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Annually, over 5.5 and 4.5 trillion cigarettes are globally produced
and littered, respectively. Cigarette butts (CBs) are the main an-
thropogenic litter item, contaminating fresh and coastal waters, le-
aching contaminants and affecting biota. One CB may contain a
complex mixture (>7,000 compounds, of which >150 are toxic), that
can contaminate around 1,000 L of water by leaching several ha-
zardous substances, such as toxic metals and polycyclic aromatic
hydrocarbons (PHAs). Smokers are more likely to discard CBs than
other litter types, but littered CBs occurrence in urban areas are
poorly known. In addition, monitoring studies usually ignores the
CBs brands, losing valuable information to enable possible reverse
logistics and illegal cigarette marketing (ICM) analysis. Brazil has an
important role on tobacco mitigation as the leading country on re-
ducing tobacco prevalence in South America. Guaruja city (324,977
inhabitants) presents territorial spaces occupied by environmental
protection areas (75%) and highly urbanized zones (25%), with main
activities related to port complex and tourism. Guaruja has the 37th
best urban cleaning status among 5,568 Brazilian cities. Despite
this, our previous study has found high levels of CBs contamination
in the 1st (Santos) and 2nd (Niteroi) best ranked cities according
to Brazilian urban cleaning status. The present study conducted in
urban areas of Guaruja, aimed to determine the density of litte-
red cigarette butts (DCBs) in walkways of different urban densi-
ty zones and income, estimate the contaminants leakage, identify
the CBs brands and the illegal cigarette marketing rate. In addition,
levels of PHAs and toxic metals were assessed based on CBs lea-
chates. A total of 4,321 CBs were found in 23,694 square meters
from Guaruja, with a DCBs of 0.18+0.17 CBs.m-2. Considering the
obtained DCBs in Santos, Niteréi and Guaruja no corresponden-
ce with Brazilian ranking of urban cleaning status was seen, indi-
cating that monitoring programs directed to CBs should be adop-



ted. Interestingly, the DCBs was positively related to the number of
commercial buildings, stores selling cigarette packs and units, and
benches, but not to the number of residential buildings, manholes,
bus stops, garbage bins, and local income. The CBs contaminants
leakage in Guaruja was overall severe (CBPI=15.4£11.5), which was
higher in zones under low urban density. Thus, low urban density
zones of Guaruja are the main contributors to CBs contaminants
leakage. In Santos, these zones contributed less, while in Niterdi, all
zones of urban density contribute similarly. Niterdi, and especially
Santos and Guaruja presented alarming levels of CBs contaminants
leakage. The main CBs brands found in Guarujd were Rothmans,
Marlboro and Gift, which were similar to those observed in Santos.
Based on identified brands, the ICM ranged from 21.7% to 36.7%,
indicating that monitoring programs and control actions on illegal
cigarette markets must be adopted. Further, DCBs and CBPI were
more strongly related to low urban density, while ICM was influen-
ced by the low level of income. Finally, highly toxic levels of poly-
cyclic aromatic hydrocarbons and chemical elements were leached
from CBs, indicating concerns about the ecological risks and po-
tential health hazards posed by CBs as hazardous waste. Thus, it is
crucial to address and mitigate the environmental contamination
caused by CBs to safeguard ecosystems and human well-being.

Keywords: Brands; Contaminants; lllegal; Leakage; Walkways.



Cigarette smoking is a fairly common social behavior. It was estima-
ted that 1.14 billion people smoked 7.41 trillion of cigarettes in 2019
(GBD Tobacco, 2021). While smoking is linked to a range of health
impacts such as cancer (Hecht and Hatsukami, 2022), stroke (lka-
zabo et al., 2022), diabetes (Zeru et al., 2021), birth complications
(Gutvirtz and Sheiner, 2022), heart (Sepand et al., 2021) and lung
(Li et al., 2021) diseases, the entire production chain of cigaret-
tes (manufacturing, distribution, and disposal) also poses several
environmental threats (Aradjo et al., 2022; Green et al., 2022). For
instance, the manufacturing stage results in natural areas defores-
tation (Gomersall, 2022), while using harmful pesticides, increasing
greenhouse gas emissions and causing labor health issues (Li, 2022;
Malahayati and Masui, 2019). Furthermore, cigarettes also become
a serious environmental issue after consumption, since littered ci-
garette butts (CBs) contaminate fresh and coastal waters, leaching
contaminants, affecting especially aquatic organisms (Araujo et al.,
2022; Torkashvand et al., 2020).

The 5.5 trillion cigarettes produced leads to approximately 4.5
trillion CBs inappropriately discarded annually (Torkashvand and
Farzadkia, 2019). Even though cigarette filters might capture some
toxic chemicals generated when smoking (Nitschke et al., 2023),
CBs may contain over 7,000 compounds, with at least 150 being
toxic (Aradjo and Costa, 2019). Each CB may contaminate up to
1,000 L of water, releasing hazardous substances such as toxic me-
tals, BTEX, polycyclic aromatic hydrocarbons (PHAs), nitrogenic
compounds, aromatic amines, among others (Akhbarizadeh et al,,
2021; Dobaradaran et al,, 2021, 2019, 2018, 2017; Soleimani et al.,
2022). Several studies have found substantial levels of PAHs and
toxic elements in CBs littered in natural and urban settings (Ding
et al., 2007; Lee et al., 2011; Shimazu, 2016; Vu et al., 2015). Many
chemicals present in smoked CBs are persistent in environment,



bioaccumulate in living organisms besides induce mutagenic, car-
cinogenic, and teratogenic effects (Neira et al.,, 2017; Qiao et al,,
2006; Rochman et al.,, 2013). Indeed, freshly discarded CBs leak
hazardous substances into the environment affecting soils and na-
tural waters (Dobaradaran et al., 2019). Thus, concerns are raised
since CBs have emerged as the most common form of anthropo-
genic litter (Aradjo et al.,, 2022), mainly due to incorrect disposal
by smokers compared to other types of litter (de Granda-Orive et
al., 2016). Nevertheless, the occurrence and distribution of CBs in
urban areas and the associated environmental risks caused by toxic
metals and PAHs remain poorly understood (Ribeiro et al., 2022a).

Littered CBs monitoring studies usually analyses the number of
items collected by a predetermined area, while ignoring the CBs
brands analysis (Aradjo and Costa, 2021; Torkashvand et al., 2021)
or hiding the brands names (Lima et al., 2021; Santos-Echeandia
et al., 2021). However, there are several knowledge gains in asses-
sing the littered CBs brands. For example, reverse logistics strate-
gies may be adopted when cigarette brands and manufacturers are
known (Brasil, 2010). Based on such information penalties could be
applied to manufacturers saving millions of dollars in costs of col-
lection and management of this waste (Granados et al., 2019; Ran-
jkesh and Nasouri, 2022). In addition, the identification of littered
CBs brands is necessary to adopt reverse logistics actions, which
are mandatory to enable integrative evaluations of environmental
impacts, demography and market allowing costs estimates (Ribeiro
et al., 2022a).

The illegal cigarette marketing (ICM) is one worrying issue related
to the cigarette smoking, while tobacco industry amplify its real
proportion seeking to exempting then self (Arevalo et al., 2016; Kur-
ti et al., 2020; Nguyen and Nguyen, 2020; Scollo et al., 2014; Szklo
et al., 2020; van der Zee et al., 2020). Sold at lower prices, illegal
cigarettes are manufactured while avoiding taxes and/or are smu-



ggled from countries with smaller taxes (Goodchild et al., 2022).
Evaluations of ICM can be performed by using several methods and
standardized protocols (Merriman et al., 2000; Ross, 2015; Smith et
al., 2019). Overall, surveys, dummy purchases, tax gap analysis, and/
or visual analysis of cigarette packs collected in urban walkways or
garbage bins are used. Ideally, seeking to produce a reliable pa-
norama of the ICM rate in a specific location, it is needed to apply
continuous monitoring samplings using different methods. Litte-
red CBs can represent a complementary strategy to estimate the
ICM, despite presenting some challenges such as accurately distin-
guishing brands as legal or illegal using degraded CBs (Ribeiro et
al., 2022a). On the other hand, it can avoids self-reported bias from
other methods, providing similar sampling replicates, while could
indicates some trends in illicit consumption (Smith et al., 2019).

Brazil is the world’s fifth biggest country and the biggest and most
populated in Latin America (>212 million inhabitants) (IBGE, 2020).
Brazil has an important role on tobacco mitigation in the American
continents, as one of the leading country on reducing tobacco pre-
valence (Curti et al., 2019; Szklo et al., 2020). While the number of
Brazilians who smoke cigarettes has reduced over the past decades,
more than 8 million Brazilian smokers still identify themselves as
‘loyal’, 'satisfied’ or ‘very satisfied’ with the overall “quality” of illegal
cigarettes (Dorfman et al., 2017; Gigliotti et al., 2014). Nationwide
ICM rates were estimated in Brazil using different methods (Brown
et al,, 2017; Iglesias et al., 2017; Szklo et al., 2018; Szklo and Iglesias,
2020). In local perspectives, Szklo et al. (2020) analyzed five hi-
ghly urbanized cities using four different methods (littered cigaret-
te packs in household garbage [1] and walkways [2], and phone [3]
and face-to-face surveys [4]). Thus, assessing ICM in local basis
play essential role to better estimate the ICM rates, then facilita-
ting cross-referencing methods used nationally. Our previous study
in Santos and Niterdi was the first to apply CBs identifications to
estimate ICM in Brazil (Ribeiro et al., 2022a).



Guaruja is an island that, together with eight other cities including
Santos, forms the Baixada Santista metropolitan area, located in the
southeast Brazilian Sdo Paulo State (Roveri et al.,, 2020b). Guaruja
has 324,977 inhabitants, 144.8 km2 and 64 km of extension (IBGE,
2020). Around 75% of Guaruja area is covered by environmental
protection areas and the remaining 25% is composed by completely
urbanized zones (Roveri et al., 2020b; SMA/CPLA, 2016). The main
economic activities held in the region are related to its neighbor
city Santos, sharing the biggest Latin American port complex (Pus-
ceddu et al,, 2019). Touristic activities are also widely held in Gua-
ruja, being mostly related to the 27 beaches with pleasant climate
throughout the year. In this regard, during the high summer sea-
sons (December to February), Guaruja population doubles (Roveri
et al.,, 2020a). According to the Union of Urban Cleaning Compa-
nies, Guaruja has the 37th best urban cleaning status among 5,565
Brazilian cities, differently than Santos (Sao Paulo State) and Ni-
terdi (Rio de Janeiro State), which are the first of the ranking (ISLU,
2022). Despite this, our previous study reported high levels of CBs
contamination in walkways from Niterdi, and especially Santos (Ri-
beiro et al., 2022a) indicating that even well-ranked cities in public
cleanliness indices may have issues related to CBs contamination.

Based on this scenario, the present study aimed to assess the spa-
tial distribution of littered CBs in areas presenting different urban
densities and income in Guaruja. This approach, associate to ob-
tention of Cigarette Butts Pollution Indexes, leachate experiments
(PHAs and toxic elements) and estimates of ICM, will allow an inte-
grative evaluation of potential socioenvironmental impacts induced
by CBs contamination. The results, were compared to previous stu-
dies performed in Santos and Niteroi cities seeking guide manage-
ment decisions on the mitigation of this serious issue in the studied
area, also enabling advances in a global perspective.
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2. Methodolog
2.1 Study area

The spatial assessment of cigarette butts (CBs) and cigarette packs
(CPs) included nine sites in Guaruja city (S1to S9). The selection of
the sites considered three local urban densities classes available in
the master plan of the city (high, moderate and low urban density)
(Guaruja, 2013) (Table 1). Additionally, the sites S1to S9 were cho-
sen seeking to allow three replicate samplings, using 20 volunteers
covering all sites in the same day between 5 and 10 (p.m.). Although
urban density was the primary criteria for site selection, analyzes
using income were also performed, since the prevalence of people
who smoke and ICM rates are often related to urban occupation
(Szklo et al., 2020). For this purpose was used available data about
Average Nominal Income of Heads of Household (ANIHH) in Gua-
ruja city, which in categorized in four classes (very low, low, modera-
te, high) (Guaruja, 2013). Despite equal number of sites for classes
of urban density and different number of sites per ANIHHSs clas-
ses (Table 1), the obtained values used were normalized by density
(CBs.m™ or CPs.m™) or the average percentage when concerning
the ICM, thus comparative analysis between different ANIHH clas-
ses were also possible.

Table 1. Sampling sites, area (m2), urban density level and Avera-
ge Nominal Income of Heads of Households (USD) analyzed in the
present study.
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2.1.1Urban density levels

The urban density in Guaruja city is divided in lower, moderate and
high urban density zones, in addition to industrial and port activities,
touristic interest, fishing and naval activities, and others in the same
available land occupation map (Fig. 1) (Guaruja, 2013). It was used
the three urban densities levels (zones of high [S1, S2 and S3 - blue
in Fig. 1], moderate [S4, S5 and S6 - gray] and lower [S7, S8 and S9
- red] urban density) (Fig. 1).

Figure 1. Map of Brazil (a), Sdo Paulo state (b) and Guaruja city
sampled sites distributed in urban areas of high, moderate and low
urban density (c).
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2.1.2 Income levels

The income of residents was only available data in Guaruja based
in the ANIHH per month (in USD). Thus, the spatial evaluation, with
the same sites, was carried out based on four classes of ANIHHs
(101-303 [S7 and S8], 303-606 [S4, S5 and S6], 606-1010 [S1, S2
and S3] and >1010 USD [S9]) (Fig. 2).

Figure 2. Guaruja city sampled sites distributed in urban areas of di-
fferent Average Nominal Income of Heads of Households (ANIHH).

2.1.3 Other urban aspects

Several other urban aspects are linked with the number of CBs fou-
nd in urban environments, such as the presence of bus stops (Oliver
et al., 2014), tree pits (Green et al., 2014) or entrances to playgrou-
nds and hospitals and educational venues (Valiente et al., 2020).
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In the present study, the sample sites were visited before the sam-
pling campaigns, in order to count the number of urban aspects of
each sampling site to later corelate with the number of CBs found.
More specifically, we considered nine aspects, i.e., the number of:
stores that cell cigarette packs (1) and units (2); benches (3); com-
mercial buildings (4); trees and bushes (5); manholes (6); bus stops
(7); garbage bins and bags (8); and residential buildings (9) (Fig.
S1to S4 - Supplementary material). Vendors were asked if the sto-
re they work sell cigarette packs (1) and units (2) (Fig. S1), and its
worth’s highlighting that it is illegal but quite common in Brazil to
sell cigarette units. Buildings were considered commercial (4) when
they sell something or provide any service, and were residential
(9) when were houses or apartment complexes. Often, the same
buildings are destined to commercial goals in their lower entrance,
and to residential goals in their 2nd floor, being accounted as both
in our study (Fig. S2). Additionally, benches (3), trees and bushes
(5), manholes (6) and bus stops (7) and garbage bins and bags (8)
were accounted by quantity.

2.2 Sampling procedures

Quadrants measuring on average 877.5 m2 (from 705 to 1,078 m2
- see Table 1) were delimited in each sample site, three sampling
campaigns were performed in each quadrant during low season
(between March and April 2023) seeking to avoid overestimation
of littered CB, i.e., without the massive presence of tourists. Sam-
pling campaigns were performed between 5 and 9 P.M. (Torkash-
vand et al., 2021), because CBs are most commonly seenin the eve-
ning hours (Patel et al., 2013), while avoiding the impact of street
cleaning schedules activity (Marah and Novotny, 2011). Briefly, in
each sampling site, a quadrant (measuring on average 877.5 m2)
was drawn in urban walkways, where the littered CBs and CPs were
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collected. Based on field visual surveys methods, samplings were
conducted on each selected sidewalk and its continuation up to 1
m from the street (Fig. 3) (Cutter et al., 1991; Torkashvand et al,,
2021). A total of 20 bachelor students (previously trained for col-
lection of samples in urban and environmental areas) prepared the
sample kits (Fig. S5), conducted the sampling campaigns (Fig. S6),
and posterior sorting of collected samples (Fig. S7). These steps
were supervised by PhD students to assure sample quality control.

Figure 3. Sampling strategy considering 20 students (18 for sam-
pling and sorting and 2 for logistics planning) and the sampled qua-
drant area.
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2.3 Cigarette butt densities

The density of CBs (DCBs) in each site was obtained by the ratio
between the CBs abundance in the previously measured area (m?)
in each site (Torkashvand et al., 2021). Therefore, the DCBs were
expressed in CBs.m2 The DCBs results were compared among
classes of urban density and income levels, both separately and
simultaneously, in addition to be correlated with the other urban
aspects.

2.4 Cigarette butt contaminants leakage es-

The Cigarette Butts Pollution Index (CBPI), proposed by Torkash-
vand et al. (2021), was calculated using the DCBs while taking into
account other local factors in order to estimate the potential pollu-
tants leakage from CBs to the soil. Indeed, the CBs contamination
at urban sites may lead to different levels of pollutants leakage into
the environment, after being subject to specific anthropogenic and
environmental conditions (Green et al., 2014; Nasab et al., 2022;
Torkashvand et al., 2020). In this sense, the CBPI was calculated by
the equation CBPI = DCBs x E, where E is the coefficient that con-
siders simultaneously soil status (concrete, grassy or sandy), kind
of pathways (if it had open channels or lines of trees and shrubs),
weather conditions (annual rainfall in mm), and distance from grou-
ndwater (in meters) (Table 2).
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Table 2. Cigarette Pollution Index (CBPI) E coefficient calculation.

aDue to the fact that, up until now, no universal method calculated the CB period in urban
places, the annual index was used in this study. However, this parameter is calculated con-
sidering seasonal changes or the number of rainy days: months without precipitation =1,
months with less than 8 days of precipitation = 1.5, months with 8-15 days of precipitation
= 2, and months with more than 15 days of precipitation = 2.5.

PUrban green spaces that are irrigated daily = 2.5.
cAdapted from the Oleckno index.

dCoastal and sandy areas = 2.

The CBPI indicate more serious environmental impacts in sites
with higher CBs density, low quality paving, open channels, wooded
areas, annual rainfall regimes higher than 750 mm and areas with
shallow groundwater (<3 m). These tend to be ranked worse by this
index. On the other hand, smaller CBs densities, paving with good
quality, absence of open channels and urban afforestation, deep
water tables (>*9 m) and low rainfall (<300 mm) suggest less poten-
tial for leaching contaminants. In Guaruj3, the annual rainfall reach
approximately 3,000 mm (then classified as >750 mm) (Roveri et
al., 2020b) and the depths of the groundwater were classified as <3
m (S3do Paulo, 2005). Finally, the obtained CBPI values were clas-
sified in levels of CBs pollutants leakage, ranging among very low
pollution (£1.0), low pollution (11-2.5), pollution (2.6-5.0), signifi-
cant pollution (5.1-7.5), high pollution (7.6-10.0) or severe pollution
(210.0) (Fig. 4) (Torkashvand et al., 2021). Finally, the CBPI results
were separately compared between the classes of urban density
and income levels, and both aspects simultaneously.
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Figure 4. Cigarette Butts Pollution Index (CBPI) classes, varying
from very low pollution to severe pollution.

2.5 Cigarette brands and companies

The brands of all collected CBs and CPs were visually identified
by searching for printed designs, logos, or words (Stratton et al,,
2016). When the brand of a specific CB was not visually identifia-
ble because loss of its physical characteristics due to a high sta-
ge of degradation, it was classified as ‘Unidentifiable’ (Lima et al.,
2021; Ribeiro et al., 2022a). In addition, the identifiable brands were
connected with the source company responsible for its marketing
(Brasil, 2018). Each CBs and CPs brands were photographed in or-
der to start a guide of identification for further studies.
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2.6 lllegal cigarette marketing

CBs brands found were assessed for their legality status (given in
percentages) by checking them in the list of brand names appro-
ved (Anvisa, 2021) on the market by the Brazilian Health Regula-
tory Agency (ANVISA) (Barkans and Lawrance, 2013; Ribeiro et al.,
2022a). In CPs, similar steps were taken, plus the identification of the
country of origin, presence (and language) of health warnings and
the stamp from Brazilian regulatory agencies (Szklo et al., 2020).

2.7 Cigarette butt experiments

The most frequent brand of CBs found during the sampling was
used to prepare leachates in ultrapure water (in triplicate). Ci-
garettes were purchased in local commercial establishments and
smoked using a hand-operated vacuum pump (oil-free) connected
to a PTFE tubing with 10 simultaneous taps at low-pressure (=50
mmHg), until approximately 1 cm above the filter according to Lima
et al., (2021) and Madelli et al., (2023). Then, the CBs were refrige-
rated (-4°C) in glass bottles (250 mL) previously decontaminated
(washed using alkaline detergent [10x], immersed in nitric acid [5%]
for 24 h, dried and rinsed with acetone and hexane [3%]) until the
experiments of settling and leachate preparation for toxicity tests.
To prepare CBs leachates were used 4 CBs.liter-1 of ultra-pure di-
lution water. Glass beakers containing CBs solutions were placed
on an orbital shaker (100 RPM) for 24 h and stirred under dark con-
ditions. After, the leachates were filtered through a 1.2 pum mesh to
remove particulate material and analytically analyzed for identifica-
tion and quantification of PHAs and toxic elements.

Sixteen PHAs (potentially toxic and considered priority in environ-
mental studies according to United States Environmental Protec-
tion Agency), and twelve trace elements (As, Cd, Cr, Cu, Fe, Hg, Mg,
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Mn, Pb, Ni, Sn and Zn) were investigated in the leachate solution.
After acid digestion, trace elements concentrations were quanti-
fied by inductively coupled plasma optical emission spectrometry
(ICP-OES) and/or inductively plasma mass spectrometry coupled
(ICP-MS) after microwave-assisted acid digestion. The choice of
ICP-OES or ICP-MS techniques considered the performance of
each specific element and concentration in samples. Quality con-
trol of these analyses employed blanks and recovery tests. To in-
vestigate PAHs, samples were spiked with 100 pL of deuterated
PAH (acenaphthene-d10, phenanthrene-d10 and chrysenedl2 at
1000 pg L-11) as surrogate. The samples were submitted to a li-
quid-liquid extraction using high-purity hexane and cleaned up by
alumina-silica gel chromatographic columns. Extracts were injected
into a gas chromatography coupled to mass spectrometry system
(GC-MS, Agilent Technologies, model 7820A/5975C, Wilmington,
USA) in the selected ion monitoring (SIM) mode. Quality control
included procedural blanks and recovery of surrogates.

2.8 Statistical analysis

The density of CBs and CBPI values obtained for sampled sites
were grouped according to categories of urban density (low, mo-
derate and high). Shapiro-Wilk and Levene tests were performed to
assess normality homogeneity of variances respectively. After, the
differences among categories were assessed by a one-way ANOVA
followed by Tukey multiple comparisons. Alternatively, non-para-
metric statistics (Kruskal-Wallis followed by the Dunn’s test) were
applied when ANOVA assumptions were not achieved. The results
were presented as mean * standard deviation (SD). Pearson or Spe-
arman non-parametric correlation analysis were used to investiga-
te the relationships among density of CBs and the urban aspects
in each sampled site. All statistical analyses were performed using
Statistica® (version 13.0 (Statsoft)) with a significant level of 0.05.
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3. Results and Discussion

3.1 Cigarette butt densities

A total of 4,321 CBs were found in the sampled sites which covered
an area of 23,694 m2. Thus, considering all analyzed sites the ave-
rage density of cigarette butts (DCBs) was 0.18+0.17 CBs.m™? The
DCBs was also examined in urban zones of Santos and Niterdi cities
(Brazil) in 2021, when these cities were ranked as the top 2 cities
with the best urban cleaning status among 5,565 Brazilian cities. In
this regard, according to 2022 report Guaruja is ranked in 37" posi-
tion (ISLU, 2022; Ribeiro et al., 2022a). Therefore, we expected to
find that DCBs in Guaruja would be higher than Santos and Niterdi.
While this was the case for Niterdéi (0.08+0.21 CBs.m™2), Santos pre-
sented higher DCBs (0.25+0.17 CBs.m™). Based on analyzed sites
and cities, our findings suggest that urban cleaning status may not
necessarily reflect the actual prevalence of littered CB in urban en-
vironments. Indeed, CBs present a distinct dynamic in comparison
to other types of anthropogenic litter items in terms of disposal,
distribution and accumulation frequencies (Araudjo et al., 2022).
Usually, people who smoke tends to get rid of CBs faster, possibly
due to the bad smell, and tend to wrongfully discard them due to
social acceptance, habitual behavior and lack of awareness. Addi-
tionally, the prevalence of people who smoke is huge and CBs tends
to remain in the environment after local clean-ups, due to small size
and light weight, making them to easily scatter. Therefore, urban
cleaning status was not a good indicator for CBs occurrence and
local authorities should actively address this environmental issue
with specific monitoring programs.
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3.1.1 Urban density levels

In areas presenting different levels of urban density in Guaruj3, si-
tes with high and moderate levels had no significant differences in
DCBs (Kruskal-Wallis followed by Duun'’s tests, p<0.05), while sites
under low urban densities accounted for DCBs significatively higher
than sites with moderate urban densities (Fig. 5a). Such variations
were probably caused only by the values obtained in S6 and S7,
which were the smallest and higher DCBs sites, respectively (Fig.
5b). Same pattern was also seen in Santos (Fig. 5¢) being attribu-
ted to wide standard deviations often observed in studies asses-
sing densities of anthropogenic litter (Ribeiro et al., 2022a). Indeed,
Santos and Guaruja are neighbor cities in Sdo Paulo state, southe-
ast Brazil, equally sharing the borders of the biggest port complex
in Latin America (Ribeiro et al., 2021a). Thus, we expected certain
level of similarities between DCBs obtained in Santos and Guaru-
ja. In Niterdi, the DCBs along sites under different levels of urban
density occupation were similar to Guaruja (low > high > moderate
urban density), but surprisingly no differences were seen among
them in Niterdi (Fig. 5d). Such results indicate that CBs contami-
nation in urban areas may not be related to population densities in
different cities. Few studies assessing these parameters were so
far performed covering just three cities from southeastern Brazil
(considering the present study). Therefore, the approach adopted
in the present study must be replicated for a larger number of cities
in different regions, considering different urbanization levels, alon-
gside with other socioeconomic conditions before a pattern can be
identified.
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Figure 5. Cigarette butts densities (DCBs) in Guaruja city by ur-
ban densities (a) and sites (b). Error bars indicate standard devia-
tions. Data from Santos and Niter6i were obtained by Ribeiro et
al. (2022a). Letters denote significant differences (Kruskal-Wallis
followed by Dunn'’s tests).

3.1.2 Income levels

The consumption of cigarettes, and consequent CBs littering, were
reduced in high-income countries over the past few years, while in-
creased in middle and low-income countries around the world (Va-
napalli et al., 2023). To our knowledge, no study compared the CBs
distribution with populationincome in local, regional or national pers-
pectives. In Guaruj, the DCBs were higher in very low (0.36 CBs.m32)
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and high-income zones (0.30 CBs.m™), i.e., locations in which the
Average Nominal Income of Heads of Households (ANIHH) is 101-
303 and >1010 USD per month, respectively (Fig. 6). Overall, DCBs in
Guaruja were similar across locations with different incomes, but sig-
nificant differences were seen between 101-303 USD and 303-606
USD ANIHHSs. Thus, CBs contamination in Guaruja city, and possibly
its consumption, did not follow the global trend of decrease in high-
-income countries and increase in low and middle-income countries
(Vanapalli et al., 2023). Therefore, more studies are necessary in this
topic seeking to identify the trends between cigarette consumption,
CBs littering and different income locations.
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Figure 6. Cigarette butts densities (DCBs) in Guaruja city by Ave-
rage Nominal Income of Heads of Households (ANIHH). Error bars
indicate standard deviations. Letters denote significant differences
(Kruskal-Wallis followed by Dunn's tests).
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3.1.3 Urban density and income levels

The DCBs in zones of low urban density (lowest class) CBs differ
from moderate zones (second lowest class). Similarly, the DCBs in
zones of very low income (lowest class - 101-303 USD per month)
differ from /ow zones of income (the second lowest class - 303-
606 USD per month). Thus, both aspects showed the same trend
in Guaruja. However, low urban density zones had higher DCBs
despite the level of income, considering the highest levels found
in both richer (1,010 USD per month) and poorer (101-303 USD
per month) income areas of low urban density (Fig. 7). Additionally,
other urban density zones (high and moderate, with 303-1,010 USD
per month income) had less than half and a third of CBs density,
respectively (Fig. 7). Therefore, it is fair to assume that low urban
density is more prominently connected with higher CBs densities
than income levels. Thus, more CBs are expected to be found in
poorer locations, especially under low urban densities. The urban
density and income of the heads of households (ANIHH) were not
simultaneously compared in Guaruja and many other Brazilian and
worldwide urban environments, especially when concerning CBs
contamination. In this sense, our study can serve as basis for fu-
ture local urban monitoring initiatives. Thus, more sites should be
selected in future studies seeking to produce a more suitable and
combinate sampling grid covering different income classes (Figure
7). In this sense, our study serves as a preliminary analysis of CBs
contamination combining urban density and income levels.
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Figure 7. Average cigarette butt densities (cigarette butts.m-2) in
different urban density and income (Average Nominal Income of
Heads of Households [ANIHH]) levels. Letters denote significant
differences (Kruskal-Wallis followed by Dunn'’s tests).

3.1.4 Other urban aspects

Comparison among spatial distribution of CBs in urban areas is
strongly connected with city plans and population maps available
(Ribeiro etal., 2022a). Forinstance, Santos and Niterdi city hall's had
available master plans (Niterdi, 2022; Santos, 2013), identifying city
areas regarding the population densities and soil usage (residen-
tial, commercial, public spaces and other zones), amongst several
other aspects. In Guaruja, only data on urban population and level
of income were previously available (Guaruja, 2013). However, the
present study counted how many residential and commercial buil-
dings there were in the sampled sites. The DCBs were not related
to the number of residential buildings in each studied site, accor-
ding to Spearman Correlation (p>0.05) (Fig. 8). On the other hand,
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the presence of commercial buildings was positively and strongly
related to DCBs (p<0.05, r=0.81), suggesting potential sources of
littered CBs. Also, it is known that the CBs occurrence is related
to urban aspects distribution, such as bus stops and public trans-
portation and hospitals entrances and other urban aspects (Doba-
radaran et al., 2019; Green et al., 2014). In Guaruja, the DCBs was
higherin locations with more benches and stores selling cigarette in
packs and units (p<0.05) (Fig. 8). Moreover, the DCBs was smaller
in locations with more trees and shrubs (p<0.05, r=-0.73) (Fig. 8).
Finally, no relation was observed among the DCBs and the number
of manholes, bus stops and garbage bins and bags (p>0.05) (Fig.
8). Thus, our data suggest that more attention from local authori-
ties (i.e., installation of collectors) should be given in these areas.

Figure 8. Urban characteristics correlation with the density of ci-
garette butts (DCBs).
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3.1.5 Worldwide cigarette butt densities

In a worldwide perspective, most studies analyzing the CBs oc-
currence in urban environments (lran, Brazil, Japan and Germany)
showed higher average DCBs than Guaruja (Table 3). However,
Niterdi and Qazvin (Iran), had smaller DCBs than Guaruja. Howe-
ver, there are still few studies published assessing occurrence of
CBs in urban areas, hindering a proper global snapshot of the DCBs
in urban environments. In this sense, analyzing the litter items in
freshwater, and mostly coastal environments is more common in
the literature (Table 3). Indeed, litter is usually accumulated in tho-
se environments, due to a more prominent accumulation caused by
local hydrodynamics, wind flow influence and the failings in solid
waste management (Ribeiro et al., 2021b, 2022a). Indeed, our pre-
vious study found a higher DCBs in Guaruja beaches (0.30 CBs.m™)
(Ribeiro et al., 2021a) compared to the present study performed in
urban environments (0.18 CBs.m™2). However, there are exceptions
as Santos, where DCBs were higher in urban (0.25 CBs.m™) than
coastal (0.20 CBs.m™2) environments (Ribeiro et al., 2021b, 2022a),
a Mazandaran (0.30 and 0.11 CBs.m™), Iran, by Nasab et al. (2022)
(Table 3).
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Table 3. Densities of cigarette butts in urban and beach around the
world.

3.2 Cigarette butt contaminants leakage es-

The average CBPI found in Guaruja estimated that the contami-
nants leakage is overall classified as severe pollution (CBPI>10), i.e.,
15.4+11.5. Based on the aspects present in the CBPI calculation, all
sampled urban walkways had scores of 1.2 for the soil status (Tab-
le 4), which means Concrete, asphalt or low-quality paving. Indeed,
most of Guaruja has uneven and/or drilled walkways of low-quali-
ty pavement, providing several spaces to CBs accumulation (Fig.
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S8). In addition, the annual rainfall and groundwater distance had
a score of 2.5 and 2.0, respectively (Table 4), because Guaruja is a
coastal city with more than 300 mm of annual rainfall and shallow
groundwater with less than 3 m, respectively (Sdo Paulo, 2005).
The only CBPIl aspect that varied among the sampled walkways was
the pathways type. Most sites scored 1.5, meaning Footpath with a
line of trees or shrubs or Footpath with open channel. However, S7
scored 1.0, because it was a Simple footpath, while S8 scored 2.0
because it was a Footpath with open channel and line of trees or
shrubs.

Table 4. Cigarette Butts Pollution Index (CBPI) scores, results and
classification in Guaruja.
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3.2.1 Urban density levels

Zones under low urban densities presented higher CBPI (26.6%12.0)
and significantly different to zones of both high (12.4+4.6) and mo-
derate urban density (7.125.5) (Fig. 8a). As observed for DCBs, the
sites S6 and S7 were the main inducers of the spotted differences
in CBPI (Fig. 8b). Thus, low urban density zones of Guaruja con-
tribute more with CBs contaminants leakage, differing from other
zones. Such difference was also observed in Santos low urban den-
sity zones, however in an opposite way, contributing less with CBs
leakage (Fig. 8c). Indeed, in Santos, the CBs leakage was higher in
low urban density zones (Fig. 8c), as seen in Niterdi (Fig. 8d). Des-
pite this, all zones in Niterdi contributed similarly to the CBs leaka-
ge (Fig. 8d). Thus, despite few similarities, the CBs leakage in those
three cities are different when considering the urban density zones.



LITTERED CIGARETTE BUTTS: LINKS AMONG ENVIRONMENTAL IMPACTS
DEMOGRAPHY AND MARKET AT THE HIGHLY URBANIZED BRAZILIAN CITIE

Figure 8. Cigarette Butts Pollution Index (CBPI) in Guaruja city by
urban densities (a) and sites (b). Error bars indicate standard devia-
tion. Data from Santos (c) and Niterdi (d) were obtained by Ribei-
ro et al. (2022a). Letters denote significant differences (Kruskal-
-Wallis followed by Dunn's tests).
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3.2.1Income levels

The CBPI was higher in richer and poorer locations, i.e., very low-
(101-303 USD per month) and high-income areas (>1,010 USD per
month), with 26.08+9.14 and 27.63+16.24, respectively (Fig. 9). In
the moderate-income areas, the CBPI| was 12.42+4.55. Finally, the
CBPI in low-income areas was 7.10+5.54. Indeed, significant diffe-
rences between very low- and low-income levels were observed

(Fig. 9).
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Figure 9. Cigarette Butt Pollution Index (CBPI) in Guaruja city
by urban densities (a) and sites (b). Error bars indicate standard
deviation. Letters denote significant differences (Kruskal-Wallis
followed by Dunn'’s tests).
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3.2.3 Urban density and income levels

The CBPI in zones of /low urban density (the lowest class) differ
from moderate zones (the second lowest class). Similarly, the CBPI
in zones of very low income (the lowest class - 101-303 USD per
month) differ from low-income zones (the second lowest class -
303-606 USD per month) (Fig.10). Thus, both aspects showed the
same trend in Guaruj3, as it was also observed for the DCBs (see
Fig. 7). Similarly, the CBPI was higher in low urban density zones
despite the level of income (Fig. 10). Moreover, other urban density
zones (high and moderate, with 303-606 USD per month income)
had less than half and a third of CBPI, respectively (Fig. 10). Thus,
the DCBs and the contaminants leakage from them, occurred simi-
larly in Guaruja, showing the same patterns, i.e., higher at low urban
density zones. However, the number of CBs is higher in poor areas,
while its contaminants leakage is slightly higher in poor areas.

Figure 10. Cigarette butt densities (DCBs) in different urban den-
sity and income (Average Nominal Income of Heads of Households
[ANIHH]) levels. Letters denote significant differences (Kruskal-
-Wallis followed by Dunn's tests).
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3.2.4 Worldwide cigarette butt contaminants

The average CBPIin Guaruja (15.4) was more than twice higher than
other six urban areas from Brazil (Niterdi) and Iran (Qazvin, Jiroft,
Behbahan and Mazandaran) (Table 5). Indeed, the only higher ave-
rage CBPI was found in the neighbor Santos (17.6) (Table 5). When
considering the maximum CBPI, Guaruja (50.6) gets only behind
Niterdi (101.6) (Table 5). These may represent alarming values for
the leakage of contaminants from CBs in Guaruja. However, more
studies are necessary in other countries and cities seeking to analy-
ze geographical trends, leading to more assertive patterns for CBs
contamination of several urban and socio-economic aspects, such
as urban density and the level of income. In addition, the amount of
sample sites necessary to validate a specific study is not standar-
dized yet.

Table 5. Cigarette Butt Pollution Index (CBPI) around the world's
urban environments.

Sampled  Sampled CBPI CEFI

Country  City : 3 Reference

sites area (m”) average  range
Iran Qazvin 3% 142,998 38 0.1-144  (Torkashvand et al., 2021)
Iran Jiroft 12 Unclear 38 0.1-123  (Sedehetal 2022)
Iran Behbahan 14 Unclear 49 1.3-10.6  (Darabi et al., 2023)
Iran Mazandaran 15 Unclear 62 12-134 (Nasabetal, 2022)
Brazil Niterol 18 35,987 6.7 0.1-101.6 (Fabeiro et al., 2022a)
Brazil Guarunja 9 24,781 15.4 0.9-50.6 Present study
Brazil Santos 18 13,052 17.6 35421 (Bibeiroetal, 2022a)

The CBPI levels differed between very low pollution (<1.0), low
pollution (11-2.5), pollution (2.6-5.0), significant pollution (51-7.5),
high pollution (7.6-10.0) or severe pollution (=10.0), according to
Torkashvand et al. (2021). In Guaruja, around 67.0% of the sampled
areas had CBs leakage estimated as severe pollution. This percen-
tage was higher in Santos (77.8%), while it was significantly smaller
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(£20.0%) in the other six Brazilian (Niterdi and Boigucanga) and
Iranian (Mazandaran, Qazvin, Behbahan and Jiroft) cities under si-
milar conditions of sampling, i.e., in walkways and number norma-
lized by density (Fig. 11). Thus, the neighbor cities of Santos and
Guaruja possess alarming levels of CBs pollutants leakage. In this
regard, local authorities should be concerned with this significant
source of contamination, in order to plan and execute continuous
monitoring and mitigating measures (Lima et al., 2021).

].["}_ TR o o w vy B
wieseserellillesesere;
2 KXNAY  RRXX
= 80 et DOOC
L L | - ..
3 RO DO
= MAORNRN  HXXX,
Z RANAY DO
= * 4k L
< 60 DOOOC ARRKN
= LS MS8%0
= L L | L L
: 4 “ l‘:‘:‘:‘:‘ ’:‘:’:‘:
= ROXXN RS
: l“'l“."l‘"
— * # ¥
= 1 “ | &+ & &
o
0 | T T L T T —
Mazandaran Qazvin Behbahan Jiroft — Niterdr  Santos  Guarwa
[ Very Low Pollution ] Low Pollution [ Pollution
[0 Sigmificant Pollution X High Pollution X Severe Pollution

Figure 11. Cigarette butts Pollution Index (CBPI) classes percen-
tages amongst worldwide studies available (Brazil and Iran only).
Green to red colors indicates lowest to highest levels of cigarette
butts (CBs) pollutants leakage.
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3.3 Brands of Cigarette butts

A total of 3,521 CBs found in Guaruja still presented visibly identi-
fiable physical characteristics, representing 81.5% of all collected
butts (4,231) (Table 6). In this sense, this percentage was higher
than other urban (Santos [77.7%] and Niterdi [73.0%]) and coastal
(Santos [53.9%] and Recife [33.1%]) environments (Table 6). Thus,
the present study reached the best results for brands identification
from CBs so far, probably due to elaboration of a visual guide con-
taining all known legal and illegal brands, used to standardize iden-
tification procedures (Fig. S9 to S13). Although coastal monitoring
result in higher number of collected CBs (10,275-17,845) than ur-
ban environments (900-8,611), the percentage of identifiable CBs
is higher at urban (73.0-81.5%) rather than beaches (33.4-53.9%)
(Table 6). Moreover, more brands may be found in urban (14-26)
than coastal (18-22) environments (Table 6). Indeed, coastal envi-
ronments tend to be harsher towards CBs degradation, and is pos-
sible that CBs present in coastal environments may be littered for
a longer period of time than the ones found in urban environments
(Silva et al., 2023).

Table 6. Percentages and amounts of identifiable and unidentifia-
ble cigarette brands among cigarette butts collected in coastal and
urban of Brazil.

a Meaning a 1,600 m of extension, rather than the area (m2).

b Unindentifiable CBs due to advanced stage of degradation, plus the roll-you-

r-own cigarettes.



A total of 17.0% CBs (Fig. 12) were in an advanced stage of degra-
dation in Guarujd, and consequently was impossible to identify the
brand (see Fig. S14 in supplementary material). This not included the
Roll your Own cigarettes (1.5% in Guarujd), in which smokers purchase
tobacco, filter and leaf separately (see Fig. S15 in supplementary ma-
terial) making brand identification impossible (Santos et al., 2023).
Indeed, CBs lose their physical identifiable characteristics because
of environmental deterioration, caused mainly by the influence of
radiation and rainfall. There are no experimental studies assessing
degradation rates of CBs improperly discarded in urban areas nor
evaluating the loss of identifiable physical characteristics. However,
some types of designs printed in the cigarette may become uniden-
tifiable quickly, while other designs may take longer. In Brazil, the ci-
garette companies are not obligated by governmental authorities to
print any design in the cigarettes, but they must print it in cigarette
packs. Thus, it should be a demand that companies include infor-
mation also in cigarettes, as long as it does not become a marketing
form (Smith et al., 2017), seeking to facilitate the CBs identification
enabling reverse logistics approaches.
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Figure 12. Percentages and amounts of cigarette brands identified
among cigarette butts collected in urban areas of Guaruja.
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In urban environments of Guaruja and Santos, the three main CBs
brands found followed the same ranking (Rothmans > Marlboro >
Gift). The percentages were similar in Guaruja and Santos for Mar-
Iboro (16.2% and 13.0%, respectively) and Gift (14.7% and 11.3%, res-
pectively), but varied consistently for the Rothmans brand (20.5%
and 30.0%, respectively) (Fig. 13). This shows a similar pattern in
these neighbor cities (Guaruja and Santos), but with a higher ten-
dency for Rothmans towards Santos. In the most distant city (Ni-
terdi), Rothmans was only the third most found brand (12.6%), while
Gift was the most common (34.4%), with Dunhill in second (21.0%).
In addition, Marlboro percentage in Niterdi was quite smaller (1.2%).
Thus, different brands dominate the cigarette marketing in diffe-
rent cities and states of Brazil (Drope et al., 2022).
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Figure 13. Percentages and amounts of cigarette brands identified
among cigarette butts collected in urban areas of Guaruja, Santo
and Niteroi. Data from Santos and Niteroi were obtained by Ribeiro
et al. (2022a).



There are nine companies allowed to sell 215 different cigarettes
brands in Brazil. Souza Cruz LTDA is responsible alone for 110 of
them, being the most found in Guaruja (29.3%) (see Fig. 8), ac-
counting four brands (Rothmans, Dunhill, Lucky Strike and Kent). In
second, Phillip Morris Brasil LTDA is responsible for the marketing
37 brands, and it was also the second in Guaruja (18.7%), accoun-
ting six brands (Marlboro, Chesterfield, L&M, Parliament, Harmony
and Sampoerna). In addition, Quality In LTDA is responsible for the
selling of five cigarettes brands in Brazil, but only the brand Gift
made it the third most found company in Guaruja (12.2%). However,
the Gift brand can be also marketed as illegal, as discussed in the
next section. Finally, IBC - Industria Brasileira de Cigarros LTDA and
Cia Sulamericana de Tabacos companies were responsible for 0.2%
of all CBs in Guaruja, accounting one brand each (Egipt and Bill,
respectively). Indeed, identifying those percentages represents a
key step in the reverse logistics application demand.

These companies profit with cigarette selling, but should also be
responsible for the costs of controlling the pollution they generate
(polluter pays principle), since the implementation of reverse logis-
tics policies are mandatory according to the Brazilian National Solid
Waste Plan (Brasil, 2010). Seeking their reuse or other environmen-
tally adequate destination, this instrument involves a set of actions,
procedures and measures enabling the collection and return of so-
lid waste to the business sector. Thus, based on obtained data a
proportional parcel of the costs with urban cleaning may be direc-
ted to cigarette companies as was recently implemented in Spain
(Spain, 2023). This is necessary, considering that it was estimated
in 2011 that “tobacco product litter” comprises 22 to 36% of all visi-
ble litter, and that removal costs range from $3 million to $16 million
per year for major cities and municipalities (Schneider et al., 2011).
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3.4 lllegal cigarette marketing (ICM)
3.4.1 Cigarette butts

The legality status analysis was based on the CBs with identifiable
brands (3,521 out of the 4,321 CBs collected) (Table 7), which were
checked in the ANVISA lists of known legal brands (Anvisa, 2021).
Almost 15% of identifiable brands were listed as both Legal or lllegal
(Bill, Djarum Black and especially Gift), since an accurate identifi-
cation requires checking their packages and may not be concluded
based only on littered CBs. For instance, Legal brands represented
between 63.4 and 78.3%, while ICM ranged from 21.7 to 36.7% of all
CBs collected in urban areas of Guaruja city.

Table 7. Percentages and amounts of cigarette brands legality
status identified among cigarette butts collected in urban areas of
Guaruja.
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Despite the urban density level, the ICM was higher at poorer areas
(31.2%, up to 54.2% when adding the Legal or lllegal brands) (Fig.
14a and b), i.e., areas of very low-income (101-303 USD per mon-
th). In other low (>1,010 USD per month), moderate (303-606 USD
per month) and high (606-1,010 USD per month) income levels, the
ICM was similarly significantly smaller (17.8 to 23.8%, 14.1 to 24.3%
and 13.9 to 24.3%, respectively) (Fig. 14a) than very low income. In
this sense, differently from the CBDs and the CBPI (see Fig. 7 and
Fig. 10), the ICM seems to be mostly dependent of the level of in-
come, rather than urban density levels since poor areas may have
more than the double of ICM than other areas.

Figure 14. Illegal (a), lllegal or Legal (b) and legal cigarette marke-
ting rates (c) measured by using cigarette butts of different urban
density and income (Average Nominal Income of Heads of Hou-
seholds [ANIHH]) levels.
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CBs were used as a method to identify the ICM in Sri Lanka (Mo-
rais et al., 2018), Brazil (Ribeiro et al., 20223; Silva et al., 2023) and
especially in Canada (Barkans and Lawrance, 2013; CCSA, 2009;
OCSA, 2017, 2013; Stratton et al., 2016). Indeed, the ICM is measu-
red with CBs in Canada since 2007, with an average between 9.7%
and 58.7% in 2013 and 2014 in Ontario and Quebec cities (Table
8). In Sri Lanka, the ICM average was 15.6%, ranging from 10.4% to
25.7% in six different districts (23 different zones) in 2018. In Bra-
zil, our previous study found that the ICM could reach 25.2% and
36.8% in Santos and Niterdi walkways, respectively (Table 7), as in
the first study in the country of this sort. Additionally, a study held
in Boa Viagem beach located at Recife city by Silva et al. (2023),
pointed out 22.0% of the ICM rate. In present study, Guaruja may
reach 36.6% of illegal market.

Table 8. lllegal cigarette marketing percentage among collected
cigarette butts in worldwide assessments.
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3.4.2 Cigarette packs

A total of ten brands were found among 30 CPs collected in Gua-
rujd. The main aspects searched in CPs were country of origin (1),
the presence and type of health warnings in Portuguese (2) and the
presence of stamps from Brazilian regulating authorities (3) (Table
9). By these parameters, the ICM rate was 33.3% in Guaruja, accou-
nting three brands, i.e., Eight, Gift and Gudang (Table 9). All legal
CPs came from Brazil, while illegal Eight and Gift brands were from
Paraguay, and Gudang from Indonesia. In a previous study perfor-
med in five Brazilian cities, approximately 95% of all Gift CPs were
illegal (Szklo et al., 2020). Similarly, 100% of Gift CPs were illegal
in the present study. Such evidences suggests that most or CBs of
this brand found in the present study may be illegal. The health war-
nings were present in all CPs, but those legalized had standardized
images and captions written in Portuguese, while illegal had written
captions in Spanish and Indonesian. However, in one Marlboro CP,
only the top portion was found in the site S8. Thus, the printed in-
formation was lost and was not possible to check its legality status.
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Table 9. lllegal cigarette marketing percentage among collected
cigarette packs in Guaruja.

The ICM measured based on cigzarette packs was higher at very
low-income level (42.9%) and smaller at moderate-income (14.3%)
(Fig. 15a). The same patter was seen in the ICM rates measured by
cigarette butts, in which very low-income level and low urban den-
sity areas had higher ICM rates (see Fig. 14a). Indeed, the trend is
to be higher at poor areas (Szklo et al., 2020). The number of CPs
collected may have been too small in the present study, but it was
already able to get this level of geographic comparison.
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Figure 15. lllegal (a) and legal cigarette marketing rates (b) measu-
red by using cigarette packs of different urban density and income
(Average Nominal Income of Heads of Households [ANIHH]) levels.

3.4.3 Cigarette butts and packs viability fo
future assessments

The methods already used to estimate the ICM levels collected CBs
and CPs in urban areas, CPs found in urban garbage bins (Szklo et
al., 2020), bought in dummy purchases (Shakya et al., 2023), sur-
veys by phone or in person (Juarez et al., 2021; McDonnell et al.,
2021). In addition, media and news reports monitoring (Evans-Ree-
ves et al., 2020), online selling inspections (van der Zee et al., 2023)
and tax gap analysis are also used (Goodchild et al., 2020). Most of
those methods, present disadvantages and uncertainties. Results
generated by a single method need to consider that different cou-
ntries have distinct number of people who smoke, tobacco taxes
and regulations, before comparing obtained outputs. Additionally,
different methods may not be directly comparable, despite the
possibility of cross-validation during simultaneously applications
(Joossens et al.,, 2014; Juarez et al., 2021; Szklo et al., 2020). In the

m



present study, we found that CBs and CPs found in urban walkwa-
ys may be directly comparable, generating one single range of the
ICM. The ICM estimated from CBs was 21.7% to 36.6%. Using CPs,
the ICM (33.3%) was inside that range. In addition, several other
similarities were seen when comparing the CBs and CPs brands.

The ten brands found in CPs and CBs are presented, along with
their percentages, in Figure 12. Indeed, the difference between the
percentages of each CBs and CPs brand only reached around 7.0%
for the two most found brands, i.e., Rothmans (7.2%) and Marlboro
(71%, respectively). Then, this difference was smaller in the rest of
the legal (5.2% for Winston, 3.2% for Eity, 0.6% for Lucky Strike and
0.1% for Dunhill) and illegal brands (2.9% for Eight, 1.4% for Gift and
Gudang). Interestingly, the legal San Marino brand was found only
amongst CPs (3.3%). Finally, other 15 brands were found only as
CBs, adding 8.4%. Therefore, several similarities are observed when
comparing brands of cigarettes using CBs and CPs found in urban
environments to determine the ICM, despite the low number of CPs
found. More legal and illegal brands will be seen in CBs (25 and 8§,
respectively) (see Fig. 8) than CPs (10 and 3, respectively) (Fig.
12), but the differentiation of brands marketed as legal and illegal
is more certain in CPs and can leave a level of uncertainty of 14.9%
when using CBs.
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Figure 16. Cigarette butts and cigarette packs comparison of legal
and illegal brands percentages.

The quite high deviation, i.e., level of uncertainty using CBs, is due
to presence of brands that can be distinguished between legal and
illegal (Djarum Black, Bill and mainly Gift). Indeed, 14.7% of all CBs
were Gift, classified as ‘legal or illegal’ when using CBs because of
the similar design legal and illegal Gift possess (Fig. 17). However,
CPs has different design, and all Gift CPs were illegal, smuggled
from Paraguay (see Table 8). Additionally, it may be possible that
other brands are also marketed as legal and illegal, but there is a
lack of available research on the topic. Thus, the level of uncertainty
of the illegal market of CBs dropped from 14.9% to 0.2% if we assu-
me that all Gift CBs are also illegal.
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Figure 17. Legal and illegal cigarette packs and cigarette units of
Gift brand.

To each CP found in the present study, there were 141 CBs, showing
a different spatial dynamic of discarding. Thus, future monitoring
assessments simultaneously using CBs and CPs should preferen-
tially apply different spatial approaches. In this regard, for each m2
monitored for CBs occurrence, at least 150 m2 should be inspec-
ted for CPs. Alternatively, separate sampling campaigns can also
be planned considering such residues. In the field, sampling higher
quadrants for CPs is feasible because lower occurrence. In this
perspective, were sampled 6.3 km (23,703 m2) in Guaruja for CBs
and CPs which is accepted for CBs according to previous studies
(Nasab et al., 2022; Ribeiro et al., 2022a; Torkashvand et al., 2021).
However, for less frequent items like CPs, the sampled area could
be higher. Indeed, studies monitoring the face masks (connected



with COVID-19 pandemic) sampled on total 137,5 km (Cueva, 2023)
and 250 km (France, 2022). Therefore, future studies should moni-
tor CBs and CPs, applying simultaneously different methodological
procedure, i.e., a higher area for CPs and smaller for CBs, and ena-
bling cross-validation estimates of the illicit market.

The tobacco industry has always been against anti-smoking legis-
lative and educational measures by using the illicit trade narrati-
ve as an argument. Often, the industry tends to exaggerate and
misrepresent the ICM estimates (Paraje et al., 2022). In this sense,
studies of independent sources are important to refute industry’s
miss-use of the ICM. Our findings may also enable opportunities in
Brazil and other countries to assertively implement article 15 of the
WHO Framework Convection on Tobacco Control and the Protocol
to Eliminate lllicit Trade in Tobacco Products (WHO, 2003). In ad-
dition, they reinforce the importance for low-and-middle income
countries to implement tobacco control measures to reduce the
burden and prevalence of tobacco use. Such countries cannot af-
ford and/or manage the health, social, economic or environmental
consequences of tobacco use. In Brazil, it is estimated that appro-
ximately 162 thousand people die annually from smoking, represen-
ting 125 billion BRL (>25 billion USD) per year in direct and indi-
rect costs (IECS, 2020). Thus, decreasing the overall population of
smokers (either those who smoke legal or illegal cigarettes), and
consequently, the CBs contamination, is a critical step to achie-
ving sustainable development goals, such as ensure healthy lives
and conserve the ocean, seas and marine resources for this and the
next generations (Framework Convention Alliance, 2015; UN, 2016).
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3.5 Cigarette butt experiments

Although limited data exist on the environmental occurrence of CBs
in natural and urban environments, their high frequency in walkways
(Ribeiro et al., 2022a) and beaches (Araujo and Costa, 2021) rai-
ses serious concerns due to potential mobility of associate chemi-
cals across different environmental compartments (Mandelli et al,,
2022). Indeed, cigarette filters contain highly toxic substances that
pose ecological risks, being classified as hazardous waste (Green
et al., 2023). Regarding 2PAHs (sum of polycyclic aromatic hydro-
carbons), a total of 1,069.8 ng L'were leached from four CBs into
water during a 24-hour experiment. Among the PAHs found in wa-
ter leachates, Naphthalene (743.9 ng L"), C2-Naphthalene (146.7
ng L") and C1-Naphthalene (82.5 ng L") were predominant, while
other compounds were present at lower levels (Table 10). Similar
findings were reported by Dobaradaran et al. (2019), suggesting
that lighter PAHs with higher volatility and water solubility are ea-
sily release from CBs, contaminating water bodies and soils. Naph-
thalene and their metabolites have been pointed out as cytotoxic
compounds inducing chromosomal damages, increased incidence
of alveolar/bronchial adenomas, inflammation, tissue damages and
potential health hazard over humans and animal species (Schrei-
ner, 2011). Furthermore, the environmental impacts associated re-
lated to other PAHs exposure have been extensively documented
in scientific literature (Chiovatto et al.,, 2021). After release into
aquatic systems, CBs floats for approximately 3 to 20 days befo-
re settling into sediments layers (Lima et al., 2021). Similarly, CBs
littered on soils are susceptible to leaching by rainwater and runo-
ff. Consequently, several groups of contaminants, including PAHs,
are leached from CBs into the water column and soils, potentially
causing negative effects, as demonstrated by recent ecotoxicology
studies (Lima et al., 2021).
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Itis worth noting that different environmental conditions (e.g., rain-
fall regime, soil type, temperature, pH) may influence the intensity
of leaching and, consequently, the environmental damage caused
by littered CBs. Nevertheless, considering a total of 4,321 CBs fou-
nd in the present study and the average experimentally determi-
ned PAHSs levels (1,069.8 ng L), approximately 1,155,652 ng of PAHs
would be leached into the soil of the studied areas in just 24 hours.
Thus, significant amounts of toxic compounds are expected to re-
ach the natural environment certainly inducing deleterious effects
on living organisms. In fact, a recent study pointed out that leached
PAHs from CBs may exceed the standards set adopted by Water
Framework Directive into force in the European Union, thereby af-
fecting simultaneously aquatic organisms and potentially also hu-
mans (Dobaradaran et al., 2019).
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Table 10. Mean and standard deviation of concentrations of indivi-
dual and total Polycyclic Aromatic Hydrocarbons (ng L-1) and che-
mical elements (ug L-1) measured in leachates of cigarette butts
prepared in ultrapure water. <LD= below quantification limit, ND=
not detected

The levels of arsenic (As), cobalt (Co), copper (Cu), iron (Fe), man-
ganese (Mn), lead (Pb), nickel (Ni) and zinc (Zn) were identified in
the analyzed leachates, while cadmium (Cd), chromium (Cr) and
magnesium (Mg) were not detected (see Table 10). As reported
for PAHSs, the leaching of metals from BCs into aqueous media can
be influenced by several environmental factors. Moreover, chemical



elements often exhibit resistance to biological and photodegrada-
tion, resulting in constant leaching rates for longer periods com-
pared to organic microcontaminants (Castro, 2019). In this regard,
consistent concentrations, i.e., of similar magnitude order, were re-
ported for Cd, As, Cu, Fe, Mn, Zn and Ni in littered CBs collected
along the northern part of the Persian Gulf in Bushehr coastal areas
(Dobaradaran et al., 2017). A study assessing potential metals leak
from littered CBs, estimated an average of 150 CBs/km/month in
road areas generating between 0.02 and 1.7 mg of toxic metals per
km by month (Torkashvand et al., 2020). Such findings indicate that
CBs can serve as sources of toxic metals to natural environments,
presenting a significant and persistent threat to both urban and na-
tural environments.

It is important to highlight that our results were based on a limited
number of toxic substances that can be leached from CBs. However,
it is crucial to acknowledge that a single CB contains thousands of
hazardous substances, which were not analyzed in the present stu-
dy. These substances include benzene, hydrogen cyanide, pyridine,
and nicotine (Green et al., 2014). Their environmental occurrence
may pollute up to 1000 liters of water (Green et al., 2014). Thus,
CBs represent a serious threat to water quality including drinking
and natural waters. In this regard, leachates from CBs contribute to
the contamination of aquatic systems and soils by toxic compou-
nds, including polycyclic aromatic hydrocarbons (PAHs) and toxic
metals. These compounds have well-documented adverse effects
on various organisms, possibly leading to ecological imbalances
and potential harm to human health. Such risks extend beyond ur-
ban walkways and beaches, highlighting the need for comprehensi-
ve management strategies to address CB pollution at their sources.
Moreover, further research is warranted to explore the full range
of hazardous substances present in CBs and their leachate poten-
tial, enabling better assessment and management of the environ-
mental risks they pose. In conclusion, our study provides valuable



insights into the leachate potential of CBs, highlighting their sig-
nificant contribution to environmental contamination. The findings
underscore the urgent need for proactive measures to mitigate CB
pollution, protect water resources, and safeguard the well-being of
both ecosystems and human populations.

A total of 4,321 cigarette butts (CBs) were found in 23,694 m? of
Guaruja urbanareas. The CBsdensity in Guaruja (0.18+0.17 CBs.m™),
Santos (0.25 + 0.17 CBs.m™2) and Niterdi (0.08+0.21 CBs.m™2) were
not compatible with the ranking of urban cleaning status of Bra-
zilian cities, indicating that monitoring programs directed to CBs
must be carried out by local authorities. In addition, CBs contami-
nation in urban areas seems unrelated to population densities. This
pattern, previously observed in Santos and Niteroi was also seen in
Guaruja. On the other hand, the density of CBs in Guaruja was posi-
tively related to the number of commercial buildings, stores selling
cigarette packs and units and benches in the studied areas. Interes-
tingly, no correlations were seen for number of residential buildings,
manholes, bus stops, garbage bins and local income.

The CBs contaminants leakage in Guaruja was overall seve-
re (CBPI=15.4%11.5), and higher in zones under low urban density
(CBPI=26.6%12.0). Areas with high (CBPI=12.4£4.6) and moderate
urban density (CBPI=71£5.5) presented significantly lower CBPI.
Thus, low urban density zones of Guaruja potentially contributes
more with contaminants leakage from CBs. On contrary, the low ur-
ban density zones contribute less to CBPI in Santos, while in Niteroi
zones presenting different urban densities contributed similarly. In
this regard, the average CBPI in Guaruja (15.4) was more than twice
higher than six other urban areas from Brazil and Iran, and smaller
than Santos (17.6). The Guarujd maximum (50.6) CBPI gets only



behind Niterdi (101.6). In addition, the severe pollution represen-
ted 67.0% of sampled areas in Guaruja, which was higher in San-
tos (77.8%), and smaller (£20.0%) in the Brazilian and Iranian cities.
Thus, Santos and Guaruja presented alarming potential pollutants
leakage from CBs. Local authorities should be concerned regarding
this significant contamination source and carry out continuous mo-
nitoring and mitigating measures.

A total of 3,521 (83.3%) CBs allowed brand identification based on
physical characteristics. This was the highest percentual reached
by studies adopting similar methodological approach. The main ci-
garette brands collected in Guaruja (Rothmans, Marlboro and Gift)
were the same found in Santos, considering both, urban and coas-
tal environments. However, they were different from Niterdi. The
manufacturers of most brands were Souza Cruz LTDA (29.3%) and
Phillip Morris Brasil LTDA (19.7%), which should pay proportional
cost of urban cleaning, according to reverse logistic policies issued
by National Solid Waste Plan of Brazil. In Guaruj3, the illegal ciga-
rette marketing (ICM) ranged from 21.7% to 36.7%, which was higher
than Santos and similar to Niteroi. In Brazil, a moderate deviation is
expected using methods based in CBs collection, because comple-
te information is printed only in cigarette packs and similar designs
are seen in legal and illegal CBs. Despite uncertainties, there are
evidence that CBs collection and identification is a proper method
to estimate ICM, due to easy collection in high amounts providing a
representative sample of cigarette consumption. However, a most
accurate way to estimate ICM is probably the simultaneous use of
CPs and CBs allowing a cross-validation among distinct methods.
Nevertheless, in our concern such approach is scarce, and should
be the objectives of future studies.

The chemical analysis of leachates from cigarette butts (CBs)
provided valuable insights about potential environmental impacts
particularly in relation to polycyclic aromatic hydrocarbons (PAHs)
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and toxic metals. Our findings revealed that CBs serve as a signifi-
cant source of PAH contamination, with high levels of naphthalene,
C2-Naphthalene, and C1-Naphthalene in the water leachates. The-
se PAHs are known to possess cytotoxic properties, raising con-
cerns about potential adverse health effects on both humans and
wildlife. Furthermore, our study highlighted the leaching of metals
from CBs into the environment. While certain metals such as arse-
nic (As), cobalt (Co), copper (Cu), iron (Fe), manganese (Mn), lead
(Pb), nickel (Ni), and zinc (Zn) were detected in the analyzed lea-
chates, cadmium (Cd), chromium (Cr), and magnesium (Mg) were
below detectable levels. The presence of these elements unders-
cores the potential for CBs to contribute to metal contamination in
soils and water bodies. Overall, our results emphasize the signifi-
cant environmental implications associated with CBs, as they serve
as sources of both PAHs and toxic elements. These findings raise
concerns about the ecological risks and potential health hazards
posed by CBs as hazardous waste. It is crucial to address and miti-
gate the environmental contamination caused by CBs to safequard
ecosystems and human well-being.
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Figure S1. Accounting of urban aspects inside the sampling site (S9), highlighting in
dotted yellow shape the sampling area, the presence of commercial (4) and residential (5)
goals in just one building. Garbage bins and bags (8) were also accounted. The name of
the commercial establishments and any possible brand that could emerge in Google Earth
obtained figure (without copyright) were covered in black.
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Figure S2. Accounting of urban aspects inside the sampling site (S7), highlighting in
dotted yellow shape the sampling area, the presence of commercial (4) and residential (5)
goals in just one building. Garbage bins and bags (8) were also accounted. The name of
the commercial establishments and any possible brand that could emerge in Google Earth
obtained figure (without copyright) were covered in black.
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Figure S3. Accounting of urban aspects inside the sampling site (S9), highlighting in
dotted yellow shape the sampling area, the presence of commercial (4) and residential (5)
goals in just one building. Garbage bins and bags (8) were also accounted. The name of
the commercial establishments and any possible brand that could emerge in Google Earth
obtained figure (without copyright) were covered in black.
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Figure S4. Accounting of urban aspects inside the sampling site (S9), highlighting in
dotted yellow shape the sampling area, the presence of commercial (4) and residential (5)
goals in just one building. Garbage bins and bags (8) were also accounted. The name of
the commercial establishments and any possible brand that could emerge in Google Earth
obtained figure (without copyright) were covered in black.
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Figure SS. Sample kits preparation in the LECMAR laboratory, containing gloves and
labeled plastic bags for volunteers collect the cigarette butts and packs of each site.
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Figure S6. Cigarette butts (CBs) and cigarette packs (CPs) sampling campaigns in
Guaruja city urban walkways, performed between 5 and 10 p.m. Volunteers were always
at least paired, and were advised to take pictures of sampling campaigns in the begging
(around 5 p.m.), to avoid putting them at any sort of risk with their cellphones. Volunteers
only touched CBs and CPs while wearing gloves. No issues were reported by volunteers
during the sampling campaigns. Clipboards were provided to account the urban aspects
of each site.
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Figure S7. Cigarette butts (CBs) and cigarette packs (CPs) sorting in the LECMAR
laboratory. Volunteers only touched CBs and CPs while wearing gloves. Sorting was
made as soon as possible after sampling to avoid dealing with even smellier samples. Sort
was planned to be short (9 to 12 a.m. for one round, and 2 to 5 p.m. to other round of
volunteers) with breaks (of at least 5 min to every hour) in order to avoid inhalation due
to long exposure. No issues were reported by volunteers during the sorting. As accounting
the CBs and CPs, volunteers also separated them between brands.
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Figure S8. Uneven and/or drilled walkways of low-quality pavement of Guaruja city
urban walkways.
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Brand Brand Pack 5 Butt Brand Pack Butt

Bill Camel Chesterfield
Camel
Double Mint Chesterﬁeld Chesterfield
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& Green
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Cretec Terras Brasil. Chesterfield
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Camel Chesterfield Chesterfield
Camel Chesterfield : g \ i Djarum Black

Figure S9. Initial guide to identification of cigarette butts (CBs) and cigarette packs (CPs)
in Brazil (first page — alphabetical order). Diagonal lines denote the brands in which the
specific model and/or CP is unknown.
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Figure S10. Initial guide to identification of cigarette butts (CBs) and cigarette packs
(CPs) in Brazil (second page — alphabetical order). Diagonal lines denote the brands in
which the specific model and/or CP is unknown.
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Figure S11. Initial guide to identification of cigarette butts (CBs) and cigarette packs
(CPs) in Brazil (third page — alphabetical order). Diagonal lines denote the brands in

which the specific model and/or CP is unknown.
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Figure S12. Initial guide to identification of cigarette butts (CBs) and cigarette packs
(CPs) in Brazil (fourth page — alphabetical order). Diagonal lines denote the brands in
which the specific model and/or CP is unknown.

69



Brand Pack Butt Brand Pack 5 Butt Brand Pack Butt
3 " Winston Sel.
Rofhmans J , SevenSian Exotic Mint
Rothmans LE Winston
Rothmans . » TE azul . ; Missing id
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Figure S13. Initial guide to identification of cigarette butts (CBs) and cigarette packs
(CPs) in Brazil (fifth page — alphabetical order and missing identification [id] at the end).
Diagonal lines denote the brands in which the specific model and/or CP is unknown.
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Figure S14. Examples of unidentifiable cigarette butts sampled in Guaruja urban
walkways.

71



- ,'

Figure S15. Examples of roll-your-own cigarette butts sampled in Guaruja urban
walkways.
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