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The temperature-dependence of secondary organic
aerosol (SOA) concentrations is measured using a
temperature-controlled smog chamber. Aerosols are
generated from reaction of R-pinene (14-150 ppb) and
ozone at a constant temperature of 22 ( 2°C in the presence
of the OH-scavenger 2-butanol. After the reactions are
completed the chamber is heated or cooled in a range from
20 to 40 °C. SOA volume concentrations increase at
temperatures below the initial formation temperature and
decrease at elevated temperatures. The response to
the temperature change as measured by percent mass
change per degree ranged from -0.4 to -3.6% K-1, for a
total mass reduction of 5-60% upon heating from 22 to
35 °C. The reported range is due to two factors: (1)
experimental uncertainty, arising mainly from uncertainty
in evaporation and condensation behavior of particles lost
to the chamber wall; (2) differences in the temperature
response from experiment to experiment. Aerosol temperature
sensitivity was also measured by tandem differential
mobility analysis (TDMA) where similarly generated SOA
were heated from 20 to 25 °C to 30-40 °C with residence
times of 0.5-1.5 min, resulting in particle volume
reductions of up to 20%. The TDMA experiments indicate
that evaporation of the SOA particles in this system
occurs with a potentially significant mass transfer limitation
(e.g., accommodation coefficient <0.1).

1. Introduction
Secondary organic compounds are important constituents
of aerosols in urban, rural, and remote areas (1-3). The
potential for secondary organic aerosol (SOA) formation was
recognized more than 40 years ago (4). Work in environmental
chambers in the 1980s showed significant aerosol yields from
oxidation reactions of compounds such as R- and â-pinene.
With additional chamber experiments, investigators showed
that yields depended on aerosol concentration consistent
with the formation of an organic solution in the aerosol phase
(5-7). Subsequent studies investigated a variety of related
questions of SOA formation and partitioning, including
molecular identification of SOA components and the influ-
ence of key variables such as temperature, preexisting aerosol,
water vapor, heterogeneous reactions, oligomer formation,

and scavengers. References on these points can be found in
review articles (8, 9).

The goal of this work is to improve understanding of the
temperature dependence of SOA concentrations. While there
is wide agreement that at least a portion of the secondary
organic aerosol is semivolatile and, therefore, should evapo-
rate and condense in response to temperature changes, there
is no agreement on the magnitude of the temperature
sensitivity of SOA concentrations.

This poorly constrained temperature dependence is an
important contributor to uncertainty in chemical transport
models (CTMs). CTMs typically use an absorption partition-
ing model (5-7) in conjunction with fitted yields from
constant temperature smog chamber experiments, and
temperature-dependent partitioning coefficients calculated
through the Clausius-Clapyeron equation dependent on
enthalpies of evaporation (∆Hevap). Values for ∆Hevap are taken
either from measurements or calculations on compounds
that have been isolated in SOA such as pinic acid. Sheehan
and Bowman estimated that a 10 °C temperature decrease
could increase SOA yields by 20-150% (10). Another study
showed the potential for a peak in SOA concentrations at 15
°C (11); higher temperature caused evaporation while lower
temperatures impeded reaction rates. Bian and Bowman
showed that surrogate compounds representing a group of
compounds need different ∆Hevap values than the average of
the compounds in the lumped group (12). CTM modeling
has shown that organic semivolatile partitioning is a leading
contributor to SOA concentrations in regional (13) and global
(14) models.

The problem of SOA temperature dependence has been
approached in three ways: by TDMA studies, by compu-
tational chemistry, and by repeating smog chamber experi-
ments at different temperatures.

Using TDMA, Bilde, and Pandis measured the ∆Hevap for
solid pinic and trans-norpinic acid particles at 109 and 42
kJ mol-1, respectively (15). Bilde and Pandis measured the
∆Hevap of glutaric acid at 67 kJ mol-1 while 102 was the value
reported by Tao and McMurry (16). TDMA of complex aerosol
is also a well-established experimental technique, although
it is typically used at high temperatures (80-300 °C) and
short residence times to measure the nonvolatile fraction of
particles (17-21). This volatility TDMA (V-TDMA) has been
done for chamber-generated SOA, atmospheric particles, and
combustion particles. Neither the single-component TDMA
studies nor the V-TDMA experiments solve the problem of
SOA temperature dependence because either the chemistry
is not atmospherically representative (for single component
TDMA) or the temperatures and residences are not (for
V-TDMA).

Computational approaches have been widely used, in-
cluding Kamens (22), Kamens and Jaoui (23), Cocker et al.
(24), Capout and Müller (25), and Jenkin (26). A product
distribution (either measured or computed) is used in
combination with group contribution methods to establish
temperature-dependent vapor pressures or partitioning
coefficients. Because of the large number of required
assumptions and uncertainties about the chemical makeup
of the SOA, the values from these studies can differ ap-
preciably from one another, and to experimental values.
Cocker et al. (24) found that UNIFAC predicted vapor
pressures for the most well-characterized laboratory SOA
system (O3 oxidation of R-pinene under dry conditions),
required reduction by a factor of 100 to match experimental
yields at 29 °C.
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Repeated chamber experiments at different temperatures
have been completed for R-pinene SOA by several investiga-
tors (26-29) and are discussed in a subsequent section. To
summarize, the measured temperature sensitivities of the
SOA volume vary significantly from study to study (from -0.5
up to -5% K-1 for ozonolysis and up to -7% K-1 for
photooxidation), it is unclear what factors (e.g., chemistry,
chamber design, etc.) drive the differences, and adopting
the results at the high and low ends of the experimental
range would have significant atmospheric implications.

This work presents a direct experimental measurement
of the SOA concentration versus temperature relationship at
atmospherically relevant temperatures and timescales. A new
experimental technique (temperature-ramped volatility analy-
sis, TREVA) is developed. The TREVA experiments are
complemented with tandem differential mobility analysis
(TDMA) where similar aerosols are exposed to rapid (mass
transfer limited) evaporation at atmospherically representa-
tive temperatures. For a more extensive discussion of
atmospheric implications of SOA temperature dependence,
aging, dilution, and representation of these processes, the
reader is referred to Donahue et al. (30).

2. Experimental Section
The laboratory SOA used in the study was generated by the
reaction of R-pinene and ozone inside a Teflon chamber
(Figure 1). Two chambers were used: a 5 m3 chamber for
initial experiments, and a 10 m3 chamber for later experiments
(Welch Fluorocarbons, Dover NH). Concentrations of ozone
and particles were measured using a continuous ozone
analyzer (Dasibi 1008-PC) and a scanning mobility particle
sizer (SMPS, TSI 3936), respectively. For some experiments,
the R-pinene concentration was monitored by a gas chro-
matograph (Perkin-Elmer AutoSystem XL with FID and J&W
Scientific DB-624 capillary column, 30 m x 0.320 mm). A
3-stage preconcentrator (Entech 7100A, Simi Valley CA) was
available for improved VOC quantification.

Reactants included R-pinene in the 14-150 ppb con-
centration range and ozone produced from an ozone
generator (Azco HTU500AC). Reactions were carried out in
the presence of an OH-scavenger (2-butanol) in the same
concentration ratios (470:1) used by Yu et al. (31). Reagents

were HPLC or ACS purity grade from Sigma Aldrich. Reactions
were carried out under dry conditions (<10% RH) and without
a seed aerosol, except for one experiment with ammonium
sulfate seed.

Each of the experiments involved a two step process: (1)
formation of SOA at 22 ( 2 °C; (2) perturbation of gas-particle
partitioning by heating or cooling. The second step was
performed by one of two different techniques: (a) temper-
ature-ramped equilibrium volatility analysis (TREVA) heating
or cooling of the entire smog chamber and (b) tandem
differential mobility analysis, TDMA. TDMA measures the
dynamic response of the particles with relatively rapid heating
[up to 60 °C/min with a time scale of 0.25-4 min (15, 16,
32, 33)]. TREVA (described below) allows the study of
temperature changes under longer time-scales at or ap-
proaching equilibrium. A list of the experiments is shown in
Table 1.

2.1. Variable Temperature Smog Chamber. In the TREVA
experiments (Figure 1), the aerosol size distribution was
monitored by SMPS as the chamber temperature responded
to a step change in the temperature. The SMPS sheath air
was recirculated to maintain gas-particle equilibrium during
sizing. The SMPS system was located inside the temperature-
controlled enclosure so that gas-particle equilibrium was
not changed en route to or during particle sizing.

The smog chamber enclosure temperature and DMA
temperature (surface mount thermocouple placed on the
DMA column) were monitored, and the DMA temperature
is used for data reduction in all cases. In experiments with
the smaller 5 m3 Teflon chamber, the difference in these
temperatures was typically less than 3 °C and always less
than 5 °C, with the DMA temperature lagging the chamber
temperature most severely during rapid temperature swings.
For experiments with the larger 10 m3 chamber the maximum
temperature difference increased to 8-12 °C for short periods
of about 10 min corresponding to the rapid initial heating
of the enclosure.

2.2. Tandem Differential Mobility Analysis (TDMA). The
TDMA technique (34-36) uses a heated flow tube to provide
a known residence time under conditions favorable to
evaporation (elevated temperature and nearly zero gas-phase
concentrations of semivolatile species). Shown in Figure 1,
the aerosol for evaporation is continuously drawn from the
smog chamber through 0.43 cm i.d. copper tubing, traveling
to a differential mobility analyzer (DMA1) where a mono-
disperse aerosol is selected for evaporation. The aerosol
travels from DMA1 to DMA2 by one of two possible paths.
To measure evaporation, the aerosol travels though a laminar
flow evaporator (4 m long, 2.37 cm i.d. stainless tube inside
a larger PVC tube with water in the annulus to provide
constant temperature). The alternate path is a 0.43 cm i.d.
bypass tube at ambient temperature, used to provide a size
measurement after minimal (ideally zero) evaporation. The
sheath and excess lines of DMA1 are run in a once-through
configuration, with sheath air being provided from pres-
surized air filtered with silica gel, a HEPA filter, and activated
carbon. Evaporation begins as the particles encounter the
clean sheath air. Additional filtered and preheated dilution
air after DMA1 can be introduced to decrease the evaporator
residence time. A heating cord and insulation are used to
maintain the temperature of the tubing between the evapo-
rator and DMA2 within 1 °C of the air temperature inside the
evaporator. Even at the highest flowrates used, centerline
temperature came to within 1 °C of wall temperature in the
first 0.6 m (out of 4.0 m) of the flow tube. Measurements
from previous use of the flow tube showed the average
temperature at within 0.1 °C of the wall temperature after
1 m (37).

FIGURE 1. Schematic of smog chamber, enclosure and TDMA.
Reactions are performed inside the Teflon reactor. Temperature
control (for TREVA experiments only; not for TDMA experiments)
is provided by a large HVAC system (airflows are depicted by the
large open arrows). Gas- and particle-monitoring instruments are
deployed inside and around the enclosure.
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3. Results and Discussion
An example of typical results from a TREVA experiment is
shown in Figure 2. 73 ppb R-pinene was initially placed in
the smog chamber with the 2-butanol OH-scavenger. Time
zero in Figure 2 corresponds to the completion of the ozone
injection, which was followed by a rapid increase in the
particle number (to 31 000 cm-3 in 7 min) and particle mass
(to 67 µg m-3 in 50 min) and a drop in R-pinene and ozone
concentrations. Aerosol number begins to decline after 20
min, as nucleation of new particles has stopped, and particles
are lost to coagulation and the chamber walls. Aerosol volume
peaks about 1 h after the ozone injection.

In this experiment, the temperature setpoint of the
chamber was changed from 22 to 37 °C at 90 min after the
ozone injection. The temperature increase corresponds to a
loss of aerosol volume faster than expected from wall losses
alone. This can be seen from the changes in slope of the

aerosol volume time series at the beginning (94 min) and
end (approximately 130 min) of the temperature ramp. No
effect can be seen on the aerosol number slope as a result
of the temperature ramp.

3.1. TREVA Data Reduction. For quantitative calculation
of temperature dependence of aerosol concentrations in the
TREVA experiments, we analyze the aerosol mass (Coa) time
series. This is calculated assuming spherical particles with
densities 1.0, 1.36, and 1.76 for SOA, adipic acid, and
ammonium sulfate, respectively, although the final temper-
ature sensitivity is based on concentration ratios and is thus
not dependent on the choice of density. This time series is
produced after a wall-loss correction (see Appendix for
derivation):

where the concentrations Cx are denoted according to
subscipts: all semivolatiles in the chamber (Ctot); total (wall
+ suspended) organic aerosol (Coa); gas-phase semivolatiles
(Cg); and suspended aerosols (measured by the SMPS, Csus).
Sc is the chamber surface area, Vc is the chamber volume,
CwSc/Vc (units of µg m-3) is the concentration of particles lost
to the wall (expressed per volume of chamber), f is an
empirical parameter discussed below, and kw is a first-order
loss constant. The use of a size independent wall-loss
coefficient is justified because of the monodisperse shape of
the secondary organic aerosol size distribution, with log σg

values of approximately 0.15. To confirm that wall loss rates
did not vary too much over the size range of interest, loss
coefficients were measured over 11 h at 22 °C with aerosol
from R-pinene ozonolysis. First-order loss coefficients (cor-
rected for coagulation) were not size dependent to within
experimental uncertainty in the range of interest (4-7 ×
10-5 s-1 at 100 nm and 2-10 × 10-5 s-1 at 200 nm).

Equation 1 is more complicated than typical first-order
mass-based wall loss expressions because of the need to
account for growth/shrinkage of particles on the chamber
wall (by the expression following the parameter f). A value
of f ) 0 corresponds to no size change, while f ) 1 corresponds

TABLE 1. List of Chamber Experiments

identifiera reactantb,c
initial VOC

(ppb)
ozone
(ppb)

temp. of SOA
formation (°C)d

subsequent temperature
change

volume changee

(V/Vinit)

TDMA-1 R-pinene 7000 129 22 ( 3 TDMA 20-40 °C 0.83-1.0
TDMA-2 R-pinene 160 320 22 ( 3 TDMA 20-30 °C 0.83-1.0
TDMA-3 R-pinene 100 200 22 ( 3 TDMA 20-40 °C 0.83-1.0
TDMA-4 R-pinene 100 400 22 ( 3 TDMA 20-40 °C 0.80-1.0
TREVA-1 R-pinene 113 600 22 ( 1 T increase to 40 °C 0.58, 0.74
TREVA-2 R-pinene 73 400 22 ( 1 T increase to 40 °C 0.61, 0.74
TREVA-3 R-pinene 150 600 22 ( 1 T increase to 39 °C 0.69, 0.80
TREVA-4 R-pinene 94 400 22 ( 1 T increase to 34 °C 0.77, 0.85

followed by cool to 22 °C 1.13, 1.29
TREVA-5 R-pinene 47 400 22 ( 1 T increase to 34 °C 0.80, 0.86
TREVA-6 R-pinene 89 400 22 ( 1 T increase to 34 °C 0.71, 0.92

followed by cool to 24 °C 1.02, 1.24
TREVA-7 R-pinene 14 400 22 ( 1 T increase to 34 °C 0.67, 0.86
a Experiments TDMA-1 to TREVA-3 were in the 5 m3 Teflon chamber, while experiments beginning with TREVA-4 were in the 10 m3 Teflon

chamber. b All terpene oxidation experiments (with the exception of TDMA-1) were with ozone in excess and 2-butanol as an OH scavenger, based
on the protocol of Yu et al. (41). c All experiments were without seed, except for TREVA-2 which included 900 cm-3 ammonium sulfate particles.
d All experiments were under dry conditions (<10% RH). e Vinit is the volume at the beginning of the temperature change. Reported range for TDMA
experiments is due to different residence times and temperatures. Two values in TREVA experiments are from wall loss correction (see eq 1) with
f ) 0 and f ) 1, respectively.

FIGURE 2. Example of raw data from temperature-ramp smog
chamber. Panel A shows ozone concentration, aerosol number
concentration, and r-pinene concentration. Panel B includes
temperature and aerosol volume. Of particular significance to the
technique is the fact that, when the temperature is changed at 90
min, the aerosol number continues to decay smoothly while the
volume decay increases significantly.

Ctot ) Cg + Coa

Coa ) Csus +
CwSc

Vc

d
dt[CwSc

Vc
] ) kwCsus + f

CwSc

Vc

1
Csus

[kwCsus + d
dt

Csus] (1)
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to wall-bound particles behaving exactly as suspended
particles. Given values of f and kw, CwSc/Vc is calculated by
numerical integration for each experiment, determining Coa.
The parameter kw is measured for each experiment by a fit
of lnCoa vs t during a period of stable temperature. The
parameter f is assumed to be between 0 (lower bound to
temperature dependence) and 1.0 (upper bound) and the
data is reduced at each limit.

For SOA experiments, the time series of wall-loss corrected
aerosol concentration (Coa) is regressed against temperature
as ln(Coa) vs T. The slope, which has units of K-1 is used as
the measure of the aerosol concentration temperature
dependence. Values are multiplied by 100 and reported in
this work as % K-1.

Figure 3 shows an example of wall-loss corrected time
series and aerosol temperature response. Figure 3a graphs
three values of aerosol mass (as measured, wall loss corrected
with f ) 0 (“wall-loss correction 1”), and wall loss correction
with f ) 1.0 (“wall-loss correction 2”). Panel B graphs wall
loss corrected aerosol mass versus temperature.

The true value of f, and its potential variation between
experiments, is not known. While the results in this work are
sensitive to the gas-particle partitioning behavior of deposited
particles, we note that similar phenomena may be at work
in any chamber where the temperature changes over time.

3.2. TREVA Method Evaluation. TREVA was tested with
a nonvolatile aerosol (polydisperse ammonium sulfate,
number mode 60 nm, initially at 16 000 cm-3). The size
distribution was monitored as the enclosure temperature
was changed from 24 to 38 °C. The SMPS time series was
processed identically to those of the SOA experiments, to
extract a temperature sensitivity as the slope of lnC vs T. The
result was -0.1 ( 0.3% per K (compared to organic aerosol
experiments ranging from -0.4 to -3.6% per K).

The TREVA technique was also challenged with polydis-
perse adipic acid. TDMA-based experiments from the
literature place the saturation concentration of adipic acid
at 0.4-0.8 µg m-3 (16) and 0.3-1.0 µg m-3 (38) at 22 °C,
increasing to 3.4-6.7 µg m-3 (16) and 4.4-18.2 µg m-3 (38)
at 36 °C. 74 µg m-3 of adipic acid (Ctot) generated using a TSI
3076 atomizer were introduced into the chamber over a 3 h
period, followed by a temperature ramp from 20 to 36 °C. At
the beginning of the temperature ramp, 18 µg m-3 were
suspended while approximately 56 µg m-3 had been lost to
the chamber wall and <1 µg m-3 was in the gas phase.

The observed signal was a change in the suspended aerosol
concentration (wall-loss corrected) from 18 to 13 µg m-3.
Using the aerosol time series with eq 1 and assumed values
of f, one can calculate the time history of Coa and Cg (with
Ctot fixed). Calculating the increase in gas phase adipic acid
during the temperature ramp, gives values of 5.4, 22, 36, and
55 µg m-3 for various values of f (0, 0.25, 0.5, and 1,
respectively). The difference between the observed change
in Csus (5 µg m-3) and the calculated increase in Cg for cases
with f > 0, is due to the assumed evaporation of the wall-
adhered 56 µg m-3. Based on the expected gas-phase
concentration increase of 4-17 µg m-3 from the literature
TDMA studies, f should be less than 0.25. However, to be
conservative in our reporting of the SOA temperature
dependence, rather than generalize this value to the SOA
systems, we reduce the SOA data using f ) 0 and f ) 1 and
report the range.

3.3. TREVA Results for SOA. Applying the data reduction
procedure to all the R-pinene experiments gave temperature
dependences of aerosol concentration of -0.4 to -3.6% per
K. In other words, a one degree temperature increase resulted
in a mass or volume loss between 0.4 and 3.6%. The
temperature dependences (the slopes of ln(Coa) vs T) are
plotted in Figure 4. The wall-loss correction was first
performed using f ) 0. Then, a second calculation was
performed with f ) 1.0. These two values averaged together
give the height of the bars in Figure 4.

The uncertainty bounds are calculated by using half of
the difference of the individual calculations (f ) 0 and f )
1) and adding the uncertainty from the goodness of fit (2
standard errors on fitted slope). The error bars in the negative
direction (i.e., large error bars reflecting potentially greater
temperature sensitivity) had an additional term added to
account for any upward slope in aerosol concentration at
the time of initiation of the temperature ramp. The additional
amount was calculated by fitting a second-order polynomial
to the 20 min of Coa(t) data prior to the temperature ramp,
and extrapolating to determine C′oa(tend) where tend is the
time of the end of the temperature ramp. The correction is
then[C′oa(tend) - Coa(tstart)]/[Coa(tstart)∆T]. This error is

FIGURE 3. Example of wall loss-corrected time series and aerosol
temperature response. Panel A graphs temperature together with
three values of aerosol mass (as measured, wall loss corrected
with f ) 0 (“wall loss correction 1”), and wall loss correction with
f ) 0.5 (“wall loss correction 2”). Wall loss corrections done with
eq 1. Panel B has wall loss corrected aerosol mass graphed versus
temperature. Error bars show effect of assumptions regarding
evaporation of wall-bound particles. Points calculated from eq 1
with f ) 0 and bars extending down calculated with f ) 1.

FIGURE 4. Summary plot showing measured volatility for ammonium
sulfate and for 9 temperature ramps of r-pinene SOA. Volatility is
quantified as % mass change per degree K. Error bars reflect
calculated temperature response under two different assumptions
regarding the evaporation and condensation of particles on the
chamber walls.
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small (up to 0.5% K-1) and scales inversely with the delay
between initial SOA formation and the temperature ramp.

The fit of ln(Coa) versus temperature had R2 values ranging
from a low of 0.5 to a high of 0.99. In most cases, the
uncertainty in f (0 vs 1) was the larger contributor to
uncertainty (in the median case, the choice of f contributed
75% of the uncertainty while the goodness of fit contributed
15% and the upward slope in Coa at the time of the
temperature ramp contributed 10%). The error regarding
the wall-loss correction and associated choice of the f
parameter is likely to be correlated from experiment to
experiment, while the uncertainty from the goodness of fit
seems to be specific to the individual experiments. The lack
of understanding of the evaporation and condensation
behavior of particles on the walls, as parametrized by the
factor f, is currently the biggest uncertainty in the TREVA
technique.

While there is some suggestion that lower concentrations
and longer aerosol aging times (all experiments are with ozone
in excess) give lower temperature dependences, the error
bars in combination with the relatively low number of
experiments prevent any definitive conclusion on this point.

3.4. TDMA Results. The TDMA approach and apparatus
was tested with polydisperse adipic acid aerosol, which was
put in the same 5 m3 Teflon chamber used for terpene
ozonolysis, and then sampled from there into the TDMA
system. The aerosol size changes were converted to vapor
pressures using the established technique of adjusting the
unkown vapor pressure to achieve a match between predicted
and observed size changes (15, 16, 36). The results compared
favorably to previously measured values of Tao and McMurry
(agreement to (15%). Using non-evaporating aerosols, the
uncertainty on diameter changes was determined to be about
(1%. Absolute accuracy was evaluated with polystyrene latex
spheres and was about (3%.

The TDMA apparatus was used to measure the size change
of R-pinene SOA upon heating from 22 °C to temperatures
ranging from 30 to 43 °C with mean residence times of up
to about 1.5 min. In general, diameter size changes of up to
7% (volume reduction of 20%) were measured, and nearly
all experiments were done with initial diameters of 100 or
150 nm. Data is reported in the Supporting Information.

By comparing this evaporation measurement (∼7%
diameter change at 39-43 °C and residence time of 1 min)
with the results for atomized pinic acid (15), we immediately
see a large difference. For instance, at 39 °C, pinic acid aerosol
evaporated almost completely from an initial size of 150 nm
in about 20-60 s, corresponding to the measured vapor
pressure (at 39 °C) of about 2-8 × 10-9 atm (the corre-
sponding csat is 15-60 µg m-3).

Because of the low amount of measured evaporation in
the SOA aerosols relative to pinic acid, various experimental
problems that could lead to a low bias in evaporation were
examined. The following potential problems were consid-
ered: (1) condensation of previously evaporated materials
onto aerosols prior to DMA 2 (ruled out by monitoring the
TDMA result with different temperatures on the heated
transfer line, which had a mean residence time of less than
1 s); (2) evaporation of aerosols in the bypass line used to
verify the initial unheated size (ruled out by verifying no
systematic difference in the DMA1 setpoint compared to the
measured size at DMA2 for ammonium sulfate and unheated
secondary organic aerosols); (3) resistance to mass transfer
due to non-negligible gas-phase semivolatiles during evapo-
ration (discussed below).

Three causes of non-negligible gas-phase concentrations
in the evaporation tube were ruled out: (1) insufficient
dilution at DMA1 (ruled out because a 15:1 sheath to aerosol
flow ratio was used, and sheath air was carbon filtered to
remove organics); (2) build-up of gas-phase concentrations

from evaporation of the particles in transit (ruled out by
mass balance calculation and keeping number concentra-
tions below 1000 cm-3, thereby ensuring evaporated mass
was less than 5% of saturation concentrations); (3) evapora-
tion of previously deposited organics on the evaporation tube
wall (ruled out by comparing results with and without
overnight heating and flushing of the evaporation tube with
45 °C filtered air.

3.5. Comparison of TDMA and TREVA Results. The
TREVA result (at equilibrium) and the TDMA result (under
mass transfer limited conditions) are not directly comparable,
and therefore, a semivolatile partitioning model is used to
enable comparison. Partitioning is described using the
absorptive partitioning model (5-7) as implemented in refs
11, 39:

where Y is the overall aerosol mass yield, Coa is the production
of organic aerosol in the chamber (µg m-3), ∆ROG is the
consumption of reactant (µg m-3), ai is the stoichiometric
yield of semivolatile species i, and ci

/ is the effective
saturation concentration of compound i (µg m-3). Changes
in the saturation concentration of species i with temperature
were described by the Clausius Clapeyron equation:

where ∆Hevap is the enthalpy of evaporation.
Equations 2 and 3 were used in conjunction with mass

transfer equations for TDMA to predict aerosol shrinkage in
the TDMA tube. The multicomponent TDMA equation is

where xi is the aerosol mole fraction of species i, Mi is the
molar mass of species i, Fi is the density, R is the gas constant,
T is the temperature, pi° is the vapor pressure of species i
over a flat surface, σi is the surface free energy, Dp is the
particle diameter, Kn is the Knudsen number, Di,air is the
binary diffusivity of species i in air, and Ri are the accom-
modation coefficients. Equation 4 assumes activity coef-
ficients of unity and zero concentration of the evaporating
species in the bulk gas away from the particle. The transition
regime correction F(Kn,R) of Fuchs and Sutugin is used (39).

To establish the parameters (vapor pressures and mass
fractions) for eqs 2 and 4, we performed a regression to find
the stoichiometric yields of six surrogate compounds along
a “basis set” with 298 K saturation concentrations of 0.01,
0.1, 1, 10, 100, and 1000 µg m-3 (30). The data used were the
R-pinene ozonolysis SOA yield experiments of Cocker (24)
together with the TREVA-measured temperature depend-
ences (e.g., Figure 4). More smog chamber experiments can
be included in the fitting, but the results are qualitatively the
same. Two sets of regression were performed to account for
the uncertainty in the temperature dependence as measured
by the TREVA technique. The first set, denoted A and B, was
performed on the temperature dependences obtained using
f ) 0.5 TREVA data. The second set, denoted C and D, was
performed using f ) 0 values. Different values of ∆Hevap were
tried in the regression (with the same ∆Hevap applied to all
the compounds in the basis set), and values of 10-50 kJ
mol-1 gave the best results. The parameters used for models
A through D are listed in Table 2.

Y )
Coa

∆ROG
) Coa ∑ ai

ci
/ + Coa

(2)

ci
/(T2)

ci
/(T1)

)
T1

T2
exp[∆Hevap
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Next, TDMA evaporation was simulated using eqs 2-4
(with a value of σ of 0.05 J m-2). These were used to calculate
the organic aerosol composition (e.g., mass fractions of
semivolatile species) entering the TDMA tube and resulting
evaporation for each of the 30 TDMA experiments. This was
repeated for different accommodation coefficients, and
results are shown in Figure 5. For all cases (A-D) an
accommodation coefficient of one would predict more
evaporation than observed in the experiments. With 30
experiments, t-tests on mean diameter change for the
measurements versus models A-D using an accommodation
coefficient of one are highly significant, with p values of less
than 10-4. This assumes 15 and 30% standard errors on the
measured and modeled diameter changes. Furthermore, t
tests are significant to a significance level of 5% even in the
presence of bias in the measured or modeled size change of
up to ∼0.05 Dp,init for cases A-C and up to 0.013 Dp,init for
case D. For models C and D, accommodation coefficients of
∼0.01 and ∼0.1, respectively, are sufficient to match the range
of observed TDMA results. For models A and B, accom-
modation coefficients below 0.01 are required to sufficiently
limit evaporation.

The implication of the TDMA to TREVA comparison, that
the accommodation coefficient may be 0.1 or less, has im-
portant implications for rapid sampling configurations
where adjustment of semivolatile partitioning must be
considered, including V-TDMA. We note that while the mass
transfer limitation was quantified in terms of accommoda-
tion, the exact nature of the kinetic limitation is not
understood.

3.6. Comparison to Other Experiments. This work
brackets the temperature sensitivity of SOA from R-pinene
ozonolysis between -0.4 and -3.6% K-1. This applies to
temperatures between about 20 and 37 °C and to ∆ROG
values between about 14 and 150 ppb (corresponding to Coa

concentrations between ∼5 to ∼200 µg m-3). This can be
compared to two types of experiments: (1) pure components,
and (2) SOA with less than 100 ppb of reacted R-pinene and
no organic seed aerosol.

The expected ∆lnCoa/∆T of a pure compound is easily
calculated if both the ∆Hevap and the aerosol-gas partitioning
are known (the formula is -(1 - x)∆Hevap/(xRT2) - 1/T
where x is the aerosol fraction of the total semivolatiles).
Considering a case where ∆Hevap is 40 kJ mol-1, the tem-
perature sensitivities are -48, -6, and -0.9% K-1 for aerosol
fractions of 0.1, 0.5, and 0.9, respectively. For ∆Hevap of 110
kJ mol-1 and the same aerosol fractions, the temperature
sensitivities increase to -130, -15, and -2% K-1.

Turning to experimentally based results, Pathak et al. (28)
repeated the TREVA experiment in the CMU chamber and
obtained a temperature dependence of -1.6% K-1 between
15 and 40 °C.

Multiple chamber experiments over a range of temper-
atures are not directly comparable to TREVA experiments
because of the simultaneous influence in the former experi-
ments of temperature on partitioning and gas-phase chem-
istry (yields of various products, branching ratios in the system
of reactions, etc.). Pathak et al. report little to no temperature
dependence (0 to -1% K-1) at temperatures above 10 °C
using this technique. The results of Sathoff et al. (at 17 ppb
R-pinene) are significantly different, with a temperature
dependence of about -3% K-1 (29). Jenkin (26) fit experiments
from different investigators and different chambers to a
detailed model including semivolatile partitioning. At 75 ppb
R-pinene oxidized with O3 in the presence of cyclohexene,
the model shows temperature dependence of -4.6% K-1.

Two other works, while not directly comparable, bear
mention. Takekawa, with photooxidation of 90 ppb R-pinene
(as opposed to ozonolysis with scavenger in this work) reports
a large temperature dependence, with the aerosol mass
dropping from 89 to 20 µg m-3 with the main difference in
the experiments being the 10 vs 30 °C temperature (-7.4%
K-1). It should be noted that this is from a single pair of
experiments. Offenberg et al. (40), evaporated SOA from
photooxidation, but with major differences in concentrations,
chamber configuration, temperatures, residence times, and
chemistry.

3.7. Implications for Models. While these discrepancies
in the experiments may appear small (e.g., -1 vs -5%), they
are significant when applied over a typical atmospheric
temperature difference of 15 °C, easily found in a diurnal
cycle or between the surface and an elevation of 3 km. For
-1% K-1 we calculate a small but non-negligible (14%) change
in concentration for this 15 °C, while -5% K-1 gives a large
(53%) change in organic aerosol concentration.

In this work, no ∆Hevap values have been reported. The
reason for this is that to determine ∆Hevap values, the chemical
makeup of semivolatiles in the aerosol and gas phases must
be quantified (at least the relative amounts of compounds
or groups of compounds with distinct saturation concentra-

TABLE 2. Semivolatile Stoichiometry Used in TREVA Vs TDMA Comparison

molar yields binned by compound csat at 298 K (µg m-3)
model 0.01 0.1 1 10 100 1000 ∆H

average absolute
error vs (24)

mean bias
vs (24)

∆lnC/∆T at 30 °C,
10 µg/m3 (% K-1)

∆lnC/∆T at 30 °C,
100 µg/m3 (% K-1)

A 0.035 0.030 0 0.057 0.108 0.23 20 0.01 -0.002 -1.10 -1.27
B 0.064 0.051 0 0.025 0.085 0.16 50 0.01 -0.007 -1.06 -1.77
C 0.044 0.029 0 0.071 0.056 0.26 10 0.01 -0.006 -0.70 -0.69
D 0.070 0.062 0 0.043 0.006 0.13 30 0.02 -0.003 -0.60 -0.67

FIGURE 5. TDMA Result. The left-most box is for the experimental
data. The rest of the 16 boxes are simulations of particle shrinkage
in the TDMA for combinations of accommodation coefficients
(1-0.005) and aerosol stoichiometry (A-D). The line inside the box
is the median, the box boundaries are at 25th and 75th percentiles,
and the whiskers extend to 1.5 interquartile ranges. Models A and
B have a mix of semivolatile components with higher temperature
dependence because they are fit to the middle of the range of
TREVA results. Models C and D are fit to the low-temperature
dependence bound of the TREVA results.
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tions must be known). As a corollary, the expected temper-
ature sensitivity with several semivolatile compounds in
solution depends not only on the individual ∆Hevap values,
but also on the partitioning prior to any temperature
modification.

4. Conclusion
This work presents a whole chamber method to look at the
temperature sensitivity of SOA concentrations. The uncer-
tainty in the method is due to a lack of understanding of
evaporation and condensation of particles on chamber walls.
However, TREVA provides a limit (-4% K-1) to the temper-
ature dependence of SOA concentrations from the R-pinene
SOA system in the concentration ranges used in this work.
The method has the potential to help evaluate kinetic
limitations to evaporation of SOA aerosols, and to help
decouple temperature-dependent stoichiometry from tem-
perature-dependent partitioning.

Simple SOA parametrizations, when coupled with ∆Hevap

values as low as 30 kJ mol-1, can exhibit temperature
sensitivities inconsistent with these experiments. Potential
mass transfer limitations to the evaporation of organic aerosol
can be seen in TDMA experiments in the ozone/R-pinene
system. Use of both the TDMA and TREVA techniques can
help quantify these limitations.
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Appendix
The equation for the wall loss correction during evaporation-
condensation under assumption of size independent first-
order wall losses:

where Cw is the particle volume concentration on the chamber
wall (µg3 m-2), Sc is the chamber surface area (m2), Csus is the
mass concentration of suspended particles inside the cham-
ber (µg3 m-3), and Vc is the chamber volume (m3). Lw is the
mass loss rate of particles to the wall (µg min-1), Esus and Ew

are the rate of change of the particle mass in suspension and
on the wall, respectively, due to evaporation and condensa-
tion (µg min-1). Production of aerosol via reaction is neglected
in equations (A1) and (A2) assuming that the analysis is
performed after reactions are completed.

Defining an evaporation coefficient â (unit of K-1) where
M is aerosol mass and E is an evaporation rate:

In writing expressions for the evaporation (condensation)
rate of suspended and wall-bound particles, we allow the
particles on the wall to evaporate at a rate proportional to
the suspected particles, with an empirical proportionality
constant f.

Substituting these in to equations (A1) and (A2) the equations
for rate of change of suspended and wall-associated aerosols
are

Eliminating â gives a differential equation for the concentra-
tion of particles on the wall:

When the mass concentration of suspended aerosol is
decaying by wall loss alone, the second term is zero, and the
wall aerosol increases by exactly Lw.

Writing the Lw term in terms of first-order loss constant
kw and dividing through by the chamber volume Vc gives a
differential equation for the unknown term CwSc/Vc (units of
µg m-3):

Supporting Information Available
Experimental results for R-pinene temperature ramp experi-
ments and results of individual TDMA experiments. This
material is available free of charge via the Internet at http://
pubs.acs.org.
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