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EXECUTIVRJMMARY

Globally, aroundive trillion cigarette butts are disposed of per y@dovotny and Zhao 1999,
Chapman 2006, Healton et al. 2011, Bonanomi et al. 2Cidgarette butts are found in buildings,

in cars, on beacheandnear streams, night clubgjsstops, roads and stre@tke environmental
impactof cigarette butts due to air emissions is not well studibs reportsummarizesctivities
conducted by the National Institute of Standards and Technology (NIST) to better understand the
airborne enssions from norsmolderingcigarette buttby determinng theinitial distributionsof
chemicals ina cigarettebutt, the influence ofenvironmental parameteo the emissions from

butts conditioned in different environmenasidairborne emission ratdéom buttsin asimulated

indoor environment

Consistent cigarette butts were generated usirmgséombuilt smoking apparatusAirborne
emissions of eightarget chemicals were quantified in each experimemfurfal, ethyllenzere,
styrene 2-methyl2-cyclopenterl-ong limonene, aphthalengtriacetin, and igotine Chemicals
were selected based on consisteand size ofnalyticalresponse areaand/a if the chemical

was listed in the United States Food and Drug Administration (RBehful and Potentilly
Harmful Constituents (HPHCIjst for tobacco products and tobacco smokaree seriesof
experiments were conducted in this study. First, studies were performed to determine the relative
distributions of the target chemicals in fresbiyjoked buttdy analyzing six types of samples
consisting ofdifferent parts of the butts, i.@nburnedfilter, unburnedtobaccg burned filter,
burnedash cut cigarette butt, and uncut cigarette dtdich sample was analyzed using headspace
thermal desrption (TD) gaschromatographmass spectrometry (GMS). The goal of the
headspace analysis was not to fully extract all chemicals remaining on the cigarette butt, rather to
provide a consistent basis to comppaogentialchemical emissions into the arom the cigarette
butts. Secondhe butts were placed mrange otontrolledconditioning environments for2to

144h to examine the influence of various factors on emissitamaperature, relative humidity
(RH), ultraviolet (UV) radiationyatersaturation and achangerate Butts were also conditiau
outdoors in summer and wintéo investigateemissions in real environmentAfter outdoor
conditioning, each cigarette butt wato analyzed using headspat®-GC-MS. Lasty, one
experiment was conducteéaldirectly measure the chemical emission rates from cigarette butts in
a walkin chamber. Air samplesere collectedrom the chambeup to27 h after butts were placed

in the chamber and were analyzed usiigGC-MS.

In examiningthe emissions of théarget chemicalin thebultts it was determined thatost of the
target chemicalsiere notemitted fromthe unburned cigarettes and wkkely formed asaresult

of the burning proces®urningincreased the emitted massestfacetin and nicotingthe two
targetchemicals present in unburned cigarettdsst of the target chemicals were primarily
emitted from the burned filter

Resultsfrom the conditioning experimenshoweddiscardedoutts are likely to bemeasurable
sources of furfural, ethylbenzene, styrer@methyl2-cyclopenterl-one, limonene,and
naphthalenan the first48h after smoking After 48 h, the measured emitted masd these



chemicalgdecrease to less than %46 of theinitial values except when butt&ere conditioned on
rooftop in winter withtemperaturetower than5 °C. Triacetin and nicotine decayeabore slowly

and more erratically in most environmersitts are likely to be sources afbornetriacetin and

nicotine for prolonged periods (greater thd8 h), which may berelevantfor butts disposed in
indoor spaces like cars

Highertemperaturgincreased the rate at which all target chemicals were emitted from the butts
in both chamberconditioning and outdoor exeriments. Watewvapor alsohad considerable
influence on themission rateffom butts Seven of the eight chemicalgere emitted faster from
buttsat a 50% RH compared to a 2% RH. For butts discarded in denvironmentsincreasing

the relative humidity may result iwatercompetingfor sorption sitesn the buttswith the target
chemicalswhich wouldenharethe emission ratef target chemical®uring butt saturationn a

rain event chemicals with high water solultyfiandwaterto-air partitioning coefficientsKwa),

like triacetin and nicotine, may migrate into the surrounding environment via aqueous rather than
airborne routesOther less solublechemicaldlikely emit from saturated buttsito air to greater
extens asKwa decreasesFor these chemicalthe ratios of initial emitted mass for dry and wet
butts/filtersdecreasawvith increasingkwa. Water saturation enhanced the decay rate of emitted
mass measured in headspace analysis for the two cartfwylicals: furfural and-ghethyt2-
cyclopenterl-one, while it decreased the decay rate for the three hydrocarbons (styrene, limonene,
and naphthalenefExposure to intense UV ligivavelength from 298mto 400nm) can increase

the emission by either ingasing the temperature of the butt or enhancingdéduggadation of
cellulose acetateThe air changerate under test conditionsnly influenced the emissions of
triacetin and nicotinén the first 24 hours

One experiment has been conducted to meabkeraverage emission rates of target chemicals
from cigarette butts in a walk chambeiat 25°C and 50% RH. The average emitted mass of the
target chemicals over the first B4anged from 5 ng/butt to120ng/butt The 24h emitted mass

for nicotinefrom a cigarette butin this studycould be up tdl5 % of emitted mas®f nicotine
fromaburning cigarettas reported in the literaturdence the longtermnicotineemissiongould

be comparable to the mainstream and side stream snibleecibarette butt were left longer than

24 hin a room In addition,while not measured in this studgmperaturghigherthan25 °C may
increase the relative importance of the nicotine emission from butts compared to the mainstream
and sidestream smoke

The association between the emission rates fhemMarge chambermission test and the emitted
masseg$rom theheadspace analysis were examirtadfural, ethylbenzene, styreremethyl2-
cyclopentenl-one, limonene, and naphthalene dent@atesd significant correlations These
correlations indicate that for these chemidhlstrendsof environmenral conditions on emitted
mass by headspace analysis should be similar to thestofnenvironmeral conditions on
emission rates under raabloorconditions

This study has several limitations. Only one brand of cigarette was tested in this study. The
cigarette butts were produced usinguatombuilt smoking apparatuasnd thughe cigarette butts
tested in this study may be different fronetheal butts produced by human smokivighen



examining the influence of various factors, the emitted masshetbeadspace of a vial were
measured, not thactualemission ratento the air In addition, he emission rate test was only
conducted once fd24 hoursAlso, literature adsorption parameters were used for calculating the
emission rates for nicotine.

Nonethelessthis work doesdemonstrate that cigarette buttsy be a significant source of the

target chemicals to the environments in which they disposedalthough further studies of

emissions are warranteéthe emission rates amdlevantrisk to receptors will be dependent upon
environmental factors including temperature, relative humidity vaatdrsaturation.

KEYWORDS Cigarette buttsemission rate; environmental conditions, nicotine; triacetin.
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1 INTRODUCTION

An environmental consequence of the useobatco productsncluding conventional and rall
your-own cigarettes, is the disposal of discarded cigarette filters or butts. Globally, around five
trillion cigarette butts are generated per y@votny and Zhao 1999, Chapman 2006, Healton et
al. 2011, Bonanomi et al. 2019)hese cigarette butts can persist in the environment for more than
18 monthgNovotny and Zhao 1999Figarette butts are some of the most common forms of litter
found on beache&Claereboudt 2004, Smith et al. 20ldgar streams, night clulfBecherucci

and Pon 2014)ous stopgWilson et al. 2014)roads and streefblealton etal. 2011, Patel et al.
2013) Cigarette butts have been found at densiiesragingmore than 4 butts Hin urban
environments Figure1.1) (Seco Pon and Becherucci 2012)

Figure1.1: Cigarette butts in a Maryland parking lot.

The Family Smoking Prevention and Tobacco Control Adnited States Food and Drug
Administration 2009)was signed into law on June 22, 2009, amending the Food, Drug and
Cosmetic Act and providing the Food abdug Administration (FDA) the authority to regulate

the manufacturing, distribution, and marketing of tobacco products. More specifically, the
Tobacco Control Act gives FDA the authority to, among otihéngs, establish science and
research programs toform the development of tobacco product regulations and better understand
the risks associated witlobacco use. One risk FDA seeks to quantify is the airborne emission
from nonsmoldering cigarette butts.

1.1 BACKGROUND

FDA entered into aninteragency agreement witthe National Institute of Standards and
Technology (NIST) to conduct a twaart investigation into airborne emisssmf nonsmoldering
cigarette buttsNon-smoldering cigarette butts are defined in this research as butts ¢hat ar

1



ambient temperature and are assumed to no longer be emitting paft@e#st phase of this
study was a comprehensiiieerature reviewconductedo gather and analyze existingsearch
related to airborne emissions from remoldering cigaretteuits (Poppendieck et al. 2016)n
summaryalthough therés a reasonable body of knowledge on aqueous emissions from cigarette
butts the environmentaimpactof cigarette butts due to air emissidrssnot beenwell studied
(Gong et al. 2017)There are four studies that measured the eamissrom cigarette butts into the
airborne headspace of test vials.

Fukuhara et al(1985) detected a range ablatile components (e.g., carbonyls, hydrocarbons,
pyrroles and terpenes) in the headspace of vessels that contained cigaretéadbdicisnd that
these compoundsgerealsofound in mainstream smok€&hey alsandicatedthatthe tarlike odors

in buttsmay result from 2,3pentanedione, Mnethyl pyrrole 3-methyl pyrrole, isocapronitrile,
pyrrole and 2methyl pyrrole You et al.(2014)developed static headspace gas chromatography
flame ionization detectqGC-FID) method forquantifyingmentholconcentrations the cigarette
filter andcigarettepaperan a mentholated cigarette. The samples Viieseheated at 100C for
30minin a headspace sg@her, and then measured by &@D. The methanol concentration in the
cigarette papers ranged from 3.0 gigpaper to 4.1 mg™ paper, whildéhe methanol concentration
in the cigarette filter was 13.7 ngg} paper to 27.2 mg* paperHuang et al(2014)measured the
emissiondrom cigarette tipping papgmwhich attabes the filter to the tobacco colujrinto the
headspace of vials. The samples were first incubate@ & &r 45 min, and then 20Qolatile
organic compoundé/OCs) were quantified usingas chromatographyass spectrometry (GC
MS). Among the 20 target VOCs, methanol, ethaisadpropanal ethyl acetatel-methoxy2-
propanoj and npropyl acetatavere the most abundant, with concentrations ranging brelow
detectionto 20.7 mg rif paper. A recent studyeveloped atatic headspad8C-MS methodto
guantify kenzenetoluene, mxylene, pxylene, exylene, styrene and ethylbenzene concentrations
in cigarette filtergJi et al. 2015)The method heated the cigarette filtatsLl20°C for 30 minin

the headspace vials. The measuwedcentrations for benzene, toluene, ethylbenzenglgme,
m-xylene, exylene, and styreneangedromO0 . 4 e wwbhf irl €egr f il ter .

These four studies provide some basis for understanding the potential airbss®res into
indoor and outdoor environments. However, the study reportedrbiyuhara et al(1985)was
limited in the number of cigarette butts tested moiquantifyinghe identified chemicals. For the
threemore recent studigsluang et al. 2014, You et al. 2014, Ji et al. 20t types of chemicals
detectedverelimited and onlycigarettefilters or tipping papers wergtudied These studies did
not include the unburned tobacco or ash of cigarette butts, wiagtemit different chemicals
from the filters and tipping papers. In addititime high incubation temperatures (> 80) would
enhance the emission of some nualatile chemicals that may nbe emited to a significant
degree atnore typicalindoor and outdoor temperatures. Finadll},these studies only measured
freshly generated cigarette butts, or part of the unburned cigarettd, di dndét exami ne
of environmentafactors that could impact the emissidrom cigarette butts, such as temperature,
relative humidity watersaturationultraviolet (UV) radiatiorandair changerate



1.2 OBJECTIVES

FDA is seeking to gather ane information regarding d&iorneemissions from cigarette butts to
help assess the cumulative environmental impact of filtered tobacco produmss.report
summarizesactivities conducted between September 2016 and December 2018 by TST
objectiveof this effort wago measure the airborne emissions from-aomldering cigarette butts

and determine the influence of environnafdctors on cigarette butt emissioSpecifically, this

effort sought to 1) determine the initial distributsaf the emitted target chemicalsartigarette

butts, 2) determine the influence of environmental parameters (temperature, relative humidity,
water saturation, UV, anair changerate on airborne cigarette butt emissions, and 3) determine
airborne emissin rates for target chemicals from cigarette buttssimallatedndoor environment

1.3 PROJECT OVERVIEW

Consistent cigarette butts were generated ustugtombuilt smoking apparatud hreeseriesof
experiments were conducted in this study. Firs, dstributiors of the target chemicals in the
cigarette bug weredeterminedyy analyzingsix types of samples consisting of different parts of
acigarette butt

Tablel.1 Six types of samplesmalyzedo determine chemical distributions in cigarette buBstts were cut at the boundary of
the filter and tobaccoGreyed out cells were not part of this analysis.

Cut Cigarette Uncut

Sample Filter Tobacco/ Ash Butt Cigarette Butt

1) ()

Unburned a )
e | W

©) (4) - ©® (6)

Burned I : . (I
- @D | o

Secondthe cigarette butts were placed isanditioningenvironment for up toneweek Three
conditioningenvironments were us€gigurel.2):

1) Simulation Photalegradation via High Energy Ration Emission (SPHERE) chambers
where the impacts of ultraviolet (UV) radiation, temperature, relative humidityvatet
saturatiorof the buttsvere examined.

2) Walk-in chamber where the impacts of indedrchangerateswere examined.

3) Roof where the impacts of summer and wirdetdoorexposure were examined



Large
chamber SPHERE

Cigarette bu Headspace

Figure1.2:  Overview oftonditioningenvironments and headspace analysis experim€rgarette butt gneration details are
shown inFigure 2.2.

After conditioning each cigarette butt was analyzed using headgpaceal dsorption (TD)
GC-MS. The goal of the headspace analysis was not to fully eéxatbchemicals remaining on

the cigarette buthutto provide a consistent basis to compare chemical emissions into the air after
the cigarette buttsad beerconditioned in different environments.

Third, a set ofexperimerg was conducted to measure the chemical emission rates from cigarette
butts in the walkn chambel(Figure1.3). Air samples were collected up to Réfter butts were
placed in the walkin chamber and were analyzed using-GQ-MS.
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Figure1.3:  lllustration of emission test in a waik chamber.



2 METHODS

This section describes tmeethods used to achieve thieidyobjectivesto measure the airborne
emissions from nosmolderingcigarette buttsand determine the influence of environmental
factors on cigarette butt emissior@ection2.1 describes theigarette butt generation methods
Thetarget chemicalsonsidered in this studyre describedext(Section2.2). The methods used
to determinethe chemical distributiasin the buts arepresentedn Section2.3. The details of the
conditioningenvironmentgSection 2.4)including a detailed discussion of theadspace analysis
methodin Section2.4.5 andthe emission rattest(Section2.5) follow.

2.1 QGARETTE BUTT GENEDMA

Over 1600 cigarette butts were generatesing a custorbuilt systenmfor thisstudy Theprimary
objective of the generation system was to cregjarette butt that haverelativdy consistent
chemical contenof target chemicalsin order to achieve this consistently, onlyeobrand of
cigarettes was useand a singlemoking protocolvas employedHence, thgeneratedutts were
not necessarily representative of bultat might exisin the environmentHowever, the relative
consistencyf each generated cigarette baitbws for comparison among differezdinditioning
environments

2.1.1 dgarettebrand andbutt lengthsurvey

As a first step in developinthe generation protocol, a survey of butts collected on the NIST
campus were studied in terms of their length and n@Gigswrette butts were collected from the
groundat two outdoorlocations on NST campuswhere cigarette buti@re often discardedover

four differentsampling eventfrom 10-7-2016 to £31-2017. Six different brands were identified
from this sampleTable2.1). The lengthof over230 collectedcigarette buttsvere measurkto

the nearegnillimeter. The measured lengtgerelognormally distributeds shown irFigure2.1.
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Figure2.1:  Measured lengths of cigarette butts coléstat NIST.

Table2.1: Number of different cigarette butts of each brand sampled.

Geometric Standard

Brand Number | Average Length Deviation of

(cm) Length (cm)
Unknown 122 3.04 0.57
Brand 1 38 3.60 0.90
Brand 2 27 3.39 0.31
Brand 3 22 4.01 0.56
Brand 4 10 4.10 0.71
Brand 5 9 3.22 0.57
Brand 6 6 3.30 0.90
Total 234 3.30 0.71

Marlboro wasthe brandmost frequentlyidentified in the collectedbutts. This brandhas also
identified bythe United States Center of Disease Control and Prevention (281f¢ leading
cigarettebrandconsumed in the United States market. Hence, MarlGtass A Hter cigarettes
were chosen as the target cigarette to be used in the remainder of this research

2.1.2 Cigarette butt mass

The mass of butts collected outdoors can be highly variablegatential exposur rain snow
or dew(see Sectiord.2.4.9. Hence, thevariability in themass of thdield collected buttsneans
thatmass is noan ideal criteriorfor screening obutts generated in the ldbsteal, a target length
for lab generated cigarette butts was set to be the average length meaduertbfoo cigarettes
from the field,3.60 cm (Table2.1).



However, itwasdifficult to measure the length of a butt accurately in a timely mammeediately

after generatioin the smoking systemwithoutimpacing the consistency othe buttemissions,

since chemicals may be emitted from butts inconsistently during the length measurement period
Unlike field collected butts, butts produced in the lab are not exposed to the elemeértave

less mass variabilitfdence masswas usedn the labas a qulity controlmetric toverify thatthe
generatiorsystem waproducingrelatively consistentigarette buttsThe target mass was chosen
based on the mass of lab produced butts that were approximately the length of the field collected
butts.

Specifically, a total of 101butts were generated preliminary experimentsvith the snoking
procedureslescribed in &ctiors 2.1.3and2.1.4to determinemasscriteria for buttsusedin the
study The average massgas 0.42]g (standard deviation 0.035g, relative standard deviation
8.6 %). To make sure theuttsused for this study were consistem)y thosegenerated cigarette
butts which had anasswithin one standard deviation of the preliminary average ma384Qto
0.4579), were intended to be usadowever, due téthe omission of some of the mass datdhe
initial caculatiors, the actual range used wa8T0gto 0442g. Despite this slightly lower mass
this masscriteria typically resultel in butts between 3cm and 44 cm in length (the average
length of the fielecollected Marlboo buttswas3.6 cmwith a standard deviation of 0.9 gnOut
of 1,121 butts generated for the experiments described bel@dws et the mass criteria. The
remainder were discarded and not usecbimditioningor emission experiments.

Through trial and error, it véadiscovered that to produce cigarette bwith a massin therange
of 0.370g to 0.442g, the unsmoked cigarettédeally shouldhave a mass between 008pand
0.8 g. The average initial mass of unsmoked cigarettes used in this study wag (s&gidard
deviation = 0.014, number of unsmoked cigarettes with mass data collecid®7). Unsmoked
cigarettes outside of this range weia used in this studyrhe percentage @xcludedunsmoked
cigarettegdependedipon the cartorrangng from appoximately30 % to 60 % for each carton

2.1.3 Smokingapparatus

Theneedfor data regarding the health impacts of smokiagled to the development of complex
smoking machineswith theiroperation guided by ISO 3308:201Routine analytical cigarette
smokingmachine- Definitions and standard conditioiSO3308 2012) The standardontainsa
single set of operating conditions for skimy machinesthoughin reality smokinghabits can
impact emissionéNelson et al. 1998, Purkis et al. 2010, St Charles et al. 28&0ye, therenay

be differences in emissions from a cigaréué& generatedsing a smoking machine compared to
a cigarette butjeneratedby a smoker The difference betweesmissions wittsmoking machine
andactual smokes s out of the scope of this study.

Giventhe objective of this studp measure the airborne emissions from-spmlderingcigarette
butts it wasimportantthatthe buts were generatectonsisteryy. An apparatusvas constructed
thatcan burrntwo cigarettes at a timend simulates theuff sequenceutlined in ISO 3308Table
2.2). Detailed comparison of the smoking parametiefined by ISO 3308 artie apparatusind
protocolused inthe current studyare shown inTable 2.2. The smokingapparatusised in this
studyconsists of a computeracuum pumprotameter, senoid valve, filter, condensate knockout,
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cigarette stand;igaretteholder, ash catching traytubing and fittings Table 2.2, Figure2.2 and
Figure2.3).

Table2.2: Comparison of smoking parameters defined by ISO 3308naapparatusand protocolused inthe current study
Puff duration error for the apparatus is the standard deviation of seven measurements. Puff volume andruéfrvalare
calculated from the flow rate and puff duration.

Flow rate per Puff Puff Puff Ash
cigarette duration volume Puff | reoccurrence | knocks | Extinguish
(L min-d) (s) (mL) #) (s) #) method

Bell-shapeduff
profile with maximum

1ISO 3308 flow rate within 1.5 L 2 35 10 60 None None
mintand 1.8 Lmin?
Apparatus
used in 1.0 27101 | 455+15 6 60 6 Sand
this study

The flow rate was measured using a bubble flow meter placed in line between the filter and
solenoid valve The bubble flow meter was removed from the flow path prior to igniting the
cigarettes The initial flow rate in the apparatus was set to an average val0&Llmin? per
cigarette § = 1104, standard deviation =003L min™) at the beginning otach experiment
However, the filter collected on average 3n8f particles per cigaretta € 7, standard deviation

= 0.11ng) on the filter (0.45 micropolytetrafluoroethenewhichreducedhe flow rate (and puff
volume) with every puffBy the lastpuff, the flow rate was typically reduced to approximately
0.90L mint. The combination of the openirg thesolenoid valve and condensate knockaut
(240mL volume) made the flow rateary duringeachpuff. Although the shape of puff profile
was notprecisely measured, flow appeared to increase exponentially to the initial flow rate
(1.0L mint) in less than .s and decrease to zero at the end of each puff in the same manner
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Figure2.2:  Diagram of smoking machine for cigarette butt generation

Figure2.3:  Cigarettes holder above ash catching tray (leBmokingapparatus extinguishing sand, lighters and wrench for
knocking off ash (right)

Six puffs were chosehased on preliminary testing’hich showed thathe lengths bcigarette
butts producewith six puffs werghe most consisteandclose to the desired butt lengthg8m).

The initial puff lasted 4 s to enable lighting of both cigarettes, while the next five puffs lasted
2.7seach

Cigarettes were burnediine center o& fume hoodCigarettes were held modified filter holders
(thegolden part ok Sukragrahaigaretteholder). The filter holdes werelocated 13m from the
back of the fume hooand16.5cmapartfrom each otheiThe holders wereentered 14mabove
a 25cmx 30cm ash catching tragFigure2.3). The tray was raised 24#n abovethe base of the
fume hoodThe opening of the fume hood (10 cnrgsmot changedfter lighting the cigarettes to
keepthe flow in the fume hood relatively consisteAir velocities near the position where
cigarettes weredhd during burningvere monitoredor 5 min 6 timesusinga VelociCalc Plus air
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velocity meter at sample timeresolution of2 s. The air velocitiesanged from 0.00n s to
0.19m s with anaverage of 0.03th s* (n =900); the standard deviation of the average value
for each testvas 0.004n s (n =6).

The temperaturend relativehumidity (RH) in the fume hood were not controlled but were
monitored during smoking using OBO data loggewith manufacture specifietemperature
accuracy oft 0.24°C andRH accuracy of 2.5% at a resolution of 15.3§he temperatures were
relatively consistent withnaverageof 24.2°C andastandard deviation di.6 °C (n =459). The
average relative humidity wa&9.4% with a standard deviation &8% (n=481).The relative
humidity in the fume hoodaried from15.2 % to 52.9 % depending on theeason andveather
Relative humidity valuesanged from39.0% to 52.9% between June and September amle
lower duringother months

2.1.4 Smoking procedure

A procedure to generate eigettebutts was developed in recognitiohthe fact thatite mass of
chemicals in the cigarette buttanbeinfluenced by various factors, including
thetemperature and relative humiditytbecigarette storagenvironmenprior to smoking
thetemperature and relative humidity of the fume hood when the cigaaetiesrned,
theweight of the cigarettprior to burning

the puffing duration

thenumberof puffs,

theflow rate tlrough the cigarette during burning,

theamount ottime requiredto extinguish the cigarette butt

thehandlingmethodto transport the cigarette buttse conditioningenvironmentand
theweight and length of cigarette butts.

= =4 =4 -4 8 -9 -8 -5 -9

To increase the consistency of the target chemiicatbe freshly smoked bust the following
procedures were followetld generate cigarette butts
1 The cigarettes were stored in a 50 L chamti#r a flow rateequivalent taoneair change
per hourat 25°C andwith relative humidity of B % for at least 24 prior to burning
During storagethebutts were laid out in aluminum foil trays at the bottom of the chamber
While this process wamtendedto produce more consistent butts, it also means that the
cigarettes may bedifferent fromcigarettes removed from a freshly opened package
1 Cigarettes were labeled and preighed to make suriney werewithin the ideal mass
range.
Empty 20mL headspace vials were pnesighed.
Two cigarettes were placed in the cigarette holders.
Theusedfilter was replaced with a fresh filter.
The bubble lbw meter was connected-ime between the filter and the rotameter. The
flow was adjusted using the rotameter to the desired range. The bubble flow meter was
removed from the system.
1 The cigarettes were simultaneously lit with two leegch butane diiy lighters during
the initial puff.

= =4 -4 -4
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1 Aftereachpuff, the aslwasknocked off the burning cigarette tappingthe cigarette stand
oncewith ametal wrenchand collected by the ash catching t(#ye collected ash was
thrown away and not analyzed forechical emissions

1 After thesixth puff, each cigarettevasimmediately placed in a sand ashtfay 60 s to
extinguish the buttWhenthe butts were removed from the satitey were at ambient
temperature and no longer visibly emitting particles (defimedhis project as non
smoldering).The sand used to extinguish the butts was replaced roughly evebutt§0
to 200 butts

1 While the butts were in the sanbe solenoidralve was opened to allow the venting of the
condensate knockout for 6(@pgor to smoking the next set of cigarettes

1 After 60 s in the san@achextinguishedutt wassealedn a preweighed20 mL headspace
vial.

1 The weight of the butivasdeterminedasthe difference of the weight diottle withthe
buttand the weight dbottle withoutthe butt

1 The butts were then transported to the conditioning environment in the headspace vial or
analyzel in the headspace vial via TGC-MS (Sectiorn2.4.5.

2.1.5 Quality assurance and qualitgntrol
To ensure the cigarette butts waeconsistent as possiblte followingquality assurance and
guality control measures were taken:

1 The weight of cigarettes prior to burning were limited to cigarettes between@®8%D
0.870g.

1 Only generatedbutts with mass between 0.3g@nd 0.442y were further conditioned and
analyzed.

2.2 TARGET CHEMICALS

Four fresh cigarette butts weaiaalyzedusing headspace analy§&ection2.4.5 to developa list

of target chemicalshat were considered inighstudy The peaks in the chromatograms were
identified using Agilent Mass Hunter Qualitative Analysis with W10N14 library. Over 157
different chemicals were identified in each of the b(ifzble A.1). The target chemicals were
primarily selected from chemicals with response araakingin thetop 30 among the identified
chemicals. A total of 44 different chemicals were in the top 3paeses foeach ofthe four
cigarette buttanalyzedThese chemicals can by characterizedthycturalgroups clyclohexenes

(3 different chemicals),ypidines (6), benzenes (12), clyclohexanes (2), clyclopentanes (2), furans
(2), pyrazoles (2), inden@), andothers (13).

The criteria for selection dhe targethemicals for quantification were thise chemical
represergdone ofthe clasesof chemicals listed above, its response areas afoomglifferent
buttswereconsistent withrelative standardeviationless thar80 %, and/orit was listed in the
FDA Harmful and Potentlly Harmful Constituents (HPHd)st (United States Food and Drug
Administration 2012)Naphthalene and triacetwere the only chemicals that weret in the top
30response ardast butwere still includedn the list oftarget chemicaldNaphthalenavas
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included because it on the HPHC listTriacetinis notonthe HPHC list or the top 30 listbut it
isa commolty used plasticizer ifilters andcan account foabout 6% to 10 % of the filter
weight(Branton et al. 2017)Thereforetriacetincouldbe a good inidator for long tem
emissions.

Two chemicalsnet the above criteria but were not included as tigyot havereadily

available standard4H-pyrazole3-ethanamine (pyrazole group) ahanethyl3-(1-
methylethenyBcis-cyclohexane,dyclohexane group)he eight chemicals selected for analysis
and their chemical properties are shawifable2.3, and their chemical structures are shown in
Figure2.4. These eight chemicals were confirmed to be identified correctly by spectral
comparisn with purchased standards

Ny

2-methyt2-
cyclopenterl-one

Y
ig (1) o eny S0

limonene naphthalene triacetin nicotine

furfural ethylbenzene styrene

Figure2.4  Structures of theight target chemicals$iguresweredownloaded fronsparc online calcualtor
(http://archemcalc.com/spaiweb/calg on 11/7/2018
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Table2.3: List of targetchemicalsand their chemical properties

Molecular Boiling | Vapor Water
Chemical Chemical Reason for | weight, | Quantification | point | pressure | solubility | LOGH | Log Kwa
CAS No. name Type inclusion g mof? ion °C log(atm) | mgL?' | Matm? [-]¢
98-01-1 furfural furan top 3@, 96 96 214 -3.1 64,400 2.9 4.3
10041-4 ethylbenzene benzene top 30, HPHC 106 91 140 -1.8 160 -1.0 0.4
100-42-5 styrene benzene top 30, HPHC 104 104 149 2.1 205 -0.6 0.8
2-methyl2-
1120736 cyclopenten cyclopentene top 30 96 67 173 -2.4 43,900 2.0 3.4
-1-one
138-86-3 limonene cyclohexene top 30 136 68 179 -2.6 4 -2.0 -0.6
91203 | naphthalene | POV &omatic HPHC 128 128 205 3.7 47 0.3 1.6
hydrocarbon
significant
102761 triacetin other componentof| g 103 258 47 64,600 | 4.2 5.5
filter, long
term emission
54-11-5 nicotine pyridine top 30,HPHC 162 84 244 -4.7 86,800 4.5 5.8

a: Chemicals listed in order of FOC-MS retention time. Chemical properties were calculated ¥C26ing sparonline calcualtor

(http://archemcalc.com/spaveeb/calg on 11/7/2018.

b: Chemicals with response area in top 30 are list@a@loheA.2.
c: FDA Harmful andPotentidly Harmful Constituents (HPHQ)st.
d: Calculated using Ld¢wa = LogH + Log(RT), R is the universal consta@t0821atmM K™, T is the temperature, 2$8
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2.3 CHEMICAL DISTRIBUTIOBIGARETTE BUTT

Chemicals may not be uniformly distributed in the cigarette butt due to the diffeegatials,
structures and functions of different parts of thgarette To better understand the emission
characteristics of cigarette bultts, it is helpful to deterrtheechemical distributicsof the target
chemicals in different parts of the cigarette biitterefore, severaligarette butts were cut into
two parts, i.e. filter and ash (the ash included unburned tobacco)amsazgr blade and 3D-
printedcutting gude (Figure2.5). The butts were cut and placedhieadspaceials within 60s of
removal from the sand (12€ after removal from the smoking apparatus). The cutting guide
components were wiped with a methasobked laboratory Kimwipe after cutting each buitt.

Figure2.5:  Cutting cigarette butts with 3D printed cutt&utts were cut at the boundary of the filter dodacco.

Six types of sampleshown inTablel.1 andFigure2.6, wereprepared athanalyzedn headspace
vials (analysis described in Secti@m.5. More specifically sevenunburned cigarettes were cut
to eachproduce two parts (filter, Sample (1), @otdacco Samplg2)). For consistencyhie tobacco
samplewas produced with theame length as the cash (Sample (4))T'welve burnedcigarette
buttswere also cut to produce tvammponents. fieir filter andashcomponents were analyzed
with headspace analysis separat@yrned filter, Sample (3), and asBample(4)). The ash
component includes both the unburned tobacco and ash from the burned ciJarelgtermine
the impact of the extra exposed surface afdhe cut buttsamothersevenburnedcigarette butts
were cuf andeach paired filter andshcomponentvas placed together in one vial for headspace
analysis Sample §)). As a comparisorgighteenuncut burnedcigarette butts were aldested

(Sampleg(6)).
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Figure2.6:  Cigarette butt samples from left to right: unburned fikéfilter from unburned cigarettél); unburnedtobacce
tobacco from unburnedigarette(2); burned filter filter from burnedcigarette (3) burnedashi unburned
tobacco and ash from burned cigare@; cut cigarette but- filter, tobacco and ash from burned cigarefte;
uncutcigarette butt(6).

2.4 HEADSPACE ANALYSISOMNDITIONED CIGAREHUTTS

To examine the influence of environmental factors on airborne cigarette butt emissions, the butts
were placed imrange of environmental conditions for up to one week at a Atrthe endof the
conditioning periodthe buttsweretaken out from the conditioning environment gidced in

20mL headspace vialsand then the mass of chemicalemitted into the headspacwere
determinedusing TDGC-MS analysis

2.4.1 Summary of experiments

Freshly smoked cigarette buttere taken outfadhe 20mL headspace vialnd placed inlifferent
environmentgor different times (Table2.4). The SPHERE experiments investigated the influence
of temperature (Experiments 1 versus 2, and 3 versus 4), relative humidity (13yvarsi&versus

4), saturation of filters bwrtificial rainfall (5 versus 6) and exposure to enhanced simulated solar
UV radiation (7 versus &nd 9. The oneweekrooftop experiments compargde influence of
ambient conditions duringummer {0 and 1) and winte (12 and 13). The large chamber
experimentexamined the influence of air change rdié4nd15).
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Table2.4: Summary ofonditioningexperimentsStandard @viations appear in parenthesiBach experimental condition was tested for a range of durations (typria#ytests:
2 hto 144h.). For all experimentsexcept the rodbp experiments, the standard deviaticsteown in parenthesire of the average valueser thevarying durationexperiments

Condition Temperature Relative Irradiance Airf low rate or wind Rainfall
environment (°C) humidity (%) (W m? velocity (mm min-1)

1 SPHERE chamber | 31.1(+0.2) 496 (x1.2) Off 350mL/min® N/A

2 SPHERE chamber| 40.3 (x0.2) 50.5 (¥1.8) Off 344.7 (x14.0) mL/min N/A

3 SPHERE chamber| 30.8 (x0.2) 25.4 (+0.6) Off 357.3 (¥5.2) mL/min N/A

4 SPHERE chamber| 40.3 (x0.2) 25.3 (x0.6) Off 347.3 (x14.9) mL/min N/A

5 SPHERE chamber| 30.9 (x0.2) 51.7 (¥4.2) Off 357.8 (¥8.2) mL/min Wet

6 SPHERE chamber| 30.6 (x0.2) 50.9 (£0.5) Off 359.8 (x6.3) mL/min Dry*¢

7 | SPHERE chamber| 30.5(+0.01)¢ 51.5 (+1.3) 144 (£2.7)° 258.3 (+5.5) mL/min N/A

8 SPHERE chamber| 31.0 (0.3} 51.2 (¥1.3) Off 252.0 (£5.9) mL/min N/A

9 SPHERE chamber| 37.3 (+0.0y 49.8 (+0.6) Off 2522 (£8.3) mL/min N/A

10 Rooftopsummer 25.1 (¥3.0) 72.6 (x14.1) 230 (x319% 1.8 (*x1.1)még 0.001 (+0.011)
11 Rooftopsummer 24.4(x3.3) 72.8 (x12.1) 216 (x290% 21(x1.1)ms 0.001 (+0.029)
12 Rooftopwinter 3.7 (x2.7) 64.6 (£14.2) 75 (+135% 3.2(x1.9)ms 0.002 (+0.013)
13 Rooftopwinter 3.5(x4.2 64.5(+17.0 64 (x123¢ 3.7(x2.9 ms? 0.001 (+0.008)
14 Largechamber 250 (0.0 48.1(+0.0) Off 16.7m*h19 N/A

15 Large chamber 250 (0.2 48.1(x0.2) Off 307 mhte N/A
aSimulationPhotedegradation via High Energy Radiation Emission.
bSetpoint value. Actual values were not recorded for this experiment.
‘Cigarette butts that were soaked in a petri dish with artificial rainwater before being placed into the dark chambes wetkeane d 1]
while cigarette butts that were placechim e mpty petri di sh before placed into the
dAir temperatures during the experiments averaged 30.5 (%0.Butt temperatures measured by placing thermocouple in the cigarette
while the butts were exposed to th¥ Bource averaged 37.3 (£0.3) °C.
®The wavelength of UV in the SPHERE ranged from 265to 400 nm. Irradiance values on the rooftop are measured for the full sun
spectrum, not just the UV range.
fValue may be elevated due to snow on the sensor for over 24
9Theflow rates forthelarge chamber were the flow rate for outdoor air and calculated by minijgthe measured air change réteinverse
time) by thechamber volume. The air change ratesfielarge chamber were measured based on ASTM #742017)(ASTM 2017) as
described irAppendixA.4.
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2.4.2 SPHERE

To study the influence of temperature, relative humidity, UV waater saturation orairborne
cigarette butemissions, cigarette buttgere placed in two different types of SPHERE chambers
(Figure2.8), i.e., dark chambers and a UV chamber. The dark chambers (Experiments 1 through
6 in Table2.4) had arectangulacuboidshape and a volunad 590 mLwith no UV exposuregand
were used to examine the influence of temperature, relative humiditywatelr saturationon
cigarette butt emissioné cylindrical UV chamber was useo investigate the influence of UV
exposureon cigarette butt emissions (Experiments 7 and 8ahble 2.4). The cylindrical UV
chamber had a volume of &L. More information on the UV chamber system is provided in
Chin et al.(2004) The measured temperatures, relative hutmesliand flow rates of thearkand

UV chambes for each set of experimarare summarized ifiable2.4.

In the darkchambers, cigarette butts were conditioned under four settings with the same chamber
flow rate of 350mL mint butdifferent temperature and relative humidity combinations:Gand

50%, 40°C and 50%, 30°C and 23%, and 40C and 25% (Experiments Xhrough 4 inTable

2.4). The temperature and relative humidity were recorded automatically every minute, while the
flow rates were checked at the beginning and erehoh experiment with a bubble flow meter.

For each test, three freshly smoked cigarette butts were placed in the chamber with a specially
designed holdeiHigure2.7) for eight different time durations (& 5h, 18h, 24h, 48h, 72h, 96h,

120h and 144). The filter holder had..7 mmdiameter pegs to mount the butts onto the vertical

butt holder. The pegmadetwo holes in the filter area of each btitatremaired present foithe
headspac&D-GC-MS analysis

In the UV chamber (Experiments 7 and 8Tiable 2.4), cigarette butts were conditioned wdh
UV exposure of 144V m2 (wavelength from 298m to 400nm) and without UV af relative
humidity of 3 %andaflow rate of 250mL min. The UV wasintended to simulate the solar UV
radiance range described in ASTM GA03(2012)(ASTM 2012) i.e.,295nm to 400nm, 46 W
m2. When conditioning the butts with UV radiation, the butt temperatifes CC) was higher
than the émperature in the chamber aB0(5 °C) due to the energy associated with the UV
exposure. The chamber walsoset to be37.5°C when UV was ofExperiment 9)Samples were
analyzed with UV on and off &h, 5h, 18h, 24h, and 4& (Experiments 7, 8 and 9Additional
samples were collected with UV on atf7,206h, 120h and 144 (Experiment 7)
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Figure2.7:  Cigarette butt holder for conditioning BPHERE

€Y (b)

Figure2.8:  Cigarette butts conditioneid two different types cBPHEREchambers(a) dark chamber; (b)JV chamber The
outerenclosureand coppetwrapped watebath are used to maintain the temperature and RH of the inner dark
and UVchambers where the cigarette butt holders are locafée. UV entes the UV chamber through the glass
window whichis closed for the photograph.

To study the influence afinwatersaturationron emissions frontigarette bu#, freshly smoked
cigarette butts were preconditioned before being placediartachambergExperiments 5 and 6
in Table 2.4). An artificial rainwater concentrate sdlut previously used for cigarette butt
aqueous leaching experimeri@hevalier et al. 2018)as prepared by dissolving the following
components in 1 L ofdistilled water: NaCl (24g), KCI (0.36g), CaCh-2H.O (1.659),
(NH4)2SQs (3.419), MgSOi- 7H20 (2.98g), and NaNQ@ (4.089). Following Chevalieret a{2018)
the ®lution was hen diluedby a factor of 100@rior to use

Preliminary experiments showed that once the cigarette butts were saturated, the paper surrounding
the ash and tobacco could disintegrate erratically when haadieédplaced in chambern
addition, butts placed on the roof shortly beftreavyrain eventshadsimilar fates and it was
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challengingto recover the entire butt inta@igure2.9). In contrastto the degradation of the ash
and tobacco when exposed to water, cigardtéed typically contain plasticized cellulose acetate
fibersthatshow minimal degradation after two yeafsoutdoor exposuréBonanomi et al. 2015)

In fact, filters can persist up to ten years in the environnfliolvotny and Zhao 1999, Puls et al.
2011, Bonaomi et al. 2015)In addition, &perimentsin this study(Section3.1) demonstrated
that theemittedmasgsof the target chemicafsom burned filtes werecomparable to thentire
emitted mass from the burned cigarette fartimost of the target chemicals

Figure2.9:  Example of disintegration of paper wrapper around unburned tobacco and ash after rain event during
conditioningon theroof. A stainlesssteel wire was used to hold butts down during outdoor rooftopsexeo

Given these questionstwo sets ofwater saturationexperiments were conducteshe with the

entire butt and one with just the filtdn the firstset of experimentseven buttsvere wetusing

the procedure below artien directlyplaced in the heatspace vials for TBEC-MS analysis
conditioningto determine the impact of rainwatsaturationon theinitial emitted mass into
headspacd-or each pair of freshly smoked cigarette butts, one was placed in a dry petri dish while
the other was soaked in 8L diluted rainwater solution in another petri digkigure 2.10).
Experiments shoed that 3 min wasenoughto satura¢ thecigarette buttsKigure2.11). Hence,

after 3 minof conditioning, the butts were transferred onto a wire mesh rack using tweezers. Each
buttwas leftontherackfor3d o r emove any resi dualthesigareter t hat
butt, and then placed into a preighed 20mL vial usingtweezes. Forthisfirst set of experiments

the butts were directly analyzeth headspac@ D-GC-MS analysisafter determining the water
mass gained in each butt
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(b)
Figure2.10: Condition of cigarette butt ifa) dry petri dish (b) in awet petri dish witl2 mm deep rainwater
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Figure2.11: Mass change dfigarette buts with soaking time

In the second set of experimertisitts were cut using the apparatus described in Seztomhe
ash and unburned tobaoserediscarded After cutting, three filters were wédllowing the same
procedure as abowehile threeother filterswere handled in the same manbetkept dry(Figure
2.12). The dry and wet filters were theronditionedin dark chambersat 30°C arnd 50 % RH
(Experiment 5 and 6 imable2.4). Themeasuredemperatures, relative humidifies and flow rates
of thedarkchambers for each set of experinsare summarized ifable2.4. Thedryfilters were
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analyzed aftefive differentconditioning timesi.e, 2 h,5h, 18 h, 24h and 12Ch, while the wet
filters were analyzed after four different conditioning times, i.&,, 2 h, 24h and 12(h.

(b)

Figure2.12. Condition offilter of cigarette butt in@) dry petri dish (b) wet petri dish with 2 mm despmulatedrainwate .

2.4.3 Large chamber

To mimic indoor conditias, cigarette butts were alsonditioredin a largestainlessstee] 31 m*
walk-in chamberExperiment 14 and 15 ihable 2.4), which wasdesigned consistent &STM
D667018 (ASTM 2018) The chambershown inFigure2.13 (a), has its own heating, cooling
and ventilation systemmvhich allows control ofemperature, relative humidjtyutdoorair change
rateand recirculatiorairflow rate Both outdoor makeup air and recirculatedaa&cleaned with
high efficiency particulate a{HEPA) and charcoal filterdBackgroundess described irSection
2.5showed none of the target chemicals were present in significant quantities inahteairg
the chamber

Cigarette butts were conditioned in the large chamber under two settings witkartie
temperature and relative humidity of 256 and 50%, but differentoutdoorairflow rates The first
conditioning experiment useld.7m?h* outdoor airequivalent to an air change rate ofDts)
plus 109.3 m* h? of recirculatedair (equivalent to recirculation rate &3 h''). The second
experiment use®0.7 m® h-1 outdoorair (equivalent to an air change rate afproximately
0.9 hY) plus 93.3 m® h! recirculagd air (equivalent toa recirculation rate of3.0 h'%). The
determiration of the outdoor air change rated recirculation rates described in Sectiof.4. In
this studythe air change rate is usedaemirrogate for the impactf bothoutdoor airdilution and
local air movemenbver the surface of the cigarette buttemission rate

For eacltest,afreshly smoked cigarette buttasplaced @ each othree different concrete blocks
placedon the chamber floofFigure 2.13). The concrete blocks used wereetsame as in the
rooftop experiments (Sectidh4.4). The duration of th@ine experimentsvasfrom 2hto 144h.
The measuredemperatures, relative humiigis, and flow rates of thavalk-in chamberfor each
set of experimentere recorded every minute aace summarized imable2.4.

21



9528"41" LSIN/8Z09 0T/Bi0"10p//:sdny :woy abreys jo a1y ajqe|iene si uoneslignd siy L

() (b)

Figure2.13 (a) Large stainlessteel walkin chambey (b) Cigarette buttdeingconditioned in large chamber

2.4.4 Roofop

Experimentavere also conducted lmpnditioningcigarettebutts on the roof of five storyNIST
laboratory building Experiments 10 through 13 ifable 2.4, shown inFigure 2.14). The roof
consists of anelted asphalt membrane covered by a layer of pebbles. This environment was chosen
to keepthe butts safe frortheinterferenceof people and animals other than biddsaddition, the

roof hosts an existing sol&V panelogging and weather statioRigure2.14); more information

on this system can be found(Boyd 2016) The hutts were placed on concrete blocks to mimic

the thermal properties of a butt discarded on a straetagvarking lot
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Figure2.14: Cigarette butts conditioned on the rooftb€NIST laboratory buding. Solar tracking system on left, weather

stationin center and protective mesh cover shown on right.

Two sets of experiments were conducted in summagyst 2018 Experiments 10 and 11 in
Table2.4) andtwo sets of experiments were contiecinwinter (November 2018Experiments

12 and 13 imMable2.4). Rain occurred during each sampling evéihie buttsvereplaced beneath
wires to pin them to a concrete blotk.addtion, a wire mesh was plag®n top of the blocks to
preventinterference from bird§Figure2.14). For each test, three freshly smoked cigarette butts
were placed on the roof faine different timeduratiors, ranging from 2 to 144h. The solar
radiation,precipitation, temperatureelative humidity, windvelocity, and atmospheric pressure
wererecordedevery minuteduring the experiments, shownkigure2.15 throughFigure2.20.
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Figure2.15: Temperature profiles during fouooftop experiments.
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Figure2.16: Relative humidityrofiles during fourooftopexperiments.
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Figure2.17: Global horizontal ®lar radiation profiles during fourooftop experiments.
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Figure2.19: Rain and snow profiles during fouooftopexperiments. Constant lines on Winter 1 ah46rough 62h indicate

when sensor was covered with snow.

This publication is available free of charge from: https://doi.org/10.6028/NIST.IR.8256
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Figure2.20: Atmospheric pessure profiles during fowooftop experiments.

2.45 Headspacemnmalysis

Fresh and conditionecigarette butsamples weranalyzedwith headspace analydis determine

the mass emitted from the butf$he objectiveof the headspace analysis was not to fully extract
all the mass from the butts, batherto establista repeatable method that woaltbw comparison

of chemical emissions into the headspace air after the cigarette butts were condititmed in
different environmentsin summary, the headspace analysis method equilibrated the butt in a
headspace viat30 °C. The headspace of the vial was then flushed onto a thermal desorption tube
The tube was then desorbed into the-K&S, and thechemicalmassin thetubewasanalyzedTo
increase theepeatabilityandsensitivity,ensure ful desorption from théhermal desorptiotube

and reduce the analysis time of the method, experims&ate conducted to optimizéey

parameters, including incubation time, samglvolume, thermal desorption prograamd GC
oven temperature program.

After optimization, all the samples were run using the method as described Bathwcigarette
butt was placed in a 20L vial and conditioned for 1Min at 30°C. After conditioring, a Tenax
tube was used to sample the headspace air from thatadlow rate of 200 mL/min for 1 min.
The Tenax tube wathen automaticalljransported to a thermal desorption unit (TD)e thermal
desorption started @0 °C for 0.5 min,rampedup to 300°C at a rate of 12C st and held for

8 min, while the desorbed chemicals were captured by a&dogéction system (CIS) al20°C.
After desorption, the CIS temperature ramped up to’2384 a rate of 12C s* and held for 3nin,
and the desorbed chemicals were transferrealgas chromatograph (GC) column with a split
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ratio of 15:1. The transfer temperature to the gas chromapy was 280C. The gas
chromatograph uskea 30 m, 0.25 mm IDand 0.25em film thickness column with #low of
1 mL min of helium.The column oven temperature starte@8GtC for 1 min, rampedipat 10°C
min?t to 200°C, then rampedup at 20°C min? to 300°C and held for 2 min. The mass
spectrometer was operated in full scande The masdo-charge ratie for quantification of the
target chemical&quantification ion)arelisted inTable2.3 in Section2.2

Standardsurves were made by spiking 2 to 4 niL of standardsolutiors of the eighttarget
chemicals(Section 2.2) in methangl with 1 nL of ethylbenzeneds as an internal standard
(quantificationion: 116)directly onto the bottom of thglass frit of thesorption tubeNitrogen
gas was passdbm the bottom to the top tiie sorption tube fd minprior toanalysigo remove
the methanolThree fivepoint evenlyspacedstandard curves witthe following concentration
rangeswere used0.04 ng to 80 nger injectionfor naphthalene, fig to 2000 ngper injectionfor
limonene, and 0.4 ng to 800 pgr injectionfor the other target chemicals

For an internal standayceach sample tube was also spiked wittml of ethylbenzenals in
methanoldirectly on to the bottom of the glass frit of the sorption tube prior to samgbiang
headspace vialTo minimize chromatography interferencesyogen gas was passed from the
bottom to the top of the sorption tube Bomin prior to analgis to remove the methandl.blank
thermal desorption sample tugiked with aninternal standal wasrun after each sef triplicate
butt samples

2.4.6 Quality assurance and qualitgntrol

Six quality assurance and quality control issues were addressed during the headspace(apalysis:
Reliability of the TD-GC-MS analysis (2) Detection limit of the methqd3) Consisteny of the

butt productionover the course of the experintgn(4) Loss of ©iemicals whilebutts werein the
20mL analysis vial waiting to be analyzed by the -TGG-MS; (5) Consistegy of chemical
emissiors from the buttsbefore they were placed in the conditioning environmeansl, (6)
Consistency ofhe conditioning environmest

(1) Reliability of the TD-GC-MS analysis During cigarette butt analysis, standard curves were
run in each sequencand only data from sequencebese the standard curves had linBar
values larger than 0.98 were used. A total of 23 experiments were regeatedinadequate
standard curve® ensure adequate quantification of detected p&dusk sorption tubes were
run in every sequence to check if there wasangsovercontamingion. No target chemicals
were detected in any of the blanks

(2) Detection limit of the method Instrument detection limits of the target chemicals on sorbent
tubeswere determinedby spiking the target chemicals in allmethanol solution onto the
bottom ofthe sorbent tubed he instrument detection limits for each target chemiczie
determined by multiplying three times the standard deviation of seven replicates at a
concentration that was less than five times the determined method detectigiCbdet of
Federal Regulations 20Q3yhe quantification lints were determined by multiplying the

27



above determined standard deviation by Tére instrument detection linsiand quantification
limits for headspace analysis are showiiable2.5.

Table2.5: Instrument detection limisnd quantification limitgor headspace analysis (ng)

Instrument detection limit for Quantification limit for

headspace analysis (ng) headspace analysis (ng)
Furfural 0.88 2.93
Ethylbenzene 0.40 1.35
Styrene 0.31 1.04
2-methyt2-Cyclopentenl-one 0.40 1.33
Limonene 1.00 3.32
Naphthalene 0.11 0.36
Triacetin 0.46 1.52
Nicotine 0.42 1.40

(3) Consistency of the butt productionover the course of the experimentsTheemitted masss
from freshly smoked buttwere measured fd sets ofat least 1Zigarette butts by TEGC-
MS. Figure 2.21 shows the average masses for the eight target chemicals, aadethge
temperature (T) anctlative humidity RH) in the fume hood whetbecigarettes were burned
The detailed values ashownin TableB.1. These fresh butts were analyzter they were
stored in the vialfor different times ranging fromO h to 46 h.
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Figure2.21: Measured emitted mass from fresh cigarette butts Right axisis for limoneneLeft axisis for all other
chemicals. T: temperatur®H: relative humidity; n: the number

The relative standard deti@ans (RSDs)within each sebf the data shown iRigure2.21 are
within 25 %, except ethylbenzene §26) and nicotine (2 %) in the set tested on 11/2/2018,
while theRSDsbetween different sets are withib 2 except naphthalene336) and nicotine
(34 %). Some of the variatianbetween dateshown inFigure2.21 may be due to the time
between the butt being placed in the bottle thieginalysis as discussed below.

(4) Loss of chemicals while the bustwere in the 20mL analysis vial waiting to be analyzed
by the TD-GC-MS. The TD-GC-MS system could only analyze one vial at a timgh each
run taking roughly 5%nin. For all conditioning experimentké averagstorage time of butts
in theheadspackeials betweerremoval from a conditiang environmentandthe start othe
TD-GC-MS run was 21.4 (number of sets of cigarettes burned with data recorde@r,
standard deviatior 11.6h). The frequencylistribution of the time in the transport vials is
shown inFigure2.22.
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Figure2.22: Distribution of thestorage time obuttsbetween removal from conditimg environment and TEEC-MS
analysis

Figure2.23is an exampl®f the measureegmitted mass change with tini@r limonene and
naphthalenghe remaining data can be falin AppendixA.3, FigureA.1throughFigureA.3.

The dataare normalizel by the average concentration for each chemical for all samples
measured between 8/15/2018 and 11/16/2018 (the time between generation and analysis was
not recorded for the 2/28/2018 dat@verall, the emitted massdo not show a trend for
triacetin andnicotine butdo show a decapver the 4@ of sampling time fothe other six

target chemicals
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Figure2.23: Percent of average initial concentration for Limonene and Naphthalene mass emitted during headspace analysis
conducted h to 46h after butt generation

Correcting for this decay is complicated as @&initial mass buttgfrom 8/15/2018 and
11/16/2018)were smoked ofive days over four months with varying relative humidrtythe
hood However most ofthe butts iI§ = 349 out of 497) were analyzed during a period ranging
from 5h to 35h, andthe mass analyzeduring that period waselatively consistety with
relative standard deviati@f less than 2 % for those samplegxcept for triacetin (2%) and
nicotine (4. %). Hence ho adjustment for thafluence of the storage tinma the sample mass
wasmadein this report

(5) Consistency ofthe chemical emissions from the butts before they were placed in the
conditioning environments As describedn section2.1.4 the masssof targetchemicals in
the cigarette buttsanbeinfluenced by various factors, including the condition of the cigarette
prior to burning, smoking parameters, the conditions of the environment where the cigarettes
were bured, weight and length dhecigardte buttsand thehandlingmethodused to transport
the buttto the conditioning environment. Among these potential influential fadterselative
humidity of the fume hood where the cigarettes were edrand the transportation time
between extinguling the cigarette butand plaig theminto the conditioning environment
were not controlledThe dher factorswere controlled as stated $ectiors 2.1.4and2.1.5
Hence,six sets of datalescribed infableB.1 were analyzed taddresshe twouncontrolled
factors

a. Influence of relative humidity in the burning environment Therelative humidityin
the fumehood impacts theburning conditions ofthe cigaretts. The averageelative

31



humidity in the fume hood during smoking was 886 (n= 738, standard deviatior
8.9 %). However, therelative humiditywas not normally distributed={gure 2.24) with
most samples near 38 RH or 45% RH. Almost halfof the butts used for conditioning
experimentswere generated wherelative humiditywas between425 % and B %.
Roughly onethird of the butts were generated wheglative humiditywasbetween30 %

and 35%.
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Figure2.24 Distribution of the relative humidit{fo) in the fume hood during smoking

Only averaganitial emitted massor the six data setshown inFigure2.21 were usedo
examinethe impact of the fume hood relative humidity on inigalitted mass of the eight
target chemicaldPearson correlation analysis shows that the emitted mass for nisotine
significantly linearly correlated witrelative humidity(coefficient = 084, p < 0.05), while
the correlatios betweenrelative humidityand emitted mass fdhe other seven target
chemicals are insignificant (p > 0.05) based on both Pearson andn@peewrrelation
analysis. The lineaegression forelative humidityand nicotine emitted mass is shown in
Figure2.25.

Other researchers have shown that nicotine partitimre to the particlphaserelative to

the gas phasat lowerrelative humidiies (John et al. 2018)n this researchhe larger
fraction of nicotine in thashphase at higheelative humiditymay hinder the emission of
nicotine into headspace during the headspace analysis, which would result in lower
measured emitted mass for nicotine at higkkative umidity.

32



. 400+ ° @ Nicotine
i ° y=-10x + 650, R2=0.71
2 350
©
b
5
& 300
=
&
3}
g 250
3}
s
g
= 200-
54
£

150 T T T T T T

20 25 30 35 40 45 50 55

RH (%)

Figure2.25 Correlation between emitted mass for nicotine and relative humidity in the burning environment.

The cause for the scatter in the data & 38Hin Figure2.25was not attributable to the
conditioning time of the cigarettes prior to burning, the time between generation and
analysisor internal stadard variations. Sindeis urknown whatcausedhehighvariation

of the nicotine initiaimassest 3 % RH andbecausé¢he dataverelimited (six data sets),

the initial nicotine mass dateas not adjustetbr the measured relative humidity during
burnng. Theother seven chemicatkd not vary significantly with thumehoodrelative
humidity. Hence, forall eighttarget chemicalghe average valuefor each data setere

used asheinitial mass for data analysis in Secti®i andSection3.2

b. Influence of transportation time between extinguising of cigarette butt and
placement into the conditioning environment Each cigarette butt was placed into a
headspaceial immediately after removal from the sarihese vials were then used to
transport the cigarette butts to the various conditioning environnizugto the limitation

of smoking two butts at a time and the conditioning environments negbietween Butts
and 27 butts being placed in the envir@minat the same time, the amount of timatthe
butts werestored forin the 20mL vials between smoking and placement in the conubtiio
environmentvaried. The averagebutt storagetime in these ransport vialsfor all
experimentswas 2.1h (number ofduplicate butts with data recorded18, standard
deviation= 1.6 h). The frequency distribution of the time in the transport vials is shown in
Figure2.26.

33



100

~]
W

(@]
=]

Number of Samples

[\
w

Q7 NT NT AT Al Y Y T e

Time between smoking and placement in conditiong enviornment (h)

Figure2.26  Distribution of the amount of time the butts were in the 20mL vials beexéieaguishingand placement in the
conditioning environment

Only datawith atransportation time ranging frothh to 4 h were usegdsincemore thar88 %

of t he but sve@inthis ranged lgeeariatianimt@emasesof chemicas emitted

by thebutts during headspace analysis (SecBghH werewithin 25 %, except for triacetin

(39 %) and nicotine (3 %) in the first4 h of storage AppendixA.3, FigureA.4 throughFigure

A.7). In addition, therewas no significant correlation between the emitted mass and
transportation time (p 0.05). This indicates placing the butts in the transport vials for less
than4 h prior to placing in the conditioning environment had minimal impact on the future
emissions.

Overall, therelative humidityin the burning environmertad moderate influence ahe

measured mass from cigarette bditts nicotine but not for other target chemicasd the
transportation time didnot i &H Themsistencpt he e mi
the chemical emissions from the butts before they were placed in the conditioning
environmentsvasconsidered acceptable

(6) Consistency otthe conditioning environments The temperature, floyand relative humidity
were recorded for thdark, UV and walkin chambersData from anndividual experiment
was not used if the relative standard deviation of the temperature during the corglition
period wasgreater tharl %, or the relative standardeviation of relative humidity and flow
were greater thab %. Four experiments where three butts were placed in a chamber for
single defined sampling time (2o 144h) were repeated due to temperature variations. Eight
experiments were repeatetlie torelative humidity variations. Seven experiments were
repeatediue toflow variations.
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2.5 EVISSION TEST IN LERGIAMBER

One experiment was conductieda walkin chambeto measuréhe emission ratefor thetarget
chemicals from cigarette butitsa simulatedndoor environmentlo determine emission rates
such an environmenthe room air needs to be sampleather than using the headspace analysis
done in the other test§o avoiddetection limit issues in the room air, 18 butts were placdukin t
walk-in chamber and a 2dsampling event wasonducted.

2.5.1 Experimental setup

Before emission teistg, 3 h air samples were taken to measure the background concerstriation
the chamber and inlet aiburing the emission tesit8 freshly smoked cigarettbutts werdirst
placedon an aluminumfoil -lined, stainlesssteelmeshbasket(Figure2.27) in the center of the
chamber The kasket washung in the center dhe walk-in chamberto facilitate mixing of the
emissions with the chamber dim addition, moving the butts off the flocag they were placed for
the headspace experiments (Sectbd.3) avoided impacts of the concrete surface on the
emissions and increased the distancechamber surfaces to which contaminants might be
adsorbed.

Figure 2.27: Cigarette buttsaluminumfoil-lined, stainlesssteel mesh basket (lefocation of basket in walika chamber
(right).

The chambewas run at 28C, 50% RH, with 16.7m3h* outdoor air supply (equivalent to an air
change rate of 0&h™) and109.3m3h? of recirculated aifequivalent td3.3 h'Y). AppendixA.4
summarizes the measurements used to determine the airflowAiatesmples were takeor 3 h
atthe supply inlet, return outlet, and the middle of the charffbgure2.28) at2 h,5h,8h,11h,
15h,18h,21h, 24 h and27 h after the butts were placed in the chamBeR h air sample was
also take at Oh after they were placedFlow rates through theamplingtubes were controlled
with mass flow controllers at 108L min and confirmed with a calibrated bubble flow meter
before and after samplingll pumps and mass flow controllers were located outside the chamber
The chambewas entereth conjunction with each sampling eveatchange the sampling tubes
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Figure2.28 Changingthe sorption tube samplingt one of the walin chamber inlets.

To examine the relation of tlenittedmass measured by headspace anatigssribed irBection
2.4.5 and theemission rateneasured in the walikh chambeycigarette butt samples weamalyzed
using headspaoaals after conditioninghe buttsn the chamber by placing it in tisamebasket
underthe sameconditionas the emission rate experiment fdr,5 h,8h,11h,15h,18h, 21h,
and 24h. Like the headsgce analysis described in Sectibd.3 each time poinwvas a separate
experimentpplied tothreeconditionedcigarette butts.

2.5.2 Air ample analysis

The air samples wesnalyzedy TD-GC-MS. The TD-GC-MS running conditions were the same
as the headspace analysis described in sezdof except thathe headpace analysis useaS

split ratio of 15:1while the chamberair sample analysis was conducted in a splittess mode
Standards curvesere madaisingthe same method as described@scribed in sectiop.4.5 A
five-point standard curve was used, evenly spaced froéhn@.to 0.4ng for naphthalene, 0.5g

to 50ng for limonene, and 0.2g to 4ng for othertarget chemicals per injectioBlank thermal
desorption sample tubspiked with internal standardsere run after each set air samples.

2.5.3 Quality assurance and quality control

There werethree quality assurance and quality control issues addressed duringhaneber
emission tesandysis: 1) Reliability of the TD-GC-MS analysis 2) Breakthrough othe target
chemicalghroughthe sorbent tube during ti3eh sampling 3) Detection limit of the methad

(1) Reliability of TD-GC-MS analysis During emission testin@naly®s of the standard curves
had linearR? values larger than 0.9&lanks sorption tubes were run in every sequence to
check if there was any contaminatidio target chemicals were detected in any of the blanks
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(2) Breakthrough of the target chemicals through the srbent tube during the 3 h sampling.
Experimentsvereconducted teheck iftherewasbreakthrough during the air samplirkarst,

s telafor daphthdlen&@ ngblLdat limonene,and20 ngéL for the other

six chemicals) were spikednto a Tenax tubéroughly 50 to 100 times the instrument

1

guantification limis inTable2.7). Then, the spiked Tenax tube was connected to a clean Tenax

gL

of

tube as @ackup tube and purged with 99.% nitrogen for 3h at the same flow rataused
duringair sampling, i.e., 100 minin™. A total of four tube pairs were analyzdte detailed
breakthrough test dataeshown inTableA.4 of SectionA.5. The masses of moshemicals
thatwere detectedh the backup tubes werdéess tha 5 % of the masses in the front &
(Table2.6), except the mass of furfural mne tubeethylbenzene inne tubeand naphthalene
in three tubes. However, the breakthrough nraisese casesas less thath0 % of the masses
in corresponthg spiked frontubes Except for furfuralthe maximum masses ofiemicalsan
the air sampleBom theemissios tess weretwo to ten timesower than the spildmasses in
the breakthrough test. Hence, it is expected thasangplingbreakthrougtduring emission
testng would be less thathat seenn the breakthrough testonsequentlybreakthrough of
chemicals duringir sampling fothe emission testwascorsidered to be negligible

Table2.6: Ratio ofbackupTenax tube téront Tenax tubeValues larger than 5% are highlighted in bold.
2-methyl-2-
cyclopenten
Sample | Furfural | Ethylbenzene | Styrene 1-one Limonene | Naphthalene | Triacetin | Nicotine
B;“:‘;";'r‘:tplll 29 % 26 % 00 % 00 % 00 % 62 % 20% | 19%
BaF‘;'C‘)'r‘]JthZ/ 38 % 32 % 0.8 % 0.0 % 0.0 % 5.7 % 25% | 33%
BaF‘i('g'r‘jtp;/ 45 % 37 % 16 % 00 % 0.0 % 54 % 00% | 15%
Bi‘igﬁ&‘” 79 % 9.1 % 36 % 18 % 14 % 43 % 00% | 18%

(3) Detection limit of the method Themassof target chemicalon sorbent tubeis emission test
weretypically lower thanthe masn sorbent tubes in theeadspacanalyss. Hence,the
sorbent tubefrom the emission testgereanalyzedn a sgitless mode, while the headspe
analysis used a 154plit ratio. This difference in themethod required determination of a

separateset of detection limits, which was done in the same manner as described in Section

2.4.6 The detectiorand quantificatiorimits are shown imable2.7.
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Table2.7: Instrumentand methodietection limits foair sample analysig; emission tests.

Instrument
detection limit for Quantification limi t Method quantification
air sampling for air sample limit for air sampling
analysis, ng analysis, ng analysis, ng n13
Furfural 0.12 0.39 21.4
Ethylbenzene 0.05 0.15 8.4
Styrene 0.07 0.24 13.2
2-methyt2-
Cyclopenterl-one 0.06 0.20 11.3
Limonene 0.14 0.45 25.2
Naphthalene 0.02 0.06 35
Triacetin 0.09 0.29 16.4
Nicotine 0.07 0.23 13.0
a: calculated by assuming sampling fdr &t a flow rate of 100 mL/min

2.5.4 Emission ratesalculation

Emission ratesn the chambewere calculated based @mass balancanalysisthat considers
emissiors, airflow into the chamberanddepositiorto and emissiagifrom the chamber walld/an
Loy et al. 1997)

E
o— O 08 08 "v— )
— 08 Qb @)

Where

is the volume of the chamb&1 nt;
is the chemical conegration in the chamber air, my>;

is the chemical emission rateth cigarette butts, ng?;

is the flow rateof supply air 126 m3 h't;

is the chemical concentration in the supply @gy n13;

is the surface areaf the chamber wal, m?;

is the surfaceoncentration on the chamber vgalgm;

is the deposition velocitywith units a function of the dimensionless constants
£EQ ;

Q is the reemission rate constamith units a function of the dimensionless constants
€Q «a ;

¢ and¢ are the dimensionless constants.

When usedhedeposition velocity ), reemission rate constar and dimensionless constants
(¢ and¢ ) were determined from literature values.

cCZ WMo 0 0O <

38



In performing this mass balan@malysis,the chemical concentration at tin@dpoint of the
sampling period wasetto be equal to the measured concentration durin@ ther 3h period.
For more volatile chemicglsadsorptionto the stainlesssteel chamber walls can be ignored
(Equation 2) For these chemicglshe emission rate at thmidpoint betweenitand t can be
calculated as follows:

E . S .
0O w v o ——" (3)

where6 and0 are the concerdtions in the chaber at two sequentiahmplingtime periodk;
0 j and0 j are the concentratigmat the inletat two sequentiadamplingtime periodsand,o
ando arethemid poins of thetwo sequentiabamplingtime periods

For less volatileehemicals, like nicotine, adsorption to the stainrkgs®gl chamber wallsiay be
importantto the mass balancd-or these chemical$he adsorption masat t1 and ¢ can be
calculated first by solving the followingguation(derived from equation ()

0o 0 0 —0 0 Q— 0 0O 4)

whered and0 are themasse®f chemical adsorbednto the chamber wadit two sequential
time periods The adsorption massassumed to be zero during the first sampling period.

Once the adsorption maatt; and tis calculated, the emission raethemidpoint of t and & can
be calculated as follows:

72 _ 5 5 y
0 o 0 o ——" "y (5)
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3 RESULTS AND DISCUS$SIO

The objective of thisesearch was to characterize the airborne emissions froramouldering
cigarette butts. Specifically, this effort sought to 1) determinénitial distributionof the target
chemicalsemitted fromcigarette but, 2) determine the influence of enviroantal parameters
(temperature, relative humiditwatersaturation, UV, and air change rate) on airborne cigarette
butt emissions, and 8)etermineairborne emissionates for target chemicaliom cigarette butts

in asimulatedndoor environment

3.1 (HEMICAL DISTRIBUTIORIGARETTE BSTT

Thechemical masseamitted duringheadspace analysigeere measuretbr six different types of
sampleqTablel.1). Comparing the emitted mass(Figure3.1) andthe ratios of emitted mass

(Table3.1) from thedifferent type of samplegeldsinsightssto thetargetchemical contenn each

part of the butandthe influence oémission surface area for each type of sanipltae discussion
below, samples described as burned ash contain some unburned tobacco as Balbleh. inand

Figure2.6.

Most of the target chemicals released from the bustwere the result of the burning process
Chemicalsin cigarette butts can be the original chemicals in uhleurnedcigarettes or the
combustionpyrolysis and distillation products deposited in the cigarette lguttgsg the smoking
process Collectively, the combustion, pyrolysisand distillation phases are referred to as the
burning process in this documeribepenihg on the burning conditions, theombustion
temperature in a cigarette can reach up to°8(Hertz et al. 2012)Different chemicals are
produced at different temperatures and times during the burning process. Hydrocarbons (e.g.,
benzenenaphthalene) are formed by pyrolysis above 8D0while phenols are generated at
400°C. In contrast, nicotine is released by distillation at temperatures beloAC3@Baker 1987)

Six of the eight target chemicafiurfural, ethylbenzene, styren2methyt2-Cyclopentenl-one,
limonene, naphthalen&)ere not detected iaitherthe unburned filteor the unburned tobacco
(Figure3.1). The ratio between both unburned filter/burned filter and the unburned tobacco/burned
ashis zero for these six chemicals (r&wand row 3of Table3.1). The factthatthese chemicals
were only detectenh samplesfter the burning process is consistent with previous vidinlara et

al. (2003)showed that limoneneaspresentt levels below 143 ng (g tobactah tobaccathat
had beergenetically engineered faroduce limoneneln contrast, the emitted limonene in this
study was at levels of 2,100 ng (g cigarett®) 3,600 ng (gigarettg™* which is much higher than
the levels that had been genetically enginespettificallyto produce limonenendicating t may

be mainly generatedluring the burning proces€ardoso and Ataide (2018gmonstrated that
limonene and furfural are tobacco residue pyrolysis product®rikai et al. (2004)showed
pyrolysis formationof styrenein tobacco at temperatures above 400The collectecdata and
literatureindicate that these six chemicalsrenot initially present in the cigarettes at measurable
levels and their presends primarily bethe result of théurningprocesses
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Figure3.1: Measured emitted mass from different types of sampleGalculated ash + filteequals thesum of emitted
masses from burned aahd burned filter;n (b) left axisis for limoneneright axisis for naphthalenetriacetin,
andnicotine Error bars show one standard deviation.
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Table3.1: Ratios of measured emitted mass between different samples types. Each sample type was tested more than seven tieregamlabe ewitted was
determined. Bold values signify significant differences between the avemges es emi tted used to calculate the ratios

Row 2-methyl-2-
4 Ratio Furfural = Ethylbenzene Styrene Cyclopenten Limonene Naphthalene Triacetin = Nicotine
1-one
Unburned filter/ A "
1 Unburned tobacco l Z N/A N/A N/A N/A N/A N/A 24 11
2 Ugﬁfggﬁ%ﬂgf” Ep— 0 0 0 0 0 0 0.14 0.07
[ :I
3 Unburned tobacco; .—D 0 0 0 0 0 0 0.68 0.09
Burned ash M ’ ’
Burned filter/ re—
4 g&?ﬁe i ';g{] — 4.1 6.0 5.1 1.2 2.9 0.73 12 1.4
Burned filter/ [re—
5 urned filter. — 1.1 1.0 1.1 0.88 1.0 0.83 1.4 0.64
Uncutcigarette butt M
6 Burned ash/ —— 0.27 0.17 0.21 0.72 0.35 1.15 0.12 0.47
Uncutcigarette butt M
ym—
Cut cigarette butt ;
7 Uncutcigarette butt M 0.90 13 12 1.2 13 12 0.66 14
Calculatedash+ M +[:)
8 filter/ : 1.4 1.2 13 16 1.4 2.0 15 11

Uncutcigarette butt

:

IN/A: Not applicablesincethe emitted mass ahe chemicafrom unburned tobacomasbelow thequantificationlimit and thughe denominator was zero

42



The two exceptions to this tremd zero concentration in the unburned sangpie triacetin and
nicotine Eigure3.1), both of which are nanally components of unburned cigarettes and were
measured in both the unburned filter and unburned tobacco (ema 20f Table3.1). Triacetin

has been shown to hesed as plasticizer in filteClark et al. 2017)Hence, the fact thahe
unburned filter emitted 2.4 times more triacetian the unburned tobacco witiesame length is
not unexpected. Nicotine is a natural component of unburned tolidicotine emitted from the
unburned filter and unburned tobacco were roughly the saittea mass ratio of 1.1, indicating
that nicotinemay havemigrated from the tobacco to the filter after it was manufactured. It is
possible that thimigrationalso ocurred during the conditioning of the cigarettes in th&®mRH
chamber prior tdourning

Burning increaseal the emitted massesfor triacetin and nicotine. The average mass of triacetin
emittedfrom the unburned filter vasonly 14 % of the mass from the burned filter (r@&yvTable
3.1), and theriacetin mass from unburned tobacco wag/of its mass from burned agtow 3).
This indicates that the burning procesgancd triacetin emission from bigt perhapgecause
the competition forsorption sites fromother smoke componentproduced duringburning
decreased the sorption sites for triacetin

The fact that the averageass of nicotinemittedfrom the unburned filter and unburned tobacco
samplesvas less than one tenth the miem the respectivburned filter andurnedashsamples
may be the result of the migration of nicotifrem the tobacco tathe filter during theburning
processUnlike triacetintheunburned filteisamplesnitially emitteda similaramount oficotine

as the unburned tobac@amples During the burning processicotine migrate through the
remaining buttvia each puffandis partialy adsorbed by thélter. This concentratingransport
processnaybe whythe burned filtesamplesemitedtentimes morenicotinethanthe unburned
filter samplegrow 2, Table3.1). Another hypothesis thatthe burning process enhances nicotine
emission from the burned ash and burned fdig to competitive sorption

Most of the target chemicalswere primarily emitt ed from the burned filter. For all target
chemicals other than naphthaletie emitted masses from the burned fitampleganged from
1.2 to 6.0 times the emitted masses from the burnesbasplegrow 4, Table3.1), which indicates
that most of these chemicalseadsorbed onto the bumhdilter, not the burned ash. For furfural,
ethylbenzene, styrerendlimonene,the emitted masses from the burned fikamplesranged
from 1.0to 1.1 times the emitted masses from the entire butt &oliable 3.1). For the same
chemicals, the emitted mass froime burned aslsamplesanged from 0.17 to 0.35 times the mass
emitted from the entire butow 6). Together, for thestmur chemicalsthese resultsdicate that
most of the emitted target chemgalerelikely from the burned filter

The ratio of emitted mass from the burned filter and the burned ash for nicotine wasn44
Table 3.1), indicating that théournedfilter was a larger sourcgroughly 40 %) of nicotinefor
airborne emissions from cigarette butts tittae ashHowever,this increase was not statistically
significant St u d etest, po>9.05)The ratio of the nicotine mass emitted from the burned filter
to entire cigarette bigwvas 0.64(row 5, Table3.1). The ratio of the nicame mass emitted from
the burned ash to thmass fronentire cigarette bugtwas 0.47 (row 6T able3.1). Togetherthese
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two resultandicatethattheemission of nicotine from the burned filter magslightly higher than

the emissioafrom the burned asfhis could be the result @bncentréing nicotine on the filter
during each puff or the potentialgreater affinity of the nicotine to the ash and unburned tobacco
compared to the filter under the headspace analysis conditions

For triacetin, the emitted mass from the burned filter was 12 times l{rgined, Table3.1) than

the mass from the burned ash addition, raticof triacetin mass emitted from the burned ash to
themass fromentire cigarette budiwvas 0.12Togetherthese two resultdemonstrate thahefilter

is the primary emission source for triacetin aaflects the much higher initial content of triacetin
in the filter. The ratioof triacetin mass emitted from the burned filter to thass fromentire
cigarette bugwas 1.4(row 5, Table3.1). The factthatthis ratio is greater than on&licates that
exposing more surface areathefilter by cutting the butt impacted the triacetin emissiditse
impact of cutting the butts is discussadrebelow.

Both 2-methyl2-cyclopenterl-one and naphthalernitted more evenly frondifferent parts of
the buttthan the other chemical®oughly 20 % more of 2-methyt2-cyclopenterl-one was
emitted fromthe burned filter compared to the burned ash (ratio of 1.2, rolatse 3.1). In

addition both theratio ofmass fronburned filtes to mass emitted frorantirecigarettebutts, and

the ratio ofburned ash to enti@garettebutts (0.88 and 0.72 respectivelyjere closeto 0.5 than
the other chemicald his ratio would be 0.5 if the chemical distribution was pelfaatiform in

the butt The factthe ratios for these two chemicase not 0.5may be a function ofutting the
buttsasdiscussed below

Naphthalene was the only chemical where there lessmass emitted from the burnditter
compared to the burnexsh(ratio of 0.83 row 5, Table3.1). This maybe a result of the affinity
of nonpolar naphthalene to the burned ash as compared to the burnedTfikeratio of
naphthalene mass emitérom the burned ash to timeass fromentire cigarette bugtwas 1.15
The factthatthis ratio is greater than one indicates that exposing more surfacef #&nesastby
cuttingmay havencreasedhe naphthalene emission.

Cutting butt s enhanceal the emissiors for most chemicals Row 7 inTable3.1 compares two
sets of cigarette butts eaahalyzedn one headspace vial, one cut in half and one uiiegti(e
2.6). Row 8 inTable3.1 compares two sets of analysis: in the numey#tercut components were
analyzedn two different headspace vialnd in the denominatgothe uncut butwereanalyzed

in one vial. These coparisons provide insights dhe impact of cutting butts on the emissofh
target chemical€Cutting the butts increased the exposetssiorsurface area for the burned filter
and burned aslin addition compared tanalysinghe entire cigarette butt one vial placing the
cutcomponent in separate viakso increased thetal air volume in the headspaaehich could
allow more chemicals to be emitted into the headspace air when reaching equilibrium with the
sample in the vialTheinfluence of cuttinghe buttson theemitted massf thetargetchemicals
wasa combination of the change of the exposgtssionsurface area and the air volume in the
headspace vial.
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For ethylbenzene, styrerand limonene the ratios for comparing theut and uncut butté
different headspace vialanged betweeh.2 and 1.4Rows 7 and 8 iTable3.1). The difference
between analysing the cut comporsanithin onevial and twoseparated vial&vas minimal for
thesethreechemicals as the ratiosn row 7 and row &liffered only by 0.1 for each chemical.
Combinng these observationsdicates cutting the butts enhancexnissiors for thesethree
chemicalsThismay be due tdhe extra surface areesulting from the cuandnottheextravolume
in the headspace vials.

For 2-methyl2-cyclopentenl-one and naphthales, the ratio betweenthe mass fromthe cut
components in a single headspace vial tiedmass from thancut buts was 1.2 (row 7Table
3.1). In addition theratiosof the mass frorthe cut components two headspace viale the mass
from uncut butts increasdtbm 1.2to 1.6(2-methyt2-cyclopenterl-ong and 2.0(naphthaler).
Thesedataindicate thatemissiors of these chemicalsay be enhancedecausda) of the extra
surface areaesulting from the cuand/or(b) the emission of these chemicals fromemtirebutt
into the headspace might be limited by the vial voluRw.the samples placed in two separate
vials (row 8), the volume of the headspace air was larger than the volihaheadspace air for
samples where both componewereplaced in one viglrow 7). Thisdifferencecould allow more
chemicals to be emitted into the headspace air when reaching equilibrium with the sample in the
vial, resulting in the higher ratios@lvn in row 8(Table3.1).

For nicotine the ratiobetweenthe mass fromcut buttsin a single headspace vial atite mass

from theuncut butts was 1.4 (row Table3.1). However, when the cut components were placed
in two headspace viglthe ratio decreased fiol, which was nostatistically significan{Student

t test, p> 0.05) This lower ratio maybe a function of noise in the data as the relative standard
deviationsof the masses from the burned ash and burned ditteat were used to calculatbe

ratio are 8 % and 4 % respectivelyRegardless, it stilhppears there is some nicotine emission
enhancement due to ting.

Lower masses ofuffural and triacetirwere emitted whencomparingthe cut components a
single headspace vialith the uncut butt (0.90 and 0.66 respectivelyhe difference was not
significant for furfural, but it was for triacetift is not clear whythe triacetin values were l@x

For three of the seven samples with the burned asfilerdn a single bottlethe average mass
emitted was 63 ng6(% relative standard deviation) hile the average for the other four samples
was 148 ng{ % relative standard deviationThis discrepancy could indicasome unknown
measuremenssuedor the triacetiimass fothese sample#n contrast, when the cut components
were placed into tweseparatevials, the ratiosfor furfural and triacetinvere 1.4 and 1.5
respectively (row 8;Table 3.1), which indicates that there may bkeiission enhancemefur
furfural and triacetin becauga) of the extra surface areasulting from the cutand/or(b) the
emission of these chemicals from antirebutt into the headspace might be limited by the vial
volume
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3.2 MEASURHRASEMITTEFROMCONDITIONELIGARETTE BSTT

Cigarette butts are discarded in a wide range of environments, both indoors and outdoors. The
chemical massesmitted from cigarette butts conditioned in controlled environments were
measurd using headspace analysi$e influence of five different parameters on the emitted
massesvas examined, including temperature, relative humidity, water saturation,ad¥air

change rateThe emitted masses were also measured after the cigarettedngttsonditioned on

aroof exposed to outdoor weath@mcontrolledenvironment) in both summer and winter.

3.2.1 Data analysis

The mass oftarget chemicalemittedin the vial headspace decreased rapidly in the first @4
exposure to aonditionedenvironment, agigure 3.2 illustrates for limonen&sing typical data
SC in the figures this sectiong.2) refers to data collected in small chambers (either dddk/Qr
ThelLC labelin the figuresn this section3.2) refers to data collected in the large wallchamber.

4000

3500 @ SC, =30°C, RH=50%

1 & SC, t=40°C, RH=50%
3000 . A SC,(=30°C, RH=25%
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Figure3.2:  Example of measured emitted mass fe@mhcigarette butt conditioned iV chambers at different temperature
(T) and relative humidityRH).

To mathematically characterize the emission of each chemailcampirical twestageemission
model was used to fit the measured mass as below:

0 0 "0 p 03X (6)

In this model, the decay of measured massi¢ partitioned into two components: a fast emitting
fraction ) that emits atrate ofki, anda slow emitting fraction 1-F) that emits at rate ofk
(Hawthorne et al. 2001 Mo is the initial measurethassemitted before conditioninghlthough
empirical, thetwo-stagemodel has som@hysicalbasisgiven the composition of the bgttAs
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shown in Sectior8.1, the target chemicals are distributed in thedogtween the filter andhé
ash/unburned tobaccbhe chemical emission rate from each componeabatt may be different

for each chemicaHence, conceptuallytavo-stagemodel is a reasonable approach to characterize
the emission of the target chemichitsm these two portions of the butt

Other thanfitting the data examining the influence of wasaturationin section3.2.2.3 the
average values of measured initial masses showahbteB.1 were used aBlo. During the fitting,
Mo was fixed sahat the three fitting parameters wéigki, andk.. Boundaries were set for the
paramet eF® KvQ t,k@a Mok nonlinear model in equation (6) was fitted using
the Levenberg Marquardt methad OriginPro (2017)The R valuesof the curve fits averaged
0.89 with a range of 0.62 tth.0 (AppendixB.2, TableB.2 throughTableB.6).

The butt samples were tested using headspace analysis after they were conditioned for one of nine
durations (h,5h,18h,24h,48h,72h,96 h,120h and 144h). Foreachdesignated time, if there

are no data points for the chemical in a figar8ection3.2, it means that the emitted mass for the
chemicdwas below the quantification limit. Under some conditions, e.g. the ethylbenzene mass
from cigarette butts conditioned & 3C and B % RH, the number of time points that have masses
higher tharthe quantification limit werdewerthan three. Curve fitig was not conducted when

the number of time pointsasfewerthan threeln addition, in some cases the curve fits resulted

in akz valueof zero, which makes the last term of equation (6) a constant

As discussed in Sectidh4.2 due to the physical decay of the ash portion when saturated, only
filters were placed in the chambeavbhen investigating water saturatid@iventhatthe filter is a
relatively uniform media, thphysicalreason for using awo-stagemodel was no longer valid.
Hencea simpleexponential decay model was useldencurve fittingto examinehe influence of
water saturatiomseda simpleexponential decay model

0 0 M (7)

During the fitting,Mo was fixed as the average value of the measured masses freatuteted
unconditionedfilters (Table B.4) so that theonly fitting parameter wak (rate constant). The
boundary set for the parametewask O TDhe nonlinear model in equation (7) was also fitted
usingthe Levenberg Marquardt methaad OriginPro (2017).

The curve fittingto Equation6 resuted in three parameters that did not consistently reveal trends
in the dataAppendixB.2) for the varying exposure conditiankhis may be due to the scatter in
the cata or that thdwo-stagenonlinear model is oveparameterized for the data collected.
Regardless, the curve fits do allow comparison of the impacts of the binary level30(&®and
40°C) that were tested for eacbnditionedenvironment. For sixfdhe target chemical$urfural,
ethylbenzene, styren®;methyl2-cyclopentenl-one, limonene, naphthalen#)e curve fits were
used to determine the amount of exposure time ircoineitionedenvironment required for the
mass emitted into the headspace vial to bed the initial emitted mas§ his wasdefined as the
decay time Triacetin and nicotine did ncalways reach %0 of the initial mass within the
experimental periagdso a 25% decay time was used for these chemicalsA longer decay time
indicatesa smaller emission rats the conditionedenvironment.These decay times were
compared for theppe and lover levels of the experimental conditiorti$sing a single parameter
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decay time allows for more direct comparisons of data sets than the#reeseter values in the
fitted curve.

3.2.2 Conditioing in SPHERE Chambers

To study the influence of UV, temgadure, relative humidity andiater saturation orairborne
cigarette butemissions, cigarette butts were placed in two different types of SPHERE chambers
(i.e. darkchambers and UV chamber). Thalark chambers werased to examine the influence

of temperature, relative humidity amater saturationon cigarette butt emissions. The UV
chamber was usdd investigate the influence of enhanced UV.

3.2.2.1 Influence of UV

Cigarette butts were conditioned with UV exposure of ¥4n? (wavelength from 298m to
400nm) and without UV aan airtemperature 080 °C andarelative humidity of ® %. However,
when conditioning the butts 30 °C with UV on, the butt temperatusg37 °C) werehigher than
the temperature in thehamber air 30°C) due to the UV exposureHence another set of
experimeng was conductedtatemperature of 3°C and relative humidity of % whenthe UV
was off. The measured masses the eight target chemicals from cigarette butts conditioned in
theSPHERE UV chamber (UV oat 30 °C, UV off at30 °C, andUV off at 37 °C) and their curve
fits are shown inFigure 3.3 (a) through (h). The relative standardeviations (RSDsof each
triplicate dataarewithin 30% for 87 % of time points inFigure 3.3, while the RSDs for data at
theotherl3 % range from 306 to 47%.

By 48 htheemitted masses decayed to less thé@of the initial emittednasses itheconditiored
environmentdor all chemicals except triacetin and nicotihe contrast, the emitted masses of
nicotine and triacetin decayed sloweith the measured mass atd8eing 24% to 44% of the

initial mass. Thd&R?valuesof the curve fits are higher thar89for furfural, ethylbenzene, styrene,
2-cyclopenterl-one, 2methyl and limonene. However, the curveRftvaluesfor the other three
chemicals, i.e. naphthalene, triacetin, and timep are all lower, ranging from 0.69 to 0.84. The
RSDs of each triplicate dasetat a given sampling timi®r these three chemicals are similar to

the RSDs fothe other five chemicals. But the data for these three chemicals tend to have more
scatter e.g, the emitted masses can be higher than the emitted mass at an earlier time point. For
examplethe mass ofriacetinemittedat 120h was 1.6 times higher thdhe massemittedat 96h
underthe conditionof UV off at 30°C. The cause othe erratic dita for these three chemicals is
unknown.
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Figure3.3: Measured emitted mass of target chemicals feachcigarette butt conditioned in SPHERE UV chamber with
UV on andwith UV off.Samplegor UV on and off at 30C wereintendedto be conditioned for &,5 h, 18 h,
24h,48h,72h,96h, 120h and 144h. Samples for UV off at 37T wereintendedto beconditioned for 4,5 h,
18h,24h,48h,and 72h. Note that the actual conditioning time shown in the figleeiated somewhat frothe
intendedtime.
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To examine the influence of UV on the emitted mass, the decay were calculated from the
curve fts. The decay times are compaied-igure3.4 (a) and(b) for 5 % and 25 % decay times
respectivelyFor all eightof thetarget chemicals, the decay time for W at 30°C was smaller
than thedecay time for UVoff at 30°C. Thepercentagehangeof the decay timeanged from
24 % for ethylbenzene to 18% for limonene. This trend is consistent with the fact that the
measued massemittedfrom butts conditioned with UV on wetewer than the mass from butts
conditioned with UV off at the same time pofRigure3.3). This indicates that UV under the test
condition (30°C, 50% RH, 280nm to 400nm UV with intensity of 140 W ) in this study
enhanced the emission of chemicals into air irctdr@litioredenvironmentAs stated above, when
UV was on, the cigarette buémperature37 °C) was higher than the temperature in the chamber
air (30 °C) due to UV exposure-Hence,the higheremissiors with UV on may be a resulof
enhanced degradation okllulose acetate by U\but it may also bedue tothe increased
temperature of the butt¥heimpactof temperature on emissisarediscussed in more detail in
section3.2.2.2

Filters typicallyconsist ofplasticized cellulose acetafibers, which can take years talegrade

(Puls et al. 2011)rhe degradation depends on the degree of acetylation, types of plasticizers, and
the environmental conditions, including UV exposuwehich has been reported to play an
important role in cigarette butt degradati®uls et al. 2011)UV induces photodegradation by
initiating formation of radicals after UV absorptiadbe | | ul ose acetate itself
a significant absorption of ne&lV light (300nm to 400nm), which is the majopart of sunlight
reaching earthés surface an dnmtom@nni).\Howeverg h t us
photosensitizergsuch asbenzophenonéHosono et al. 200Y)can be added to cigarettes to
enhance degradatiohhese additives have been shown to enhance the degrddatioexposure

to nearUV light by actingthrough energy transfer or itial radical abstraction. Also, higher
temperature and higher humidity may influence UV photodegradafitgerton and Shah 1968)

It is unknown if the tested cigarettes contained these additives

The decay time fothe tesing condition ofUV off at 37°C was less than thaéecay time for UV
onat 30°C by 41 %, 43 % and 3! % for 2-methy}l2-cyclopentenl-ong furfural, and naphthalene
respectivelyNote that he butt temperatures for both conditions (UV oaiatemperatur&0 °C

and UV off atair temperatur@7 °C) were37 °C. The higher air temperature could decrease the
partition between the bstand air, which would increase the emission rate fitwewigarette butts.
Even though UV may enhance the emission by inargdke degradation of cellulose acetaiie
may notcompensate for the influence of air temperature. For nicolirgjécay time fathe UV -

off conditionat 37°C andtheUV onconditionat30 °C were closewith an8 % relative percentage
difference Hence, he higher air temperature fieUV-of f condi ti on di dndt si
the nicotineemission compared tihe UV on condition.For triacetin the decay time foUV off
at37 °Cwas78 % highercompared t&JV onat30 °C. This increase may be due to the data scgatter
which resulted in a loviR? valuefor the curve fit Figure 3.3 (g)), or it may be due to the UV
exposure.

Overall,when the air temperatures wehe same in the conditied environment, UV increaske
the emissioa from buts by either increasing the tgrarature of the bugtor enhancing the
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degradation of cellulose acetakéowever, it is unknowmhich effectis more important based on
thesedata.More studies examining airborne emissions under more temperature, humidity and UV
combinations would helfp better understand the mechanisms of UV influence on the degradation
of cigarette but

240

—=&— furfural —=— ethylbenzene —&— styrene
407 = 2-methyl-2-cyclopenten-1-one
—— limonene —®— napthalene 200
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Figure3.4:  Exposure time required for the mass emitted into the headspace via{ap3# of the initial emitted massnder
UV on and off conditions(b) 25 % of the initial emitted massnder UV on and off conditions

3.2.2.2 Influence of temperature and relative huryidi

The measured masseaisthe eight target chemicals from cigarette butts conditionethik
chambers under four different conditions {8and 25% RH, 30°C and 50% RH, 40°C and
25% RH, 40°C and 50% RH) and their curve fits are shownhkigure3.5 (a) through(h). The
relative standard deviations (RSDs) of each triplicate sktfar 90 % of thetime pints in
Figure3.5 are within 30%, while the RSDdgor the other 10% range from 3246 to 51%.

Similar to the experiments examining the influence of difter48 hthe emitted massesf the

six chemicals other than triacetin and nicotine decayed to lesS #banf the initial masses in all
four conditionedenvironmentsin contrast, the emitted masses of nicotine and triacetin decayed
more slowlywith the measured mass ati8eing 18% to 51% of the initial mass for all

conditions The R? valuesof the curve fits are higher than 0.92 for furfural, ethylbenzene,

styrere, 2-cyclopenterl-one, 2methyland limonene. However, the? valuesfor the other three
chemicals, i.e.naphthalene, triacetin, and nicotine, are all lower, ranging from 0.62 to 0.90. The
lower R?valuemay result from erratic data, similar to the datasnFigure3.3 (f) through(h).
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Figure3.5: Measured emitted massand curve fig for target chemicals fromachcigarette butt conditioned idark
chambers at different temperature (T) and relative humi&ty) (Samples werimtendedio be conditioned for
2h,5h,18h,24h,48h,72h,96 h, 120h and 144h. Note that the actual conditioning time shown in the figure
deviated somewhat frotheintendedtime.
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To examine the influence of a 1Q temperature change and a%39RH changedecay times were
calculated using the curve fits showrkigure3.5. Only one of the four conditioning environments
resulted in a curve fit for ethylbenzene. Styrene only had curveffited 25% RH environments.
Hence, ethylbenzene and styrene are not included in this armgsid on the thrgaoint limit for
curve fitting mentioned earlier

Temperature The decay times are shownimFigure3.6 (a) through(f). The decay time changes
due to a 10C temperature change show similar trefatghe six compoundg§hel0°Cincrease
decreased the decéiyne by 21% to 92% at 25% RH and by 48% to 82% at 50% RH. The
trend for decay time is consistent with the fact that the measured emitted mass at higher
temperature is generally lower than the nesgtedat lower temperaturat the same time point
and same relative humidiffFigure 3.5). A decrease of the decay time indicates that more mass
hasbeen emitted during the conditiog phase prior to headspace analysis. This is consistent with
the fact that athe temperature increases, the vapor pressofaéhe target chemicals increase so
that the chemical concentrations at the surface of the cigaretsarfouéiass, and the chemical
emission rates increadeor referenceincreasing the temperature from 3Dto 40 °C increases

the vapor pressus®f the chemicals by 5% to 163% (vapor pressures were calculated ushey
sparc online calcualtohttp://archemcalc.com/spaveeb/calg.

Relative Humidity In generalthe change in decay times for a%bncrease ofelative humidity
was similar to thehangen decay times with &40 °C temperaturéncreaseFor furfural, limonene,
naphthaleneand ncotine, the influence of increasimglative humidityby 25% showed similar
trends, dereasngthe decay time by 3%to 71% at 30°C and 32% to 90% at 40°C. Thistrend

in decay time is consistent with the fact that the measuredemesstted at higherrelative
humidity werelower than the massemittedat the same time point and same temperdkigeire
3.5). Changes in relative humidityould impactthe adsorbed water layer in the Buitvhen
conditioning the butts inhe chambemith relative humidityof 50 %, more water would be
adsorbed onto the porous surface of the butts compared to conditiortimg amambemith
relative humidityof 25 %. Thegreater water layer at 3@ RH can result ifeweradsorption sites
for other chemicals, enhancirtbe target chemica¢missions from the butts to air. To our
knowledge, no other studies have examined the influenceslafive humidityon airborne
emissions from cigarette butts. Basimilar influenceof increase imelative humidity increasing
emissions have been obsedvfor volatile organic chemical (VOC) emissions from a variety of
materialsMarkowicz and Larsson (2015jdicated thaVOC emissions from gypsum, woaahd
concrete were higher when the relative humiditythe chambewas 85% compared to 456.
Specifically that study showednionene and styrene concentrations increased from below
detection at 406 RH to quantifiable al85% RH. Laskar et al. (20193emonstrated a faster
breakthrough of propanol in activated carbon adsorbed a#®RH compared to 506 RH,
attributing the difference to the competitive agidimn of water vapor with-propanol.
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Two chemi cal s tremdoaidécteasingpdedaytime with iecreasing relative humidity.
For 2-methyl2-cyclopenterl-ong even though the decéiyne decreaselly 66 % at 3 °C with

a 2% RHincrease, the decay time increabgdi5 % at 40 °C. And for triacetin, the decay time
increasd 24 % at 3 °C and 21% at 40 °C with a 25% RH increase. The relatively small number
of time points (n =5) for aurve fitting for 2-methyl2-cyclopentenl-oneat 40°C and 50% RH

may result in an inaccurate estimate of the decay time, while curve fits wiRPleatue(0.77 to
0.90) may contribute to the opposite trend of relative humidity influence for triaéetather
possibility is these chemicals are two of the meater soluble Table 2.3) amongthe target
chemicals and their structuresF{gure 2.4) may make them more amenable to positively
interactng with an increased water layeratinthe other target chemicals. More experiments need
to be conducted to understand the influence of relative humidity on emissions of these two
chemicals.

3.2.2.3 Influence of watesaturation

Changes in relative humidity impact the adsorbed water layer sibatinonrlinear manner. Butts
placed in chambers at 26 RH and 50% RH did not change appreciably in mass during
conditioning.Butts placed on the roof increased mass by up t 2then exposed to relative
humidity above 9@%. In contrast, butts saturated with liquid water can increase mass by up to
300% (Figure 2.11).

As discussed in Sectidh2.2.2 water can influence the chemical enuss from cigarette butts

due to competitive adsorption withchangein relative humidity. In contrast to vapor water
adsorption from the atmosphere, when butts were saturated with liquid water (rain or artificially),
therewasno longer a water layer gorous surfaceas theporespaces in the butts are filled with
water. Hence, the influence of water saturation on cigarette butt emissorexpected tbe
different from the influence of relative humidity. These experiments examined the impact of
satuation on the emitted mass from the butts. The saturation &f thé pore fpacgwith liquid

water makes the chemical partitioning between thesbwtter and air important in determining

the fate ofachemical.

Initial Concentrations. To understand thinfluence of water saturation on the initial emitted mass,
two sets of experiments were conducted. In the first set of experiments, seven butts were wet for
3 min in petri dishes as described in Secfch2 (wet butt sample)dried for 0.5 minandthen

placed in the headspace vials for-GQ&-MS analysis. A paired set of seven dry butts (dry butt
samplé was conditioned in petri dishes without water for the sameet In the second set of
experiments, three butts were cut using the apparatus described in Qe2tidhe ash and
unburned tobacco were discarded. Titiers were then wet and analyzed in a similar manner as
the complete buttgvet filter samplg. A paired set of filters were also conditioned without water

for the same time (dry filtesampl8.

Table3.2 reports the initial emitted masses floetarget chemicals from the tested butts and filters

(dry and wet). Although the dry butts and filters were not prepared identically to the butts and
filters in Section 3.1 (thesdry butts and filters were exposed tofair3.5 minlonger prior to
placement in headspace vials), it is useful to compare the ratios as a quality control step. In general,
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theratios ofemitted masssfrom thedry filters to the dry buts (shown inTable3.2) follow the
trends inTable3.1 row 5. The dry filter mass to dry butt mass ratiedsial to otessthanone for
2-methyl2-cyclopenterl-ong naphthaleneandnicotine, and greater than one for the remaining
chemicals. However, the ratios for ethylbenzene, limonand triacetin arenore than 506
higher inthese testthanfor the data infable3.1 Row 5.

Table3.2: Measured initial mass for dry andewbutts and filters (meas SD, ng)

Chemical d(?]/EL;t)t V\Eﬁt:bg;t da/ Eltg)r W(?]t iiltstir d(;?/yfitl)tjti/
Furfural 542 +71 | 420+72 689 + 31 777 63 13
Ethylbenzene 140 + 29 93 +17 301 + 43 191+ 7 2.2
Styrene 294 +52 182 + 26 402 + 37 291 + 15 1.4
2-methyl2-cyclopenternl-one 368 + 68 210+ 28 358 + 20 301+ 39 1.0
Limonene 1380 +350| 699 + 86 2320 + 55 1448 + 63 1.7
Naphthalene 16+1.9 12+1.3 14+0.4 12+0.3 0.88
Triacetin 166+84 | 242+80 373 +50 159 + 18 2.2
Nicotine 175+75 52 + 25 146 + 77 13+3 0.83

Table 3.3 shows the ratios of emitted mass from dry and wet butts/filters. The chemic®dsnas
emittedfrom thedry samples artargerfor seven of the eight target chemicals in each casserh
differencegndicate that either 1) during the 3.5 min when the filters were in the petri dishes, more
chemicals were emitted from the wet filter andtbieither to the air dhe water solution) than

the dry filter and butts, or 2) less chemicals were emitted into the headspace vials during analysis
due to partitioning into the water phase in the filter.

Table3.3: Dry-to-wet ratiosof mass emitted froputts and filters. Chemical properties were calculated at@&sing
sparc onlinecalculator (http://archemcalc.com/spaweb/calc) on 11/7/2018.

Chemical %ﬁtbﬁﬂ (\j,\gtf?iﬁgr/ fl')tftrt rrzttiig/ scﬁgatfi_trly, Log Kwa | Log Koa | LOG Kow
Furfural 1.3 0.9 0.7 64,400 4.3 4.58 0.30
Ethylbenzene 15 1.6 1.0 160 0.4 3.47 3.09
Styrene 1.6 14 0.9 205 0.8 3.74 2.95
2-methyl2-cyclopenterl-one 1.8 1.2 0.7 43,900 34 4.29 0.86
Limonene 2.0 1.6 0.8 4 -0.6 4.12 4.71
Naphthalene 1.3 11 0.9 47 1.6 5.06 3.41
Triacetin 0.7 2.4 3.5 64,600 5.5 6.22 0.68
Nicotine 3.4 11.2 3.3 86,800 5.8 7.92 2.07

Structurally(Figure 2.4), furfural and 2methyl2-cyclopenterl-one both have a polar carbonyl
group, making them botinelatively soluble in water Table 3.3). Triacetin has three polar
carboxylic ester groups, which makesilgo relativelysoluble in water. Nicotine is an amine (a
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weak base), also makingrlatively soluble. Theother four target chemicals are relatively non
polar hydrocarbons, making thesamparativelyinsoluble.

For the four norpolar hydrocarbonshe ratio of the dry to wet emitted massy/wet ratio)for

the butts and filters negativedprrelatesvith the water/air partition coefficienK(a, buttR? value
=0.89, filterR? value =0.85). These correlationsmdicate that these four hydrocarbons in the wet
butts and filtermainly migrated to the air, not the water solution duringsdeirationprocess.
Chemicals in the wdbutts andfilters with smallerKwa values (e.g. ethylbenzene) emitted more
massinto the air during the .8 min saturation time leading to largdry-to-wet ratios for the
emitted massesThe two carbonyl chemicalgfurfural and 2methyl2-cyclopenterl-ong
followed the samecorrelation trendsisthe hydrocarbons (negative wikys). Due to its higher
Kwa value, the dry/wet ratios for furfural were lardglean the ratios for-thethyl2-cyclopenterl-
one.However, he carbonyls did datl on the same curve fits as the hydrocarbasshe structural
differences result itlKwa values at least two orders of magnitude higher than the hydrocarbons
Given thereare only twocarbonyl targethemicalsno R? valuesfor the correlation withiKwa could

be calculatedHence,as withthe hydrocarbons, for carbonyl chemicaish smallerKwa values
more chemicamass waseleased into the air during the 3.5 maturation time.

In general, the dry/wet ratios for bsitire greater than the ratios for fikendicating that the
addition of the ash and unburned tobacco impacts the relative partitioning between the
air/water/solid phases of cigarette Buthteresingly, the carbonyl containing chemicals both had

a filter ratio/butt ratio of 0.7, indicating that cutting and removing the ash/tobacco had a consistent
negative impact on the ratios. The four yumiar hydrocarbons were not impacted as much by the
presege of ash/tobacco with an average filter ratio/butt ratio of 0.9.

The reason that furfural andn@ethyt2-cyclopenternl-one were impacted morelikely because
furfural and 2methyl2-cyclopentenl-one have high water solubility anlde filters were more
hydrophilic than the butts he filtersthereforegained relativey more water than the butt§he
massesfthewet filters after conditioning in petri dishegreased by an average of 422G 80 %
(n=9). The massesf the wet butts after conditioning in petri dishes increased by an average of
273% £ 54% (n=7). The filter ratio/butt ratio wagositively impactedor both triacetin and
nicotine (average value 3.8y the presence of ash/tobacco.

Triacetinis the only ester among the target chemicals. More triasgtgemitted from the wet
butts than the dry butts. In contrast, more triacetsemitted from thedry filters than the wet
filters. Given the largeKws, large Koa, low vapor pressure, andgh-water solubility, triacetin
emissios from the wet filtes may be due to dissolution into the water solution in the petri dish,
not emissioninto air. The higtdissolutionof triacetin in the wet filteginto water solution in the
petri di sh woul nasshthe hreaspace vial for tha wetfiker his difference

is consistent with the visual migration of the chemicals se¢hasmaturated roof butts (discussion
in Section3.2.4.9. The reasohatthe relative magnitude of triacetin mass in wet and dry butts is
opposite to the relative magnitel of triacetin mass in wet and dry filiemot clear. However, the
relative standard deviations on the triacetin butt dat®43@t and 50% dry) couldlimit the
ability to makeaccurate conclusions.
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For nicotine, the dry/wet ratios (3 for butts dridfor filters) were much higher than the ratios for
theother chemicals (0. 2.0 for butts, 0.90 2.4 for filters).Nicotine is the only target chemical

that can protonateneaning it can add a proton to the molecAlso, ncotine can exist in three
forms: 1) a diprotonated molecule that exists when in contact with envrionments with pH < 3, 2)
a monoprotonated molecule that can exist in a tobacco filter (where 5 < pH < 6) agdrek2)jase
molecule (deprotanted conjugate badéang and Pankow 1996, Ishizu and Ishizu 20TR®)ly

the freebase species is volatileiang and Pankow 1996freebase nicotinés the dominant form

of nicotine on the cigarette filter when freshly smoked, although the pH and nicotine species can
change with environmental exposures. The artificial rainwater solution has been measured by
Chevalier et al. (2018p have a pH of 5.2, indicating that madtthe nicotine in the aqueous
phase is likelyto bein the nonvolatile monopronated fornNicotine is also fairlywatersoluble,
soasignificant amount oicotine in the wet filtes and buttsvouldlikely disolve into the aqueous
phase and theprotonatemaking it nonvolatile. In addition, some of the nicotine could have
migrated into the water in the petri distiso contributing tats low massin the wet filters and

butts

Emission Decayfrom Saturated Butts. Thewatersaturation of thdilters porespacs impacted
the total initial mass of the target chemicals in the fdteFo determine if temporary saturation
(e.g, rain) can impact thdecay rate ofhe emittedmasgsfor the target chemicals in headspace
analysis, saturated filters were placedark chambers a0 °C and50 % RH for 5h, 18 h, 24 h,
and 144h (dry filters wereanalyzed at the same timgdus an additional samplat 2h). The
saturated filters dried during the experiméeFhie 5h wet filters averaged a % + 21 % mass
increasdrom their presaturation masg = 3,decreasing from 42% + 80 % immediately after
saturation)The 24h wetfilters averagd a-3 % + 5 % mass changigom their presaturation mass
(n = 3). Thesewet filters may initially experienceconditionswherepore spacg weresaturated
with water andthenafterfive hourswatermay bemainly adsorbed on the porous surface layers
andcompeted for sorption sites with the target chemiddle limited number of samples prevents
afull understanding of the rate of drying

The measured massekthe eight target chemicalsmittedfrom the cigarette filtes conditioned

in thedarkchamber and their curve fits are showirigure3.7 (a) through(h). The curves for the
drying wet filter were similar to the dry filters, with all chemicals other than triacetin and nicotine
decaying to less thah% of the initial masses within 16. The decay times fathe drying wet
filtersand the dry filters for sinf the eight targathemicals are comparedkigure3.8. The decay
timeswere lowerfor the wet filtes ascompared to the dry filteffor the two carbonylchemicals:
furfural and2-methyl2-cyclopenterl-one The decay time increased for the three hydrocarbons
(styrene, limonene, and naphthalem&gnce, the witing/drying process enhances #maissionof
furfural and2-methyl2-cyclopenterl-onefrom the filter. These two chemicals have the highest
water solubilityand Kwa values compared tthe otherchemicalsin Figure 3.8 (three orders of
magnitude highein Table3.3). In contrast, the wetting/drying processyretard the emission of
the hydrocarbons from filter These chemicals have the lowest solubility &d values.
Saturatingafilter retardsthe emission of these chemicalsit{al dry/wet ratios are 1.fo 1.6) for

the first few hours. Oncthe filtersdried out,the emission rates elevdtéor the hydrocarbons.
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This indicates thaboth the water solubility andKwa are important to the chemicdhate in
temporarilysaturated butts.
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Measured mass of Styrene (ng)

Measured mass of 2-methyl-2-cyclopenten-1-one (ng)
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Measured mass of Limonene (ng)
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Figure3.7:  Measured emitted massof target chemicals froreachdry and wet cigarette filter conditioned dark chambers
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The other two chemicals that have higatersolubility andKwa are triacetin and nicotind éble
3.3). For both chemicalshe emitted mass from the wet filsancreasedor the 5h and 18h
samples and then decayéudthe saturated bugtnicotine was likely present primarily in the ron
volatile, monoprotonated formAs the buts dried in thedarkchamber, nicotine likely reverted to
the freebase formHence, more nicotine was emitted into the headspace vial athtisarGple
than the initial sampld he reason triacetin alsacreasedrom the5 h and 18h samples compared
to the initial samples unknown.

—&— furfural —=— ethylbenzene —&— Styrene
—w%— 2-methyl-2-cyclopenten-1-one
—«— limonene —»— napthalene

‘\w
3 : %

Dry Wet

5% decay time (h)

Figure3.8:  Amount of exposure time required for the neassnitted into the headspace vial to b&®f the initial emitted
masesfor dry and wet filtes. The decay time was ncdlculated for triacetin and nicotinsince their mass
change with tierngonedtiabtcaypt f ol | ow an

3.2.3 Conditionngin large chamber

TheSPHEREchambers described above operated at relatively high air change raté$qBtha
dark chamber and 150hfor the UV chamberfompared to air changatesin buildings The
large walk-in chamber was used to examthe influence ofir change rateg | that buts might
experience in an indoanvironment A description of the air changate measurement can be
found in AppendixA.4.

3.2.3.1 Influence of air change rate

The massegf theeight target chemicatmittedfrom cigarette butts conditionedtimelarge walk
in chamberat two differentoutdoorair change rate(l o: flow rate from outdoor air divided by
chamber volumd).54 h't and0.99h!) and curve fisto the measured daaéae shown irFigure3.9
(a)through(h). The RSD2f each triplicate datBor 89 % of thetime points inFigure3.9 areless
than30 %, while the RSDs fothe other 1L % of points range fromB% to 63 %.

Similar to the data sets iRigure 3.3 and Figure 3.5, the emitted masses for af the target
chemicals other thatniacetin and nicotindecayedo less tharb % of the initial masses by 48
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In contrast, the emitted masses of nicotine and triacetin decayed slower with the measured emitted
mass at 48 being 3 % to 40 % of the initial emitted mass. THe? values of the curve fits are

higher thar0.94 for furfural, ethylbenzene, styre@emethyl2-cyclopentenl-one,and limonene.
However, theR?valuefor the other three chemicals, i,@aphthalene, triacetin, and nicotine, are
lower, ranging from 0.71 to 0.87.
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