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The Effects of Mainstream and Sidestream Environmental
Tobacco Smoke Composition for Enhanced Condensational

Droplet Growth by Water Vapor

Xiaochen Tang,'® Zhongqing Zheng,>* Heejung S. Jung,’® and Akua Asa-Awuku!”

'Department of Chemical and Environmental Engineering, University of California, Riverside,

California, USA

’Department of Mechanical Engineering, University of California, Riverside, California, USA
3College of Engineering-Center for Environmental Research and Technology (CE-CERT), Riverside,
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Although tobacco smoke is well known for its adverse health
effects, the hygroscopicity and droplet growth properties of the
aerosol have not been thoroughly explored. In this study, cigarette
smoke is further characterized and several state-of-art analy-
sis techniques are applied to understand the effects of particle
chemistry and hygroscopicity for enhanced condensational growth
(ECG) by water vapor and wet particle deposition. Low nico-
tine (LN) and ultra-low nicotine (ULN) research cigarettes are
tested with a Walton Smoking Machine (WSM); mainstream and
sidestream environmental tobacco smoke (ETS) are produced.
Online and offline analysis are combined to analyze the smoke.
More than 99% of the mainstream and sidestream ETS mass is
semivolatile aerosol and nonelemental carbon, of which more than
95 % is organic. The water-soluble organic comprises 30-85 % of the
aerosol mass fraction and has no effect on surface tension when dis-
solved in water. The oxygen-to-carbon ratio (O/C) and nitrogen-to-
carbon ratio (N/C) from High Resolution Time-of-Flight Aerosol
Mass Spectrometer (HR-ToF-AMS or HR-AMS) data show that
more oxidized components are present in mainstream smoke. Dif-
ferences in the bulk aerosol composition have little effect on the
overall water uptake. The two types of cigarettes produce aerosols
of similar hygroscopicity (with single hygroscopicity parameter, «
~(.15 or less) in mainstream and sidestream smoke. Droplets grow
at the same rate within the instrument. However, ULN reference
cigarettes that produce dry particles at larger sizes are more likely
to experience ECG.
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INTRODUCTION

Adverse health effects from particulate matter (PM) are
caused by the deposition of particles in the respiratory tract
during inhalation. The water vapor uptake by hygroscopic com-
ponents can alter dry particle size and deposition efficien-
cies (Blanchard and Willeke 1984; Broday and Georgopoulos
2001; Schroeter et al. 2001; Londahl et al. 2009; Varghese and
Gangamma 2009; Kane et al. 2010; Phalen et al. 2010). There-
fore, the dose and deposition site of these aerosols are influenced
by the growth of the particles. Relative humidity (RH) in the lung
is estimated at 99.5% RH (Anselm et al. 1990), and more recent
work has calculated instantaneous values in the supersaturated
range (up to 104% RH; Longest and Xi 2008; Varghese and
Gangamma 2009; Longest et al. 2010) in the upper airways. At
large RH, enhanced condensational growth (ECG) may occur,
droplets may form (Longest et al. 2010) and dry particles will
effectively behave as cloud condensation nuclei (CCN) within
the respiratory system. Longest and Xi (2008) suggests that
condensational growth may play a significant role in the deposi-
tion of cigarette smoke particles in the upper airways. Both size
and composition influence the ability of particles to act as CCN
(Andreae and Rosenfeld 2008). The following study explores
the aerosol composition of inhaled cigarette smoke in relation
to ECG via the deposition of water vapor and CCN properties.

Cigarette smoke is an aerosol of liquid droplets (i.e., partic-
ulate phase) suspended in a mixture of gases and semivolatile
compounds (Ingebrethsen 1986). More than 4000 components
have been identified in tobacco smoke (Thielen et al. 2008),
of which at least 50 are carcinogenic (Roberts 1988; Hoff-
mann and Hoffmann 1993). A number of potent lung carcino-
gens for humans, such as the polycyclic aromatic hydrocarbons
(PAHs), tobacco-specific nitrosamines (TSNAs), phytosterols,
and the metals, are found only in the particulate phase (Hoff-
mann et al. 1996). The dry size of these particles in fresh inhaled
smoke ranges from 0.1 to 1 um in diameter and may reach the
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TABLE 1
Aerosol Composition Characteristics of Cigarette Smoke: The aerosol phase is composed of semivolatile organics, and EC makes
up <1% of the total organic carbon (TOC). O/C ratio of mainstream ETS is larger than sidestream smoke

TPM? Tar* Nicotine?
(mgper (mgper  (mg per
Type cig.) cig.) cig.) stream 0/C N/C OM/OC Ffwsom EC/OC
IRSF 2.08 1.67 0.17  main  0.224+0.001 0.29140.010 1.786+0.073 0.45+0.004 BDL
(ULN) side  0.091£0.001 0.0314+0.001 1.29940.005 0.8540.024 0.007
3R4F 10.9 9.4 0.73 main ~ 0.21240.019 0.163+£0.013 1.6164+0.062 0.2940.002 0.01
(LN) side  0.136+£0.003 0.03840.003 1.36940.007 0.3240.001 0.01

TPM = Total Particulate Mass

cig. = Cigarette

#University of Kentucky (http://www.ca.uky.edu/refcig/)
BDL = Below Detection Limits

deep lung where the gas exchange takes place. Secondhand or
environmental tobacco smoke (ETS) is aged and the combina-
tion of diluted “sidestream’ smoke (released between puffs from
the lit end of the cigarette) and “mainstream” smoke (exhaled
by a smoker). Here, we note that the mainstream smoke is not
humidified in the set-up; we characterize the water-uptake of
the dry particle formed by the mainstream process. The mixture
between sidestream and exhaled mainstream smoke in the en-
vironment after dilution and aging is often referred to as ETS
and is a significant source of human exposure to fine particles
(Klepeis et al. 2003).

The source and transformation during transport before
inhalation are important for aerosol chemistry. Yadav et al.
(2004) used a single particle time-of-flight mass spectrometer
to show that the size and composition of fresh and aged smoke
significantly differ. Sleiman et al. (2010) showed that additional
products are formed during the photo-oxidative aging of ETS
and suggested the water-soluble organic aerosol content is
enhanced in the presence of water vapor. Aerosol components
that are water-soluble or surface active may affect the droplet
growth rates.

The aged aerosol contributions to droplet growth from
the respective mainstream and sidestream types of ETS are
explored. Understanding the inhalation of smoke, specifically
the links between the physicochemical properties and wet
deposition rates are important. The goal of this study is to
further characterize cigarette smoke, with an emphasis on
wet ECG, represented by CCN activity and droplet formation
properties. Changes in particle size, chemistry, and volatility
are correlated to changes in droplet behavior from offline and
online chemistry measurements.

EXPERIMENTAL METHODS
A Walton Smoking Machine (WSM) produced mainstream
and sidestream ETS. The operation and characterization of

the instrument has been previously reported (Guerin et al.
1979; Chen et al. 1990). Two types of reference cigarettes,
IRSF and 3R4F (College of Agriculture, University of Ken-
tucky), were tested with the WSM. The 3R4F is a low nicotine
(LN) research cigarette and the 1RSF is an ultra-low nico-
tine (ULN) research cigarette. Table 1 shows manufacturer
specifications of both cigarettes. The ULN 1RSF reference
cigarette produces significantly (~5 to 7 times) less particle,
tar, and nicotine mass per cigarette than the LN 3R4F (Ta-
ble 1, http://www.ca.uky.edu/refcig/). Hence, measurements in
this study are normalized by total number concentration for di-
rect comparison of cigarette composition and contribution to
water uptake ability. Two cigarettes of the same type were si-
multaneously smoked at the WSM. Testing followed the Inter-
national Organization for Standardization (ISO) smoking pro-
tocol for smoking puff volume, duration, and frequency. The
puff air volume was 35 cm?® per puff; the duration was 2 s
per puff and the frequency was 1 cycle per 60 s. As per ISO
protocol, the vent blocking was 0% for WSM measurements.
Mainstream smoke via the vent hole fitting of the WSM was
collected in a 27 L stainless steel reservoir chamber. The cham-
ber provided constant sample flow and consistent aerosol phase
mixing conditions for subsequent particle sizing and hygroscop-
icity measurements. Hence, the smoke produced and sampled
by this method is representative of aged, nonhumidified main-
stream ETS. Sidestream ETS was funneled and diluted with
compressed air by an ejector pump to simulate dilution condi-
tioned secondhand smoke, which then was also collected in the
stainless steel reservoir chamber.

Mainstream and sidestream ETS were size-selected with a
scanning mobility particle sizer (SMPS, TSI 3080) and a con-
densation particle counter (CPC, TSI 3772). A Droplet Mea-
surement Technologies Continuous-Flow Streamwise Thermal
Gradient CCN Counter (CCNC) was operated in parallel with
the CPC (Roberts and Nenes 2005); CCNC counted the CCN
concentration of size-selected aerosol while the CPC counted the
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condensation nuclei (CN) concentration. The CCNC instrument
was calibrated with (NH4),SOy4 aerosol. The critical diameter
where CCN/CN = 0.5, d,s0, of the (NH4)>,SO4 aerosol at the
custom-set supersaturation (e.g., 0.6% and 1.0%) determined the
varying instrument supersaturation s (e.g., 0.54% and 0.85%). s
= S (saturation ratio) — 1 and is usually expressed as a percent-
age. The sample flow rates of CPC and CCNC were 1 and 0.5 L
min~!, respectively. The sheath-to-aerosol ratio of both SMPS
and CCNC instruments was 10:1. Previous work of Robinson
and Yu (1998) suggest that s < 0.5% is not large enough to
activate cigarette smoke aerosol. In this study, the CCNC s was
set to be 0.54% and 0.85%, much smaller values and more
likely to be instantaneous high RH in airways. At a constant
CCNC supersaturation, s, the activated fraction (CCN/CN) of
the dry particle mobility size distribution was obtained every
minute (~one cycle of the WSM). dpso was calculated using
Scanning Mobility CCN Analysis (SMCA) (Moore et al. 2010).
By applying the «-Kohler theory proposed by Petters and Krei-
denweis (2007), CCN activity of the smoke was represented
using a single hygroscopicity parameter «, which gathers all
the composition-dependent variables and can be determined ex-
perimentally from CCNC data (s and dp50). ¥ can be used to
describe hygroscopic particle growth at both subsaturated and
supersaturated RH regimes (Petters and Kreidenweis 2007).

In addition to dry dpso and hygroscopicity information, the
CCNC can also measures droplet growth size at the exit of the
instrument column. The instrument optical particle counter pro-
vides size resolved droplet concentrations. The droplet growth
information was assessed using the method of Threshold Droplet
Growth Analysis (TDGA, e.g., but not limited to, Asa-Awuku
et al. 2010; Padro et al. 2010). TDGA can directly assess the
impact of organics on CCN growth kinetics by comparing the
droplet sizes of activated aerosol particles with (NH,),SOy par-
ticles at identical instrument s. Wet diameters of particles with
dry diameters equal to critical diameters (dpso) were selected in
this study.

The aerosol composition was characterized with online and
offline methods in separate experiments. A catalytic stripper
(CS) removed volatile components from smoke samples (Abdul-
Khalek and Kittelson 1995; Stenitzer 2003; Kittelson et al. 2005;
Zheng et al. 2010). Two different catalysts, Oxicat® and S-trap,
remove hydrocarbon and sulfur components from the aerosol
at 300°C. Afterwards, a coil cools the sample to ambient tem-
peratures. The flow rate through the CS is 1 L min~! for this
study.

Smoke was sampled by an Aerodyne High Resolution Time-
of-Flight Aerosol Mass Spectrometer (HR-ToF-AMS or HR-
AMS) (Jimenez et al. 2003; DeCarlo et al. 2006) at a rate of
1.3 cm? s~!. Unit mass resolution (UMR) data discerns differ-
ences in mass to charge (m/z) ion fragmentation. The elemental
composition and oxidation state was examined with high reso-
Iution (HR) data analysis (Aiken et al. 2007; Aiken et al. 2008).

Offline filter measurements characterize the surface tension,
water-soluble organic carbon (WSOC) and elemental carbon

(EC) fraction of the organic aerosol. Filters were preweighed to
estimate the total aerosol and organic mass (OM). Teflon Filters
(PALL® Life Sciences, 47 mm) were extracted in 18.2 M2 of
ultra pure water (Milli-Q Advantage A10 Ultrapure Water Purifi-
cation System). Large insoluble particles were filtered from the
solution using Whatman® 25 mm GD/X syringe filters, and then
analyzed by a Sievers 900 portable Total Organic Carbon (TOC)
Analyzer (GE) for dissolved organic carbon concentration. The
water-soluble organic mass fraction, fwsowm, is inferred by mul-
tiplying the dissolved organic carbon concentration from TOC
measurement by the organic mass to organic carbon (OM/OC)
ratio defined by HR-AMS. The EC/OC content was obtained by
analyzing loaded quartz filter with a Sunset Laboratory (Forest
Grove) Thermal/Optical Carbon Aerosol Analyzer. Surface ten-
sion values of the water extracted filter samples were measured
with an Attension T-200 Pendant Drop Tensiometer.

RESULTS AND DISCUSSION

Size Distribution, Volatility, and Organic Chemical
Composition

Previous studies report particle sizes of cigarette smoke rang-
ing from 0.1 to 1.5 pum, using various cigarette types, dilution
ratios and measurement techniques (Chen et al. 1990; Bern-
stein 2004). In comparison, we use the current, state-of-the-art
real time particle sizing instrument, SMPS, which selects par-
ticles with size ~6-210 nm. Furthermore, the aerosol are from
two low-nicotine research cigarettes. As a result, differences in
cigarette smoke particle sizes and composition are expected.
Results from the WSM are consistent with Chen et al. (1990)
and show that after one puff, the composition and number of
particles remains consistent for a given cigarette type. Both LN
and ULN smoke are formed with the aforementioned exper-
imental set-up. Mainstream and sidestream ETS produce well
mixed and stable particle size distributions (Figure 1). The parti-
cle number concentration was normalized by total concentration
of each sample. For a given cigarette type, the gas to condensed
phase partitioning from mainstream and sidestream ETS forms
similar aerosol distributions. LN 3R4F ETS forms smaller par-
ticles than ULN 1R5F (Dpmode ~88 nm, in mainstream and
sidestream ETS). 1RSF ETS forms aerosol distributions with
larger modes, Dpmode = 113 £ 4.1 nm and Dy mode = 88.2 =
3.2 nm in sidestream and mainstream modes, respectively. ULN
cigarettes produce aerosol at larger sizes (Figure 1). Differences
in dry aerosol size distribution are due to variations in partition-
ing and condensation of volatiles into particle phase.

The majority of mainstream and sidestream ETS are organic
and semi-volatile (Table 1, and Figure 2). The EC/OC frac-
tion constitutes less than 1% of the aerosol mass fraction. CS
data in Figure 2 supports EC/OC measurements and shows that
~1% (by volume) of the material is nonvolatile (evaporates at
>300°C) between 60 nm to 100 nm.

HR-AMS results compare the nonrefractory and semivolatile
particulate composition formed by the two cigarette types in
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FIG. 1. Particle Size distributions from mainstream and sidestream ETS. 1R5F
cigarettes form particles of larger modes in both mainstream and sidestream
ETS. Because the activation diameters for both cigarette types produce aerosol
of similar hygroscopicity (¢ ~ 0.15), ULN 1RSF cigarettes will produce more
aerosol that activate and form droplets.

mainstream and sidestream ETS. Organics comprise more than
~95% of the total nonrefractory and semivolatile aerosol mass.
K™ is the most prevalent inorganic ion mass fragment (<3%) in
both cigarettes. The OM/OC, O/C, and N/C ratios in mainstream
smoke are larger than those in sidestream (Table 1); indicative
of more oxidative materials present in the particulate phase of
the main stream smoke due to higher combustion temperature.
The properties of LN and ULN ETS are similar; however, ULN
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FIG.2. Exemplary volatility data from Catalytic Stripper (CS) measurements.
Log normal particle distribution of ETS and nonvolatile aerosol are measured.
The semivolatile distribution is inferred. Inset graph shows the semivolatile
fraction as a function of particle mobility diameter. The majority of 3R4F
aerosol is semi-volatile and evaporates at temperatures below 300°C. (Color
figure available online.)
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FIG.3. Exemplary m/z 43 normalized UMR mass spectra of LN 3R4F (darker
color) to ULN IRSF (lighter color) mainstream ETS. Prominent peaks where
the ratio LN to ULN mass spectra, R, is (a) <0.95 and (b) >1.10 are shown.
(Color figure available online.)

mainstream aerosol contains slightly more nitrogen containing
compounds than LN mainstream ETS in the particulate phase
(Table 1). The inferred fwsom ranges from 32% to 85%. 3R4F
contains similar amounts of WSOC in side-stream and main-
stream ETS. 1R5F ETS contains more soluble mass; fwsom =
45% and 85% in mainstream and sidestream ETS, respectively
(Table 1). For samples with 10.6 ppm WSOC, the surface tension
was 71.5 & 0.7 mN/m and similar to that of water at room tem-
perature (72 mN/m). At higher concentrations (~39 ppm), the
dissolved material only slightly depress surface tension (<5%).
Hence, water-soluble components of both main and sidestream
ULN and LN smoke are non-surface active at ECG activation
concentrations.

All experiments show abundance in the UMR m/z 43 frag-
mentation ion (Figure 3 and Figure 4). We normalized the sig-
nal intensity of all fragment ions by that of m/z 43. The frac-
tion of m/z 43 ion in the total organic signal, fy3, equals 8.5
£ 0.1% in both LN and ULN mainstream ETS. HR analy-
sis indicates that both oxidized (C;H30") and non-oxidized
(C3H;™) species exist in the m/z 43 ion fragment. Significant
differences are observed in the UMR and HR-AMS data. For
example, the ratio (Ry) of LN to ULN mass spectra mainstream
ETS at m/z 29 ion, Ryy = 1.6 (Figure 3); 3R4F forms 60%
more aerosol fragments at m/z 29 (Formyl radical, CHO). How-
ever, the majority of differences, Rx < 0.95 and >1.10, are at
m/z ions >43 (Figure 3). LN aerosol forms larger molecular
weight fragments than ULN. Prevalent Ry differs by 14 ions
(e.g., Rs7, R71, Rgs); consistent with changes in CH,™ and N*
fragments.
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FIG. 4. Exemplary m/z 43 normalized UMR mass spectra of ULN 3R4F main
(darker color) to ULN 3R4F (lighter color) sidestream ETS. The m/z 43 is the
most abundant fragment in both cigarette types but is formed less in Main (8.5%)
versus Side (9.8%) stream smoke. (Color figure available online.)

A comparison of LN 3R4F ETS shows f44 ion in mainstream
smoke is twice that in sidestream (Figure 4). HR data shows
key fragments have significantly more oxidized components. In
LN mainstream and sidestream ETS, the oxidized contribution
to UMR m/z 44 differs; the relative contribution of CO,™ ions
is more in mainstream (0.89 + 0.08) versus sidestream (0.66 4
0.03) LN smoke. In ULN sidestream m/z 44 ion fragment con-
tains less oxidized CO,™ (0.53 £ 0.02).

CCN Activity and Droplet Formation

The ability of ETS to form droplets is less than that of in-
organic salts (Figure 5, Table 2). At s = 0.85% and 0.54%,
(NH4),SOy4 aerosol will form droplets at 30 nm and 38 nm re-
spectively. These values respond to ¥ ~ 0.6. Calculation of «
assumes no surface tension depression and complete solubil-
ity in the droplet, in which case « is inversely proportional to
activation diameter (dpso). Mainstream LN and ULN aerosol
will form droplets at larger dry sizes (~50 nm and 70 nm)
and are less hygroscopic than inorganic salts. The calculated
k is consistent with values of organic and semivolatile origin
(Duplissy et al. 2008; Poulain et al. 2010). The smoke formed
in mainstream and sidestream smoke of LN cigarettes are of
similar distribution and hygrosocopicity (« ~ 0.15) (Figure 1;
Table 2). The change in oxygenation (OM/OC or O/C) of the
bulk aerosol composition has little or no effect on bulk aerosol
hygrosocpicity. Figure 6 shows that the droplets formed at acti-
vation from 3R4F and 1R5F smoke grow to sizes, statistically
similar to (NH4),SOy4, and indicates similar growth kinetics.
Despite being less hygroscopic (x < 0.6, Table 2), organic
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FIG. 5. Activated fraction (CCN/CN) versus particle mobility diameter of
mainstream ETS for s at 0.85% (closed) and 0.54% (open). (NH4)2SO4 cali-
bration data (circles) is highly soluble in water and shown for comparison. LN
3RA4F (triangles) have slightly smaller activation diameters, dpso, compared to
ULN IRSF (squares) aerosol. « (~0.15) of both cigarette types are consistent
with partially soluble organic aerosol components.
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FIG. 6. Droplet growth of LN and ULN ETS. Both LN 3R4F (triangles)
and ULN IRSF (squares) aerosol grow to similar sizes as (NH4)2SOy4 (circles)
at activation in the CCNC instrument. This indicated similar growth kinetics.
Despite being less hygroscopic (¢ < 0.6, Table 2), organic ETS have the same
droplet growth rates as soluble (NH4);SO4 particles. The shaded area is the
region of measurement uncertainty £0.5 pum.
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TABLE 2
Aerosol activation and average single-parameter
hygroscopicity data

Type stream K avg

IRSF (ULN) main 0.15+0.01
side 0.15£0.01

3R4F (LN) main 0.15£0.01
side 0.15£0.02

ETS has the same droplet growth rate as soluble (NHy) 2SOy
particles.

The particle size distribution of the aerosol formed will de-
termine the number of particles that experience ECG. Because
the activation diameters for both cigarette types produce aerosol
of similar hygroscopicity (« ~ 0.15), ULN IRSF cigarettes will
produce more aerosol that activate and form droplets. At 0.54%
and 0.85% s, 58% and 79% of the 3R4F mainstream and 68%
and 86% of the 1R5F mainstream respectively experience ECG
and will form droplets at larger um sizes. The presented values
are percentages of the total aerosol distribution; as LN particles
can produce 5 times more PM than ULN cigarette types the ab-
solute number concentrations must be accounted for (Table 1).

SUMMARY AND IMPLICATIONS

ETS aerosol is organic and is comprised of slightly soluble
compounds. Particles exhaled through mainstream breath pro-
duce more oxidized aerosol. The single hygroscopicity param-
eter, k ~ 0.15 is consistent for partially soluble organic aerosol
and suggests that the smallest particles are unlikely to form
droplets, and experience ECG by water vapor. With this single
hygroscopicity parameter, the water uptake of the aerosol can
be estimated at sub and supersaturated RH levels. The aerosol
that experience ECG in supersaturated regimes will grow to
similar droplet sizes as soluble inorganic aerosol. The droplet
growth kinetics of ETS is not dependent on solute composition
for cigarette smoke particles tested in this study. Depression of
surface tension is minor (<5%) for mainstream and sidestream
smokes of both cigarette types. Slight changes in bulk aerosol
composition do not significantly affect overall CCN activity;
hence, the wet deposition of mainstream and sidestream ETS
in supersaturated regimes is expected to be similar. Our study
shows that reference cigarette ETS are hygroscopic and will
have similar lung deposition rates despite source. Additional
study may be required for the diverse varieties of commercially
available cigarettes. Significant changes in aerosol composition
(beyond differences in nicotine content) may alter ETS number,
size, and composition. The fraction of particles that experience
ECG must be treated differently in deposition models from those
that do not. Particle size distribution and hygroscopicity must
be considered to model inhalation, dry, and wet deposition rates
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of ETS. The single parameter, « ~ 0.15, reported here can be
used to approximate the importance of ECG for ETS.

Abbreviations
CN

CCN

CPC

EC

ECG

ETS
HR-ToF-AMS or HR-AMS

ISO

LN

N/C
o/C
OM/OC

RH
SMPS
ULN
UMR
WSM
WSOC
WSOM
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