Gas to particle partitioning of organic compounds in ADCHEM

This document contains an updated version chaf2e? and 2.4 in the model description paper
Roldin et al. (2010). This updated model descriptall be included in the final paper.

2.2.2 Condensation and evaporation

ADCHEM considers condensation or evaporation offusigl acid, ammonia, nitric acid,
hydrochloric acid and oxidation products of differ@rganic compounds. Figure 2 illustrates the
structure of the condensation/evaporation algoritrsad in ADCHEM. The condensation and
evaporation is solved by first calculating the &nparticle molar condensation growth rate of
each compound, for each size bin separately (B}. I{Zonsidering uncoupled condensation of
acids and ammonia the analytic prediction of cosdgan (APC) scheme and predictor of non-
equilibrium growth (PNG) scheme developed and desdrin detail by Jacobson (1997, 2005a)
are used, while if treating the condensation ofls@nd ammonia as a coupled process the
method first proposed by Wexler and Seinfeld (1994 later applied by e.g. Zhang and Wexler
(2008) is used. The coupled condensation growthabNH; and HX (mol/s) is given by Eq. (3),
where X denotes either Cl or NO'he total NHcondensation growth ratéys) is then given by
the sum of the HCI, HN® and 2 times the S(VI) condensation growth rates
(Innz=2lgviy+ Tinost THer). Both methods are mass and number conserving wiebined with
either the full-stationary, full-moving or movingpwter structure. The APC scheme is used for
condensation/evaporation of organics, sulfuric acid for HCl and HN@If they form solid salts
with ammonium, while for dissolution of HCl and HN(@to the particle water phase, the PNG
scheme is used instead (Jacobson, 2005a). Indiésre dissolution of ammonia is treated as an
equilibrium process solved after the diffusion bi@d condensation/evaporation of HH®ICI
and HSQO,. Treating the dissolution of NjHas an equilibrium process enables the model t® tak
long time steps (minutes) when solving the condemg@vaporation process (Jacobson, 2005a).
This method can easily be modified to treat the amm dissolution as a dynamic process.
However, this requires that the time step is desgealrastically to prevent oscillatory solutions.
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In Eq. (2) and (3)}; is the contributions of speciesto the mole and diameter growth rates,
respectivelyf; is the Fuchs-Sutugin correction factor in the ¢raon region,C is the gas phase
concentration of specidsin moles n? air, Dy is the particle diametet is the time T is the
temperaturgR is the ideal gas constarmn; is the non-dimensional Knudsen numbsris the
mass accommodation coefficienf)., is the partial pressure argls is the saturation vapor
pressure. The mass accommodation coefficients f®©4 NH;, H,SO,, HCI, SQ, H,O, and
organic vapors were set to 0.2, 0.1, 1.0, 0.2,,00123 and 0.1 respectively. For the inorganic
compounds these numbers are within the range oksalbulated in Sander et al. (2006) over
liquid water at temperatures between 260 and 308ska sensitivity test one simulation was also
performed with unity mass accommodation coeffigehtsually it is assumed that the saturation
vapor pressure of sulfuric acid is zero (Korhon2dQ4a and Pirjola and Kulmala, 1998). The
saturation vapor concentrations of ammonia, ni@d and hydrochloride acid and the
equilibrium concentration of sulfuric acid and hydgen peroxide are calculated using a

thermodynamic model described in Sect. 2.2.8.

The VBS approach (Donahue et al., 2006) and theptwduct model (Odum et al., 1996), build
on the partitioning theory from Pankow (1994), whatescribes the equilibrium gas and patrticle
partitioning of organic vapors (see Sect. 2.4). Whsing the VBS method ADCHEM considers
the kinetic (diffusion limited) condensation/evagtion of 110 different organic compounds,
while when using the two-product model approach thember of condensable organic
compounds is 37. Both methods take into accounK#iein effect which gives a particle size

dependent partitioning of the different condensabitganic compounds, with larger fraction of



low volatile compounds found on the smaller pagtisizes and a larger fraction of more volatile
compounds found on the larger particle sizes. Thiigetic and particle size dependent
condensation/evaporation requires that ADCHEM keéegek of all the different organic

compounds in each particle size bin, which is carmpenally expensive, especially for the

coagulation algorithm.

The VBS method gives the amount of SOA formed asation of the exposure to the oxidation
agents (e.g. OH) (Jimenez et al., 2009). This aySOA formation in the model can be treated
as a dynamic process that evolves over time, takitg account that the SOA production
depends on the initial volatility of the emissioriee oxidation state of the emissions, the
oxidation agent concentration, the time of agemposure time) and meteorological conditions

(temperature).

In the 2-product model the SOA formation also delseon the time of ageing and concentration
of oxidation agents, but it is only the initial dation step which determines the properties of the
final products, which is represented by two surtegsompounds formed from each reaction
between a SOA-precursor and an oxidation agentefdre the 2-product model cannot take into
account the fact that more volatile compounds galyeneed longer time (several oxidation

steps) of ageing before they are incorporatedtiaerosol phase than less volatile compounds.

2.4  Species specific SOA yields and source specific 2D-VBS

The secondary organic aerosol formation in ADCHEM either be modeled with the traditional
two product model approach (Odum et al., 1996)thar recently proposed VBS approach
(Donahue et al., 2006 and Robinson et al.,, 200Ag @dvantage with the two product model
used in ADCHEM is that it models the SOA formatfomm specific organic compounds, formed
from oxidation products of a few well characterizeodmpounds known to form SOA (e.g.
oxidation products of monoterpenes, isoprene, benzwluene and xylene). However the SOA
formation in the atmosphere is complex and involtlesusands of unknown compounds
(Donahue et al., 2006).

The VBS scheme lumps all organic species into iiffebins according to their volatility (given
by their saturation concentration jCat 298 K) (Robinson et al., 2007). This methbereby



generally loses the information of the chemicattieas in where individual organic compounds
are involved in, but is designed to be able to jpte@alistic SOA formation rates found in the

atmosphere using a model with relatively low comrjpjeand only a few model parameters.

Recently, Jimenez et al. (2009) developed a 2D-Wig®hod which apart from classifying the
organic compounds according to their volatilityoaiscludes a second dimension, oxygen to
carbon ratio (O:C-ratio). This 2D-VBS method is Iempented in ADCHEM, with slightly

different assumptions which will be described below
2.4.1 Kinetic SOA formation with the two-product model

According to the two-product model developed by @det al. (1996) the aerosol yied) can
be parameterized as a function of the aerosol argaass according to Eq. (10).

Y = M alKom,l + aZKom,Z
°l1+K M, 1+K_ ,M,

(10)

om1 om,2
M, is the organic particle mass in p& o is the partitioning coefficient of produite; is the
mass based stochiometric yield of producValues ofe; and Komi from Griffin et al. (1999),
Svendby et al. (2008), Henze and Seinfeld (2006) Mg et al. (2007) are given in Table S2 in
the online supplementary material, for all orgasxadation products forming secondary organic
aerosol in the modeK,n1 andKqn2 describes the volatility of two surrogate oxidatigmoducts
which represent all the reaction products from @dation agent and a SOA precursor. Equation
11 gives the mass fractidRy;) of the oxidation produatwhich at equilibrium will partition into
the particle phase. If the gas and particle phaseantrations of the oxidation produafeviate
from this equilibrium, the diffusion limited masamnsfer (condensation or evaporation) drives the

concentrations closer toward this equilibrium staee Sect. 2.2.2).

F = MoKom,i
> 1+ Kom,i'vlo (11)

In total the two-product model in ADCHEM consid&3 different surrogate oxidation products,
of which 35 of them are surrogate compounds forS0& oxidation products and 2 of them are

surrogate compounds for the emitted POA (see t8B)e The partitioning coefficient and mass



based stoichiometric yield of the two POA compoungse chosen so that the volatility should
be comparable with what is used in the 2D-VBS Qeet. 2.4.4).

Table S2. Parameters used to calculate temperaependent aerosol yields for oxidation

products of different organic compounds.

Org. Ox. a as Kom.1 Komz  AH; AH, Treis Trei2
comp. Agent (m¥ug)  (M*ug) (kI/mol) (kI/mol) (K) (K)
a-pinene  OH 0.5 - 0.07 - 40 - 320 -
O; 0.08 0.42 0.5 0.00%8 10C* 38 310 310
NO; 0.7 - 0.02 - 40° - 310 -
p-pinene  OH 1.0 - 0.02 - 60° - 310 -
O; 0.03 038 05 0.008 100" 40 310 300
NO; 1.0 - 0.0163 - 60° - ~310 -
A3- OH 0.054 0517 0.043  0.0042 10CF 40° ~31¢  ~310
carene O 0.128 0.068 0.337  0.003¢ 100f 40 ~31¢  ~310
NO; 0.743 0.257 0.0088 0.009f 8¢ 40 ~31¢  ~310
D- OH 0.23¢9 0.36% 0.058  0.0053 10CF 40° ~31¢  ~310
limonene O 0.0 03¢ 0.055 0.0053 4C 10C0° ~31¢  ~310
NO; 1.00 - 0.055% 8Cf 80° ~31¢  ~310
Isoprene  OH 0.232 0.0288 0.00862 1.6 - - - -
O; 0.237 0.0288 0.00862 1.6 - - - -
NO; 0.237 0.0288 0.00862 1.6 - - - -
Benzene OH+NO 0.07Z 0.888 3.315 0.009G 40 ilog 300 300
OH+HO, 0.37 - -
Toluene OH+NO  0.098 0.20 0.5 0.005  4C° 40° 300° 300
OH+HO, 0.36 - -
Xylene  OH+NO 0.044 0.158 05 0.005  6( 60 300° 300
OH+HO, 0.3¢ - -
POA OH,Q,NO; 028 0727 1.0 0.0 130 100° 300F 300F

%/alues from Svendby et al., 200%/alues from Griffin et al., 1999Estimated values for this work,
dvalues from Henze and Seinfeld, 2008alues from Ng et al., 2007

Benzene, toluene and xylene first react with OHofeéd by either reaction with NO, forming

products with a low and temperature dependent Si@lyor with HQ, which gives products

which has a high and temperature independent S@W-yat least foM,>10pg/ni) (Ng et al.,

2007). In this study the two-product model SOA gtethrough the H@pathway were assumed



to be constant also below 10ud/M,, described by completely non-volatile oxidatiomgucts
(Komi=). At high NQ/HO, ratio, which generally is the case in urban emmments, most of the
oxidation products will react with NO, while at rete regions the H&pathway will dominate.
Therefore, oxidation of benzene, toluene and xyl@BiEX) in urban environments generally
gives relatively low SOA formation, while movingrtbher away from the source the SOA
formation can be considerably higher. Here it ismyebenzene, which is the least reactive of the
three compounds, that is left to form SOA (Henzalgt2008). In ADCHEM both the high and
low NOy reaction pathways are considered simultaneously.fiaction reacting through the low-
NOy pathway is given by Eq. 12 from Ng et al. (200¥he reaction rate for the low-NO

pathway is given b¥Ku, .y, = 140072 exp(00/T) cnt moleculé' s* and the reaction rate for

the high-NQ pathway by ke, .\ = 26107 exp@50/T ) cnt’ molecule s* (the Master

Chemical Mechanism v 3.1 (http://www.chem.leedsildé&tmospheric/MCM/mcmproj.html)).

f — kR02+H02[HOZ]
% T Ko, oo NOL + K, oo, [HO, ] (12)

The heats of vaporizatioml) which gives the temperature dependence of thétipaing
coefficients for the two-product model oxidatiorogucts froma-pinene,f-pinene, xylene and
toluene were taken from Svendby et al. (2008). Témperature dependent partitioning
coefficients are given by the Clausius Clapeyrolatien (Eqg. (13)) from e.g. Sheehan and
Bowman (2001). The heats of vaporizatietHf of the two product model compounds formed

from oxidation of benzene through the NO-pathwayensssumed to be the same as for toluene.
T AH[1 1
Kom(T) =K ex —- 13
om( ) om,ref Tref F{ R {T Tref J} ( )

2.4.2 Kinetic SOA formation with the 2D-VBS model
The 2D-VBS scheme used in ADCHEM classifies theanrg compounds into 10 discrete

volatility bins, separated by powers of 10 in Ginging from 16 to 10 pg m® and 11 discrete
O:C-ratios, separated by 0.1, from 0 to 1 (in tatHD (11x10) bins). The mass fractibnin the
particle phase in each volatility bins given by Eq. (14) (Donahue et al., 2006).

F=@+C /M) (14)



For compounds with C* equal to 1 pug*nEq. (14) indicates that 50 % of these compournitls w
be found in the particle phase and 50 % in theppase, if the total particle organic mass content

(Mo) is equal to 1 pg fh

The temperature dependence of C* is given by E8). ifLK,is replaced with C*. The heat of

vaporization is calculated with a recently proposegression (Eqg. (15)) which states that the

heat of vaporization can be estimated as a fundidhe saturation concentration (Epstein et al.,

2010). C500in Eq. (15) is the saturation concentration at R0O

AH =-11000g,,Cspo+129 kJmol™* (15)

In the 2D-VBS model used in ADCHEM the traditioi®DA precursors (BTX, monterpenes and
isoprene) are first allowed to react accordinghirtspecies specific reaction rates, and then all
oxidation products are incorporated into the 2D-VBBe volatility and O:C-ratio distribution of
these first oxidation step reaction products weadcutated with the functionalization and
fragmentation algorithms used in the 2D-VBS modske( Sect. 2.4.3). The saturation
concentrations and O:C-ratios of these primary aiith products range between’ Hhd 10 ug

m*and 0 and 0.4 respectively.

Jimenez et al. (2009) assumed that all organic coimghs after the first oxidation step react with
the OH radical with a gas-phase rate constasi)(&f 3-10™ cnt® moleculed s*, and state that
the heterogeneous oxidation rate of organic comg®um the particle phase is at least 10 times
slower. After one or a few oxidation reactionshe tatmosphere the oxidation products lose their
original signature and become increasingly similarstructure independent of the original
molecular structure (Jimenez et al., 2009). Theegféor all gas phase compounds in the 2D-
VBS, the same dy; of 3-10" cn® moleculed s* as proposed by Jimenez et al. (2009) was also
used in ADCHEM. All gas phase compounds in eachVHEY bin were also assumed to be
oxidized by Q and NQ with kos=10"" cn® molecules s* and kioz=10* cm® moleculed s?,
which are approximately the reaction rates for adlee (Atkinson, 1997). The heterogeneous
reactions were assumed to be insignificant compaoethe gas phase, and were therefore

neglected.

2.4.3 Functionalization and fragmentation of organic oxidation products



Functionalization is the process by which oxidatieactions create new products with the same
carbon number and higher O:C-ratio, while fragmimtacreates products with lower carbon
number and higher O:C-ratio. In ADCHEM the funcatination algorithm was adapted from
Jimenez et al.,, 2009. In the algorithm it is asdlirtteat all functionalization reactions, are
independent of the properties of the organic redcthe formed products take-up one to three
oxygen atoms, where on molar basis 29 % take-uprypgen atom, 49 % two oxygen atoms and
22 % three oxygen atoms. Since these oxygen atamattach differently to the carbon chain of
the original molecule, there are also separateglitity functions for the change in volatility
(change of C* AC¥)) of the products which take-up one, two or thexygen atoms, varying
from -10' to -10 pg/n? (see Table. 1). The change in O:C-ratio upon fonatization depends
on the number of carbon atoms of the original mdkecin the 2D-VBS the number of carbon
atoms of the surrogate compounds varies betwedor2®e bin (C*=10 pg/nt, O:C-ratio=0)
down to 2.3 for the bin (C*=1in pg/ni, O:C-ratio=1). In the 2D-VBS an increase in C*1y
without changing the O:C-ratio is achieved by remg\ carbon atoms from a compound, while
an addition of one oxygen molecule decreases tiueasimn concentration 3.75 times more than
if hypothetically one carbon atom was added. Thvadaes are in fair agreement with the values
given in Pankow and Asher, 2008, which estimaté 2hextra carbon atoms increases the vapor
pressure by almost 10 and depending on whetheoxigen atoms form hydroxyl-, aldehyde-,
ketone or carboxylic acid- groups the vapor pressiacreases with 2-5 times more than if just

adding one carbon atom.

Table 1. Probability functions for the change ivwhen adding one to three oxygen atoms (O)

to the organic compounds in the 2D-VBS.

AC* (ug/nT) -100 -1¢ -1 -1 -10° -10°  -10°

+10 0.30 0.50 0.20
+20 0.19 0.38 0.32 0.11
+30 0.095 0.20 0.41 0.20 0.095

In the 2D-VBS used in ADCHEM all oxidation reactsoffirst follows the functionalization
kernel and then a fractior) (of the formed oxidation products will fragmentizequivalent to
Jimenez et al. (2009) it is assumed that the m#@edhat fragmentize have equal probability to
split at any of the carbon bonds. For C11 moleculegh fragmentize there will in average, on
molar basis, be 10 % of all C1 to C10 moleculeshEat the 2D-VBS bins on the right side of



the original molecule (higher C*) bin will theretoreceive the same number of molecules, but
different masses. Jimenez et al. (2009) assumetd phd of the formed fragments have
unchanged O:C-ratio while others increases the@-@tio. However, in the 2D-VBS used in
ADCHEM it is simply assumed that the fragments fribra oxidation products (formed from the
functionalization reactions) always have the sam@-@tio as the non-fragmentized molecule.
Since the fragments first take-up oxygen atomsreefioey fragmentize, they still always have

larger O:C-ratio than the original molecule (beforaction).

One large uncertainty with the VBS model approaciaow to estimate the fractiofy Of the
oxidation reactions which cause the organic mokstd fragmentize (form products with lower
carbon number and higher O:C-ratio) and which foacthat functionalizes (form new products
with the same carbon number and higher O:C-rafimpenez et al. (2009) proposed that the
fraction of reactions that cause fragmentatioroat NO, conditions can be given as a function of
the O:C-ratio according to Eq. (15). This equatisnalso used in the 2D-VBS model in
ADCHEM, both for low and high NQconditions. The different benzene, toluene andéng/l
SOA yields between the low and high NEbnditions are instead assumed to be caused by the
first oxidation reactions before these compoundsrehe 2D-VBS. To account for the different
yields, the benzene, toluene and xylene molecwasting through the high N(pathway are
always assumed to be fragmentized when they adkzexi, while those reacting through the low
NOy pathway are always functionalized. The monoterperel isoprene are always assumed to
react through the low NQpathway, independent of the NO and Hf®@ncentration. Figure S1 in
the supplementary material compares the modeleddsyiavith the 2-product model
parameterization of the measured BTX vyields fromeé¥al. (2007). For atmospheric relevant
particle organic mass concentrations (1ugn) the yield for BTX with the 2D-VBS is about 4-
11 % for high NQ conditions, while 15-35 % for low NQconditions, at 300 K. This can be
compared with the 2-product model SOA yields of55% for benzene, 2-8 % for toluene and 1-
4 % for xylene at high NQconditions and 37 % for benzene, 36 % for toluene 30 % for
xylene at low NQ conditions.

_ 9 1/6
f _(Cj (15)
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Figure S1. SOA Yield for benzene (B), toluene (Myl xylene (X), at 300 K, at high NGnd
low NOy conditions (Ng et al., 2007) and benzene, toluamexylene SOA yield at 300 K from
2D-VBS model used in ADCHEM.

2.4.4 POA volatility

Another key uncertainty in the modeled organic seréormation in urban environments is the
volatility of the organic emissions traditionallgresidered to be POA (e.8hrivastava et al., 2008
and Tsimpidi et al., 2010Bhrivastava et al. (2008) used the 3D-CTM model RM& to model the
organic aerosol in the US by either treating thesditional POA emissions as non-volatile*£0) or as
semi-volatile (¢ between 1F and 10 ug m®). Their results illustrate that condensation of aéd

organic compounds formed from compounds which éxstporates after dilution and then are oxidized in

the atmosphere has the potential to significamtitygase the summertime organic aerosol (OA) inrurba
environments in the USA. In this work the tradigd®OA emissions (e.g. from EMEP) was either

treated as non-volatile compounds (C*=0 pg)ror as semi-volatile. These semi-volatile POA



(SVPOA) mass emissions were divided into differ€it channels according to the work by
Robinson et al. (2007), Shrivastava et al. (2008) Bsimpidi et al. (2010)Analogous with Robinson et
al. (2007), Shrivastava et al. (2008) and Tsimpidal. (2010) the intermediate volatile organicboar
(IVOC) emissions (C* between 1@nd 16 ug m'3), was assumed to be proportional and 1.5 timegiarg

than the POA emissior{see Table S3 in the online supplementary material)

Table S3. Emission fractions of existing non-vdéaROA emissions if treating the POA as semi-

volatile and including IVOC emissions.

C* at 298 K (1g/m°) 10° 10" 1 10 1¢ 100 100 10 1@
Emission fractiofsSVPOA 0.03 0.06 0.09 0.14 0.18 030 020 O 0
Emission fractiorn’slVOCs 0 0 0 0 0 0 0.20 0.50 0.80

®Mass ratio to existing EMEP POA emissions, valuspted from Robinson et al. (2007), Shrivastaval.e2008)
and Tsimpidi et al. (2010).

Recently performed chamber measurements on woollesartd diesel car POA emissions indicate that
the POA may evaporate slowly before reaching anlibum with the gas phase (at least 1 hour)
(Grieshop et al., 2009). The spatial and tempasblution used in ADCHEM enables the treatment of
this mass transfer limited evaporation. Therefdrd®@A emissions in ADCHEM are initially placed in
the particle phase, although they at equilibriunatarge fraction will be found in the gas phaskisT
enables ADCHEM to study the kinetic evaporationhaf SVPOA downwind the source region, followed
by the oxidation of the SVPOA in the gas phase farally the re-condensation of the oxidized SVPOA
several hours after the initial emissions.
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