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Abstract

This study examined airborne emissions from cigarette butts for styrene, 2-methyl-2-
cyclopenten-1-one, naphthalene, triacetin and nicotine. Ten experiments were conducted by
placing butts in a stainless-steel chamber and measuring the chemical concentrations in chamber
air. Emission rates were determined from the concentrations. Triacetin and nicotine concentrations
were roughly 50 % of initial concentrations after 100 h, while concentrations of other chemicals
decayed to less than 10 % of initial concentrations within 24 h. Initial emission rates per cigarette
butt ranged from 200 ng h™ to 3500 ng h™1. Triacetin and nicotine emission rates at 25 °C were
1.6 to 2.2 times higher than the rates at 20 °C, while the emission rates of other chemicals at 25
°C were 1.1 to 1.3 times higher than the rates at 20 °C only during the first sampling period. The
chemical concentrations and emission rates at 30 °C were comparable or lower than the values at
25 °C, possibly due to different batches of cigarettes used. The 24 h emitted mass of nicotine from
a cigarette butt at 25 °C could be up to 14 % of the literature reported nicotine masses emitted
from a burning cigarette.
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1. Introduction

Globally, smokers produce over five trillion cigarette butts every year [1]. Cigarette butts are
one of the most common forms of litter and are often discarded onto beaches, bus stops,
roads, streets, parks and other public places. Over 75 % of smokers have been observed to
litter cigarette butts in an urban environment, including 94 % of those who didn’t extinguish
their cigarettes [2]. Just under 75 % of smokers admit to improperly disposing of cigarette
butts into the outdoor environment at least once [3]. Removal of these butts in urban
environments can cost millions of dollars [4]. Cigarettes are also likely to be disposed of in
indoor environments, e.g., buildings and cars.

Typically, a cigarette butt includes three major components, i.e., ash, unburned tobacco and
the filter [5]. Among those components, the cigarette filter was originally designed to reduce
risks associated with smoking by partially removing some of the chemicals in mainstream
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smoke [5]. Even though the efficacy of filters in protecting smokers’ health has been
questioned, a significant number of chemicals are expected to be captured by cigarette filters
[6]. The ash and unburned tobacco may also adsorb chemicals emitted during smoking [7].
Overall, a wide range of chemicals in cigarette smoke have been detected in cigarette butts
[8-14]. The presence of these chemicals in cigarette butts and the length of time of cigarette
butts are located in potential exposure environments indicate that cigarette butts may extend
the time period over which cigarettes may pose a risk to humans and wildlife [15]. Cigarette
butts have been consumed by small children [16] and reported to alter wildlife reproduction
habits and mortality rates [17-22].

With concerns for both environmental and human risks from cigarette butts, studies have
been conducted to study leaching of chemicals from cigarette butts into water [15] and have
shown that emissions from cigarette butts into water can be a fast process [23, 24]. However,
little effort to date has been made to characterize airborne emissions from cigarette butts.
Five studies have measured the air emissions from cigarette butts into the headspace of test
vials [25-29], but emission rates were not quantified. To our knowledge, only one study
has quantified the airborne emission rates from cigarette butts [29]. This study indicated
that the 24 h emitted mass for nicotine from a non-smoldering cigarette butt could be up to
15 % of the emitted masses of nicotine from a burning cigarette reported in the literature.
However, the Poppendieck, D and M Gong [29] study was only a single experiment at 25
°C. In addition, that study used chamber wall adsorption parameters for nicotine from the
literature, potentially limiting the accuracy of the reported nicotine emission rates.

Due to the potential long duration of a cigarette butt’s presence in an indoor exposure
environment and its potentially harmful chemical constituents similar to cigarette smoke,
emission of chemicals into air from cigarette butts may be important in estimating aggregate
chemical exposure due to cigarette consumption. To determine the potential human exposure
from a cigarette butt and its relative contribution to aggregate exposure, the emission rates of
chemicals into air from cigarette butts are needed. Hence, the objective of this study was to
determine airborne emission rates for five target chemicals from cigarette butts in a walk-in
chamber at different air temperatures.

Methods

To address the objective, a number of freshly smoked, non-smoldering cigarette butts were
placed in the center of a 31 m3 walk-in, stainless-steel chamber. Concentrations of target
chemicals were measured up to five days after placing the butts in the chamber.

2.1 Generation of cigarette butts

A leading cigarette brand consumed in the United States market [30], was chosen as the
target cigarette in this study. Cigarette butts were generated using a smoking apparatus
which was designed to burn two cigarettes at a time and simulate the puff sequence outlined
in 1SO 3308 [31]. Detailed descriptions of the smoking apparatus and smoking procedures
are reported in Poppendieck, D and M Gong [29]. Briefly, each cigarette was smoked for 6
puffs, with a puff duration of 2.7 s, puff reoccurrence of 60 s and an airflow rate through
the cigarette of 1.0 L min~1. After the sixth puff, each cigarette was immediately placed in
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a sand ashtray for 60 s to extinguish the butt. Then, each butt was sealed in a pre-weighed
20 mL glass headspace vial. The weight of the butt was determined by the difference of the
weight of the bottle with the butt and the weight of the bottle without the butt. To ensure
consistency, only butts with masses between 0.370 g and 0.442 g were used in the emission
tests. Butts were typically placed in the emission chamber within three hours of generation.

2.2 Emission tests in the walk-in chamber

A total of 10 sets of experiments were conducted in a stainless-steel walk-in chamber.

The 31 m3 insulated chamber has the ability to control temperature, relative humidity, air
recirculation rate and outdoor air supply. Detailed descriptions of the walk-in chamber

and measurement of air change rate are described in Section S.1 of the Supplementary
Information (SI). Average chamber temperature, relative humidity, air change rate, number
of butts, duration of the experiment and cigarette butt removal times are shown in Table 1.
Cigarettes used for the 10 sets of experiments were purchased from a local supermarket, and
three batches of cigarettes were purchased on different dates (Table 1).

Four sets of experiments using 18 cigarette butts (#2 through #5) and two sets of
experiments using 27 cigarette butts (#6 through #7) were conducted to examine the
repeatability of the experiments. Experiments #2 through #8 were conducted to investigate
the influence of the number of cigarette butts (18, 27 or 36 butts) on the measured air
concentrations and calculated emission rates. To study the influence of temperature on

the emission rates, experiments were conducted at 20 °C (#1), 25 °C (#9), and 30 °C

(#10). Experiments #1, #9 and #10 were conducted to understand the chemical sorption
onto the chamber wall at the studied temperatures by taking chamber air samples after the
cigarette butts were taken out from the chamber. Two sets of experiments were performed to
investigate long-term emission (#2 and #5).

A diagram of the experimental setup is shown in Figure 1. For each set of emission tests,

18, 27 or 36 freshly smoked cigarette butts were removed from headspace vials and placed
on an aluminum-foil-lined, stainless-steel mesh basket. The basket was hung in the center

of the walk-in chamber to increase uniformity of the emitted chemicals with the chamber

air (S Figure S.3). The chamber was operated with an outdoor air supply of 14.6 m3

h=1 (equivalent to an air change rate of 0.47 h™1) and 111.4 m3 h=2 of recirculated air, at
relative humidity of 50 % and at different temperature settings, i.e., 20 °C, 25 °C and 30

°C. Both outdoor makeup air and recirculated air passed through a prefilter, a high efficiency
particulate air (HEPA) filter and a gas phase air cleaner containing a mixture of potassium
permanganate and activated carbon.

Initial sorption tube samples (0 h) were taken for a duration of 2 h immediately after the
cigarette butts were placed in the chamber. For experiments #2 through #8, 3 h samples were
then taken starting at approximately 2 h. For these experiments, an additional one to three 3
daily until the cigarette butts were removed from the chamber. Detailed sampling times are
shown in Sl Table S.1. In experiment #1, #9, and #10, cigarette butts were removed from

the chamber between 25 h and 28 h (Table 1). Continuous 3 h samples were taken from the
sample starting at 2 h until at least 18 h after cigarette butts were taken out of the chamber to
quantify chemical adsorption and desorption to the chamber walls.
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Except for experiment #8, four air samples were taken at each time point, two of which

were from supply inlets, one was from a return outlet, and one was from the middle of the
chamber. For experiment #8, three air samples were taken at each time point, with one from
a supply inlet, one from the middle of the chamber and one from a return outlet. The 100
mL min~1 flow rates through the sampling tubes was maintained with mass flow controllers.
Flow rates were confirmed with a calibrated bubble flow meter before and after each sample.
Sampling lines ran from the locations of sorbent tubes to sample pumps and mass flow
controllers located outside the chamber. The chamber was entered when samples were taken
to change sorption tubes and measure flow rates. Given the short period of chamber door
opening each time (roughly 15 s) compared to the duration of the sampling times (3 h),

the influence of chamber door opening on the chemical concentrations in the chamber

air was assumed to be negligible. Sorption tube air samples were analyzed by thermal
desorption (TD) gas chromatograph (GC) mass spectrometer (MS). Details of the instrument
operation, standard curves, internal standards and blanks can be found in the SI (Section
S.4). Target chemicals were determined based on criteria including representativeness of the
chemicals, response area abundance and repeatability, chamber background concentrations,
and whether or not it is listed in the Food and Drug Administration (FDA) Harmful and
Potentially Harmful Constituents (HPHC) list [32] for tobacco products and tobacco smoke
[29]. Five chemicals (styrene, 2-methyl-2-cyclopenten-1-one, naphthalene, triacetin, and
nicotine) were analyzed for this study.

2.3 Emission rate calculation

A chamber mass balance was used to calculate chemical emission rates. The mass balance
accounted for emissions, inflow, outflow and deposition to and emissions from chamber
walls [33]:

dc e dM
Viar = E+QCu-0C-577
@)
dM
T v,C — kyM

@

where:
v is the volume of the chamber, 31 m3;

C is the chemical concentration in the chamber air, ng m=3;

E is the chemical emission rate of cigarette butts, ng h™1;
Q is the total flow rate of outdoor and recirculating air, 126 m3 h™1;

C, is the chemical concentration in the supply air, ng m=3;
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S is the surface area of the chamber surfaces, 59 m?;
M is the surface concentration on the chamber walls, ng m=2;
v, is the deposition velocity to chamber walls, m h™2;
k, is the reemission rate from chamber walls, h™1;

The deposition velocity (v,) and reemission rate constant (k,) were used only for nicotine and
determined from least squares fitting as described below. Unlike Van Loy, MD, VVC Lee, LA
Gundel, JM Daisey, RG Sextro and WW Nazaroff [33], chemical adsorption and desorption
in this study was assumed to be linear with air concentration.

The chemical concentration at the midpoint of the sampling period was assumed to be equal
to the measured average concentration during the period. For the more volatile chemicals
(styrene, 2-methyl-2-cyclopenten-1-one, naphthalene, triacetin), adsorption to the stainless-
steel chamber walls can be ignored (discussed in more detail in Section 3.2.4). For these
chemicals, the emission rate at the middle of two sampling times can be calculated as
follows:

©)

where C, and C, are the concentrations in the chamber at two sequential time periods; c,,,
and ¢, , are the concentrations at the air inlet at two sequential time periods; #, and ¢, are the
middle time point of the two sequential time periods.

Based on results from experiments #1, #9 and #10 that examined the chemical sorption to
chamber wall (discussed in section 3.2.4), adsorption to the stainless-steel chamber walls is
considered only for nicotine. Nicotine mass adsorbed to the chamber walls can be calculated
by solving the following equation:

G+ C M, + M,

M, — M, =uv,; 3 (—1)—ky 3 (t—1)

4)

where M, and M, are the masses of chemical adsorbed onto the chamber wall at two
sequential time periods. Once the adsorption mass is calculated, the emission rate at the
middle of two sampling times can be calculated as follows:

® _ CZ - C‘l C‘l + C2 _ Cm,l + Cm,Z

E=VI— = +0= 013 +S

M, - M,
L—1

®)
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The nicotine sorption parameters, v, and k,, were determined by comparing M, obtained by
solving equation (4) and equation (5). Equation (4) was solved for M, over the duration

of the entire experiment (cigarette butts present and removed) by using initial estimates of
v, and k, determined from the literature [33], measured values for C,, C,, 1, and 1, and by
assuming M, to be zero during the first sampling period. Equation (5) was solved for m,

only during the time periods after the cigarette butts were removed from the chamber (E
was zero) by using measured Q,V, S,C,..,C...C., C,,t, and t,, and taking the value calculated
using equation (4) at the time point when the cigarette butts were removed from the chamber
as the initial M,. For experiments #9 (25 °C) and #10 (30 °C), v, and k, were then derived

by minimizing the difference of M, values calculated using equation (4) and equation (5)
after the cigarettes were removed using the least-squares method in Microsoft Excel 2016.
Because only five data points were available for the fitting after the removal of the cigarettes
in experiment #1 (20 °C), v, at 20 °C was assumed to be the average of v, at 25 °C and 30 °C
so that only k, was fitted.

2.4 Quality assurance/quality control

Instrument detection limits for each target chemical on sorbent tubes were determined

by spiking the target chemicals in a 1uL methanol solution onto the sorbent tubes.

The instrument detection limits were determined by multiplying three times the standard
deviation of seven replicates at a concentration that was less than five times the
determined method detection limit [34]. The method quantification limits were determined
by multiplying the above determined standard deviation by ten and dividing the result by
the sample volume of a three-hour sample. The instrument detection limits and method
quantification limits are shown in Table S.2 in the SI. All concentration values below the
quantification limits were assumed to be zero for data analysis.

Preliminary experiments were conducted to check if the target chemicals breakthrough the
sampling tubes during a 3 h sample event. Standard solutions were spiked onto tubes, the
tubes were connected to backup tubes and both were purged with nitrogen for 3 h. The
results indicate that breakthrough of the target chemicals to the backup tubes was negligible
(detailed information is presented in Section S.5 of the SlI). In addition, for experiments

#3, #4, #5, #7, all samples in the middle and outlet of the chamber were taken with a
sampling tube connected to a back-up tube. The styrene, triacetin, and nicotine masses

in all the backup tubes were below quantification limits for all samples, while 2-methyl-2-
cyclopenten-1-one in less than 5 % of back up tubes were higher than quantification limits.
In addition, the 2-methyl-2-cyclopenten-1-one masses in the backup tubes were less than
10 % of the masses in the front tubes. In 11 % of the backup tubes, naphthalene masses
were above 10 % of the masses in the front tubes. In these cases, the naphthalene masses
were not used for analysis. For experiments #1, #9, and #10, due to a limitation in the
number of sampling tubes, backup tubes were only used for the initial samples with higher
concentrations (i.e., 0 h, 2 h.and 5 h) and all the chemical masses in backup tubes were less
than 10 % of the masses in front tubes.

Before each set of experiments, the chamber was ventilated at 35 °C with increased airflow
to clean the chamber and 3 h air samples at the experimental temperature were taken to
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measure the background concentrations in the chamber and inlet air. Chemical masses in
background samples (SI Table S.4) were generally below quantification limits. Chemical
masses in the inlet air samples were only higher than the instrument quantification limits for
naphthalene in experiment #1. Nicotine background masses in the middle of the chamber
and outlet air samples were higher than quantification limits for half of the experiments, but
the masses were about ten times lower than the concentrations in the samples taken in the
first 24 h. Other chemical background masses in the middle of the chamber and outlet air
samples were generally below quantification limits except for styrene (#1), and naphthalene
(#1, #8, and #9). However, these detected background masses were about ten times lower
than the masses in the first air sample during each experiment.

3. Results and discussion

3.1 Air sample concentrations in the chamber

Over the ten sets of experiments, 114 pairs of air samples were analyzed. Each sample pair
consisted of one or two inlet samples, one sample in the middle of the chamber and one at
the outlet.

3.2.1 Air sample concentrations in inlets—Air entering the chamber went through
a prefilter, a HEPA filter, and an activated carbon and potassium permanganate air

cleaner (Section S.1 in SI). Even with 88 % recirculation air in the chamber supply, the
concentrations in the inlet were much lower than the concentrations at the middle and

outlet of the chamber, indicating the effectiveness of the filtration system. On average, the
inlet concentrations were 12 %, 17 %, 20 %, 6 %, and 0.4 % of the average of middle

and outlet samples for styrene, 2-methyl-2-cyclopenten-1-one, naphthalene, triacetin, and
nicotine, respectively. Inlet concentrations were accounted for in the calculation of emission
rates as shown in Equation (1).

3.2.2 Uniformity of chemicals in the chamber—The emission rate calculation
discussed in Section 2.3 assumes the air in the chamber is well mixed. Over the course

of the 25 °C experiments (#2 through #9), 81 sets of middle and outlet samples were taken.
A comparison of these samples indicates the degree that chamber is well mixed. At 25 °C,
for the target chemicals other than nicotine, the ratio of the concentration in the middle and
outlet of the chamber averaged between 0.98 and 1.08 (Table 2). These data indicate that the
concentrations of these four chemicals were fairly uniform in the chamber air at 25 °C. The
nicotine concentrations at 25 °C in the middle of the chamber were on average 1.24 times
higher than the concentrations in the outlet. For all five chemicals, the concentration ratio
between the middle of the chamber and the outlet decreased with increasing temperature.

A total of 91 % of the ratios were larger than one for experiments at 20 °C and 71 %

of the ratios were smaller than one at 30 °C. Nicotine had the largest increase in the
concentration ratios with the temperature decreasing. Chemical adsorption to chamber walls
and temperature gradients in the chamber may impact the uniformity of chemicals in the
chamber air. Temperature differences measured 50 cm from the top and bottom of the
chamber were within 0.2 °C for the experiments at 20 °C and 25 °C. In contrast, there

was a 0.5 °C gradient between the top and bottom of the chamber during the experiment
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at 30 °C. Nevertheless, nearly 75 % of the 322 concentration ratios were between 0.75 and
1.25. Hence, the average of the concentration in the middle of the chamber and at the outlet
of the chamber are used as the air concentration in the chamber for all chemicals and all
experiments in the remainder of this paper.

3.2.3 Repeatability of and influence of cigarette butt number on
concentrations—As described above, experiments #2 through #8 were analyzed for
investigating the repeatability of the experiments and the influence of the number of
cigarette butts. Chemical concentrations for experiments #2 through #8 are shown in SI
Figure S4. Since the first four samples were started at about 0 h, 2 h, 5 h, and 8 h for

all sets of experiments and the sampling times were not consistent after the fourth sample,
only the first four samples were compared for investigating the repeatability and influence
of number. For experiments with 18 butts at 25 °C (#2, #3, #4, and #5), the relative

standard deviations (RSDs) of average chemical concentrations for the first four samples
were mostly less than 20 % (S| Table S.5). For experiments with 27 butts at 25 °C (#6 and
#7), relatively percent differences (RPDs) of concentrations were less than 31 %, except for
styrene at 8h and triacetin at 2h. For styrene, the high RPD results from averaging quantified
measurements with zero values for measurements below the quantification limit. Figure 2
shows the average chemical concentrations for the first four samples normalized by the
number of cigarettes (18, 27 or 36). Error bars in Figure 2 and calculated RSDs or RPDs (Sl
Table S.6) highlight the variability in the normalized data. The RSDs of average chemical
concentrations for different number of cigarette butts were mostly less than 13 %, excepting
styrene. This indicates that the cigarette butt number placed in the chamber didn’t influence
the normalized concentrations significantly.

3.2.4 Air sample concentrations at different temperatures—Experiments #1 (20
°C), #9 (25 °C) and #10 (30 °C) were conducted to understand the adsorption/desorption of
the chemicals onto the chamber walls and the concentrations and emission rates at different
temperatures. The average chemical concentrations from experiments #1, #9 and #10 are
presented in Figure 3. Experiment #9 was chosen as representative of the experimental data
at 25 °C, since it was the only experiment during which samples were taken every 2 h or 3
h continuously during the emission period and cigarettes used were from the same purchase
batch as experiment #1 (Table 1).

Triacetin and nicotine chamber concentrations at 25 °C (experiment #1) were 1.2 to 2.8
times higher than their concentrations at 20 °C (experiment #9) before the cigarette butts
were taken out. Both triacetin and nicotine are initially present at high contents in the
cigarette prior to burning [35], and emissions over 24 hours is unlikely to deplete the mass
present [29]. In contrast, initial contents of styrene, 2-methyl 2-cyclopenten-1-one, and
naphthalene in the butts were low as they are primarily a result of combustion and pyrolysis
during the cigarette burning [29]. Hence, due to lower initial contents in the butts and
higher vapor pressures, the concentrations of styrene, 2-methyl 2-cyclopenten-1-one, and
naphthalene decayed much more quickly than nicotine and triacetin. For these chemicals,
even though their concentrations at 25 °C during the first sampling period were 1.1to 1.5
times higher than the concentrations at 20 °C, their concentrations tended to be lower at
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25 °C than at 20 °C after the initial sampling period. Note that the emitted mass of these
chemicals during the first sampling period were 45 % to 79 % of the mass emitted over

24 h at 25 °C and 37 % to 69 % of the mass emitted at 20 °C. Hence, due to the higher
depletion of chemicals in the first sampling period at 25 °C, the masses left in butts after
the first sampling period at 25 °C were less than the masses left at 20 °C, resulting in lower
concentrations at 25 °C.

Surprisingly, chemical concentrations at 30 °C (experiment #10) were comparable or lower
than the concentrations at 25 °C (experiment #9). This may be due to a difference in

the initial components in the cigarettes before burning, given that the cigarettes used for
experiment #10 (batch C) were from a different batch than used for experiment #1 and #

9 (batch B). The ratios of the concentrations in experiment #9 (batch B) and the average
concentrations in experiments #6 and #7 (same temperature as #9, but cigarettes from

batch A) ranged from 0.9 to 1.6. These concentration ratios between batches are similar

to the ratios between the concentrations at 25 °C and at 20 °C for styrene, 2-methyl 2-
cyclopenten-1-one, and naphthalene, which hinders comparisons of the concentrations at 25
°C and 30 °C. The differences in cigarettes from different batches may also partly contribute
to the variations of the initial emitted masses (about two times) as seen in a previous study
(Figure 2.21 in Poppendieck, D and M Gong [29]). Further studies are needed to examine
the influence of temperature on cigarette butt emissions given the differences between
different batches observed in this study.

During experiments #1, #9, and #10, the concentrations of the three target chemicals other
than nicotine and triacetin were below quantification in the chamber less than 6 h after the
cigarette butts were removed. This time period (6 h), equal to three times the inverse of the
air change rate, represents the amount of time required for a non-sorbing/desorbing chemical
to be removed from the chamber assuming clean supply air. Hence, there was no significant
adsorption to the chamber surfaces when the cigarette butts were removed for these three
chemicals. In a study by Singer, BC, AT Hodgson and WW Nazaroff [36], small differences
in emission rates for styrene and naphthalene in a ventilated stainless steel chamber (with an
air change rate of 2 h™1) and an unventilated chamber (with air change rate of less than 0.02
h=1) were seen, indicating that the adsorption of these chemicals to stainless steel surfaces
was insignificant in that study. In experiments # 9 and # 10, triacetin in the chamber air

was still above the quantification limit at 6 h after the cigarette butts were removed from

the chamber. However, the differences between triacetin concentration in the inlet air and
the chamber air were less than 10 %, which indicates that triacetin in the chamber may

be from desorption from the gas phase air cleaner in the supply duct and not desorption
from the chamber wall. In contrast, nicotine was the other chemical that was consistently
above quantification limit in the chamber more than 6 h after the butts were removed. Since
nicotine concentration in the inlet air was below the quantification limit, this indicates that
nicotine adsorbed measurably to the chamber surfaces. As a result, sorption was accounted
in the emission rate calculation for nicotine but not the other four chemicals, as noted in
Section 2.3.

3.2.5 Air sample concentrations in long term experiments—As shown in Figure
3, triacetin and nicotine concentrations decayed less than 50 % during the first 24 h, while
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concentrations of the other chemicals decreased quickly. Styrene concentrations typically
dropped to 10 % of the initial concentration by the second sample period (22-methyl
2-cyclopenten-1-one dropped to 10 % of the initial concentration by the fourth sample
period (8. In addition, naphthalene dropped to 10 % of the initial concentration by 24In
experiment #2 and #5, cigarette butts were left in the chamber up to 120 h to examine the
persistence of the nicotine and triacetin. Nicotine concentrations in the chamber were 45
% of initial values after 101 h (#5) and 36 % of initial values after 120 h (#2, Figure 4).
Triacetin concentrations in the chamber were 60 % of initial values after 101 h (#5) and
74 % of initial values after 120 h (#2). As a comparison, concentrations in experiment #8
with cigarette butts taken out at 27.6 h were also included in Figure 4, which shows a much
faster decay for both triacetin and nicotine than concentrations in experiment #2 and #5.
Overall, the results in Figure 4 indicate that cigarette butts could be persistent sources of
these chemicals for days after the cigarette is smoked.

3.2 Calculated emission rates

3.2.1 Curve fitting for desorption study—To derive the deposition velocity to the
chamber walls (k,) and reemission rate from the chamber walls (v,) for nicotine, the mass
of nicotine sorbed to the chamber walls was determined. Figure 5 shows the calculated
sorbed masses to the chamber walls over the course of the experiment before and after the
cigarette butts’ removal (equation (5)), and after the butts were removed (equation (4)). The
maximum sorbed nicotine mass at 20 °C was roughly three times lower than at 25 °C and
30 °C, which may be the result of the combination of the difference of air concentrations
and different partition between chamber and air at different temperatures. The maximum
nicotine mass calculated to be sorbed to the chamber walls equated to between 15 % and 24
% of the total nicotine mass emitted into the chamber during experiments #1, #9, and #10.

Table 3 shows the derived deposition velocity to the chamber walls (k,) and reemission rate
from the chamber walls (v,) through least squares fitting. Since only one data set was used
for the curve fitting at each temperature, trends in v, and k, should be viewed with caution.

3.2.2 Repeatability of and influence of cigarette butt number on emission
rate—Calculated emission rates per cigarette butt for experiments #2 through #8 for sample
periods starting at O h, 2 h, and 5 h are shown in Figure 6. Similarly, for experiments with

18 butts at 25 °C (#2, #3, #4, #5), RSDs of calculated emission rates at the first three time
periods are mostly less than 20 % (S| Table S.5). For experiments with 27 butts at 25 °C (#6,
#7), RPDs of calculated emission rates were mostly less than 31 % (Sl Table S.5). Styrene is
an exception with higher RSDs resulting from the low and inconsistent air concentrations at
8 h. Likewise, RSDs or RPDs of the average emission rate per cigarette butt in experiments
using 18, 27, or 36 cigarette butts were less than 14 % except for styrene (Sl Table S.6).

3.2.3 Air emission rates at different temperatures—The emission rate profiles for
the three experiments at different temperatures (#1, #9, and #10) over 24 h (Figure 7) were
similar to the concentration profiles. Styrene emission rates dropped to 10 % of the initial
emission rate by the third sample period (52-methyl 2-cyclopenten-1-one dropped to 10 %
of the initial emission rate by the fifth sample period (11 and naphthalene dropped to 10 %
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of the initial emission rate by 24Nicotine emission rates decreased on average 60 % over the
first 24 h, while triacetin emission rates were still 80 % of the initial emission rates during
the first 24 h.

Similar to the concentration results, the emission rates of triacetin and nicotine at 25 °C
were 1.6 to 2.2 times higher than their emission rates at 20 °C. For styrene, 2-methyl
2-cyclopenten-1-one, and naphthalene, the emission rates at 25 °C during the first sampling
period were 1.1 to 1.3 times higher than the emission rates at 20 °C, but their emission
rates tended to be lower at 25 °C than at 20 °C after the initial sampling period. In addition,
chemical emission rates at 30 °C were comparable to or lower than the concentrations at 25
°C, which may be because different batches of cigarettes were used.

3.2.4 Comparison of emitted mass from cigarette butts to emitted mass

from active cigarette smoking—To understand the relative contribution of exposure
from cigarette butts to the aggregate exposure from cigarettes, it is helpful to compare

the emissions from extinguished cigarette butts with the emissions during active cigarette
smoking, including mainstream and sidestream smoke. Chemical masses emitted from active
cigarette smoking have been quantified for the duration of the smoking event [36—41]. In
contrast, no literature is available that reports durations of cigarette butts left in indoor
environments, e.g., cars, buildings. To make a reasonable comparison between emissions
from actively smoked cigarettes and cigarette butts, a 24 h emitted mass was calculated for
cigarette butt emissions at different temperatures.

For styrene, 2-methyl-2-cyclopenten-1-one, and naphthalene, the relative percentage
differences between the 24 h emitted masses at 20 °C and 25 °C are within 12 % (Table 4).
This again indicates that these three chemicals were mostly depleted in 24 h. In contrast, the
24 h emitted masses for triacetin and nicotine at 25 °C are about two times the masses at 20
°C. The 24 h emitted mass at 25 °C from a previous study [29] is similar to the emitted mass
in this study.

As far as we know, no emission rates for 2-methyl-2-cyclopenten-1-one and triacetin for
active cigarette smoking have been previously reported. Table 4 shows that for styrene,
naphthalene and nicotine, the 24 h emitted masses per cigarette butt are about 1 % to 15

% of the emitted mass per active cigarette burning. It is noteworthy that the 24 h emitted
mass for nicotine from a cigarette butt at 25 °C could be up to 14 % of the emitted masses
from a burning cigarette. In addition, as stated in section 3.2.4 and 3.2.5, nicotine emissions
could increase as temperature increases, and nicotine concentrations were close to half of the
initial concentrations even after 5 days of emissions. This indicates that if a butt is left in an
indoor environment for more than 5 days or at higher temperature than 25 °C, the emitted
mass of nicotine may approach the mass emitted during active smoking, depending on the
cigarette butt components and environment conditions, i.e., temperature, relative humidity
and ventilation rate.
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4. Conclusions

Emissions of styrene, 2-methyl-2-cyclopenten-1-one, naphthalene, triacetin and nicotine
from cigarette butts were measured at different temperatures, i.e., 20 °C, 25 °C and 30

°C. The air concentrations during the first sampling period ranged from 80 ng m=3 for
naphthalene to 1500 ng m=3 for 2-methyl-2-cyclopenten-1-one. Concentrations of styrene,
2-methyl-2-cyclopenten-1-one, and naphthalene decayed to less than 10 % of the initial
concentrations within 24 h. However, triacetin and nicotine concentrations were about 50
% of the initial concentrations after over 100 h. For triacetin and nicotine, the emission
rates at 25 °C were 1.6 to 2.2 times higher than their emission rates at 20 °C. For styrene,
2-methyl 2-cyclopenten-1-one, and naphthalene, emission rates at 25 °C during the first
sampling period were 1.1 to 1.3 times higher than the emission rates at 20 °C, but their
emission rates tended to be lower at 25 °C than at 20 °C after the initial sampling period.
The chemical concentrations and emission rates at 30 °C were comparable to or lower than
the concentrations at 25 °C, which may due to different batches of cigarettes being used.
The study showed that the total emitted mass over 24 h for nicotine from a cigarette butt

in this study could be up to 14 % of the literature reported emitted mass from a burning
cigarette. Hence, the emitted nicotine mass from a butt over five days could be comparable
to the nicotine mass emitted from mainstream and sidestream smoke, especially at higher
temperatures.

This study has several limitations and further research is needed to understand the airborne
emissions from cigarette butts. The average of the concentration in the middle of the
chamber and at the outlet of the chamber was used as the air concentration in the chamber
by assuming the concentrations in the chamber were uniform. But, under some conditions in
this study, the concentrations in the middle and outlet of the chamber varied by more than 30
%, especially for nicotine, which may decrease the accuracy of the calculated emission rates.
Further emission studies that increase air mixing in the chamber and reduce the chemical
levels in the supply air would be valuable. The use of cigarettes from different batches
limited the ability to compare emission rates at 25 °C and 30 °C. More studies are therefore
needed to examine the variation of emissions from cigarette butts produced from different
batches of cigarettes. Furthermore, the influence of temperature on cigarette butt emissions
warrants further investigation by considering the variations among cigarettes from different
batches.
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Practical implications

Globally, over five trillion cigarette butts are generated every year, in which many
chemicals are associated with human health risks. Disposed cigarette butts in indoor
and outdoor environments may prolong human exposure to chemicals produced during
cigarette burning or present in cigarettes before burning. However, little attention has
been paid to airborne emissions from cigarette butts. Experiments in this study indicate
that nicotine emission from cigarette butts may contribute substantially to aggregate
nicotine exposure due to cigarette consumption. Exposure scientists, risk assessors, and
public health officials should be mindful of indoor exposure related to airborne emission
from cigarette butts.
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Exhaust Return

Cigarette butts

) Air flow

Figure 1.

Diagram of experimental setup and sampling locations in the chamber
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Figure 2.

Normalized average concentrations in the middle and outlet sample (ng m=3) taken at Oh,

2h, 5h, and 8h. (a) styrene, (b) 2-methyl 2-cyclopenten-1-one, (c) naphthalene, (d) triacetin
and (e) nicotine. Error bars show one standard deviation for data with 18 butts, and relative
percentage difference for data with 27 butts.
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Figure 3.

Chemical concentrations in the chamber air (ng m=3) for different sets of experiments (a)
styrene, (b) 2-methyl 2-cyclopenten-1-one, (c) naphthalene, (d) triacetin and (e) nicotine.
For experiment #1, #9, and #10, cigarette butts were taken out at 25.4 h, 28.4 h, and 27.6 h,

respectively
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Figure 4.

Triacetin and nicotine concentrations in the chamber air (ng m=3) (a) triacetin and (b)
nicotine. Note that cigarette butts were taken out at 27.6 h in experiment # 9 and the
concentrations in this figure were adjusted based on number of cigarette butts used.
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concentration calculated by equation (4) and equation (5) after the cigarette butts were taken

out.
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(b). 2-methyl-2-cyclopenten-1-one
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Figure 6.

Chemical emission rates per cigarette butt (ng h™1) at Oh, 2h, 5h. () styrene, (b) 2-methyl
2-cyclopenten-1-one, (c) naphthalene, (d) triacetin and (e) nicotine. Error bars show one
standard deviation for data with 18 butts, and relative percentage difference for data with 27

butts.
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Figure 7.

Chemical emission rates per cigarette butt (ng h™1) for different sets of experiments (a)
styrene, (b) 2-methyl 2-cyclopenten-1-one, (c) naphthalene, (d) triacetin and (e) nicotine
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Summary of experimental conditions

Table 1.
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Temperature (°C) | Relative humidity (%) | Air change rate Number of Duration, h Butts removal
# | Batch? ()b Butts time, h
1 B 20.3 (+0.5) 49 (£2) 0.47 27 44 25.4
2 A 25.0 (0.2) 48 (+2) 0.47 18 123 End¢
3 A 25.1 (0.2) 48 (+1) 0.47 18 28 End
4 A 25.0 (0.3) 48 (+1) 0.47 18 49 End
5 A 25.0 (+0.2) 48 (+1) 0.47 18 101 End
6 A 25.0 (0.1) 48 (+1.0) 0.47 27 27 End
7 A 25.0 (+0.2) 48 (+1.0) 0.47 27 78 End
8 A 25.0 (0.1) 48 (+1.0) 0.47 36 27 End
9 B 25.0 (+0.2) 48 (+1.0) 0.47 27 80 28.4
10 c 30.0 (£0.2) 47 (1) 0.47 27 57 27.6

aBatch A was purchased on 11/16/2018; batch B was purchased on 05/09/2019; batch C was purchased on 06/18/19.

The air change rate in this study is presented to give context on the outdoor air dilution and the local air movement over the cigarette butts.

c - .
“End” indicates the experiment ended when the butts were removed.
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Table 2:

Ratio of chemical concentrations in the middle of chamber to the outlet at 25 °C
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Temperature (°C) Value Styrene | 2-methyl-2-cyclopenten-1-one | Naphthalene | Triacetin | Nicotine

Average 1.13 1.30 1.28 1.34 1.48

20 Stand. Dev. 0.12 0.13 0.22 0.37 0.55

Count 6 9 10 10 12

Average 0.98 1.07 1.01 1.08 1.24

25 Stand. Dev. 0.19 0.20 0.15 0.20 0.31

Count 31 45 55 72 78
Average 0.88 0.85 0.94 0.90 0.86
30 Stand. Dev. 0.18 0.12 0.20 0.18 0.20

Count 13 8 10 14 17
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Table 3.

Calculated parameters for nicotine sorption to stainless steel chamber walls.

Temperature (°C)

Parameter
20 25 30
v, (mh) 2.1 1.7 25
k, (W™D 0.24 | 0.10 | 0.14
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