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Abstract. Aerosol thermodenuders provide a measure ofal., 2009; Kostenidou et al., 2009; Kroll et al., 2009). In a
particle volatility. The information provided by a thermod- typical aerosol thermodenuder (or TD), particles in a flowing
enuder is fundamentally related to the kinetics of evapo-air stream are heated to a fixed temperature for a specific pe-
ration and condensation within the device. Here, a time-riod of time. This increase in temperature provides a driving
dependent, multi-component model of particle and gas-phastrce which induces evaporation of compounds from parti-
mass transfer in a thermodenuder is described. This modadles. Following the heating section, the particles are cooled
empirically accounts for the temperature profile along theand are often passed through an activated carbon denuder
length of a typical thermodenuder and distinguishes betweemvhich is designed to (1) remove gas-phase organic species
the influence of the heating section and of the adsorbent deand (2) minimize re-condensation on the particles. Once the
nuder section. It is shown that “semi-volatile” aerosol is par- particles leave the thermodenuder they can be directed to any
ticularly sensitive to the inclusion of an adsorbent denudemumber of different instruments (limited only by the total

in the model. As expected, the mass loss from evaporaflow rate required by the devices) where chemical, size or
tion of particles as they pass through the thermodenuder iphysical property measurements can be made.

directly related to the compound vapor pressure, although With few exceptions (Saleh et al., 2008; Faulhaber et al.,

the assumptions regarding the enthalpy of vaporization ar‘:2009) studies to date have used aerosol thermodenuder mea-

shown to also have a large influence on the overall Calcu'surements to provide only a qualitative description of aerosol

lated mass thermograms. The model has been validated t\)’olatility. It has been previously established that the assump-

comparison with previously measured mass thermograms fo{ion that thermodynamic equilibrium at the temperature of

single-component aerosols and is shown to provide réasOfne genuder is reached may lead to misinterpretation of ob-

able semi-quantitative agreement. The model that has beegervations (An et al., 2007) given that the behavior of parti-

deveI(_)ped here can be u.sled to provide quant|tat_|ve underc':les in a thermodenuder is fundamentally determined by the
stan@ng of aerosol volatility measyrements of single andkinetics of the evaporation process. Additionally, some have
mult|-component aerosol made_ using thermodenuders tharraised guestions as to the need for an activated carbon section
include adsorbent denuder sections. (Saleh et al., 2008). As such, quantitative understanding and
interpretation of the effect of heating on particle composition
necessarily requires the use of a detailed microphysical evap-
1 Introduction oration model. As particles are heated in a thermodenuder,
the individual compounds comprising the particles evaporate
In recent years aerosol thermodenuders have become an irat a rate determined by the thermodynamic properties of each
portant tool used to assess aerosol volatility in both the lagndividual compound (i.e. vapor pressure at ambient temper-
and field (Burtscher et al., 2001; Wehner et al., 2002, 2004 ature and enthalpy of vaporization), the mole fraction of that
Kalberer et al., 2004; An et al., 2007; Denkenberger et al.,compound within the particles (accounting for Raoult's Law)
2007; Huffman et al., 2008, 2009a, b; Saleh et al., 2008:and the strength of non-ideal interactions with the other par-
Asa-Awuku et al., 2009; Faulhaber et al., 2009; Grieshop eficle components. Note that implicit in this discussion is
the assumption that the particles exhibit liquid-like behav-
ior (Marcolli et al., 2004; Cappa et al., 2008), and are there-

Correspondence tdC. D. Cappa fore well-mixed on the time scale of the evaporation process.
BY (cdcappa@ucdavis.edu) In addition, mass transfer limitations, re-condensation upon
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cooling and loss of gas-phase species and particles in the deooling.I'(r, T) is a term which accounts for non-continuum
nuder must be accounted for. effects in the mass transfer process and is given by
Here, the development of a detailed kinetic model of evap-
) . o . 0.75ye(1+Kn)
oration, which can be used to quantitatively interpret mea-I"(7,r) = 5 ,
surements of organic aerosol volatility made using thermod- Kn?+Kn+0.28Knye+0.75y

enuders, is reported on. A useful aspect of our model is tha&vhereye is the evaporation coefficient (or mass accommo-
the influence of the adsorbent denuder section of the thergtion coefficient) anén is the Knudsen number (Seinfeld

modenuder has been explicitly considered, and also the ve;nq pandis 1998). The Knudsen number is defined as:
locity gradient across the thermodenuder tube has been ac-

counted for. Kn =2x/dp, (4)

3

where is the mean-free-path of the evaporating molecule
in air. The radial dependence bf comes from the radial

2 Kinetic model of aerosol evaporation ; )
dependence af,. The mean free path is estimated as

A two-stage model of a thermodenuder (heated tube + de; _ o n.

, . A =3D; /vrms, (5)
nuder) has been developed for use in the analysis of TD ex-
periments. This model can be used to explore the influencevherevrys is the root mean square speed of the evaporating
of the choice of evaporation coefficient, the volatility (vapor molecule, which is given by
pressure) distribution and the enthalpy of vaporization dis-
tribution on evaporation in a thermodenuder. Details of thisvrms =+/8RT /7t MW; (6)

model are described below. with R being the ideal gas constant and MYde molecular
The TD model developed here is an extension of the 9 9

annular diffusion denuder model of Pratsinis et al. (1989)We'ght' The evaporation cc_)eff|C|ent 'S glefmed as the ratio _be-
oo tween the actual evaporation rate divided by the theoretical
to a cylindrical tube geometry (Gormley and Kennedy,

. . ' maximum evaporation rate, as given by the Hertz-Knudsen
1949) with temperature-dependent evaporation of a multi- . .
equation (Kulmala and Wagner, 2001). Unless otherwise
component aerosol (Cappa et al., 2008). The mass balance’ ..~ :
) . Specified, it has been assumed here thatl (although this
equation for the gas-phase molecules along the x-axis can b . ;
value can be adjusted as desired).

written as For particles, the equivalent mass-balance equation is
0Cq,i(r) D; o 0Cyg,i
29 | 2 NoD; : 9Cp,i(r)
W T [r 5 | 2 NeDidp(n)[Coir) (r) 8 = 2 Dydo(r) [y () = Csats (1) s (1) [T T)
—Csati (T) i (N]T(r, T) 1) @

whereu(r) is the linear velocity,Cq;(r) is the gas-phase whereCy; is the particle phase concentration of spe¢igs
concentration (moleculesfn of speciesi, D; is the gas- molecules/particle).

phase diffusion coefficientdy(r) is the particle diameter, The saturation concentrations for use in Eq. (1) are cal-
Csati is the temperature-dependent saturation concentratiogulated from their values at a reference temperatlg, of

of species, Ny is the particle number concentratiogy,(r) 298.15K according to

is the particle phase mole fraction of speciegeeded to T CAH 1 1

account for Raoult's Law)r is the radial distance and Csal Td) =Csa1(Tref)[ﬁ]exp(—vap|:— _ _D (8)

is the direction of flow. The default assumption is that Tg R Ta  Tref

- 6 2 - : : . .

D;=3x10"m¢/s. The first term on the right hand side nereDH,,, is the (compound-specific) enthalpy of vapor-
describes diffusion of the gas-phase along the tube radiug aton and7y, is the actual temperature of the thermode-
and the second term describes the gain/loss in gas phasgger, Thecsy values are calculated explicitly at every time
molecules due to evaporation/condensation of the particleSsie of the model and depend on the specific temperature pro-
Itis assumed that diffusion along the flow axis is negligible. fjjq that is used. The saturation concentrations are related to

The linear velocity is assumed to vary as vapor pressures through the equation
20(T)1 2 > 1P MW psarl
u(r)= — [a —r ], ) Ceq= e sat (9)

where Q(T) is the temperature-dependent volumetric wherepsay is the sub-cooled liquid vapor pressure anid
flowrate anda is the overall tube radius. The volumetric the activity coefficient (here assumed to be unity).

flowrate increases with temperature, but the shape of the ve- The initial distributions between the gas and particle phase
locity profile is assumed to be unaffected by the heating orare calculated assuming equilibrium conditions, as discussed
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further below. Starting from the initial ambient tempera- LK oy Heated Section Denuder Section |24
ture gas/particle distribution, Eqgs. (1) and (7) are numer-
ically integrated forward in time (i.e. distance). To fa-
cilitate numerical integration, the system is divided into
a series of concentric cylinders (i.e. efbins) each with
their ownd,,c;,Cg;, etc. Throughout this analysia=10 Distance or Time

has been used. It was determined that the model results. h < of the th denud del hat th
were relatively insensitive to the use of more bins, but™9- 1. Schematic of the thermodenuder model. Note that the tem-

. . perature changes in the heated section take place over a distance.
for smaller numbers of bins the extent of evaporation wasp, heating zone is indicated by A, the hot zone by “B” and the

less at a given temperature (see Fig. S1 in the Supplemeq:-ooIing zone by “C”.

tary Material: http://www.atmos-meas-tech.net/3/579/2010/

amt-3-579-2010-supplement.xipThe average particle res-

idence time in the fully heated sectionef) is determined ) ) N
based on the area-weighted average velocity and specified N the denuder section three different boundary conditions
heated tube and denuder lengttis, and Lgenugd. Note @t the wall have been considered. In Case 1 it was as-
that because the volumetric flowrate is temperature depersumed that the walls of the adsorbent denuder were a per-

dent, the velocity and residence time through the heated sed®Ct Sink for gas-phase molecules, which amounts to set-
tion are temperature dependent with ting a boundary condition ofg;(a)=0. Loss of gas-phase
molecules to the walls of the adsorbent denuder leads to

tres(Tq) = tres(Tref) [ Tret/ Tul. (10)  depletion of the gas phase near the walls and the estab-
New y; values are determined for use in the next time stepliShment of a concentration gradient across the radial axis

based on the updategh ;. Similarly, the particle diameter is of the f[ube. This perturbatio_n will Qisturb any equiliprium
recalculated at each time step. Although each compound i§1at might have been established in the heated region and
allowed to have a unique molecular weight, the simplifying Wil potentlally lead to further evaporation of all comp.o.un.ds
assumption that the densities of all species are the same h#9m the particles. In the second case a local equilibrium
been made here (this assumption can be relaxed as desired§ondition was assumed wherein the boundary condition is
In the TD model, particles and gases, initially in equi- Ca.i (@) = XiCsa(Tref). In this case, molecules are lost to the
librium at T,e=298 K (see below), are first heated to the Walls wheneverCq;(r,) > xiCsa(Trer) (i.€. when the sys-
temperature of the heated section (specified@s In the €M IS supersaturated) but the wall loss rate falls to zero as
heated section, it is assumed that there is no loss of gas-pha&e. () approaches; CsafTrer). With this boundary condi-
molecules to the walls, although there is mass transport ofion it is implicitly assumed that the system walls are fully
gas-phase molecules between bins due to the formation cfaturated by the compounds of interest. Experimentally, this
a radial concentration gradient. This amounts to setting &ituation may be obtained by using as a denuder a tube main-
boundary condition at the wall afy; (a) = Cg.; (1), Where tamed atTrer (e.9. Saleh et al., 2008) as opposed to using an
a is the tube radius ang} is the gas-phase concentration in actlv_ated carbon denuder (e.g. Huffman et al., 2008). B_oth
the bin adjacent to the wall. The assumption of no gas—phas@e first and second case act to decrease re-condensation of
losses in the heated section provides for a lower limit on the€vaporated molecules onto the particles since the walls ef-
extent of particle evaporation in the heated section as parf€Ctively actas asink for gas-phase molecules. The extent to
ticle evaporation in this case will cease once the gas-phas@hich re-condensation is avoided in the denuder section de-
becomes saturated. pends importantly on the total particle surface area (or mass

At the end of the heated section the system is returned té°2ding) relative to the surface area of the walls. Finally, as
Tre; for both the heating and cooling zones in the heated® third case ga'ls-p'hase Iosg to the denuder walls is assumed
section, the temperature changes were specified to take plad@ b& zero, which is an equivalent boundary condition as in
over a distance equal to 15% of the total heated section lengtH'€ heated section. Note that in the absence of gas-phase
(Fig. 1). This distance was chosen so as to be generall)‘/"a” losses within the denuder _sectpn the decrease in tem-
consistent with the measured temperature profile in a recerR€rature from the heated section will lead to a supersatu-
thermodenuder design (Huffman et al., 2008), although itrated condition wher&y; > ¢;Csa; and therefore lead to
should be noted that in principle any temperature profile carl€-condensation onto the particles.
be accommodated. Although a temperature profile along the For all calculations here Lhoi=58cm long with
length of the TD was used, the radial temperature was asPnoi=2.2 cm andLdenudeiS 41 cm long withDgenuge1.9 cm
sumed to be constant. In a real TD, the temperature nearegHuffman et al., 2008); as with all of the design-specific
the tube walls will be somewhat greater than that near theparameters used here, these can be easily adjusted to model
center of the tube and thus the extent of evaporation withinany specific thermodenuder design. Note that the residence
the model may be somewhat greater than actually occurs (agimes reported here have been calculated based on the time
suming thatTy is equal to the wall temperature). spent in the fully heated regiorn.€41cm), not including

A B C

Temperature_

15% 70% 15% o
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the heating and cooling zones. Unless otherwise specified, Borium composition of both particles and the gas-phase for a
flowrate of 0=0.6 Ipm, corresponding tges=15 'S, has been given amount of total organic mass comprised dffferent

used. For this design, the Reynolds number 87, which  compounds is calculated according to absorptive partitioning
indicates that the assumption of Laminar flow conditionstheory (Pankow, 1994), where the compound specific particle

(which underlies the use of Eq. 2) is valid. mole fraction is given by (Donahue et al., 2006)
In some instances (depending on the specified vapor pres- 1
sure, flow rate, temperature, etc.) the particles completeli = (1+MWoaCsati /MW, Coa) (11)

evaporate in the heated section. It has been assumed that nu- ] ) )
cleation does not occur in the system. Although nucleation’VN€reCoa is the total organic mass loading (MFMCsai
may occur in real thermodenuders, it is reasonable to excludi$ the effective saturation concentration of compound
it here because these nucleated particles will typically be easha/m) , MW; is the molecular weight of compouridand
ily identifiable as a mode separate from the particles of inter-MWoa is the average molecular weight of the compounds
est. The nucleated particles can therefore easily be excludegPMPrising the aerosol. Here, the equation given by Don-
in the final analysis of real measurements that include sizé&hue etal. has been modified to explicitly include molecular
resolved measurements. weight.

To produce mass thermograms, the time/distance-
dependent model is run once for edhvalue and from this
the variation in the particle diameter, total particle mass an

compound specific particle mass are determined as a funcrpe thermodenuder model described above includes separate
tion _of thermodenuder temperatu_re. Typically, the resultantyeated and denuder sections. A previously published model
particle mass values are normalized to the values at Somgs particle evaporation in a thermodenuder considered only
reference temperature and thus the mass fraction remainingye heated section (Faulhaber et al., 2009). Additionally, this
(MFR) can be determined as a function of temperature f0fprevious model did not account for the variable residence
comparison with experiment. A plot of MFR v&y is re-  times experienced by particles in the heated section due to
ferred to as a mass thermogram. Calculation of the MFRine velocity profile across the tube diameter. A different TD
requires that a reference state be defined. Here, two choicggodel (Saleh et al., 2008) did include an explicit denuder
of this reference state are considered: (1) where the aeros@ktion in addition to the heated section as a test case but did
has bypassed the thermodenuder altogether and (2) where thgy fylly explore the implications. Specific aspects of our
aerosol has passed through the entire thermodenudgfal - model formulation, in particular to the effects of the inclu-
which is equivalent to the aerosol passing only through thesjon, of the denuder section and velocity profile, are explored
denuder section. These will be referred to as MFBNd  here Al data from Figs. 2-12 are provided as Supplemen-

MFRq, respectively. As an additional case, the MFR hasary Material fittp://www.atmos-meas-tech.net/3/579/2010/
been calculated for aerosol passing only through the heategmt-3-579-2010-supplement.7;ip

section with the bypass as reference, referred to asiMFR
Note that MFRy, is the parameter most directly comparable 3.1  Comparison with observations: testing the model
to most previously reported measurements (e.g. Huffman et
al., 2008). The model has been tested by comparing with the ex-
Particle number losses due to diffusion or thermophoresigperimental observations of Faulhaber et al. (2009), where
are not explicitly accounted for in the model. Experimen- the mass thermograms of single-component particles with
tally, loss of particles as they transit the TD leads to a de-known temperature-dependent vapor pressures were deter-
crease in the observed particle mass. Because the model dogsned, specifically for butanedioic, hexanedioic and decane-
not account for particle losses, the calculated MFR valuedioic acids (Fig. 2). Since Faulhaber et al. utilized a TD with
will be larger than might be experimentally observed. How- an adsorbent denuder section we only consider that bound-
ever, most experimental TD results are corrected for this parary condition (Case 1) here. There has been some disagree-
ticle loss (e.g. Huffman et al., 2008) and therefore the modeiment in the literature over the exact temperature-dependent
results are, to first order, directly comparable to experimenvapor pressures of the compounds used by Faulhaber et al.
tal observations. An important caveat is that, as particles ar¢e.g. Bilde et al., 2003; Chattopadhyay and Ziemann, 2005;
lost from the system via diffusion or thermophoresis, the totalCappa et al., 2007). The observations have therefore been
aerosol mass decreases. This perturbs the gas-particle eq@ensidered in the context of the thermodynamic parame-
librium and will have the net effect of inducing evaporation. ters reported by both Chattapadhyay and Ziemann (2005)
Since this is not explicitly accounted for here, the model re-and Cappa et al. (2007) individually, as well as by using
sults effectively provide a lower limit on the extent of evapo- average values. The model inputs used wée200 nm,
ration at a given temperature. Coa=150 ug/m, 0=0.6 slpm,T;ef=25°C andye=1. Because
The system (particles + gas-phase) are assumed to be ihe Cappa et al. vapor pressures are lower than the Chat-
equilibrium when they enter the thermodenuder. The equitopadhyay et al. vapor pressures, for these compounds there

dS Results and discussion
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= ! l l 3
c 0.0 L g . @
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@
I Temperature (°C)
()
& 0.6 —
5 Fig. 3. The mass fraction remaining (referenced to the bypass, i.e.
g 04 s — MFRyp) is shown as a function dfy using the adsorbent denuder
'-(; POY boundary condition (Case 1). The solid red curve shows when the
2 o2k ° laminar flow velocity profile in the thermodenuder is explicitly con-
= Y sidered and the dotted blue curve when a flat velocity profile is as-

sumed. The calculations assume a single-component aerosol with
dp=200 M, Csa=5 Pg/m?, A Hyap=100 kd/mol, Coa=100 pg/n?,
I H ye=1, andrres=15s.

00 I
1.0]

0.8
thereby providing confidence in our model.

0.6
3.2 Influence of gas velocity

04 The calculated MFR is found to change somewhat more

steeply with temperature when a constant velocity is assumed
compared to when the velocity profile given as Eq. (2) is
used (Fig. 3). This is true independent of which reference
condition is used (i.e. MFRvs. MFR,p). The differences
between the calculated constant and variable velocity MFR’s
can be understood by considering the differences in terms of
Fig. 2. Calculated mass fraction remaining (referenced to bypass)an equivalent shift in vapor pressure afvdiap. To produce

for butanedioic, hexandioic and decanedioic acid compared to ob? thermogram under constant velocity conditions that is simi-

servations by Faulhaber et al. (2009). The thermodynamic paraml-ar to the one with the actual _VEIOC'W profile fqr asingle com-
eters Csatand A Hyap) used are from Cappa et al. (2007) (dotted), Ponent aerosol results requires a decrease imtHgp and
Chattopadhyay and Ziemann (2005) (dashed) or the average of th@n increase in the vapor pressure. For the single compound
two (solid). The model was run usinf=200 nm,fres=16's, ye=1 example shown in Fig. 3(sa=5 pg/n?), it was necessary
andCoa=150 pg/ni. For decanedioic acid the gray region shows t0 decrease\ Hyap by ca. 15-20kJ/mol (from 100 kJ/mol)
the range for 100 pug/f< Cop < 200 ug/n3. and increase&’sy by ca. a factor of 1.8 to bring the con-
stant velocity thermogram into agreement with the velocity
profile thermogram. For smaller values 6§;; somewhat
is a general tendency for more mass to remain at a givermaller decreases it Hyap and greater increases @fat ap-
temperature when the Cappa et al. vapor pressures are usdtgar to be necessary (ca. 10 kJ/mol and a factor of three for
Additionally, there is some tendency for the measured ther£-g. Csa=0.01 pg/n) Thus, if an average velocity (or resi-
mograms to be less steep than the calculated thermogramdence time) is used rather than the actual velocity profile, the
Nonetheless, it is evident that the model qualitatively cap-vaporization enthalpy needed to match the model with mea-
tures the observed TD behavior for each of the dicarboxylicsurements will be somewhat smaller than the actual value.
acids considered, and when the average vapor pressures and
AHyap's are used semi-quantitative agreement is obtained,

02F \
Decanedioic Acid N
001 ] ] ] |

30 40 50 60 70 80 90 100
Temperature (°C)
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(b) 1.00 Fig. 5. The mass fraction remaining (MR is shown for the
three different wall boundary conditions considered, i.e. the adsor-
0.5 bent denuder (Case 1, solid lines), local equilibrium (Case 2, dotted
lines) and no loss (Case 3, dashed lines) for var@gg assuming
i Csa=10 pg/n?, A Hyap=90 kd/mol,fres=16 $,dp=200 nm andye=1
o 0.90 toillustrate the influence of recondensation. The results from Case 1
= and Case 2 are indistinguishable. T#ga used were 10 pg/fn
8 (x), 100 ug/n? (s) and 500 pg/m (¢). Note that MFR is used
& 085 here, i.e. the mass fraction remaining relative to the aerosol after
< having passed through the thermodenudé&kat
0.80
equilibrium will never be achieved due to the continuous
0.75 = | | | | | +H

loss of gas-phase molecules to the walls. To understand
the influence of the gas stripping which occurs in the adsor-
bent denuder, the MR3 has been calculated wilhy = Trer
Fig. 4. (a) Calculated mass fraction remaining (Mg at Ty = fpr a single component aerogol as a function of the S"?“.”ra'
Trof (i.e. no heating) for single-component particles shown as ation vapor pressure. For typical thermodenu'der condltlopg
function of Csat (dp=200 nm,Coa=50 ug/m$) using the adsorbent (res=15s), the presence of the denuder section has a mini-
denuder boundary condition (Case 1). (inset) Calculated pgFR Mal influence on the calculated MRwhenCsat< 1 ug/n?
at Ty = Tief @s a function of particle diameter fafsa=10 pg/n? (Fig. 4a). (Recall that itis assumed here thatl.) However,
at two different aerosol mass loadings, 5 @) and 150 g/ for Csar> 1 ug/n? the inclusion of the denuder leads to a de-
(). (b) Calculated MFR, at Ty = Trer @s a function of the ~ crease in MFR, below 1. For example, fo€sa=10 pg/n?
residence time in the denude€dae10 pug/n?, dp=200nm and  MFRpp~0.9. For a givenCsatthere is only a very small de-
Coa=150 pg/nd). pendence on the total aerosol mass loading. There is, how-
ever, a noticeable dependence on the particle size (Fig. 4, in-
set). For a giverCsatandtes, smaller particles have a lower
3.3 Influence of the denuder MFRyp than bigger particles. This is primarily a consequence
of variations in both the non-continuum terim,and the sur-
As discussed above, the role of the adsorbent denuder is tface area-to-volume ratio with particle diameter. Addition-
strip gas-phase molecules out of the air stream, thus leadally, the calculated MFR, (with Tg=Tref) depends explicitly
ing to a decrease in the gas-phase concentration. This pran the residence time in the denuder (Fig. 4b). Overall, it
cess can limit re-condensation, but has the negative aspe@t found that the inclusion of the adsorbent denuder section
of potentially leading to further evaporation of particles af- leads to evaporation of the particles, consistent with the find-
ter the heated section. ASy; is reduced due to gas-phase ings of Saleh et al. (2008). The extent of evaporation depends
wall losses the particles will evaporate until such time ason the compound vapor pressure, assumed evaporation coef-
gas-particle equilibrium is re-established; thus, when the adficient, particle size and average residence time, and is pre-
sorbent denuder boundary condition is assumed gas-particlicted to be large for compounds with high vapor pressures.

5 10 15 20 25 30

Average Residence Time (s)
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It is additionally important to consider how the denuder cles near the center of the tube (note that the temperature
affects measurements made at elevated temperatures, whepeofile is assumed to be constant at all radial positions in
re-condensation is a concern. This has been explored bthe heater and denuder). Although two specific cases have
running calculations for the three different cases describedeen selected for consideration here (a higgl, high Coa
in Sect. 2. Here, the MFRRvalues are compared in order case and a lowCsy, low Coa case), a larger set of runs
to isolate the effect of re-condensation from further evapo-(not shown) indicates thafpa plays a more important role
ration (i.e. the reference condition is tlia after passing thanCsatin determining the influence of re-condensation (al-
through the entire TD afyef). Figure 5 shows that, for a thoughCsatis most important for determining the amount of
givenCsg;, the potential for re-condensation is greater at highevaporation induced by gas-phase wall loss in the denuder
loadings, which are typical of laboratory experiments. In section). This result arises because at highegx the avail-
other words, the difference between the model calculationgble particle surface is larger than at l6#a, as discussed
when the walls are assumed perfectly absorbing (Case labove.
or in local equilibrium (Case 2) and when the walls are as- Of additional interest, the calculations indicate that it is
sumed non-absorbing (Case 3) is greatest at high loadinggossible to have some particles completely evaporate while
Note that there is no significant difference between Case Dthers retain some mass while transiting the thermodenuder,
and Case 2. For ambient loadings (a few tens of dgim i.e. particle number losses are possible. This is a result of
less) the potential for re-condensation is found to be smallthere being a radial velocity gradient (recall that the radial
at least for the timescales considered here, which is consigsemperature profile is assumed flat). Thus, particles clos-
tent with the results of Huffman et al. (2008). This suggestsest to the wall may evaporate completely while those near
that re-condensation may be more of a concern for laborathe center of the tube may persist. Radial diffusion of par-
tory measurements, which are commonly conducted usingdicles, which is not explicitly considered here, will serve
higher aerosol loadings (Sakurai et al., 2003). Why is thisto decrease the actual extent of evaporation-induced particle
the case? At lower loadings, there is less total particle surnumber loss. This evaporation-induced particle loss should
face area available for re-condensation, which has the efnot be confused with particle losses at elevated temperatures
fect of slowing the condensation process. Consider as adue to thermophoresis (which is not explicitly accounted for
example a compound that hasCaa=100 ug/ni. For this here), or with the enhancement of diffusion losses that re-
single component aerosol, wh&ta=150 ug/ni the equi-  sults as particles shrink and become more diffusive. This
librium gas-phase concentration ;<100 ug/nt; when result is consistent with the experimental results of Huffman
Coa=15 pg/n¥ Cgas still equals 100 pg/fh The gas-phase et al. (2008), who showed number losses that increased as
concentration has not changed but the particle mass (anthe initial particle size decreased. These results suggest that
therefore surface area, assuming a fixed particle size) has deare must be taken in correcting thermodenuder experiments
creased by a factor of 10 and thus the re-condensation ratlor particle number losses. Such corrections are best done
is slower. Note also that for the non-absorbing case (Case 3)y characterizing a given TD using a “non-volatile” aerosol
the MFRy still eventually goes to zero. This occurs when all which is not subject to the evaporation-induced losses, as in
particles have completely evaporated in the heated sectiorluffman et al. (2008).
and, since nucleation is not allowed in the model, there is no The question of whether the equilibrium assumption is
particle surface area available for re-condensation. It is im-ever appropriate to use to interpret thermodenuder measure-
portant to recognize that these calculations were performednents has also been considered here. Here, “equilibrium as-
to assess the potential influence of re-condensation, separaseimption” specifically refers to the idea that the system (par-
from evaporation within the denuder induced via loss of gas-ticles + gas) will equilibrate at the temperature of the heated
phase molecules to the walls. For the adsorbent denuder casection and remain in this state until some measurement (e.qg.
(Case 1), this further evaporation can be significant for highsize, composition, etc.) is performed. It has previously been
Csatcompounds and can impart a negative bias in the measuggested that if a thermodenuder with sufficiently long resi-
sured MFRy relative to the condition at the end of the heated dence time is used then the equilibrium assumption becomes
section (cf. Fig. 3). However, for the local equilibrium case valid (An et al., 2007). However, the cooling section and
(Case 2) there is a limit to the amount of loss of gas-phaseresence of an adsorbent denuder (Case 1) in some TD’s
molecules to the walls and thus further evaporation due taneans that the system may not emerge at the equilibrium
gas-stripping in the denuder section is minimized. condition of the heater temperature no matter how long the

This balance between re-condensation and evaporatioresidence time. When the residence time in the heated sec-
can be visualized more explicitly by examining the time- tionisincreased, itis also increased by a proportional amount
dependent output from the model at a given temperaturein the denuder section, at least for a fixed TD configuration.
specifically using the particle radius as a metric (Fig. 6).As such, the influence of the denuder will be greater at longer
As expected, those particles closest to the walls are affectedes. High volatility compounds (caCsat> 107 ug/n?) may
most strongly, both in the heated section and the denuder secome to equilibrium on a reasonably short timescale (10s of
tion, due to their longer residence times compared to partiseconds) in the heated section, but it is these high volatility

www.atmos-meas-tech.net/3/579/2010/ Atmos. Meas. Tech., 359292010



586 C. D. Cappa: A model of aerosol evaporation kinetics in a thermodenuder

High Cg,, High C, Low Cy,, Low C,
100 100 — 1 1 1] T ~ ]
\ . o
o »
— | ||
g 80 80 :‘; -
g >
a 1 o
2 60 60 — = | @
ol | =
o N g
2 40 40 - (. ==
8 [
= @)
£ 40 L g
20 /s
L (d) |[2]
0 0 | ] ] ]
0 20 40 60 80
100 100 T 1 11 T = —
O
o g
—~ 80 80 ol —|®
IS N
£ - —
(%) | | o
= 60 1 60— [ 118
° =R
< I I
04 1 B 1 _I'Ql'l
L 40 " 1 /1 Denuder — 40 |- A _
S Bedine a1~ 1“4 Begins o =
< 1 1 1 1 g
& 201 Lo — 20} ! 415
' (b) o (e) |—
ol | | | | = 0 | | | |
0 20 40 60 80 0 20 40 60 80
100 100 1 L T =
[
[
—~ 80 80 - 1o |
IS Pt O
< 1 | g
[%) [ 60 ! —|| @
@ I I g
@ 40 1 /1 40 [ —| =
2 o o 2
a [ [ o
o 20 : : 4 20+ ! 1 —|
[ (C) (I (f)
o | ]
0 | | I | | 0 |
0 20 40 60 80 0 20 40 60 80
Distance (cm) Distance (cm)

Fig. 6. The modeled variation in particle radius is shown as a function of the distance along the thermodenuder. The different curves in each
panel correspond to particles that are closer to/further from the thermodenuder walls (line colors indicate the relative distance of that bin
from the wall). Panels aligned vertically are for the safiagtwhile panels aligned horizontally have the same denuder boundary condition.

The left panelsd, b andc) are forCsat (25°C)=100 pg/m at T4=35°C, Cop=150 ug/n? andA Hyap 60 kJ/mol while the right panelsi(e

andf) are forCsat (25°C)=1 pg/n? at 60°C, Coa=15 ug/n? and A Hyap 120 kJ/mol. The top panels (a and d) correspond to the adsorbent
denuder (Case 1), the middle panels (b and e) to the local equilibrium (Case 2) and the bottom panels (c and f) to no loss (Case 3). In all
casesres=15s ande=1. The vertical dashed lines indicate the point where the cooling begins (left) and the denuder section begins (right).

compounds that are most sensitive to gas-stripping in thehe denuder section is no longer a concern and the particles
denuder. Low volatility compounds are not all that sensi- can theoretically reach an equilibrium state that is close to
tive to the denuder section, however they will not reach equi-that at the exit of the heated section.

librium in the heated section in any reasonable (i.e. experi-

mentally accessible) time period. In contrast, when the local 1€ time to reach equilibrium also depends importantly
equilibrium condition is assumed (Case 2), gas-stripping in®" the associated particle mass loading. Considering only
evaporation in the heated section (i.e. the MFERfor a
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1.0

—_—— T T relationship between lo@ka) and 1050 (Fig. 8c) wherelsg

TN is the temperature where MgR0.5. This is similar to what
was determined previously by Faulhaber et al. (2009); de-

pending upon the assumedH,ap, dp, D;, etc., quantitative

agreement between the model and the Faulhaber et al. results

can be obtained (Fig. 8c). (Note that this relationship breaks

down somewhat at higlisaif MFRq is instead considered).
The influence of the choice ok Hyap for a fixed Csae0n

the calculated mass thermogram has been explored as well

(Fig. 8b). Interestingly, for a fixe@say Ts0 and A Hyap have

a relationship that can be best be described through a power

law with A Hyap=a +b x TE‘Z) (Fig. 8d). The parametetsand

0.8

0.6

04
— 15 seconds
= = 30 seconds
----- 60 seconds

MFR at the end of the heated section

0.2 |- Black: 10 ug/m® ‘ \ “‘-_ 3 d
Red: 100 ugim’ - - o\ b are not unigue as they depend on the assu@gg Coa,
Blue: 500 ug/m . R\ dp, etc., and therefore they are not reported here. However, in
00 1 L L L general for lowA Hyap small changes ith Hyap are predicted
30 40 50 60 70

to have a large influence on thgo while at high A Hyap
comparably large changes are needed to cause even small
Fig. 7. The calculated mass fraction remaining at the end of changes i (Fig. 8c). For example, if\ Hyap is changed
the heated section (MFR is shown as a function ofy for a  from 50kJ/mol to 60 kJ/molfso changes by more than 26
single compound aerosol Witfisa=1 pg/n? (A Hyap=120kJ/mol,  (for CsaF1 HO/N?, Coa=50 pg/nt, tres=15 s andip,=300 nm).
dp=200 nm) for differentCoa values and differentes (see legend ~ This is equivalent to an order of magnitude chang€ ig:
for specific values). Clearly, results from thermodenuder studies must be consid-
ered in the context of temperature-dependent volatilities and
not only in terms of the volatility of the various components
relatively low-volatility compound withCsa=1 pg/n? with near room temperature (where aerosol yield experiments are
A Hyap=120kJ/mol, whenCoa=10 ug/nt the system does typically conducted). Improved characterization &Hyap
not reach equilibrium in the heated section even after 60 or atmospherically-realistic compounds, such as that by Ep-
(Fig. 7). Yet whenCoa=500pug/ni they system rapidly stein et al. (2010), and mixtures is critically needed to inter-
reaches equilibrium (Fig. 7). This result can be understoodoret ambient TD data quantitatively.
by considering the overall volume available per particle,
equal to 1N,, the amount of material that must evaporate 3.5 Influence of physical properties: size and diffusion
to saturate the gas-phase at a given temperature relative to
the amount available for evaporation, and the surface aredhe influences of particle size and mass loading on the cal-
available for evaporation. For example, B=35°C, Csat culated Tsg were both investigated for the adsorbent de-
increases from 1pg/n(25°C) to 9.7 ug/m. Thus, when  nuder condition (Case 1). At low mass loadings, g
Coa=10 pg/n¥, most of the available particle-phase material decreased monotonically with particle diameter (Fig. 9). At
must evaporate for the system to reach equilibrium. In con-higher loadings thdsg decreased witlip for large diame-
trast, wherCoa=500 pg/ni only a small amount of the avail- ters, but became relatively insensitive to changes in particle
able material must evaporate and additionally the surfacaliameter for smalll,. This is somewhat different than was
area available is 50 times greater than widen=10 ug/n?, found for the room temperature (i.e. denuder-only) calcula-
which means that the overall evaporation rate (as opposetions above, where only a weak dependence on mass loading
to the per particle evaporation rate) is effectively 50 timeswas found. As with the time needed to reach equilibrium
greater and the evaporation of the additional 8.7 Fotorth discussed above, this difference arises in large part because
of material will occur much more rapidly. the particle number concentration increases Witk (for
a fixeddp), and each particle has a smaller overall volume
3.4 Influence of the thermodynamic properties of the available for evaporation (equal toNlf). As temperature is
aerosol components increased and evaporation occurs, the gas-phase will become
saturated more rapidly at higher mass loadings due to the
Mass thermograms for single component aerosol with dif-smaller available overall volume per particle. Consequently,
ferent saturation vapor pressuréSs4y and a fixedA Hyap the magnitude of mass loss for a given temperature will scale
(Fig. 8a) have been calculated for the adsorbent denuder corirversely with loading, which is observed as an increase in
dition (Case 1). As expected, the temperature that must béhe T5o with Coa (for a givendp). This is consistent with
reached in the thermal denuder to cause complete evapdhe observations of Faulhaber et al. (2009). This loading ef-
ration of the particles varies inversely with vapor pressure.fect does not apply in the same way to the room tempera-
More specifically, the model indicates that there is a linearture (denuder-only) calculations because the driving force for

Denuder Temperature (°C)
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Fig. 8. (a) The calculated mass fraction remaining (MfgiRfor particles passed through a thermal denuder is shown for different values
of Csat ranging fromCsa=0.01 to 100 ug/M. The adsorbent denuder boundary condition (Case 1) was used. Here, it was assumed
that dp=300 nm,fres=15 S, A Hyap=120 kJ/mol,Coa=50 pg/r’r? andye=1. (b) Same as (a), but where tieHy,p values were varied from

40 to 160 kJ/mol (in 20 kd/mol steps) falsa=1 ug/n?. (c) The calculatedlzg is shown as a function of'sat and (d) as a function of

A Hyap (Csarl ug/rr?, dp=300 nm). For (c), the calculations usaddyap=120 kJ/mol an@/p,=300 nm (blue line) o~ Hyap=150 kJ/mol and
dp=200 nm (red line). Note thdisg values in (c) are in K. The experimentada;vs. 150 relationship determined by Faulhaber et al. (2009)

is shown for reference (dashed line). A MW of 150 g/mol was assumed to convert vapor pressiyie to

evaporation is actually removal of gas-phase molecules bysitivity for smallerD;. It is difficult to come up with a gener-
the denuder. The gas-phase in the denuder will not becomaelly applicable uncertainty estimate based on the uncertainty
saturated no matter how small the overall volume per parti-in D; because this will depend on the specific conditiafys (
cle, and thus there is a negligible dependence of MRB(  Coa and A Hyap). However, if it is assumed thdd; can be

on Coa. Additionally, it was determined that the general known to within £20%, it can be seen in Fig. 10 that the
form of the dependence dfsg on dp was independent of associated variability ifsg ranges from much less than a

A Hyap, althoughA Hyap does have an influence on the ab- degree up to a few degrees.

soluteTso values. Actual atmospheric particles will likely contain non-

The sensitivity of the calculations to the assumed gas-organic material, some of which may be considered volatile
phase diffusion coefficient was also determined (Fig. 10). Asabove some critical temperature (e.g. sulfate) or completely
expected7spincreases aP; decreases. The general form of non-volatile (e.g. black carbon). To address this, the in-
the relationship betweeD; and Tsg is essentially indepen- fluence of having patrticles containing a non-volatile core
dent ofdp, mass loading and Hyap, although the absolute has also been considered. For a fixed tatah and d,
range over whiclsg varies does depend on these variables.this has the effect of increasing the total number of parti-
The D; vs. Tsg relationship is non-linear, with a higher sen- cles, and therefore the surface area available for evaporation.
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Fig. 11. (a) The MFR,, vs. Ty is shown for particles where

it is assumed that a non-volatile core comprising varying frac-
tions of the total particle massfi{y) is included. The calcula-
tions usedCsa=1 pg/n?, Cop=10 ug/n¥, A Hyap=120kJ/mol and
dp=200nm. (b) Same as (a), but for the condition where the non-
volatile fraction participates in absorptive partitioning, i.e. is well-
mixed with the volatile component. Here, the initial mass loading
of the volatile component is fixed at 10 ugim

the MFR at a given temperature decreases. An example of
this is shown in Fig. 11a fo€oa=10 pg/n¥, Csa=1 pg/ne,

A Hyap=120 kJ/mol andp=200 nm, where the fraction of the
particle that is non-volatilef,, was varied from 0% to 50%

of the total particle mass. Because the core does not ac-
tively mix with the volatile components in this formulation
there is no Raoult’s law depression of the volatile component
vapor pressure, and thus the primary influence of the non-
volatile core is to chang#&p. Alternatively, if it is assumed

Thus, evaporation of the volatile components is expected tdahat there is a non-volatile component that still is able to in-
proceed faster. Indeed, this is what is found. As the masdluence the gas-particle partitioning (i.e. is absorptive), then
(or mole) fraction of the non-volatile component is increasedthe evaporation dynamics are influenced by the increase in

www.atmos-meas-tech.net/3/579/2010/

Atmos. Meas. Tech., 359292010



590 C. D. Cappa: A model of aerosol evaporation kinetics in a thermodenuder

1.0 f@— T T T T T T . semi-empirical relationships such as that given by Epstein et
‘.‘ : miih al. (2010) can be implemented. Figure 12 shows the calcu-
2w o MFRZp lated total mass fraction remaining for this theoretical multi-
» N component aerosol for the three different reference condi-

. Caq = 107 g’ tions (i.e. bypass, denuder and heated tube-only) for Case 1.
As expected, the more volatile components begin to evap-
orate from the particles at lower temperatures than the less
volatile components. Because the aerosol here is comprised
of compounds with a distribution of vapor pressures, the
overall mass thermogram extends over a wide range of tem-
peratures and is not nearly as sharp as that for the individual
components (Fig. 12).
The calculated MFR, suggests that there should be mass
loss observed at ambient temperature due to evaporation of
the higher-volatility components in the denuder section, if
O meratura ey such compounds constitute a significant fraction of the sam-
pled aerosol. Additionally, at high temperatures MfRnd
Fig. 12. Calculated mass fraction remaining for an equimass mix- MFRnh give similar results. This can be understood in the
ture of compounds where the reference state is the bypassgFR context of what is shown in Fig. 6. At higher temperatures,
solid red line), denuder (MFR dashed blue line) or heated tube- the “high-volatility” material has already evaporated. Once
only (MFRy, dotted black line) and the adsorbent denuder bound-that occurs, the denuder section primarily serves to limit re-
ary condition (Case 1) has been used. The, values ranged condensation and, at low loadings, re-condensation is not a

3 ) . )
from 10°3 to 1000 pg/m. Mass thermograms are also shown for major concern (at least on the timescales considered here, as
the individual compounds comprising the aerosol as they evaporatiscssed above)

from the mixture (thin gray lines). Herey Hyap=80 kJ/mol,ye=1,
fres=155,Cop=21 pg/n? anddp=300 nm.

o o
o [
4

Mass Fraction Remaining
o
~

o
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3.7 The evaporation coefficient

It is generally accepted that for individual organic com-
particle number, as above, but also by an effective decreasgounds the evaporation coefficient is unity (or very close)
in the volatile compound vapor pressure via Raoult's law. (Kulmala and Wagner, 2001) and, for comparison, the evap-
In this case, the calculated MFR increases at a given temoration coefficient for water is similarly large (values range
perature, indicating that the Raoult’s law vapor pressure defrom ca. 0.3 to 1) (Li et al., 2001; Winkler et al., 2004; Smith
pression outweighs the increase in particle number/surfacet al., 2006). An evaporation coefficient less than one indi-
area (Fig. 11b). Thus, the influence of non-volatile mate-cates that there is a strong barrier to the formation of the “crit-
rial on the evaporation of volatile organic material dependsical” surface species that precedes evaporation (Davidovits
importantly on the extent of internal mixing and also the ex- et al., 2006). (Recall that the evaporation coefficient is de-
act internal mixing configuration (e.g. core-shell vs. absorp-fined as a deviation from the theoretical maximum evapora-

tive/mixed but non-volatile). tion rate. That theoretical maximum is directly proportional
to the vapor pressure, which is an equilibrium property de-
3.6 Multi-component aerosol scribing the energetic difference between the vapor and bulk

liquid, and thus is independent of the surface.) However,
The model which has been developed is not limited to single+ecently it has been suggested that the evaporation coeffi-
component aerosols, but can be used to describe the evapient, ye, for complex organic aerosol, specifically lubricat-
oration behavior of individual components from a multi- ing oil and secondary organic aerosol from theinene+Q
component aerosol. As such, the model may find use in inteaction, is significantly less than one 01 < ye < 0.01)
terpreting both laboratory thermodenuder measurements diGrieshop et al., 2007; Grieshop et al., 2009) and may be
primary or secondary organic aerosol or field observationsless than one for individual organic acids (Saleh et al., 2009).
As an example of the general utility of the model for use If y. is small, this would have the effect of decreasing the
with multi-component aerosol, a theoretical mass thermo-evaporation rate for a compound with a giv€gy: value.
gram has been calculated for a 7-component aerosol wittiFor example, a compound witbsa=100 pg/n3, which is
compounds having saturation concentrations ranging fronpredicted to evaporate significantly in the thermodenuder at
103 to 1C® ug/ne. For simplicity, in this example it has been room temperature, would not be observed to evaporate sig-
assumed that the aerosol contains equal parts by mass of eanfiicantly at the same temperatures for typical experimen-
component at the initial equilibrium condition and also that tal timescales ifye < 0.01. For systems where the temper-
each compound has the samél,,p (=90 kJ/mol), although  ature dependent vapor pressures of the individual aerosol
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components of a multi-component mixture are known a pri-librium can be reached in the thermodenuder at long resi-
ori, the model developed here can, in theory, be used to dedence times is incorrect. The model which has been devel-
termine the evaporation coefficient (although there may beoped here can be used to provide quantitative understand-
some challenges associated with differentiating the effectsng of aerosol volatility measurements of single and multi-
of non-ideal solution behavior, e.g. Cappa et al. (2008), anccomponent aerosol made using thermodenuders.

evaporation coefficients that differ from unity). However, in ] )
élgknowledgementsThe author thanks Jose Jimenez, Paul Zie-

order to determine temperature dependent vapor pressur . :
L . mann and Andrey Khlystov for useful discussions and comments.
for unknown systems, it is necessary to specify some value

of ye and then to work within this constraint. Further work is g iteq by: A. Wiedensohler
certainly needed to properly constrain the probable value (or
values) ofy, for atmospheric aerosols.
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