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a b s t r a c t

Cigarette butts (CBs) are the most common littered objects in the environment and may contain high
amounts of polycylic aromatic hydrocarbons (PAHs) from incomplete tobacco leave burning. But to date
there is no comprehensive study on environmental emissions of PAHs by CBs. So the main aim of this
study was to compare the concentration levels of 16 PAHs in freshly smoked CBs and CBs from the
environment (collected from urban streets and river areas) with different exposure times to the envi-
ronment. The results showed that the mean concentration levels of 4 PAHs including naphthalene,
acenaphthylene, acenaphthene, and fluorene were significantly higher in the freshly smoked CB samples
compared to the street samples and were the lowest in the river samples. Considering the number of CBs
annually littered, considerable amounts of these 4 PAHs may be released to the environment, which may
be a threat to the quality of water resources.

© 2019 Elsevier Ltd. All rights reserved.
1. Introduction

Over 5.4 trillion cigarettes were sold to more than 1 billion
smokers globally (Euromonitor International, 2018; WHO, 2017).
Between one and two-thirds of the cigarette butts from smoked
cigarettes are thrown by smokers into the nearby environment
(Novotny& Slaughter, 2014). CBs are generally found everywhere in
public places such as bus stops, streets, roads, parks, beaches as
well as in ashtrays in homes and cars (Novotny et al., 2011). CBs are
the most common littered objects in municipal areas (Bator et al.,
2011; Schultz et al., 2009), on beaches (Moore et al., 2001), and in
coastline regions (Ariza et al., 2008; Hanke, 2016; International
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Costal Clean-up, 2013). It is estimated that 1.69 billion pounds of
CBs wind up as litter worldwide every year (Carlozo, 2008). CBs are
persistent in the environment because most cigarette filters are
made of cellulose acetate, which is not easily biodegradable (Puls
et al., 2011). Hence, they are a concern in terms of their environ-
mental, public health, social, and economic significance (Marais &
Armitage, 2004; Pon & Becherucci, 2012; Schneider et al., 2011;
Schultz et al., 2013).

Irrespective of how the CBs are disposed, each of themmay pose
a toxicant risk to the surrounding environment. Toxic constituents
may leach from different parts of CBs including filter and tobacco
residue (Micevska et al., 2006; Dobaradaran et al., 2017a;
Dobaradaran et al., 2017b) and may contaminate surface water
(Huerta-Fontela et al., 2008) and possibly groundwater nearby
landfills that are not suitably built to contain leachates. Animals
may be physically injured by CBs when ingested (Fees, 2009;
Novotny et al., 2009), and the toxic leachate of CBs may harm
aquatic life (Novotny et al., 2009; Slaughter et al., 2011;
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Dobaradaran et al., 2017a; Dobaradaran et al., 2017b). It has
been reported that CB leachate toxicity to marine and freshwater
fish increases as follows: unsmoked cigarette filters (no
tobacco) < smoked cigarette filters (no tobacco) < smoked CBs
(smoked filter þ tobacco) (Slaughter et al., 2011).

It is essential to determine the chemical composition of CBs with
the aim to measure their possible emissions into the environment.
The chemicals in CBs can be primary chemicals in the unsmoked
cigarettes or distillation and pyrolysis products deposited in the
CBs. Every part of a CB including unburned tobacco, filter, ash and
wrap paper contains diverse chemicals that could probably be
emitted as the CB ages. Many studies have reported chemicals
associated with CBs or associated with individual parts of CBs
released into air, water or components inmainstream or sidestream
smoke. Some of these studies on CBs are summarized in Table 1.
Measured chemicals belong to diverse chemical classes including
alcohols, aromatic amines, carbonyls, hydrocarbons, metals, and
phenols. Regarding polycyclic aromatic hydrocarbons (PAHs), most
studies have measured the PAH levels in cigarette smoke (Ding
et al., 2007; Lee et al., 2011; Shimazu, 2016; Vu et al., 2015),
which may be due to direct adverse health effect of cigarette
smoke.

PAHs are nonpolar hydrophobic compounds. Volatilization, hy-
drolysis, photolysis, microbial degradation, adsorption and subse-
quent sedimentation determine the fate of PAHs in the
environment (Wild and Jones, 1995). The main physico-chemical
characteristics of the PAHs (considered in this study) are pre-
sented in supplementary material (Table S1). Some PAHs have been
recognized as being of high concern with respect to potential
Table 1
Former studies on chemicals associated with CBs in different mediaa.

Class Chemical

Alcohols 2-Furfuryl Alcohol
Alkaloids 7-Carbaldehyde camptothecin
Aromatic amines Nicotine

Nicotine
2-(Pyridin-3-yl) Pyrrolidine-1-Carbaldehyde, Sulfadoxine, Imidoca
Cotinine, 5-(4,6-Dichloropyridin-3-yl)-Pyridine-1(2H)-Carboxamid

Carbonyls Acetol, 2-Pentanone, Cyclopentanone, 2-Cyclopentenone, 2-Methy
3-Furaldehyde, 2-Furaldehyde, Protoanemonin, Acetol Formate, 3-
2,3-Pentanedione
5-(4-Hydroxy Pyridin-3-yl)-Pyridine-1(2H)-Carboxamide, 7-Keto-B

Hydrocarbons Ethyl Benzene, Benzene, Toluene, p-Xylene, m-Xylene, o-Xylene, S
Ethyl Benzene,3,3-Dimethyl-1-Butene, Xylene, Toluene, Pyridine, C
Cyclooctatetraene, Isocapronitrile

Insecticides Maleic Hydrazide
Chlorantraniliprole
Imidacloprid

Metals Cd, Fe, As, Ni, Cu, Zn and Mn
Hg, Pb
Al, Ba, Cd, Mn, Ni, Sr, Ti
Sb, As, Cd, Co, K, Zn
Cd, Cu, Mn, Zn
Cd, Pb
Cr, Fe, Zn
Hg

Nitrosamines N-Nitrosonornicotine (NNN)

PAHs Benzo (a) pyrene
Phenols Rutin

2,2-Dimethyl-2,3-Dihydrobenzofuran-7-ol, 1,5-Dihydroxy-Anthraq
Pyrazines Pyrazine, 2-Methylpyrazine
Pyrroles N-Methylpyrrole, Pyrrole, 3-Methylpyrrole, 2-Methylpyrrole
Terpenes Beta-Carotene-4,40-Dione

**It should be noted that studies on chemicals associated with tipping paper, cigarette fi
a Media defines the matrix that measured chemicals were analyzed in (air, water, ext
exposure and adverse health effects on humans. The health effects
of individual PAHs are not exactly similar. Evidence indicates that
mixtures of PAHs are carcinogenic to humans. The EPA has cate-
gorized benz(a)anthracene, benzo(a)pyrene, benzo(b)fluoranthene,
benzo(k)fluoranthene, chrysene, dibenz (ah)anthracene, and
indeno (1,2,3-cd) pyrene as probable human carcinogens (EPA,
2008). Because of the high lipophilicity of PAHs, their bioavail-
ability after ingestion and inhalation is substantial. Mixtures of
PAHs are also recognized to cause skin irritation and inflammation
(IPCS, 2010). Health effects from long-term exposure to PAHs may
include decreased immune function, kidney and liver damage,
breathing problems, cataracts, asthma-like symptoms, and lung
function abnormalities. The harmful effects of PAHs mainly depend
on the way of exposure (Bach et al., 2003; Diggs et al., 2011; Olsson
et al., 2010). It was reported that exposure to PAH contamination
during pregnancy is connected to adverse birth consequences
comprising low birth weight, premature delivery, and heart defects
(Perera et al., 2005). Naphthalene, benzo(a)pyrene, and anthracene
are direct skin irritants. Naphthalene may seriously affect our
health if inhaled or ingested in large amounts (Bach et al., 2003;
Diggs et al., 2011).

To our best knowledge there is no comprehensive study on PAH
contents of CBs and only a single study in Japan (Moriwaki et al.,
2009) has reported the PAH contents of CBs. Moriwaki et al.
measured the content of 11 PAHs (though with a limited number of
samples) of CBs collected from waste on the roadside in Ueda city,
Japan (Moriwaki et al., 2009). In another study, Shimazu measured
the concentrations of 9 PAHs of filter and tobacco leave samples
before and after smoking in a controlled laboratory setting but not
Mediaa Reference

Air Fukuhara et al. (1985)
Water Zhao et al. (2010a)
Water Zhao et al., (2010a),

Zhao et al., 2010b
Water Green et al. (2014)

rb, Hexaconazole Water Zhao et al. (2010a)
e Water Zhao et al. (2010b)
lcyclo pentenone,
Methyl-2-Cyclopentenone,

Air Fukuhara et al. (1985)

enzo(a)pyrene, Water Zhao et al. (2010a)
tyrene Air Ji et al. (2015)
yanobenzene, Air Fukuhara et al. (1985)

Extract solution Zhang et al. (2012)
Extract solution Gaddamidi et al. (2011)
Extract solution Clark et al. (1998)
Extract solution Dobaradaran et al. (2017a)
Extract solution Dobaradaran et al. (2017b)
Water Moerman and Potts (2011)
Cigarette butt Wu et al. (1997)
Extract solution Pelit et al. (2013)
Extract solution Galazyn-Sidorczuk et al. (2008)
Extract solution Wang and Finlayson-Pitts (2003)
Cigarette butt Kowalski and Wiercinski (2009)
Water Zhao et al., (2010a),

Zhao et al., (2010b)
Water Zhao et al. (2010a)
Water Zhao et al., (2010a),

Zhao et al., (2010b)
uinon Water Zhao et al. (2010b)

Air Fukuhara et al. (1985)
Air Fukuhara et al. (1985)
Water Zhao et al., (2010a),

Zhao et al., (2010b)

lter, unburned tobacco, cigarette paper, and smoke are not listed here.
ract solution, cigarette butt).
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after release into the environment as in our study (Shimazu, 2016).
Other related studies on different contaminant contents of CBs are
summarized in Table 1. To date, there is no comprehensive infor-
mation on environmental emissions of PAHs from CBs. Thus, we
aimed for the first time at a comprehensive evaluation of emission
of PAHs from CBs. The particular purposes of this study were:

1. Determination of the 16 EPA-PAHs in unsmoked CBs and eval-
uation of three different sample preparation procedures in PAH
extraction from the cigarette (filter þ tobacco).

2. Determination of the 16 PAHs in freshly smoked CBs.
3. Determination of the 16 PAHs in CBs aged on the street ground

in cities (in Essen and Mülheim an der Ruhr, Germany) with
short time exposure to the environment.

4. Determination of the 16 PAHs in CBs aged on the ground near a
water body (Ruhr river area) with a presumably longer exposure
to the environment compared to the collected CBs from urban
streets.

5. Comparison of 16 PAH contents of freshly smoked CBs, and CBs
aged on the ground in the cities as well as in the river area.

6. Estimation of the release of PAHs by CBs considering the number
of CBs globally littered each year.
2. Experimental

2.1. Reagents and materials

For the preparation of standard solutions, cyclohexane
(Analytical grade, >99.96%) was purchased from Fisher Scientific
(Leicestershire, UK). The SV Calibration Mix #5/610 PAH Mix
(2000 mgmL�1 each in methylene chloride, >99%) was obtained
from Restek (Restek GmbH, Bad Homburg, Germany).

2.2. Stock and sample preparation

From the calibration mix, a cyclohexanic stock solution at 50
mgL�1 was prepared and stored in a 20-mL amber screw-cap
headspace vial, with silicone/PTFE septa (BGB Analytik, Boeckten,
Switzerland), in the refrigerator at 4 �C. From this stock solution,
aqueous standard dilutions were prepared. For the limit of detec-
tionmeasurements, a concentration level of 50 mg L�1 was used. For
recovery determination, 1mL cyclohexane containing 500 mg L�1

PAHs was spiked on the fresh cigarette via direct injection in the
fresh cigarette by syringe. Hamilton glass syringes (Hamilton,
Bonaduz, Switzerland) and Research plus pipettes (Eppendorf,
Germany) were used for stock, dilution standard, and sample
preparation.

2.3. GC/MS instrumentation and parameters

All analyses were performed on a Thermo Scientific TRACE GC
Ultra™ gas chromatograph coupled to a Thermo Scientific DSQ™ II
mass spectrometer single quadrupole (S þ H Analytik,
M€onchengladbach, Germany). Analyte separation was accom-
plished on an Rxi®-PAH, 30 m, 0.25 mm ID, 0.1 mm (cat # 49318)
column from Restek (Restek GmbH, Bad Homburg, Germany). The
GC was equipped with a CombiPal autosampler (Axel Semrau,
Sprockh€ovel, Germany), as well as a split/splitless injector (S/SL) set
to a temperature of 300 �C and operated in splitless mode with a
splitless time of 0.58 min and a split flow of 10 mL min�1 and in-
jection volume of 1 mL. A 10-mL SGE Analytical Science syringe was
used for injection. Helium 5.0 (Air Liquide, Oberhausen, Germany)
with a flow of 1.4mLmin�1 was used as carrier gas. The GC tem-
perature program started with 110 �C and was held for 1min,
followed by a first temperature ramp of 35 �C min�1 up to 190 �C, a
second ramp of 3 �C min�1 to 280 �C, and a third ramp of 11 �C
min�1 to a final temperature of 300 �C, which was held for 4.5min.

The temperatures of the MS transfer line and the ion source
were 300 �C. The MS was set to electron ionization (EI), with an
ionization energy of 70 eV in full scan mode (m/z from 30 to 300)
with starting record time of 2.45 min and a scan rate of 500 amu
per second. Retention times ranged from 2.56 to 37.61 min for
naphthalene and dibenzo (a,h)anthracene, respectively. For the
control of the instruments, management and evaluation of the
data the Xcalibur 1.4 data system was used (S þ H Analytik,
M€onchengladbach, Germany).

2.4. Sites and CB sampling

Sample collection was conducted in urban areas of Essen and
Mülheim an der Ruhr, Germany. Our criteria for selection of CBs
were to compare the PAH contents of freshly smoked CBs, collected
CBs from urban streets with a short exposure time to the envi-
ronment (maximum 1 week, the mentioned municipalities clean
the streets weekly), and collected CBs from a river area with a
presumed higher exposure time to the environment without
knowing the time of disposal in the environment. Freshly smoked
CBs were collected at the University of Duisburg-Essen, Essen
campus, from cafeteria tables directly after smoking (number of
samples¼ 36). The discarded city samples (number of sam-
ples¼ 72) were collected from different parts of Essen city
including bus and train stations in front of the university (Segeroth
Str.) and Kettwiger Str., as well as Mülheim an der Ruhr city
including Leineweber Str. and behind the main train station in
Mülheim an der Ruhr (Mülheim an der Ruhr Hbf, Eppinghofer Str.).
Also, samples were collected from different stretches of the Ruhr
river (number of samples¼ 72) in both Mülheim an der Ruhr and
Essen. All CB samples were taken with a maximum of 1.5m dis-
tance from the Ruhr river.

2.5. Extraction procedure

To select the best extraction type equipment, first a weighted
(0.3e0.4 g) unsmoked cigarette (filter þ tobacco) fresh unsmoked
cigarette was cut from the filter side, then each sample was
weighed and placed into a 4-mL vial (neoLab, Migge Laborbedarf-
vertriebs Gmbh, Heidelberg, Germany), and extracted with 3.5 mL
of cyclohexane. The extraction times with overhead shaker (Hei-
dolph Reax 20, Germany) and agitation plate (KS 260 C, IKAWerke
GmbH, Staufen, Germany) were overnight (14 h) and in the case of
ultrasonic cleaner (Bandelin SONOREX, Berlin, Germany) the
extraction time was 6 h. The speeds in overhead shaker and
agitation plate were 13 and 390 rpm, respectively, and the fre-
quency of the ultrasonic cleaner was 35 kHz. 1 mL extract of each
runwas placed into a 1.5-mL vial (BGB, Germany) for measurement
by GC-MS. It should be noted that for every extraction method 4
samples were measured and every sample was analyzed 3 times.

2.6. PAH contents of collected CBs from the environment

Extraction of weighted CB sample by agitation plate and prep-
aration of extract for GC-MS injectionwere performed as described
in section 2.5. Every samplewasmeasured 3 times and the averages
were reported. All measurements were accompanied by procedural
blanks containing cyclohexane.

2.7. Statistical analyses

Statistical analyses of data were performed with SPSS (Version
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21). KolmogoroveSmirnov test was used to examine the normal
distribution of data. All variables had normal distribution except
naphthalene and acenaphthene that had lognormal distribution.
Tukey Post Hoc was employed for the elucidation of statistically
significant differences between PAH contents of samples from
different groups. Differences inmean values were accepted as being
significant if p< 0.05.

3. Results and discussion

3.1. Extraction

The results of PAH measurements by different extraction
methods are presented in the supplementary material (Table S2).
The average percentage recoveries (±SD) of SPAHs for agitation
plate, ultrasound and overhead shaker achieved were 96.9 (±6.5)%,
96.3 (±7.1)% and 90.1 (±7.4)%, respectively. Extractions by ultra-
sound and agitation plate showed higher recoveries of SPAHs
compared to overhead shaker. So due to the simplicity of agitation
plate compared to ultrasound, the agitation plate method was used
for all extractions during this study.

3.2. PAHs contents of CBs samples

Total, as well as individual PAH contents of freshly smoked CBs
and CB samples from urban streets and river areas are shown in
Table 2. Unfortunately, to date there is no similar study to compare
our results with. In the only study on the PAH contents of a
collected CB from the environment, in Ueda city in Japan just one
sample from waste on the roadside was investigated and the total
PAH content was 0.39 mg g�1 (Moriwaki et al., 2009) compared to
ca. 20 mg g�1 in our study. This difference can be due to several
reasons. In the mentioned study just one CB sample was measured
for the PAH content without mentioning exposure time of the
sample in the environment. Furthermore, in the cited study only
11 PAHs were measured, excluding naphthalene, acenaphthylene,
acenaphthene, fluoranthene, and indeno (1,2,3-cd)pyrene. These
5 PAHs contributed 46.5% of the measured total concentration of
PAHs in our fresh CB samples, with naphthalene alone repre-
senting 23.4% of the total content of PAHs. Another reason can be
due to different extraction and measurement methods. In another
study, Shimazu measured the content of 9 PAHs of cigarette filters
Table 2
PAH concentration levels (mg g�1) of freshly smoked CBs and CB samples from cities stre

PAHs Freshly smoked CB (n¼ 36) City CB (n¼
Min-Max Mean± SD Percenta(%) Orderb Min-Max

Naphthalene 2.87e11.6 5.76± 2.1 23.4 1 0.76e12.8
Acenaphthylene 0.79e1.62 1.11± 0.19 4.51 11 0.57e1.61
Acenaphthene 1.01e4.04 1.66± 0.58 6.75 3 0.61e2.84
Fluorene 0.99e3.70 1.57± 0.47 6.38 4 0.75e3.15
Anthracene 0.81e1.61 1.17± 0.17 4.76 9 0.67e2.27
Phenanthrene 0.29e0.660 0.480± 0.07 1.95 15 0.25e0.640
Fluoranthene 0.73e1.60 1.13± 0.17 4.60 10 0.64e1.64
Pyrene 0.65e1.46 1.01± 0.15 4.11 12 0.57e1.41
Benz_a_anthracene 0.82e2.15 1.51± 0.28 6.14 5 0.82e2.27
Chrysene 0.69e1.74 1.23± 0.23 5.00 8 0.67e1.83
Benzo_b_fluoranthene 0.77e1.85 1.31± 0.23 5.33 6 0.72e1.92
Benzo_k_fluoranthene 0.53e1.35 0.950± 0.17 3.86 13 0.51e1.42
Benzo_a_pyrene 0.70e1.84 1.28± 0.24 5.21 7 0.69e1.93
indeno_123cd_pyrene 1.00e2.60 1.83± 0.34 7.44 2 0.99e2.75
Benzo_ghi_perylene 0.40e1.02 0.740± 0.13 3.01 14 0.38e1.07
Dibenz_a_h_anthracene 1.01e1.02 1.83± 0.32 7.44 2 0.87e3.03
Total 14.4e35.9 24.6± 4.57 10.8e32.7

a Concentration level percent of every individual PAH from total PAH concentration.
b Order of concentration level of every individual PAH from total PAH concentration.
before (5 brands and from each 4 samples) and after smoking (5
brands and from each 1 sample) as well as PAHs in the tobacco
leaves before and after smoking under laboratory conditions
(samples were not collected from the environment). The median
total PAH concentration of cigarette leaves before smoking was
0.75 mg g�1 and concentrations ranged from 0.2 to 2.4 mg g�1. The
median total PAH concentration of cigarette leaves after smoking
was 1.03 mg g�1 and total concentrations ranged from 0.75 to
1.71 mg g�1 (Shimazu, 2016). In the mentioned study in contrast to
our study 7 PAHs including naphthalene, acenaphthylene, ace-
naphthene, fluorene, phenanthrene, chrysene, and indeno (1,2,3-
cd)pyrene were not measured. These 7 compounds contributed
55.5% of the measured total concentration of PAHs in our fresh CBs
samples. Furthermore, in that study the PAH contents of cigarette
leaves and filters were measured separately while we have
measured the CB samples.

As seen in Table 2, the order of individual PAH concentrations in
collected CBs from the river area are different from the freshly
smoked CBs and collected samples from the cities' streets. For
example, naphthalene had the highest concentration level in both
freshly smoked CBs as well as collected CBs from cities’ streets but
in the case of collected CB samples from the river area, the rank of
naphthalene concentration level was 12. This difference can be due
to the higher solubility of naphthalene as well as longer exposure
and thus leaching potential of collected CBs from the river area to
the environment.

As seen in Table 2, benz(a)anthracene, benzo(a)pyrene, benzo(b)
fluoranthene, benzo(k)fluoranthene, chrysene, dibenz (ah)anthra-
cene, and indeno (1,2,3-cd) pyrene (all are categorized as probable
carcinogens by EPA) were detected with similar concentration
levels in the freshly smoked CB, cities’ CB, and river CB samples.
These results show that freshly smoked CBs as well as CBs collected
from the environment with different exposure times have PAH
contents in similar concentration and can act as PAH carrier in the
environment and water bodies.

As seen in Table 2, the mean concentration levels of 4 PAHs
including naphthalene, acenaphthylene, acenaphthene, and fluo-
rene were higher in the freshly smoked CB samples compared to
cities and river samples. The order of the four mentioned com-
pounds in the CB samples were as follows: freshly smoked CB
samples> city samples> river samples. The significant difference
values of naphthalene, acenaphthylene, acenaphthene, and
ets and river area.

72) River CB (n¼ 72)

Mean± SD Percent (%) Order Min-Max Mean± SD Percent Order (%)

2.90± 1.8 14.2 1 0.17e4.60 0.820± 0.90 4.38 12
1.00± 0.20 4.89 12 0.52e1.23 0.810± 0.13 4.33 13
1.31± 0.45 6.41 6 0.38e1.39 0.620± 0.16 3.31 5
1.45± 0.45 7.09 5 0.52e1.66 0.870± 0.21 4.65 11
1.17± 0.24 5.72 10 0.71e1.71 1.10± 0.18 5.88 8
0.460± 0.08 2.25 16 0.29e0.790 0.490± 0.09 2.62 16
1.10± 0.20 5.38 11 0.71e1.81 1.12± 0.20 5.98 7
0.980± 0.17 4.79 13 0.64e1.64 1.01± 0.18 5.43 10
1.51± 0.29 7.38 4 1.00e2.77 1.70± 0.31 9.08 3
1.23± 0.23 6.01 9 0.81e2.24 1.37± 0.25 7.32 6
1.30± 0.24 6.36 7 0.88e2.37 1.45± 0.26 7.75 4
0.950± 0.18 4.65 14 0.63e1.74 1.07± 0.20 5.72 9
1.28± 0.24 6.26 8 0.85e2.32 1.43± 0.26 7.64 5
1.82± 0.35 8.90 2 1.21e3.35 2.05± 0.38 10.95 1
0.720± 0.14 3.52 5 0.47e1.32 0.800± 0.15 4.27 14
1.65± 0.37 8.07 3 1.16e3.15 1.98± 0.36 10.5 2
20.4± 3.95 12.2e27.8 18.7± 2.93
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fluorene between different groups of samples are shown in the
Supplementary material (Table S3). The mean concentration levels
of naphthalene, acenaphthylene, acenaphthene in freshly smoked
CBs were significantly higher than in CBs collected from the cities'
streets as well as the river area (P-values lower than 0.05). Also, the
mean concentration levels of naphthalene, acenaphthylene, ace-
naphthene of CBs collected from the streets in the cities were
higher than of CBs collected from the river area. Fluorene content of
freshly smoked CBs was also significantly higher than of collected
CBs from the river area. The higher concentration levels of
mentioned PAHs in the freshly smoked CBs compared to cities' CBs
as well as river CB samples (with higher remaining duration in the
environment compared to cities’ CB samples) is due to the physico-
chemical properties of the compounds. Compared to other PAHs,
naphthalene, acenaphthylene, acenaphthene, and fluorene have
higher water solubility and lower Kow values, indicating a higher
potential for leaching from CBs into adjacent water.

Due the higher concentrations of lower molecular weight PAHs
in freshly smoked CBs compared with aged ones, our results sug-
gest that the mentioned PAHs may be released to the environment
by freshly smoked CBs. SPAHs content of freshly smoked CBs was
significantly higher than of city and river CB samples mainly due to
the fact that the sum of PAHs was dominated by naphthalene in the
fresh CBs. As seen in Table 2, the highest fraction of SPAHs in the
freshly smoked CB samples belonged to naphthalene but due to
environmental exposure its concentration in CBs from city streets
as well as the river area decreased significantly.

As shown in Table 2, compared to freshly smoked CBs therewere
still considerable amounts of phenanthrene, pyrene, benz(a)
anthracene, chrysene, benzo(b)fluoranthene, benzo(b)fluo-
ranthene, benzo(a)pyrene, indeno (123cd)pyrene, benzo (ghi)per-
ylene, dibenz (ah)anthracene in the CBs collected from river areas
and streets. These heavier PAHs are less volatile, water soluble and
more lipophilic than the light PAHs and due to these characteristics
remain in CBs for a longer period of time and are eventually
transported with weathered CBs. Scatter plots with PAH content
axes for different groups of CBs showed that the points for the
mentioned heavier PAHs are located near the bisector line (Fig. 1).
This indicated that there are no differences in mean heavier PAH
contents of CBs collected from the river area and those from freshly
smoked CBs or CBs from cities’ streets.

3.3. Correlations among the detected PAHs

The correlation coefficients among the detected PAHs in the
freshly smoked CB samples, CB samples from cities’ streets, as well
as CB samples from the river areas are summarized in the Sup-
plementary material (Tables S4eS6). The determined correlation
coefficients showed that each PAHwas strongly related to the other
PAHs. This is probably because the measured PAHs are formed from
the same precursors (Richter et al., 1999; Richter & Howard, 2000;
Vu et al., 2015). The lower correlation coefficients among the
detected PAHs with total PAHs in the CB samples from the river
areas compared to the freshly smoked CB and CB samples from
cities’ streets may be due to longer exposure to the atmosphere and
environment as discussed before.

3.4. Emission rates of PAHs via CBs

The emission rates of PAHs from CBs to the environment
considering the estimated number of CBs globally littered each
year could be an important environmental issue and to the best of
our knowledge have not received much attention. In a report, the
worldwide atmospheric emissions of 16 PAHs from different
major sources were estimated for a period from 1960 to 2030
(Shen et al., 2013). The worldwide total annual atmospheric
emission of PAHs in 2007 was 504 Gg with residential/commercial
biomass burning (60.5%), open-field biomass burning (agricul-
tural waste burning, deforestation, and wildfire, 13.6%), and pe-
troleum consumption by on-road motor vehicles (12.8%) as the
main sources. Out of the total global PAH emissions, 6.19% of the
emissions were in the form of high molecular weight carcinogenic
compounds. In that study, emission rates of PAHs from CBs to the
environment were not considered (Shen et al., 2013). CBs as
source of PAHs in the environment have so far not been consid-
ered in emission inventories. As seen in Table 2, considering the
mean SPAHs contents of freshly smoked CB (24.6 mg g�1) and
estimated CBs littered globally each year (8450000 ton) (Carlozo,
2008), freshly smoked CBs may potentially release 21 tons of
SPAHs to the environment each year which is mainly due to
emission of naphthalene (4.9 ton). Also considering the mean
contents of probable human carcinogenic PAHs (Table 2) and
estimated CBs littered globally each year (8450000 ton), freshly
smoked CBs may potentially release 1.6, 1.6, 1.3, 1.3, 1.1, 1.04,
and 0.8 tons of indeno (1,2,3-cd) pyrene, dibenz (ah)anthracene,
benzo(a)pyrene, benz(a)anthracene, benzo(b)fluoranthene,
chrysene, and benzo(k)fluoranthene respectively to the environ-
ment each year. For global estimates, the release of PAHs from CBs
as calculated above may probably do not play a relevant role since
the contribution is small compared to other sources (Shen et al.,
2013) but on a local level, these might be relevant for aquatic
systems. As seen in Table 2, comparing the concentration levels of
PAHs in freshly smoked CB samples with CB samples from cities'
streets (with an exposure time of 1e7 days to the environment)
and considering estimated CBs littered globally each year
(8450000 ton) (Carlozo, 2008) 3.5 tons of SPAHs may be released
to the environment and finally water bodies within a week, which
is mainly due to emission of naphthalene (2.41 ton). From another
perspective, comparing the concentration levels of PAHs in the
freshly smoked CB samples with CB samples collected from river
area (with longer and unknown exposure to the environment) and
considering estimated CBs littered globally each year (8450000
ton), 4.96 ton of SPAHs may be released to the environment and
possibly water bodies that mainly is due to releasing of naph-
thalene (4.2 ton) and acenaphthene (0.88 ton). But as it was not
clear the disposal time of CBs in the environment (in the case of
river samples) it was not possible to estimate the emitted PAHs by
CBs in a particular period of time. However it is completely clear
that in a longer period of time (such as a year) CBs may release
higher amounts of PAHs compare to a week and in a local level,
leaching of PAHs from CBs may be a relevant source. It should be
noted that these CBs samples (collected from river area) still have
the potential to release 15.8 tons of SPAHs to the environment
(considering their remaining SPAHs contents (18.7 mg g�1)). To
have a better estimation of emission rates of PAHs by cigarette
smoking it's highly recommended to consider both the emission
rates of PAHs by smoking and direct entering of PAHs into air as
well as remaining PAH contents in CBs in a longer and known
period of time. Beside the effect of cigarette brands on emission
rates of PAHs this can be of special importance for further studies
on this topic. In addition to PAHs such as naphthalene and ace-
naphthene, other contaminants may also be released from CBs
into the environment. For example, in a study in Berlin (from May
2012 to February 2013), Green et al. reported the rapid release of
nicotine into the waters. In batch experiments they have reported
release of 7.3 mg g�1 nicotine (equivalent to 2.5mg L�1), 50% of
which occurred within the first 27min contact time. Also the
cumulative nicotine release from 15 successive precipitation
events (each 1.4mm) was 3.8mg g�1, with 47% during the first
event (Green et al., 2014).



Fig. 1. Scatter plots comparing individual PAH contents (mg g�1) in different groups of CBs.
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4. Conclusion

In the present study, the concentration levels of 16 PAHs in
freshly smoked CBs and collected CBs from streets as well as the
river Ruhr area with different exposure times to the environment
were measured. The results of this study showed that lower
molecular weight PAHs (light PAHs) including naphthalene, ace-
naphthylene, acenaphthene, and fluorenewith higher volatility and
water solubility and lower lipophilicity than the high molecular
weight PAHs (heavy PAHs) may be released from CBs to the envi-
ronment and possibly water bodies. Also there is a possible risk that
remaining PAHs in CBs, especially the higher molecular weight
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ones, may be transported in the environment by CBs and via this
path eventually reach water bodies. Considering the amount of CBs
littered annually and released PAHs by CBs into the environment,
this report showed that considerable amounts of PAHs may enter
the environment. Further study on the occurrence, transport, ef-
fects on aquatic organisms, and fate of PAHs and other pollutants
released by CBs in the environment seems highly relevant. Finally,
it should be noted that it is not possible to remove all littered CBs
from aquatic environments easily so the only way to decrease their
abundance is to reduce the CB release to the environment. So it is
recommended that beside legislation policymakers shouldmove to
more basic practices such as public education, especially of younger
people by using media and school capacities.
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