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ABSTRACT: Organic particulate matter (PM) was produced at
different particle surface area concentrations S in a continuously
mixed flow reactor (CMFR). The apparent PM yield from the dark
ozonolysis of α-pinene increased from 24.5 ± 0.7% to 57.1 ± 0.6%
for an increase in S from 0.55 to 2.87 × 103 μm2·surface cm−3·
volume. The apparent yield saturated for S > 2.1 × 103 μm2 cm−3.
There was hysteresis in the apparent yield for experiments of
increasing compared to decreasing S. The relative timescales of
gas-particle interactions, gas-wall interactions, and thereby particle-
wall cross interactions could explain the results. The PM carbon
oxidation state and oxygen-to-carbon atomic ratio decreased from
−0.19 to −0.47 and 0.62 to 0.51, respectively, for increasing S,
suggesting that greater partitioning of semivolatile organic species
into the PM contributed to the increased PM yield. A thorough understanding of the role of gas-wall interactions on apparent
PM yield is essential for the extension of laboratory results into predictions of atmospheric PM production, and comparative
results from CMFRs and batch reactors can be informative in this regard.

1. INTRODUCTION

Laboratory studies, together with field observations and
modeling simulations, constitute a comprehensive approach
for understanding atmospheric chemistry and its environmental
impacts.1,2 Environmental chambers have been widely used in
laboratory investigations of atmospheric gas-phase chemistry
and the production and evolution of secondary organic
aerosol.3−7 In particular, the yield of organic particulate matter
(PM) from the oxidation of volatile organic compounds
(VOCs) is an important parameter derived from chamber
experiments.8,9 These yields have been incorporated extensively
into chemical transport models for the prediction of
atmospheric PM production.10,11 Recent studies, however,
suggest that many apparent yields reported in the historic
literature might be lower limits instead of best estimates because
of the deposition and ultimate absorption of low-volatility and
semivolatile gas-phase species to the walls of Teflon bags
typically used in chamber design.12−14

PM yield depends largely on experimental conditions and
chamber properties. The apparent PM yield is based on the
produced PM mass concentration compared to the consumed
VOCmass concentration. The effects of gas-wall interactions are
illustrated by the dependence of PM yield on the surface area
concentration of a pre-existing particle population (i.e., seed

particles).14−16 A competition takes place between the mass flux
of condensable organic vapors to the surfaces of the pre-existing
particles and the mass flux to the Teflon bag walls. Thus, far,
experiments have primarily employed batch-mode chambers. In
this mode, reactive VOCs and a pre-existing population of inert
particles are initially introduced as a bolus into the chamber, and
the VOCs are subsequently oxidized to produce PM.
An alternative mode is to operate the chamber as a

continuously mixed flow reactor (CMFR).13,17−19 Experiments
reported in the literature do not provide a systematic
investigation of how the apparent PM yield depends on particle
surface area concentration in a CMFR. The gas-wall deposition
in medium and large-scale CMFRs with Teflon bags remains
unclear, although wall effect of a small CMFR has been
demonstrated to be negligible partly due to the relatively fast
continuous flow in the potential aerosol mass reactor.20

Complementary differences to batch chambers and hence new
insights might be expected by CMFR studies. Certain
semivolatile species might establish a dynamic equilibrium
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between suspended PM and organic material deposited to the
Teflon walls to achieve steady-state conditions in the CMFR.
The partitioning of these product molecules between particles
and bag walls could thus be different between batch-mode
chambers andCMFRs, thereby altering the apparent PM yield in
the two reactor configurations. For instance, higher yields were
reported for α-pinene ozonolysis in a CMFR than in batch-mode
chambers.5

Herein, the influence of particle surface area concentration S
(μm2·surface cm−3·volume) on PM yield and characteristics is
studied for α-pinene ozonolysis in a CMFR. Comparative
experiments were conducted for increasing and decreasing S.
Hysteresis between the experiments is analyzed in the context of
gas-particle interactions, gas-wall interactions, and thereby
particle-wall cross interactions. Changes in PM composition
and oxidation state with S are also examined by mass
spectrometry.

2. EXPERIMENTAL METHODS

Organic particulate matter was produced by the dark ozonolysis
of α-pinene in the Harvard Environmental Chamber
(HEC).5,6,19 The HEC was operated as a CMFR during a 20
day experimental campaign. It consisted of a Teflon bag (Welch
Fluorocarbon Inc.) enclosed in a temperature-controlled room.
The cubic bag had a volume of 4.7 m3, and the ratio of the bag
surface area to its volume was 3.6 m−1. The bag was made from
perfluoroalkoxy alkanes (PFA), which can be represented as
chains of −(CF2CF2)n(CF2CF(OCF3))m−. Prior to the
experimental campaign, the bag was vigorously oxidized to
remove organic material by exposure to 300 ppb O3 at 40 °C for
4 days, followed by flushing with zero air at 22 °C for 7 days. The
temperature and relative humidity (RH) inside the bag were
22.0 ± 0.03 °C and 40.0 ± 0.4%, respectively, during the
experiments. The constant RH was maintained by injecting
humidified air using a feedback control system. The stated
uncertainties represent precision rather than accuracy. Flows of
α-pinene, ammonium sulfate particles, and ozone entered the
CMFR.5 Steady-state conditions were obtained after a spin-up
time of 12 h, corresponding to 2.7 multiples of the CMFR

residence time (4.5 h). Individual experiments were conducted
in variable duration from 20 to 43 h, and observations from the
last 6 h of measurements were used in the analysis. The PM in
the outflow of the CMFR was sampled by instrumentation to
characterize its number-diameter distribution and its chemical
composition. An Aerodyne high-resolution time-of-flight
aerosol mass spectrometer (HR-ToF-AMS, abbreviated AMS
hereafter) was used to collect the main data sets presented
herein.21 A collection efficiency of unity was applied for the AMS
data processing (Figure S1). Further details on the experimental
methods are provided in the Supporting Information (SI)
(Section S1).

3. RESULTS AND DISCUSSION

3.1. Dependence of Yield on Surface Area Concen-
tration. In a first set of experiments (labeled “I”; Table 1), the
surface area concentration of the ammonium sulfate particle
population was stepwise increased by adjusting the sheath-to-
aerosol flow ratio (SI, Section S1). After the chamber came to
steady state, the outflow Swas substantially increased because of
the condensation of organicmaterial. At steady state, the outflow
concentrations represented the in-chamber particle population
undergoing dynamic condensational growth. The analysis
herein for the dependence of yield on S is thus based on the
outflow S, representing a population of organic particles having
ammonium sulfate inclusions, rather than the inflow surface area
concentration of the ammonium sulfate particle population. In a
second set of experiments (labeled “II”; Table 1), the surface
area concentration of the ammonium sulfate particle population
was stepwise decreased in the CMFR inflow, and after the
chamber came to steady state the outflow S also decreased.
Table 1 lists the relevant parameters and observations for both
sets of experiments. The experiments carried out in the absence
of ammonium sulfate particles (i.e., Exp. I-1 and II-7)
corresponded to the lowest outflow S. New particle production
occurred inside the CMFR for this case. The organic mass
concentrations Morg and the yields Yorg listed in Table 1
represent adjustments of +37% to the AMS observations for
correction of the deposition of particles to the bag walls. This

Table 1. Experimental Conditions and Apparent PM Yields for Different Particle Surface Area Concentrationsa

CMFR outflow

exp.
sheath-to-aerosol flow

ratio
number concentration, N

(103 cm−3)
surface area concentration, S

(103 μm2 cm−3)
mass concentration, Morg

(μg m−3)
apparent yield, Yorg

(%)

I-1 na 4.5 ± 0.3 0.55 ± 0.03 30.5 ± 0.6 24.5 ± 0.7
I-2 10:1.5 4.4 ± 0.2 0.60 ± 0.02 32.9 ± 1.0 26.4 ± 1.0
I-3 10:1.8 6.0 ± 0.1 0.78 ± 0.02 44.1 ± 0.7 35.4 ± 0.8
I-4 10:2.1 10.3 ± 0.2 0.98 ± 0.02 48.2 ± 0.7 38.7 ± 0.8
I-5 10:2.4 17.4 ± 0.3 1.39 ± 0.02 61.1 ± 0.8 49.0 ± 0.9
I-6 10:2.7 24.1 ± 0.5 1.65 ± 0.03 65.0 ± 0.7 52.1 ± 0.7
I-7 10:3.0 33.4 ± 0.8 2.06 ± 0.05 70.1 ± 0.7 56.3 ± 0.8
II-1 10:3.3 49.2 ± 0.9 2.87 ± 0.04 71.2 ± 0.5 57.1 ± 0.6
II-2 10:2.5 34.2 ± 0.3 2.08 ± 0.01 71.5 ± 0.7 57.4 ± 0.8
II-3 10:2.2 20.1 ± 0.3 1.52 ± 0.02 70.6 ± 0.7 56.7 ± 0.8
II-4 10:1.9 8.2 ± 0.3 0.93 ± 0.01 59.6 ± 0.9 47.8 ± 1.0
II-5 10:1.6 5.9 ± 0.2 0.85 ± 0.01 52.8 ± 0.8 42.4 ± 0.9
II-6 10:1.3 4.2 ± 0.1 0.60 ± 0.01 45.8 ± 0.9 36.8 ± 1.0
II-7 n/a 4.3 ± 0.1 0.58 ± 0.01 44.3 ± 1.0 35.6 ± 1.1
aSheath-to-aerosol flow ratio, particle number concentration N, particle surface area concentration S, and PM mass concentration Morg, and
apparent PM yield Yorg are listed. Sets I and II represent experiment series for increasing and decreasing S, respectively. Listed Morg and Yorg are
corrected for particle-wall loss, as described in the main text. Conditions: 22.0 °C, 40% RH, 22 ppb (125 μg m−3) α-pinene prior to ozonolysis, and
300 ppb ozone. For “n/a” in sheath-to-aerosol flow ratio, these experiments were conducted in the absence of ammonium sulfate particles.
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wall-loss correction factor was obtained from the loss rate of
dried monodisperse ammonium sulfate particles injected in the
chamber bag at 40% RH.5

Figure 1 presents the time series of results from both sets of
experiments. Temperature, RH, and ozone concentration varied
negligibly during the experiments (Figure 1a). Outflow S
increased stepwise from (0.55 ± 0.03) to (2.06 ± 0.05) × 103

μm2 cm−3 during set I and then decreased from (2.87± 0.04) to
(0.58± 0.01)× 103 μm2 cm−3 during set II (Figure 1b). Outflow
Morg varied from 30.5 ± 0.6 to 71.5 ± 0.7 μg m−3 during these
experiments, corresponding to apparent PM yields of (24.5 ±
0.7)% to (57.4 ± 0.8)%. Here, apparent yield is the ratio of the
produced Morg to the reacted α-pinene mass concentration.8

Outflow particle number concentrations ranged from (4.2 ±
0.1) to (49.2 ± 0.9) × 103 cm−3. The diameter-number
distributions are plotted in Figure 1c. The particle mode
diameters were 180 and 120 nm for experiments at lowest and
highest S, respectively. Particles smaller than 30 nm were rare
across the studied S, indicating that condensational growth
dominated over new particle formation both in the presence and
absence of the ammonium sulfate particles.
PM yield as a function of particle S is plotted in Figure 2 for

experiment sets I and II. The apparent yield increased from 25%
to 57% across the studied range of S. It became independent of S
(i.e., the curve became flat) at a threshold concentration S* of
2.1 × 103 μm2 cm−3, corresponding to a surface area ratio of 6 ×
10−4 between the suspended particles and the Teflon bag of the
reactor. For comparison, this S* value is higher than commonly
observed at various urban22−24 and rural/remote25−27 locations
worldwide (Figure 2), although wall effects are mostly absent in
the atmospheric context except near the planetary surface.

Experiment sets I and II also demonstrate a hysteresis with
respect to the direction of changes in S. For the same S, yields
were lower for set I conducted in the direction of stepwise
increases in S compared to set II conducted in the direction of
stepwise decreases in S (Table 1). Differences in apparent yield
between sets I and II reached up to −11% (absolute difference)
for the lowest S. This difference should be insignificantly affected
by the difference in the pre-existing organic mass concentration
of individual experiments, given that the initial pre-existing
particles have been mostly replaced by the produced PM after
one residence time. Apparent yields were the same within
observational limits for S > S*.

3.2. Gas-Particle, Gas-Wall, and Particle-Wall Cross
Interactions. 3.2.1. Characteristic Timescales of Interactions.
The analysis herein considers the timescale τgp for gas-particle
equilibrium partitioning and the timescale τgw for gas-wall
deposition, the total time τexp for the complete set of
experiments, the mean residence time τres of particles in the
CMFR, and the characteristic time τrxn of chemical reactions for
producing condensable vapors. The latter three had values as
follows. The complete set of experiments took place across 20
days, that is, τexp = 2.9 × 104 min. The residence times of
individual particles were described by Poisson statistics in the
CMFR,19 with a mean value of τres = 270 min. Condensable
vapors from α-pinene ozonolysis were produced under pseudo-
first-order conditions, corresponding to τrxn = (k [O3])

−1 = 26
min for a bimolecular rate constant k of 8.66 × 10−17 cm3

molecule−1 s−1 between α-pinene and 300 ppb ozone.28 For α-
pinene ozonolysis, most condensable products by mass were
first-generation products,29 and they were thus produced within
the time period τrxn or a short multiple of it. Additional reactions

Figure 1. Time series of (a) ozone concentration, relative humidity, and temperature, (b) organic particle mass concentration measured by an
Aerodyne high-resolution time-of-flight aerosol mass spectrometer (HR-ToF-AMS), particle surface area concentration and particle number
concentrationmeasured by a scanning mobility particle sizer (SMPS), and (c) particle number-diameter distributions measured by the SMPS. Further
information on instrument operation is presented in the SI (Section S1). In panel c, the mode diameter of the distribution is plotted as white dots. Gray
regions indicate absence of data because of technical problems. The presented time series include all experiments listed in Table 1. The time periods of
experiment sets I and II are marked in panel b.
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by hydroxyl radicals produced from side reactions or particle-
phase reactions took place on a slower timescale,30 and the
analysis herein assumes that those reactions did not contribute
significant additional condensable mass concentration. Thus,
the chemical reactions to produce condensable vapors went to
completion in the outflow of the CMFR as τrxn ≪ τres.
In respect to gas-particle interactions, the time τgp for each

gas-phase molecule to have one mass accommodation with a
particle surface was estimated as follows:28

Nd D F
1

2gp
p g FS

τ
π

=
(1)

where N is the particle number concentration, dp is particle
diameter, Dg is the gas phase diffusivity, and FFS is the Fuchs-
Sutugin correction factor for noncontinuum gas-phase diffusion.
FFS depends on the gas-particle mass accommodation coefficient
αgp. Here, αgp reflects the overall resistances of vapor molecules
transferring into the particle bulk, including possible limits both
by surface accommodation and particle-phase diffusion. Further
equations are presented in SI Section 2. The functional form of
τgp results as τgp(S(N, dp), αgp). As a caveat, although an aerosol
(consisting of many gas-phase products with different values of
αgp and particles with many diameters dp) is described in detail
by a spectrum of τgp values, the analysis herein assumes that the
aerosol can be adequately described in reference to factors
affecting particle mass concentration by an average condensing
product characterized by a single αgp and an average particle

diameter characterized by single dp, resulting in a single effective
value of τgp.
In respect to gas-wall interactions, the time τgw for each gas-

phase molecule to have one mass accommodation with the wall
was estimated as follows:31

A
V

c

c D K

/4

1 /8gw
gw

gw g

1

τ
α

πα
= ̅

+ ̅

−i

k

jjjjjjj
y

{

zzzzzzz (2)

where A is the surface area of the bag, V is its volume, c ̅ is the
mean thermal speed of the gas-phase molecules, and K is eddy
diffusivity of the fluid in the bag. A K value of 0.22 s−1 was
estimated for the studied CMFR based on the rates of particle
deposition to the walls.14 The gas-wall mass accommodation
coefficient αgw was estimated by32

Clog 0.1919log 6.32i10 gw 10α = − * − (3)

Although the multiple gas-phase products with different values
of Ci* and αgw values corresponds in detail to a spectrum of τgw
values, the analysis herein assumes that an average condensing
product characterized by a single αgw is an adequate description,
resulting in a single effective value of τgw. The saturation
concentration Ci* of the single effective product was estimated
by considering the spectrum of Ci* for the many condensable
products i. The gas-phase chemistry of α-pinene ozonolysis was
simulated using the Master Chemical Mechanism (MCM,
version 3.3),33 from which the oxidation products were
obtained. The vapor pressures of those products were then
estimated using a simple group contribution method (SIM-
POL).34 The major condensable products in the simulation
correspond toCi* values across the range of (0.8 to 3.5)× 103 μg
m−3 and with a weighted mean of 660 μg m−3. For this mean Ci*,
the αgw value was calculated as 2.8 × 10−6 and a τgw value of 42
min was obtained. Furthermore, during the experimental period
of 20 days, the αgw value remained distinct from the αgp value
because the walls remained sparsely laden with organic material
(i.e., a thickness of approximately 0.48 nm; see SI Section S3), as
justified by absorption of organic mass into the Teflon material
of the walls.12 During the experimental campaign across time
τexp, the τgw was assumed to be a fixed quantity whereas τgp was
varied by stepwise increases and decreases in S.
The functional form of τgp(S(N, dp), αgp) in relation to S and

αgp is conceptualized within the τres of the CMFR, as plotted in
Figure 3. The gas-particle partitioning can be divided into two
primary regimes by comparing the timescale τgp with the
timescales τrxn and τgw. For τgp > τgw, defined as Regime 1, a high
dependence of organic PM yield on S was expected because gas-
particle partitioning was largely competitive with gas-wall
interactions and substantial organic mass can be scavenged to
the bag walls. This condition holds for large τgp(S(N, dp), αgp),
meaning small N, dp, or αgp according to eq 1. The measured
organic PM mass was thus sensitive to S in Regime 1. As τgp
decreases for increasing S, the gas-wall interactions were reduced
gradually and less organic mass was scavenged to the walls. For
τgp < τrxn, defined as Regime 2, in the absence of any other
process taking precedence, τgp was the ultimate limit for gas-
particle partitioning equilibrium and organic mass was rarely
scavenged to the walls. The PM yield was thus insensitive to S
and the gas-particle partitioning was governed solely by the total
produced condensable organic mass. Therefore, quasi-equili-
brium growth16 occurred for the production of organic PM in
Regime 2. The region between Regimes 1 and 2, that is, for τgp >

Figure 2. Apparent yield (left axis) and mass concentration (right axis)
of PM as a function of particle surface area concentration S. Data points
and uncertainty bars represent the mean values and one standard
deviation, respectively, of the measurements across the last 6 h of each
experiment. Experiment sets I and II (cf. Table 1) correspond to
increasing and decreasing S in the CMFR, respectively. The thick solid
line represents an empirical fit through all data points. The black and
blue dotted lines represent the empirical fits of data points from
experiment sets I and II, respectively. Particle number concentrations
during the experiments are presented on the top axis. For comparison, S
observed at various locations worldwide are also plotted (BJ: Beijing,22

EUC: European continent,25 YRD: Yangtze River Delta,23 IT: Italy,24

AM: Amazon,26 and CA: Sierra Nevada Mountains of California27).
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τrxn but τgp < τgw, was a transition from kinetically limited Regime
1 to quasi-equilibrium Regime 2 with the increase of S. Here, the
gas-particle partitioning remains governed by the timescale τgp
while the gas-wall interactions were much less, for which the PM
yield depended only weakly on S compared to those in Regime 1.
The critical value S* for the independence of apparent PM

yield on S represents the yield in the absence of significant mass
scavenging to the walls. The dashed white box in Figure 3
represents the S studied in the current work with an gas-particle
mass accommodation coefficient αgp from 0.001 to 1, as reported
previously for α-pinene ozonolysis.13,15,35−38 According to the
critical value S* of 2.1 × 103 μm2 cm−3 in the data sets of Figure
2, an optimal αgp value of 0.007 (i.e., the magenta marker in
Figure 3) is required to eliminate the kinetic limitation of both
gas-particle and gas-wall interactions. Note that this estimation
did not account for the evaporation of gas phase material from
the particles and walls. This value is close to the accommodation

coefficient of 0.001−0.01 derived by measuring the evaporation
rate of organic PM from α-pinene ozonolysis using isothermal
dilution,35 while lower than those of order 0.1 derived from
several studies using thermal denuders37,39 and a batch-mode
reactor.15 It is also in the range of 0.002−0.05 required to
simulate the evaporation of organic PM from the ozonolysis of
several monoterpenes (including α-pinene).36 This value is
much lower than an αgp of unity reported for α-pinene
ozonolysis in a continuously stirred flow reactor,13 in which
organic PMwas dominated primarily by extremely low-volatility
organic compounds. This value is also on the same order as
those of 0.001 for organic PM from toluene photooxidation,14

despite the mechanisms for organic PM production are totally
different for toluene and α-pinene. Nevertheless, to discern the
reasons for the different αgp is more complicated, given that the
experimental configurations and the approaches of deriving this
value are different for individual studies.

3.2.2. Irreversible and Reversible Processes. The character-
istic timescales discussed above assumes irreversible gas-particle
and gas-wall interactions without accounting for gas-phase
evaporation from the surfaces of the particles and the walls. The
actual processes occurred in the CMFRmight have been slightly
different. The following definitions are proposed for further
illustration. The total condensable organic mass concentration
Morg

total produced from α-pinene ozonolysis spreads between
organic mass concentration Morg

f in outflow of the CMFR and
organic mass on the bag walls that remain in the CMFR. More
specifically, Morg

f represents the quantity measured by the AMS
including positive correction for particle deposition of the walls
and is same as Morg elsewhere in this study. The quantity (1 −
Morg

f /Morg
total) represents the fraction of the PM mass yield that

remains on the walls, thereby reducing the apparent yield in the
reactor outflow. The ratio of Morg

f /Morg
total thus represents a yield

correction factor for apparent yield and this factor goes to unity
in the absence of gas-wall loss. The conditional scope considered
herein is that both τgp and τgw are less than τres and most of the
produced condensable species are deposited on a combination
of the walls and the particle surfaces just after the shorter of τgp or
τgw. During the experimental campaign, τgw was assumed to be a
fixed quantity whereas τgp was varied by stepwise increases and
decreases in S.
For irreversible interaction case, Morg

f /Morg
total increased

stepwise with the increase of S for S < S* (i.e., τgp > τgw in the
Regime 1 of Figure 3). TheMorg

f /Morg
total approached unity for S >

S* (i.e., τgp < τrxn in the Regime 2). In respect to the history of
increasing or decreasing S in experiments, there should be no
difference in Morg

f /Morg
total for a fully irreversible interaction.

However, the apparent PM yield of experiment sets I and II
shows hysteresis (Figure 2). Given that experiment set II was
conducted after set I, the differences in apparent PM yield might
have been resulted from the gas-particle, gas-wall, and particle-
wall cross interactions involving some reversible processes12

inside the CMFR.
For reversible gas-particle and gas-wall interactions (i.e., facile

absorption and desorption), the initial deposition at the
timescale τrxn was unchanged compared to those of irreversible
case. Beyond this initial period up to τres, the gas phase
continuously reversibly exchanges in a complex manner both
with the particle material and the material deposited to the bag
walls. We use Morg

equi here to represent the organic mass
concentration of full equilibrium composition established
between the particle material and the material on the walls.
After the timescale τrxn of initial deposition, the Morg

f evolved

Figure 3. Comparative timescales of gas-particle interactions and gas-
wall interactions. The gas-particle mass accommodation time τgp(S(N,
dp), αgp) of eq 1 is represented in false color as a bivariate function of
particle surface area concentration S and gas-particle mass accom-
modation coefficient αgp. The coloring corresponds to dp of 120 nm and
Dg of 3 × 10−6 m2 s−1. The solid and dashed lines represent the
estimates of τgw (42 min) and τrxn (26 min), respectively. In regime 1,
gas-particle mass accommodation is slower than gas-wall mass
accommodation (i.e., τgp > τgw). In regime 2, chemical reactions for
producing condensable vapors is slower than gas-particle mass
accommodation (i.e., τgp < τrxn), and the apparent PM yield is
independent of S in this regime. The heavy hatching represents the
regime with less gas-wall deposition effect (i.e., τgp < τgw). The shading
on the abscissa represents the range of S for experiment sets I and II.
The shading on the ordinate represents the range of αgp reported in the
literature for α-pinene ozonolysis.13,16,36,37 The solid magenta square
marker on the ordinate represents the best estimate of αgp for the data
sets of this study. The white dashed box represents the overlap region of
the abscissa and ordinate shadings. For the white blank region, the time
for gas-particle mass accommodation is slower than the CMFR
residence time (i.e., τgp > τres of 270 min).

Environmental Science & Technology Article

DOI: 10.1021/acs.est.8b07302
Environ. Sci. Technol. 2019, 53, 4968−4976

4972

http://dx.doi.org/10.1021/acs.est.8b07302


toward Morg
equi based on multistep deposition and evaporation.

For τgp > τgw (i.e., low S), the yield correction factorMorg
f /Morg

total

depended strongly on S and moderately onMorg
equi. TheMorg

equi was
possibly varied with the experimental history, specifically the
amount and type of material deposited to and evaporated from
the walls. The hysteresis in the apparent yield thus can be
explained by the differentMorg

equi values due to the larger influence
of the organic material released from the bag walls in experiment
set II. For τgp < τrxn (i.e., sufficiently high S), theMorg

f /Morg
total was

governed primarily by the total produced condensable organic
mass and thus the influence of the material on the bag walls to
Morg

equi was relatively small. Given that the products from α-pinene
ozonolysis were across a wide spectrum of volatilities, actual
processes occurred in the CMFR were most likely a mix of
irreversible and reversible interactions. The expectation is that
the deposited material on the bag walls mostly served as a
reservoir that grew continually in experiment set I and
evaporated at least partially in set II.
3.3. Effect of Surface Area Concentration on Chemical

Composition. The PM chemical composition for variable
particle S was investigated based on the mass spectra. The
fractional distribution of the CxHy

+, CxHyO1
+, and CxHyO2

+

families are plotted in Figure 4a. The CxHyO2
+ family decreased

from 24% to 17% of the total organic signal from low to high S
for S < S* and remained constant at 17% for higher S. The
contribution of the CxHy

+ family correspondingly increased
from 45% to 51%. The contribution of the CxHyO1

+ appeared
unchanged between 31% and 33% with S. Related trends in the

oxygen-to-carbon (O:C) atomic ratio, the hydrogen-to-carbon
(H:C) atomic ratio, and the carbon oxidation state (OSc,
calculated by 2×O:C−H:C)40 are plotted in Figure 4b. For set
I, from low to high S for S < S*, the OSc and the O:C ratio
decreased whereas the H:C ratio increased. For set II, these
quantities changed negligibly in S within experimental
uncertainty. The results for set I suggest that less-oxidized,
more-volatile organic species have a greater sensitivity to gas-
particle-wall cross interactions for S < S* than do those of more-
oxidized, less-volatile organic species. The hysteresis difference
between set I and set II also supports this interpretation because
the more-volatile species are closer to saturation with the
material on the walls in the later experiments. They are thus
scavenged to a lesser extent to the walls. The further implication
is to support an interpretation of a reversible process, at least in
part, in the particle-wall cross interactions.

3.4. Comparison with Other Studies. A comparison of
the mass concentration and yield of PM influenced by S from
this study with those reported in literature is summarized in
Table 2.12−16,32,38,41−45 A common feature across most of these
studies, which differed in bag sizes and operation modes, is that
the PM mass concentration and yield were affected by the link
between gas-wall and gas-particle interactions. In some cases,
yield was affected by up to 400% depending on experimental
conditions and reaction properties.14,42 The dependence of yield
on S in these studies could mostly be explained by the loss of
condensable organic vapors to the bag walls. Yield independent
of S was also reported for PM production dominated by quasi-
equilibrium growth.15

Changes in chemical composition for increasing particle S also
have been reported previously (Table 2).12,32,41,43−45 For the
batch-mode experiments, the highest gas-wall loss rates were
observed for highly oxidized, low-volatility compounds.12,32,41,43

More-oxidized PM was obtained because of greater relative
deposition of those gas-phase products onto particle surfaces
rather than to the bag walls for increasing S. This behavior is
opposite to the observations of current study using the CMFR,
for which less-oxidized PM was enhanced for increasing S in set
I. A possible explanation is that a higher S not only limits the gas-
wall interactions of more-oxidized organic species but also
largely facilitate the gas-particle partitioning of less-oxidized
species, and the latter effect might greatly overwhelm the former
in the CMFR compared to those of batch-mode reactors. The
gas-phase chemistry of PM production for individual VOCs
could also differ between the batch-mode and the CMFR
reactors.
The influence of S on the production and the composition of

organic PM in general differs to a certain extent among previous
studies, which can possibly be explained by the discrepancies in
both the characteristics of the reactors and the experimental
conditions. Contrary to the continuous oxidation of products
over a certain time period in batch-mode reactors, the role of
less-oxidized species from multiple gas-phase chemical routes
might be more important in CMFRs, as observed in the current
work. Reactor dimensions also possibly influence the gas-wall
interactions, which is indicated by the ratio of surface area to
volume of the chamber bag (A/V) in eq 2 above. Experimental
conditions such as temperature, RH, and the reactant and
oxidant composition could also influence the properties of
organic PM, such as their physical state, oxidation state, and
production rate, and these factors can lead to differences in
dependence on particle surface area among the individual

Figure 4. (a) Fractional contribution of CxHyO2
+, CxHyO1

+, and CxHy
+

families as a function of S. (b) Carbon oxidation state OSc, O:C
elemental ratio, and H:C elemental ratio. Experiment sets I and II (cf.
Table 1) are denoted by open and closed symbols, respectively. Data
points and uncertainty bars represent the mean values and one standard
deviation, respectively, of the measurements across the last 6 h of each
experiment. Data are available in SI Table S1.
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studies. Future studies related to the two types of reactors
operated under similar conditions will be important for
explaining the apparent differences, and these comparative
insights could be helpful in further understanding the particle-
wall cross connections in PM production.
3.5. Atmospheric Implications. The condensational

growth of organic particulate matter in the CMFR was
influenced by the competition of gas-particle, gas-wall, and
particle-wall cross interactions. An increasing surface area
concentration S led to increased PM production, mostly because
of greater partitioning of semivolatile organic species to the
particle phase. Laboratory studies concerned with PM yield are
advised to carry out control experiments to establish that the
reported yields correspond to S > S*, which can be considered as
the prevailing atmospheric condition except possibly for near the
planetary surface.
The experiments in the current work focused on the influence

of S on the apparent PM yield of α-pinene ozonolysis. The
influence of S on PM produced from other hydrocarbon
precursors deserves further investigation because of the tight
coupling of τgp, τgw, and τres with respect to reaction chemistry
and chamber operationmodes. The analysis herein assumed that
in-particle slow processes such as diffusivity, as related to particle
viscosity, were faster than τgp, τgw, and τres. A relevant topic worth
additional investigation is how semisolid and solid PM can
influence apparent yields, especially at low RH that many
chamber experiments have historically been conducted.46 A
further topic that remains technically challenging is the
assessment of gas-wall interactions for the myriad of
atmospheric organic compounds given that the analysis herein
assumed a single effective species. Finally, temperature and RH
were fixed in the experiments herein, whereas both can be
important variables influencing τgp and τgw as well as properties
of organic PM. Further experiments testing how the
uninvestigated factors of the present study influence apparent
yield while varying S are warranted for quantitatively character-
izing the role of gas-particle, gas-wall, and particle-wall cross
interactions.
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