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a b s t r a c t

Cannabinoids are a group of organic compounds found in cannabis. D9-tetrahydrocannabinol (THC) and
cannabidiol (CBD), the two major constituents of cannabinoids, and their metabolites are contaminants
of emerging concern due to the limited information on their environmental impacts. As well, their re-
leases to the water systems and environment are expected to increase due to recent legalization. Solid-
phase extraction is the most common technique for the extraction and pre-concentration of cannabi-
noids in water samples as well as a clean-up step after the extraction of cannabinoids from solid samples.
Liquid chromatography coupled with mass spectrometry is the most common technique used for the
analysis of cannabinoids. THC and its metabolites have been detected in wastewater, surface water, and
drinking water. In particular, 11-nor-9-carboxy-D9-tetrahydrocannabinol (THC-COOH) has been detected
at concentrations up to 2590 and 169 ng L�1 in untreated and treated wastewater, respectively,
79.9 ng L�1 in surface water, and 1 ng L�1 in drinking water. High removal of cannabinoids has been
observed in wastewater treatment plants; this is likely a result of adsorption due to the low aqueous
solubility of cannabinoids. Based on the estrogenicity and cytotoxicity studies and modelling, it has been
predicted that THC and THC-COOH pose moderate risk for adverse impact on the environment. While
chlorination and photo-oxidation have been shown to be effective in the removal of THC-COOH, they also
produce by-products that are potentially more toxic than regulated disinfection by-products. The po-
tential of indirect exposure to cannabinoids and their metabolites through recreational water is of great
interest. As cannabinoids and especially their by-products may have adverse impacts on the environment
and public health, more studies on their occurrence in various types of water and environmental sys-
tems, as well as on their environmental toxicity, would be required to accurately assess their impact on
the environment and public health.

© 2020 Elsevier Ltd. All rights reserved.
Summary of the main findings

This critical review presents the detection, occurrence, fate,
toxicity, and removal of cannabinoids in the water system and the
environment. Cannabinoids in wastewater are expected to increase
due to legalization.
1. Introduction

Cannabis is a genus belonging to the Cannabaceae family.
Cannabis includes three species, Cannabis sativa, Cannabis indica,
e by Charles Wong.

mal El-Din).
and Cannabis ruderalis. However to date, there are still disagree-
ments regarding whether or not cannabis is a single species
(monotypic) or multiple species (polytypic) (Hartsel et al., 2016). In
addition, Cannabis sativa and Cannabis indica are frequently cross-
bred to produce hybrid phenotypes with desired characteristics
(Hartsel et al., 2016). As the focus of this review is not the taxonomy
of cannabis, the monotypic namewill be used for the review for the
simplicity of the text.

Cannabis, which is also known as marijuana, is the most
frequently used recreational/illicit drug in Asia (Dargan and Wood,
2012), Australia (AIHW, 2016), Canada (Health Canada, 2012, 2017),
the European Union (EMCDDA, 2018), the United States (CBHSQ,
2018; Cerd�a et al., 2012), or in general, the most commonly
abused drug globally (UNODC, 2019). In 2017 it was estimated that
the consumption of cannabis was 187 tons in the single state of
Colorado (Adam et al., 2018). From March 2018 to February 2019,
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approximately 370 tons of cannabis were consumed nationwide in
Canada (Werschler and Brennan, 2019). The cultivation and use of
cannabis are prohibited in most countries, as it is classified as an
illicit drug (Sharma et al., 2012). However, the shift in perspective
on cannabis has resulted in the legalization of cannabis (e.g., Can-
ada and some U.S. states) for medical use and recreational pur-
poses. While the cultivation of Cannabis indica is illegal in many
countries, the cultivation of hemp (Cannabis sativa L.), which con-
sists of less than 0.2 or 0.3% D9-tetrahydrocannabinol (THC) by
dried weight (Schluttenhofer and Yuan, 2017) for non-drug uses, is
legal in more than 30 countries such as France and Australia
(Schluttenhofer and Yuan, 2017), with China being the largest
cultivator of hemp (Amaducci et al., 2015; The Economist, 2019).

It is predicted that the market share for cannabinoid-based
drugs will expand up to 700% by 2020 (Saleh et al., 2019). The
global cannabis market is also predicted to increase to US$ 40.6
billion by 2024 (George-Cosh, 2019). After the legalization of
cannabis for medical and recreational uses in October 2018, Canada
saw an increase in the consumption of cannabis in the population
above the age of 15 from 14% to 18% (STATCAN, 2019). After legal-
ization in October 2019, cannabis edibles, extracts, and topical
products are estimated to have a Canadian market of CAD$ 2.7
billion (The Canadian Press, 2019). As a result of the increase in
popularity of cannabidiol and hemp derived products in food and
cosmetics (Hannaford, 2019; Wallace, 2019), an increase in
cannabis, or more specifically cannabinoids, is expected to be
released into the water systems and the environment.

More than 421 chemicals can be extracted from cannabis
(Huestis, 2007; Sharma et al., 2012). Of these, at least 113 are
cannabinoids (Aizpurua-Olaizola et al., 2016). Cannabinoids are a
group of diverse organic compounds that directly affect the
cannabinoid receptors in the brain. Two well-known cannabinoids
are THC and cannabidiol (CBD). The primary psychoactive com-
pound, THC, is a volatile lipophilic viscous oil that contributes to the
undesirable effects on the behavior caused by consumption of
cannabis. CBD is credited for the medicinal properties of cannabis.

Cannabinoids can enter the body by three main routes that
include inhalation, ingestion, and through the skin. After inhala-
tion, THC is distributed to liver, spleen, adipose tissue, and lungs
(Musshoff andMadea, 2006). When inhaled, THC quickly enters the
bloodstream via the lungs and is then metabolized to 11-hydroxy-
D9-tetrahydrocannabinol (THC-OH) by the liver. THC-OH is then
converted into the main metabolite 11-nor-9-carboxy-D9-tetrahy-
drocannabinol (THC-COOH), which is then excreted in human urine
and feces, as a glucuronic acid conjugate (Castiglioni et al., 2008;
Khan and Nicell, 2012). When dermally absorbed, THC enters the
bloodstream through the skin. In this instance, the rate of diffusion
of THC through the aqueous layer of the skin is the rate determining
step for dermal THC absorption (Huestis, 2007). If ingested, the THC
enters the bloodstream through the liver, resulting in delayed
psychoactive effect (Huestis et al., 2006).

After excretion and during wastewater treatment, beta-
glucuronidases of fecal bacteria could readily hydrolyze THC-
COOH back to its free acid form (Huestis, 2005). While THC-
COOH is not a psychoactive compound, it can remain in the body
from several days to weeks, depending on the doses of the users
(Brenneisen et al., 2010). Therefore, THC-COOH has been used in
many studies as biological marker for cannabis consumption and in
several sewage epidemiology studies as a surveillance tool
(Balducci et al., 2016; Daughton, 2001; Khan and Nicell, 2012;
Postigo et al., 2011).

Cannabidiol (Table 1), the main non-psychoactive cannabinoid
constituent, is another dominant cannabinoid in cannabis. Like
THC, it is biogenerated from cannabigerolic acid, thus it has a
similar molecular structure to THC (Table 1). With respect to the
2

medicinal use of cannabis, CBD and synthetic cannabidiol are both
used for pain relief (Hammell et al., 2016; Russo, 2008). In 2018, a
cannabinoid-based pharmaceutical under the tradename of Epi-
diolex was approved by the US Food and Drug Administration for
the treatment of seizures related to two severe types of epilepsy,
Lennox-Gastaut syndrome and Dravet syndrome (USFDA, 2018). In
2019, the sales of CBD products were legalized in Canada with re-
striction under the Cannabis Act (Health Canada, 2019).

Cannabinol (CBN), shown in Table 1, is a mild psychoactive
compound with only 10% of THC potency (Izzo et al., 2009). CBN is
another common type of cannabinoid that is a major constituent in
aged or cured cannabis but only a minor constituent in fresh
cannabis. CBN is formed from the degradation of THC in the pres-
ence of oxygen or heat (Hartsel et al., 2016). This cannabinoid is
used as a chemical indicator of improper cannabis storage and
aging.

Due to the increase in the market demand for cannabis related
products, there is an increase in cannabis cultivation (Chen, 2017),
cannabinoids extraction (Subramaniam, 2019), and cannabis
related products production. This would therefore increase the
chance of cannabinoids releases into the environment through
agricultural and industrial wastes. While the approval of cannabis
as recreational drug might not significantly increase the cannabi-
noids release to the environment, the rapid increase in the demand
for cannabinoid-based pharmaceuticals such as Epidiolex and the
change in the perspective of the cannabis for medical uses would
likely cause an increase in cannabinoids release into the
environment.

With the recent change in legalization for the use and con-
sumption of cannabis, it is timely to review the analytical methods
and its occurrence in water systems. The toxicity and treatment of
cannabinoids were also reviewed to understand the environmental
impacts of cannabinoids and to address the lack of knowledge in
the environmental field. Therefore, the objectives of this paper are
to: 1) Review and summarize the analytical methods, including the
sampling, sample storage, and pre-treatments available for the
detection and analyses of cannabinoids; 2) Investigate the fate of
cannabinoids in water systems through the review of the occur-
rence of cannabinoids in wastewater and the treatment methods
for the removal of cannabinoids in wastewater treatment plants
(WWTPs); 3) Review the occurrence of cannabinoids in the envi-
ronment in both water and sediment; 4) Review the environmental
toxicity of cannabinoids and their by-products or metabolites; 5)
Assess the potential impacts of cannabinoids and their by-products
on the environment; and 6) Discuss the impacts of cannabinoids
and their by-products on public health and present future di-
rections for relevant research.

2. Analytical methods for the determination of cannabinoids
and their metabolites in wastewater and in the environment

The analysis of cannabinoids in a water system consists of three
general steps: sample collection, sample pre-treatment, and iden-
tification and quantification of cannabinoids and their metabolites.
A summary of the sampling, storage, extraction, and detection
methods for cannabinoids is presented in Table 2.

2.1. Samples collection

Both composite samples (Bijlsma et al., 2009; Boleda et al.,
2007; Castiglioni et al., 2006; Postigo et al., 2008) and grab sam-
ples (Gonz�alez-Mari~no et al., 2010; Racamonde et al., 2012;
Vazquez-Roig et al., 2010) have been used for the sampling of
wastewater influent (INF) and wastewater effluent (EFF) from
WWTPs. 24 h composite samples would generally be required if the



Table 1
Structures and molecular information of major cannabinoids and metabolites.

Name D9-tetrahydrocannabinol 11-hydroxy-D9-
tetrahydrocannabinol

11-nor-9-carboxy- D9-
tetrahydrocannabinol

Cannabidiol Cannabinol

Abbreviation THC THC-OH THC-COOH CBD CBN

Molecular formula C21H30O2 C21H30O3 C21H28O4 C21H30O2 C21H26O2

Molar mass (g
mol�1)

314 330 344 314 310

Pka 9.81a 9.78 ± 0.60b 4.87/9.30a 6.43a

9.81 ± 0.60b 4.66 ± 0.40b

Log Kow 7.68a 5.36 ± 0.42b 6.21 7.03a

6.84 ± 0.35b 5.25 ± 0.38b

Aqueous solubility
(mg L�1)

0.040a 7.931b 0.230a 0.006a

0.786b 309b

Structure

a Apul et al. (2020)
b Park et al. (2016).
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samples were collected for sewage epidemiology applications.
Surface water (SW) samples might also be collected to verify the
impact of the EFF on the surface water. Collected water samples
may be kept in either high-density polyethylene (HDPE) or amber
glass bottles at �20 or 4 �C until further use. In previous studies,
sludge and sediment samples were collected as grab samples and
were stored at 4 �C until further processing (Black et al., 2019;
Chiavola et al., 2019; Mastroianni et al., 2016).

Polar organic chemical integrative sampler (POCIS) is a passive
sampling device that has been used for the sampling, the pre-
concentration, and for the quantification of trace organic contam-
inants, such as THC-COOH. The POCIS was deployed in INF, EFF or
SW for a duration of 1e4 weeks in order to cumulate sufficent
concentration for analysis (Fedorova et al., 2014; Zenobio et al.,
2015). POCIS can detect organic contaminants at low concentra-
tions because of its long sampling duration and the adsorbent af-
finity for polar organic molecules (0 < log Kow < 4) (Alvarez et al.,
2004). The commonly used sorbent materials are hydrophilic-
lipophilic balance, hyper crosslinked hydroxylated polystyrene-
divinylbenzene copolymer SPE resins, and the activated carbon
(Alvarez et al., 2004). Silica membrane has also been suggested as
an alternative sorbent for POCIS (Alvarez et al., 2004). POCIS can
also spot irregular contaminant flows because of the long sampling
duration, which allows the generation of time-integrated data
(Arditsoglou and Voutsa, 2008). As it is challenging to convert the
results from POCIS (ng POCIS�1) to concentration values (i.e., ng
L�1), it was suggested that POCIS was more suitable for qualitative
analysis than quantitative analysis (Fedorova et al., 2014).
Currently, POCIS is generally used for risk evaluation in environ-
mental monitoring studies (Alvarez, 2013; Martínez Bueno et al.,
2016).

2.2. Samples storage

Proper storage of samples is an important aspect after sample
collection to ensure the accuracy of the measured concentration.
The use of proper storage conditions for cannabinoid samples is
very important due to the fact that THC and its metabolites can
adsorb onto the walls of glass and plastic containers (Blanc et al.,
1993). As such, the stability of THC and its metabolites in waste-
water has been evaluated by various research groups (McCall et al.,
2016; Roth et al., 1996; Senta et al., 2014). Generally, the key
3

parameters that influence the stability of compounds in waste-
water are pH, storage temperature, and time (Baker and Kasprzyk-
Hordern, 2011).

Roth et al. (1996) investigated the impacts of container material
and matrix on THC-COOH losses using fluorescence polarization
immunoassay and X-ray photoelectron spectroscopy. It was found
that loss of THC-COOH occurred because of storage (equilibrium
conditions) and/or from sample handling and pipetting (kinetic
conditions). Deionized water and urine spiked with THC-COOH
stored in untreated amber glass had the lowest loss of THC-COOH
at temperatures between 2 and 8 �C after 16 h. The results
showed that THC-COOH has a high affinity for HDPE and a lower
affinity for untreated glass material. The study also found that
deionized water generally resulted in higher losses compared to
urine, but both had higher losses when compared to Abbott can-
nabinoids diluent. After the initial drop in concentration, the con-
centration of THC-COOH was stable for 5 h to 8 days. The loss in
concentration was also found to increase with increasing temper-
ature, where the rate of THC-COOH loss doubled when the tem-
perature increased from 5.5 �C (k ¼ 2.2 ± 0.4 h�1) to 22.5 �C
(k ¼ 4.1 ± 0.9 h�1). In one aliquot, approximately 8%e57% of THC-
COOH could be lost due to pipetting. For the kinetic conditions, it
was found that the loss of THC-COOH was highly dependent upon
the solvent and pipette material used, where glass pipette resulted
in the lowest loss of THC-COOH. As well, it is worth noting that the
THC-COOH losses due to sample handling and pipetting were less
significant that those due to equilibrium conditions because of the
shorter contact time.

In a review by McCall et al. (2016), the stability of THC, its me-
tabolites and other illicit drugs in wastewater was assessed based
on the percentage of degradation of the compounds, where high
stability referred to the degradation of less than 20% over 24 h. The
review concluded that THC-COOH stored in amber glass bottles was
the most stable, with stability up to 72 h. Heuett et al. (2015) found
that filtered THC-COOH samples (1 mm GF/C glass fiber filter fol-
lowed by 0.5 mm G15 glass fiber filter) stored in clear polyethylene
terephthalate (PET) at �20 �C were stable for up to 3 months, with
only a loss of 9% in concentration after 3 months. In contrast, THC
was found to be unstable under the same storage conditions with
94% of THC loss occurring after 3 months and almost 50% of THC
loss occurring within 27 days. Gonz�alez-Mari~no et al. (2010) found
that after being loaded onto HLB SPE cartridges at pH 8.5, THC-



Table 2
Sampling, storage, extraction, and detection methods for cannabinoids in various water and solid samples.

Typea Sample collection Storage Extraction Detection Reference

Water samples
WW 24 h composite Amber glass bottles at 4 �C Strong cation exchanger (SCX) SPE LC-MS, ESI

(�)
Castiglioni et al.
(2006)

WW SW 24 h composite Amber glass bottles at 4 �C Hydrophilic-lipophilic balance
(HLB) SPE

LC-MS, ESI
(þ)

Boleda et al. (2007)

WW 24 h composite Amber glass bottles at �20 �C Online HLB SPE LC-MS, ESI
(�)

Postigo et al. (2008)

WW SW 24 h composite Polyethylene high density
(HDPE) bottles at �20 �C

SCX SPE LC-MS, ESI
(�)

Bijlsma et al. (2009)

WW SW Grab samples Amber glass bottles HLB SPE GC-MS, EI Gonz�alez-Mari~no
et al. (2010)

WW 24 h composite Amber glass bottles at 4 �C, pH 2 Large volume direct injection LC-MS, ESI
(þ)

Berset et al. (2010)

WW 24 h composite e HLB SPE LC-MS, ESI
(þ)

Terzic et al. (2010)

SW Grab samples Amber glass bottles at �20 �C HLB SPE LC-MS, ESI
(þ)

Vazque-Roig et al.
(2010)

DW e HDPE bottles at 4 �C HLB SPE LC-MS, ESI
(þ)

Boleda et al. (2011b)

WW 12 h composite Stored at 4 �C HLB SPE LC-MS, ESI
(þ)

Gerrity et al. (2011)

WW SW 24 h composite Amber glass bottles at 4 �C, pH 3 SCX SPE LC-MS, ESI
(�)

Pedrouzo et al. (2011)

WW Grab samples 24 h composite e Mixed mode strong cation
exchanger (MCX) SPE

LC-MS, ESI
(±)

Gonz�alez-Mari~no
et al. (2012)

WW Grab samples PET bottles at 4 �C Online HLB SPE LC-MS, ESI
(�)

Jurado et al. (2012)

WW SW Grab samples Amber glass bottles at 4 �C Solid phase microextraction GC-MS, EI Racamonde et al.
(2012)

WW 24 h composite Amber glass bottles at 4 �C HLB SPE LC-MS, ESI
(þ)

Bijlsma et al. (2009)

WW 24 h composite HDPE bottles at 4 �C SPE LC-MS, ESI
(þ)

Nefau et al. (2013)

WW 24 h composite e MCX SPE LC-MS, ESI
(�)

Senta et al. (2013)

SW Grab samples HDPE bottles at 4 �C Reverse phase (RP) SPE LC-MS, ESI
(�)

Carmona et al. (2014)

WW 24 h composite HDPE bottles at �20 �C SPE LC-MS, ESI
(�)

Devault et al. (2014)

WW Polar organic chemical integrative samplers (POCIS) e
exposed for 21 days

e Online SPE LC-MS, ESI
(þ)

Fedorova et al. (2014)

SW DW 24 h composite Grab samples PET bottles at �20 �C Online HLB SPE LC-MS, ESI
(�)

Mendoza et al.,
(2014), 2016

WW 24 h composite PET bottles at �20 �C Online HLB SPE LC-MS, ESI
(þ)

Mackul’ak et al., 2014,
2015 (2016)

WW 24 h composite HDPE bottles at �20 �C, pH 3 HLB SPE LC-MS, ESI
(�)

€Ostman et al., 2014

WW 24 h composite HDPE bottles at �20 �C HLB SPE LC-MS, ESI
(�)

Van Niujs et al. (2014)

WW 24 h composite PET bottles at �20 �C SCX SPE LC-MS, ESI
(þ)

Andr�es-Costa et al.
(2014)

WW e PET bottles at �20 �C Large volume direct injection LC-MS, ESI
(þ)

Heuett et al. (2015)

WW 24 h composite Amber glass bottles at 4 �C, pH 2 SCX SPE LC-MS, ESI
(þ)

Palardy et al. (2015)

WW SW POCIS e exposed for 30 days e e LC-MS, ESI
(±)

Zenobio et al. (2015)

WW SW Grab samples Glass bottles at 4 �C HLB SPE LC-MS, ESI
(±)

Zenobio et al. (2015)

WW 24 h composite Stored in �20 �C SPE LC-MS, ESI
(±)

Gatidou et al. (2016)

LL Grab samples Amber glass bottles at 4 �C HLB SPE LC-MS, ESI
(±)

Lu et al. (2016)

GW Grab samples PET bottles at �20 �C Online HLB SPE LC-MS, ESI
(�)

Mastroianni et al.
(2016)

WW SW Grab samples Amber glass bottles at 4 �C Online RP SPE LC-MS, ESI
(þ)

Yao et al., 2016

WW SW 24 h composite Grab samples PET bottles at �20 �C SCX SPE LC-MS, ESI
(þ)

Andr�es-Costa et al.
(2016)

WW Grab samples HDPE bottles at �20 �C SCX SPE LC-MS, ESI
(þ)

Jacox et al. (2017)

WW 24 h composite Amber glass bottles at 4 �C HLB SPE GC-MS, EI Chiavola et al. (2019)
WW 24 h composite Plastic bottles at �20 �C Online RP SPE LC-MS, ESI

(þ)
Mackul’ak et al.
(2020)

Z.T. How and M. Gamal El-Din Environmental Pollution 268 (2021) 115642
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Table 2 (continued )

Typea Sample collection Storage Extraction Detection Reference

Solid
Sludge Grab samples Amber glass bottles at 4 �C Pressurize liquid extraction (PLE)

followed by HLB SPE
LC-MS, ESI
(þ)

Mastroianni et al.
(2013)

Sludge Grab samples Stored at �20 �C PLE followed by MCX SPE LC-MS, ESI
(�)

Senta et al. (2013)

Sediment Grab samples Wrap in aluminum at �20 �C QuEChERS LC-MS, ESI
(�)

Carmona et al. (2014)

Sludge Grab samples Stored at �20 �C Ultrasound assisted liquid
extraction

LC-MS, ESI
(±)

Ivanov�a et al. (2018)

Sludge Grab samples Amber glass bottles at 4 �C Mixed mode polar SPE LC-MS, ESI
(±)

Black et al. (2019)

a DW: Drinking water, WW: Wastewater, SW: Surface water, GW: Groundwater, LL: Landfill leachates.

Z.T. How and M. Gamal El-Din Environmental Pollution 268 (2021) 115642
COOH was stable for up to 3 months in the dried cartridges stored
at �20 �C.

Acidification of samples has been used to prevent microbial
activity and growth, which sometimes also helps to preserve the
sample (S_liwka-Kaszy�nska et al., 2003). However, this was not the
case for THC-COOH. It was found that the loss of THC-COOH (54%)
was higher at pH 2 than the loss (10%) at pH 7.4 (Senta et al., 2013,
2014). While the authors did not suggest a possible reason for the
higher loss in acidic conditions, a possible explanation can be
derived based on the estimated pKa of THC-COOH. The estimated
pKa of THC-COOH is 4.66 ± 0.40 (Park et al., 2016) or 4.87 and 9.30
(Apul et al., 2020). Therefore, at pH 2, THC-COOH is likely to be at its
neutral state and thus it is less soluble than at pH 7.4 where it
would be negatively charged. This insolubility of THC-COOH at pH
of 2 could result in higher loss at acidic condition (pH 2) as
compared to neutral condition (pH 7.4). It was also suggested by
Causanilles et al. (2017) and Khan and Nicell (2012) that the higher
loss at acidic pH was due to the enhanced adsorption of THC-COOH
to suspended solids. No information is available on the stability of
other cannabinoids, such as CBD, in wastewater samples and thus
more studies would be required to understand their stability in
wastewater and water samples in general. In summary, the mini-
mum condition for the storage of samples for cannabinoids analysis
is using amber glass bottle at neutral pH, with storage temperature
of �4 �C.

2.3. Sample pre-treatment methods

The first pre-treatment procedure for water samples is to
remove the suspended solids from the samples by either centrifu-
gation and/or filtration using different materials (e.g., glass fiber
filter, nylonmembrane filter, nitrocellulose filter, etc.) and retention
sizes (1.6e0.2 mm) before proceeding to other procedures for the
analysis of cannabinoids.

Due to the low concentrations (ng L�1 level) of cannabinoids in
water systems, a pre-concentration step is generally required
before analysis. Solid-phase extraction (SPE) is the most common
technique used for the pre-concentration of cannabinoids from
water samples because of its efficiency and availability in most
analytical or environmental laboratories (Park et al., 2016). Off-line
SPE required sample volumes between 50 and 500 mL (Andr�es-
Costa et al., 2014; Hern�andez et al., 2011; Jacox et al., 2017; Nefau
et al., 2013; Pedrouzo et al., 2011; van Nuijs et al., 2014).
Hydrophilic-lipophilic balance (HLB), mixed mode strong cation
exchanger (MCX) and styrene-divinylbenzene polymer (reverse
phase) have been used as the sorbents for the pre-concentration of
cannabinoids from water samples, with HLB being the most
commonly used sorbent (Table 2). Depending on the adopted
procedures, samples were either loaded at their natural pH or
5

acidified before loading the samples. Various organic solvents,
including acetonitrile, ethyl acetate, and methanol have been used
as the eluent to elute the analytes, with methanol being the most
common eluent. While ammonium hydroxide is generally added
into the eluent for samples that are loaded in acidic condition to
enhance the analytes recovery of basic compounds, THC and its
metabolites can be eluted fromMCX SPE using only pure methanol
(Gonz�alez-Mari~no et al., 2012; Senta et al., 2013). The disadvantage
of offline SPE is that it is time consuming because it requires
multiple sample preparation steps, resulting in a decrease in the
overall precision and accuracy of the analytical method (Park et al.,
2016). Although with the automation of the SPE process, such error
could be reduced. An additional disadvantage is the large initial
volume (>50 mL) of sample required for offline SPE.

Online SPE is an automated SPE preceding liquid chromatog-
raphy, that could overcome the disadvantages of multiple sample
preparation steps and the large volume of samples required for the
offline SPE (Heuett et al., 2015; Postigo et al., 2008, 2010). Only 5mL
of sample were required for the online SPE, and the total time
required for pre-concentrated of samples and analyzed by LC-MS/
MS was only 35 min. But, low recoveries of 9%e37% for THC and
its metabolites in wastewaters have been reported, which might be
due to the high matrix effect of online SPE (Postigo et al., 2008).
Similar trend of low recovery was also observed by Heuett et al.
(2015), where the recovery of THC-COOH was only 41% using on-
line SPE.

Berset et al. (2010) used direct injection technique to eliminate
the time-consuming pre-concentration step, where the wastewater
samples were directly analyzed after filtration. However, higher
matrix effects and limits of quantification were observed by direct
injection technique as compared with offline SPE or online SPE
(Table 3). Solid-phase microextraction (SPME) was also used for the
pre-concentration of cannabinoids for the analysis using gas
chromatography coupled with mass spectrometry (GC-MS) (Jain
and Singh, 2016; Racamonde et al., 2012). It was found that the
divinlybenzeneecarboxenepoly(dimethylsiloxane)
(DVBeCARePDMS) fiber provided the highest recovery of more
than 90% for both THC and THC-COOH (Table 3) (Racamonde et al.,
2012). The advantage of SPME is that the use of organic solvent is
not required, the fiber is reusable, and generally it requires smaller
sample volumes (20 mL) than offline SPE. In addition, SPME can be
fully automated online with a GC-MS.

Pre-treatment of solid samples involved the removal ofmoisture
from the sludge or sediment samples by freeze-drying so that the
dried weight of the solid samples could be obtained (Mastroianni
et al., 2013). The analytes could then be extracted from the solid
phase into a liquid phase using techniques such as pressurized
liquid extraction (Mastroianni et al., 2013); ultrasound assisted
liquid extraction (Ivanov�a et al., 2018); or the quick, easy, cheap,



Table 3
Recovery and limit of detection (LOD) of cannabinoid and its metabolites in different matrices.

Target analyte Matrixa Recovery (%)b LOD (ng L�1) References

THC-COOH INF 51 ± 1 0.5 Castiglioni et al. (2006)
EFF 61 ± 4 0.3

THC SW 44 2.1 Boleda et al. (2007)
INF 42 2.5

THC-COOH SW 86 3.0
INF 96 3.8

THC INF 9 3.4 Postigo et al. (2008)
THC-OH INF 37 1.5
THC-COOH INF 13 1.1
THC-COOH SW 68 30 Bijlsma et al. (2009)

INF e 2500
EFF e 500

THC SW e 0.9 Gonz�alez-Mari~no et al. (2010)
INF e 3
EFF e 3

THC-COOH SW e 1
INF e 1
EFF e 1

THC-COOH INF 81 20 Terzic et al. (2010)
EFF 123 53

THC SW 60 ± 11 1.2 Vazque-Roig et al. (2010)
THC-COOH SW 67 ± 13 1.5
THC DW 65 6 Boleda et al. (2011b)
THC-OH DW 70 3
THC-COOH DW 73 15
THC INF e 30 Gerrity et al. (2011)
THC-COOH INF e 30
THC-COOH SW 38 1 Pedrouzo et al. (2011)

INF 25 50
EFF 30 5

THC Ultrapure water 90 ± 27 0.1 Gonz�alez-Mari~no et al. (2012)
INF 105 ± 21 50
EFF 115 ± 8 20

THC-COOH Ultrapure water 117 ± 1 0.1
INF 107 ± 11 50
EFF 124 ± 8 20

THC SW INF EFF SW INF EFF 94 104 98 96 112 92 - Racamonde et al. (2012)
INF 104 1.0
EFF 98 e

THC-COOH SW 96 e

INF 112 2.5
EFF 92 e

THC INF e 108 Bijlsma et al. (2009)
EFF e 54

THC-OH INF e 20
EFF e 11

THC-COOH INF e 10
EFF e 2

THC THC-OH CBD CBN Sludge 130 3.1 ng g�1 Mastroianni et al. (2013)
THC-OH Sludge 115 6.4 ng g�1

CBD Sludge 99 3.5 ng g�1

CBN Sludge 127 6.0 ng g�1

THC-COOH INF 61 5 Nefau et al. (2013)
THC-OH INF 70 1.8 Senta et al. (2013)

EFF 63 1.2
Sludge 24 1.5 ng g1

THC-COOH INF 31 2.5
EFF 65 1.2
Sludge 30 0.5 ng g�1

THC DW 63 0.03 Carmona et al. (2014)
SW 0.09
EFF 0.15
Sediment 0.24 ng g�1

THC-COOH DW 0.03
SW 0.15
EFF 0.3
Sediment 0.4 ng g�1

THC-COOH INF e 2 Mackul’ak et al. (2014)
THC-COOH Ultrapure water e 75 €Ostman et al. (2014)
THC-COOH INF 66 ± 7 9.4 Andr�es-Costa et al. (2014)
THC INF 97 0.6 Heuett et al. (2015)
THC-COOH INF 122 1.3
THC-COOH INF e 6 Gatidou et al. (2016)
THC GW 98 3.6 Mastroianni et al. (2016)
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Table 3 (continued )

Target analyte Matrixa Recovery (%)b LOD (ng L�1) References

THC-OH GW 99 1.6
THC-COOH GW 109 3.3
CBD GW 92 3.3
CBN GW 102 2.7
THC-COOH SW e 2.5 Yao et al. (2016)

INF e 5
THC SW 72 ± 17 30 Andr�es-Costa et al. (2016)

INF 61 ± 15 50
EFF 59 ± 15 35

THC-COOH SW 78 ± 19 25
INF 66 ± 17 45
EFF 67 ± 19 30

THC SW/INF 25 11 Jacox et al. (2017)
THC-COOH SW/INF 67 11

a INF: wastewater influent; EFF: wastewater effluent; SW: surface water; GW: groundwater; DW: drinking water.
b ’-’ Not reported.

Z.T. How and M. Gamal El-Din Environmental Pollution 268 (2021) 115642
effective, rugged, and safe (QuEChERS) extraction (Carmona et al.,
2014). The extracted liquid could then be analyzed directly or
concentrated using the liquid pre-treatment methods mentioned
previously.

While all pre-concentration methods mentioned above have
their own advantages and disadvantages, a universal challenge for
all methods is the matrix effect. The matrix effect can be especially
vital in wastewater, with significant ionization suppression for all
analytes (Bijlsma et al., 2009). The use of isotopic compounds as
surrogate standards can help to minimize the matrix effects when
analyzing the analytes (Castiglioni et al., 2006; How et al., 2014).
Park et al. (2016) recommended that all current pre-concentration
methods would require isotopic standards to correct for matrix
effects. In addition, the order of the preparatory steps was also
found to play a critical role for the accurate determination of can-
nabinoids, especially with respect to filtration and pH adjustment
(Causanilles et al., 2017). It was recommended that acidification of
the samples should only occur after samples filtration and addition
of the isotopic standards (Causanilles et al., 2017).
2.4. Identification and quantification of cannabinoids

The occurrence of cannabinoids and their metabolites in
wastewater and/or natural water was analyzed by either liquid
chromatography (LC) or gas chromatography (GC) coupled with
mass spectrometry (LC-MS or GC-MS). LC-MS is more commonly
used as compared to GC-MS because derivatization, typically sily-
lation, is required for the determination of cannabinoid acid species
in GC-MS, while LC-MS is comparatively more straightforward.
Electrospray ionization (ESI) operated in positive and/or negative
ion modes has been used for the ionization of cannabinoids when
using LC-MS. Selected reactionmonitoring (SRM)mode can be used
to improve the selectivity and sensitivity for cannabinoids. SRM
capability for trace analysis in complex samples is due to its ability
to monitor only pre-selected parents and fragments ions. However,
an analytical standard for each target compound is required to
optimize SRM, which can be expensive and time consuming.

High-resolution mass spectrometry (HRMS) such as time-of-
flight mass spectrometry (Andr�es-Costa et al., 2016; Black et al.,
2019) and Orbitrap mass spectrometry (Fedorova et al., 2014;
Macku�lak et al., 2014) have also been utilized for the detection and
analysis of cannabinoids. An advantage of using HRMS over the use
of low-resolution MS (LRMS), such as tandem MS for the detection
of cannabinoids, was that HRMS was able to screen suspected
compounds in the samples and had comparable quantification for
most of the detected compounds compared to LRMS (Andr�es-Costa
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et al., 2016). However, a disadvantage for HRMS is that it is not
readily available in many laboratories.
3. Occurrence of cannabinoids in wastewater and the
environment

As cannabis is still classified as an illicit drug in most countries,
the analyses of cannabinoids and their metabolites in water sys-
tems are normally part of a wider survey of illicit drug concentra-
tions in the influent stream ofWWTPs. Illicit drug concentrations in
WWTPs influent could then be used to evaluate community usage.
This process is named as sewage epidemiology or wastewater-
based epidemiology by Daughton (2001). The intent of sewage
epidemiology is to estimate the use of illicit drugs in the population
by probing their concentrations in the wastewater (Chen et al.,
2019; Daughton, 2001; Zuccato et al., 2005) and more recently as
a potential tool for the surveillance of Covid-19 in the population
(Daughton, 2020). Wastewater samples collected from specific
communities, or even specific buildings, can provide a more accu-
rate estimation of illicit drug use by the population than waste-
water samples collected at the inlet of WWTPs (Chen et al., 2019;
Gatidou et al., 2016; Heuett et al., 2015; Lai et al., 2011; Postigo et al.,
2011). Consumed doses are then determined by the drug concen-
trations in the wastewater using the consumed quantity and
wastewater flow rates against metabolite excretion ratios from the
literature (Khan and Nicell, 2012; Postigo et al., 2011; Zhang et al.,
2019; Zuccato et al., 2008). For instance, the excretion rate of THC
was suggested to be 0.6% by Gracia-Lor et al. (2016), who used only
the THC-COOH excretion rate, or 2.5% by Postigo et al. (2011), who
used the sum of extraction rate of THC-COOH (0.5%) and THC-OH
(2%).

THC-COOH was generally detected at higher concentration than
THC and THC-OH, which were commonly not detected (below limit
of detection) or detected at concentrations below their limit of
quantifications (LOQs) (Tables 3 and 4). The concentrations of THC,
THC-OH, and THC-COOH in INF ranged from not detected to 2070,
90.9, and 2590 ng L�1, respectively (Carmona et al., 2014; Heuett
et al., 2015; Postigo et al., 2010). The concentrations of THC, THC-
OH, and THC-COOH in EFF ranged from not detected to 20.5, 23,
and 169 ng L�1, respectively (Boleda et al., 2009; Devault et al.,
2017; Gerrity et al., 2011; Postigo et al., 2008). Among the
different types of natural water analyzed, THC and its metabolites
were only detected in river water with the concentration of THC,
THC-OH, and THC-COOH detected up to 13.6, 0.4, and 79.9 ng L�1,
respectively (Catal�a et al., 2015). More samples from different
natural water systems would be required to confirm the trend of



Table 4
Occurrence of THC and its metabolites in various water systems.

Sourcea Concentration (ng L�1)b Reference

THC THC-OH THC-COOH

INF e e 18.8 to 940 Andr�es-Costa et al. (2014)
EFF e e N.D. Andr�es-Costa et al. (2014)
INF 97 e 48 Andr�es-Costa et al. (2016)
EFF N.D. e N.D. Andr�es-Costa et al. (2016)
SW N.D. e N.D. Andr�es-Costa et al. (2016)
INF, EFF e e N.D. Berset et al. (2010)
SW e e N.D. Berset et al. (2010)
INF, EFF e e N.D. Bijlsma et al. (2009)
INF e e N.D. to 489 Bijlsma et al. (2009)
EFF e e N.D. to 22 Bijlsma et al. (2009)
INF e e 501 to 916 Bijlsma et al. (2009)
EFF e e 25 Bijlsma et al. (2009)
INF e e 15 to 359 Bodik et al. (2016)
INF N.D. to 31.5 e N.D.to 96.2 Boleda et al. (2007)
EFF N.D. e N.D. to 71.1 Boleda et al. (2007)
SW N.D. to 13.6 e 16.4 to 34.1 Boleda et al. (2007)
INF N.D. to 127 e N.D. to 402 Boleda et al. (2009)
EFF n.d. to 20.5 e N.D. to 71.7 Boleda et al. (2009)
SW N.D. e N.D. to 79.5 Boleda et al. (2009)
RDW N.D. to 79.5 e N.D. to 14.7 Boleda et al. (2009)
TDW N.D. e N.D. Boleda et al. (2009)
RDW, TDW N.D. N.D. N.D. Boleda et al. (2011a)
TDW N.D. N.D. N.D. Boleda et al. (2011b)
TDW e e N.D. to 1 Carmona et al. (2014)
SW e e N.D. to 7 Carmona et al. (2014)
INF 4.1 2590 Carmona et al. (2014)
EFF N.D. 753 Carmona et al. (2014)
INF e e 62.7 to 91.2 Castiglioni et al. (2006)
EFF e e N.D. to 7.2 Castiglioni et al. (2006)
SW N.D. N.D. N.D. Catal�a et al. (2015)
INF e e 700 Chiavola et al. (2019)
INF e e 268 to 1160 Devault et al. (2014)
INF e e 722 to 1270 Devault et al. (2017)
EFF e e 16 to 169 Devault et al. (2017)
INF e e N.D. to 90.2 Gatidou et al. (2016)
INF, EFF N.D. N.D. Gerrity et al. (2011)
INF e e 36 to 401 Gonz�alez-Mari~no et al. (2010)
EFF e e N.D. to 77 Gonz�alez-Mari~no et al. (2010)
SW e e N.D. to 31 Gonz�alez-Mari~no et al. (2010)
INF 22 to 2070 e 30 to 2410 Heuett et al. (2015)
EFF e e 168 to 772 Jacox et al. (2017)
EFF N.D. N.D. N.D. Jurado et al. (2012)
INF e e N.D. Khan et al. (2017)
EFF e e 168 to 772 Jacox et al. (2017)
INF e e 42 to 140 Mackul’ak et al. (2014)
INF e e 93 to 340 Mackul’ak et al. (2015)
EFF e e 10 to 24 Mackul’ak et al. (2015)
INF e e 133 to 191 Mackul’ak et al. (2016)
EFF e e 18 Mackul’ak et al. (2016)
INF e e N.D. to 290 Mackul’ak et al. (2020)
EFF e e N.D. to 47 Mackul’ak et al. (2020)
SW N.D. e N.D. to 79.7 Mendoza et al. (2014)
TDW N.D. N.D. N.D. Mendoza et al. (2016)
INF e e 44 to 1200 Nefau et al. (2013)
EFF e e n.d. to 161 Nefau et al. (2013)
INF e e 121 to 273 van Nuijs et al. (2014)
INF e e 11.7 to 12.5 Palardy et al. (2015)
EFF e e N.D. Palardy et al. (2015)
INF e e 144 to 219 Pedrouzo et al. (2011)
EFF e e N.D. Pedrouzo et al. (2011)
INF 13.8 to 39.4 8.4 to 77.6 4.3 to 32.5 Postigo et al. (2008)
EFF N.D. to 20.5 4.8 to 23 3.9 to 19.0 Postigo et al. (2008)
INF N.D. to 48.4 N.D. to 90.9 N.D. to 21.7 Postigo et al. (2010)
EFF N.D. 0.4 N.D. to 72.8 Postigo et al. (2010)
SW N.D. 0.4 5.5 Postigo et al. (2010)
INF N.D. to 125 N.D. 64 to 168 Postigo et al. (2011)
INF 12 to 35 e 50 to 153 Racamonde et al. (2012)
EFF 3.7 to 7.6 e N.D. to 28 Racamonde et al. (2012)
SW N.D. to 3.7 e 9.5 to 10 Racamonde et al. (2012)
INF e N.D. to 66 N.D. to 111 Senta et al. (2013)
EFF e N.D. to 5.2 N.D. to 5.8 Senta et al. (2013)
INF e e 21 to 128 Terzic et al. (2010)
EFF e e N.D. Terzic et al. (2010)
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Table 4 (continued )

Sourcea Concentration (ng L�1)b Reference

THC THC-OH THC-COOH

SW N.D. e N.D. Vazquez-Roig et al. (2010)
EFF e e N.D. Yao et al. (2016)
SW e e N.D. to 10.3 Yao et al. (2016)
EFF N.D. e N.D. to 99 Zenobio et al. (2015)
SW N.D. e N.D. Zenobio et al. (2015)
SW e e N.D. to 3.7 Zuccato et al. (2008)

a INF: wastewater influent; EFF: wastewater effluent; SW: surface water; RDW: raw drinking water; TDW: treated drinking water.
b ’-’Not measured; N.D.: not detected.
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THC and its metabolites in natural water systems. While four
studies (Boleda et al., 2011a, 2011b; Carmona et al., 2014; Mendoza
et al., 2016) investigated the occurrence of THC-COOH in drinking
water, only the study by Carmona et al. (2014) detected one
occurrence of THC-COOH in drinking water at 1 ng L�1. As with the
natural water systems, more drinking water samples would be
required to confirm the general trend.

Generally, only THC and its metabolites, THC-COOH and THC-
OH, were analyzed during sewage epidemiology. This is probably
due to the fact that THC is the primary psychoactive compound in
cannabis. As a result, most studies on cannabinoids in the envi-
ronment tend to focus on the concentration of THC and its me-
tabolites, resulting in limited information for other cannabinoids,
such as CBD, in wastewater and the environment.

To date no information on CBD and CBN concentrations in
wastewater is available, but studies have investigated the concen-
tration of CBD and CBN in sewage sludge (Table 5). The study by
Black et al. (2019) showed that both CBD and CBN were detected in
43% of the samples analyzed as compared to the 21%, 14%, and 7%
for THC-OH, THC-COOH, and THC, respectively. Mastroianni et al.
(2013) reported that THC was detected in all sewage sludge sam-
ples and CBD was detected in 80% of the sewage sludge samples.
The median concentrations of THC and CBD were found to be 138
and 168 ng g�1 dried weight, respectively. In a survey study of illicit
drugs in surface water, CBD was not detected in the samples, while
THC was detected for up to 7% of the samples. However, the con-
centration of THC was below LOQ (120 ng L�1) (Mastroianni et al.,
2016). CBN was not detected in a survey for pharmaceuticals in
landfill leachates (Lu et al., 2016). With the legalization of cannabis
or its extract for medical and recreational uses, and the rapid in-
crease in cannabinoid-based drugs, one could predict an increase in
the release of CBD into wastewater and the environment and thus
more studies of its occurrence would be required. In addition, due
to the high partition coefficient and low aqueous solubility of
cannabinoids and their metabolites, more research on their
occurrence in solid samples (sewage sludge, sediment and sus-
pended particulate matter) would be required to gain a better
understanding of the cannabinoids’ occurrence and their impact on
the environment. A summary of the fate of cannabinoids and their
Table 5
Frequency of detection and median concentration of cannabinoids and its metabolites in

Source Frequency of detection (%) (Median concentration ng

THC THC-OH THC-COOH

Sludge 100 (138) 67 (78.4) e

Influent particulate e 67 (67) 67 (17)
Sludge e 67 (7.3) 67 (8.5)
River sediment 5 (42) e 1 (5)
Sludge e e -(170)
Sludge 7(�) 21(�) 14(�)

a ’-’ Not measured.
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transformation products, as well as the possible routes to human
and aquatic life exposure are presented in Fig. 2.

4. Removal of cannabinoids in water

As cannabinoids and their metabolites are found in wastewater,
it is important to investigate their removal during water treatment.
Their removal during water treatment would have significant
impact on their occurrence in the receiving water bodies. Currently,
there is no specific regulation on the maximum concentration of
cannabinoids allowed in drinking water or effluent wastewater,
even for cannabis cultivation and extraction, except indirectly as
part of other testing requirements for effluent wastewater (AEP,
2018; Upland Agricultural Consulting, 2019). While limited work
was conducted on the specific removal of cannabinoids in water,
THC-COOH concentrations in the INF and EFF of WWTPs were
measured in many studies, which can provide an indication on the
effectiveness of wastewater treatment processes for the removal of
THC-COOH. As an illustration, WWTPs in Slovakia and the Czech
Republic were able to remove 84% or more of the THC-COOH in the
INF, as compared with the EFF stream (Macku�lak et al., 2020).
However, no details were provided on the treatment processes for
the WWTPs, thus further analysis on the efficiency of each treat-
ment method was not possible.

4.1. Biological treatment

The estimated removal rates for THC, THC-OH, and THC-COOH
in WWTPs, where activated sludge was the main treatment tech-
nique, ranged from 8% to 100%, 38% to 100%, and �18.3% to 100%,
respectively (Castiglioni et al., 2006; Boleda et al., 2009, Racamonde
et al., 2012, Nefau et al., 2013; Carmona et al., 2014). The negative
removal rate of THC-COOH during wastewater treatment has been
attributed to the deconjugation of the glucuronide form of THC-
COOH by the activated sludge and/or desorption from solids dur-
ing treatment, or potentially from the degradation of THC in the
wastewater. No temperature effect was observed for THC-COOH
degradation by activated sludge between 18 and 31 �C (Devault
et al., 2017). The removability of THC-COOH by algae, fungi, and
various solid samples.

g�1 d.w.)a Reference

CBD CBN

80 (168) 53 (101) Mastroianni et al. (2013)
e e Senta et al. (2013)
e e

e e Carmona et al. (2014)
e -(7.1) Ivanov�a et al. (2018)
43(�) 43(�) Black et al. (2019)
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enzymes was tested by exposing the organisms towater containing
THC-COOH (179 ± 10 ng L�1) for an hour. The removal efficiency by
these organisms was found to be 22%e36%, through a combination
of sorption and biodegradation by the organisms (Macku�lak et al.,
2015).

4.2. Physical removal

In the partitioning study by Senta et al. (2013), the differences in
THC-OH and THC-COOH concentrations in the solid (particulate)
and aqueous phases of wastewater were measured and it was
found that 28% of THC-OH and 8% of THC-COOH were partitioned
into the solid phase. The partitioning coefficients (Kd) were deter-
mined to be 1790 ± 930 L kg�1 for THC-OH and 357 ± 198 L kg�1 for
TH-COOH in INF. In another partitioning study, the Kd and organic
carbon-water partition coefficient (Koc) of THC-COOH were deter-
mined to be 1050 L kg�1 and 35100 L kg�1, respectively, using a 2-
day batch equilibrium method where homogenized marine sedi-
ment was used as the solid phase (Palardy et al., 2015). The results
of these studies suggested that adsorption to filter media or sus-
pended solids is an important factor in the removal of the THC
metabolites. In addition, the results also indicated that THC and its
metabolites are likely to partition into the sediments within natural
systems. These results were also in line with the findings reported
by Carmona et al. (2014). The authors reported that THC and THC-
COOH were found in the sediment at concentrations of 42 and
5 ng g�1, respectively, while THC was not detected in the water
samples from the same site; THC-COOH was detected in the water
sample at 7 ng L�1. Initially, it was not expected that the THC-COOH
would be adsorbed onto the solids phase due to its predicted low
Koc values (77.5, 147 and 174 L kg�1) that were obtained using a
prediction model and software (ACD/Labs) (Khan and Nicell, 2012;
Park et al., 2016). A possible reason for the difference in the
experimental and predicted Koc was that THC-COOH detected on
the solid phasewas due to the degradation of THC at the solid phase
(Carmona et al., 2014). Another plausible reason for the difference
low Koc but high partition observed in experimental condition was
that while the predicted Koc value was low for THC-COOH, the
predicted logKow of 5.25e6.21 is similar to THC and THC-OH
(6.84e7.68 and 5.36, respectively) (Apul et al., 2020), which indi-
cated that they are hydrophobic. Thus, THC-COOH may behave
similarly to THC and THC-OH and adsorb onto the hydrophobic
suspended solids in wastewater and in natural water systems.

4.3. Chemical and advanced oxidation

THC-COOH was found to be very reactive with free chlorine,
where the second order rate constant was 5.8 � 104 M�1 s�1 at pH
8.3 (Gonz�alez-Mari~no et al., 2013) and 3.9 � 104 M�1 s�1 at pH 9
(Mackie et al., 2017). It was also found that the rate constant
decreased with a decrease in pH (Gonz�alez-Mari~no et al., 2013;
Mackie et al., 2017). While the presence of bromide did not affect
the rate of degradation of THC-COOH (Gonz�alez-Mari~no et al.,
2013). The presence of organic matter from surface water
reduced the THC-COOH degradation rate (Bijlsma et al., 2009;
Mackie et al., 2017). The reason for the reduced degradation rate
would be that the free chlorine would preferentially react with the
more reactive organic matter in surface water before reacting with
the THC-COOH (Gonz�alez-Mari~no et al., 2013). Due to the high
reactivity of THC-COOH with free chlorine, it was suggested that
pre-chlorination would be effective in the removal of THC-COOH in
drinking water treatment; however, there was only one detection
of THC-COOH in raw drinking water at a concentration of
14.7 ng L�1 (Boleda et al., 2009).

Wastewater containing cannabinoids was treated with Fenton
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reaction (FR) using ferric sulfate and hydrogen peroxide, and
Fenton-like reaction (FLR) using zerovalent iron, hydrogen
peroxide, and sulfuric acid. FR and FLR removed >98% of THC-
COOH, reducing THC-COOH concentration from 179 ± 10 ng L�1

to below 3 ng L�1 (Macku�lak et al., 2015). Over 85% of THC-COOH
was removed from low initial concentration of less than
20 ng L�1 by FR and FLR (Macku�lak et al., 2015, 2016). THC-COOH
was degraded by the highly reactive hydroxyl radical (�OH) that
was generated in both FR and FLR. The production of �OHwas faster
with FR than FLR, thus the degradation rate of THC-COOH was
faster in FR (Macku�lak et al., 2016). The same research group also
found that ferrate was able to remove >95% of THC-COOH from INF
(initial concentration ¼ 179 ± 10 ng L�1) and >82% from EFF (initial
concentration ¼ 20 ng L�1), even with the lower ferrate standard
half-cell reduction potential of 0.72 V in a basic condition
(Macku�lak et al., 2016). However, the mechanism of the degrada-
tion of THC-COOH by ferrate was not investigated in the study.

UV oxidation was also found to be effective in the removal of
THC-COOH. 100% removal (initial concentration ¼ 0.5 mg L�1) was
achieved within 30 min after exposure to UV at 254 nm, the typical
wavelength used in the WWTPs (Boix et al., 2014). In the same
paper, 100% removal of THC-COOH was achieved after exposure to
the equivalent of 200 h of natural sunlight (Boix et al., 2014). It was
proposed that the degradation of THC-COOH occurred by electro-
philic substitution at the phenol ring, which might be excited due
to the UV irradiation. The higher degradation of THC-COOH in the
wastewater samples by photo-oxidation might be due the high
concentration of nitrate, a natural photosensitizer, in the samples
(Boix et al., 2014).

Electro-oxidation achieved 76% of THC-COOH removal (initial
concentration ¼ 100 ng L�1) after 15 min and 84% removal by
60 min in INF using a boron doped diamond (BDD) electrode as the
anode and a graphite electrode as the cathode at 20 mA cm�2

(Macku�lak et al., 2020). The authors also suggested that the use of
BDD as the anodewas estimated to be 2 timesmore energy efficient
than using a graphite anode. The main mechanism for the degra-
dation of THC-COOH in electro-oxidation was believed to be by the
�OH generated at the BDD electrode surface.

5. Transformation by-products

After treatment, transformation by-products (Fig. 1) could form
and could be potentially more toxic than their parent compounds.
Seven by-products, six of which were halogenated by-products,
were detected after chlorination (Boix et al., 2014; Gonz�alez-
Mari~no et al., 2013; Mackie et al., 2017). The main mechanism
proposed for the chlorine and THC-COOH reaction was as follows:
the chlorine attached to the phenol ring of the THC-COOH by
electrophilic substitution and this resulted in the formation of
chlorinated by-products (Gonz�alez-Mari~no et al., 2013). Six by-
products were detected when THC-COOH was exposed to simu-
lated sunlight (Boix et al., 2014). Thus, the result showed that THC-
COOH could be naturally attenuated in the environment. However,
at the same time, it produced transformation by-products of un-
known properties. Less by-products were formed when THC-COOH
was exposed to UV at 254 nm (Boix et al., 2014). This suggests that
UV treatment could be a suitable method for the degradation of
THC-COOH, especially since it produces less by-products. However,
further studies regarding the toxicity of the by-products formed
after treatment would be required to confirm if the UV treatment at
254 nm is indeed a more a suitable method for THC-COOH degra-
dation. A demethyled by-product was detected when THC-COOH
was allowed to hydrolyze in the dark (Boix et al., 2014). Although
almost all by-products involved an electrophilic substitution at the
phenol ring, there was no overlap of by-products found between



Fig. 1. General structure of possible by-products from the oxidation of THC-COOH. Adapted from Boix et al., (2014) and Gonz�alez-Mari~no et al., (2013).

Fig. 2. Summary of the transportation of cannabinoids and their transformation products in the water system and the environment, and also the exposure route for human and
aquatic life. Concentrations presented were the maximum detected concentrations found in the literature (Boleda et al., 2009; Devault et al., 2017; Heuett et al., 2015; Mastroianni
et al., 2013; Postigo et al., 2008, 2010).
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the different treatments, suggesting that significantly different re-
action pathways were involved in the oxidation of THC-COOH. The
formation of a nitro-substituted by-product was attributed to the
11
relatively high concentration of nitrate in the water sample used
(Boix et al., 2014). Studies on the by-product formation at low ni-
trate concentration would be required to understand the reactivity
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of THC-COOH to reactive nitrogen species and the degradation rate
of THC-COOH in the absence of a photosensitizer, such as nitrate.

Being structurally similar, other cannabinoids could potentially
undergo similar reactions as THC and its metabolites, resulting in
the formation of transformation by-products. It was suggested that
chlorination or oxidation of CBD in the presence of halogens could
produce trihalomethanes, haloacetic acids, and haloacetaldehydes
due to the CBD structure (Saleh et al., 2019). CBD is expected to be
more reactive than THC due to its additional p-electrons in its
structure and the lack of rigidity due to the cyclic group in the
center (Table 1) (Saleh et al., 2019). Therefore, it is also expected
that after oxidation, it will be easier for CBD to undergo
fragmentation.

6. Toxicity and impact on the environment

The toxicity of THC-COOH on zebra mussels (Dreissena poly-
morpha) was tested at three concentrations (100, 500 and
1000 ng L�1) that were supposed to be representative of the current
THC-COOH concentration in a natural water and two worst-case
scenarios, assuming that the use of cannabis will continue to in-
crease (Parolini et al., 2017). Although the study showed that only
the highest concentration of THC-COOH (1000 ng L�1) caused
oxidative stress to the zebra mussels, all three concentrations
resulted in increased DNA fragmentation but with no specific ge-
netic damage. Another related study showed that significant
oxidative stress to zebra mussels was observed after exposure to
500 ng L�1 of THC for 14 days (Parolini and Binelli, 2014). It was
found that THC at concentrations higher than 30 mg L�1 would
result in increasing anxiety behaviors in zebrafish (Stewart and
Kalueff, 2014). The tested concentrations used in these studies
were much higher than the highest reported THC concentration
(13.6 ng L�1) in surface water (Boleda et al., 2007).

Zebrafish embryos exposed to THC (6 mg L�1) or CBD (3 mg L�1)
during gastrulation exhibited reduced heart rates, axial de-
formities, and shorter trunks (Ahmed et al., 2018). THC or CBD
treatment also altered the synaptic activity at neuromuscular
junctions which affected the resulting branching patterns. Ahmed
et al. (2018) also observed that the number of axonal branches in
the trunk musculature was reduced. Furthermore, locomotion
studies also showed that the number of C-start escape responses to
sound stimuli for THC and CBD exposed zebrafish larvae was
severely reduced (Ahmed et al., 2018). Exposure to THC (6 mg L�1)
for 5.25e10.75 h post fertilization affected the zebrafish embryos’
mircofold cell axon diameter and their escape response dynamics
to touch (Amin et al., 2020). Zebrafish muscle fibers had small but
significant changes in the pattern of expression of nicotinic
acetylcholine receptors andwere slightly disorganized even though
the muscles were largely intact (Amin et al., 2020). However, qPCR
results showed no obvious changes in the expression of mRNA of
the nicotinic receptor subunit (Amin et al., 2020). While adverse
effect on the zebrafishwas observed after exposure toTHC and CBD,
high concentrations of THC (6 mg L�1) or CBD (3 mg L�1) used in
both experiments are not likely to occur in natural water systems.

In another study, statistically significant differences (P < 0.05)
were found in all the biochemical parameters of the gills, liver and
serum of Cyprinus carpio fingerlings when exposed to 1.88 mg L�1

of Cannabis sativa crude leaf extract for 59 days (Audu et al., 2015).
While the toxicity studies showed that cannabinoids could poten-
tially have a negative impact on the development of aquatic ani-
mals, especially on their locomotive ability, further studies using
relevant concentrations (those found in the environment, in low ng
L�1) would be required to have an accurate assessment of the
impact of cannabinoids on aquatic animals.

THC-COOH was found to be less toxic than THC when using a
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biomarker response index which was scored based on the magni-
tude of measured impact on an organism, i.e. zebra mussels
(Parolini et al., 2017). The Hazard Quotient (HQ) method was used
by Mendoza et al. (2014) to estimate the potential negative effects
of THC and THC-COOH on the environment. The HQ is defined by
US EPA as the ratio of the potential exposure to the substance and
the concentration at which no negative effects are expected (EPA,
1997a). HQ was calculated by dividing the measured environ-
mental concentration by a predicted no effect concentration
(PNEC). The PNECwas derived from division of the available aquatic
toxicity data by assessment factors. No negative effect is expected
when the HQ values are below 0.1, values from 0.1 to 1 indicate low
risk with potential for negative effects, values between 1.0 and 10
indicate moderate risk with some negative effects, and values that
are more than 10 indicate high risk and negative effects (EPA,
1997b). The PNEC was calculated to be 200 and 29 ng L�1 for THC
and THC-COOH, respectively. The calculated HQ value for THC was
0.1 and the value for THC-COOH ranged from 0.23 to 2.75, sug-
gesting that THC-COOH posed a higher environmental risk than
THC.

Computer-assisted quantitative structureeactivity relationship
(QSAR) models have been used for toxicity assessment when
bioassay data are limited or not available (Carlsen and Kenessov,
2014; Khan and Roy, 2017; Moudgal et al., 2000). QSAR presents
models that mathematically relate the chemical structural features
of compounds to their definite biological activity (Yousefinejad and
Hemmateenejad, 2015). Quantitative structureetoxicity relation-
ships (QSTR), based on QSAR, provide the mathematical relation-
ship between a given toxicity measure and numerical descriptors of
a chemical structure (Can, 2014). A QSAR model with sufficient
documentation to allow for an independent evaluation of the re-
sults is accepted by the European Chemical Agency as an alternative
for animal testing.

Cannabinol and CBD were anticipated to interfere with estrogen
receptors or other development/reproductive pathways based on
the QSAR toxicity prediction model (VEGA-QSAR) (Black et al.,
2019). However, in an in-vitro study, THC, CBD and CBN did not
result in increased estrogenicity in MCF7-BUS cell line but mari-
juana smoke condensate did result in increased estrogenicity in
MCF7-BUS cell line (Lee et al., 2006). The same study also suggested
that the phenolic compounds in the cannabis might be the cause of
the estrogenicity. It was also found that THC, CBD and CBN could
result in infertility in males through endocannabinoid system (du
Plessis et al., 2015). No clear conclusion could be drawn on the
environmental and health impacts of cannabinoids due to the
contradicting results from various studies. Therefore, more
research on the toxicity would be required to better assess the risk
factor of cannabinoids and their metabolites on the environment.

As cannabinoids will undergo structural transformation during
water treatment, the toxicity of their by-products would also be of
importance. The toxicity of by-products of THC-COOH was pre-
dicted by Toxicity Estimation Software Tool (TEST, QSTR software by
US EPA) to have equal or higher toxicity than THC-COOH itself
(Gonz�alez-Mari~no et al., 2013). THC-COOH predicted 48 h Daphnia
magna LC50 was 62 mg L�1, while LC50 of the chlorinated by-
products ranged from 6 to 67 mg L�1 (Gonz�alez-Mari~no et al.,
2013). The 48 h Daphnia magna LC50 for common pharmaceuti-
cals such as ibuprofen and carbamazepine, ranged from 7 to
140 mg L�1 (Han et al., 2006), thus the predicted LC50 values
suggested that THC-COOH and its by-products were much more
toxic than the common pharmaceuticals. It has also been predicted
that the toxicity of cannabinoids and their halogenated by-products
is orders of magnitude higher than that of regulated disinfection
by-products such as trihalomethanes and haloacetic acids (Saleh
et al., 2019). The lack of environmental toxicity data for the
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cannabinoids, their metabolites, and their transformation by-
products necessitates further research into their toxicity to better
assess their risk to the environment and the public health. The use
of QSAR/QSTR could assist in the risk assessment of cannabinoids
and their transformation products. However, it should be noted
that the use of different QSAR software might result in different
outcomes for the risk assessment.

7. Currently neglected route for cannabinoids release to
environment and public exposure to cannabinoids

The legalization of cannabis for recreational and medical pur-
poses has resulted in an increase of the use of cannabis in phar-
maceutical and personal care products, such as cosmetics, bath
salts, as well as, cannabis infused food, candies, and beverages. Due
to the large array of products that contain cannabis, it is important
to consider both the release and exposure to cannabinoids outside
the traditional routes of entering the water system, which is
through the municipal wastewater system.

Pharmaceutical and personal care products (PPCPs) have being
detected in swimming pool water and are thought to be introduced
through the immersion of the swimmer (Weng et al., 2014), or from
the swimmers’ body fluids, such as urine (Jmaiff Blackstock et al.,
2017), or sweat (Keuten et al., 2014). Therefore, cannabinoids and
their metabolites could be introduced into the swimming pool
water through use of cannabinoids-containing cosmetic products
or through the body fluids of swimmers that have consumed
cannabis or cannabis-infused food products. This has resulted in a
‘new’ route by which the public can be exposed to cannabinoids
and their metabolites. Chlorination and UV irradiation are
commonly used for the disinfection of the swimming pool input
and recycled water to prevent waterborne diseases (Zwiener et al.,
2007). As mention in the earlier sections, THC-COOH reacts quickly
with chlorine or is degraded rapidly by UV oxidation to form by-
products that are potentially more toxic than the regulated disin-
fection by-products. As the toxicity of the by-products from can-
nabinoids is unknown, swimmers may be exposed to unknown
health risks and this can result in a potential public health concern.
In addition, most cannabinoid toxicity studies on public health
focused on the inhalation or ingestion of cannabinoids. However,
dermal exposure would be the most probable route of exposure in
recreation waters, like swimming pools. As such, more studies on
dermal cannabinoids exposure would become more relevant. In
addition, limited studies are available on the toxicity of the trans-
formation products on public health. Thus, this would be another
area of interest and possible concern.

With the recent changes in cannabis regulations and the shifts
in public perspective on the use of cannabis, research on the
occurrence of cannabinoids in recreation water systems, such as
swimming pools and spawater, and in cannabis related agricultural
and industrial solid wastes and wastewaters should be included in
the future studies. In addition, their impact on public health should
also be considered.

8. Conclusions and recommendations

While cannabinoids have been released into the environment
for decades, with the current trends in the legalization of cannabis
for medical and recreational uses, the release of cannabinoids and
their metabolites, especially CBD, the main cannabinoid respon-
sible for the medicinal properties of cannabis, can be expected to
increase. Therefore, more studies are required to assess the fate,
transformation, and removal of cannabinoids from domestic and
industrial wastewater, drinking water, recreational water, and
natural water systems.
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The analysis of cannabinoids is a critical part in the study of the
occurrence and removal of cannabinoids from the water system
and environment. As such, many studies have been conducted on
the analytical procedures used for the detection of cannabinoids.
The use of glass amber bottles, no pH adjustment, and storage
temperature of �4 �C were found to be the most suitable methods
for the storage of water samples. Analysis of cannabinoids in water
samples within 3 days has also been recommended. Storage of SPE
cartridges loaded with samples at �20 �C could be used if samples
need to be stored for up to 3 months before analysis. SPE was the
most common pre-concentration method with LC-MS being the
most common detection technique for the cannabinoids. The use of
isotopic standards was also recommended for the analysis of can-
nabinoids to reduce the error due to recovery and matrix effects.
Acidification of the samples should be done only after filtration and
addition of isotopic standards. As it was also found that cannabi-
noids have high affinity for the solid phase, more validation and
optimization on the extraction of cannabinoids from solid samples
(sewage sludge, sediment, and suspended solids) would be
required to improve the analysis of cannabinoids and their trans-
formation products in the solid samples.

The majority of occurrence studies focused on THC, the main
psychoactive cannabinoid, and its metabolites in wastewaters
where their concentrations ranged from not detected to more than
2400 ng L�1. While CBD was not found in wastewater, it was found
in up to 80% of the sewage sludge samples with concentrations as
high as 168 ng g�1 dried weight. Therefore, more emphasis on the
occurrence and removal of cannabinoids in sewage sludge and
sediment would be required to understand the fate of the canna-
binoids in the environment and water systems.

While current studies show that WWTPs were generally effec-
tive in the removal of cannabinoids from the wastewater, more
studies on the degradation of cannabinoids in the sludge samples
would be required due to the high partitioning coefficient of the
cannabinoids. In addition, studies on the occurrences of cannabi-
noids in soil sediments would also be recommended to better un-
derstand the impact of cannabinoids on the environment.
Treatment methods such as chlorination, photo-oxidation, and
electro-oxidationwere found to be effective in the removal of THC-
COOH. However, by-products that are potentially more toxic than
their parent compounds, common pharmaceuticals, and regulated
disinfection by-products are formed. Therefore, more studies
would be recommended to understand the transformation path-
ways of cannabinoids and the environmental toxicity of these
transformation products.

Although some studies have found that cannabinoids and THC’s
metabolites have negative impacts on aquatic life, the concentra-
tions used in those studies were much higher than those detected
in natural water systems. Therefore, no clear conclusions could be
made with regard to the environmental impacts of cannabinoids
due to the lack of toxicity assays conducted at relevant concentra-
tions, or concentrations more representative of those found in
natural water systems. In addition, the synergetic effects with other
micropollutants present in natural systems have not been reported.
To overcome the lack of bioassay data for the cannabinoids, toxicity
modelling, such as QSTR, has been used to assist in the risk
assessment of cannabinoids to the environment. Toxicity modelling
has predicted that cannabinoids and THC’s metabolites have po-
tential to cause adverse effects to the environment.

Finally, because of the change in the regulations of cannabis,
recreation waters, such as swimming pools, could be a potential
source for public exposure to cannabinoids and their trans-
formation products. Therefore, studies of the occurrence and health
impact of cannabinoids and their transformation products in rec-
reation water would be of great interest.
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