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Abstract

In this study a kinetic evaporation-condensation model was applied to assess the un-
certainty in determining the volatility behaviour of organic particles from thermodenuder
experiments, at conditions relevant to both ambient and laboratory measurements.

A comprehensive theoretical parametric analysis showed that re-condensation in5

thermodenuder experiments is highly case-dependent, being strongly determined by
the combined effects of aerosol mass loading, particle size and the kinetics of conden-
sation. Because of this dependence it is possible to find cases with either negligible or
significant levels of re-condensation at high organic mass loadings, thus accounting for
the diverging degrees of re-condensation reported in previous experimental and mod-10

eling studies. From this analysis it was concluded that gas denudation should generally
be applied in experiments with aerosol mass loading >30 µg m−3. However, thermo-
grams may be lowered in the region below 45 ◦C as a result of the evaporation induced
by denuders for compounds with saturation concentration C∗ >1 µg m−3.

A calibration curve relating C∗ (saturation concentration) and T50 (temperature at15

which 50 % of aerosol mass evaporates) was theoretically derived and tested to infer
volatility distributions from experimental thermograms. While this approach was found
to hold at equilibrium, significant underestimation of the particle volatility was found
under kinetically-controlled evaporation conditions. Because thermograms obtained
at ambient aerosol loading levels are most likely to show departure from equilibrium,20

the application of a kinetic evaporation model is more suitable for inferring volatility
properties of atmospheric samples than the calibration curve approach; however, this
method implies significant uncertainty, due to the sensitivity of the kinetic model to the
assumption of “effective” accommodation coefficient.

Predictions of the evaporation-condensation behaviour of α-pinene SOA exhibited a25

large uncertainty in estimating the aerosol mass formation induced by cooling, depend-
ing on whether it was assumed that gas condensation was affected by the amorphous
solid state of the particles. Evaluation of the dilution-induced evaporation of α-pinene
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SOA showed that the equilibrium partitioning theory underpredicts the aerosol mass
concentration by a factor of between 5 and 10, with respect to kinetic calculations.
Analysis in this study suggests that, the mass transfer kinetic coefficient, inclusive of
diffusive kinetic limitations, is a critical unknown to both estimating the volatility proper-
ties and determining the atmospheric gas-particle partitioning of SOA.5

1 Introduction

Organic aerosols comprise a significant portion of atmospheric particular matter (Hall-
quist et al., 2009; Jimenez et al., 2009), with a long recognised impact on both human
health and global climate (Kanakidou et al., 2005; Tsigaridis and Kanakidou, 2007).
They comprise primary organic aerosol (POA) emissions from sources such as fossil10

fuel combustion, biomass burning and diverse industrial processes, and a secondary
organic aerosol (SOA) contribution formed in the atmosphere from the gas phase ox-
idation of volatile organic compounds (Hallquist et al., 2009). The volatility of organic
aerosols largely determine the partitioning of compounds between the gas and parti-
cle phases, hence influencing the particles mass concentration, composition and size,15

which in turn can affect the hygroscopicity and optical properties of organic aerosols in
the atmosphere (Topping et al., 2011). Accurate representation of gas-particle parti-
tioning of semi-volatile organic compounds, and its dependence on temperature, dilu-
tion conditions and chemical transformations in the atmosphere, is required for improv-
ing prediction of the global distribution of organic aerosols.20

Particle evaporation studies in dilution chambers and thermodenuder systems are
increasingly being conducted to characterise the volatility distribution and evaporation
behaviour of primary and secondary organic aerosols in laboratory and field measure-
ments (Huffman et al., 2008; Saleh et al., 2008; Faulhaber et al., 2009; Grieshop et al.,
2009; Cappa and Wilson, 2011). A growing number of methods are being proposed25

in order to infer information on the volatility and thermodynamic properties of organic
aerosol compounds from the evaporation profiles derived from this type of experiments
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(Faulhaber et al., 2009; Grieshop et al., 2009; Cappa and Wilson, 2011; Saleh et al.,
2011). Some of these methods rely on the assumption that equilibrium is attained in the
heating section of thermodenuder systems (Offenberg et al., 2006; Saleh et al., 2008).
However, the observed dependence of thermograms on a thermodenuder’s residence
time indicates that equilibrium may not be attained under certain experimental condi-5

tions (An et al., 2007; Grieshop et al., 2009). Theoretical analysis of particle evapo-
ration kinetics have shown that evaporation equilibration times in thermodenuders are
highly dependent on factors such as aerosol mass loading, compound volatility and
evaporation coefficient (Riipinen et al., 2010), resulting in evaporative equilibrium be-
ing attained only under laboratory conditions at organic aerosol loadings >200 µg m−3

10

in systems with residence time ≥30 s (Riipinen et al., 2010; Saleh et al., 2011). Since
concentrations of organic aerosol at ambient levels are typically below 50 µg m−3 (Huff-
man et al., 2008), equilibrium is expected not to be reached in thermodenuder mea-
surements with atmospheric samples due to the limited residence time usually applied
in this systems (below 30 s). Atmospheric measurements should therefore be inter-15

preted using a kinetic rather than an equilibrium approach, otherwise this may result in
significant deviations in determining the evaporation properties of the organic aerosol
(Riipinen et al., 2010; Cappa and Jimenez, 2010). The use of evaporation kinetic
models imposes a strong limitation in the input requirements of the properties of con-
stituents of the particles, since in most cases even the identity of compounds in the20

aerosol sample is unknown (Cappa and Jimenez, 2010). In order to avoid the limita-
tions imposed by detailed kinetic evaporation models, Faulhaber et al. (2009) proposed
a method for deriving volatility distributions from thermograms, based on an empirical
relationship found between the thermodenuder temperature at which 50 % of the total
mass of aerosol evaporates (T50) and the organic compound vapour pressure. Be-25

cause this empirical calibration curve was derived from measurements at high organic
aerosol loading (100–200 µg m−3) with a limited set of organic compounds, while this
method seems to provide good estimations for a variety of samples, it is still uncertain
that it is valid for compounds and conditions other than those used for the calibration.
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In addition to being used to infer volatility distribution of organic aerosols, evaporation
profiles obtained from isothermal dilution and thermodenuder experiments have been
recently employed to derive accommodation coefficients, by coupling measurements
and kinetic modelling for compounds of known volatility (Grieshop et al., 2009; Cappa
and Wilson, 2011; Saleh et al., 2011). This approach has proven useful in determining5

accommodation coefficients for single compounds such as dicarboxylic acids (Cappa,
2010; Saleh et al., 2011), POA mixtures such as lubricating oil (Grieshop et al., 2009;
Cappa and Wilson, 2011) and amorphous solid SOA derived from α-pinene ozonolysis
(Cappa and Wilson, 2011). Inconsistencies exist, however, between the evaporation
coefficients estimated from isothermal dilution and thermodenuder measurements for10

compound mixtures like lubricating oil (Grieshop et al., 2009; Cappa and Wilson, 2011).
Whether this discrepancy is a result of different volatility composition resulting from
the use of different aerosol generation techniques, or to artefacts derived from the
evaporation methodologies applied, is unresolved.

Re-condensation has long been considered as a potential concern for the inter-15

pretation of evaporation profiles from thermodenuder measurements, as this would
lead to an underestimation of a particle’s volatility (Burtscher et al., 2001; Wehner et
al., 2002; Huffman et al., 2008). To minimise this effect, charcoal denuders are in-
cluded in the cooling section of many standard designs, such that the semi-volatile
material is removed from the gas-phase, and re-condensation is suppressed as the20

aerosol sample cools down (Burtscher et al., 2001; Wehner et al., 2002). Exper-
iments by Huffman et al. (2008) have proven that sulphuric acid particles present
a potential for re-condensation in thermodenuder cooling sections at aerosol load-
ings ≤50 µg m−3, while re-condensation for organic compounds of higher volatility than
sulphuric acid, has been found to be negligible. Volatility studies on Diesel exhaust25

and marine aerosols with volatility tandem differential mobility analyser (VTDMA) in-
struments have shown insignificant re-condensation in cooling sections (Orsini et al.,
1999; Sakurai et al., 2003); however, it is considered that the rate of re-condensation
in these systems is lower than in thermodenuder instruments owing to the low particle
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surface area available after size selection (Huffman et al., 2008). Modelling calcula-
tions by Cappa (2010) for high volatility compounds (C∗ = 10 µg m−3) have shown that
re-condensation is likely to be substantial at laboratory conditions with organic aerosol
loadings >200 µg m−3, while being of low significance for ambient aerosol loading lev-
els. In contrast, recent thermodenuder experiments by Saleh et al. (2011) indicate that5

re-condensation of dicarboxylic acids would be negligible even for high organic load-
ings between 100–250 µg m−3. General claims in Saleh et al. (2011) that the use of
denuders should be avoided because of negligible re-condensation and the likely par-
ticle evaporation caused by denuder gas stripping, are also in contrast with detailed
kinetic modeling showing that particle evaporation induced by gas denuding is only10

expected to be significant for high volatility compounds (Cappa, 2010).
Determining the significance of re-condensation is also relevant for modeling studies

aiming to provide values of evaporation coefficients, where a difference of one order
of magnitude in the value of this parameter can exist between the cases with and
without significant re-condensation (Cappa and Wilson, 2011). The lack of agreement15

between the different experimental and modeling studies regarding the significance of
re-condensation points at the necessity of further exploring the potential of this effect
to influence thermodenuder measurements for samples and experimental conditions
broader than those considered in previous studies.

In this work a kinetic evaporation-condensation model in an axisymmetrical thermod-20

enuder geometry is applied to assess the interpretation of particle mass evaporation
profiles obtained at conditions relevant to both ambient and laboratory measurements.
The main aims of this study are (1) to evaluate the uncertainty in estimating volatility
distributions from thermodenuder measurements, including deviations resulting from
re-condensation and/or assumptions of equilibrium and kinetic mass transfer coeffi-25

cients; (2) to provide theoretical interpretation for the empirical calibration between
the temperature at which 50 % of organic aerosol mass evaporates (T50) and vapour
pressure, and assess its validity for deriving volatility distributions from thermograms
at a variety of conditions and (3) to provide insights on the effective accomodation
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coefficients of a set of primary and secondary organic aerosol samples, with a particu-
lar emphasis on analysing the discrepancies between the evaporation rates observed
in dilution and heating experiments.

2 Thermodenuder model

A diffusion-evaporation model was applied to simulate the evaporation/re-condensation5

of particles in a cylindrical geometry thermodenuder system. The thermodenuder con-
figuration consists of a typical design, as illustrated in Fig. 1. The model was sequen-
tially solved on the three sections of the thermodenuder: the heating section, where
the particles are subject to evaporation; the cooling section, which is the short inter-
mediate piece of tubing where the sample approaches ambient temperature; and the10

denuder section, which comprises the piece of tubing where gas-phase semi-volatile
compounds are removed by a charcoal adsorber in order to avoid re-condensation.
Figure 1 summarises the dimensions and residence time in each part of the design.

The thermodenuder model simulates the gain and loss of material in the condensed
phase resulting from evaporation and re-condensation, respectively, the transport of15

the gas and the evolution of the particle diameter. The steady-state evaporation/re-
condensation and diffusion of a gaseous compound through a cylindrical tube, assum-
ing azimuthal symmetry and constant coefficient of diffusion, is defined as (Tan and
Hsu, 1970):

vx
∂Ci

∂x
+vr

∂Ci

∂r
=Di

[
1
r
∂
∂r

(
r
∂Ci

∂r

)
+

(
r
∂2Ci

∂x2

)]
+qi (1)20

where vx and vr are the fluid velocity in the axial and radial directions, respectively, Ci is
the gas phase mass concentration of compound i , Di is the gas diffusion coefficient, qi
is the source/sink term for the gas phase due to particle evaporation/re-condensation,
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and x and r are the axial and radial coordinates, respectively. Equation (1) was sim-
plified under the assumption of negligible secondary flows and diffusion in the axial

direction, such that the terms involving vr and ∂2Ci

∂x2 are eliminated from the equation.
The assumption for negligible axial diffusion is valid for Péclét number of diffusion
>100 (Turpin et al., 1993), which applies to the geometry and conditions in this study5

(Pe=115). The convective term for secondary flows vr was considered to be negligible
compared to the axial velocity term in Eq. (1). This assumption will be further validated
by comparing with experimental results.

The term qi , which denotes the mass gain/loss in the gas or particle phase (Cp,i ) due
to evaporation or re-condensation, is defined as (Seinfeld and Pandis, 1997; Cappa,10

2010):

qi = vx
∂Ci

∂x
=−vx

∂Cp,i

∂x
=2πNDidpΓ

(
xiC

∗
i −Ci

)
(2)

where N is the particle number, dp is the particle size, Γ is the Fuchs and Sutugin
(1970) correction term, defined as a function of the accommodation coefficient α, xi is
the compound mass fraction in the particle and C∗

i is the compound saturation concen-15

tration.
It should be noted that the use of an accommodation coefficient to represent all po-

tential kinetic limitations to evaporation and condensation of organic aerosols may not
be strictly physically correct as it has been largely influenced by the formulation of the
evaporation model applied. As an example, the kinetics of evaporation of non-liquid20

particles may be expected to be greatly influenced by the diffusion coefficient through
a viscous solution (e.g. Tong et al., 2011). Although such behaviour should be tested in
appropriate model frameworks (Pfrang et al., 2011), kinetic limitations will be evaluated
in the present work in terms of an “effective” uptake coefficient γ′, which comprises all
kinetic limitations to mass transfer from the aerosol to the gas phase and vice versa.25

Where the kinetic limitation to evaporation and re-condensation are considered of dif-
ferent magnitude, the uptake coefficient is split into an evaporation coefficient (γ′

evap)
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and a re-condensation coefficient (γ′
cond), for the evaporation and re-condensation pro-

cesses, respectively. In cases where equal evaporation and condensation coefficients
are considered, the effective accomodation coefficient will be denoted as α.

The boundary conditions applied to solve Eqs. (1 and 2) in the heating and cooling
sections are:5

Ci (0,r) = Ci0,298 K(CS) (3)

∂Ci (x,R)

∂x
= 0 (4)

where R is the thermodenuder radius. The first boundary equation is a constraint for
the initial concentration of the organic compounds in the gas phase. The concentra-
tion of gas at the inlet of the heating section (Ci0,298 K) is defined considering that the10

aerosol is in equilibrium at ambient temperature, and that the distribution of the organic
compounds between the gas and particle phases is defined by the adsorptive partition-
ing theory (Pankow, 1994). For the cooling section, the initial gas phase concentration
(Ci0,CS) is given by the heating section output gas distribution. The second boundary
equation is a Neumann boundary condition under the assumption of no mass losses15

to the walls of the system.
The boundary conditions considered to solve the diffusion-evaporation equation in

the denuder section are:

Ci (0,r) = Ci0,DS (5)

Ci (x,R) = 0 (6)20

The first equation defines the initial conditions for the denuder section, which are given
by the output gas concentration from the cooling section, while the second equation
is a Dirichlet condition defining the denuder walls as a perfect sink for the gas phase.
The assumption of perfect sink implies that the gas is bound completely and irreversibly
upon coming into contact with the coating material. The modeled denuder performance25
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therefore represents an upper limit on the efficiency of the system to remove semi-
volatile gas.

The temperature distribution of the gas in the heating and cooling sections was mod-
elled using the heat equation, under the assumptions of fully developed laminar flow
and negligible secondary flows and heat transfer in the axial direction as (Campo,5

2004):

ρcpvx
∂T
∂x

=k
[

1
r
∂
∂r

(
r
∂T
∂r

)]
(7)

The assumption of fully developed flow at the entrance of the thermodenuder was
adopted, given that the entrance length for a laminar flow to become fully developed
in the system under study is as short as 3 cm. The assumptions of negligible radial10

flow with respect to the axial velocity term and negligible heat transfer diffusion in the
axial direction are validated in the next section by comparing the modelled temperature
distribution with experimental temperature profiles from Huffman et al. (2008).

The heat equation in the heating and cooling sections was solved for the following
boundary conditions:15

T (0,r) = T 0,298 K(CS) (8)

T (x,R) = Twall (9)
∂T
∂r

= 0 (10)

where the first equation specifies ambient temperature conditions T0,298 K for the flow
at the entrance of the heating section and a cooling section initial temperature (T0,CS)20

defined by the output of the heating section. The second condition specifies the wall
temperature at all axial positions and the third equation states no heat losses in the
system.

The velocity of the fluid was modelled as a function of the local temperature, using
the definition of plug flow velocity. Because particle losses were neglected and a con-25

stant particle number profile was applied in the calculations, a plug flow velocity profile
6732
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is a better approximation than the parabolic profile for estimating the mean residence
time of the particles in this model. Applying a constant particle number together with
the parabolic velocity profile would result in a significant overestimation of the particle
evaporation and re-condensation yields at the wall region, where in fact the particle
number drops to zero due to particle losses (Shimada et al., 1993). This in turn would5

lead to an unrealistic enhanced diffusion of the gas towards the centre in the heating
section, and toward the walls of the tube in the cooling section, substantially affecting
the evaporation/re-condensation of the particles at other radial positions. Using a plug
flow velocity profile avoids the unrealistic increase in vapour from evaporation of par-
ticles at the wall. It is recognised that these assumptions do not ideally represent the10

wall interactions, but it is demonstrated below that the mean behaviour is well repre-
sented. Better representation of the radial profile including wall losses would require
simulation of the particle number profiles by calculation of particle trajectories and nu-
merical solution of Navier Stokes equations. This is beyond the scope of the current
study.15

For the aerosol evaporation calculations a one-way coupling approach between the
particles and the continuous phase was adopted, on the assumption that the size and
loading of particles is low enough as to negligibly affect the fluid properties. The fluid
temperature, density and velocity distribution in the system were first calculated for the
given wall temperature and flow boundary conditions, followed by the injection of parti-20

cles in the model to conduct the particle evaporation/re-condensation evolution calcula-
tions. The evaporation-diffusion equations given by Eqs. (1–6) were solved by applying
sequential numerical integration on the nodes of a cylindrical geometry axysimmetric
grid with a resolution of 0.2 mm in the radial direction and 5 mm in the longitudinal di-
rection. Increase in the resolution of the system did not result in a significant change in25

the results of the model. The system of Eqs. (1–2), together with the stated boundary
conditions and input of the spatial fluid properties, constitutes a system of coupled non-
linear partial and ordinary differential equations, which was iteratively solved using the
method of lines integration solution with Galerkin/Petrov-Galerkin spatial discretisation
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(Skeel and Berzins, 1990), and an explicit Runge-Kutta formula method, both imple-
mented in solvers in the commercial software Matlab.

3 Fluid properties

Figure 2 illustrates the modelled axial evolution of the fluid temperature in the heating
and cooling sections of a thermodenuder with dimensions and operating conditions5

identical to those described in Huffman et al. (2008), in comparison with experimental
centerline temperature measurements provided in the cited work. The initial tempera-
ture of the fluid in the model was set equal to the fluid temperature at the inlet of the
active heating zone in Huffman et al. (2008) (i.e. zone covered with heating tapes), so
that the thermodenuder wall temperature could be applied as a boundary condition.10

The wall temperature was set to the value of maximum temperature reached by the
fluid in the experimental system. As shown in Fig. 2, the modelled and experimental
temperature profiles are in good agreement, thus indicating that the assumptions pre-
viously made are valid for modelling the temperature and fluid properties. Calculations
at different wall temperatures indicate that, for the dimensions and operating condi-15

tions applied, the wall temperature boundary condition is reached in the centerline at
∼15–20 cm from the beginning of the heating section. As an example of temperature
distributions, Fig. S1 shows the temperature field in the heating section of the ther-
modenuder for a wall temperature of 100 ◦C. The temperature distribution affects both
the density and, consequently, the velocity of the fluid, leading to an acceleration and20

deceleration of the fluid in the heating and cooling section, respectively.

4 Re-condensation: parametric analysis

A parametric sensitivity study was conducted in order to evaluate the potential of
re-condensation to affect thermodenuder evaporation profiles and the subsequent
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interpretation of thermograms. For the analysis, the influence of aerosol loading (COA),
particle size (dp), accommodation coefficient (α), volatility (C∗) and diffusion coefficient
(Di ) on gas re-condensation, was evaluated by comparing thermograms obtained after
the heating, cooling and denuder sections in the thermodenuder model. The output
thermogram for an equivalent system without denuder section was also calculated in5

order to asses the level of re-condensation and the performance of the charcoal de-
nuder. The mass fraction remaining, calculated as a function of the heater temperature,
was defined as MFR=Mf/M0, where Mf is the aerosol mass after the corresponding
section in the thermodenuder and M0 is the initial aerosol mass in the system (M0 is
equivalent to the mass referenced to the bypass without thermodenuder, corrected for10

particle losses). Because the density of the particles was assumed to be constant, the
mass fraction remaining is equivalent to a volume fraction remaining. Together with the
thermograms comparison, the results were also evaluated in terms of re-condensation
fraction (RF) (Saleh et al., 2011), defined as the percent of evaporated gas that re-
condenses onto the particles after the cooling section (CCS) or the denuder section15

(CDS) with respect to the amount of gas exiting the heating section (CHS):

RF(%)=
CHS−CCS(DS)

CHS
·100 (11)

Positive values of RF indicate that the gas evaporated in the heating section recon-
denses in the cooling or denuder sections, while negative values indicate an increase
in the gas concentration with respect to the amount of gas at the exit of the heating20

section. Negative values of the re-condensation fraction are expected if the removal of
gas by denudation induces the evaporation of particles in the denuder section (Saleh
et al., 2011).

For the parametric analysis, the case with dp = 100 nm, α = 1, C∗ =0.1 µg m−3 and

C∗ =0.01 µg m−3, COA =400 µg m−3 and Di =5×10−6 m2 s−1 was selected for the base-25

line conditions. The heat of vaporisation generally correlates with the saturation con-
centration, exhibiting an increasing value for decreasing volatility (Epstein et al., 2009).
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In order to apply an enthalpy of vaporisation consistent with the compound’s volatility,
the linear equation derived by Epstein et al. (2009) was applied. For the volatili-
ties above indicated, this expression yields near-room temperature enthalpy values
of 151 kJ mol−1 and 140 kJ mol−1, respectively. In the model, a constant heat of va-
porisation was assumed over the temperature range considered. The thermodenuder5

geometry applied was similar to that described in Huffman et al. (2008), with dimen-
sions, residence times and flow as indicated in Fig. 1.

Figure 3 shows the thermograms obtained after the different thermodenuder sections
for C∗ =0.01 µg m−3 at diverse organic aerosol loading levels. The equilibrium evapora-
tion thermograms have also been included for comparison. In the re-condensation pro-10

cess, equilibrium is achieved when the initial aerosol mass is reached, i.e. for MFR=1.
In agreement with results in Cappa (2010), the re-condensation fraction is highly de-
pendent on the aerosol loading and particularly promoted at high aerosol loading levels,
which are typically used in laboratory experiments (Faulhaber et al., 2009; Cappa and
Wilson, 2011). The predictions indicate that an already significant re-condensation15

occurs in the 15 cm cooling section joining the heater and the denuder sections for
organic loadings ≥150 µg m−3. In addition, the removal of gas by the denuder at
high organic loadings is not sufficient to avoid further re-condensation, which in the
case of 400 µg m−3 loading leads to the re-condensation fraction being reduced in only
a ∼10 % with respect to the same length of tubing without denuder. The efficiency of20

the denuder to hinder re-condensation is considerably higher for lower organic loading,
with reductions ≥45 % in the re-condensation fraction, with respect to the case without
denuder for aerosol loadings ≤150 µg m−3. Although at 50 µg m−3 aerosol concentra-
tion, a less significant re-condensation occurs, removal of the denuder from the system
would still lead to re-condensation fractions up to 50 %, indicating the necessity of us-25

ing a charcoal denuder to control re-condensation. Low re-condensation occurs with-
out denuder at an aerosol loading of 30 µg m−3, (Fig. S2a) indicating that no significant
modification of the thermograms is expected at atmospheric conditions below this con-
centration. However, because atmospheric levels can reach values up to ∼50 µg m−3
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(Huffman et al., 2008), it seems beneficial to keep the denuder section as part of the
system in order to minimise any artefacts induced by re-condensation.

Corresponding results for visualising the relationship between volatility and re-
condensation are presented in Fig. 4. For a given MFR value, the curves for the cooling
section (CS and w/o DS) indicate that the re-condensation fraction does not seem to5

be substantially affected by the volatility of the organic aerosol. This is a result of the
lower temperatures required to achieve the same level of evaporation for high volatility
compounds with respect to the low volatility cases, which leads to gradients for re-
condensation of similar magnitude for compounds of different volatility. A substantial
difference is, however, observed in the C∗ =10 µg m−3 thermogram after the denuder10

section with respect to the lower volatility cases. This is a result of particle evaporation
induced by gas stripping in the denuder, which is enhanced with increasing volatility
and particularly affects thermograms for C∗ >1 µg m−3 and temperatures below 45 ◦C.
Further analysis has shown that this effect is only important for C∗ >1 µg m−3, even at
low aerosol loadings (Fig. S2b). Indeed, at 50 µg m−3 aerosol mass, evaporation in-15

duced by denudation has been predicted to be significant for volatilities C∗ >1 µg m−3

(Cappa, 2010). Because the significance of this effect is limited to a narrow range of
temperatures and to high volatility compounds it is likely that the impact of denudation
on thermograms is less significant for multicomponent mixtures.

As illustrated in Fig. 5, the kinetics of evaporation/re-condensation are strongly af-20

fected by the effective accommodation coefficient value. Whilst it is recognised that the
accommodation coefficient should not be used to represent all possible kinetic limita-
tions to particle equilibration, its variation can be used to investigate potential instru-
ment responses. Results in Fig. 5 show that reductions of the accommodation coeffi-
cient by an order of magnitude leads to a ≥50 % suppression of the re-condensation25

fraction, with negligible re-condensation predicted for α ≤ 0.01. It is also remarkable
that decreasing accommodation coefficients push the system away from attaining equi-
librium and that equilibrium is not reached for α≤0.1, even for the high aerosol loading
used in the calculations. In the work of Saleh et al. (2011), a thermodenuder with
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longer heating section residence time than the system in the present study was em-
ployed (plug flow residence time of ∼30 s, 298 K), allowing equilibrium to be attained for
α=0.1. However, it is foreseen that equilibrium will not be reached in a 30 s residence
heating system for α <0.1, regardless of the aerosol mass loading.

Another factor notably affecting the kinetics of re-condensation is the particle size,5

as shown in Fig. 6. For constant aerosol loading, an increase in the particle size
implies a reduction in the particle number, which results in a deceleration of the re-
condensation process. In contrast, the diffusion coefficient does not substantially affect
the re-condensation process, as reflected by the slight change in the thermograms
between the expected range of values for this parameter (Fig. S3).10

The strong dependence of the re-condensation rate on the particle size, accom-
modation coefficient and aerosol loading implies that the degree of re-condensation
should be predicted considering the combined, rather than the isolated effects of these
factors. Although the re-condensation rate will be enhanced by increasing aerosol
loading, increasing accommodation coefficient and decreasing particle size, negligible15

re-condensation could still be possible at certain high organic loadings, with sufficient
large particle size or low accommodation coefficients. Analysis of the re-condensation
occurring for a set of real cases, implying the combination of the above studied param-
eters, is presented in the next section.

5 Evaporation and re-condensation: selected cases20

5.1 Single compounds: di-carboxylic acids

The thermodenuder model was applied to simulate the evaporation of a set of single
compound and multicomponent mixed aerosols in order to quantify the potential for
re-condensation. The cases selected are based on experimental measurements by
Faulhaber et al. (2009), Grieshop et al. (2009) and Cappa and Wilson (2011), con-25

ducted at organic loadings between 70 and 650 µg m−3. The method applied consists
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on the iterative adjustment of the accommodation coefficient in order to obtain the best
fit between the experimental data and the model predictions, with the best fit providing
information on the degree of re-condensation. For comparison with the experimental
measurements, the dimensions and operating conditions of the thermodenuder sys-
tem relevant to each case were used to set the geometrical boundary conditions for5

the model.
Thermograms of di-carboxylic acids were modeled and compared with measure-

ments by Faulhaber et al. (2009), as shown in Fig. 7. Diverging values of accommo-
dation coefficient for di-carboxylic acids have been reported in the literature. Whereas
a value close to unity was derived by Riipinen et al. (2006) for succinic acid, low val-10

ues ∼0.1 have been determined by Saleh et al. (2011) for adipic acid. In order to
account for these diverging values, the thermograms were modeled for accommoda-
tion coefficients of 0.1 and 1. Figure 7 indicates a best agreement between succinic
acid measurements and model predictions for an accommodation coefficient close to
unity, while significant deviation is obtained when using an evaporation coefficient of15

0.1. For this latter value, all the curves collapse on the same line due to negligible re-
condensation. The model indicates that re-condensation in experiments by Faulhaber
et al. (2009) was low because of the charcoal denuder hindering re-condensation,
since denuder removal would have led to re-condensation fractions up to 40 %. Similar
results regarding the level of re-condensation and performance of the denuder were20

obtained for adipic and sebacic acid thermograms in Faulhaber et al. (2009). It should
be noted that although the predictions indicate a low re-condensation in these experi-
ments because of using a charcoal denuder, high aerosol loading levels on the order
of 400–650 µg m−3, as those in Cappa and Wilson (2011), would have led to lower
efficiency of the denuder system and to a higher re-condensation fraction.25

In order to understand the discrepancy between the significant re-condensation
yielded in the present study and measurements by Saleh et al. (2011) showing neg-
ligible re-condensation at high aerosol loadings, experiments conducted in the cited
study to test the degree of re-condensation were reproduced with the present kinetic
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model. The model predicts negligible re-condensation for an initial 287 µg m−3 aerosol
mass loading, in agreement with results in Saleh et al. (2011) (Fig. S4). This negligible
re-condensation is, in fact, a consequence of the short residence time in the by-pass
copper tube without denuder employed in Saleh et al. (2011) (1.87–3.74 s, tube of 1-
2 m length, flow=1 lpm and ID of 0.63 cm), compared to the typical residence time in5

cooling sections of diverse currently used thermodenuder models (e.g. ∼15.5 s. in ther-
modenuder by Huffman et al. (2008), with CS+DS tube length∼0.55 m, flow=0.6 lpm
and ID=1.91 cm). This, together with the low accommodation coefficient ∼0.1 of the
aerosol sample in Saleh et al. (2011) results in a limited growth of particles in the test
by-pass tube with respect to the conditions at the tube inlet. The conclusion of negligi-10

ble re-condensation at high aerosol loadings in Saleh et al. (2011) seems therefore to
be consequence of the specific conditions in the cited study and should not be extrap-
olated to other thermodenuder designs and type of experiments. The comprehensive
analysis presented in this work suggests that, although there will be particular cases
in which negligible re-condensation would occur at high aerosol loadings, charcoal de-15

nuders should be incorporated in thermodenuder designs to prevent re-condensation
for those cases in which this may be significant.

5.2 Multicomponent mixtures: lubricating oil and α -pinene SOA

Thermograms for lubricating oil aerosol and α-pinene SOA were modeled to evalu-
ate the re-condensation occurring in experiments with multicomponent mixtures. The20

model was solved using volatility distributions provided by Pathak et al. (2007) and
Grieshop et al. (2009), while Epstein et al. (2009) relationship was used to derive the
enthalpy of vaporisation as a function of the volatility.

Figure 8a shows the modelled thermograms for lubricating oil using different accom-
modation coefficients, together with the experimental thermogram (Cappa and Wilson,25

2011). In agreement with results in Cappa and Wilson (2011), the values of accommo-
dation coefficients that provide the best fit to the data fall in the range 0.1–1, with an
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optimum solution for α = 0.3. For this accommodation coefficient, a re-condensation
fraction up to ∼50 % is predicted if a denuder is not applied, indicating the need to
incorporate this system in the experimental configuration.

As pointed out in previous work by Cappa and Wilson (2011), the accommodation
inferred from their thermograms is in contrast to the low accommodation coefficient5

between 0.001–0.0001 derived from dilution experiments by Grieshop et al. (2009).
Although it is likely that material released from the chamber walls can affect the kinet-
ics of particle evaporation in chamber experiments (Matsunaga and Ziemann, 2010),
it has been argued that this discrepancy may result from differences in the aerosol
volatility because of using different particle generation methods (Grieshop, 2011). In10

order to analyse whether this is actually due to the aerosol generation technique, the
evaporation model was applied to derive the accommodation coefficient from evapo-
ration experiments conducted with a thermodenuder fed with the same lubricating oil
aerosol sample used for the dilution chamber experiments in Grieshop et al. (2009)
(Fig. 8b). The specifications and operation of the thermodenuder system applied were15

those described in An et al. (2007) and Grieshop et al. (2009), with a HS centerline
residence time of 16 s for a flow of 1 lpm (32 s plug flow residence time). Note that for
this thermodenuder system the denuder section was directly attached at the outlet of
the heating section, thus only output thermograms for the heating section (HS) and de-
nuder section (DS) are provided. In agreement with previous analysis on thermograms20

by Cappa and Wilson (2011), the model yields an accommodation coefficient value be-
tween 0.1 and 1 for the thermodenuder measurement by Grieshop et al. (2009), with
an optimum fit for α= 0.3, thus revealing the existence of a notable discrepancy in the
evaporation rate of the same aerosol sample in the thermodenuder and dilution mea-
surements by Grieshop et al. (2009). As pointed out above, the slow evaporation rate25

of particles in Grieshop et al. (2009) dilution chamber may be induced by the release
of material from the chamber walls. Because of the potential artifact induced by the re-
lease of material from the chamber walls on particle evaporation, dilution experiments
with standard Teflon walls do not seem to be an adequate methodology for conducting
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this type of studies. For this purpose, special dilution chambers provided with activated
charcoal absorber should be used (Vaden et al., 2010).

In order to analyse the evaporation/re-condensation behaviour of α-pinene SOA par-
ticles, experimental measurements by Cappa and Wilson (2011) were also simulated
with the kinetic model. Assuming equal evaporation and re-condensation coefficients,5

a very low effective evaporation coefficient of 0.0001 is necessary to fit the model to
the thermodenuder data (Cappa and Wilson, 2011). Although the slow evaporation of
α-pinene SOA aerosol has been attributed to the barrier to the diffusion process due
to the amorphous structure of the particles, re-condensation of gas on the particle sur-
face may not be affected by the particle phase. In such a case, the kinetic coefficient10

for re-condensation could exhibit a higher value than that for the evaporation process.
It should be noted that, because the kinetic limitation in reality may lie in the diffu-
sion in the condensed phase through a viscous particle, the evaporation coefficient
does not need to equal the condensation coefficient in the current model configura-
tion. Based on this assumption, Fig. 9 illustrates the results of the model for different15

evaporation coefficients (γ′
evap) between 0.0001–1 and a re-condensation coefficient

(γ′
cond) of unity. In agreement Cappa and Wilson (2011) in the case of equal evap-

oration and re-condensation coefficients, the accommodation coefficient would have
a value between 0.001–0.0001 and re-condensation would be negligible. However, if
the re-condensation and evaporation coefficients are allowed to be different, for a re-20

condensation coefficient close to unity, the evaporation coefficient would have a value
close to ∼0.01, and a significant re-condensation could occur after the heating sec-
tion. This shows that the interpretation of the behaviour of the aerosol and the es-
timation of the degree of re-condensation is certainly dependent on the assumption
of the re-condensation process being or not affected by the amorphous solid phase25

of SOA and the specific values assumed for both the effective evaporation and re-
condensation coefficients. It should be remarked that care must be taken not to over-
interpret the roles of evaporation and re-condensation coefficients when the kinetic
limitation may be mainly due to the particle phase; however, the allowable discrepancy
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within experimental error of this coefficient may give an indication of the shrinkage and
growth response to temperature changes of SOA particles.

Regarding the potential effect of the denuder on particle evaporation, it should be
noted that the DS output thermograms do not seem to be significantly lowered in the
region below ≤45 ◦C with respect to the HS output for the multicomponent aerosol5

compositions studied. This indicates that the re-condensation issue is still dominant for
the conditions and aerosol loadings considered here. However, the induction of particle
evaporation by the denuder may be more significant at atmospheric aerosol loadings,
where less material is available in the gas phase. Thus, it should be taken into account
that experimental thermograms may be lowered in the region below ≤45 ◦C due to the10

evaporation induced by the charcoal denuder.

6 The relationship between C
∗ and T50

The empirical calibration curve derived by Faulhaber et al. (2009) has been proposed
as a method to derive vapour pressure values and volatility distributions from thermo-
grams (Cappa and Jimenez, 2010). This curve, which is based on an empirical rela-15

tionship determined between the vapour pressure and the temperature at which 50 %
of the aerosol mass evaporates (T50), was derived from a limited set of semi-volatile
organic compounds at ∼150 µg m−3 aerosol loading (Faulhaber et al., 2009). Hence,
the validity of this calibration curve for compounds and conditions diverging from those
used for the calibration remains to be proven. In this section, insights on the theoretical20

interpretation of the relationship comprising this calibration curve and on its validity for
predicting the volatility of a variety of compounds are provided.

Following similar reasoning to Saleh et al. (2008), the change of particle phase mass
resulting from the evaporation/condensation of a compound i by heating/cooling from
an initial reference state 0 to a final state f, is considered equal to the change of gas25

phase mass and defined, including the kelvin effect (K0(f)), as:
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∆cp,i =∆cg,i =C∗
i ,0xi ,0K0−C∗

i ,fxi ,fKf (12)

where C∗
i ,0 and C∗

i ,f are the saturation concentration at the reference temperature
(i.e. 298 K) and at the final temperature state expressed in terms of mass, respec-
tively, and xi ,0 and xi ,f are the mass fractions of component i in the particle phase at
the reference and final states, respectively.5

The Clausius-Clapeyron equation defines the vaporisation enthalpy (Hv,i ) and satu-
ration concentration relationship under the assumption of enthalpy constant over the
temperature range as:

C∗
i ,f =C∗

i ,0exp
[−∆Hv,i

R

(
1
T0

− 1
Tf

)]
T0

Tf
(13)

Using the above equation, the change in particle mass can be defined from Eq. (11)10

as:

∆cp,i = C∗
i ,0xi ,0K0( xi ,f
xi ,0

Kf

K0

T0

Tf
exp
(
−
∆Hv,i

R

(
1
Tf

− 1
T0

))
−1
)

(14)

By expressing the change in total particle mass in terms of COA difference, the previous15

equation leads to:

COAi ,0−COAi ,f = C∗
i ,0xi ,0K0( xi ,f
xi ,0

Kf

K0

T0

Tf
exp
(
−
∆Hv,i

R

(
1
Tf

− 1
T0

))
−1
)
, (15)

which divided by COAi ,0 yields:
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1−
COAi ,f

COAi ,0
=

C∗
i ,0xi ,0K0

COAi ,0[ xi ,f
xi ,0

Kf

K0

T0

Tf
exp
(
−
∆Hv,i

R

(
1
Tf

− 1
T0

))
−1
]

(16)

Using the definition of mass fraction remaining for a component i , MFRi =COAi ,f/COAi ,0
Eq. (15) leads to the following expression for C∗

i ,0:5

C∗
i ,0 =

1
K0

COA,0 (1−MFRi )[ xi ,f
xi ,0

Kf

K0

T0

Tf
exp
(
−
∆Hv,i

R

(
1
Tf

− 1
T0

))
−1
]−1

(17)

Assuming equal density of the organic compounds in the particle, the mass fraction
remaining is equal to a volume fraction remaining and the kelvin term ratio can be
expressed as:10

Kf

K0
=exp

4Miσ
(

T0−TfMFR1/3
)

ρiRT0Tfdp0MFR1/3

 (18)

with the Kelvin term K0 in Eq. (16) defined as:

K0 =exp
(

4Miσ
RT0ρdp0

)
(19)

Using the definition of total mass fraction remaining, MFR = COA,f/COA,0, the mass
fraction ratio can be expressed as:15

xi ,f
xi ,0

=
MFRi

MFR
(20)
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and Eq. (16) can be re-written as:

C∗
i ,0 =

1
K0

COA,0 (1−MFRi )[
MFRi

MFR

Kf

K0

T0

Tf
exp
(
−
∆Hv,i

R

(
1
Tf

− 1
T0

))
−1
]−1

(21)

For MFRi = 0.5, Tf = T50 and the saturation concentration C∗
0 for a single component

(MFR=MFRi ) is formulated as:5

C∗
0 =

0.5
K0

COA,0

[
Kf

K0

T0

T50
exp
(
−
∆Hv,i

R

(
1

T50
− 1

T0

))
−1
]−1

(22)

In an analogous manner, the expression of C∗
i for a multicomponent mixture at MFRi =

0.5 is given by:

C∗
i ,0 =

0.5
K0

COA,0[
0.5

MFR

Kf

K0

T0

T50,i
exp
(
−
∆Hv,i

R

(
1

T50,i
− 1

T0

))
−1
]−1

(23)10

Equations (22) and (23) provide expressions relating C∗
0 and 1/T50, which will be com-

pared with the empirical equation by Faulhaber et al. (2009). It should be noted that
because the derived equations are based on the definition of particle mass evaporated
between equilibrium estates, the obtained expressions are constrained to equilibrium
thermograms. The sensitivity of the equilibrium calibration curve to the aerosol proper-15

ties defined within the kelvin term, was evaluated at constant aerosol loading and heat
of vaporisation for dp0 between 30–200 nm, density between 800–2000 kg m−3, mo-
lar mass between 100–400 g mol−1 and surface tension between 0.05–0.073 mN m−1.
This sensitivity analysis yielded a very low influence of the above particle properties
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on the calibration curve, with maximum deviations of 2 ◦C in the estimation of T50. Be-
cause of the low sensitivity of the calibration curve to the kelvin term, both Kf/K0 and
1/K0 were assumed to be ∼1 in the following calculations.

Figure 10 shows log(P0) vs. 1/T50 values derived using the single component the-
oretical expression (Eq. 22), applied for the calibration compound in Faulhaber et al.5

(2009) (i.e. dicarboxylic acids, oleic acid and DOS aerosol). The agreement between
the experimental data and theoretical results, reveals that the empirical equation de-
rived by Faulhaber et al. (2009) is in fact the equilibrium relationship between C∗

0
and 1/T50 in Eq. (22), specifically defined for the selected calibration compounds at
COA,0 =150 µg m−3. Indeed, when averaging the properties of enthalpy of vaporisation,10

molar mass and vapour pressure of the calibration compounds the equilibrium theoret-
ical equation leads to the expression log(P0) = 7376 T−1

50 −27.73, which is strikingly

similar to the empirical expression log(P0)= 8171T−1
50 −29.61, derived by Faulhaber et

al. (2009).
The variation of the calibration curve as a function of COA,0 for organic compounds15

of different functional groups was analysed in order to evaluate the influence of the ex-
perimental conditions on the C∗

0−1/T50 relationship. Figure 11 illustrates the theoret-
ical calibration curve for aerosol loadings between 10–400 µg m−3 for different organic
functional groups, together with experimental data from Faulhaber et al. (2009). The
thermodynamic data used as input for the analysis was obtained from diverse litera-20

ture sources (Chickos and Hanshaw, 1997; Kulikov et al., 2001; Chattopadhyay and
Ziemann, 2005; Donahue et al., 2011). Results in Fig. 11 show that the data for the
different groups lay on the same curve, with a relatively good agreement between the
empirical calibration and the theoretical curve data for COA,0 between 150–400 µg m−3

and a more significant deviation between the empirical and theoretical curves for de-25

creasing aerosol loading. The fact that the different type of compounds lay on the same
curve at constant aerosol loading, results from the vaporisation enthalpy and C∗

0 data
following a relationship which is found to be equivalent to that provided by Epstein et
al. (2009):
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Hv,i =−11log(C∗
i )+129 (24)

Figure 11 shows that, because of the dependence of the equilibrium calibration curve
on the organic aerosol loading, the aerosol volatility would be underestimated by more
than one order of magnitude when applying the empirical calibration at atmospheric
aerosol levels of ∼10 µg m−3, with respect to the equilibrium equation. Because of5

the reduced uncertainty and inclusion of all the factors affecting the C∗ vs. 1/T50 rela-
tionship, the mathematical combination of the theoretical calibration curves defined in
Eqs. (22) and (23) together with Eq. (24) constitute a more accurate approach for the
estimation of saturation concentrations from equilibrium thermograms than the empiri-
cal expression of Faulhaber et al. (2009).10

It has been shown in previous work (Riipinen et al., 2010) and in Sect. 4 of this
study that equilibrium might not be attained in thermodenuders measurements at low
aerosol loadings and for low effective evaporation coefficients. Hence, underestimation
of particles volatility using the equilibrium calibration curve is expected at these non-
equilibrium conditions. Figure 12 illustrates the deviations expected with respect to the15

theoretical calibration curve due to equilibrium not been attained in the thermodenuder
measurements. At kinetic-controlled conditions, T50 would be larger than the corre-
sponding value at equilibrium, which leads to non-equilibrium calibration curves laying
on the left of the equilibrium curve, deviating from the empirical relationship according
to the specific case. The deviations from the equilibrium curve due to low aerosol load-20

ing and low evaporation coefficients have been depicted in Fig. 12. Deviation of T50 up
to 20–30 ◦C from the equilibrium value fortuitously places the calibration curve within
the region of uncertainty of the empirical equation. Larger deviations from equilibrium
situates the calibration curve at significant distance from the empirical and equilibrium
curves, invalidating the general application of the empirical and theoretical curves for25

estimating the volatility of compounds from non-equilibrium thermograms.
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The general expression in Eq. (21) can also be used to derive equilibrium thermo-
grams, i.e. MFR as a function of the temperature, if the volatility distribution of the
aerosol is known, by considering that the total mass fraction remaining can be ex-
pressed as a function of MFRi as:

MFR=
n∑

i=1

xi ,0MFRi (25)5

where xi ,0 is the mass fraction of the compound in the particle at the reference state.
According to Eq. (21) and the sensitivity analysis conducted above, equilibrium ther-
mograms would only be determined by the volatility and vaporisation enthalpy of the
individual compounds in the aerosol composition and by the specific aerosol mass
loading conditions. This implies that identical thermograms should be obtained with10

different thermodenuders for the same aerosol sample at equal aerosol loadings, if
equilibrium is attained. In contrast, dependence of thermograms on additional factors
such as particle size and evaporation coefficient is expected in kinetically-controlled
evaporation conditions (Faulhaber et al., 2009; Riipinen et al., 2010).

The equilibrium curve defined in Eq. (21) can be applied not only to interpret ther-15

modenuder measurements but also to analyse the change in aerosol mass loading
upon changes in the atmospheric temperature assuming that the aerosol reaches equi-
librium. The combination of Eqs. (21), (24) and (25) constitutes a system which allows
for the calculation of the variations in the aerosol mass upon changes in the tempera-
ture during convective lifting, if the composition of the aerosol at a reference temper-20

ature is known. This is in fact an alternative method to using the partitioning theory
in combination with the Clausius-Clapeyron equation. This approach was used to ex-
plore the variation of the equilibrium aerosol mass with changes in the temperature and
dilution ratio, in comparison with kinetically-controlled evaporation/condensation simu-
lated with the kinetic model. Figure 13 (top) illustrates the evolution of the total mass25

ratio COAf/COA0 for lubricating oil and α-pinene SOA aerosols, taking as a reference
a temperature of 25 ◦C and an aerosol loading of 20 µg m−3 . For lubricating oil it was
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considered that equilibrium is attained in a short timescale, while for the case of glassy
α-pinene SOA, calculations are provided for (1) equilibrium conditions, which implies
that the condensation coefficient is high enough as to achieve equilibrium in a short
time-scale, and (2) for non-equilibrium conditions, assuming dp0 = 100 nm and an ef-
fective kinetic coefficient γ′

cond = γ′
evap = 0.00055 (mean value between 0.001–0.0001,5

optimum range found when γ′
cond =γ′

evap (Cappa and Wilson, 2011)). Because the con-
densation process would be dependent on the time scale for the kinetically-controlled
case, the kinetic model was applied to calculate the change in the particle mass due
to cooling from 25 ◦C for time scales of 1 h, 3 h and 5 h. The difference in composition
between lubricating oil and α-pinene SOA in the upper volatility bins leads to a large dif-10

ference regarding the equilibrium aerosol formation upon cooling between this two type
of aerosols (particularly due to a mass fraction of 0.1 for C∗ =104 µg m−3 in the lubricat-
ing aerosol composition versus a mass fraction of 0.6 for α-pinene SOA). The results
also reveal a very different aerosol forming potential for α-pinene SOA depending on
the assumption that the condensation coefficient is high enough to achieve equilibrium15

or that the it exhibits a low value leading to kinetically-controlled condensation. The
large uncertainty in the prediction of the amount of aerosol formed from glassy SOA
points at the necessity of further studying whether growth of glass-like particles during
cooling would be retarded by the particle phase as shrinkage may be assumed to be.

The sensitivity to the assumption of effective accommodation coefficient has also20

been explored for the aerosol mass change due to dilution-induced evaporation of
glassy SOA. In a similar manner to the above analysis, calculations were con-
ducted under the assumptions of (1) equilibrium conditions, (2) non-equilibrium, with
γ′

evap = γ′
cond = 0.00055 and (3) non-equilibrium with γ′

evap = 0.055 (optimum value for
γ′

cond = 1). Figure 13b shows the results of this analysis as the ratio between the25

aerosol mass remaining after dilution (corrected for the dilution ratio) and the initial
aerosol mass, which is equivalent to the mass change ratio due to particle evapora-
tion. As expected, glassy SOA (cases with γ′

evap =0.0055 and γ′
evap =0.00055) exhibits

a much lower sensitivity to dilution than what it is predicted by equilibrium partitioning.
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In particular, the model points at an underestimation in the aerosol mass remaining in
a factor from 5 to 10, if partitioning equilibrium theory is applied. It should be noted that
the estimation of particle mass evaporated with the kinetic model is also highly sensi-
tive to the assumption of effective evaporation coefficient, and that a better constraint of
this value is required to adequately predict the changes in aerosol mass upon dilution.5

7 Derivation of volatility distributions from thermodenuder measurements

Evaporation profiles from thermodenuder measurements can be applied to derive the
volatility distribution using the method of Faulhaber et al. (2009). This method implies
using the calibration curve between C∗

0 and 1/T50, together with the thermogram mea-
surements for the subsequent derivation of the particle fraction belonging in each C∗

010

volatility bin (Faulhaber et al., 2009). In this section diverse thermograms are used to
derive the volatility distributions using the equilibrium equation derived in the present
study, the empirical calibration by Faulhaber et al. (2009) and the kinetic model ap-
proach applied by Cappa and Jimenez (2010). The derived distributions are compared
with those obtained from using the aerosol mass fraction parameterisations determined15

in chamber experiments by Pathak et al. (2007) and Grieshop et al. (2009) for the
aerosols on study.

7.1 Calibration curve approach: empirical and theoretical equations

The volatility distribution for lubricating oil and α-pinene SOA was derived from thermo-
gram measurements by Grieshop et al. (2009) and Cappa and Wilson (2011) (Fig. 14),20

using the empirical and theoretical calibration curves according to the method de-
scribed in Faulhaber et al. (2009). In addition, in order to estimate the potential de-
viation in the prediction due to re-condensation, thermograms after the heating section
were modeled using the kinetic model and subsequently used to derive the volatility
distribution.25
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Figure 14 shows the lubricating oil aerosol volatility distribution as determined from
thermodenuder measurements at two different aerosol loadings. It should be noted that
the upper volatility bin is restricted to C∗

0 ≥ 100 µg m−3, which is the maximum volatility
limit for the possible estimation of T50 above ambient temperature. For the case of
70 µg m−3 (Fig. 14a) there is a reasonable agreement between the ideal volatility set5

distribution and that predicted using Faulhaber et al. (2009) empirical curve, with little
effect of re-condensation in this estimation. In contrast, the aerosol volatility is signif-
icantly underestimated when using the equilibrium curve. This deviation is due to the
fact that, for this aerosol loading, the thermogram is not at equilibrium; hence, Ti ,50 ex-
hibits values larger than those in the equilibrium thermogram, resulting in a calibration10

curve at the left of the equilibrium theoretical curve. Figure S5 shows how the resulting
calibration curve fortuitously lays in the proximity of the empirical equation, resulting
in a better prediction with respect to the equilibrium curve. It should be remarked that
although the prediction using the empirical curve seems correct in this case, the fact
that the calibration curve falls over the empirical curve is merely fortuitous and it can-15

not be concluded that the empirical approximation would be valid at other experimental
conditions.

At 650 µg m−3 aerosol loading (Fig. 14, bottom), both the empirical and equilibrium
curves approach the ideal volatility distribution. At this high aerosol mass, the empir-
ical and equilibrium curve are close to each other (Fig. S5), and evaporation equilib-20

rium is close to be attained (Fig. 8), which leads to a better agreement between the
distribution derived from literature data and the predictions. An overestimation in the
aerosol mass in the lower volatility bins is however observed in the calculations with
respect to the literature distribution. This is possibly due to the fact that Faulhaber et al.
(2009) method is restricted to volatility bins with C∗ <100 µg m−3, which at the very high25

aerosol loading of this case, may result in the mass from the upper volatility compounds
being distributed between the lower volatility bins. It should be taken into account also
that in this case re-condensation becomes more significant, as shown in the non-re-
condensation distribution in Fig. 14b, which leads to a moderate underestimation of the
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volatility distribution.
For the α-pinene SOA volatility study, the cases of 1) equal evaporation and re-

condensation kinetic coefficients with a mean value of 0.00055, and 2) independent co-
efficients for evaporation and re-condensation, with γ′

evap = 0.0055 and γ′
cond = 1 were

considered. As explained in Sect. 5.2, the second case represents the evaporation of5

a glass-like SOA, whose re-condensation process is not limited by the particle phase
and presents a re-condensation coefficient close to unity. For the first case (Fig. 15a),
the thermogram is very far from equilibrium (Fig. 9), because of the low accommoda-
tion coefficient, which leads to substantial underestimation of the volatility when using
both the theoretical and empirical calibration curves. In this case, the prediction using10

both calibration equations is similar, due the curves becoming closer at high aerosol
loadings, as previously shown. For unequal evaporation and re-condensation kinetic
coefficients (Fig. 15b), the distribution obtained for the case without re-condensation
indicates that the prediction using the calibration curves deviates substantially from the
literature distribution due to the fact that equilibrium is not reached and also because15

the thermogram is strongly affected by re-condensation (Fig. 9). The analysis pre-
sented here indicates that the interpretation of thermograms and prediction of volatility
distributions from thermodenuder measurements is strongly affected by the assump-
tion of equilibrium and the degree of disequilibrium resulting from kinetic limitation.

7.2 Kinetic model approach20

The kinetic evaporation/re-condensation model was also applied to derive the aerosol
volatility distribution from thermograms, following the approach of Cappa and Jimenez
(2010). This method consists of the iterative estimation of the volatility basis set distri-
butions by bringing into agreement the modeled and experimental thermograms, under
the assumption that the total organic mass in each of the volatility bin scales with C∗

025

following an exponential law relationship (Cappa and Jimenez, 2010). Because this
method requires specifying the accommodation coefficient, the volatility distributions
inferred here were compared for a set of accommodation coefficient values, assuming

6753

http://www.atmos-meas-tech-discuss.net
http://www.atmos-meas-tech-discuss.net/4/6723/2011/amtd-4-6723-2011-print.pdf
http://www.atmos-meas-tech-discuss.net/4/6723/2011/amtd-4-6723-2011-discussion.html
http://creativecommons.org/licenses/by/3.0/


AMTD
4, 6723–6777, 2011

Uncertainties in the
estimation of organic

aerosols volatility

E. Fuentes and
G. McFiggans

Title Page

Abstract Introduction

Conclusions References

Tables Figures

J I

J I

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

D
iscussion

P
aper

|
D

iscussion
P

aper
|

D
iscussion

P
aper

|
D

iscussion
P

aper
|

equal kinetic coefficients for evaporation and re-condensation. Figure 16 shows the
volatility distributions derived from the α-pinene SOA aerosol thermogram by applying
the kinetic model (results of the fitting between model and measurements are pre-
sented in Fig. S6). The thermodenuder measurements for α-pinene SOA could not
be adequately fitted with the model for accommodation coefficients above 0.01, thus5

constraining these parameters to values ≤0.01. The volatility distributions obtained
with this method are highly sensitive to the assumption of kinetic coefficient. In this
particular case, an overestimation and underestimation of the volatility is obtained for
accommodation coefficients values of 0.0001 and 0.01, respectively, while a reason-
able agreement between the literature and estimated volatility distributions is obtained10

for an evaporation coefficient of 0.001.
Volatility distributions for different groups of atmospheric organic aerosols, using a ki-

netic model, have been provided as an estimation for α = 1 (Cappa and Jimenez,
2010). It should be taken into account that it is unknown whether the different or-
ganic groups comprising atmospheric aerosols would present different effective kinetic15

coefficients. This implies a large uncertainty in interpreting the volatility distribution of
organic aerosols and brings into question the volatility grading scale established for
different organic compound groups by Cappa and Jimenez (2010). The fact that at-
mospheric measurements with thermodenuders will most likely not be at equilibrium
poses a strong difficulty to accurately derive the volatility properties of aerosols from20

these type of measurements, as long as deviations from equilibrium are not more ac-
curately constrained. Indeed, current uncertainty in determining volatility distributions
for atmospheric samples will affect estimations of organic particle partitioning in at-
mospheric models, as well as the analysis of the role of co-condensation on organic
aerosol droplet activation (Topping and McFiggans, 2011).25
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8 Summary and conclusions

In the present study a kinetic evaporation-condensation model was applied to analyse
the uncertainty in estimating and interpreting the evaporation behaviour and volatility
of aerosols from thermodenuder experiments.

Re-condensation was evaluated as a source of uncertainty for determining aerosol5

volatility distributions from thermodenuder measurements, because of its potential to
affect thermograms. A parametric analysis showed that the re-condensation yield is
highly determined by the combined effects of aerosol loading, particle size and ac-
commodation coefficients. This dependence results in either important or negligible
re-condensation at higher aerosol mass loadings, depending on the thermodenuder10

configuration and the properties of the aerosol sample. These findings reconcile pre-
vious works reporting diverging degrees of re-condensation and suggest that denuder
sections should be kept in thermodenuder systems for aerosol loadings >30 µg m−3, as
a prevention for those conditions in which re-condensation may be significant. Analysis
of the effect of denuders on particle evaporation indicated that experimental thermo-15

grams may be lowered in the region below 45 ◦C as a result of evaporation induced by
the charcoal denuder at atmospheric aerosol levels.

Estimation of effective accommodation coefficient values from experimental evapo-
ration measurements with lubricating oil aerosol revealed the existence of artefacts in
the evaporation occurring in standard chamber dilution experiments, which is mani-20

fested as a notable deceleration of the particle evaporation rate, presumably resulting
from the release of material from the chamber walls. From this analysis it is concluded
that dilution experiments with standard Teflon walls do not seem to be an adequate
methodology for conducting this type of studies.

Theoretical derivation of the empirical calibration curve between the saturation con-25

centration C∗ and temperature at which 50 % of the particle mass evaporates (T50)
(Faulhaber et al., 2009), revealed that this relationship is based on the change in parti-
cle mass between equilibrium temperature states, expressed explicitly as a function of
C∗ through the Clausius-Clapeyron equation. Calibration curve equations for a single
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component and multicomponent mixtures were theoretically derived and applied to es-
timate volatility distributions from equilibrium thermograms. Significant underestima-
tion of the particle volatility resulted, however, when using the equilibrium calibration
curve at kinetically-controlled evaporation conditions. Because thermograms obtained
at ambient aerosol loading levels would likely deviate from equilibrium, a kinetic ap-5

proach constitutes a more adequate method to correctly interpret the particle evapora-
tion behaviour of atmospheric samples. However, the application of the kinetic model
approach to derive volatility distributions confers significant uncertainty, owing to sen-
sitivity of the method to the assumption of evaporation coefficient.

Analysis in this study points at the effective accommodation coefficient as a crit-10

ical unknown to both determining the volatility properties of atmospheric samples
and determining the atmospheric dynamics of SOA. Simulation of the evaporation-
condensation behaviour of glassy α-pinene SOA, pointed at a large uncertainty in es-
timating the aerosol mass formation induced by cooling, depending on whether or not
it is assumed that gas condensation is affected by the amorphous solid state of the15

particles. Analysis of dilution-induced evaporation of α-pinene SOA indicated an un-
derprediction of the aerosol mass in a factor from 5 to 10, when using equilibrium
partitioning theory with respect to the kinetic calculations for an effective evaporation
coefficient between 0.01–0.0001. Predictions with the kinetic model were found to
be highly sensitive to the assumption of effective evaporation coefficient. Better con-20

straints on this parameter are therefore required to model the particle mass variation
upon atmospheric dilution and cooling for glass-like SOA. Current modules to predict
SOA formation in the atmosphere are based on empirically-derived mass fraction pa-
rameterisations (e.g. Strader et al., 1999) and do not account for kinetic limitations
to evaporation/condensation of amorphous SOA. This study demonstrates that it is25

necessary to use kinetic approaches (including estimations of accommodation coeffi-
cients), alongside volatility information, to implement reasonable gas-aerosol partition-
ing modules in transport models that include glass-like SOA.
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Supplementary material related to this article is available online at:
http://www.atmos-meas-tech-discuss.net/4/6723/2011/
amtd-4-6723-2011-supplement.pdf.
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Fig. 1. Schematic of the thermodenuder design used for the calculations. The configuration
with denuder bypass was also calculated to explore the potential for re-condensation and the
efficiency of the charcoal denuder. Air flow=0.6 lpm, RT= residence time.
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Fig. 2. Modelled and experimental centerline temperature in the heating and cooling sections of
Faulhaber et al. (2009) thermodenuder. Note that the initial fluid temperature in this calculation
is the centerline temperature at the inlet of the active heating zone (i.e. tube covered with
heating tapes) (Faulhaber et al., 2009).

6763

http://www.atmos-meas-tech-discuss.net
http://www.atmos-meas-tech-discuss.net/4/6723/2011/amtd-4-6723-2011-print.pdf
http://www.atmos-meas-tech-discuss.net/4/6723/2011/amtd-4-6723-2011-discussion.html
http://creativecommons.org/licenses/by/3.0/


AMTD
4, 6723–6777, 2011

Uncertainties in the
estimation of organic

aerosols volatility

E. Fuentes and
G. McFiggans

Title Page

Abstract Introduction

Conclusions References

Tables Figures

J I

J I

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

D
iscussion

P
aper

|
D

iscussion
P

aper
|

D
iscussion

P
aper

|
D

iscussion
P

aper
|

1.0

0.8

0.6

0.4

0.2

0.0

M
F

R

807060504030
T(°C)

100

80

60

40

20

0

R
F

(%
)

COA=150 μg/m
3

1.0

0.8

0.6

0.4

0.2

0.0

M
F

R

807060504030
T(°C)

100

80

60

40

20

0

R
F

(%
)

COA=50 μg/m
3

 HS, equilibrium
 HS
 CS
 DS
 w/o DS

 

MFR
RF(%)

1.0

0.8

0.6

0.4

0.2

0.0

M
F

R

90807060504030

T(°C)

100

80

60

40

20

0

R
F

(%
)

COA=400 μg/m
3

Fig. 3. Output thermograms and recondensation fraction for the heating section (HS), cool-
ing section (CS), denuder section (DS) and equivalent configuration without denuder section
(w/o DS) for different aerosol mass loadings. The re-condensation fraction (RF) indicates the
percentage of gas phase mass that re-condenses with respect to the gas concentration at the
exit of the heating section. The results show that the efficiency of the denuder to hinder re-
condensation decreases with increasing aerosol mass loading. Thermograms after the heat-
ing section approach equilibrium for high aerosol loadings. Baseline case: C∗ =0.01 µg m−3,
dp =100 nm, Di=5×10−6 cm2 s−1 and α=1.
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Fig. 4. Output thermograms and recondensation fraction for the heating section (HS), cooling
section (CS), denuder section (DS) and equivalent configuration without denuder section (w/o
DS) at different volatilities. Similar magnitude in the re-condensation fraction between the differ-
ent volatility cases is obtained at equal MFR, due to the increase in volatility being counteracted
by the low equilibrium saturation concentrations at low temperatures. The charcoal denuder is
predicted to substantially influence thermograms only for C∗ > 1 µg m−3 and temperatures be-
low 45 ◦C, by inducing particle evaporation. Baseline case: COA =400 µg m−3, dp = 100 nm,

Di =5×10−6 cm2 s−1 and α=1.
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Fig. 5. Output thermograms and recondensation fraction for the heating section (HS), cooling
section (CS), denuder section (DS) and equivalent configuration without denuder section (w/o
DS) at different accommodation coefficients. The results indicate a strong dependence of the
re-condensation rate on the accommodation coefficient, leading to a strong re-condensation
for α=1 and negligible change in the thermograms for α≤0.01. Consistent with Riipinen et al.
(2010), low accommodation coefficients lead to substantial deviations from equilibrium in the
evaporation process. Results shown here indicate that for accommodations coefficients α ≤
0.1, equilibrium will not be attained in thermodenuder systems with room temperature plug flow
residence time of ∼16 s even at high aerosol mass loadings. Baseline case: COA =400 µg m−3,
C∗ =0.1 µg m−3, dp =100 nm and Di =5×10−6 cm2 s−1.
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Fig. 6. Output thermograms and recondensation fraction for the heating section (HS), cooling
section (CS), denuder section (DS) and equivalent configuration without denuder section (w/o
DS), in a system with 200 nm aerosol particle size at 400 µg m−3 aerosol loading. Comparison
of this plot with Fig. 5 at α = 1 (dp = 100 nm) indicates a deceleration in the re-condensation
process for increasing particle size, at constant aerosol loading. This is a result of a reduction
in the particle number available, which leads to slower evaporation and re-condensation rates.
Baseline case: C∗ =0.1 µg m−3, α=1 and Di =5×10−6 cm2 s−1.
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Fig. 7. Output thermograms and recondensation fraction for the heating section (HS), cooling
section (CS), denuder section (DS) and equivalent configuration without denuder section (w/o
DS), in a system with 200 nm butanedioic particles at 150 µg m−3 aerosol loading, in compari-
son with experiments by Faulhaber et al. (2009). The results show a best fit between observa-
tions and model for an accommodation coefficient close to unity. For this case, the inclusion of
a denuder section (DS) efficiently reduces the re-condensation fraction in 40 % with respect to
the same length of tubing without charcoal denuder (w/o DS).
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Fig. 8. (A) Output thermograms for the heating section (HS), cooling section (CS) and denuder
section (DS) in a system with 240 nm lubricating oil particles at 650 µg m−3 aerosol loading,
in comparison with experiments by Cappa and Wilson (2011). The thermodenuder system
was configured as described in Cappa and Wilson (2011). (B) Thermograms reproducing
experiments by Grieshop et al. (2009) with 175 nm lubricating oil particles at 70 µg m−3 aerosol
loading, in comparison with experimental results. Note that for this system the denuder section
was directly attached at the outlet of the heating section and only output thermograms for the
heating section (HS) and denuder section (DS) are provided. The specifications and operation
of the thermodenuder system were as described in An et al. (2007) and Grieshop et al. (2009).
In both type of experiments (A and B) the results show a best fit between observations and
model for an accommodation coefficient between 0.1–1, with an optimum for α=0.3.
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Fig. 9. Output thermograms for heating section (HS) and denuder section (DS) in a system with
92 nm α-pinene SOA particles at 500 µg m−3 aerosol loading, in comparison with experiments
by Cappa and Wilson (2011). The calculations were conducted for different evaporation coef-
ficients (γ′

evap) and a re-condensation coefficient (γ′
cond) close to unity, under the assumption

that the particle phase does not affect the re-condensation process. The results show a best
fit between observations and model for an evaporation coefficient between 0.01–0.001, with an
optimum for α=0.01.
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Fig. 10. Relationship between logP25 and 1/T50 derived with Eq. (22) for the organic com-
pounds used in the calibration by Faulhaber et al. (2009), in comparison with experimental
data. The error bars in the theoretical calculation denotes the uncertainty in the aerosol load-
ing (100–200 µg m−3).
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Fig. 11. Theoretical relationship between C∗
0 and 1/T50 for different organic compounds, as

derived from Eq. (22) at different aerosol mass loadings. The empirical and theoretical curves
overlap for high aerosol loadings, while deviation between the curves is expected for low atmo-
spheric aerosol loadings.
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Fig. 12. Deviation of the calibration curve due to equilibrium not being attained in thermode-
nuder measurements at two different aerosol loadings. T50 deviations up to ∼20–30 ◦C, with
respect to equilibrium, situate the calibration curve within the uncertainty region of the empiri-
cal formulation. Further difference with respect to equilibrium (particularly for α <0.01) leads to
significant deviation of the calibration curve with respect to the empirical and theoretical curves.
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Fig. 13. (a) Condensed mass forming potential of lubricating oil and α-pinene SOA resulting
from cooling from initial conditions at 25 ◦C and 20 µg m−3 aerosol loading. For the α-pinene
SOA aerosol, the cases presented are (1) equilibrium, assuming that gas condensation is not
affected by the particle phase and (2) non-equilibrium conditions with γ′

cond = γ′
evap. A strong

difference is obtained in the particle mass change estimation, depending on the assumption of
condensation being or not affected by the particle glassy state. (b) Change in α-pinene SOA
aerosol mass resulting from dilution-induced evaporation for the cases of (1) equilibrium (2)
non-equilibrium with γ′

evap = γ′
cond and (3) non-equilibrium with γ′

evap = 5×10−3 and γ′
cond = 1.

While the equilibrium partitioning calculations significantly overestimate the amount of glassy
aerosol mass evaporated due to dilution, a large difference in the estimation of aerosol mass is
obtained depending on the assumption of effective evaporation coefficient.
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Fig. 14. Volatility distributions derived from lubricating oil thermograms at 70 and 650 µg m−3

aerosol loading, using the equilibrium and empirical calibration curve approach. For 70 µg m−3

(a) the thermogram considerably deviates from equilibrium (Figs. 8 and S5), thus, resulting in
the equilibrium calibration approach underestimating the aerosol volatility. The empirical cali-
bration provides a better agreement in this case, due to the calibration curve fortuitously laying
on the empirical calibration curve (Fig. S5). For the highest aerosol loading (b), the thermo-
grams are close to equilibrium (Figs. 8 and S5) and the predictions approach the distribution
derived using the volatility basic-set distribution by Grieshop et al. (2009).
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Fig. 15. Volatility distributions derived from α-pinene SOA thermograms at 500 µg m−3 aerosol
loading in comparison with the distribution derived using the parameterisation by Pathak et al.
(2007). For case (a) the volatility is substantially underestimated due to the thermogram being
significantly far from both the equilibrium and the empirical calibration curves region, while in (b)
the deviation using the calibration curve approach is partly due to significant re-condensation.
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Fig. 16. Volatility distributions derived from α-pinene SOA thermograms at 500 µg m−3 aerosol
loading using the kinetic model approach with different accommodation coefficient values, in
comparison with the distribution derived from data by Pathak et al. (2007). The derived distri-
bution is sensitive to the assumption of effective accommodation coefficient, with a shift towards
lower volatility for increasing kinetic coefficient.
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