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e and involuntary exposure to
tetrahydrocannabinol emitted from indoor
cannabis smoking†

Amirashkan Askari, a Frank Wania bc and Arthur W. H. Chan ac

Indoor air quality implications of cannabis consumption are of increasing significance following the recent

trends toward legalization in many countries. Here, a level IV fugacity model is used to predict the time-

variant fate of tetrahydrocannabinol (THC) emitted from cannabis smoking in an evaluative indoor

environment and the resultant involuntary exposure to THC of residents of different age. With daily

smoking of a typical cannabis cigarette containing 30 mg THC over one hour per day for one year, we

predict THC indoor air concentrations to fall to values less than 100 ng m−3 within the first months,

while concentrations on a carpet and vinyl flooring can reach more than 1 mg m−3 within one year.

Non-dietary ingestion and inhalation are identified as the main routes of involuntary exposure for infants

and adult residents, respectively, with rates of THC intake for infants exceeding those for adults by two

orders of magnitude. Improved ventilation and PM filtration are demonstrated to be effective measures

to reduce THC exposure levels, while leaving the smoking site is partially effective for that purpose.

Sensitivity analysis reveals that the model results are most sensitive to input values for airborne

particulate matter (PM) levels and parameters associated with air-to-surface partitioning, suggesting that

a better understanding of these parameters is needed.
Environmental signicance

Smoking is the most prevalent cannabis consumption method, and an important source of indoor air pollution. As recreational cannabis use becomes legal in
more jurisdictions, involuntary exposure of indoor occupants, including infants, to psychoactive emissions from cannabis smoking is a critical issue. Indoor
occupants' exposure to cannabis emissions is driven by the dynamic trends of the emitted compounds partitioning between indoor air and different surface
compartments and their loss by reaction, ventilation, and cleaning. A multi-compartmental time-dependent mass transport model was employed to predict the
distribution of tetrahydrocannabinol (THC) from cannabis smoking among indoor compartments and passive THC uptakes for adults and toddlers. Major
exposure routes and effective mitigation strategies to reduce exposure were identied.
Introduction

Cannabis is the most widely cultivated and consumed psycho-
active drug globally.1 The United Nations Office of Drug and
Crime estimated more than 190 million users worldwide in
2016, which was far higher than those for other drugs.2 The
general trend of cannabis legal status, especially in western
countries, is a timeline of gradual decriminalization or legali-
zation. In North America, following the legalization of non-
medical cannabis in Washington and Colorado in 2013, many
jurisdictions within the United States and Canada followed suit
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during the subsequent years. Since the legalization of non-
medical cannabis in Canada in October 2018, there has been
a 22 percent increase in reported users relative to the previous
12 month cycle.3 The National Cannabis Survey in Canada
indicates cannabis to be more socially acceptable and associ-
ated with less risk than tobacco and alcohol from a public point
of view.4 Such phenomena are expected to shi cannabis
consumption locations to everyday social contexts such as bars,
restaurants, and residences. Posis et al. have identied smoking
as the most common method of cannabis consumption in
California, US.5 They also found that cannabis smoking mainly
occurred in indoor spaces. Siegel indicated passive exposure of
non-smoking residents to cannabis emissions as a signicant
concern related to indoor cannabis usage, mainly at resi-
dences.6 Passive exposure of infants to indoor emissions of
cannabis is critical given their typical vulnerability to environ-
mental pollution and drug emissions.7 An American nationwide
study showed that the number of parents with children at home
© 2023 The Author(s). Published by the Royal Society of Chemistry
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who smoked tobacco cigarettes indoors declined from 2005 to
2012, while the number of such parents who smoked cannabis
increased.8 These considerations make the indoor air quality
implications of cannabis consumption, especially the exposure
of non-users to cannabis emissions, an area of concern worthy
of further research.

Various chemical species in the cannabis plant matrix lead
to a diverse chemical prole for emissions associated with
cannabis smoking. Among the compounds in cannabis
smoking emissions, cannabinoids are terpenophenolic species
that act as a ligand to cannabinoid receptors in the human
nervous system and hence trigger psychotropic experiences in
the cannabis user.9 More than ten subclasses of cannabinoids
are biosynthesized in the cannabis plant, including tetrahy-
drocannabinol (THC), to which psychotropic effects are
primarily attributed, and cannabidiol (CBD) which is the main
ingredient of cannabis-derived oils.10 Aside from cannabinoids,
cannabis emissions contain other chemicals like terpenoids,
alkaloids, and avonoids10 and heavy metals such as lead,
cadmium, and mercury,11 which can be signicant in terms of
air quality and human exposure.

The literature is relatively sparse regarding the occurrence of
cannabis-derived species in indoor air or compartments. Chou
et al. developed an analytical method to measure airborne THC
from cannabis smoking in indoor air utilizing gas chromatog-
raphy.12 Cecinato et al. measured cannabinoid levels in dust
samples from indoor spaces like homes and airports.13 As
cannabis emissions become more relevant to indoor air quality
issues, a modeling investigation aimed at identifying the critical
media inuencing passive exposure to chemicals released from
cannabis smoking and the efficacy of strategies to alleviate
involuntary exposure is needed. Furthermore, modeling studies
yield preliminary data that can help building managers, prop-
erty owners, and policymakers address indoor air quality issues
related to cannabis smoking in the absence of empirical data.
Recently, Yeh et al. used a steady-state fate and exposure
modeling framework to examine indoor residents' exposure to
species emitted from cannabis smoking, including THC. They
identied non-dietary ingestion as the main route of exposure
to indoor THC.14

While the steady-state assumption is a good rst approxi-
mation, the intermittent nature of cannabis smoking in
combination with THC's extremely low volatility (octanol-air
equilibrium partitioning ratio KOA greater than 1012 at room
temperature, see Section S2†) makes it unlikely that a steady
state is reached in indoor spaces within relevant timescales.15

Thus, there is a need to employ a time-dependent fate and
exposure model to examine the dynamic behavior of THC as it
partitions to different indoor compartments from air following
cannabis smoking. This study employs a time-dependent
indoor mass balance model to predict the fate of, and human
exposure to, THC emitted from cannabis smoking. The fate
analysis predicts the dynamic distribution of THC among
distinct compartments of an indoor space. This characteriza-
tion highlights indoor compartments acting as signicant THC
reservoirs and exposure intermediates. The exposure analysis
predicts passive THC uptake by residents of different ages
© 2023 The Author(s). Published by the Royal Society of Chemistry
through different routes. Furthermore, the efficacy of various
mitigating strategies in reducing involuntary exposure to THC
from cannabis smoking is examined. Finally, a Monte Carlo
simulation investigates the impact of critical input parameters
on model predictions. The insights from this study can be used
in future works to prioritize sampling media for projects aiming
at characterizing indoor microenvironment pollution due to
cannabis smoking, implementing exposure mitigation strate-
gies given smoking and occupancy patterns, and inspecting
variability and uncertainty of critical parameters inuencing
passive exposure to THC from cannabis smoking.
Methods
Evaluative environment

The modeled environment was adapted from the one described
in the ICECRM model by Zhang et al.16 The model domain is
assumed to be a single room with a oor area of 25 m2 and
a wall height of 3 m. This assumes that a room is more likely to
be well-mixed with respect to THC emissions than an entire
residence. Within this domain, chemical species move between
indoor air and several indoor compartments. Adopting the
approach by Shin et al.,17 indoor air is assumed to contain ∼40
mg m−3 of suspended particles of different sizes.16 Among the
indoor compartments, vinyl ooring and carpet represent bare
oor and brous matting surfaces, respectively. Polyurethane
foam (PUF) is included as a compartment to represent sponge-
like articles used in furniture and upholstery, which can
exchange mass with air through compression and re-expansion.
The remaining indoor surfaces are assumed to be covered by
a thin layer of an organic lm. The comprehensive list of indoor
compartments and their dimensions can be found in ESI†
(Section S1).

Note that each of the compartments mentioned above (e.g.,
carpet) may differ from one indoor space to the other in the real
world. As discussed by Zhang et al.16 and Li et al.18 in more
detail, the partitioning of a chemical between indoor compart-
ments is characterized by several empirical and semi-empirical
correlations developed based on observations of a limited
number of species. One must be cautious with extrapolating the
results of such correlations to settings different from those used
to develop the correlations.
Mass balance equations

This study uses a set of time-variant (non-steady-state) mass
balance equations to account for indoor fate and exposure to
the THC emitted by cannabis smoking. The mass balance
equation for the species of interest (i.e., THC) in each
compartment is given by eqn (1).

dmi

dt
¼ Si þ

X
jsi

�
Nji �Nij

�� Ri (1)

In eqn (1),
dmi

dt
is the rate of change in the amount of THC in

compartment i in moles per hour. Si and Ri refer to rates of
generation and loss of THC within compartment i, respectively,
in moles per hour. Air is the only compartment with a non-zero
Environ. Sci.: Atmos., 2023, 3, 760–772 | 761
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generation rate corresponding to the THC emission rate due to
cannabis smoking. This study inspects the effects of one hour of
cannabis smoking per day. As is discussed with more detail in
Section S3.2,† the THC emission rate to air, SA, is assumed to
alternate periodically between zero and a non-zero value asso-
ciated with THC release from a single 300 mg cannabis cigarette
containing 10% THC by weight. Nij and Nji designate the rates of
THC transfer from compartment i to compartment j and vice
versa.

Following Li et al.,18 we used a level IV fugacity modeling
framework to calculate the terms in eqn (1). The details of the
fugacity modelling approach are discussed by Mackay.19 Briey,
in this framework, concentrations and mass transfer rates are
calculated using fugacity, a thermodynamic property closely
related to the chemical potential.20 The number of moles in
compartment i, mi, is related to fugacity within that compart-
ment as shown in eqn (2).

mi = Vi × BZi × fi (2)

where Vi, BZi, and fi refer to the volume in m3, the bulk fugacity
capacity of THC in mol m−3 Pa−1, and fugacity of THC in Pa,
respectively for compartment i. Rates of mass transfer between
compartments, Nij, are quantied as products of D-values Dij

in mol Pa−1 h−1, and the fugacity in the originating compart-
ment i, as given in eqn (3).

Nij = Dij × fi (3)

Airborne THC can be present in gas and particulate matter
(PM). Therefore, THC exchange between air and the other
indoor compartments occurs in parallel through particle
deposition/resuspension and diffusive gas exchange. As dis-
cussed in Section S2,† the mass transfer between air and indoor
compartments is governed by the deposition/resuspension
rates of the PM and by THC's affinity for organic phases, as
given by its air-to-surface partitioning ratios. The model does
not account for the temporal variability in particle concentra-
tions occurring during the cannabis smoking.21

THC is assumed to be lost from a surface compartment by
degradation loss or through removal of THC sorbed to deposited
particulate matter, i.e., by dusting. The two removal processes for
airborne THC are gas-phase reactions and building ventilation
(see Table S4† for more details on calculating THC compart-
mental loss rates). Note that indoor oxidant levels, which control
gas phase and surface reactions, and ventilation rates depend on
several factors, including but not limited to outdoor climate,
ambient air quality, and building design and operation. We used
some typical values for oxidant levels and air exchange rates
(given in Table S4†) that are based on data in the scientic
literature. As will be discussed below, the model predictions are
signicantly sensitive to the values assumed for some of these
parameters. Hence, we encourage future users to vary the appli-
cable input parameters when characterizing indoor spaces with
conditions different from the evaluative environment discussed
here. Model outputs for alternative scenarios associated with
various values of the air exchange rate, indoor chemistry, and
762 | Environ. Sci.: Atmos., 2023, 3, 760–772
other impactful parameters are discussed in more detail in the
following paragraphs (see Fig. 6 and Section S4†).

Rates of removal are again calculated as products of a D-
value and the fugacity in the compartment where the loss
occurs, as given in eqn (4).

Ri = Dremoval,i × fi (4)

We used equations from Li et al. to calculate values of Dij in
eqn (3) and Dremoval,i in eqn (4).18 More details about calculating
the parameters in eqn (1)–(4) are given in Section S2.† Table S1†
lists key thermodynamic parameters of THC used in this study
as inputs to the fugacity model.
Exposure analysis

The model was run for one year (i.e., 365 days), assuming the
THC associated with the side-stream smoke of a single cannabis
cigarette, as described by Berthet et al.,22 is emitted into the
indoor air for one hour daily. We assume the THC present in the
main-stream smoke is almost entirely absorbed into the drug
user's body, and there is therefore no THC in the smoker's
exhaled breath.

In this study we estimate the exposure of an adult and
a toddler, who are distinguished based on body size (80 kg and
12 kg, respectively) and the frequency of hygienic activities (see
Tables S6 and S7†). We added the mass balance equations
associated with passive exposure to THC for a single indoor
occupant, either adult or toddler, to the mass balance equations
set to examine involuntary THC uptake (see Table S5†).
Modeling scenarios involving the presence of more than one
person are beyond the scope of this work. The passive indoor
resident was assumed to be exposed to THC from cannabis
smoking through three routes of exposure, including inhala-
tion, non-dietary ingestion, and dermal permeation. This study
does not consider involuntary exposure to THC due to ingesting
food or drink contaminated with THC from cannabis smoking.
Following the approach by Zhang et al.,16 the passive resident
was represented by three compartments including hands,
remainder of skin, and body interior within the fugacity
modeling framework (see Table S5†). Eqn (5) shows the rate of
exposure to THC (i.e., the THC uptake rate) in mol h−1 through
the three routes of exposure mentioned above.

Nexposure = NABfinh + (NfuM + NHM)fing

+ (NH,dermal + NS,dermal)fderm (5)

In eqn (5), NAB is the rate of mass transfer from air to body
through inhalation. NfuM and NHM are THC mass transfer rates
associated with putting objects (approximated as upward-facing
organic lms) and hands into one's mouth, respectively. As
discussed in Section S3.1,† putting objects into one's mouth is
assumed to happen only for toddlers. NH,dermal and NS,dermal

refer to THC mass transfer rates by dermal permeation through
hands' skin and the remainder of one's skin, respectively. The
THC accumulated on one's hand could originate from the air or
from touching indoor surfaces. Only a fraction of the THC
introduced to the body is absorbed depending on a compound's
© 2023 The Author(s). Published by the Royal Society of Chemistry
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bioavailability. finh, fing, and fderm refer to THC's bioavail-
ability values associated with inhalation, non-dietary ingestion,
and dermal permeation, respectively. More details about the
terms included in eqn (5) are discussed in Sections S3.1 and
S3.3.†

The average of the body mass-normalized intake rate, Expavg
in mg day−1 kg−1, is given by eqn (6).

Expavg ¼
106 mg g�1 �MWTHC

1 day

24 hour
�W � �

tf � ti
��

ðtf
ti

Nexposure

�
t
0�
dt

0 (6)

In eqn (6), the uptake rate, as given by eqn (5), is integrated over
the time interval from ti to tf. MWTHC is THC's molecular weight
(314.47 g mol−1), and W is the resident's body weight in
kilograms.
Exposure mitigation strategies

We assessed the efficacy of some common strategies to combat
indoor air pollution for reducing involuntary exposure to THC
from smoking. As will be discussed below, airborne PM is the
primary vehicle for THC transport to indoor surfaces. Thus, any
mitigation strategy that reduces airborne PM, such as enhanced
ventilation and PM removal with lters, may be effective in
reducing passive exposure to indoor THC. These measures are
most effective if deployed during smoking, when THC concen-
trations in air are highest (see Fig. 2). However, since cannabis
users may feel uncomfortable with ventilation or PM removal
(e.g., noise from a PM-removing air cleaner), mitigation
measures may not be practical during this time. Thus, we also
consider cases of implementing PM-reducing measures for one
hour aer smoking.

Leaving the indoor space for a THC-free environment is
another feasible strategy to reduce exposure to cannabis emis-
sions. Indoor residents are assumed to be exposed to a THC-free
environment during their absence period, where THC can still
be depleted from their bodies through continued metabolism
and elimination.

Surface cleaning is another possible strategy to reduce
passive exposure to THC from indoor cannabis smoking.
Upward-facing organic lms are touched by both adults and
toddlers more frequently compared to other indoor surfaces
(see Table S7†). Furthermore, as discussed earlier, mouthing
objects covered by organic lms is a major driver for toddlers'
exposure to THC through non-dietary ingestion. Therefore, we
test the effectiveness of cleaning upward-facing organic lms to
reduce involuntary exposure to indoor THC. Because our
default model settings already involve regular dusting, i.e.,
removing PM accumulated on surfaces (see Table S4†), the extra
cleaning considered here involves measures other than dusting,
such as wiping the surface. Since THC is assumed to be
degraded from upward-facing organic lms through heteroge-
neous ozonolysis with a rate constant on the order of magnitude
of 10−5 s−1 (see Table S4†), surface cleaning has no signicant
impact unless it is practiced daily or more frequently. Here, we
consider cleaning scenarios with a frequency of once per day
and efficiencies ranging from 20% to 80%.
© 2023 The Author(s). Published by the Royal Society of Chemistry
Sensitivity analysis

The predictions of this study are based on several xed input
parameters, even though in reality their values will vary, i.e.,
these inputs are both variable and uncertain. Variability applies
to parameters that can be characterized experimentally with
high precision but may vary from one case to another. The air
exchange rate, PM concentration in indoor air, and the
frequency of touching indoor surfaces, among others, are
examples of input parameter mostly subject to variability. On
the other hand, uncertainty refers to parameters whose experi-
mental determinationmay incur signicant error. Air-to-surface
partitioning ratios and the parameters describing the kinetics
of THC surface chemistry are the input parameters most
affected by uncertainty.

A sensitivity analysis was performed to assess the effect of
parameter variability or uncertainty on the average body mass-
normalized uptake rate. To identify parameters which have
the greatest impact on the model output, rst, the effect of
perturbing the input value by 10% was evaluated, as shown by
eqn (7).

S ¼
��Expavgð1:1X0Þ � Expavgð0:9X0Þ

���ExpavgðX0Þ
ð1:1X0 � 0:9X0Þ=X0

¼ 5�
��Expavgð1:1X0Þ � Expavgð0:9X0Þ

��
ExpavgðX0Þ (7)

In eqn (7), X0 is the default value for a given input parameter. S
in eqn (7) is equivalent to the nondimensionalized value of the
slope of the line passing through two points corresponding to
model outputs calculated by varying the input parameter X0 by
10%. S = 0 signies no sensitivity of the model output to the
parameter of interest over a 10% variability interval. On the
other hand, the more S deviates from zero, the more sensitive
the model output is to X0. We assumed any S value higher than
or equal to 0.01 to signify an inuential input parameter.

The variability of input parameters selected per the above
criterion was considered in a Monte Carlo simulation. More
details on the sensitivity analysis and the Monte Carlo simula-
tion are discussed in Section S4.† Briey, the model output is
evaluated for several scenarios, each comprising a combination
of the selected parameters sampled from distributions sug-
gested in the scientic literature.
Results and discussion
Indoor fate of THC emitted from cannabis smoking

Fig. 1(a) shows the evolution of monthly-averaged concentra-
tions of THC within different indoor compartments resulting
from periodic cannabis smoking discussed in the Methods
section. THC compartmental concentrations tend to peak
during smoking time and decay aerwards, as discussed in the
next paragraphs. Thus, the concentrations depicted in Fig. 1(a)
are dominated by lower values associated with longer non-
smoking times. Due to the high affinity of THC to organic
matrices, THC distribution between indoor compartments is
highly uneven making the concentration proles in Fig. 1(a)
vary across several orders of magnitude. THC monthly averaged
Environ. Sci.: Atmos., 2023, 3, 760–772 | 763
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Fig. 1 Indoor fate of THC emitted by cannabis smoking. (a) THC concentration (mg m−3) over the first year since the beginning of periodical
cannabis smoking in the evaluative indoor environment, (b) schematic diagram showing the network of indoor compartments and average THC
mass exchange/loss rates as percentages relative to the total THC released into the evaluative indoor environment. Arrow thicknesses in panel (b)
are proportional to exchange/loss rates. “Others” refers to PUF and surface organic films.
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concentrations do not vary by more than 1% beyond the rst six
months for all compartments other than carpet and vinyl
ooring. THC concentrations in carpet and vinyl ooring
continue to increase slowly beyond the rst twelve months since
daily cannabis smoking commenced. Thus, a steady-state
analysis is appropriate if one is interested in long-term THC
concentrations from cannabis smoking in indoor air and non-
ooring and paving surface compartments.

THC concentration in each indoor compartment depends on
the respective input and output mass transfer uxes. The
diagram in Fig. 1(b) shows the network of indoor compartments
and the average THC mass transfer rates. Since Fig. 1(a) shows
764 | Environ. Sci.: Atmos., 2023, 3, 760–772
that THC concentrations remain almost invariant in surface
compartments other than carpet and vinyl ooring, all
compartments other than those two are grouped into “Others”
in Fig. 1(b). Mass transfer and loss rates scale with the release
rate due to linearity of the mass balance equations.23 Hence, the
transfer and loss rates are expressed as percentages relative to
the THC emission rate in Fig. 1(b). Note that the ozonolysis
processes shown in Fig. 1(b) are associated with the bulk phase
of each compartment (e.g., carpet bers and pad), not the
accumulated PM.

More than 99% of airborne THC readily partitions to
particulate matter (PM) given its low volatility (see Table S2†).
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Consequently, particle deposition is the dominant mechanism
for THC transfer from air to indoor surfaces. Fig. 1(b) indicates
that THC transport to the outdoors due to ventilation is smaller
than THC exchange with indoor compartments. The reduced
rates of particulate deposition onto vertical and horizontal
downward-facing surfaces lead to smaller THC concentrations
associated with such surfaces compared to those in horizontal
upward-facing ones. Although THC input mass transfer rate is
the highest for upward-facing organic lms, the rapid hetero-
geneous ozonolysis prevents accumulation in these lms. The
higher THC concentrations in carpet result from slow removal
by dusting and heterogenous ozonolysis on brous surfaces.
Although ozonolysis kinetics are similar between vinyl ooring
and upward-facing organic lms (see Table S4†), THC reactive
loss is faster for the latter given its higher surface-to-volume
ratio. THC concentrations in PUF are comparable with those
in non-upward-facing organic lms. This trend mainly stems
from the low surface area of PUF compared to other compart-
ments, which reduces its capacity for deposition of THC
through PM. As evident from Fig. 1(b), reactive loss of THC in
the gas phase due to oxidation by indoor ozone and hydroxyl
radicals is not signicant for airborne THC. Note that this study
does not consider THC heterogeneous ozonolysis on PM.

THC concentrations are expected to be highly dynamic
around the smoking periods. Inspecting compartmental
concentration evolution provides insights into the role of
various compartments as effective THC reservoirs. To ensure
that the transient effects associated with early months of
cannabis smoking do not affect this analysis, we examined THC
concentrations during and aer the last smoking period within
Fig. 2 THC compartmental concentration evolution during (a) the last
cannabis smoking.

© 2023 The Author(s). Published by the Royal Society of Chemistry
the one-year time domain of the model. Fig. 2(a) shows THC
enhancements in each indoor compartment during the last
smoking period. The airborne concentration increases sharply
for about y seconds before PM deposition commences to
prevent further increase. Surface compartments start to have
higher THC concentrations with a delay of about 10 minutes.
This lag is comparable to rate of deposition of PM10.16 Moreover,
the timescale associated with THC diffusion to surfaces is about
12 minutes based on THC diffusion coefficient calculated
following Li et al.18 and assuming the mass transfer boundary
layer thickness above indoor surfaces to be 5 millimetres.
Therefore, THC concentration increases even more during the
last y minutes of smoking due to the synergistic effect of PM
deposition and direct partitioning from the gas phase. Note that
the rate of THC concentration increase is comparable between
vinyl ooring and carpet, but upward-facing organic lms have
a more intense increase in THC content mainly because of the
higher partitioning coefficient of THC from air to organic lms
(see Section S2†). Fig. 2(a) shows that vertical and downward-
facing organic lms begin with comparable THC concentra-
tions; however, the rate of accumulation on downward-facing
surfaces ends up being lower than on vertical lms owing to
negligible PM deposition rates. Fig. 2(b) demonstrates THC
decay in each compartment during the 23 hour period following
cannabis smoking. Continuous PM deposition causes airborne
concentrations to decrease rapidly within about thirty seconds
aer smoking. Fig. 2(b) shows that during the rst four hours
aer smoking, THC concentrations on surface compartments
do not vary appreciably as a result of continuous deposition and
partitioning. THC decays with a relatively uniform rate from
cannabis smoking period, (b) the 24 hour interval following the last

Environ. Sci.: Atmos., 2023, 3, 760–772 | 765
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surface compartments other that carpet, vinyl ooring, and
upward-facing organic lms between the rst and fourth hours
aer smoking. The decay of THC from the three compartments
mentioned above is more intensied as a result of higher
dusting rate for carpets and quite rapid heterogeneous ozo-
nolysis on vinyl ooring and upward-facing organic lms
beyond the rst four hours. See Section S3.4† for more infor-
mation on crucial processes affecting THC decay from indoor
surfaces during non-smoking periods.
Fig. 3 Comparison of model predictions for THC concentration in
indoor air against data reported by (a) Niedbala et al.,24 (b) Cone et al.25
Evaluating model predictions against experimental data on
indoor air THC concentrations from cannabis smoking

The scientic literature is relatively sparse regarding experi-
mental studies targeting air concentration of THC from
cannabis smoking. Some studies have reported time-
independent THC air concentrations. Yeh et al. thoroughly
reviewed experimental data on THC concentrations in indoor
air,14 with two studies reporting temporal variations of THC
concentrations in controlled indoor spaces following cannabis
smoking. Niedbala et al.24 measured air concentrations of
cannabis in a closed room with no ventilation with a volume of
36 m3 (3 m × 4 m × 3 m) for 170 minutes. A cannabis cigarette
containing ∼13 mg of THC was smoked during the rst 20
minutes. We assumed the whole oor area was covered by vinyl
ooring. No carpet and PUF compartments were considered.
We assumed the area of upward-facing organic lms to be 50%
of the total oor area. The area of the vertical organic lms and
downward-facing organic lms were assumed to be equal to the
total wall area and ceiling area, respectively. THC concentra-
tions predicted with our model during and aer smoking are in
fair agreement with the experimental data by Niedbala et al.24

(Fig. 3(a)). The middle data point is associated with an interval
starting immediately aer smoking and ending about 10
minutes later. Themodel predicts that THC concentration in air
plunges by about two orders of magnitude during this interval.
The measured data are within 20% of the average THC air
concentration estimated by the model during the measurement
interval.

Cone et al.measured THC concentration in air during a one-
hour experiment in a controlled indoor space.25 During
different experiments either two or eight cannabis cigarettes
containing ∼25 mg THC were smoked during the rst and third
quarters of the measurement interval. We again assumed the
whole oor area to be covered by vinyl ooring. The dimensions
of other surface compartments were adjusted as described
above for Niedbala et al.24 We only considered data with no
ventilation (i.e., closed door) since the air exchange rate was not
reported for the case of open doors. Our predictions agree with
the measurements by Cone et al.25 within 2 to 30% for data
points associated with the end of smoking intervals (Fig. 3(b)).
However, the model predicts a much sharper decrease in
concentration during non-smoking intervals compared to the
measured data. Since we identied PM deposition as the
dominant process affecting THC air concentrations (see Table
S8†), the evaluative environment studied by Cone et al.25 might
have PM with lower deposition rates leading to a less
766 | Environ. Sci.: Atmos., 2023, 3, 760–772
pronounced THC concentration decrease during non-smoking
periods. Furthermore, measurement timing may have devi-
ated from the very moments of transitioning from a smoking
interval to a non-smoking one. Fig. S1(b)† shows that if one
allows for 5 minutes of uncertainty for concentration
measurements at t = 30 min and t = 60 min, model predictions
would be within 35% of measurements.

Overall, considering the high temporal variability of THC
concentrations during smoking, experimental studies
recording concentration at high time resolution should be
contemplated. Online measurement techniques may be more
appropriate compared to off-line methods for this purpose.

Note that the numerical value of THC concentrations in
indoor air measured by Niedbala et al.24 and Cone et al.25 differ
remarkably from the ones we calculate for our original evalua-
tive exposure scenario, displayed in Fig. 1 and 2. This is not only
because of the widely different experimental conditions (e.g.
more intense THC emissions, smaller indoor space volume, and
zero air exchange rate), but also because the levels in Fig. 1 and
2 reect long term averages over periods that include long
periods of non-smoking, when air concentrations are much
lower.
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Involuntary exposure of indoor residents to THC from
cannabis smoking

Fig. 4 shows average body mass-normalized daily THC uptake
for an adult person (Fig. 4(a)) and a toddler (Fig. 4(b)). Each
exposure result shown in Fig. 4 is the result of averaging uptake
rates of THC over the applicable time interval. Accordingly, the
uptake rates were averaged over one-hour smoking periods and
the whole one-year period for second-hand and total uptake,
respectively. The third-hand uptake rates were averaged over
a reduced one-year period resulting from eliminating the
smoking hours. As a result of this difference in averaging times,
the total uptake values in Fig. 4 are not necessarily equal to the
sum of second- and third-hand uptakes. Note that the uptake
rates depend on body size. For instance, people with larger lung
volumes are more exposed to air pollutants through inhalation.
Therefore, the uptake rates shown in Fig. 4 are normalized
based on body weight.

Given the uncertainty in THC bioavailability, the uptake
values of Fig. 4 must only be interpreted in the context of THC
bioavailability values as discussed in Section S3.3.† The intake
rates (i.e., exposure rates without accounting for bioavailability)
serve as upper limits for passive exposure rates to THC. Fig. 4
shows that THC body mass-normalized uptake rates for
toddlers are one to two orders of magnitude higher than for
adults. The temporarily high THC concentrations during
smoking periods caused second-hand exposure to be remark-
ably more intense than third-hand exposure. In fact, third-hand
exposure is negligible for adults. Our analysis shows that THC
body concentrations can momentarily exceed the threshold of 5
ng ml−1 per Canadian Drug-impaired Driving Laws26 due to
second-hand smoking effects for both adults and toddlers.
Toddler's third-hand exposure is high enough to lead to body
concentration exceeding the criterionmentioned above by more
than ve-fold. Overall, we assess passive exposure to THC to be
critical for residents of all ages per the smoking settings
assumed in this study. Less frequent cannabis smoking or
smoking cigarettes with less THC content can lead to lower
uptake rates.

Fig. 4(a) shows that for adults, inhalation is the primary
route of exposure to THC from cannabis smoking emissions,
while dermal permeation and non-dietary ingestion make
a negligible contribution. This trend is valid for both second-
and third-hand exposure. Adults are assumed to touch indoor
surfaces less frequently, especially oor coverings, and engage
inmuch less hand tomouth contact than toddlers. For toddlers,
on the other hand, non-dietary ingestion mediated by hand to
mouth contact or object mouthing is predicted to be the main
route of exposure to THC except during smoking time when
airborne concentrations are high. Our model predicts the THC
concentration to be higher on upward-facing organic lms,
which are approximately equivalent with indoor objects that
toddlers mouth, compared to hand surfaces. This difference
leads to object mouthing to account for more than 98% of
toddler's non-dietary ingestion. Note that this result indicates
that toddler's THC uptake reduces appreciably when the objects
in the smoking site are not prone to toddler mouthing.
© 2023 The Author(s). Published by the Royal Society of Chemistry
Dermal permeation's share in THC uptake is estimated to be
negligible for both toddlers and adults. Human skin surface
area is not sufficiently high for THC deposition rates from air to
be signicant, even if the total skin area is assumed to be
exposed. Skin contact with other objects oen occurs over short
intervals so that the THC transfer to the skin is limited. As
discussed in Section S3,† THC is relatively lipophilic and
diffuses slowly through skin layers aer adhering to the skin,
which delays THC entrance into the systemic blood cycle.
Strategies to mitigate indoor occupants' exposure to THC
from cannabis smoking

Ventilation intensity is oen expressed through the air
exchange rate, dened as the ratio of volumetric rate of air
transport out of the indoor space to the space volume. Fig. 5(a)
shows how enhancing the air exchange rate reduces average
annual body mass-normalized THC uptake following one year
of periodic cannabis smoking, as discussed in the Methods
section. Fig. 5(a) starts from an air exchange rate of 1.00 h−1,
which is about 30% higher than the base case scenario with
a ventilation rate of 0.75 h−1, and examines the effect of venti-
lation enhancement for values up to 2.0 h−1. Ventilation
enhancement during smoking is predicted to reduce adult and
toddler THC uptake rates by about 65% and 70%, respectively.
Mitigation of the toddler exposure is due to reduced THC
concentration on indoor surfaces, which affects exposure
through non-dietary ingestion. On the other hand, increased
ventilation aer smoking reduces adult's THC uptake by less
than 2% whereas it can decrease toddler's THC uptake by about
50%. This divergence occurs because post-smoking exposure to
THC (i.e., third-hand smoking) is negligible for adults, contrary
to the toddlers' case (see Fig. 4).

Clean Air Delivery Rate (CADR) is a good indicator of PM
removal efficacy as it accounts for both air handling rate and
PM removal efficiency (see Table S4†). Fig. 5(b) shows the
reduction in average annual body mass-normalized THC uptake
by indoor residents due to equipping the space with a PM-
removing device. PM removal associated with a CADR of 500
m3 h−1 can reduce adult's and toddler's THC uptake by 78% and
83%, respectively. This CADR is equivalent to a handling
capacity of 1000 m3 h−1 assuming PM efficiency to be about
50%. The air exchange rate rarely exceeds 2 h−1 25, which
corresponds to a volumetric air exchange rate of 150 m3 h−1 for
the evaluative environment of interest in this study. Given that
commercial air cleaners can have CADRs as high as 500 m3

h−1,27 especially when they are newly installed with clean lters,
they can have THC removal capacities which are not achievable
by enhanced ventilation. As expected, based on discussions
above, PM removal aer smoking has no signicant effect on
adult's THC uptake but can reduce toddler's THC uptake by
about 52% when CADR is 500 m3 h−1. Note that contrary to
a relatively uniform decrease of THC uptake with increasing
CADR for adults, there is a sharper decrease for toddlers from
CADR = 200 m3 h−1 to CADR = 300 m3 h−1. This is because
beyond CADR values of about 230 m3 h−1 direct THC transfer
from gas phase to organic lms exceeds PM-mediated transfer.
Environ. Sci.: Atmos., 2023, 3, 760–772 | 767
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Accounting for spatial variability of indoor PM concentrations is
beyond the scope of this work. Considering that we assumed the
indoor space to be well-mixed, PM removal can be an even more
reliable mitigation strategy to address involuntary exposure to
THC if cannabis smoking is done near the air cleaner device.
Similarly, placing the air cleaner at zones far from the cannabis
smoking point may result in uptake reductions much lower
than the values suggested by this study.

Fig. 5(c) depicts average annual body mass-normalized THC
uptake when indoor dwellers leave the space for six-hour
intervals. The scenarios are categorized based on the time gap
between the end of indoor absence and the beginning of
cannabis smoking. Therefore, given that we consider one hour
of cannabis smoking per day, the rst category in Fig. 5(c)
corresponds to the case where the resident enters the room just
aer smoking has ceased. An adult's THC uptake falls by more
than 95% for all cases of overlap between the absence interval
and the smoking period (Fig. 5(c)). Since a remarkable fraction
of toddler's THC uptake is associated with third-hand smoking
effects, leaving the space during cannabis smoking is not as
effective. Six hours of absence comprising the smoking period
can reduce a toddler's exposure to THC by about 50%. Among
Fig. 4 Average body mass-normalized THC uptake rate from cannabis
hand, third-hand, and total exposure.

768 | Environ. Sci.: Atmos., 2023, 3, 760–772
the rst six categories of absence scenarios, there is no
remarkable difference in THC uptake for both adults and
toddlers, which indicates that the one-hour absence from the
space during smoking is the primary contributor to exposure
mitigation from leaving the site. The last category in Fig. 5(c)
corresponds being present during cannabis smoking and
leaving the space immediately aerwards. This scenario leads to
no signicant reduction to adult's THC uptake but can still
reduce the toddler's uptake by about 20% because leaving the
space, irrespective of its timing, removes a fraction of third-
hand exposure for toddlers.

Fig. 5(d) shows how surface cleaning affect average annual
body mass-normalized THC uptake of passive indoor residents.
Given the negligible contribution of surface-mediated non-
dietary ingestion to adult's exposure to THC, surface cleaning
leads to no signicant impact on adult's exposure to indoor
THC. On the other hand, the scenario associated with 80%
cleaning efficiency can reduce toddler's THC uptake by about
20% through targeting object mouthing-mediated non-dietary
ingestion. Surface cleaning cannot reduce the toddler's THC
uptake by more than 50% unless cleaning frequency is
increased beyond once per every ten hours (data not shown).
smoking via different routes, for (a) adults and (b) toddlers, as second-

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 Mitigation of indoor occupants' exposure to THC by (a) enhancing air exchange rate, (b) reducing PM concentrations, (c) letting passive
indoor residents leave the indoor space for six-hour intervals, and (d) THC cleaning from upward-facing organic films. All body-mass normalized
uptake values are averaged over one year of periodic cannabis smoking considering the passive indoor occupants to be an adult (80 kg) and
a toddler (12 kg).

Paper Environmental Science: Atmospheres

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

8 
C

ig
gi

lta
 K

ud
o 

20
23

. D
ow

nl
oa

de
d 

on
 0

7/
10

/2
02

4 
1:

28
:1

0 
PM

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
Sensitivity analysis

The model performance depends on the accuracy of input
parameters, and many of these parameters can vary from one
exposure scenario to another. As discussed in Section S4 of the
ESI,† the exposure predictions for both adults and toddlers are
appreciably affected by the variability in the PM deposition and
resuspension rates, the dust removal rate, indoor space size,
inhalation and object mouthing frequency, and the air
exchange rate variability. Additionally, uncertainty in THC
vapor pressure and octanol-air partitioning coefficient have
a profound inuence on the model outputs. Fig. 6 depicts the
results of Monte Carlo simulations performed as described in
the Methods section and Section S4† along with uptake
predictions based on default input parameters (also shown in
Fig. 4). The medians of THC uptakes for alternative scenarios
associated with parameter variability differ from the default
scenario by less than 10% for both adults and toddlers.
Scenarios associated with reduced particle deposition rates and
smaller indoor sizes lead to higher airborne THC concentra-
tions which can lead to adult uptakes about two times higher
than the default prediction. Since ner airborne particles have
smaller deposition rates,17 indoor spaces with PM size distri-
bution skewed towards smaller particles can lead to adult
uptakes much higher than our prediction. On the other hand,
© 2023 The Author(s). Published by the Royal Society of Chemistry
a combination of higher deposition rates and lower dusting
rates can lead to toddler THC uptakes of about 90% higher than
the default case due to enhanced THC surface concentrations.
Note that enhanced deposition rates lead to reduced inhalation
and increased non-dietary ingestion exposure. Since the latter is
more crucial in a toddler's THC uptake, the net effect is an
increase in total involuntary exposure to THC for younger
residents.

THC liquid vapor pressure, PL, and octanol-air partitioning
coefficient, KOA, were identied as parameters whose uncer-
tainty impacts model outputs signicantly (see Section S4†).
Since PL and KOA cannot vary independently (see Section S2†),
we only allowed for the former's variation and the latter was
calculated accordingly (see Section S4†). Parameter uncertainty
leads to alternative predictions for adult THC uptake which
deviate by less than 1% from default model output (Fig. 6(a)).
On the other hand, the median of the toddler's THC uptake
associated with alternative scenarios of parameter uncertainty
is 30% higher than the default model output. In extreme cases,
such scenarios can lead to toddler THC uptakes which are more
than thirty times higher than the default (Fig. 6(b)). These cases
arise from an enhanced octanol-air partition ratio and reduced
liquid vapor pressure which lead tomore THC partitioning from
air to indoor surfaces affecting non-dietary ingestion.
Environ. Sci.: Atmos., 2023, 3, 760–772 | 769
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Fig. 6 Monte Carlo simulation of the sensitivity of the estimated
annual average body-mass normalized THC uptake rates for adults (a)
and toddlers (b) to uncertainty and variability of input parameters along
with the results for the default scenario (blue square). Box plot whis-
kers correspond to minimum and maximum of individual scenario
results. The outliers exceed the third quartile by at least 1.5 times of the
interquartile range.

Environmental Science: Atmospheres Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

8 
C

ig
gi

lta
 K

ud
o 

20
23

. D
ow

nl
oa

de
d 

on
 0

7/
10

/2
02

4 
1:

28
:1

0 
PM

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
Conclusion and implications

A level IV fugacity model was used in this work to characterize
mass transfer phenomena affecting the indoor fate of THC
emissions from indoor cannabis smoking. Carpet and ooring
materials were found to be signicant reservoirs for indoor
THC. The exposure analysis was performed for indoor occu-
pants stratied into adults and toddlers as broad groups
distinguished by their hygienic habits and physiological prop-
erties. Second-hand involuntary THC uptakes by residents of all
ages were high enough to lead to THC body concentrations
temporarily exceeding the thresholds associated with Canadian
Federal laws of drug-impaired driving. Toddlers' estimated
exposure to THC, dominated by non-dietary ingestion, was
higher than adults by orders of magnitude. Toddlers' exposure
to THC was mainly mediated by object mouthing. These results
underscore the importance of preventing infants from access-
ing spaces where cannabis smoking takes place, even during
periods when there is no smoking activity.

The usefulness of a few measures to mitigate exposure to
THC was discussed. Strategies aimed at cleansing indoor air,
770 | Environ. Sci.: Atmos., 2023, 3, 760–772
either as a whole or only its PM component, can lead to
substantial exposure reductions for both adults and toddlers.
THC accumulation is limited in indoor spaces with good
ventilation equipped with PM ltration devices. Employing
enhanced ventilation, however, begs the question of the loca-
tion to which air is exchanged. Any ventilation scheme that
includes purging the air from the smoking site to other indoor
spaces may address the exposure issue within the space of
interest at the expense of putting other indoor locations at risk.
Leaving the space during smoking can signicantly reduce
adult exposure but is less effective in reducing THC uptake of
toddlers (only about 20%). Surface cleaning can reduce
toddlers' exposure to THC only when its effectiveness in
removing THC is comparable to fast surface reactions. Discus-
sing the feasibility of such cleaning measures and their poten-
tial side effects is beyond the scope of this study.

This model can be applied to conditions different from those
used here (see Section S5†). For example, the occurrence and
relative size of compartments or the air exchange rate varies
widely between a room within a residence, a smoking space in
a club, or a motor vehicle (for instance, see Niedbala et al.).28

Emission rates and patterns oen will deviate from what was
assumed here. The model parameters can be tailored to yield
insights on temporal indoor fate of, and exposure to, cannabis
emissions in the absence of measurements.

A sensitivity analysis identied parameters with a large
impact on model predictions. Uncertainty in THC partitioning
ratios cause variations in the exposure estimated for the toddler
by multiple orders of magnitude. We suggest that future envi-
ronmental chamber studies investigating THC partitioning to,
and chemistry on, typical indoor articles could reduce param-
eter uncertainty by suggesting bounding values associated with
extreme conditions.

The modeling framework used in this study is subject to
some limitations. We did not consider spatial variations in THC
concentrations, since we assume the indoor evaluative envi-
ronment to behave like a well-mixed chamber. This approach
can therefore not serve to inspect phenomena related to specic
locations29 such as applying enhanced ventilation or PM ltra-
tion in the vicinity of the smoking site. We assumed THC to be
in thermodynamic equilibrium between the bulk phase and the
accumulated PM in each indoor compartment, which may not
always be the case.30 Several behavioral phenomena (e.g.,
handwashing and surface handing) were treated as occurring
constantly at average rates instead of treating them as processes
that intermittently occur similar to the approach utilized by
Julian et al.31 This approximation may lead to inaccurate
instantaneous intake rates if one tries to examine exposure to
THC with greater time resolution than what is discussed above.
Some of the variables considered for sensitivity analysis within
the Monte Carlo simulation may not change independently
from each other. For instance, depending on the conguration
of indoor objects, there might be scenarios where an increase in
upward-facing organic lm occurs accompanied by a decrease
in exposed oor, hence reducing the surface area attributed to
vinyl ooring or carpet.
© 2023 The Author(s). Published by the Royal Society of Chemistry
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