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Abstract. The uncertainty in determining the volatility be- particle size. These results show that the geometry of cur-
haviour of organic particles from thermograms using cali- rent thermodenuder systems should be modified to prevent
bration curves and a kinetic model has been evaluated. Ime-condensation.

the analysis, factors such as re-condensation, departure from
equilibrium and analysis methodology were considered as

potential sources of uncertainty in deriving volatility dis- )
tribution from thermograms obtained with currently used 1 Introduction
thermodenuder designs.

Organic aerosols comprise a significant portion of atmo-

The previously found empirical relationship betweeh  spheric particular matterH@llquist et al, 2009 Jimenez
(saturation concentration) anfkp (temperature at which et al, 2009, with a long recognised impact on both hu-
50% of aerosol mass evaporates) was theoretically interman health and global climat&&nakidou et al.2005 Tsi-
preted and tested to infer volatility distributions from ex- garidis and Kanakidqu2007). They comprise primary or-
perimental thermograms. The presented theoretical analyganic aerosol (POA) emissions from sources such as fos-
sis shows that this empirical equation is in fact an equilib-sil fuel combustion, biomass burning and diverse industrial
rium formulation, whose applicability is lessened as mea-processes, and a secondary organic aerosol (SOA) contri-
surements deviate from equilibrium. While using a calibra- bution formed in the atmosphere from the gas phase oxida-
tion curve betweerC* and Tso to estimate volatility prop-  tion of volatile organic compoundgi@llquist et al, 2009.
erties was found to hold at equilibrium, significant under- The volatility of organic aerosols largely determine the par-
estimation was obtained under kinetically-controlled evap-titioning of compounds between the gas and particle phases,
oration conditions. Because thermograms obtained at amhence influencing the particles mass concentration, composi-
bient aerosol loading levels are most likely to show depar-tion and size, which in turn can affect the hygroscopicity and
ture from equilibrium, the application of a kinetic evapora- optical properties of organic aerosols in the atmosplikag-(
tion model is more suitable for inferring volatility proper- ping et al, 2011). Accurate representation of gas-particle
ties of atmospheric samples than the calibration curve appartitioning of semi-volatile organic compounds, and its de-
proach; however, the kinetic model analysis implies signifi- pendence on temperature, dilution conditions and chemical
cant uncertainty, due to its sensitivity to the assumption oftransformations in the atmosphere, is required for improving
“effective” net kinetic evaporation and condensation coef-prediction of the global distribution of organic aerosols.
ficients. The influence of re-condensation on thermograms Particle evaporation studies in dilution chambers and ther-
from the thermodenuder designs under study was found to benodenuder systems are increasingly being conducted to
highly dependent on the particular experimental condition,characterise the volatility distribution and evaporation be-
with a significant potential to affect volatility estimations for haviour of primary and secondary organic aerosols in lab-
aerosol mass loadings50 pg nT3 and with increasing ef-  oratory and field measurementsuffman et al, 2008 Saleh
fective kinetic coefficient for condensation and decreasinget al, 2008 Faulhaber et al.2009 Grieshop et a).2009
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Cappa and Wilsor2011). A growing number of methods are mal dilution and thermodenuder experiments have been
being proposed in order to infer information on the volatil- recently employed to derive effective kinetic coefficients,
ity and thermodynamic properties of organic aerosol com-by coupling measurements and kinetic modelling for com-
pounds from the evaporation profiles derived from this typepounds of known volatility Grieshop et aJ.2009 Cappa
of experimentsKaulhaber et 812009 Grieshop et a].2009 and Wilson 2011, Saleh et al.2012. This approach has
Cappa and Wilsor?011 Saleh et a].2011). Some of these proven useful in determining evaporation coefficients for sin-
methods rely on the assumption that equilibrium is attainedgle compounds such as dicarboxylic acidzappa 201Q
in the heating section of thermodenuder syste@ffehberg  Saleh et al. 2011, POA mixtures such as lubricating oil
et al, 2006 Saleh et al.2008. However, the observed de- (Grieshop et al.2009 Cappa and Wilsani2011) and amor-
pendence of thermograms on a thermodenuder’s residengehous solid SOA derived from-pinene ozonolysisGappa
time indicates that equilibrium may not be attained underand Wilson 2011). Inconsistencies exist, however, between
certain experimental conditiondl et al, 2007 Grieshop et  the evaporation coefficients estimated from isothermal dilu-
al., 2009. Theoretical analysis of particle evaporation kinet- tion and thermodenuder measurements for compound mix-
ics have shown that evaporation equilibration times in ther-tures like lubricating oil Grieshop et a).2009 Cappa and
modenuders are highly dependent on factors such as aerosWlilson, 2011). Whether this discrepancy is a result of differ-
mass loading and evaporation coefficieRiiinen et al, ent volatility composition resulting from the use of different
2010, resulting in evaporative equilibrium being attained aerosol generation techniques, or to artefacts derived from
only under laboratory conditions at organic aerosol loadingsthe evaporation methodologies applied, is unresolved.
>200pg nT3 in systems with residence tim30 s Riipinen Re-condensation has long been considered as a potential
et al, 201Q Saleh et al.2011). The equilibration time can concern for the interpretation of evaporation profiles from
been shown to be independent of aerosol volatility so longthermodenuder measurements, as this would lead to an un-
as it is assumed that the change in particle size upon evapderestimation of a particle’s volatilityBurtscher et a.2001
oration is small. However, because a change in the parti\Wehner et al.2002 Huffman et al, 2008. To minimise this
cle size is inherent to the evaporation process itself, deviaeffect, charcoal denuders are included in the cooling section
tion from the above assumption is expected as the volatilityof many standard designs, such that the semi-volatile ma-
increases, implying longer equilibration time for increasing terial is removed from the gas-phase, and re-condensation
compounds volatility $aleh et a].2011). Since concentra- is suppressed as the aerosol sample cools d8ungcher
tions of organic aerosol at ambient levels are typically belowet al, 2001, Wehner et al.2002. Experiments byHuff-
50 ug nT 23 (Huffman et al, 2008, equilibrium is expected man et al.(2008 have proven that sulphuric acid particles
not to be reached in thermodenuder measurements with apresent a potential for re-condensation in thermodenuder
mospheric samples due to the limited residence time usuallgooling sections at aerosol loadingS0ug nT3, while re-
applied in these systems (below 30 s). Atmospheric measurezondensation for organic compounds of higher volatility than
ments should therefore be interpreted using a kinetic rathesulphuric acid, has been found to be negligible. Volatility
than an equilibrium approach, otherwise this may result instudies on Diesel exhaust and marine aerosols with volatil-
significant deviations in determining the evaporation prop-ity tandem differential mobility analyser (VTDMA) instru-
erties of the organic aerosdRijpinen et al, 2010 Cappa ments have shown insignificant re-condensation in cooling
and Jimenez2010. The use of evaporation kinetic mod- sectionsQrsini et al, 1999 Sakurai et a].2003; however, it
els imposes a strong limitation in the input requirements ofis considered that the rate of re-condensation in these systems
the properties of constituents of the particles, since in mosis lower than in thermodenuder instruments owing to the
cases even the identity of compounds in the aerosol sampl®w particle surface area available after size selectiturfft
is unknown Cappa and Jimeng2010. In order to avoid man et al.2008. Modelling calculations byCappa(2010
the limitations imposed by detailed kinetic evaporation mod-for high volatility compounds* = 10 pg nT3) have shown
els, Faulhaber et al(2009 proposed a method for deriving that the potential for re-condensation is likely to be substan-
volatility distributions from thermograms, based on an em-tial at laboratory conditions with organic aerosol loadings
pirical relationship found between the thermodenuder tem->200 pg nT3, while being of low significance for ambient
perature at which 50 % of the total mass of aerosol evapoaerosol loading levels. Recent modelling and experimen-
rates (o) and the organic compound vapour pressure. Be-+al work by Saleh et al(2011) indicate that re-condensation
cause this empirical calibration curve was derived from mea-would be negligible even for high organic aerosol mass load-
surements at high organic aerosol loading (100-200®)m ings, if the geometry of the cooling section is adequately
with a limited set of organic compounds, while this method modified. Significant re-condensation@appa2010 was a
seems to provide good estimations for a variety of samples, itesult of the geometry of the thermodenuder design applied,
is still uncertain that it is valid for compounds and conditions which yields a dimensionless number Cn greater than the
other than those used for the calibration. maximum value established for negligible re-condensation
In addition to being used to infer volatility distribution of by Saleh et al(2011) . Differences between conclusions by
organic aerosols, evaporation profiles obtained from isotherCappa(2010 andSaleh et al(2011) regarding the potential
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of re-condensation and performance of charcoal denuder Themodenuder model : standard configuration
also originate from their definition of the absorbing potential ]

T
of the walls of the cooling section. Whileappa(2010 pro- T¢C) T(°C) | 1D=2.2cm
vided lower and upper estimates for re-condensation derive: 1 |
from the assumptions of local equilibrium and non absorbing Heating section (HS) Cocling section (CS) Denuder section (DS)

conditions at the wallsSaleh et al(2011) based their calcu-
lations on an assumption of equilibrium wall condensation, Thermodenuder model : denuder bypass configuration
thus providing a lower estimate for re-condensation.

In this work a kinetic evaporation-condensation model in
an axisymmetrical thermodenuder geometry is applied to as
sess the interpretation of particle mass evaporation profile:

(°C) | 1ID=22cm

Heating section (HS) Cooling section without

obtained at conditions relevant to both ambient and labora: denuder (wo DS)
tory measurements. The main aims of this study are (1) tc

. . . . " L . HS 0 19's Plug flow RT, 25°C
evaluate the uncertainty in estimating volatility distributions ~ "° . ::((5 e Z‘ZDC’)
from measurements derived from current thermodenuder de ¢ 50 em (1 g0

cm (19 s Plug flow RT, 25°C)

signs, including deviations resulting from re-condensation ,,ps 65 cm (24.7 s Plug flow RT, 25°C)

and/or assumptions of equilibrium and kinetic mass transfer

coefficients; (2) to provide theoretical interpretation for the Fig. 1. Schematic of the thermodenuder design used for the calcu-

empirical calibration between the temperature at which 50 l)/Jt""“onsl' Thti conftlgu:_atluf)n with dednudert_l:)ypasz tv;/]as ;'_59 Ca'cuﬁthed
: 0 explore the potential Tor re-conaensation an e efnciency o e

of organic aerosol_ mass_ E_zvaporat%_oI and vappur _pre_s- charé)oal denuréler. Air flow=0.6 Ipm, RT =residence time. !

sure, and assess its validity for deriving volatility distribu-

tions from thermograms at a variety of conditions and (3) to

provide insights on the interpretation of particle evaporationcentration of compound] D; is the gas diffusion coefficient,

behaviour and effective kinetic evaporation coefficients for a4, is the source/sink term for the gas phase due to particle

set of primary and secondary organic aerosol samples. evaporation/re-condensation, andandr are the axial and

radial coordinates, respectively. Equatibiwvas simplified

under the assumption of negligible secondary flows and dif-

fusion in the axial direction, such that the terms involving

A diffusion-evaporation model was applied to simulate the vr and% are eliminated from the equation. The assump-
evaporation/re-condensation of particles in a cylindrical ge-tion for negligible axial diffusion is valid for €clet num-
ometry thermodenuder system. The thermodenuder configeer of diffusion>100 (Turpin et al, 1993, which applies to
uration consists of a typical design, as illustrated in Big. the geometry and conditions in this study (Pe=115). The
The model was sequentially solved on the three sectionsonvective term for secondary flows was considered to
of the thermodenuder: the heating section, where the partibe negligible compared to the axial velocity term in ED. (
cles are subject to evaporation; the cooling section, whichThis assumption will be further validated by comparing with
is the short intermediate piece of tubing where the sampleexperimental results.

approaches ambient temperature; and the denuder section, The termy;, which denotes the mass gain/loss in the gas or
which comprises the piece of tubing where gas-phase semparticle phase( ;) due to evaporation or re-condensation,
volatile compounds are removed by a charcoal adsorber inis defined as§einfeld and Pandid997 Cappa2010:

order to avoid re-condensation. Figutesummarises the aC; ICp.i i

dimensions and residence time in each part of the design. ¢ = Vx> = —Ux— = = 2nND;dpT (x;C; —C;)  (2)

The thermodenuder model simulates the gain and loss o\];vhereN is the particle numbety is the particle sizel" is

material in the cor_1densed phgse resulting from evaporatlort1he Fuchs and Sutugifl970 correction term, defined as a
and re-condensation, respectively, the transport of the 938 " ction of the accommodation coefficiet x; is the com-
1

and the evolution of the particle diameter. The steady-state Co : .
. . e ound mass fraction in the particle agd is the compound
evaporation/re-condensation and diffusion of a gaseous cont- . .
saturation concentration.

pound through a cyllndrlpgl tube, assuming azw_nuthal SYM""1t has been shown by aaksonen et al(2005 that the
metry and constant coefficient of diffusion, is definede( : L - .
) accommodation coefficient should exhibit a value of unity
and Hsy 1970: :
for models to adequately represent the physics of evapora-
aC; aC; 19 [ 3C; 32C; tion and condensation at the molecular limit. It should be
——+v——=D; 77( >+ +aqi (1)

2 Thermodenuder model

9x ar e "2 noted, that the kinetic coefficients used in the present study
are defined to account for all the potential kinetic limita-

wherev, andv, are the fluid velocity in the axial and ra- tions. As an example, the kinetics of evaporation of non-

dial directions, respectivel\(; is the gas phase mass con- liquid particles may be expected to be greatly influenced by

ror
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the diffusion coefficient through a viscous solution (&ang The boundary conditions considered to solve the diffusion-

et al, 2011). Although such behaviour should be tested in evaporation equation in the denuder section are:

appropriate model framework®frang et al.2011), kinetic

limitations will be evaluated in the present work in terms of Ci(0,7) = Ciops ®)

an “effective” uptake coefficient’, which comprises all ki- Cix,R)=0 (6)

netic limitations to mass transfer from the aerosol to the gas i _ _ o .

phase and viceversa. Where the kinetic limitation to evapo-The first equation defines the initial conditions for the de-

ration and recondensation are considered of different magniiuder section, which are given by the output gas concentra-

tude, the uptake coefficient is split into an effective net evap-ion from the cooling section, while the second equation is

oration coefficient £,,) and a net uptake re-condensation a Dirichlet condition defining the denuder walls as a perfect
Vi . . . .

coefficient ¢, for the evaporation and re-condensation sink for the gas phase. The assumption of perfect sink im-

processes, respectively. The physical behaviour we are aimQIles that the gas is bound completely and irreversibly upon

ing to represent in using different coefficients in condensa-cOming into contact with the coating material. The modeled

tion or evaporation is the limitation to the kinetic rate in one denud_er performance therefore representg an upper limit on
direction or another. In other words, the effective kinetic co- the efficiency of the SySt?m Fo remove sem|-volatlle gas.
efficients are valid as empirical parameters that are indicative 1€ temperature distribution of the gas in the heating and
of the kinetic limitations in the system, but they are not ap- ¢00ling sections was modelled using the heat equation, under
plicable to interpret the system behaviour at the moleculath€ assumptions of fully developed Iar‘r_nnar ﬂovy anq ”69"9"
limit, as this may lead to unphysical behaviour. However, asPle secondary flows and heat transfer in the axial direction as

shown in previous studie€appa and Wilsare011) the use  (C2mpQ 2004
of “effective” kinetic coefficients is still an useful approach
. . SRR ) oT 10 oT
for analysing and modeling the kinetic limitations involved ,Ovaxa_ =k oy ra— )
X r or r

in the process.
The boundary conditions applied to solve E43.dnd €)  The assumption of fully developed flow at the entrance of the

in the heating section are: thermodenuder was adopted, given that the entrance length
Ci(0,r) = Ci0.298 (3) for a laminar flow to become fully developed in the system
3C;(x, R) under study is as short as 3cm. The assumptions of negli-
;0 (4)  gible radial flow with respect to the axial velocity term and

where R is the thermodenuder radius. The first boundarynegl'g'ble heat transfer diffusion in the axial direction are

equation is a constraint for the initial concentration of the validated in the next section by comparing the modelled tem-

organic compounds in the gas phase. The concentration Jperature distribution with experimental temperature profiles

gas at the inlet of the heating sectiofi¢ 208«) is defined from Huffman et a_l.(ZC_)O& . . .
considering that the aerosol is in equilibrium at ambient tem- The heat eq“a“o’? in the heating anq _coolmg sections was
perature, and that the distribution of the organic compoundsg()I\/(ad for the following boundary conditions:
petween fthe.gas and particle phases is defined by the adsorpT(Q r) = To.208K(CS 8)
tive partitioning theory Pankow 1994. The second bound-
ary equation is a Neumann boundary condition under the & &) = Twal ©)
assumption of no mass losses to the walls of the system. or -0 (10)

For the cooling section, the initial gas phase concen- 97
tration is given by the heating section output gas distri- where the first equation specifies ambient temperature condi-
bution.  Although wall condensation is likely to occur tions To.208k for the flow at the entrance of the heating sec-
in the cooling sectionJaleh et al. 2011), local equilib-  tion and a cooling section initial temperatut® ¢s) defined
rium at the walls may not be achieved at all conditions. py the output of the heating section. The second condition
To infer the potential for re-condensation the model wasspecifies the wall temperature at all axial positions and the
applied to provide for lower and upper estimates of re-third equation is the symmetry condition. In the heating sec-
condensation by considering both the limiting wall bound- tion the wall temperature is set equal to the set point tempera-
ary conditions defined by no mass transfer to the walls (upture, while in the cooling section the wall boundary condition
per limit for re-condensation) and equilibrium wall conden- was the ambient temperature, with heat transfer occurring
sation (lower limit for re-condensationCappa2010Q. The  only between the wall and the sample air flow.
boundary condition of no mass transfer to the walls is equal  The velocity of the fluid was modelled as a function of the
to the condition for the heating section, while the equilib- |ocal temperature, using the definition of plug flow velocity.

rium wall condensation is given by; (x, R) =x;(x, R) Cf, A plug flow velocity profile was found to be a better approx-
i.e. the eqU|I|brlum concentration of each Compound at theimation than the parabo”c prof”e for estimating the parti-
wall temperature. cle evaporation/re-condensation rate for the constant particle
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concentration radial profile employed in our model. A real 250 — Tw=230°C
particle concentration radial profile would have a parabolic
shape, with near-zero particle concentration in the vicinity of
the walls (due to diffusion and thermophoretic losses) and a 200 —
maximum particle concentration at the centerliGhifnada

et al, 1993. Hence, the gas production near the walls of the
heating section would be low in a real system, because there
would be few particles at this region. The constant particle
concentration profile that we use, however, implies having
a high particle concentration near the walls, which together
with the long residence time defined by the parabolic velocity
profile at the walls, leads to an overestimation of gas produc-
tion in this zone. This happens not just at the bin adjacent 50
to the wall, but in the region within~20 % radial distance

from the wall where velocities are low. The overestimated

production of gas near the walls in the heating section leads 0 —
to diffusion of gas towards the centerline, thus reducing the 0o 10 20 30 40 50
evaporation rate of particles at other radial positions. Similar
artifact occurs in the cooling section, due to an overestima-
tion of the particle re-condensation rate in the vicinity of the Fig. 2. Modeled and experimental centerline temperature in the
walls. Our comparison with experimental results show that,heating and cooling sections bfuffman et al.(2008 thermode-

in the absence of a model for the partic|e concentration radiapuder. Note that the initial fluid temperature in this calculation is
distribution, the combination of a plug flow velocity and plug tl_we centerline temp_erature_ at the inlet of the active heating zone
flow particle concentration profiles provides a better approxi-(-€- tube covered with heating tapes).

mation for the averaged particle evaporation/re-condensation

ian: paricle Concentration radial profie. I s recognised(Skeel and Berzind.990, and an expiiit Runge-Kuta for

that these assumptions do not ideally représent the wall interr—nUIa method, both implemented in solvers in Fhe commer-
actions, but it is demonstrated below that the mean behaviou?'a! software MaFIab. It Sh.OUId be noted tha't this model hgs
. ' : X - Initially been designed to simulate the behaviour of monodis-
is well represented. Better representation of the radial profile

including wall | would require simulation of th rticl perse aerosol samples. An extension of the model would be
cluding wall loSses would require simuiation otthe particie required so that it can be used to represent polydisperse dis-
number profiles by calculation of particle trajectories and nu-

merical solution of Navier Stokes equations. This is be Ondtributions. This can be done by implementing models such
q ' YONlas the condensation sink diameter approaetiinen et al.
the scope of the current study.

: . 2003 Saleh et a].2011).
For the aerosol evaporation calculations a one-way cou- 3 l )

pling approach between the particles and the continuous

phase was adopted, on the assumption that the size and loag- Fluid properties

ing of particles is low enough as to negligibly affect the

fluid properties. The fluid temperature, density and veloc-Figure?2 illustrates the modelled axial evolution of the fluid
ity distribution in the system were first calculated for the temperature in the heating and cooling sections of a thermod-
given wall temperature and flow boundary conditions, fol- enuder with dimensions and operating conditions identical to
lowed by the injection of particles in the model to conduct those described iHuffman et al (2008, in comparison with

the particle evaporation/re-condensation evolution calculaexperimental centerline temperature measurements provided
tions. The evaporation-diffusion equations given by Efis. ( in the cited work. The initial temperature of the fluid in the
to (6) were solved by applying sequential numerical inte- model was set equal to the fluid temperature at the inlet of
gration on the nodes of a cylindrical geometry axysimmet-the active heating zone iHuffman et al.(2008 (i.e. zone

ric grid with a resolution of 0.2 mm in the radial direction covered with heating tapes), so that the thermodenuder wall
and 5mm in the longitudinal direction. Increase in the res-temperature could be applied as a boundary condition. The
olution of the system did not result in a significant changewall temperature was set to the value of maximum temper-
in the results of the model. The system of EqB—(2), ature reached by the fluid in the experimental system. As
together with the stated boundary conditions and input ofshown in Fig.2, the modelled and experimental temperature
the spatial fluid properties, constitutes a system of coupledgrofiles are in good agreement, thus indicating that the as-
non-linear partial and ordinary differential equations, which sumptions previously made are valid for modelling the tem-
was iteratively solved using the method of lines integrationperature and fluid properties. Calculations at different wall
solution with Galerkin/Petrov-Galerkin spatial discretisation temperatures indicate that, for the dimensions and operating

150 —

100 —

centerline temperature T(°C)

= model
I I I I I I I 1

60 70
x(cm)
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conditions applied, the wall temperature boundary conditioncooling section). It should be noted that the definition of re-

is reached in the centerline atl5-20cm from the begin- condensation fraction presented here is different to the max-

ning of the heating section. As an example of temperaturédmum re-condensation fraction values determinefateh et

distributions, Fig. S1 shows the temperature field in the heatal. (2011).

ing section of the thermodenuder for a wall temperature of For the parametric analysis, the case wifj+ 100 nm,

100°C. The temperature distribution affects both the den-y’=1, C*=0.1ugn3  and  C*=0.01ugnt3,

sity and, consequently, the velocity of the fluid, leading to Con=400ugm® and D;=5x10°%m?s! was se-

an acceleration and deceleration of the fluid in the heatingdected for the baseline conditions. The heat of vaporisation

and cooling section, respectively. generally correlates with the saturation concentration,
exhibiting an increasing value for decreasing volatility

] ] . (Epstein et al.2009. In order to apply an enthalpy of
4 Re-condensation: parametric analysis vaporisation consistent with the compound’s volatility,

. o . the equation derived bpstein et al(2009 was applied.
A parametric sensitivity study was conducted in order to For the volatilities above indicated, this expression yields

evaluate the potential of re-condensation to affect thermOdehear-room temperature enthalpy values of 151kJthol

nuder evaporation profiles and the subsequent interpretatiognd 140kJ mol?, respectively. In the model, a constant
of volatility. For the analysis, the influence of aerosol loading heat of vaporiséltion was as.sumed over th’e temperature

(Con), particle size 4p), kinetic coefficient ¢'), volatility ;00" oncidered.  The thermodenuder geometry applied
(€ andldlftfuzlobn coeff|C|er_1tl(),t)hon gasre congter_lsagon],ct was similar to that described uffman et al.(2008, with

was evaluated by comparnng mermograms obtained alt€h;,,qsions, residence times and flow as indicated inFig.
the heating, cooling and denuder sections in the thermode- Figure3 shows the thermograms obtained after the differ-
nuder model. The output thermogram for an equivalent sys-

tem without denuder section w | lculated in ord rtent thermodenuder sections f6r=0.01 pgn3 at diverse
€ out denuder section was aiso caiculate order o rganic aerosol loading levels. The equilibrium evaporation

he level of re-condensation and th rforman Qh ; .
?hses?:iat\r:ozj deenou deer C?I'hdeen?;stso fr;:ticf):l reenazin?n acgli ucf ermograms have also been included for comparison. In the
: 9 -condensation process, equilibrium is achieved when the

r
lated as a function of the heater temperature, was definefﬁ. : : ;

. ' itial aerosol mass is reached, i.e. for MFR=1. Upper and
as MFR =M;/My, where Ms is the aerosol mass after the P

di tion in the th denuder afgis th lower estimates for re-condensation included in the figures,
corresponding section in the thermodenuder IS the show that the assumption for the wall conditions substan-
initial aerosol mass in the systemv§ is equivalent to the

m referenced to the b without thermodenuder tially affects the significance of re-condensation. In agree-
ass reterenced 1o the bypass outthermodenuder, Cof, v with results iCappa(2010, the re-condensation po-

LTg;edafsraE:r?rﬂ;Ig)ssgsc;)én?s?:riu?r?eﬂr]neagse?rzz'g; trger“n?r?'fential is highly dependent on the aerosol loading and par-

Cles e u T - : , IrPr?:ularly promoted at high aerosol loading levels, which are

is equivalent to a volume fraction remaining. Together W|tht pically used in laboratory experimentsaulhaber et al.

the thermograms comparison, the results were also evaluat 09 Cappa and Wilsar2011). Predictions for the upper

l:netnetrg}se(jars;)(rzgtl C:jegzit't%r;:r?ecigzélz:gége;':;dtﬁz tggrﬁgre'esztimate indicate that an already significant re-condensation
X . i . could occur in the 15cm cooling section joining the heater

after the cooling section(cs) or the denuder sectiorCHs) 9 J g

: . . ._and the denuder sections for organic loadird$0 ug nr3.
with respect to the amount of gas exiting the heating sectlor]n addition, the removal of gas by the denuder at high organic

(Chs): loadings is not sufficient to avoid further re-condensation,
Chs — CesDs which in the case of 400 ugm loading leads to the re-
RF(%) = ®9) 100 (11)  condensation fraction being reduced in only-&0 % with

C
HS respect to the same length of tubing without denuder. The ef-

Positive values of RF indicate that the gas evaporated in théiciency of the denuder in preventing re-condensation is con-
heating section recondenses in the cooling or denuder sesiderably higher for lower organic loading, with reductigns
tions, while negative values indicate an increase in the gag5 % in the re-condensation fraction, with respect to the case
concentration with respect to the amount of gas at the exit ofvithout denuder for aerosol loadingsL50 ug n3. The up-

the heating section. Negative values of the re-condensatioper estimate for re-condensation for 30 ugin(Fig. S4a)
fraction are expected if the removal of gas by denudation in-also indicate that no significant modification of the thermo-
duces the evaporation of particles in the denuder section. lgrams is expected at atmospheric conditions below this con-
should be noted that the values of re-condensation fractiorentration. Although atmospheric aerosol loadings can reach
presented here are different to those determin&aleh etal.  values as low as 1-5 pgirsimulations at these aerosol con-
(2011). While we provide RF values at the end of the cooling centrations have not been performed as these conditions are
or denuder section for a given tube length, re-condensatiomot relevant for the re-condensation analysis. The results
fraction estimations iibaleh et al(2011) represent the max- for lower estimates for re-condensation show that, although
imum re-condensation (i.e. if equilibrium is attained in the the re-condensation degree is considerably lower than for the
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upper estimate, there is still a potential for re-condensation
for aerosol loadings above 50 pgf Detailed calculations

on the effect of the aerosol mass loading under the assump-
tion of equilibrium wall condensation are presented as sup-
plementary material (Figs. S2 and S3). The performance of
the charcoal denuder is similar to that of the cooling section
under the assumption of wall equilibrium condensation for
volatilities below 10 pgm3. This is because the gas bulk
concentration is much higher thari* and the gradient be-
tween the bulk and the walls of the cooling section is simi-
lar in the charcoal denuder and equilibrium wall conditions
cases (i.e. Cg=* ~ Cg-0).

Corresponding results for visualising the relationship be-
tween volatility and re-condensation are presented in&ig.
For a given MFR value, the curves for the cooling section
(CS and w/o DS) forC*<1pgnt? indicate that the re-
condensation fraction does not seem to be substantially af-
fected by the volatility of the organic aerosol. This is a re-
sult of the lower temperatures required to achieve the same
level of evaporation for high volatility compounds with re-
spect to the low volatility cases, which leads to gradients for
re-condensation of similar magnitude for compounds of dif-
ferent volatility. Lower re-condensation is however, observed
in the C* =10 pg nT 3 thermogram after the cooling and de-
nuder sections with respect to the lower volatility cases. Fur-
thermore, the results show that particle evaporation may be
induced by the charcoal denuder, leading to modifications
of thermograms foC* >1 g nt3 and temperatures below
45°C. Further analysis has shown that this effect is only
important forC* >1pugnT3, even at low aerosol loadings
(Fig. S4b). Indeed, at 50 ugm aerosol mass, evapora-
tion induced by denudation has been predicted to be sig-
nificant for volatilities C* >1pgnm3 (Cappa 2010. Be-
cause the significance of this effect is limited to a narrow
range of temperatures and volatility compounds it is likely
that the impact of denudation on thermograms is of low sig-
nificance for ambient multicomponent mixtures. For labora-
tory experiments at high aerosol loadings, the mass of high
volatility compounds is significant and the evaporation ef-
fect induced by the denuder may be more important than for
ambient measurements.

As illustrated in Fig.5, the kinetics of evaporation/re-
condensation are strongly affected by the effective kinetic
coefficient value. Whilst it is recognised that this coefficient
should not be used to represent all possible kinetic limita-

Fig. 3. Output thermograms and recondensation fraction for thetions to particle equilibration, its variation can be used to in-
heating section (HS), cooling section (CS), denuder section (DSyestigate potential instrument responses. Results inSig.
and equivalent configuration without denuder section (w/o DS) for show that reductions of the effective kinetic coefficient by an
different aerosol mass loadings. The results show that the efficiencwrder of magnitude leads to=a50 % suppression of the re-
of the denuder to hinder re-condensation decreases with increasingondensation fraction, with negligible re-condensation pre-

aerosol mass loading. Baseline cagé=0.01 ug n3, dp=100nm,

dicted fory’ <0.01. Itis also noticeable that decreasing ki-

D;=5x10"%cn?s™t and y’=1. Upper estimate: upper es- netic coefficients push the system away from attaining equi-

timate for re-condensation (no mass transfer to walls);
estimate: lower estimate for re-condensation (equilibrium wall

condensation).

www.atmos-meas-tech.net/5/735/2012/

lowerjinrium and that equilibrium is not reached for <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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Fig. 4. Output thermograms and recondensation fraction for the heating section (HS), cooling section (CS), denuder section (DS) and equiv-
alent configuration without denuder section (w/o DS) at different volatilities. Similar magnitude in the re-condensation fraction between
the different volatility cases is obtained at equal MFR, due to the increase in volatility being counteracted by the low equilibrium satura-
tion concentrations at low temperatures. The charcoal denuder is predicted to substantially influence thermogramS>‘t1|€|1}yp‘g|m_3

and temperatures below 48, by inducing particle evaporation. Baseline caSgp =400 pg nT3, dp=100nm,D; =5e-6 cms~1 and
y’=1.Upper estimate: upper estimate for re-condensation (no mass transfer to walls); lower estimate: lower estimate for re-condensation
(equilibrium wall condensation).

longer heating section residence time than the system in The strong dependence of the re-condensation rate on
the present study was employed (plug flow residence timehe particle size, kinetic coefficient and aerosol loading im-
of ~30s, 298K), allowing equilibrium to be attained for plies that the degree of re-condensation should be predicted
y’=0.1. However, it is foreseen that equilibrium will not considering the combined, rather than the isolated effects
be reached in a 30s residence heating systenyfer0.1, of these factors. Although the re-condensation rate will
regardless of the aerosol mass loading. be enhanced by increasing aerosol loading, increasing ki-
Another factor notably affecting the kinetics of re- netic coefficient and decreasing particle size, negligible re-
condensation is the particle size, as shown in €idror con-  condensation could still be possible at certain high organic
stant aerosol loading, an increase in the particle size impliesoadings, with sufficient large particle size or low kinetic co-
a reduction in the total particle surface area, which resultsefficients. Analysis of the re-condensation occurring for a set
in a deceleration of the re-condensation process. In contrastf real cases, implying the combination of the above studied
the diffusion coefficient does not substantially affect the re-parameters, is presented in the next section.
condensation process, as reflected by the slight change in the The geometry of the thermodenuder system tested in this
thermograms between the expected range of values for thisydy, although representative of currently used thermod-
parameter (Fig. S5). enuder designs, is problematic regarding re-condensation
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Lo 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 H& raerosol
loading. Comparison of this plot with Fi§.aty’ =1 (d, =100 nm)
indicates a deceleration in the re-condensation process for increas-
ing particle size, at constant aerosol loading. This is a result of a re-
duction in the particle number available, which leads to slower evap-
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— 60 oration and re-condensation rates. Baseline da¥e:0.1 ug 3,
kil ¥’ =1 andD; =5e-6cms~L. Upper estimate: upper estimate for
L 40 re-condensation (no mass transfer to walls); lower estimate: lower

estimate for re-condensation (equilibrium wall condensation).

— 20

O 0 because of the large diameter of the cooling section. We have
reproduced measurements 8gleh et al(2011) and found
1CC) negligible upper estimates of re-condensation for an initial
515 equibrium 287 pg nT3 aerosol mass loading (Fig. S6). This negligible
Upper estimate  Lower estimate re-condensation is, in fact, a consequence of the small cool-
b jgg&) ing section tube diameter used Bgleh et al(2011), which

leads to very short residence times (0.93-1.87 s, tube of 1—

Fig. 5. Output thermograms and recondensation fraction for the2 630m Iength,_ fIOW:_1—2 Ipm. and_ ID Of_ 0.63 Cm)' Com-_
heating section (HS), cooling section (CS), denuder section (DSyared to the typical residence time in cooling sections of di-
and equivalent configuration without denuder section (w/o DS)Vverse currently used thermodenuder models (e.g. 15.5s. in
at different effective kinetic coefficients. Baseline casgja€  thermodenuder by Huffman et al. (2008), with CS+DS tube
400 pgnT3, C*=0.1ug T3, dp=100nm andD;=5e-6cri s L. length 0.55m, flow=0.6lpm and ID=1.91cm). This, to-
Upper estimate: upper estimate for re-condensation (no mass trangiether with the low kinetic coefficient0.1 of the aerosol
fer to walls); lower estimate: lower estimate for re-condensationsamp|e inSaleh et al(2017) results in a limited growth of
(equilibrium wall condensation). particles in the test by-pass tube with respect to the condi-
tions at the tube inlet. It should be noted that the conclusion
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of negligible re-condensation at high aerosol loadings from 1.0 —
experiments infSaleh et al(201]) is a consequence of the
geometry of the cooling section and experimental conditions

in the cited study and should not be generally extrapolatedto 0.8 —
all thermodenuder design and type of experiments.

Modeling bySaleh et al(2011) showed that a a value0.7
for the coupling dimensionless number Cn, defined as the ra;,
tio between the particles and the walls re-condensation ratet
implies a maximum re-condensation fraction of 10 %, as ob-
tained from their transport model. In order to test whether
the geometry or conditions in our model was above the range
of negligible re-condensation defined Bgleh et al(2011),
we have calculated Cn values for our analysis. According to
the formulations presented Baleh et al(2011), the value
of Cn in our parametric study is 2.7-10 for a mass loading ;|
of 400 ug 3 (C*=0.01pgnT3 and d,0=100nm). This
value is well above the maximur@r number defined by

0.6 =

0.4 —

0.2 =

Saleh et al(2011), for negligible re-condensatio¢ = 0.7), TCC)
explaining the significant re-condensation levels obtained ® MFR exp. (Faulhaber et al., 2009)
with our model. For thisCn value, our model yields 80 % g :2 equilibrium
re-condensation fraction, whilgaleh et al(2011) predicts a Upper estimate Lower estimate
maximum re-condensation of 50 %. Although there is still a Cs DS
difference of 30 % between our estimations, this may be due s e

to the fact that our model presents radial resolution, while

Saleh et al(201]) solved a one dimension flow model that Fig. 7. Output thermograms and recondensation fraction for the
may not be as accurate to predict local condensation at thbeating section (HS), cooling section (CS), denuder section (DS)
walls. In our study we have worked with geometries and and equivalent configuration without denuder section (w/o DS), in
conditions representative of some currently used thermode@ SyStem with 200 nm butanedioic particles at 150 fig merosol
nuder designs, such as thattfiffman et al.(2008, which loading, in comparison with experiments Bgulhaber et a(2009.

presents Cn values higher than 0.7 at high aerosol Ioad-—rhe results show a best fit between observations and model for a

ings (e.9.Cn = 2—7.4 for 100 nm particles at 400 ug’?nand kinetic coefficient close to unity. Upper estimate: upper estimate for

b 3 ' re-condensation (no mass transfer to walls); lower estimate: lower
C*=0.01pugnr). It should be noted that whilst we ac-  egtimate for re-condensation (equilibrium wall condensation).
knowledge that thermodenuder geometries can be modified

to reduce the effect of re-condensati@aleh et al.2017),
the aim of our study is to analyse the issues derived from usfect aerosol volatility interpretation when using these current

ing current thermodenuder systems, even if their geometrieshermodenuder designs is presented in Sect. 7 of this paper.
are not optimum to minimise re-condensation issues.

The comprehensive analysis presented in this work sugds Re-condensation potential: selected cases
gests that re-condensation will be highly dependent on the

particular experimental conditions employed and that cau5.1  Single compounds: di-carboxylic acids

tion should be taken, as re-condensation will not be negli-

gible for every thermodenuder design. Laboratory studiesThe thermodenuder model was applied to simulate the evap-
should adopt measures to avoid re-condensation by reducingration of a set of single compound and multicomponent
the cooling section tubing diameter and length when workingmixed aerosols in order to quantify the potential for re-
at high aerosol mass loading3aleh et al.2011). Withthese  condensation. The cases selected are based on experimen-
modifications a charcoal denuder may not be needed to cortal measurements blfaulhaber et al(2009, Grieshop et

trol re-condensationSaleh et al.2011). Researchers who al. (2009 and Cappa and Wilsor§2011), conducted at or-
work with commercial thermodenuders that already incorpo-ganic loadings between 70 and 650 pginThe method ap-
rate a cooling/denuder section should be aware of the poterplied consists on the iterative adjustment of the kinetic co-
tial issues implied by re-condensation if they do not modify efficient in order to obtain the best fit between the experi-
the configuration of their experimental systems. It shouldmental data and the model predictions, with the best fit pro-
be noted that most available thermodenuder systems presewiding information on the degree of re-condensation. For
a geometry which is problematic regarding re-condensationcomparison with the experimental measurements, the dimen-
An assessment on the potential of re-condensation to afsions and operating conditions of the thermodenuder system
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relevant to each case were used to set the geometrical bounffactions of~50 % if a charcoal denuder is not applied. As
ary conditions for the model. pointed out in previous work b€appa and Wilso2011J), a
Thermograms of di-carboxylic acids were modeled andvalue of evaporation coefficient of 0.3 for lubricating oil is in
compared with measurements Bguulhaber et al2009, as  contrast with the low evaporation coefficient between 0.001—
shown in Fig.7. The potential for re-condensation, i.e. the 0.0001 derived from dilution experiments Brieshop et al.
difference between the lower and upper estimates for re{2009. It has been argued that this discrepancy in the ki-
condensation, is significant for this particular case, with anetic coefficient value may result from differences in the
best agreement between succinic acid measurements am@rosol volatility because of using different particle gener-
model predictions for an effective net evaporation coefficientation methods (interactive comment @appa and Wilson
of 1, in agreement wittCappa(2010. This value of ki-  2011). In order to analyse whether this is actually due to
netic coefficient holds for the lower and upper estimates ofthe aerosol generation technique, the evaporation model was
re-condensation. The derived kinetic coefficient is signifi- applied to derive the net kinetic evaporation coefficient for
cantly higher than the value of0.1 determined byaleh et  thermodenuder experiments Krieshop et al(2009 con-
al. (2011 .The saturation concentration and enthalpy of va-ducted with the same lubricating oil aerosol sample that was
porisation values used for the calculations were 3.57 g m used for their dilution chamber measurements (8. The
and 124.9 kJ mot!, respectively, which are the average val- specifications and operation of the thermodenuder system ap-
ues obtained from data provided Battopadhyay and Zie- plied were those described An et al. (2007 andGrieshop
mann (2005, Bilde et al. (2003 and Davies and Thomas et al. (2009, with a HS centerline residence time of 16s
(1960. Chattopadhyay and Ziema2005 andBilde etal.  for a flow of 1lpm (32s plug flow residence time). Note
(2003 employed a TPTD and a TDMA method, respectively, that for this thermodenuder system the denuder section was
to derive the vapor pressure of succinic acid using an assumpdirectly attached to the outlet of the heating section, thus
tion of kinetic coefficient equal to 1. This assumption has only output thermograms for the heating section (HS) and
been shown to be of low significance in TDMA studies, with denuder section (DS) are provided. Although the same lu-
changes in the vapor pressure estimation in less than 30 %ricating oil aerosol sample was used in the thermodenuder
for variations of the kinetic coefficient in a range between and chamber experiments @yieshop et al(2009, we show
0.2 and 1 Bilde et al, 2003 . In the work byDavies and that the net effective evaporation coefficient derived from
Thomag(1960 the vapor pressure was determined by meangheir thermodenuder experiments was 0.3 (in agreement with
of an effusion method, without any assumption on the valuethermodenuder measurement Ggppa and Wilson2011),
of the evaporation coefficient. The vapor pressure derivedvhile their chamber measurements yielded a kinetic coeffi-
from Davies and Thomad 960 is in fact very similar tothat  cient of 0.001-0.0001. The slow evaporation rate of particles
from Bilde et al.(2003 (P25 of 4.23e-5 and 4.6e-5 Pa, re- in Grieshop et a2009 dilution chamber may be induced by
spectively); thus, it is not evident that the derived evaporationthe release of material from the chamber wala{sunaga
coefficient could be pre-determined by the vapour pressurénd Ziemann2010. Because of the potential artifact in-
values used as input to the model. Further work is necessargiuced by the release of material from the chamber walls
in order to clarify differences between the kinetic coefficients on particle evaporation, dilution experiments with standard

determined in different studies. Teflon walls do not seem to be an adequate methodology for

conducting this type of studies. For this purpose, special di-

5.2 Multicomponent mixtures: lubricating oil and lution chambers provided with activated charcoal absorber
a-pinene SOA should be usedMaden et al.2010.

In order to analyse the evaporation/re-condensation be-

Thermograms for lubricating oil aerosol angpinene SOA  haviour of a-pinene SOA particles, experimental measure-
were modeled to evaluate the potential for re-condensatioments byCappa and Wilsor(2011) were also simulated
occurring in experiments with multicomponent mixtures. with the kinetic model. Assuming equal evaporation and
The model was solved using volatility distributions provided re-condensation coefficients, a very low effective evapora-
by Pathak et al(2007 andGrieshop et al(2009, while the  tion coefficient of 0.0001 is necessary to fit the model to
enthalpy of vaporisation as a function of the volatility was the thermodenuder dat&#&ppa and Wilsgn2011). Al-
derived using equations froEpstein et al(2009. though the slow evaporation of-pinene SOA aerosol has

Figure8a shows the modeled thermograms for lubricating been attributed to the barrier to the diffusion process due to
oil using different net kinetic evaporation/condensation co-the amorphous structure of the particles, re-condensation of
efficients, together with experimental dat@appa and Wil-  gas on the particle surface may not be affected by the par-
son 2011). In agreement with results i@appa and Wil- ticle phase. In such a case, the kinetic coefficient for re-
son(2011), the values of kinetic coefficients that provide the condensation could exhibit a higher value than that for the
best fit to the data fall in the range 0.1-1, with an optimum evaporation process. It should be noted that, because the
solution fory’=0.3. For this value of kinetic coefficient, kinetic limitation in reality may lie in the diffusion in the
an upper estimate of re-condensation yields re-condensatiocondensed phase through a viscous patrticle, the evaporation
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Fig. 8. (A) Output thermograms for heating section (HS), cooling section (CS) and denuder section (DS) in a system with 240 nm lubricating
oil particles at 650 g m3 aerosol loading, in comparison with experimentsGappa and Wilso2011). The thermodenuder system was
configured as described Dappa and Wilsorf2011). (B) Thermograms reproducing experiments®gieshop et al(2009 with 175nm

lubricating oil particles at 70 g 0¥ 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 desariteain(2007) andGrieshop et al(2009.

In both type of experiment#\(andB) the results show a best fit between observations and model for an effective kinetic coefficient between
0.1-1, with an optimum fop’ =0.3. Upper estimate: upper estimate for re-condensation (no mass transfer to walls); lower estimate: lower
estimate for re-condensation (equilibrium wall condensation).

coefficient does not need to equal the condensation coeffective kinetic coefficients for evaporation and condensation
ficient in the current model configuration. Figu®eillus- may present different values for amorphous solid particles.
trates the results of the model for different evaporation co- The above analysis shows that the interpretation of the
efficients f/¢,) between 0.0001-1 and a re-condensationbehaviour of the aerosol and the estimation of the degree
coefficient ¢, Of unity. In agreement witfCappa and  of re-condensation is certainly dependent on the assumption
Wilson (2011), in the case of equal evaporation and re- whether the re-condensation process is affected by the amor-
condensation coefficients the kinetic coefficient would havephous solid phase of SOA. It should be remarked that care
a value between 0.001-0.0001 and re-condensation wouldchust be taken not to over-interpret the roles of evaporation
be negligible. However, if the re-condensation and evap-and re-condensation coefficients when the kinetic limitation
oration coefficients are allowed to be different, for a re- may be mainly due to the particle phase; however, the allow-
condensation coefficient equal to 1, the evaporation coeffi-able discrepancy within experimental error of this coefficient
cient would have a value betweer9.001-0.01, with signif- may give an indication of the shrinkage and growth response
icant re-condensation occurring after the heating section. Ito temperature changes of SOA particles.

should be noted that the assumption of a condensation kinetic

coefficient of 1 provides for an upper limit for the evapora-

tion coefficient, while analysis assuming equal kinetic co-g The relationship betweenC* and Tso

efficients for evaporation and re-condensation provides for

a lower estimate of these coefficients. Further experimenThe empirical calibration curve derived iBaulhaber et al.
tation at lower aerosol loadings, where re-condensation i§2009 has been proposed as a method to derive vapour pres-
negligible, may be useful to test the hypothesis that the efsyre values and volatility distributions from thermograms
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1.0 = _— the kelvin effect Ko , as:
cond™
Acpi = —Acg; = C;fo xi.0Ko— C;jf xi 1 K¢ (12)
0.8 -
where C;, and C/; are the saturation concentration at the
reference temperature (i.e. 298 K) and at the final tempera-
0.6 = ture state expressed in terms of mass, respectivelyxand
& \ andx; ¢ are the mass fractions of componeim the particle
= ‘\ phase at the reference and final states, respectively.
044 \ The Clausius-Clapeyron equation defines the vaporisation
‘\ enthalpy Hy, ;) and saturation concentration relationship un-
0.2 \ der the assumption of enthalpy constant over the temperature
“ range as:
\
AHy; (1 1 Tt
0.0 = 2o Ciy=C/oexp _evi = =) 20 (13)
T T R It To/|T:
40 60 80 100 120 140 160 _ _ . _
T(°C) Using the above equation, the change in particle mass can be
—8— MFR exp. (Cappa & Wilson, 2011) defined from EQ- 12) as:
—o— HS, equilibrium %
— Y=l —_ gg —Acp,i = C; gxi,0Ko
Yevap=0-01 o it Kt T, AHy; (1 1
Y0001 (ﬂff?o exp(— —Rv’l <7 - 7)) - 1) (14)
=001 xi,0 Ko It f 0
Lower estimate of re-condensation for ¥,,,,=0.001 By expressing the change in total particle mass in terms of

Con difference, the previous equation leads to:
Fig. 9. Output thermograms for heating section (HS), cooling sec-

tion (CS) and denuder section (DS) in a system with 92Apinene Coni,0 — Copif = Cgxi0Ko (15)
SOA particles at 500 ugn® aerosol loading, in comparison with (xi ¢ Kt To ( AHy ; < 1 1 ))
: X : - 1) ,

experiments byCappa and Wilsorf2011). The calculations were o Ko T
conducted for different evaporation coefficienig ) and a re- 41,0 R0 1
condensation coefficieny{ ) equal to unity, under the assump- which divided byCoai,o yields:
tion that the particle phase does not affect the re-condensation pro- C* 2 0K
cess. The results show a best fit between observations and model fory _ Conif _ i ,0%i.0R0
an evaporation coefficient between 0.01-0.001, with an optimum Coai.0 Coni,0

for y’ =0.01. Data represent the upper estimate for re-condensation xit Ki To AHy; (1 1
i ———exXpl —(=—=)) -1
unless otherwise stated. [xi,o Ko Tt ( R (Tf To)) :|

Using the definition of mass fraction remaining for a compo-
nent i, MFR=Coa; t/Coai.0 EQ. (17) leads to the following
(Cappa and Jimeng2010). This curve, which is based onan expression foC7:
empirical relationship determined between the vapour pres-
sure and the temperature at which 50 % of the aerosol massC;’fO = —Coao0(1—MFR)) a7)
evaporates T5o), was derived from a limited set of semi- Ko 1
volatile organic compounds at150 pg nT3 aerosol loading [ﬂﬁ& y <_ AHy, (i B i)) 3 1}_
(Faulhaber et al.2009. Hence, the validity of this cali- xi0 Ko Tt R i To

bration curve for compounds and conditions diverging fromAssuming equal density of the organic compounds in the par-

thos_e us_ed_for the calibration remains to be proven. In th'%icle, the mass fraction remaining is equal to a volume frac-
section, insights on the theoretical interpretation of the rela—tion remaining and the kelvin term ratio can be expressed as:
tionship comprising this calibration curve and on its validity '

for predicting the volatility of a variety of compounds are

(16)

provided. Ki _ o [4M[a (To — Ty MFRl/s)} a8)
Following similar reasoning t®aleh et al.(2008, the Ko pi RToTi deMFR1/3

change of particle phase mass resulting from the evVapOrayith the Kelvin termko in Eq. (18) defined as:

tion/condensation of a compound i by heating/cooling from

an initial reference state 0 to a final state “f”, is considered , AM;o (19)

equal to the change of gas phase mass and defined, including0 =exp RTo p dp,
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748 E. Fuentes and G. McFiggans: Uncertainties in the estimation of organic aerosols volatility

Using the definition of total mass fraction remaining, -1 O Data from theoretical curve (this study)
- i i _ ® Experimental data (Faulhaber et al., 2009)
MFR COA’f/COA'O’ the mass fraction ratio can be ex —— Empirical correlation (Faulhaber et al., 2009)
pressed as. 21— Empirical correlation uncertainty range ~
xif MFR;
DALLESE (20)
Xi.0 MFR .
8
and Eq. 17) can be re-written as: =
" 1
Cio= FOCOA’O (1-MFR;) (21)

MFR; Kt To AHy; (1 1 -1
— L exp[— X (=-=) ) -1
MFR Ko Tt R Iy To

For MFR = 0.5, T; = Tsp and the saturation concentratic orer o rer et

. . 0.00290 0.00300 0.00310 0.00320
for a single component (MFR = MERis formulated as: T Y
50

*
Co= (52) Fig. 10. Relationship between ldtps and 105 derived with
0-5C Kt To o AHy; (1 1 1 - Eq. (22) for the organic compounds used in the calibratioRduyl-

Ko OAQ Ko Tso X haber et al(2009, in comparison with experimental data. The er-
ror bars in the theoretical calculation denotes the uncertainty in the

R

Ts0 To

In an analogous manner, the expression bff@ a multi- aerosol loading (100—200 pugm).
component mixture at MFER= 0.5 is given by:
Cio= ?OCOA,O (23)  and 1frsp in Eq. (22), specifically defined for the selected
1 calibration compounds &toa 0=150 pg n3. Indeed, when
[Eﬁiex <_ AHy,i ( 1 _ i)) _ 1} averaging the properties of enthalpy of vaporisation, mo-
MFR Ko T50.i R Tsoi To lar mass and vapour pressure of the calibration compounds

Equations (22) and (23) provide expressions relafifjgind the equ_|I|br|um tﬁleoretmal eql_Jatl_on Ie_a_d s to t_he_ expression
1/Ts0, which will be compared with the empirical equation IOQ(I.)O.)_7376T50 ._27'73’ whichis s}nkmgly S|m|I§1r tothe
by Faulhaber et a(2009. It should be noted that because the €mPpirical expression lod) = 81717Tg," —29.61, derived by
derived equations are based on the definition of particle masEaulhaber et at2009.
evaporated between equilibrium states, the obtained expres- The variation of the calibration curve as a function
sions are constrained to equilibrium thermograms. Deviationof Coa o for organic compounds of different homologous
due to the curvature effect (i.e. Kelvin term) can be neglectedgroups was analysed in order to evaluate the influence of
in the above equations, as shown in the following sensitivitythe experimental conditions on th€j — 1/T50 relation-
analysis. The sensitivity of the equilibrium calibration curve ship. Figurell illustrates the theoretical calibration curve
to the aerosol properties defined within the tekiiKo, was  for aerosol loadings between 10-400 pghfor different
evaluated at constant aerosol loading and heat of vaporiorganic groups, together with experimental data figaul-
sation fordp, between 30-200nm, density between 800-—haber et al(2009. The thermodynamic data used as input
2000 kg nT3, molar mass between 100—-400 g mband sur- for the analysis was obtained from diverse literature sources
face tension between 0.05-0.073 mNin This sensitivity ~ (Chickos and Hanshawl997 Kulikov et al, 2001, Chat-
analysis yielded a very low influence of the above particletopadhyay and Zieman2005 Donahue et a].201]). Re-
properties on the calibration curve, with maximum devia- Sults in Fig.11show that the data for the different groups lay
tions of 2°C in the estimation offso. Because of the low ©On the same curve, with a relatively good agreement between
sensitivity of the calibration curve to the kelvin term, both the empirical calibration and the theoretical curve data for
Ki/Ko andKo were dropped from the equation and assumedCoa,o between 150-400 pgni and a more significant de-
to be~1 in subsequent calculations. viation between the empirical and theoretical curves for de-
Figure10shows log@o) vs. 1/Tso values derived using the  creasing aerosol loading. The fact that the different type of
single component theoretical expression (Eq. 22), applied fo€ompounds lay on the same curve at constant aerosol load-
the calibration compound iRaulhaber et a2009 (i.e. di-  ing, results from the vaporisation enthalpy afigl data fol-
carboxylic acids, oleic acid and DOS aerosol). The agreejowing a relationship which is found to be equivalent to that
ment between the experimental data and theoretical result®rovided byEpstein et al(2009:
reveals that the empirical equation derived Fgulhaber et
al. (2009 is in fact the equilibrium relationship betwe€lg AHy; =-11loyC})+ 129 (24)
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Figurellshows that, because of the dependence of the equi-
librium calibration curve on the organic aerosol loading, par-
ticle volatility would be underestimated by more than one Cop=10 pg/m’ 4
order of magnitude when applying the empirical calibration
at atmospheric aerosol levels ofL0 ugnt3, with respect

to the equilibrium equation. It should be noted, however,
that in a real thermodenuder with residence time up to 30s,
equilibrium will not be attained at low aerosol loadings and
therefore theC* vs. 1/T50 curve will deviate from the equilib-
rium theoretical calculation. Because of the reduced uncer-
tainty and inclusion of all the factors affecting the relation-
ship, the mathematical combination of the theoretical cali- )
bration curve defined in Egs. (22) and (23) dBpistein et L L B
al. (2009 equation (Eq24) constitutes a more accurate ap- 000275 000300 0.00325
proach for the estimation of saturation concentrations than UTea (K

the empirical expression éfaulhaber et a(2009, when ap- Cop=150 pg/m® 4
plied at equilibrium conditions that may be achieved in labo- /
ratory experiments at high aerosol loadings.

It has been shown in previous worRi{pinen et al, 201Q
Saleh et al.201]) and in Sect4 of this study that equilib-
rium might not be attained in thermodenuders measurements
at low aerosol loadings and for low effective evaporation co-
efficients. Hence, underestimation of particles volatility us-
ing the equilibrium calibration curve is expected at kinetic-
controlled conditions. Figurg2illustrates the deviations ex-
pected with respect to the theoretical calibration curve due
to equilibrium not being completely reached in the thermod-

log (C*)

log (C*)

0.00275 0.00300 0.00325

enuder measurements. At kinetic-controlled conditidis, UTeo (K7)
would be larger than the corresponding value at equilibrium, e 100 ugim® 4
leading to non-equilibrium calibration curves laying on the o y
left of the equilibrium curve. The deviations from the equi-
librium curve due to low aerosol loading and low evapo-
ration coefficients have been depicted in FIg. Devia- R
tion of Tsp up to 20-30C from the equilibrium value for- g
tuitously places the calibration curve within the region of un-
certainty of the empirical equation. Larger deviations from
equilibrium situates the calibration curve at significant dis-
tance from the empirical and equilibrium curves, invalidat-
ing the general application of the empirical and theoretical R
curves for estimating the volatility of compounds from non- 000275 0.00300  0.00325
equilibrium thermograms. UTg (K
The general expression in Eq. (23) can also be used to e Bababar ot al, 2009
derive equilibrium thermograms, i.e. MFR as a function of Empiricai calibration (Faulhaber et al., 2009)
the temperature, if the volatility distribution of the aerosol is — — Empirical equation uncertainty range
known, by considering that the total mass fraction remaining Theoretical calibration curve for:
can be expressed as a function of MFER: z ’B"g’;?gg;gﬁgﬁg daSCi(?fcg‘_%O'lg)
Alkanes (nC20-30)
n Alcohols (nC13-16)
MFR=)» x;0MFR; (25)
i=1 Fig. 11. Theoretical relationship betweé% and 1Igq for different

. . . organic compounds, as derived from Eq. (22) at different aerosol
wherex; o is the mass fraction of the compound in the par- . - ,
y mass loadings. The empirical and theoretical curves overlap for

t!cle at the reference state. According tc,) Eq. (23), equ'“,b'high aerosol loadings, while deviation between the curves is ex-
rium thermograms would only be determined by the volatil- hected for low atmospheric aerosol loadings.

ity and vaporisation enthalpy of the individual compounds
in the aerosol composition and by the specific aerosol mass
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750 E. Fuentes and G. McFiggans: Uncertainties in the estimation of organic aerosols volatility

loading conditions. Under the assumption that thermograms
are not modified after leaving the heating section (i.e. negligi- 3 Coa™20 ug/m’ .
ble re-condensation) and negligible curvature effect, Eq. (23) T

implies that identical thermograms should be obtained with ;
different thermodenuders for the same aerosol sample and
initial aerosol loadings, if equilibrium is attained. In con-
trast, dependence of thermograms on additional factors such
as particle size and evaporation coefficient is expected at
kinetically-controlled evaporation conditionEgulhaber et

al., 2009 Riipinen et al, 2010.

log (C¥)

The equilibrium curve defined in Eq. (23) can be applied
not only to interpret thermodenuder measurements but also
to analyse the change in aerosol mass loading upon changes [ S e B e S e E
in the atmospheric temperature assuming that the aerosol 0.0024 0.0026 0.0028 0.0030 0.0032
reaches equilibrium. The combination of Egs. (23), (24) ()
and @5) constitutes a system which allows for the calcula- . o
. .. . . Empirical calibration (Faulhaber et al., 2009)
tion of the variations in the aerosol mass upon changes in - = = Empirical equation uncertainty range
the temperature, if the composition of the aerosol at a ref- Equilibrium calibration curve (theoretical)
erence temperature is known. This is in fact an equivalent

Calibration curves at kinetically controlled conditions:

method to using the partitioning theory in combination with ~ eeeees y=1
the Clausius-Clapeyron equation. This approach was used — — v=0l
to explore the variation of the equilibrium aerosol mass with . v=0.01
: S o —= = y=0.001
changes in the temperature and dilution ratio with respect to
the initial aerosol loading, in comparison with kinetically- Cop=150 pg/m® Re

controlled evaporation/condensation simulations performed 37
with the kinetic model. It should be noted that these calcu-
lations are presented with an illustrative purpose to infer the
variations of aerosol mass under the assumption of equilib-
rium or kinetically-controlled conditions and not to provide
insights on the effect of complex atmospheric processing on
aerosol partitioning. Figur#3 (top) illustrates the change of
the total mass ratio CQACOA, for lubricating oil anda-
pinene SOA aerosols, taking as a reference a temperature of
25°C and an aerosol loading of 20 ug . For lubricating

oil it was considered that equilibrium is attained in a short
timescale, while for the case of amorphous salipinene
S.OA' cal_culguons are provided for (1.) eq“"'bf"%m (:_O”O_I" 0.0024 0.0026 0.0028 0.0030 0.0032
tions, which implies that the condensation coefficient is high UTey (K

enough as to achieve equilibrium in a short time-scale, and
(2) for non-equilibrium conditions, assuminfgo=100nm

log (C¥)

—— Empirical calibration (Faulhaber et al., 2009)

and an effective kinetic coefficient’ .=yZ .,=0.00055 = = Empirical equation uncertainty range

cond 7 evap - Equilibrium calibration curve (theoretical)
(mean value between 0.001-0.0001, optimum range found
wheny/ 4= yé\,ap (Cappa and Wilsor2011). Because the Calibration curves at kinetically controlled conditions:
condensation process would be dependent on the time scale - ifg-(l)l

for the kinetically-controlled case, the kinetic model was ap-
plied to calculate the change in the particle mass due to cool-
ing from 25°C for time scales of 1 h, 3h and 5h. The use Fig. 12. Deviation of the calibration curve due to equilibrium
of different coefficients for condensation and evaporation isnot being attained in thermodenuder measurements at two differ-
aimed to represent the limitation to the kinetic rate in one di-ent aerosol loadingsso deviations up te~20-30°C, with respect
rection or another. It should be noted that at the moleculaft© €quilibrium, situate the calibration curve within the uncertainty
limit, the differences in the coefficients used in our analy- region of the empirical formulation. Further difference with respect

sis may lead to unphysical behaviour; however this approacﬁc_’ e_quullbrlum (pgrtlcglarly fory <.0'01) leads to sngmﬂc_a_nt de-
. . . viation of the calibration curve with respect to the empirical and
is still useful to analyse the behaviour when the evapora-

- RPN L ) theoretical curves.
tion process is inhibited. The equilibrium results provided

— = y=0.001
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represent the case With,4= vevap=1 for the considered
time scales.

The difference in composition between lubricating oil and
a-pinene SOA in the upper volatility bins leads to a large
difference regarding the equilibrium aerosol formation upon
cooling between these two types of aerosols (particularly
due to a mass fraction of 0.1 fa* = 10* ug n2 in the lu-
bricating aerosol composition versus a mass fraction of 0.6
for a-pinene SOA). The results also reveal a very different
aerosol forming potential fo-pinene SOA depending on

@)

COA,T/COA‘ 25C

the assumption of condensation coefficient. The large un- +----*.-4._*’:""»,,,,..,,‘
certainty in the prediction of the amount of aerosol formed i R
. . . b b O=0 -8 -@:‘g'_h’_ﬁq
from amorphous solid SOA points at the necessity of further -
studying whether growth of glass-like particles during cool- 0 20 10 0 10 20
ing would be retarded by the particle phase as shrinkage may T(C)
be assumed to be. Lupricating oil. equi!ipriym
e s . . . . = o-pinene SOA, equilibrium
The sensitivity to the assumption of effective kinetic evap- 0 - a-pinene SOA, 1h. imescale, Y oo™ Yeva,=5-56-4
oration coefficient has also been explored for the aerosol =+= o-pinene SOA, 3. timescale, ¥qon™ Yevap=>-56-4
. P— . . === 0-pinene SOA, 5h. timescale, ¥ ong= Y eyap=5-56-4
mass change resulting from dilution-induced evaporation of
amorphous solid SOA particles. In a similar manner to the R, ®)
above analysis, calculations were conducted under the as- L |
sumptions of (1) equilibrium conditions (i.e. kinetic coeffi- g 0.8 L%,
cients equal to unity for the time scales considered here or S o7k
any kinetic coefficient values as long as equilibrium is at- 2 06—
H HH Ty —_.,/ —_ o
tained), (2) non-equilibrium, withrga,= ¥¢ong= 0-00055 and o5
S L C g
(©) non—equ!hbnum Wlth)/evap— 0.055 (optlmum value for 5 04
Yéong=1)- Figurel13b shows the results of this analysis as 2 oad
the ratio between the aerosol mass remaining after dilution <
. . . .. O 0.2
(corrected for the dilution ratio) and the initial aerosol mass,
which is equivalent to the mass change ratio due to particle 01
evaporation. As expected, amorphous solid SOA (cases with B e e A s o
Yevap=0.0055 andyg,,,=0.00055) exhibits a much lower 4 8 12 16 20 24 28
sensitivity to dilution than what it is predicted by equilibrium Dilution ratio
o H H H HE = o-pinene SOA equilibrium
part;non_mg. In particular, the mode_l po!nts at an underesti - Gpineno SOA, 1. tMeSoale, o= Youne=5.56-4
mation in the aerosol mass remaining in a factor from 5 to == c-pinene SOA, 3. MESCale, Yeyap= Yooni=5-56-4
10, if partitioning equilibrium theory is applied. It should o= ocpinene SOA, Sh. timescale, ¥ e,ap™ Yoong=5-56-4
. . N . =G = a-pinene SOA, 1h. timescale, yevap=5.5e-3, Yeond=1
be nc_Jted_ that the estimation of partl_c!e mass evaporate_d with -+ + ocpinene SOA, 3 fimescale, /o =5.56-3, vug=1
the kinetic model is also highly sensitive to the assumptionof .. a-pinene SOA, 5h. timescale, Vo,;,=5.56-3, Vong=1

effective evaporation coefficient, and that a better constraint

of this value is required to adequately predict the changes ifrig. 13. (a) Condensed mass forming potential of lubricating oil
aerosol mass upon dilution. and «-pinene SOA resulting from cooling from initial conditions

at 25°C and 20 ugm? aerosol loading. For the-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 withy/ . =vevap A strong difference is
obtained in the particle mass change estimation, depending on the

. . assumption of condensation being or not affected by the parti-
Evaporation profiles from thermodenuder measurements cag, amorphous solid state(b) Change ina-pinene SOA aerosol

be applied to derive the volatility distribution using the 55 resulting from dilution-induced evaporation for the cases of
method offFaulhaber et a(2009. This method involves us- (1) equilibrium (2) non-equilibrium Withydyag=Yiong @nd (3) non-

ing the calibration curve betweery and 1750, together with  — equilibrium with y4yq,=5e-3 and/,, 4= 1. While the equilibrium

the thermogram measurements for the subsequent derivatigsartitioning calculations significantly overestimate the amount of
of the particle fraction belonging in eacty; volatility bin amorphous solid aerosol mass evaporated due to dilution, a large
(Faulhaber et al2009. In this section diverse thermograms difference in the estimation of aerosol mass is obtained depending
are used to derive the volatility distributions using the equi-on the assumption of effective evaporation coefficient.

librium equation derived in the present study, the empirical

7 Derivation of volatility distributions from
thermodenuder measurements
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Calibration byFaUIhaber et aKZOOQ and the kinetiC mOdel 90 ®m Equilibrium theoretical curve (with re-condensation)

i i I Empirical curve (with re-condensation)
alppr.oac_h applied bgappa and Q|men¢201q. '_I'he derived 80— 10 Embircal s /o rorcondenenton
distributions are compared with those obtained by apply- = Volatility distribution derived from Grieshop et al. (2009)

70 -

[J Gas phase

ing aerosol mass fraction parameterisations determined from
M Particle phase

chamber experiments tathak et al(2007) and Grieshop

et al.(2009 for the aerosols on study. It has been previously
discussed byaleh et al(201]) that the use of thermograms
could be misleading in the case that mass fraction remain-

ing (MFR) values are directly compared to interpret particles

volatility (e.g. comparison of MFR values at constant temper- =

ature), since MFR values depend on the initial aerosol mass

loading. It should be noted that this issue is overcome in the B I I

present study by applying methods which account for the de- 5 = = = B
pendence of thermograms on the initial aerosol mass loading.

o
S
|

Con=70 ug/m®

Mass concentration (pg/m3)
N w S u
o o o o
1 1 1 1

,_\
1S)
1

o
|

log C* (ug/m")

7.1 Calibration curve approach: empirical and %07 o casphase -

. . Particle ph
theoretical equations - oneer .
400 Ca=650 ug/m

%)

The volatility distribution for lubricating oil and¢-pinene
SOA was derived from thermogram measurements by
Grieshop et al.(2009 and Cappa and Wilson(2017)
(Fig. 14), using the empirical and theoretical calibration
curves following the method described Haulhaber et al.
(2009. In addition, in order to estimate the potential de-
viation in the prediction due to re-condensation, thermo- 100 —
grams after the heating section were modeled using the ki-
netic model and subsequently used to derive the volatility g I l U
distribution. R e L S A B e p
Figure 14 shows the lubricating oil aerosol volatility dis- log C* (ug/m®)
tribution as determined from thermodenuder measurements
at two different aerosol loadings. It should be noted that thefig. 14. Volatility distributions derived from_lubrica_ting oil ther-_
upper volatility bin with this method is restricted & > ~ Megrams at 70 and 650_“97‘3 aerosol loading, using the equi-
100 ug nT3. which is the maximum volatility limit for the librium and empirical calibration curve approach. For 70 pggm

. . . . (a) the thermogram considerably deviates from equilibrium (Big.
possible estimation ofg above ambient temperature. For 5.4 Sb5), thus, resulting in the equilibrium calibration approach un-

the case of 70 ug W?m (Fig. 14a) there is a reasonable agree- gerestimating the aerosol volatility. The empirical calibration pro-
ment between the ideal volatility set distribution and that pre-vides a better agreement in this case, due to the calibration curve

dicted usingFaulhaber et al(2009 empirical curve, with  fortuitously laying on the empirical calibration curve (Fig. S5).
little effect of re-condensation in this estimation. In contrast, For the highest aerosol loading), the thermograms are close
the aerosol volatility is significantly underestimated when us-to equilibrium (Fig.8 and S5) and the predictions approach the
ing the equilibrium curve. This deviation is due to the fact distribution derived using the volatility basic-set distribution by
that, for this aerosol loading, the thermogram is not at equi-Grieshop et al(2009.
librium; hence,T; 50 exhibits values larger than those in the
equilibrium thermogram, resulting in a calibration curve at
the left of the equilibrium theoretical curve. Figure S7 shows mass, the empirical and equilibrium curve are close to each
how the resulting calibration curve fortuitously lays in the other (Fig. S7), and evaporation equilibrium is close to be
proximity of the empirical equation, resulting in a better pre- attained (Fig.8a), which leads to a better agreement be-
diction with respect to the equilibrium curve. It should be tween the distribution derived from literature da@rigeshop
noted that although the prediction using the empirical curveet al, 2009 and the predictions. The overestimation in
is valid in this case, the fact that the calibration curve fallsthe aerosol mass obtained for the lower volatility bins with
over the empirical curve is merely fortuitous and it cannot berespect to Grieshop et al.2009 distribution is possibly
concluded that the empirical approximation would be valid due to the fact thaFaulhaber et al(2009 method is re-
at other experimental conditions. stricted to volatility bins withC* < 100 ug nT3, which at

At 650 ug nT3 aerosol loading (Figl4, bottom), both the  the very high aerosol loading of this case, may result in
empirical and equilibrium curves approach the volatility dis- the mass from the upper volatility compounds being dis-
tribution derived from literature data. At this high aerosol tributed between the lower volatility bins. This reveals a

300 —

200 —

Mass concentration (ug/m
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@ Yevap= 0-0055 andy;,,4=1 were considered. As explained
1200 Equilibrium theoretical ith re-condensati - i i
10001 = Empircal curve i roconcnsaton in Sect.5.2 the second case represents the evaporation of a
Empirical /o re-cond: i - -
223 . e 2007) glass-like SQA, whose re-condensation process is npt Ilmlteq
0 O Gas phase by the particle phase and presents a re-condensation coeffi-
= Particle phase _ cient equal to unity. For the first case (Fida), the thermo-
Cox=500 g/’ gram s very_fa_r from egumbrlum (Fig), becapse of the onv
300 Veuwn=Veond=0-00085 kinetic coefficient, which leads to substantial underestima-

tion of the volatility when using both the theoretical and em-
pirical calibration curves. In this case, the prediction using

07 both calibration equations is similar, due the curves becom-

Mass concentration (pg/ma)

_ - ing closer at high aerosol loadings, as previously shown. Be-
100 cause of the low accomodation coefficient, re-condensation
is not significant in this case, which leads to equal volatility
ol | lI I distributions for the cases with and without re-condensation.
R T B L INVIN R R B R I For unequal evaporation and re-condensation kinetic co-
o log C* (ug/m®) ® efficients (Fig.15b), the distributions obtained indicate that
Equilibri h ical ith re-cond i - icti i i 1 i
1000 - Eﬂq“,l;'ﬁc"a“l"SJNZ(’('fﬁ'&arS”cﬁvnedgﬁ';Jinc)°" e“""f'““ the prediction using the F:ah.brayon curves deviates substgn—
800 Empirical curve w/o re-condensation (upper estimate, 7,5,0.01) tially from the literature distribution due to the fact that equi-
Empirical curve w/o re-condensation (lower estimate, yevap=o.001) . . . .
899> m Distribution derived from Pathak et a. (2007) librium is not reached and also because the thermogram is
O Gas phase _ strongly affected by re-condensation (F8). This occurs
- article ase . .
c _Smg/pma for both upper and lower estimates for re-condensation. The
OA™" . . . . .
3004 oy =1 analysis presented here indicates that the interpretation of

thermograms and prediction of volatility distributions from
thermodenuder measurements is strongly affected by the as-
sumption of equilibrium and the degree of disequilibrium

0 resulting from kinetic limitation.

200 —

Mass concentration (ng/m

ot 8l _
—6'—5

P The kinetic evaporation/re-condensation model was also ap-
log C* (ug/m’) plied to derive the aerosol volatility distribution from ther-

_ S ) _ mograms, following the approach @appa and Jimenez
Fig. 15. Volatility CilS'[l’IbUthI’lS der_lveq frona-plngne SQA thermo-_ (2010. This method consists of the iterative estimation of
grams at 500 ug M aerosol loading in comparison with the distri- e \oatility basis set distributions by bringing into agree-
bution derived using _thg paramete_rlsatlonFEgztha_k et al(2007). ment the modeled and experimental thermogra®@appa
For casga) the volatility is substantially underestimated due to the and Jimenez2010. The method to derive the volatility

thermogram being significantly far from both the equilibrium and =, ~ " . . s
the empirical calibration curves region, while (i) the deviation distribution is based on the assumption that the distribu-

using the calibration curve approach is partly due to significant re-tion follows ag exponential functi(_)r_1 Wit_h an upper Iimit of
condensation. Calculations for upper and lower estimates for reC " = 10*ugm 3. The lower volatility bin limit was iter-
condensation are included for cgg. ated to obtain agreement between measurements and model,

which explains the large number of bins obtained in the

volatility distributions.
limitation in usingFaulhaber et a(2009 method for deriv- Because this method requires specifying the effective ki-
ing volatility from experiments with very high aerosol mass netic coefficient, the volatility distributions inferred here
loadings. In this case re-condensation is also significant, agsere compared for a set of coefficient values, assuming equal
shown in the non-re-condensation distribution in Figb, kinetic coefficients for evaporation and re-condensation. In
which leads to an underestimation of the volatility distribu- these calculations re-condensation is neglected. The ther-
tion. The distribution obtained in this case for a lower es- modenuder measurements fempinene SOA could not be
timate of re-condensation does not substantially differ fromadequately fitted with the model for kinetic coefficients
the upper estimate and has not been included in the figurabove 0.01, thus constraining these parameters to values
for comparison. <0.01. In this model it was assumed that the enthalpy of

For the a-pinene SOA volatility study, the cases of vaporisation is a function af*, following Epstein equation.

(1) equal evaporation and re-condensation kinetic coeffi-For different values oA H to those derived from the Epstein
cients with a mean value of 0.00055, and (2) indepen-equation, a different range of kinetic coefficient values would
dent coefficients for evaporation and re-condensation, withbe possible. Figured6 shows the volatility distributions

I ‘ 7.2 Kinetic model approach
| O I I Al
T, 0 31 o1 41T o1 11,
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Fig. 16. Volatility distributions derived fromx-pinene SOA ther-
mograms at 500 pg T aerosol loading using the kinetic model ap-
proach with different kinetic coefficient values, in comparison with
the distribution derived from data Bjathak et al(2007. The de-
rived distribution is sensitive to the assumption of effective kinetic
coefficient, with a shift towards lower volatility for increasing ki-
netic coefficient.

: Uncertainties in the estimation of organic aerosols volatility

is obtained for kinetic coefficients values of 0.0001 and 0.01,
respectively, while a reasonable agreement between the liter-
ature and estimated volatility distributions is obtained for an
evaporation coefficient of 0.001.

\olatility distributions for different groups of atmospheric
organic aerosols, using a kinetic model, have been provided
as an estimation fop’ =1 (Cappa and Jimeng2010. It
should be taken into account that it is unknown whether
the different organic groups comprising atmospheric aerosols
would present different effective kinetic coefficients. This
implies a large uncertainty in interpreting the volatility dis-
tribution of organic aerosols and brings into question the
volatility grading scale established for different organic com-
pound groups byappa and Jimeng2010. The fact that
atmospheric measurements with thermodenuders will most
likely not be at equilibrium poses a strong difficulty to accu-
rately derive the volatility properties of aerosols from these
type of measurements, as long as deviations from equilib-
rium are not more accurately constrained. Indeed, current
uncertainty in determining volatility distributions for atmo-
spheric samples will affect estimations of organic particle
partitioning in atmospheric models, and modeling of organic
aerosol CCN activity Topping and McFiggan012. Al-
though models can be self-consistent if a given kinetic coef-
ficient and its corresponding volatility distribution are used
systematically, the quantitative results of models will pri-
marily depend on the assumption of kinetic coefficient, thus,
their outcome will be subject to the uncertainty associated to
the value of this coefficient and its corresponding volatility
distribution.

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.

Theoretical derivation of the empirical calibration curve
between the saturation concentratiéri and temperature
at which 50 % of the particle mass evaporat&s) (Faul-
haber et al.2009, revealed that this relationship is based
on the change in particle mass between equilibrium temper-
ature states, expressed explicitly as a functioa6through
the Clausius-Clapeyron equation. Calibration curve equa-
tions for a single component and multicomponent mixtures
were theoretically derived and applied to estimate volatil-
ity distributions from equilibrium thermograms. Significant
underestimation of the particle volatility resulted, however,

derived from thex-pinene SOA aerosol thermogram by ap- when using the equilibrium calibration curve at kinetically-
plying the kinetic model (results of the fitting between model controlled evaporation conditions. Because thermograms ob-
and measurements are presented in Fig. S8). The volatilityained at ambient aerosol loading levels would likely deviate
distributions obtained with this method are highly sensitive from equilibrium, a kinetic approach constitutes a more ad-
to the assumption of kinetic coefficient. In this particular equate method to correctly interpret the particle evaporation
case, an overestimation and underestimation of the volatilityoehaviour of atmospheric samples. However, the application
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of the kinetic model approach to derive volatility distribu- Supplementary material related to this article is
tions confers significant uncertainty, owing to sensitivity of available online at: http://www.atmos-meas-tech.net/5/
the method to the assumption of evaporation coefficient. ~ 735/2012/amt-5-735-2012-supplement.pdf
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