 2021).

4.3.2. Policy implications

While in the wake of an emergency the use of all available
tools was critical, as the crisis abates, it is important to be-
gin considering the environmental implications of antimi-
crobial use. Propanol-2 (70%-100% concentration), ethanol
(62%-71%), hydrogen peroxide (0.5%), and sodium hypochlo-
rite (0.1%) are all capable of quickly deactivating SARS viruses
(reviewed in: Rabenau et al. 2005; Kampfet al. 2020) including
SARS-CoV-2 (Gerlach et al. 2020; Hirose et al. 2021), and with
greater efficacy than some other tested compounds (e.g., ben-
zalkonium chloride 0.05%-0.2% and chlorhexidine gluconate
0.02%; Hirose et al. 2021). These represent options for both
hand sanitizing and surface disinfection and could be pro-
moted immediately based on their low likelihood of reaching
aquatic systems or better characterized environmental im-
pacts, in the place of less well-understood antimicrobials or
those determined to be toxic to aquatic biota at environmen-
tally relevant levels. As research is conducted on the antimi-
crobials identified in the present work, other safer options
may also become apparent. In addition, though we have ac-
knowledged our assumption that not all products imported
into Canada may be used immediately (Section S1), which
certainly impacts how much of these compounds may be
currently entering the aquatic ecosystems, the presence of
surplus disinfectants (both in homes and commercial set-
tings) may also pose an environmental concern and policy
surrounding their safe disposal will be critical when consider-
ing the hazards for aquatic biota. Finally, if domestic produc-
tion of sanitizers and disinfectants increases, release during
manufacturing may become a larger contributing factor.
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5. Conclusions

During the COVID-19 pandemic, there has been an in-
creased use of sanitizing and disinfecting products to curb
the spread of the SARS-CoV-2 virus, and the prolonged rise
in retail sales and imports in Canada highlighted herein sup-
ports our hypothesis and common assumptions. It is likely
that currently employed antimicrobials and use trends are
similar in many other nations for which this work may pro-
vide an example, as the market for these types of disinfec-
tants is global (CMI 2020; GVR 2021). This may be particu-
larly true for drug-standardization partner nations includ-
ing in the USA (Canada-United States Regulatory Coopera-
tion Council: www.trade.gov/cc) as well as Europe, and several
countries in Asia, South America and beyond (International
Council for the Harmonization of Technical Requirements for
Pharmaceuticals for Human Use: www.ich.org/page/members
-observers).

Several trends on the use of antimicrobials in Canada in
response to the COVID-19 pandemic became evident. To be-
gin with, we can reliably conclude that alcohol-based antimi-
crobials were favoured for leave-on hand sanitizers, based
on their presence in approved products and increased im-
ports into the country, which is in line with recommenda-
tions by WHO (2020) and Government of Canada (2020a).
This is a positive finding from an aquatic environmental
standpoint due to their rapid evaporation following appli-
cation (e.g., Macinga et al. 2014) and thus low likelihood
of reaching aquatic environments through wastewater treat-
ment systems or other pathways. Conversely, there was no
evidence for increased use of long-standing antimicrobials
with low likelihood of reaching aquatic environments (hydro-
gen peroxide) or well-characterized environmental implica-
tions (hypochlorites/chlorine, e.g. bleach)—they were not em-
ployed as active ingredients in high proportions of approved
sanitizers or disinfectants, nor did their imports increase. As
these compounds are effective in deactivating SARS-CoV-2 (re-
viewed in: Rabenau et al. 2005; Kampf et al. 2020; and as ev-
idenced by presence as single active ingredients in industry-
tested products), and may pose low environmental concern
(PMRA 2005, 2017), this may have been a missed opportunity
to employ antimicrobials for which environmental risks are
better understood, and this could be considered moving for-
ward. Thirty-two other nonalcohol—nonchlorine-based an-
timicrobial chemicals were collated into our list of candi-
dates for consideration for aquatic environmental implica-
tions. These were used particularly in antiseptic soaps and
surface disinfectants, which may be concerning for potential
entry into aquatic systems, and they were dominated by QACs
(followed by several phenols, acids, salts, and others).

Following this process, we want to stress that environ-
mental monitoring for candidate antimicrobials is the main
recommendation for immediate further empirical research.
While herein we highlight which antimicrobials are likely re-
ceiving the most use, that alone cannot indicate which com-
pounds have the greatest potential to emerge as environmen-
tal contaminants. To begin with, numerous other factors will
be at play including their transformation and environmental
fate. The next step in the present project is thus to conduct a
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deeper review of candidate antimicrobials to include chem-
ical properties related to persistence, bioaccumulation, and
toxicity to aid in further determining which should be prior-
itized for ecotoxicological studies as well.
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