
 
APPENDIX A 

A Review of Environmental Pollution from the Use and Disposal of 
Cigarettes and Electronic Cigarettes: Contaminants, Sources, and 

Impacts 

 

Marc W. Beutel,1*Thomas C. Harmon,1 Thomas E. Novotny,2 Jeremiah Mock,3 Michelle E. 
Gilmore,1 Stephen C. Hart,4 Samuel Traina,1 Srimanti Duttagupta,5 Andrew Brooks,6 

Christopher L. Jerde,6 Eunha Hoh,2 Laurie C. Van De Werfhorst,7 Van Butsic,8 Ariani C. 
Wartenberg,8 Patricia A. Holden7  

 

  

                                                      
1 Environmental Systems Graduate Group, University of California, Merced,CA  
2 School of Public Health, San Diego State University, San Diego, CA 
3 Institute for Health and Aging, University of California, San Francisco, CA 
4 Department of Life & Environmental Sciences and Sierra Nevada Research Institute, University of 
California, Merced, CA 
5San Diego State University Research Foundation, San Diego State University, San Diego, CA  
6 Marine Science Institute, University of California, Santa Barbara, CA 
7 Bren School of Environmental Science & Management, University of California, Santa Barbara, CA 
8 Environmental Science, Policy and Management Department, University of California, Berkeley, CA 



sustainability 
 

Review 

A Review of Environmental Pollution from the Use and 
Disposal of Cigarettes and Electronic Cigarettes: 
Contaminants,     Sources, and Impacts 

Marc W. Beutel 1,*, Thomas C. Harmon 1, Thomas E. Novotny 2, Jeremiah Mock 3, Michelle E.    

Gilmore 1,             Stephen C. Hart 4,5, Samuel Traina 1, Srimanti Duttagupta 2,6, Andrew Brooks 7     , 

Christopher L. Jerde 7 Eunha Hoh 2 , Laurie C. Van De Werfhorst 8, Van Butsic 9, Ariani C. Wartenberg 9 

and Patricia A. Holden8 

 
 
 
 
 
 
 
 
 
 
 

check for 
updates 

 

Citation: Beutel, M.W.; Harmon, 

T.C.; Novotny, T.E.; Mock, J.; Gilmore, 

M.E.; Hart, S.C.; Traina, S.; 

Duttagupta, S.; Brooks, A.; Jerde, C.L.; 

et al. A Review of Environmental 

Pollution from the Use and Disposal 

of Cigarettes and Electronic 

Cigarettes: Contaminants, Sources, 

and Impacts. Sustainability 2021, 13, 

12994. https://doi.org/10.3390/ 

su132312994 

 
Academic Editor: Elena Cristina Rada 

 

Received: 11 October 2021 

Accepted: 22 November 2021 

Published: 24 November 2021 

 

Publisher’s Note: MDPI stays neutral 

with regard to jurisdictional claims in 

published maps and institutional affil- 

iations. 

 

Copyright: © 2021 by the authors. 

Licensee MDPI, Basel, Switzerland. 

This article is an open access article 

distributed under the terms and 

conditions of the Creative Commons 

Attribution (CC BY) license (https:// 

creativecommons.org/licenses/by/ 

4.0/). 

1 Environmental Systems Graduate Group, University of California, Merced, CA 95343, USA; 

tharmon@ucmerced.edu (T.C.H.); mgilmore61@gmail.com (M.E.G.); straina@ucmerced.edu (S.T.) 
2 School of Public Health, San Diego State University, San Diego, CA 92182, USA; tnovotny@sdsu.edu (T.E.N.); 

srimanti.duttagupta@gmail.com (S.D.); ehoh@sdsu.edu (E.H.) 
3 Institute for Health and Aging, University of California, San Francisco, CA 94110, USA; 

jeremiah.mock@ucsf.edu 
4 Department of Life & Environmental Sciences, University of California, Merced, CA 95343, USA; 

shart4@ucmerced.edu 
5 Sierra Nevada Research Institute, University of California, Merced, CA 95343, USA 
6 San Diego State University Research Foundation, San Diego State University, San Diego, CA 92182, USA 
7 Marine Science Institute, University of California, Santa Barbara, CA 93106, USA; 

andy.brooks@ucsb.edu (A.B.); cjerde@ucsb.edu (C.L.J.) 
8 Bren School of Environmental Science & Management, University of California, Santa Barbara, CA 93106, 

USA; lvandewerfhorst@bren.ucsb.edu (L.C.V.D.W.); holden@bren.ucsb.edu (P.A.H.) 
9 Environmental Science, Policy and Management Department, University of California, Berkeley, CA 94720, 

USA; vanbutsic@berkeley.edu (V.B.); awartenberg@berkeley.edu (A.C.W.) 

* Correspondence: mbeutel@ucmerced.edu 

 
Abstract: While the impacts of cigarette smoking on human health are widely known, a less recog- 

nized impact of tobacco product use and disposal is environmental pollution. This review discusses 

the current literature related to cigarette and e-cigarette contamination in the context of environmen- 

tal sources and impacts, with a focus on the documented influences on biota, ranging from bacteria 

to mammals. Cigarette butts and electronic cigarette components can leach contaminants into soil, 

water, and air. Cellulose acetate cigarette filters comprising the butts are minimally degradable and 

are a source of bulk plastic and microplastic pollution, especially in aquatic ecosystems where they 

tend to accumulate. Cigarette combustion and aerosol production during e-cigarette use result in air 

contamination from sidestream, exhaled, and thirdhand pathways. The chemical byproducts of 

tobacco product use contaminate wastewater effluents, landfill leachates, and urban storm drains. 

The widespread detection of nicotine and cotinine in the environment illustrates the potential for 

large-scale environmental impacts of tobacco product waste. Studies show that cigarette butt leachate 

and nicotine are toxic to microbes, plants, benthic organisms, bivalves, zooplankton, fish, and mam- 

mals; however, there remain critical knowledge gaps related to the environmental impacts of tobacco 

product waste on environmental health and ecosystem functioning. 

 
Keywords: cigarette butts; cotinine; environmental contamination; microplastics; nicotine; tobacco 

product waste 

 

1. Introduction 

Tobacco product use is extensive and continues to grow worldwide (Figure 1). Over 
six trillion conventional combustible cigarettes are produced and consumed globally each 
year [1,2]. In addition, the use of electronic cigarettes (e-cigarettes) has increased dra- 

matically, and sales of e-cigarettes are growing rapidly [3]. In the United States (USA), 
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approximately 60 million e-cigarettes and refills are sold annually, and one-third of these 
are designated single use [4]. E-cigarettes are especially popular among youth and young 

adults [5–7]. Other practices that are growing in popularity include waterpipe smoking [8] and 
the use of heated tobacco products, which are new forms of nicotine delivery systems 

recently approved by the US Food and Drug Administration [9]. 

 

Figure 1. The planet as cigarette waste. Reproduced with permission from Bridget Parlato, Full 

Circuit Studio, 2021. 

The impacts of cigarette smoking on human health are widely known, with tobacco- 

attributable deaths of around eight million per year globally, or one in ten deaths annu- 
ally [10]. A less recognized effect of tobacco product use and disposal is the indirect impact 

on human welfare from environmental pollution, which may impair the provision of crit- 
ical ecosystem services such as clean water, clean air, and food production [11]. Smoke, tar 
(the particulate fraction of tobacco smoke), and waste from cigarettes and e-cigarettes 

contain numerous toxic compounds, including nicotine, polycyclic aromatic hydrocarbons 
(PAHs), and metals. Trillions of pollutant-containing cigarette butts (CBs) are discarded to 

the environment annually, making CBs ubiquitous waste items worldwide, especially in 
coastal regions [1]. CBs can leach pollutants into the soil, surface water, and groundwater 
as they age and break apart, exposing biota to a range of contaminants, some of which 

may bioaccumulate in food webs [12,13]. CBs themselves largely consist of filters made of 
cellulose acetate, a synthetic polymer that is resistant to biodegradation, making CBs 

significant sources of fibrous plastic pollution to the environment [14]. Waste associated 
with e-cigarettes includes replaceable capsules with concentrated nicotine residuals, batter- ies, 

and electronic circuitry that can also leach pollutants into water and soil [15]. Areas 
frequented by adolescents and young adults, including schools, are hot spots for e-cigarette 
debris, much of which originates from the use of flavored tobacco products [16]. 



Sustainability 2021, 13, 12994 3 of 25 
 

 
 

The objective of this review is to expand beyond the recent focus on CBs and dis- 
cuss the current literature related to cigarette and e-cigarette contamination regarding 

environmental sources and impacts, with a focus on the documented influences on biota, 
ranging from bacteria to mammals. The paper complements recent papers and reviews 
focused on the significance of CB disposal to the environment [1,11,13,17,18] and the envi- 

ronmental footprint of the tobacco supply chain [11]. While waste from the consumption 
of tobacco products includes a wide range of items such as packaging, combustion initia- 

tors (e.g., matches and lighters), water pipes, and smokeless tobacco products, this paper 
focuses on the environmental contamination from conventional combustible cigarette and 
e-cigarette use and disposal. Cited sources herein are predominantly peer-reviewed studies 

but include some governmental reports and books; most sources were published after 2010. 
The review first presents an overview of the chemical makeup of environmental con- 

tamination associated with cigarette- and e-cigarette-related waste, focusing on nicotine 
and cotinine, tobacco-specific nitrosamines (TSNAs), polycyclic aromatic hydrocarbons 

(PAHs), and metals. Next, we discuss key sources of cigarette- and e-cigarette-related 
contaminants and waste to the environment, including air contamination from combustible 
cigarettes, smoked CBs, e-cigarette waste, and from waste management systems such 

as wastewater treatment plants and landfills. We then discuss the impacts of these con- 
taminants and waste on biota, including microorganisms, plants, animals, and humans, 

acknowledging that these indirect effects on ecosystem health differ in scope from the direct 
health effects of tobacco use. We also discuss the potential economic impacts associated 
with cigarette- and e-cigarette-related waste in the environment. We conclude by highlight- 

ing key findings and knowledge gaps associated with cigarette- and e-cigarette-related 

waste in the environment. 

2. Contaminants 

2.1. Nicotine 

The alkaloid nicotine (3-(1-methyl-2-pyrrolidinyl)pyridine) is one of the most abun- 
dant chemicals in tobacco products.   Cigarettes contain ~7–15 mg each, depending on the 

brand [19]. At most, an estimated 20% of that nicotine is absorbed systemically by smokers 
[20], with the balance of the nicotine and its transformation products being re- leased with 

combustion products or retained on the cigarette filter. Nicotine contamination pathways to 
environments exist throughout the tobacco life cycle, from tobacco cultivation and cigarette 
production [2] to cigarette combustion [21], CB disposal [1,2,13], and the passage of 

nicotine and its metabolites, primarily as cotinine and trans-3’-hydroxycotinine, into human 
wastewater streams [22]. 

Due to its historical use as a fumigant and pesticide, the vapor pressure of nicotine has 
been well-characterized. At ambient temperatures, its volatility is relatively low (~5.6 Pa at 

25 ◦C). This is about 35 times less than the vapor pressure of 1,4-dichlorobenzene (1,4-DCB), 
a common ecotoxicity benchmark chemical; however, like most compounds, the vapor 
pressure of nicotine increases appreciably with the increasing temperatures associated 
with tobacco combustion [23]. Whether nicotine is dispersed in significant quantities 
as a vapor depends on environmental conditions. The nicotine molecule has two basic 

nitrogen groups (pKa1 = 3.12, pKa2 = 8.02 at 25 ◦C) and can exist as a neutral free base, or 
as monoprotonated and diprotonated salts. The free-base form of nicotine has a greater 
tendency to partition from the water or solid phase to the air phase. For example, an 
ammonia addition to cigarette tobacco can elevate the pH during tobacco combustion, 
resulting in a decrease in nicotine partitioning onto smoke particles as speciation shifts to 
the more volatile, free-base form [24]. 

In aquatic systems, nicotine fate and transport have not been well studied. In most 
natural waters, the monoprotonated form is dominant and water miscible; however, the 
fraction of free-base increases under more alkaline conditions. The free-base form is rela- 

tively soluble in water, but also retains some hydrophobicity as indicated by its significant 
octanol–water partitioning coefficient value (log Kow~1.2) [25,26], that for comparison, is 
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lower than that for the benchmark nonpolar toxicant 1,4-DCB (log Kow~3.4). The partition- 
ing of the nicotine from water to environmental solids, or its bioconcentration potential, is 

strongly affected by pH. Under acidic to neutral conditions, nicotine is ionized and less 
prone to partition into organic matter or lipids (log Kow < 0.2) [27]. Nicotine tends to 
adsorb to charged surfaces such as bentonite clays [28] and engineered ion exchange resins 

[29]. Under basic conditions, significant nonionized, free-base nicotine is present and more 
prone to partition into organisms [20]. There is limited information regarding the abiotic 

and biotic transformations of nicotine in the environment. Relatively rapid photocatalytic 
oxidation has been demonstrated under laboratory conditions [30]. Half-life values estimated 
in a laboratory study of monoprotonated nicotine (pH 6.5–7.0) ranged from months to a 

year [31]. A study by the R.J. Reynolds Tobacco Company reported nicotine hemisulfate 
biodegradation half-lives of ~3 d in aerobic soil slurries and 0.5 d in unacclimated activated 

sludge incubations [26], which likely promote higher degradation rates relative to actual, 
more static environmental conditions. 

2.2. Tobacco-Specific Nitrosamines 

Nicotine and other tobacco alkaloids produce additional toxic and potentially car- 
cinogenic transformation products, TSNAs, that are formed in the post-harvest curing 
process and during combustion [32]. During the tobacco curing process, TSNAs are 

products of reactions between nicotine and nitric acid. The main TSNAs of concern in to- 
bacco are nitrosoanabasine (NAB), nitrosoanatabine (NAT), N’-nitrosonornicotine (NNN), 

and 4-(methylnitrosamino)-1-(3-pyridyl)-1-butanone (NNK). All four have been found 
in substantial levels in tobacco smoke and in lesser amounts in e-cigarette aerosol [33]. 

NNN and NNK are the most carcinogenic [32]. Tobacco includes other TSNAs, includ- 
ing nitrosamines 4-(methylnitrosamino)-1-(3-pyridyl)-1-butanol (NNAL), 4-(methylni- 

trosamino)-4-(3-pyridyl)-1-butanol (iso-NNAL), and 4-(methylni-trosamino)-4-3-pyridyl) 

butyric acid (iso-NNAC). Tobacco smoke tar is known to include non-volatile nitrosamines [34]. 
TSNAs are also formed in surface-catalyzed reactions on fine particulate matter on 

indoor surfaces [21,35] producing third-hand smoke (THS) hazards [36]. Third-hand smoke 
(THS) encompasses the pollutants on surfaces and in dust after tobacco has been smoked 

in a closed environment [37]. Ramírez et al. found TSNAs in nonsmokers’ homes in 
addition to smokers’ homes, indicating that ambient air can act as the common source [21]. 
Little is known about the transport and fate of TSNAs in outdoor air and surfaces, and in 

aquatic ecosystems. 

2.3. Polycyclic Aromatic Hydrocarbons 

PAHs are organic compounds comprised of multiple aromatic rings and are produced by 
the incomplete combustion of organic matter. Mainstream and second-hand smoke (SHS) 

contain numerous PAHs that mainly reside in the particulate tar fraction [34,38,39]. Tobacco 
smoke tar contains around 0.02% PAHs by mass [38]. While many PAHs in tar are 

carcinogenic, they alone do not account for the toxicity of tobacco smoke tar, pointing to 
the complex nature of this substance [38]. The three most abundant PAHs in tobacco smoke tar 
are the low molecular weight two-ring naphthalene, and the three-ring PAHs fluorene and 

phenanthrene. The high molecular weight prototypic PAH benzo[a]pyrene, a five-ring PAH, 
is classified as a Group 1 carcinogen to humans. PAHs are nonpolar and hydrophobic, and 

many PAHs, especially those of lower molecular weight, are reasonably water soluble, volatile 
and biodegradable by soil and aquatic microorganisms [40,41]. PAHs tend to accumulate 

on particles in environments, such as smoke, dust, soil and sediment that facilitate PAH 
transport in the atmosphere [42] and in soils and groundwater [43]. Once in environments, the 
fate of the PAHs depends on the physical properties of the specific PAH, temperature and 

moisture conditions. PAHs can persist for decades in environments when they are strongly 
sorbed to soil and less bioavailable, or present at higher concentrations or agglomerated states 

in contaminated industrial sites [44,45]. 
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Laboratory and field studies demonstrate that PAHs are primary tobacco-related 

contaminants and that CBs release PAHs into environments, presumably from captured 

tar [1,46–48]. Dobaradaran et al. measured 16 PAHs in freshly smoked CBs, week-old CBs 

from city streets, and aged CBs in urban river areas, and found that concentrations 

decreased with CB age [46]. The results also showed that the concentrations of PAHs with 

fewer rings decreased with time, a finding attributed to the relatively greater water 

solubility and volatility of these compounds. For example, mean levels of naphthalene 

(two-ring PAH) dropped from 5.8 to 2.9 to 0.8 mg/kg in each of the three CB samples. In 

contrast, levels of the potent carcinogen benzo[a]pyrene (five-ring PAH) remained constant 

at ~1.3 µg/g. Being a byproduct of tobacco combustion in cigarettes, the range of PAH 

molecules associated with CBs has substantial overlap with that from other sources, such 

as fuel combustion in urban settings; however, a study of roadside environments, high- 

density disposal sites for CBs, has identified significant levels of CB-derived PAHs in these 

areas, particularly the smaller 3- and 4-ring PAHs along with benzo[a]pyrene [49]. While 

these studies clarify the general behavior of PAHs in CBs, the release rates of PAHs from 

CBs and their persistence with aging in environments are not well understood. 

2.4. Metals and Metalloids 

The tobacco plant, Nicotiana tabacum, can readily accumulate metals from soil [50–52]. 
As a result, manufactured tobacco products such as cigarettes can be enriched in metals, 
and their subsequent consumption and disposal can be an additional source of metal 
pollution to the environment [53–55]. While essentially all elements present in soil can be 

found in tobacco plant tissue and many of these are of concern regarding human exposure 
via cigarette smoke, a subset are also of potential concern to the natural environment. 

These include the metals cadmium, chromium, lead, mercury, nickel, and zinc, and the 
metalloid arsenic. All these elements occur naturally in soil, but elevated concentrations 
are attributed to the presence of underlying marine sediments, agronomical applications of 

municipal or industrial wastes, the presence of mine tailings or smelter residues, excessive 
use of naturally contaminated phosphorus fertilizers, and atmospheric deposition [55–57]. 

The bioavailability of metals is commonly linked to their dissolved concentrations in 
soil solutions or aqueous environments [58]. Metals are surface reactive and sorb to organic 

and inorganic surfaces in soils and sediments. Cadmium, lead, nickel, and zinc are most 
commonly present in solution as divalent cations, both as free aqueous ions and complexed 
with organic or inorganic ligands. The aqueous solubility of these solutes increases with a 

decreasing solution pH. Arsenic and chromium can exist in multiple oxidation states under 
typical environmental conditions. Lower oxidation state species tend to follow the general 

pH-dependent trend seen for the divalent cations. Higher oxidation state species typically 
complex with oxygen to form oxyanions. These negatively charged species routinely 

exhibit increasing solubility, mobility, and bioavailability with an increasing solution pH in 
soil, sediment, and aquatic environments [59]. 

Upon tobacco combustion, metals can be released in smoke and tar [34,60–62], cap- 
tured by the CB filter material, or remain in the resulting ash [63]. The fraction of these 

elements remaining in the filter is subject to leaching into terrestrial and aquatic environ- 
ments [49,62–67]. Several metallic materials are also used in the construction of e-cigarettes, 
resulting in the presence of toxic metal ions in e-liquids and in vapors produced by these 

devices [68–73]. The inappropriate disposal of e-cigarettes can pose a significant source of 
toxic metals to both terrestrial and aquatic environments, as do many electronic consumer 

devices [74]. The association of metals with nanoparticles is notable, as such particles may 
be more readily transported through soil and sediment than relatively reactive metals that 

are fully dissolved [75,76]. The amount of toxic metals released globally to the environment 
from the leaching of CBs may be significant [65,76]. Chevalier et al. report that CBs could 
release millions of tons of chromium and nickel into the environment annually [76]. 
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3. Contaminant Sources 

3.1. Cigarette Butts 

CBs, which in addition to the filter can include tobacco remnants, ash, and chemicals 
and tar from tobacco smoke, are the most prevalent forms of solid tobacco product waste 
worldwide. An estimated 4.5 trillion CBs are littered each year into the environment [13], 

commonly in urban districts near hospitality venues, public transportation hubs, and 
entrances to educational facilities and playgrounds [77]. Many littered CBs find their way 

into urban waterways [46,78] and coastal environments [1]. The Ocean Conservancy 
reported collecting 4.2 million CBs during their 2019 annual International Coastal Cleanup, the 
second most collected item of the event [79]. Given their ubiquitous presence and 

persistence in the environment, there is growing interest in assessing the environmental 
impacts of discarded CBs [80–84]. 

The cellulose acetate of CBs is a synthetic plastic, derived by reacting cellulose from 
cotton and wood pulp with acetic anhydride and acetic acid [85]. Cellulose acetate CBs are 
persistent in the environment. While susceptible to photodegradation, they are relatively 

resistant to biodegradation, and may take months to years to degrade depending on 
environmental conditions [86–88]. CB waste comprises a significant source of plastic 

pollution to the environment [14,89]. Recent degradation experiments suggest that CBs are also 
a chronic source of toxic plastic micro-fibers to the environment [90]. 

A wide range of pollutants can leach from disposed CBs [91]. These leachates include: 
nicotine, aromatic amines, and nitrosamines [92–94]; PAHs [47,49]; metals [66,95]; BTEX 
compounds, including benzene, toluene, ethylbenzene, o-xylene, and p-xylene [96]; and 

phenols [94]. Roder Green et al. found that nicotine rapidly leached from test CBs, and 
estimated that one CB can contaminate 1000 L of water with nicotine to levels that are 

chronically toxic to biota [92]. CBs leach low-molecular weight PAHs while retaining larger 
PAHs [46]. They also rapidly (24 h) leach a range of toxic metals [66]. The pH of smoked CB 
leachate is also reported to be slightly acidic (4.5), which could have significant implications 

for contaminant fate and toxicity [97]. An emerging concern related to CB pollution is the 
release of nanoparticles found in cigarette smoke, and how these particles can facilitate the 

transport of surface-bound metals and organic contaminants in the environment [98]. CBs 
can be sources of several pollutants to the atmosphere, including alcohols, carbonyls, hy- 

drocarbons, and pyrazines [18,40,41]. Given they are a source of toxic chemicals and plastic 
pollution to the environment, CBs could be categorized as hazardous waste [82,99,100]. 

3.2. Air Contamination from Combustible Cigarettes 

When smoked, combustible cigarettes generate volatile air contaminates, chemical- 
rich tar, the particulate mass of tobacco smoke, and residual solid waste comprised of ash 
and CBs. Cigarette smoke, the airborne emission from combustible cigarettes, contains 

thousands of chemicals, many toxic, including carbon monoxide, nicotine, formaldehyde, 
PAHs, nitrosamines, metals, and dioxins [34]. SHS is the main source of air pollution from 

cigarette consumption and includes exhaled mainstream smoke and sidestream smoke from 
a burning cigarette or other combusted tobacco product [37]. Most research on SHS focuses on 
the indoor environment [101]; however, a handful of studies suggest that tobacco smoke 

can be a source of outdoor pollution, including nicotine, fine particulates, and tobacco-
specific nitrosamines [35,102–105]. In some cases, tobacco smoke pollutants have been 

found in indoor settings with no indoor smoking source [21,106,107]. This “outdoor to 
indoor drift” suggests that these pollutants move around the outdoors where they could 

impact the environment. In support of this contention, tobacco smoke pollutants have 
been discovered in the environment of outdoor smoking venues [108–110]. An 
unfortunate aspect of efforts to curtail human exposure to indoor tobacco smoke is a 

greater discharge of smoke to the outdoor environment as smokers are encouraged to 
smoke outdoors [13,111,112]. 

THS results from the tobacco smoke carrying and distributing particulates, com- 
pounds, and gas-phase chemicals produced by combustion and exhalation that drift in 
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ambient air and become affixed to and interact with surrounding materials [101]. Exposure 
pathways for THS include inhalation, ingestion, and dermal contact [113]. Pollutants 

associated with THS can reemit into the gas-phase or can react with other compounds in 
the environment to yield secondary pollutants [114]. Of particular concern with THS is the 
formation of secondary organic pollutants, including carcinogenic TSNAs, which form on 

indoor surfaces when nicotine reacts with common indoor pollutants [101]. 
An additional potential pollution source related to THS smoke is the disposal of items 

with contaminated surfaces. Particulates and gas-phase chemicals from tobacco smoke are 
small and mobile and can contaminate micro-surfaces throughout the indoor environment, 
including carpet, upholstery, mattresses, pillows, blankets, clothes, curtains, cabinets, 

doors, wallpaper, painted walls, and ceiling tiles [115,116]. Many of these contaminants 
remain on surfaces for months after initial exposure to THS [115]. Disposal of contaminated 

household items and deconstruction debris may partly account for the presence of cigarette 
pollution in landfill leachate [84,117]. Matt et al. notes that the “toxic legacy” related to THS on 

household surfaces goes largely unnoticed; they argue that cigarettes manufacturers, 
suppliers, and retailers bear some responsibility for preventing and mitigating associated 
environmental impacts [118]. 

3.3. Electronic Cigarettes 

Electronic nicotine delivery systems, commonly known as e-cigarettes, are battery- 
operated devices that heat a liquid containing nicotine, propylene glycol or glycerol, and 

flavoring agents into an inhaled aerosol [119–122]. E-cigarettes have rapidly increased in 
popularity, particularly among youth and young adults [5–7,123,124]. E-cigarettes range 

in appearance from small plastic pens or universal serial bus (USB) keys to larger cus- 
tomizable hand-size “tank” devices. Most e-cigarettes share similar components, including: 
a battery, a heating element and aerosolization chamber called an atomizer, an e-liquid 

reservoir, and a mouthpiece. Devices range in reusability and may have rechargeable or re- 
placeable batteries, replaceable atomizers, and refillable or single-use disposable reservoirs 

commonly called “pods.” Non-reusable one-piece disposable e-cigarettes are becoming 
popular because of their low cost and exemption from flavor restrictions [72,125,126]. 

While there are few studies of the prevalence of e-cigarette waste in the environment, 
it is probable that the recent increase in e-cigarette usage has been accompanied by an 
increase in littering of e-cigarette waste, with an associated chemical contaminant release. 

A recent study at San Francisco Bay Area high schools in the US showed that e-cigarette 
products comprised 19% of smoking litter found around exterior perimeters, second only to 

CBs [16]. Littering of e-liquid containers from e-cigarettes poses a particularly serious threat 
of environmental pollution because they can contain high concentrations of residual nico- 
tine [127]. Besides nicotine, e-liquids contain numerous additives for flavoring [122,128], 

many of which are known to be toxic or have suspected or unknown toxicities [129–133]. 
These include various aldehydes, TSNAs, benzyl alcohol, glycerol-1,2-diacetate, and diox- 

olane compounds. While the level of toxicants in e-cigarette vapors may be lower than 
in combustible tobacco smoke as they do not include tobacco combustion products [134], 

vapors from e-cigarettes are potent sources of environmental air pollution, particularly 
aldehydes and carbon monoxide [135–138]. 

Disposed e-cigarettes are also sources of metal contamination to the environment, 
both directly as the result of the breakdown of electronic components and indirectly via 

contaminated e-liquids. Common metals in the components of e-cigarette products in- 
clude aluminum, barium, cadmium, chromium, copper, iron, lead, nickel, silver, tin, and 
zinc [69,72]. In leaching tests of e-cigarette components, lead in the resultant leachate 

exceeded US regulatory thresholds for hazardous-waste designation by up to ten-fold [127]. 
Toxic metals have also been detected in e-liquids with levels increasing after use, indicating 

that metals can seep into e-liquids [69]. Metals and metalloids have been detected in e-
cigarette atomizers and components that heat and vaporize e-liquids [72]. The potentially 

cytotoxic metal, copper, was detected in e-cigarette aerosols at concentrations ~6 times 
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higher than combustible cigarette smoke [139]. Additional toxic or potentially toxic com- 
pounds have also been detected in e-cigarette filters, mouthpieces, rubber stoppers, and 

pod plastic [140]. 

3.4. Waste Management Systems 

Several studies have measured nicotine metabolites in the influent and effluent 

at wastewater treatment plants [112,141–146]. The primary source of these chemicals 

is excretion from smokers. Nicotine absorbed into the body from tobacco products 

is metabolized into a range of compounds in the human liver, mainly cotinine and 

trans-3’-hydroxycotinine, and released mostly in urine [147]. As a percentage of the ab- 

sorbed nicotine, urine typically contains ~5–10% nicotine, ~10–30% cotinine, ~35–45% 

trans-3’-hydroxycotinine, and a range of less common cotinine metabolites [141,148,149]. 

A typical nicotine equivalent excretion rate for a smoker, assuming 1.25 mg nicotine ab- 

sorption per cigarette and a 12-cigarettes-per-day smoking rate, is around 15 mg/d [141]. 

A comprehensive assessment of wastewater treatment plants in Zurich, Switzerland, 

measured cotinine at 1.5–2.9 µg/L and 3t-hydroxycotinine at 3.0–9.5 µg/L in wastewater in- 

fluent [150]. Nicotine was measured in a wastewater treatment plant near Barcelona, Spain, 

at concentrations ranging from 100–3250 µg/L. In many studies, researchers observed 

substantial removal of nicotine, cotinine, and 3t-hydroxycotinine during the treatment 

process. Because nicotine in wastewater can originate from other sources (e.g., discarded 

cigarettes, nicotine patches, and nicotine gum) and is potentially more degradable in the 

environment, cotinine is considered a better biomarker of cigarette consumption [22]. Some 

trace metabolites, such as N-formylnornicotine, appear resistant to degradation during 

wastewater treatment, and therefore could also be used as biomarkers of cigarette pol- 

lution [150]. Studies have also tracked nearby receiving waters and discovered nicotine 

and its metabolites in surface waters [22,150–152]. In a comprehensive assessment of 

surface waters in the US, cotinine was one of the five most commonly detected chemicals, 
underscoring the ubiquitous nature of tobacco use pollution in the environment [153]. 

Several other waste management-related sources have been linked to contamination 
of groundwater with pollutants such as nicotine and cotinine, which could be related to 
the use and disposal of cigarettes. Compared to surface waters, groundwater pollution 

appears less extensive [153,154]; however, nicotine and cotinine have been observed in 
groundwater near septic tank discharges [155–158]. The discharge of reclaimed tertiary- 

treated wastewater used for irrigation and groundwater recharge can also be a source 
of cotinine in the environment [159,160]. Another source of anthropogenic pollutants 
to groundwater is landfills, especially systems that lack modern leachate containment 

systems [117,161]. Two studies of legacy pollution from unlined landfills in the US detected 
cotinine in the groundwater, but the sources could not be conclusively linked to the disposal 

of tobacco product waste [162,163]. Other studies have detected nicotine and cotinine in 
leachate collected from lined domestic and industrial landfills [117,164,165]. 

There is a growing acknowledgment that sewers and stormwater collection systems 
are potential sources of water-based pollutants to shallow groundwater, which in turn can 

contaminate deeper groundwater resources used for potable supply and hydrologically 
connected surface waters [166,167]. In urban settings, discarded CBs appear to be a 

significant source of nicotine to stormwater collection systems [92]. Recent assessments of 
urban stormwater quality in the United States consistently measured nicotine and cotinine 
[167,168]. A related source, in terms of a high density of CB litter in urban environments, 

is roadsides [82,169]. A handful of studies have shown that roadway CB litter contributes 
nicotine, metal, and PAH pollution [49,170]. 

4. Environmental Impacts 

4.1. Microorganisms 

Microorganisms include prokaryotes (Bacteria including bacteria and cyanobacteria, 
and Archaea), eukaryotes (Eukarya, such as fungi and protozoans), symbioses (e.g., plant 
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root nodules, or lichens), and viruses. Such organisms respond to ambient chemicals in 
marine and freshwaters, soils and sediments, and waste treatment systems (i.e., all envi- 

ronmental compartments where cigarette waste can accumulate [171]). As is the case for 
other agricultural plants, there is a diverse and dynamic [172,173] microbiome associated 
with tobacco [173–176]. This includes a wide range of microbial organisms associated with 

cigarettes that are known human disease pathogens [177]. Tobacco-associated microbes 
introduced into the human oral cavity may change microbiomes as occurs with the use of 

smokeless tobacco [178], tobacco smoking [179,180], and vaping [181]. Recent studies also 
point to differences in the gut microbiomes in adult smokers compared to non-smokers, as 
well as infants and children exposed to THS [182,183]. 

Microbial biodegradation of tobacco waste chemicals may influence the fate and 
environmental risk of such chemicals; however, biodegradation depends on many factors, 

including if the chemicals undergoing degradation are toxic to microorganisms. Nicotine 
is known to be toxic to higher organisms and can also be antimicrobial [184]. Oropesa et al. 

found that nicotine concentrations up to 1000 µg/L were not acutely toxic to the marine 

bacterium Vibrio fischeri, with a no observed effect concentration (NOEC) of <200 µg/L 
nicotine [185]; however, many microorganisms, including bacteria [186] and fungi [187], can 
metabolize nicotine. For example, in soil contaminated with tobacco waste, inoculation with 
a nicotine-degrading bacterial strain of Pseudomonas led to these populations proliferating 

during biodegradation [188]. Such introduced bacteria exploiting the nicotine in soil 
suggests that, where microbial nicotine metabolic pathways exist either with natural 
populations or those arriving with tobacco waste, associated genes could be expressed in 

the environment. 
The complex mixture of contaminants found in CB leachate can be toxic to bacteria. 

Micevska et al. reported that 30 min EC50 (50% effects concentration measured via biolu- 
minescence) values for the marine bacterium Vibrio fischeri ranged from ~100–200 CB/L for 
a range of cigarette brands [189]. This may explain why CBs, the most prevalent form of 

littered plastic, do not readily biodegrade despite evidence of the microbial metabolism of 
the pure cellulose acetate that comprises CBs [190–192]. The leachate from smoked CBs 

has been shown to exert toxicity [193] inhibiting biodegrading microorganisms in various 
aquatic microbial populations [194]. Such toxicity may constrain nicotine and cellulose 

acetate biodegradation under field conditions. This was implied in a composting study of 
cellulose-only versus plastic (cellulose acetate) CBs. Both types of smoked butts inhibited 
cigarette filter biodegradation [88], stemming from the toxic chemical milieu of leached 

smoke pollutants [100]; however, in a five-year experiment of CB decomposition in 
various soils, after an initial phase in which chemical toxicity inhibited biodegradation, a 

more rapid biodegradation phase was observed [75]. Available nitrogen was a major factor 
identified as potentially limiting biodegradation rates [75]. This suggests that factors 
influencing the persistence of cigarette chemical pollution on various landscapes, if better 

understood, could be managed to accelerate biodegradation. 

There is limited literature on how cigarette waste in the environment affects key 
ecosystem services delivered by microorganisms, such as nutrient cycling [195]. As noted 

below, environmentally relevant concentrations of nicotine can impair aquatic primary 
producers and eukaryotic predators [185]. Thus, population dynamics and food web 
interactions are at risk where environmental nicotine enters aquatic systems. Additionally, 

the impacts of CBs on the diversity of microbial communities in the environment have 
recently been reported [196]. Over a 96 h exposure, marine sediments treated with smoked 

CBs had altered microbial communities, including decreases in two taxonomic families, 
Cyanobacteria and Bacteroidetes, involved in photosynthetic (primary production) and 
organic matter biodegradation activities, respectively [196]. Koroleva et al. assessed the 

effects of leachate from smoked biodegradable cellulose versus cellulose acetate CBs to 
soil bacterial communities [197]. Bacterial community diversity did not appear to vary 

significantly when comparing the butt leachate treatments to each other and to the no- 
treatment control [197]. Longer-term incubations in soil could be useful to determine if 
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differences in communities arise. The implications of microbial community taxa shifts, 
when they occur and if attributable to toxins released from CBs, are important to understand 

for a broad environmental risk assessment related to tobacco product waste. 

4.2. Plants 

Research interest in the plant uptake of nicotine from the environment originates, in 
part, from numerous detections of nicotine in plant tissues in phylogenetically diverse 
food crops and other plant-derived products, such as spices and teas. These plants are not 

known for endogenous nicotine synthesis, and elevated nicotine concentrations in their 
tissues can be found under conditions where nicotine-containing insecticides had not been 

applied [198–200]. Elevated nicotine levels in commodity plants are a concern due to the 
human health risks, which may result in the commodity being pulled from the market, 

causing economic losses for farmers and distributors. In response to unexpectedly high 
levels of nicotine contamination, the European Union temporarily increased its maximum 
nicotine residue level in commodity crops so as to not overly burden the commerce of these 

products [201]. 

Xenobiotics, including herbicides and fungicides, veterinary medicines, and other 
phytotoxic compounds, are taken up by plant roots from the soil and translocated to the 
shoots [202,203]. This suggests that nicotine might also be acquired from the soil by agricul- 

turally important plants. In support of this hypothesis, [198] demonstrated nicotine uptake 
from soil using peppermint plants (Mentha piperita), suggesting an uptake from nicotine- 

contaminated soils due to discarded CBs. Subsequently, this pathway has been supported 
in additional studies with basil (Ocimum basilicum), parsley (Petroselinum crispum), and 

coriander (Coriandrum sativum), which all showed a significant accumulation of nicotine 
applied to soil either as tobacco leaf tissue or CBs [204]. Significant accumulation of nicotine 
was observed in acceptor plants even when the CB concentrations were as low as one per 

square meter [201]. 
Nicotine may also cycle through the plant and soil system via horizontal transfer 

of nicotine from donor plants to acceptor plants. This could occur directly between two 
living plants, or indirectly via the decomposition of acceptor plant tissues deposited in 

soil during plant tissue senescence or from discarded nicotine-containing products such as CBs 
[204]. Transfers of nicotine between living plants is presumed to be primarily from root 
exudation by the donor plant [205] and subsequent uptake of nicotine by the acceptor plant 

growing nearby; however, the potential importance of nicotine transfer between plants via 
shared mycorrhizal networks [206] has not been studied. In addition to the direct effects 

of nicotine on reducing plant herbivory and pathogenicity on plants, release of nicotine 
into the soil from root exudation or during plant litter decomposition can improve plant 
survival and growth of the donor plant. This benefit to donor plants appears to result from 

nicotine increasing the availability of several plant nutrients in the soil [207–209]. With 
regards to aquatic ecosystems, Oropesa et al. reported that nicotine was not acutely toxic 

to the freshwater unicellular green algae Pseudokirchneriella subcapitata, but it did inhibit 

growth at concentrations of 100–200 µg/L [185]. 
Several studies have documented the effects of CBs in soil and cigarette smoke on 

plant processes. Montalvão et al. found that the smoked CB leachate had cytotoxic, 
genotoxic, and mutagenic effects on onion (Allium cepa) roots at environmental concen- 

trations (1.9 µg/L of nicotine) [210]. Discarded CBs reduced the germination success and 
shoot length after 21 days of both perennial ryegrass (Lolium perenne) and white clover 
(Trifolium repens) [211]. These researchers suggested that their study demonstrates the 
potential for littered CBs to reduce the net primary productivity of terrestrial plants while 
da Silveira Fleck et al. reported elevated levels of metals in plants (Eugenia uniflora and 
Tradescantia pallida) near a designated outdoor smoking area, suggesting that SHS can result in 
the contamination of nearby flora [109]. Noble found a universal decrease in the germi- 
nation rate of radish (Raphanus raphanistrum subsp. Sativus), kale (Brassica oleracea), lettuce 
(Lactuca sativa L.), amaranth (Amaranthus spp.), wheat (Triticum spp.), rice (Oryza spp.), 
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barley (Hordeum vulgare L.), and rye (Secale cereale L.) seeds when exposed to tobacco 
smoke [212]. This negative response was not due to the presence of nicotine in the smoke, 

but rather to other non-volatile components. In contrast, Tileklioğ lu et al. reported that 
tobacco smoke increased the biomass of wheat and duckweed (Lemna minor L.) plants [213], 
and Mondal et al. found relatively little effect of tobacco smoke on the germination rate 

of Bengal gram (Cicer arietinum L.) [214]. Metal accumulation in plants is a common phe- 
nomenon and can affect humans indirectly by lowering plant nutritional value and directly 

through consumption of contaminated crops, even at low levels via chronic exposure [215]. 
We found no studies that conclusively linked tobacco-related pollution with the elevated 
levels of metals in plants. 

4.3. Non-Mammalian Animals 

Much of the limited research on the impacts of tobacco-product waste on animals 
is related to CBs in the environment. A recent study by Venugopal et al. measured a range 
of compounds, including nicotine, PAHs, metals, phthalates, and volatile organic 

compounds known to be very toxic to aquatic organisms, in leachate from field-collected 
CBs [91]. Another recent study showed that leachate from field-collected CBs in the marine 

environment impaired copepod reproduction (Notokra sp) at low butt concentrations [216]. 
Dobaradaran et al. recently reviewed the toxicity of CBs to aquatic organisms and showed 
that CB leachate is toxic to a wide range of aquatic animals, including freshwater zooplank- 

ton, sea snails, frogs, frog embryos, and marine and freshwater fish [217]. In one study, 
Slaughter et al. assessed the toxicity of CB leachate to fish [218]. They reported leachate 

from smoked CBs, which include the smoked filter plus remnants of tobacco, to be acutely 
toxic to both the saltwater topsmelt (Atherinops affinis) and the freshwater fathead minnow 

(Pimephales promelas). The lethal concentration at which 50% of the test individuals died 
(i.e., LC50) of approximately one CB per liter of water was observed for both species. We 
note that non-lethal but observable negative effects, mainly immobilization, were found at 

lower leachate CB concentrations. There is further evidence in the literature of sub-lethal 
impacts to animals from tobacco-related pollutants, such as developmental, physiological, 

or chronic changes in behavior, that may result in fitness loss with subsequent impacts to 
populations [217]. Belzagui et al. recently showed that microfibers from degraded CBs 

enhanced the toxicity of CB leachate to freshwater zooplankton (Daphnia magna) in exper- 
imental 48 h toxicity tests, suggesting that the microfibers pose an intrinsic risk to small 
aquatic animals [90]. In another recent study, Green et al. compared the toxicity of leachate 

from conventional plastic cellulose acetate CBs and cellulose CBs, which are being pro- 
moted as a biodegradable and environmentally safe alternatives [219]. Both smoked butt 

types exhibited toxicity to, and decreased activity in, freshwater snails (Bithynia tentaculate). A 
subsequent study showed that smoked cellulose acetate CBs increased clearance rates in 
marine blue mussels (Mytilus edulis), while cellulose CBs did not [220]. 

Several theses have reported the bioaccumulation of CB pollutants in aquatic ani- 
mals and potential chronic impacts on growth and behavior. Yabes found rainbow trout 

(Oncorhynchus mykiss) exposed to non-lethal CB leachate at a concentration of 0.5 CB/L 

for 28 days bioaccumulated a range of contaminants including nicotine, nicotyrine, myos- 
mine and 2,2’-bipyridine [221]. In addition, Yabes documented a reduced weight of 

fish exposed to the CB leachate compared to controls. Metals did not accumulate un- 

der similar conditions with the same organism [222]. Filter feeding organisms that pro- 
cess high volumes of water like bivalves are susceptible to the bioaccumulation of pollu- 

tants. Wei found 22 compounds in CB leachate also present in an exposed marine mussel 
(Mytilus galloprovincialis), some of which are potentially toxic if consumed by humans or 
wildlife [223]. No research has been reported on the trophic transfer of CB pollutants, a 

phenomenon in which the effects of toxins to wildlife are mostly noticeable in top predators 
as the toxin accumulates through the aquatic food web as the predators consume prey [224]. 

In one of the few studies to assess the impacts of CBs in situ, Suárez-Rodríguez et al. 
found that ectoparasite counts decreased with increasing cellulose fiber weight in the nests 
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of urban house sparrows (Passer domesticus) and house finches (Carpodacus mexicanus) [225]. 
The authors hypothesized that the observation was the result of CB-associated nicotine, a 

long-known pesticide. Decreased parasite load is a known fitness advantage to numerous 
wildlife, and further study revealed that hatching and fledging success increased with nest 
composition incorporating CB litter; however, blood samples from nesting birds also 

showed an increasing risk of genetic mutation and cancer (i.e., genotoxicity), leading to 
speculation that any fitness advantage from a reduced parasite load may be nullified. 

4.4. Mammalian Animals 

Little is known about the environmental toxicity of tobacco in mammalian wildlife; 
however, tobacco has long been known to be lethal to various mammals, and nicotine has 
been used in rodenticides. In vivo laboratory studies of nicotine toxicity have been 

conducted in a variety of mammalian species, particularly rats and mice, and demonstrated 
a wide range of effects, including acute toxicity, cell mutation, reproductive effects, and 
behavior changes [226]. Because rodents are an important part of the food chain in many 

environments, findings from animal models give some indication of the potential effects of 
exposure in the wild. In rats, the lethal dose of nicotine at which 50% of the test animals 

die (i.e., LD50) is 50 mg/kg weight, and in mice 3.3 mg/kg [227]. One recent study showed 
that nicotine hydrogen tartrate administered ad libitum in drinking water to rats (52 ppm 
nicotine) and mice (514 ppm nicotine) for four weeks induced increased urinary tract 

cell proliferation (urothelial hyperplasia) [228]. Prenatal exposure of mice to nicotine 
in vivo induces underdeveloped or involuted thymus (thymic hypoplasia), impairing the 

immune systems of offspring through adulthood [229]. Cotinine, the major metabolite of 
nicotine, administered ad libitum in drinking water to rats can induce cell proliferation and 

hyperplasia in rat urinary bladder and renal tissues, albeit to a lesser degree than nicotine. 
Mice exposed to e-cigarette aerosol have been shown to develop lung adenocarcinoma 
and bladder urothelial hyperplasia, lesions that are extremely rare in control mice [230]. 

Exposure to e-cigarette aerosol also damages mouse DNA and impairs DNA repair activity 
in mouse lung tissues [231]. Plastic CBs made of minimally degradable cellulose acetate 

also pose a threat to animals via inadvertent CB consumption, which may lead to vomiting and 
neurological toxicity [1,232]. 

4.5. Humans 

Some studies suggest that environmental contamination from cigarette and e-cigarette 
use and disposal may affect human health. One recent study measured nicotine and 
TSNAs in urban outdoor air at concentrations exceeding public health standards [35]. 

Other studies have discovered nicotine and particulate matter derived from tobacco smoke 
in urban outdoor air as potential human toxins [102,104,108–110,112]. Passive exposure 

from e-cigarettes has been detected via TSNAs in the urine of non-users [233], but human 
health effects of e-cigarette aerosols remain under-evaluated [3,136,233]. Accidental inges- 

tion of CBs is most acutely hazardous due to the nicotine poisoning risk, especially among 
children [232,234,235]. E-liquids from e-cigarette devices can also be mistaken for other 
ingestible items and misused [236–240]. 

Several studies have found tobacco contaminants in key environmental compartments, 
including water [153], soil [49], dust [170], and plants [199,201]. There is evidence that 

drinking water could be a significant exposure route. In a comprehensive study of un- 
treated drinking water sources in the United States, Focazio detected cotinine in half of 

the potable water samples studied [153]. A broad survey of potable tap water samples 
from cities in Europe, Japan, and Latin American reported mean (maximum) nicotine and 
cotinine concentrations of 18 ng/L (305 ng/L) and 2 ng/L (14 ng/L), respectively [241]. 

González Alonso discovered nicotine in bottled spring waters in Spain [242]. As noted 
earlier, nicotine has also been detected in a variety of food crops and plant-derived com- 

modities, and presents an additional possible source for human exposure [201]. Other 
contaminants and particles that are leached into the environment from cigarettes and 
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e-cigarette components (e.g., metals, PAHs, TSNAs and plastic nanoparticles) may bioaccu- 
mulate in plants and animals and pose additional exposure risks to humans consuming 

them [13], but there is no definitive health research on this topic. 
A limited number of recent studies using mice and human cell-based assays suggest 

that tobacco waste pollution is toxic to humans, though the potential pathways of exposure 

to tested pollutants is not obvious. Bekele and Ashall reported negative developmental 
effects in mice that ingested CB leachate, including reduced weight gain and lower organ 

mass [243]. Begum et al. reported a range of neurotoxicological affects in human embryonic 
stem cells exposed to aqueous cigarette tar extract derived from CBs [244]. Xu et al. used a 
battery of in vitro human cell-based assays to assess the toxicity and biological activities 

of CB leachate [193]. They noted significant impacts on key biological pathways, such 
as aryl hydrocarbon receptor (AhR), estrogen receptor (ER), and p53 response pathways, 

and identified specific compounds, including 2-methylindole, most responsible for the 
AhR response. 

4.6. Economic Impacts of Contamination 

While health care costs associated with tobacco use have been estimated [245], there is 
a significant gap in the literature regarding the costs related to the environmental impacts of 
combustible cigarette and e-cigarette use and disposal. Of particular concern is the cellulose 

acetate cigarette filter in CBs, a form of plastic which, as noted earlier, exhibits limited 
biodegradability [86] and sheds microplastic into the environment [90]. This economic 

burden may be significant given the scope of the CB waste problem, especially given that 
people generally do not know that CBs are plastic and that casual disposal of CBs is a 

normative component of smoking [246,247]. Many CBs smoked in public are littered to 
the urban environment rather than disposed of in proper receptacles [92]. Adding to the 
burden of CBs is the waste associated with the growing use of e-cigarettes [16]. In the 

United States, schools must now manage confiscated e-cigarettes and e-cigarette litter as 
hazardous waste, likely incurring significant costs associated with their collection, storage, and 

disposal [126]. 
The cleanup and disposal of tobacco product waste, much of it related to cigarette 

use, is a negative economic externality, which can be defined as a harmful effect to a third 
party not directly involved in the transaction and for which they are not compensated. This 
externality is borne by non-smokers, taxpayers, communities, and voluntary groups that 

conduct cleanups. The tobacco industry has supported a “blame-the-victim approach” by 
calling mainly for smoker responsibility and enforcement of litter regulation, as opposed to 

preventive policies such as the elimination of plastic filters from cigarettes [13,248]. Cities 
incur significant cleanup and disposal annual costs for public areas, ranging on the order 
of USD 4 million for Portland and Las Vegas, USD 22 million for San Francisco, and USD 

80 million for New York City [249,250]. 
In addition to the direct impacts associated with litter cleanup, there is a range of 

indirect impacts that need evaluation in more detail. Cigarette waste degrades environ- 
mental quality by fouling beach environments, despoiling public lands such as parks, and 

degrading neighborhoods and public spaces [251]. Such indirect environmental impacts 
may translate to significant economic consequences due to a reduced delivery of ecosystem 
services such as food supply, regulating services such as water and waste purification, and 

cultural and aesthetic services including tourism and recreation [252]. Single-use plastic 
pollution related to the littering of cellulose acetate CBs, e-cigarettes, or plastic lighters also 

likely has a significant environmental footprint. Plastic pollution substantially impacts the 
delivery of ecosystem services, especially those in marine environments [253]. Increased 
building fire and wildfire risk due to improper CB disposal causes an estimated 130,000 

fires in the United States annually, resulting in over USD 2 billion in costs associated with 
firefighting and USD 6 billion in property damage [254,255]. 
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5. Conclusions 

Contaminants associated with CB pollution are numerous. They include: nicotine; its 
key metabolites cotinine and trans-3’-hydroxycotinine; tobacco-specific nitrosamines; met- 
als; and PAHs. Some of these compounds may be relatively short lived in the environment 

(e.g., nicotine), while others can persist (e.g., metals and larger PAHs) or bioaccumulate in 
biota (nicotine, cotinine, and metals). Some pollutants (e.g., metals and organic pollutants) 
may undergo facilitated transport in the environment due to their association with the 

nanoparticles produced during combustion. While the chemical pollutants associated with 
cigarette pollution are well characterized, their fate in the environment, including in 

aquatic systems that are commonly the endpoint for tobacco product-related pollutants, 
are not. Nicotine, cotinine and trans-3’-hydroxycotinine are important tracers of cigarette 
pollution in the environment. In contrast to PAHs and metals, these compounds have fewer 

natural sources that may confound source attribution. Cotinine appears to be monitored 
more frequently than nicotine in environmental studies, likely because it can be measured 

simultaneously with a suite of pollutants via solid phase extraction and liquid chromatog- 
raphy/mass spectrometry. In contrast, nicotine requires different analytical treatment and 

methods because of its high pK value. Environmental studies should strive to measure nico- 
tine in addition to cotinine, particularly because nicotine is a potent environmental toxin. 
In addition, since nicotine and cotinine can come from non-tobacco sources, studies should 

focus on measuring the “metabolites of metabolites” such as trans-3’-hydroxycotinine, or 
tobacco-specific alkaloid biomarkers such as anabasine [256], which are more conclusive 

indicators of environmental contamination from human tobacco use. Additionally, because 
of their relative stability in aquatic environments, some less common nicotine metabolites 

(e.g., N-formylnornicotine) may be good tracers of environmental contamination from 
human tobacco use. 

The trillions of CBs littered into the environment every year are sources of pollution 
via leaching and emission of gas-phase pollutants. CB chemical release rates are not well- 

characterized for either water or air and require more research focus. Cellulose acetate CBs 
are a form of bulk plastic non-point source pollution, as well as micro-plastics as the CBs 
age and break apart in the environment; the effects of this pollution merit further 

exploration. Environmental contamination from e-cigarette use and disposal is less well 
documented and requires more attention, especially given the growing popularity of these 

products. Pollution sources include discarded e-liquid pods and their contents, other e-
cigarette components that include batteries and other metallic components, and entire 

single-use, e-cigarette systems. Additional attention should be given to the environmental 
impacts of newly developed heated tobacco products. The market for these products may 
grow dramatically given recent actions of the US Food and Drug Administration to 

approve them as reduced exposure tobacco products and widespread global marketing by 
tobacco companies. 

A less recognized source of combustible cigarette contamination to the environment 
is SHS, a complex amalgam of mainstream and sidestream smoke, and THS, which ac- 
cumulates on surfaces exposed to smoking. Most of the research to date has focused on 

indoor settings and the associated human health impacts. Elevated nicotine, particulates, 
and metals from cigarette smoke have been detected in urban air and near public smoking 

areas. Pollutants from smoke, including toxic TSNAs, are detected on a wide variety of 
indoor surfaces. Expanding the focus of SHS and THS to outdoor settings is a ripe area for 

new research. 

Because of the ubiquitous disposal of used cigarettes and e-cigarettes, several waste 
management systems may be sources of tobacco pollutants to the environment. These 
include the effluents of treated domestic wastewater, leachate seeping out of landfills, and 

discharges from urban storm drains and because there may be non-tobacco sources of 
nicotine, it is sometimes difficult to link nicotine pollution to tobacco use, especially for 
landfills. Nicotine and the cotinine metabolite have been extensively detected in a variety 

of surface waters, and to a lesser extent in ground waters. Of particular concern, and 
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a needed focus of future research, is the assessment of the continuous releases of low- 
concentration tobacco pollutants from wastewater and stormwater discharges, which have 

the potential for chronic toxicological effects on aquatic biota and possibly human health. 
Source tracking of cigarette-specific pollutants is also needed to conclusively link tobacco 
products as the sources of contaminants in multi-input, waste management systems. 

While the chemical makeup and sources of environmental cigarette pollution have 
been identified, the extent to which this pollution impacts the provisioning of ecosystem 

services is understudied. For instance, to date, there have been only a few laboratory 
studies that show CB leachate is toxic to or bioaccumulated in microbes, plants, benthic 
organisms, bivalves, zooplankton, and fish. A limited number of studies also showed that, 

as a toxic waste product, CB leachate can negatively impact microbes, plants, and animals. 
Given that environmental microorganisms catalyze key biogeochemical cycles (e.g., 

carbon, nitrogen, phosphorus, sulfur, and iron) and ecosystem services (e.g., waste 
attenuation and agricultural food production), there is a need to understand how this 

pollution impacts microorganisms and associated ecological processes, including microbial– 
plant interactions, under field conditions. More studies are also needed to assess how the 
many toxins associated with cigarette and e-cigarette use and disposal affect plant 

establishment, survival, and yield of food crops under field conditions. There is also a need 
to more conclusively document the impacts of cigarette pollutants on plants and animals, 

especially the bioaccumulation of contaminates such as metals and CB-specific 
microplastics, in the outdoor environment to complement experimental laboratory studies. 
Finally, more studies documenting the impacts on wildlife and human health are needed 

that go beyond suggesting an exposure pathway (e.g., tobacco smoke in urban air, cotinine- 
contaminated water, and TSNAs on the surfaces of deconstruction debris) or testing a 

single contaminant in a laboratory setting. These studies are needed to conclusively show 
the health impacts due to field-relevant concentrations and chemical mixtures of cigarette 

and e-cigarette contaminants in the environment. 

A final under-recognized impact of cigarette contaminants in the environment is the 
economic burden of cleanup, mitigation, and prevention. To support effective policies to 
reduce the negative economic externalities of cigarette and e-cigarette pollution, a more 

comprehensive picture of direct and indirect environmental costs of cigarette and e-cigarette 
use and disposal is needed. The estimation of scientifically defensible environmental costs, 
coupled with more extensive studies of the sources and impacts of these environmental 

pollutants, could encourage policy changes that limit environmental damages, while also 
shifting responsibility for these damages away from the public and upstream to tobacco 

product producers, suppliers, and retailers. 
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