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ABSTRACT

Prior studies have shown that neglecting the vapor wall loss could lead to the underestimation of the secondary organic
aerosol (SOA) yields in smog chamber experiments. The majority of the previous studies investigated vapor wall loss of a
wide range of semi-volatile organic vapors at room temperatures using extensive chemical analysis. This study poses a
question: Can vapor wall deposition in a smog chamber be observed only using physical measurements of acrosol properties?
This study assesses the significance of vapor wall loss using only the size evolution of pure organic compound particles. To
our knowledge, this technique is used for the first time in assessing the vapor wall loss of chemical species in chamber
experiments. Dark experiments were conducted by injecting pure levoglucosan particles into an outdoor smog chamber at
multiple ambient temperatures, ranging from —10°C to +15°C. Peak diameter analysis revealed levoglucosan particles shrunk
by ~37% at 15°C and ~20% at 10°C experiments, whereas no shrinkage was observed at temperatures below 0°C suggesting
significant vapor wall loss of levoglucosan at warmer temperatures (> 10°C). Two-Moment Aerosol Sectional (TOMAS)
and additional simple kinetic model simulations suggest that the effects of temperature on vapor wall loss can primarily be
explained by the change in saturation vapor pressure of the organic compound and that the lack of apparent vapor wall loss
of levoglucosan below 0°C was due to kinetics, i.e., slow evaporation relative to the chamber experiment timescales. The
same approach can be applied to other organic species to expand the range of volatility relevant to chamber experiments.
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INTRODUCTION

Smog chambers are one of the widely-used experimental
systems to study atmospheric chemistry (Akimoto et al., 1979;
Finlayson-Pitts and Pitts, 1986). However, smog chambers
induce biases to measurements due to their walls (Finlayson-
Pitts and Pitts, 1986). Early smog chamber studies on ozone
formation observed various contamination effects due to
sorption processes on the surfaces of chambers (Bufalini et
al., 1977). Grosjean (1985) measured vapor wall-loss rates
of several organic (toluene, pyruvic acid, ammonia, etc.) and
inorganic (SO», O3, NOy) gaseous species on the walls of an
outdoor Teflon chamber in dark and sunlight conditions. Later,
McMurry and Grosjean (1985) systematically investigated
wall losses of particles and gases on Teflon walls. However,
the effects of wall losses of semi-volatile compounds on
SOA formation yield estimations were not well understood.
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Over the last decade, the role of vapor wall loss in SOA
formation have gained increasing attention. Kroll et al.
(2007) reported that the SOA yields observed in a smog
chamber were systematically lower when inorganic seed
particles were not initially present. They hypothesized that
the lack of inorganic seeds led to an increased fraction of
semi-volatile SOA precursors being lost by continued oxidation
and fragmentation and/or being lost to the chamber walls
during the induction period between the onset of the reactions
and subsequent particle formation. More recent studies
(McVay et al., 2014; Zhang et al., 2014; Nah et al., 2017)
have confirmed that increasing the seed aerosol surface area
usually reduces the vapor wall loss and increases the SOA
formation. High oxidant concentrations were also found to
reduce the effects of vapor wall loss by enhancing the overall
chemical oxidation rates relative to vapor wall loss (Nah et
al., 2016). Previous studies generally agree that vapor wall
loss is a reversible process that approaches equilibrium
(Matsunaga and Ziemann, 2010; Yeh and Ziemann, 2015;
Yeetal.,2016). Huang et al. (2018) modeled the rate of wall
deposition for more than 90 compounds using a two-layer
model that accounts for the rapid absorption into the Teflon
surface layer and the slower absorption into the inner layer.
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The volatility of the organic vapor, expressed as the
saturation concentration C* (ug m>), is one of the key
parameters in the vapor wall loss. Previous studies of vapor
wall loss in a smog chamber (Matsunaga and Ziemann,
2010; Krechmer et al., 2016; Isaacman-Vanwertz et al.,
2018) suggested that semi-volatile organics with C* around
10'-10° ug m3, are most susceptible to deposition to walls
in typical smog chamber experiments. The saturation
pressure strongly depends on the temperature as expressed
by the Clausius-Clapeyron equation. At lower temperatures,
saturation vapor pressures decrease and atmospheric chemical
reactions generally slow down (Ziemann and Atkinson,
2012). Therefore, SOA formation may increase or decrease
depending on the relative importance of reaction kinetics
versus the phase partitioning. In general, the SOA yield was
found to be higher at lower temperatures (Takekawa et al.,
2003; Pathak et al., 2007; Warren et al., 2009). Therefore, it
is likely that the impact of temperature on SOA yield is
dominantly driven by the vapor pressure of the chemical
system (reactants and products) being studied. The temperature
may also significantly affect the SOA composition. Kristensen
et al. (2017) compared the composition of SOA formed by
a-pinene ozonolysis at 258 and 293 K and showed that the
amount of carboxylic acids and dimer esters were affected
by temperature through changes in the saturation vapor
pressure and reaction kinetics. A recent major field campaign
conducted during winter in the Northeastern United States
showed that the growth of organic aerosol observed in
winter was unexpectedly similar to those observed in the
summer (Shah ef al., 2019). Thus, there is a need for further
studies on SOA formation in low temperature conditions
relevant to the winter atmosphere as well as in the free
troposphere.

Despite the potential importance of temperature in SOA
formation, studies on the effect of temperature on vapor wall
loss are still limited. Zhang et al. (2015) and Ye et al. (2016)
measured vapor wall loss of a range of chemicals with
different saturation concentration (C*) and examined the
effect of temperature between 22—45°C using advanced on-
line mass spectrometer, i.e., aerosol mass spectrometer (AMS)
and chemical ionization mass spectrometer (CIMS). Some
recent studies conducted at low temperature (2°C) have
examined the impact of the vapor wall loss on SOA yield for
wood smoke aerosol (Bertrand et al., 2018a, b). Bertrand et
al. (2018a, b) studied the loss (and vapor wall loss) of
levoglucosan and found that the loss of levoglucosan in
chamber experiments is largely driven by the vapor wall loss
rather than the chemical loss. Pratap et al. (2019) investigated
levoglucosan decay in wood smoke aerosol through chamber
experiments in a subzero to low temperature range (—8°C to
+10°C) and found the vapor wall loss of levoglucosan was
negligible at temperatures < 0°C. The chemical losses were
negligible owing to the higher organic aerosol loading.

Overall, the previous literature suggests vapor wall loss
significantly reduces the apparent SOA formation yields
determined in smog chamber experiments. All of the previous
studies of vapor wall loss employed chemical measurements
of semi-volatile vapors (e.g., CIMS) (Krechmer et al., 2016)
or particles (e.g., AMS) (Ye et al., 2016). In contrast, this
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study presents a complementary technique to evaluate vapor
wall loss only based on the size evolution of pure particles,
using levoglucosan as an example. In a case with significant
vapor wall loss, the particles are expected to shrink due to
evaporation. Several studies utilized evolution of particle
peak diameters to investigate isothermal evaporation of
particles (Grieshop et al., 2007; Vaden et al., 2011; Yli-Juuti
etal.,2017; Sato et al., 2018). Those studies tracked particle
diameters to investigate evaporation kinetics, equilibration
time-scales, and/or reversible gas-particle partitioning of
SOA in dilution induced evaporation systems. To our
knowledge, ours is the first study to use particle shrinkage
(particle evaporation) to assess vapor wall loss, especially
using pure particles. The experiment temperature range (—10
to 15°C) enabled us to examine a range of volatility (0.06—
3.2 pgm™) of levoglucosan. Past studies suggest that saturation
vapor pressure is likely the key parameter that determines
the vapor wall loss. Therefore, this study hypothesizes that
the temperature dependence of vapor wall loss can be
modeled using the temperature dependence of the saturation
vapor pressure. The experimental data were analyzed and
compared with model results to assess the effect of
temperature on vapor wall loss. The new approach enables
users to 1) experimentally confirm whether vapor wall loss
occurs at all in a given experimental condition and 2) assess
whether current understanding of vapor wall loss can
reasonably explain observations, based on aerosol size
distribution measurements.

MATERIALS AND METHODS

Experimental Setup

All experiments were performed in an outdoor 6 m?
fluorinated ethylene propylene (FEP) Teflon smog chamber
(Pratap et al., 2019). The outdoor setup allows us to use
ambient low temperatures in winter (< 0°C) native to Potsdam,
NY. Levoglucosan (99%, Sigma-Aldrich) was used in the
experiments. Two aerosol generation approaches were used
in the experiments. The first technique is the well-known
atomization where levoglucosan was dissolved in 18.2 MQ
deionized water, atomized, and injected into the chamber. The
second technique is homogeneous nucleation that produces
particles with no water (Kuwata et al., 2013). Briefly, the
setup consists of a glassware wrapped with heating tape. A
small amount of levoglicosan was placed inside the glassware
and heated to 205-210°C, slightly above the melting point
of levoglucosan (Booth et al., 2011). Clean compressed air
was used as a carrier gas at a flow rate of 1-3 SLPM to
continuously flush the system. High-temperature vapors
nucleate to particles upon cooling and were injected into the
chamber by the carrier gas.

The experiments were conducted by first filling the
chamber with air and then injecting levoglucosan particles.
Particle size distributions were monitored using a scanning
mobility particle sizer (SMPS) that consists of a differential
mobility analyzer (DMA, 3071A, TSI) and a condensation
particle counter (CPC, 3010, TSI). The temperature and
humidity of the contents of the chamber were measured
using a humidity meter (HC2-S3, Rotronic). The ambient
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temperature was measured using a temperature logger
(Digit-TLH, LabJack). The temperature of the sheath flow
in the SMPS was recorded using a thermocouple (EI-1034,
LabJack) to confirm there were no significant differences
between the ambient and sheath air temperature. Before each
experiment, the chamber was cleaned by photolyzing nitrous
acid (HONO) and flushed 3—4 times with clean air to reach
a target particle concentration below 1 x 102 pg m™. Nitrous
acid used for cleaning the chamber was prepared by mixing
225 mL of NaNO; (3 mmol) and 75 ml of H,SO4 (10 mmol)
in a conical flask (Taira and Kanda, 1990). The contents
were heated to approximately 40°C while the generated
HONO was simultaneously flushed and injected into the
chamber through a carrier gas via a diffusion dryer.

Model
The Two-Moment Aerosol Sectional (TOMAS)
microphysics model
The TOMAS microphysics model coupled to the organic
volatility basis set was used in this work, and is based on
Bian et al. (2015). The model accounts for various physical
processes: coagulation, condensation/evaporation, and
particle/vapor wall loss. A brief description is provided here.
The loss of particles to the walls of the chamber is
assumed to be of the first order and depends on the size of
the particles:

(2D 0pn(a0 0

ky is the particle wall loss rate constant which depends on
the particle diameter (d,), time, shape and size of the
chamber, turbulence in the chamber, number of charges on
the particle and the electric field on the bag. k, is determined
by applying Aerosol Parameter Estimation (APE) model
(Pierce et al., 2008) on SMPS measurements. APE
simultaneously estimates size-dependent particle-wall-loss
rates and condensation/evaporation rates (though it does not
estimate what is driving condensation and evaporation rates).

Vapor wall deposition is represented by a first order
deposition coefficient kyai0n (McMurry and Grosjean, 1985),

A
kwall,on =; 4 5
0+ %[ G
2| 4(k,D)’

where A/V is the surface area-to-volume ratio of the
chamber, ay.; is the accommodation coefficient for the
vapor species on the wall, assumed to be 10~ based on the
value used in Matsunaga and Ziemann (2010) and Bian et
al. (2015). In the sensitivity tests performed by Bian et al.
(2015), the aan value of 107> generally performed better
than (1) the volatility-dependent o,y with a range from 1078
to 107 as proposed by Zhang et al. (2015) and (2) constant
values of 107, 102, and 1. ¢ is the mean thermal speed of
the molecules at the ambient temperature, D; is the gas phase
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diffusivity of the condensing species and . is the coefficient
of eddy diffusion that characterizes the degree of mixing in
the chamber. In this study, the APE model was used to
estimate k. for the TOMAS simulations (Pierce et al., 2008)
(ke is the rate of turbulent mixing from the bulk of the
chamber to near the walls, and its value is the same for both
particles and vapors). In case of simple kinetic model (sections
2.2.2 and 3.3), the chamber volume-based parameterization
recommended by Krechmer et al. (2016) was used to estimate
ke (= 0.004 + (5.6 x 103)(V [m*])*7*s ™).

The interaction of vapors with the wall is assumed to be
reversible. The rate coefficient of desorption from the wall
is given by:

kwa on Q*M w/ w
kwall‘q[f = ﬁ = kwall,on (ﬁj (3)
w~w witp/p

where kyanof is the rate coefficient of desorption, XK, =
RT/M,jy.P° is the gas wall partitioning coefficient, C,, is the
equivalent wall mass concentration, M, and M,, are the
average molecular weight of the chemical species in the
particle phase and the Teflon film (M4, is assumed to be 250
g mol™!) (Krechmer et al., 2016), C* = M,y,P°/RT is the
saturation concentration of the chemical species, R is the
universal gas constant, 7 is the temperature, and P’ is the
liquid vapor pressure of the compound at the experimental
temperature. p,, is the activity coefficient of the compound
absorbed into the Teflon film. The temperature, 7, used in
the model calculations, is the average temperature during the
course of the experiment (Table S1) to simplify simulations.

A Simple Kinetic Model

In order to obtain insights into the dependence of vapor
wall loss on a wide range of experimental conditions, a
simple kinetic model was developed based on previous
studies (Matsunaga and Ziemann, 2010; La ez al., 2016). The
simple model is easy to run/modify, allows easier sensitivity
analyses, and serves a tool to researchers who may not have
access to comprehensive aerosol microphysics models like
the TOMAS model. The simple model employs the following
four first-order rate coefficients to describe the gas-particle-
wall partitioning: (1) the partitioning of the gas-phase organics
to the particle phase (kg), (2) partitioning of the particle-
phase organics to the gas phase (k,,), (3) partitioning of the
gas-phase organics to the walls (kg = kwaion in Eq. (2)), and
(4) partitioning of the organics from the walls to the gas
phase (kg = kwanor in Eq. (3)). kg and kg are calculated as
(Matsunaga et al., 2010)

12D,C
kgp = 27Z'deDg = —gzll (4)
Py,
k = kngfeq = kgp q* = 12Dg Cl* (5)
rg
Ciljeq Cp ppd}z7

where d, is the particle diameter, N is the number of particles,
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Dy is the diffusion coefficient of the compound in the gas-
phase, C, is the mass concentration of the compound in the
particle phase, p, is the density of the compound in the particle

and C”

phase, C%, e arethe equilibrium concentrations of

the organic species in the gas and the particle-phase
respectively. By definition, the saturation concentration C;*
is an inverse of the gas-particle equilibrium constant, and
. C&.C .
thus C; = # (Donahue et al., 2006). The expressions
ieq

for kg and k, neglect the Fuchs correction factor for
simplicity, consistent with the methodology of (Matsunaga and
Ziemann, 2010). The evolution of the organic concentrations
in the gas (C#), the particle (C/), and the wall (C;*) phases
are described by the following set of ordinary differential
equations (ODEs):

dct

dt = _kgpcg + kpgq‘]; - kgwcwtfg + kwg qW (6)
dc? ,

e kg CF —kpe CF (7
dqw w

a ke CF =k, G (®)

This study uses a stiff ODE solver in MATLAB,
“odel5s”, for solving the system of ODEs. The MATLAB
codes are included in the supplementary material. The

w

equilibrium wall concentration ( C}',, ) can be calculated by

setting Eq. (8) to zero:

C‘i‘j’eq = &Cfi’q = Cw Mpyp Cfiq =Ly Mpyp C‘i{yeq
kwg Mw}/w q Mwyw Cp (9)
= Cw MP 717 xm.i
M wlw

where x,,; is the mass fraction of species i in the particle
phase. When pure particles are considered (as in this study’s
6C, Y .

assuming
o, N

experiments), C# = C, and d, :[

spherical particles.

The model accounts for the temperature dependence of
C", Dg, and c. The temperature dependence of the saturation
concentration can be estimated using the Clausius-Clapeyron
equation:

" " 298 AH™ (1 1
G (1) = Ciaos (_j eXp|: (_ __H
T R 298 T

where AH"# is the enthalpy of evaporation with AH"? =

(10)

101 kJ mol™! and C:m = 13.0 pg m> for levoglucosan
(May et al., 2012). The temperature dependence of D, is
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calculated as

T H
D,,=D —
g,T 2,298 (298)

where p is assumed to be 1.75 (Riipinen et al., 2010). The
temperature dependence of ¢ is from the kinetic theory of

RT .
8RT . The overall temperature dependence is

M
dominated by C”. For instance, when temperature decreases
from 25°C to 0°C, C* of levoglucosan decreases by nearly a
factor of 40, whereas D, and ¢ decrease by only 17% and
4%, respectively.
Krechmer et al. (2016) presented a correlation between
the equilibrium vapor wall loss coefficient C,, and C” as

(11

gases: C =

3 -3
10-30x10" pgm for ¢ >10°
106 3 " 4
C,=1 16(c")" pgm™ for 1<c <10
for

(12)
16 ygm™ ¢ <1

where ¢” is the saturation concentration based on the wall

molecular weight and activity coefficient, ie., ¢ =

Mw}/wpn — Mw}/w C* .
RT My,

RESULTS AND DISCUSSION

Experimental Results

A summary of the experimental conditions of the study is
presented in Table S1. In almost all experiments, bimodal
particle size distributions were observed (Fig. S1). The
small-mode peak at ~20—40 nm was likely due to either low-
volatile impurities or crystalline levoglucosan particles
(Anisimova et al., 2001). Anisimova et al. (2001) observed
bimodal particle size distribution of homogeneously nucleated
glycerin particles and concluded that the difference in
sticking probabilities of vapor molecules colliding with
different phase surfaces resulted in small crystalline particles
and larger liquid droplets. Crystalline levoglucosan is generally
significantly less volatile than sub-cooled levoglucosan
(Table S2). Experiments 1,2, and 4 were performed at low-
temperatures (—3°C, —10°C and —8°C respectively), and
therefore, the small-mode particles were not expected to
shrink (evaporate) and indeed did not shrink during the
course of the experiment (Fig. S2(a)). The peak diameters
observed for exp. 2 and 4 remain unchanged during the
experiment in Fig. S2(a). The minor increase in the peak
diameter initially was likely due to the uncertainties in size-
dependent particle wall-loss corrections. The outcomes were
also supported by TOMAS simulation results shown in
Fig. S2(b) for exp. 4. TOMAS was able to simulate the
experiment well accounting for the temperature dependence
of levoglucosan’s volatility. Experiment 5 was a relatively
warm experiment (10°C) with a clear bi-modal distribution
(Fig. S1). The calculated peak diameters (small-mode and
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large-mode) in exp. 5 are shown in Fig. S2(c). It can be seen
that the large-mode particles shrunk by 20% while the small-
mode peak diameter remained unchanged even though
small-mode would have disappeared due to evaporation if it
was entirely levoglucosan. This result suggests that the
small-mode particles were low/non-volatile. Since exp. 5
used an atomizer unlike exp. 2 and 4 that used homogeneous
nucleation (HN), it is possible that trace amount of low-
volatile impurities in deionized water resulted in small low-
volatile particles.

Since we could not definitively determine the nature and
composition of small-mode peak particles (impurity, crystalline
or a mix of both impurity and levoglucosan crystalline
structure), we focused our analysis on the large-peak (> 40 nm)
that was more consistent between experiments, and likely
not affected by impurity or the crystalline phase. Although
the number fraction of the large mode was relatively small
(Fig. S1(a)), the volume fraction of the large mode was
significant (Fig. S1(b)) to carry out the analysis. We also
note that the choice ofthe smaller mode vs. larger mode does
not fundamentally change the conclusions of this study except
for experiment 5 since experiment 2 and 4 were both at low
temperatures (—10 and —8°C, respectively), and therefore
levoglucosan is expected to be low-volatile. The peak
diameter analysis was performed on the number distribution
of the particles instead of volume distribution. In general,
the volume distribution is skewed towards larger particles
that have smaller number concentrations. Therefore, the peak
diameters of volume distribution have greater experimental
noise (Fig. S1(b)). In addition, the peak diameter values
extracted from the volume distribution may not be as
sensitive to vapor wall-loss as that from number distribution.
For example, for the same amount of evaporation, larger
particles (volume-based peak value) will have relatively
lower reduction in diameter compared to smaller particles
(number-based peak value).

We investigated the effect of temperature on the vapor
wall loss by observing the time-evolution of the particle
peak diameters of the large-mode determined by bimodal
log-normal curve fits to the size distribution data. It should
be noted that log-normal curve fits were applied to particle
number-size distribution after applying the size-dependent
particle wall-loss correction based on the rate coefficients
characterized in a separate experiment using ammonium
sulfate. When there is significant vapor wall loss of
levoglucosan, the particles are expected to shrink during the
course of the experiment. Fig. 1 shows the time-evolution of
the peak diameter of all experiments. It can be seen that
more evaporation was observed in experiments at warmer
temperatures. The peak diameter in experiment 3 (15°C)
reduced by 37% from 73 nm to 46 nm, a moderate reduction
0f20% in experiment 5 (10°C), and no change in experiments
1, 2 and 4 (below 0°C). The results clearly indicate the
evaporative loss of levoglucosan from the aerosol to walls at
warmer temperatures. The most likely reason for no
evaporative loss of levoglucosan from particles at temperatures
below 0°C is kinetic limitation driven by extremely low
vapor pressure of ~0.32 pg m™ that is an order of magnitude
lower than the same at 15°C (C” ~3.2 ug m=). This is further
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Fig. 1. Peak diameters of the log-normal distribution of
dN/dlog d,, of different experiments.

discussed in detail in subsequent sections. Overall, the
results suggest no apparent vapor wall loss of levoglucosan
at T <0°C.

The TOMAS Model

Next, the experimental results were compared against the
model simulations using the TOMAS microphysics model that
accounts for particle microphysics (coagulation, evaporation,
and particle wall loss) as well as vapor wall loss as described
in section 2.2.1. The model takes the initial particle size
distribution from the experiment and other experimental
conditions (for example, temperature) to simulate the evolution
of the particle size distribution. Results from the model are
shown in Fig. 2. Fig. 2(a) shows the decay in the mass of
levoglucosan for experiment 4 performed at —8°C. The
model results indicate no vapor wall loss, with only 0.2% of
the aerosol mass lost after 2.5 hours of the experiment. There
is some disparity between the model and experiment data
towards the later part of the experiment. This disparity is
likely due to the sensitivity of the model towards size
dependent particle wall-loss rates, which are themselves
uncertain. On the other hand, Fig. 2(b) shows a similar plot
for experiment 3 conducted at 15°C. In this case, there was
a significant amount of vapor wall loss (~22% of aerosol
mass) and the drop in the total mass concentration of the
levoglucosan could be accounted only after incorporating
vapor wall loss in the model.

To estimate the peak diameter from the TOMAS model
output, the simulated particle size distribution from TOMAS
model was fitted to a bi-modal log-normal distribution. The
extracted peak diameters (large-mode) from the log-normal
distribution are plotted in Fig. 3. The evolution in the
experimental particle peak diameters in Experiment 3 and 4
are compared with those of the TOMAS model and the
simple kinetic model. The simple kinetic model (described
in section 2.2.2) assumes that the particle mass concentrations
equal the mid-point values (C, = 22.5 and 5 ug m™> in
experiment 3 and 4, respectively) assuming that the over-
estimation of evaporation in the early part of the experiments
(due to a lower C, value) would mostly cancel out with the
under-estimation of evaporation in the latter part of the
experiment (due to a higher C, value). The warmer temperature
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Fig. 3. Comparison between experimentally observed trends
of the peak diameters (symbols) of experiments 3 (15°C)
and 4 (-8°C) and the corresponding model simulations by
TOMAS (solid lines) and the simple kinetic model (dashed
lines).

(Exp. 3: 15°C) resulted in significant shrinkage of the particles
due to vapor wall loss whereas no significant shrinkage was
observed at the lower temperature (Exp. 4: —8°C). The
predicted trends from TOMAS and the simple kinetic model
of particle diameters are reasonably consistent with the
experimental results, again suggesting that diameters of pure
particles with known volatility can be a useful indicator of
vapor wall loss. The difference in the peak diameter at time
t = 0 in TOMAS model is due to the residual from the
methodology adopted in extracting the peak diameter from
TOMAS. The slight gap does not affect the overall observation.
The simple kinetic model is further applied to a wider range
of conditions in the following section to understand the
impact of various parameters on vapor wall loss. The sensitivity
of the simulations results to reference volatilities, C,’fzgg,
and the heat of vaporization is evaluated in the supplementary
information (Text S1) (May et al., 2012; Booth et al., 2011;
Oja and Suuberg, 1999) and compared to experimentally

determined peak diameters. The parameters ( C,-fm and the

heat of vaporization) determined in May et al. (2012) appear
to agree best with our experimental results. An averaged

value of the temperature over the entire period of the
experiment was used for easier model simulations. Therefore,
we also evaluated the sensitivity of results to the temperature
(average temperature versus time-series), and found minor
discrepancy in estimated peak diameters (Fig. S6).

Simple Kinetic Model

Fig. 4 shows example results of the kinetic model assuming
pure levoglucosan particles with initial C, = 50 pg m~ and
d, = 100 nm. The duration is assumed to be 30 hours to
illustrate the attainment of equilibrium conditions although
it is not attainable in a typical smog chamber experiment.
The results are qualitatively consistent with the experimental
observations where significant particle shrinkage was
observed only at higher temperature experiments (Fig. 1).
Fig. 4 shows that at lower temperatures the equilibrium wall
concentrations of levoglucosan decreases (dashed lines in
Figs. 4(a), 4(c), and 4(e)) because of lower C* (and hence
lower C.,). This change is a thermodynamic effect. However,
more importantly, as the temperature goes down, the system
takes much longer to approach the equilibrium vapor wall
concentrations. These simulations suggest that the kinetics
of vapor wall deposition play a dominant role in determining
the apparent evaporation of levoglucosan particle in typical
duration of chamber experiments (e.g., < 10 hours) even at
15°C. Note, as per the eqn. (12), the C* of levoglucosan at
5°C and —5°C are 0.7 and 0.1 pg m™ respectively, and hence
the value of C,, = 16 ng m applies to both cases (Krechmer
et al., 2016). We further evaluated whether gas-particle
partitioning or gas-wall partitioning is the rate-limiting step.
Matsunaga and Ziemann (2010) calculated the time constants
for reaching gas-particle and gas-wall partitioning equilibrium
as

1
P 13
« kgp+kpg ( )
fym (14)
0 kg g



Pratap et al., Aerosol and Air Quality Research, 20: 2705-2714, 2020

L@nsm-
|
|

5
£ 60
=] .. ,m—-gas ‘
'_."40 ........ particle
% (@-5°C —wall
§ 20 wall (equil)
=
= S S ———
S
2 0 10 20 30
. Time (hours)
@
£ 60
o |
gw‘@sm
3
020
= |
>
o
>
2 0
. Time (hours)
@
£ 60
2
c
(3]
/7]
(o]
[$]
=
(@]
o
=
4}
-

Time (hours)

2711

100 —
£ (b)
o 80
a
60 - - .
0 10 20 30
Time (hours)
10—
3 (@
o 80
a
60 : ;
0 10 20 30
Time (hours)
_100¢
E
£
8. 80
60
0 10 20 30

Time (hours)

Fig. 4. Simulated concentrations of levoglucosan in the gas-phase, particle-phase, and on the wall at (a) -5°C (C" = 0.1 pg m™),
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wall concentrations (dashed lines in a, ¢, and e) are calculated using Eq. (9).

Under the conditions for the results shown in Fig. 4, the
time constants are calculated to be 7, = 0.1 and 74, =~ 30
minutes, indicating that gas-wall partition was the rate-
limiting step under these conditions. This result is consistent
with the rapid adjustment of gas-phase levoglucosan
concentration near time zero in Fig. 4(e) and the nearly
constant gas-phase levoglucosan concentration (dashed line)
throughout the simulation.

When interpreting the diameter evolutions, it is important
to recognize that a higher mass concentration of particles
would result in lesser extent of particle shrinkage because a
relatively smaller fraction of particle mass is lost by vapor
wall loss. Fig. 5 illustrates the dependence of levoglucosan
particle shrinkage on temperature and total levoglucosan
concentrations. Corresponding concentrations on the wall,
and in the gas and particle phases are shown in Fig. S7 in the
supplementary material (Text S2). Despite the simplicity of
the model, the estimated diameter changes in Fig. 5 are fairly
consistent with experimental observations shown in Fig. 1
where significant particle shrinkage was observed only in
experiment 3 (15°C) and 5 (10°C). Fig. 5 suggests that the
shrinkage of pure particles can be used as a tool to assess the
significance of vapor wall loss over around 107! < C* <
10" ug m™ when appropriate particle mass concentrations
were used (e.g., corresponding to the region where diameter
ratio is < 0.95). When coupled with the simple kinetic
model, one can confirm that current understandings of vapor
wall loss reasonably explain the observations only based on
aerosol size distribution measurements (Fig. 3).

Discussion

This study assumed that the effects of temperature on gas-
particle-wall partitioning are primarily driven by C*. The
assumption was generally consistent with observed trends of
levoglucosan particles with changing temperature. However,
other factors not considered in this study may play a role.
For example, this study assumes that the parameterization of
C,, determined at room temperature (Eq. (12)) is applicable
to colder conditions. However, the properties of Teflon may
change at lower temperatures and, hence, the parameterization
of C,, may also be temperature dependent. This work used
levoglucosan as a test compound and examines a range of
volatility (0.06-3.2 ug m>) by varying the temperature. A
range of compounds with a broader volatility would be
desired in a future work. Nevertheless, the study demonstrates
the approach of using particle shrinkage as a means to assess
vapor wall loss.

It should be noted that the focus of this study is to
demonstrate observation of vapor wall deposition in a smog
chamber only using physical measurements of aerosol. The
implication of vapor wall deposition on the interpretation of
experimental SOA yields in smog chamber experiments is
beyond the scope of this study, and we suggest interested
readers refer to other recent studies (e.g., Roldin et al., 2014;
Trump et al., 2016; Huang et al., 2018; Isaacman-Vanwertz
et al., 2018). This study operated the smog chamber as a
batch system, whereas some studies operate smog chambers
as continuous mixing flow reactors (CMFR) (Krechmer et
al., 2020). We expect that the significance of vapor wall
deposition would depend on the time constants for gas-particle
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partitioning (zgp, Eq. (13)), gas-wall partitioning (7., Eq. (14)),
and the residence time distribution in the CMFR chamber.
Further studies are needed in evaluation of the implication
of vapor wall deposition in CMFR-type chambers.

CONCLUSIONS

This study developed a relatively simple approach to
observe vapor wall loss in a smog chamber using only pure
particles size distributions under different temperatures. The
evolution of the levoglucosan particle size indicated that
levoglucosan vapor wall loss was significant above around
10°C whereas negligible below around 0°C under the
experimental conditions used in this study. The model
simulations suggested that the lack of apparent vapor wall
loss in colder conditions was due to the slow evaporation of
levoglucosan despite significant vapor wall loss predicted at
equilibrium. In addition to temperature, the mass concentration
of particle was found to be an important parameter for
quantitative interpretation of the particle shrinkage due to
vapor wall loss. A lower mass concentration would result in
a higher sensitivity of the pure particle diameter to vapor
wall loss. The TOMAS model was able to reasonably estimate
the vapor wall loss occurred in the experiments. In principle,
the experimental approach should be applicable to other
pure species with different volatility, which would expand
the range of volatility to be examined. This study confirmed
that the volatility dependence on temperature is a major
factor in how temperature impacts vapor wall loss in a smog
chamber. However, it does not rule out other mechanisms
for temperature dependence of vapor wall loss such as
temperature-dependent  wall properties. The approach
presented in this study allows assessment of vapor wall loss
in a smog chamber even when direct chemical analysis of
semi-volatile organic vapors is not feasible.
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