
Gas to particle partitioning of organic compounds in ADCHEM 

This document contains an updated version chapter 2.2.2 and 2.4 in the model description paper 

Roldin et al. (2010). This updated model description will be included in the final paper.  

2.2.2  Condensation and evaporation 

ADCHEM considers condensation or evaporation of sulfuric acid, ammonia, nitric acid, 

hydrochloric acid and oxidation products of different organic compounds. Figure 2 illustrates the 

structure of the condensation/evaporation algorithm used in ADCHEM. The condensation and 

evaporation is solved by first calculating the single particle molar condensation growth rate of 

each compound, for each size bin separately (Eq. (2)). If considering uncoupled condensation of 

acids and ammonia the analytic prediction of condensation (APC) scheme and predictor of non-

equilibrium growth (PNG) scheme developed and described in detail by Jacobson (1997, 2005a) 

are used, while if treating the condensation of acids and ammonia as a coupled process the 

method first proposed by Wexler and Seinfeld (1990) and later applied by e.g. Zhang and Wexler 

(2008) is used. The coupled condensation growth rate of NH3 and HX (mol/s) is given by Eq. (3), 

where X denotes either Cl or NO3. The total NH3 condensation growth rate (INH3) is then given by 

the sum of the HCl, HNO3 and 2 times the S(VI) condensation growth rates 

(INH3=2IS(VI)+IHNO3+IHCl). Both methods are mass and number conserving when combined with 

either the full-stationary, full-moving or moving-center structure. The APC scheme is used for 

condensation/evaporation of organics, sulfuric acid and for HCl and HNO3 if they form solid salts 

with ammonium, while for dissolution of HCl and HNO3 into the particle water phase, the PNG 

scheme is used instead (Jacobson, 2005a). In this scheme dissolution of ammonia is treated as an 

equilibrium process solved after the diffusion limited condensation/evaporation of HNO3, HCl 

and H2SO4. Treating the dissolution of NH3 as an equilibrium process enables the model to take 

long time steps (minutes) when solving the condensation/evaporation process (Jacobson, 2005a). 

This method can easily be modified to treat the ammonia dissolution as a dynamic process. 

However, this requires that the time step is decreased drastically to prevent oscillatory solutions.   
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In Eq. (2) and (3), Ii is the contributions of species i to the mole and diameter growth rates, 

respectively, fi is the Fuchs-Sutugin correction factor in the transition region, Ci is the gas phase 

concentration of species i in moles m-3 air, Dp is the particle diameter, t is the time, T is the 

temperature, R is the ideal gas constant, Kni is the non-dimensional Knudsen number, αi is the 

mass accommodation coefficient,  pi,∞ is the partial pressure and pi,s is the saturation vapor 

pressure. The mass accommodation coefficients for HNO3, NH3, H2SO4, HCl, SO2, H2O2 and 

organic vapors were set to 0.2, 0.1, 1.0, 0.2, 0.11, 0.23 and 0.1 respectively. For the inorganic 

compounds these numbers are within the range of values tabulated in Sander et al. (2006) over 

liquid water at temperatures between 260 and 300 K. As a sensitivity test one simulation was also 

performed with unity mass accommodation coefficients. Usually it is assumed that the saturation 

vapor pressure of sulfuric acid is zero (Korhonen, 2004a and Pirjola and Kulmala, 1998). The 

saturation vapor concentrations of ammonia, nitric acid and hydrochloride acid and the 

equilibrium concentration of sulfuric acid and hydrogen peroxide are calculated using a 

thermodynamic model described in Sect. 2.2.8.  

The VBS approach (Donahue et al., 2006) and the two-product model (Odum et al., 1996), build 

on the partitioning theory from Pankow (1994), which describes the equilibrium gas and particle 

partitioning of organic vapors (see Sect. 2.4). When using the VBS method ADCHEM considers 

the kinetic (diffusion limited) condensation/evaporation of 110 different organic compounds, 

while when using the two-product model approach the number of condensable organic 

compounds is 37. Both methods take into account the Kelvin effect which gives a particle size 

dependent partitioning of the different condensable organic compounds, with larger fraction of 



low volatile compounds found on the smaller particle sizes and a larger fraction of more volatile 

compounds found on the larger particle sizes. This kinetic and particle size dependent 

condensation/evaporation requires that ADCHEM keep track of all the different organic 

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

coagulation algorithm.  

The VBS method gives the amount of SOA formed as a function of the exposure to the oxidation 

agents (e.g. OH) (Jimenez et al., 2009). This way the SOA formation in the model can be treated 

as a dynamic process that evolves over time, taking into account that the SOA production 

depends on the initial volatility of the emissions, the oxidation state of the emissions, the 

oxidation agent concentration, the time of ageing (exposure time) and meteorological conditions 

(temperature).  

In the 2-product model the SOA formation also depends on the time of ageing and concentration 

of oxidation agents, but it is only the initial oxidation step which determines the properties of the 

final products, which is represented by two surrogate compounds formed from each reaction 

between a SOA-precursor and an oxidation agent. Therefore the 2-product model cannot take into 

account the fact that more volatile compounds generally need longer time (several oxidation 

steps) of ageing before they are incorporated into the aerosol phase than less volatile compounds. 

 

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

The secondary organic aerosol formation in ADCHEM can either be modeled with the traditional 

two product model approach (Odum et al., 1996), or the recently proposed VBS approach 

(Donahue et al., 2006 and Robinson et al., 2007). One advantage with the two product model 

used in ADCHEM is that it models the SOA formation from specific organic compounds, formed 

from oxidation products of a few well characterized compounds known to form SOA (e.g. 

oxidation products of monoterpenes, isoprene, benzene, toluene and xylene). However the SOA 

formation in the atmosphere is complex and involves thousands of unknown compounds 

(Donahue et al., 2006).  

The VBS scheme lumps all organic species into different bins according to their volatility (given 

by their saturation concentration (C*), at 298 K) (Robinson et al., 2007). This method thereby 



generally loses the information of the chemical reactions in where individual organic compounds 

are involved in, but is designed to be able to predict realistic SOA formation rates found in the 

atmosphere using a model with relatively low complexity and only a few model parameters. 

Recently, Jimenez et al. (2009) developed a 2D-VBS method which apart from classifying the 

organic compounds according to their volatility also includes a second dimension, oxygen to 

carbon ratio (O:C-ratio). This 2D-VBS method is implemented 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 Odum et al. (1996) the aerosol yield (Y) can 

be parameterized as a function of the aerosol organic mass according to Eq. (10). 
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Mo is the organic particle mass in µg m-3, Kom,i is the partitioning coefficient of product i, αi is the 

mass based stochiometric yield of product i. Values of αi and Kom,i from Griffin et al. (1999), 

Svendby et al. (2008), Henze and Seinfeld (2006) and Ng et al. (2007) are given in Table S2 in 

the online supplementary material, for all organic oxidation products forming secondary organic 

aerosol in the model. Kom,1 and Kom,2 describes the volatility of two surrogate oxidation products 

which represent all the reaction products from an oxidation agent and a SOA precursor. Equation 

11 gives the mass fraction (Fp,i) of the oxidation product i which at equilibrium will partition into 

the particle phase. If the gas and particle phase concentrations of the oxidation product i deviate 

from this equilibrium, the diffusion limited mass transfer (condensation or evaporation) drives the 

concentrations closer toward this equilibrium state (see Sect. 2.2.2).    
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In total the two-product model in ADCHEM considers 37 different surrogate oxidation products, 

of which 35 of them are surrogate compounds for the SOA oxidation products and 2 of them are 

surrogate compounds for the emitted POA (see table S2). The partitioning coefficient and mass 



based stoichiometric yield of the two POA compounds were chosen so that the volatility should 

be comparable with what is used in the 2D-VBS (see Sect. 2.4.4).               

 

Table S2. Parameters used to calculate temperature dependent aerosol yields for oxidation 

products of different organic compounds.   

Org. 

comp. 

Ox.  

Agent 

α1 α 2 Kom,1 

(m3/µg) 

Kom,2 

(m3/µg) 

∆H1 

(kJ/mol) 

∆H2 

(kJ/mol) 

Tref,1 

(K) 

Tref,2 

(K) 

α-pinene OH 

O3  

NO3 

0.5a 

 0.08a 

 0.1a 

- 

0.42a 

 - 

0.02a 

 0.5a 

 0.02a 

- 

 0.005a 

 -  

40a  

100a  

40a 

 - 

38a 

 - 

320a 

310a 

310a 

- 

 310a 

 -  

β-pinene OH 

O3 

NO3 

1.0a  

0.03a 

1.0b 

- 

 0.38a 

 - 

0.02a 

 0.5a 

0.0163b 

-  

0.005a 

- 

60a 

100a 

60b 

- 

 40a  

- 

310a 

310a 

~310b 

- 

300a 

- 

∆3-

carene 

OH 

O3  

NO3 

0.054b 

0.128b 

0.743b 

0.517b 

0.068b 

0.257b 

0.043b 

0.337b 

0.0088b 

0.0042b 

0.0036b 

0.0091b 

100c 

100c 

80c 

40c 

40c 

40c 

~310b 

~310b 

~310b 

~310b 

~310b 

~310b 

D-

limonene 

OH 

O3 

NO3 

0.239b 

0.03c 

1.0c 

0.363b 

0.38c 

- 

0.055b 

0.055c 

0.055c 

0.0053b 

0.0053c 

 

100c 

40c 

80c 

40c 

100c 

80c 

~310b 

~310b 

~310b 

~310b 

~310b 

~310b 

Isoprene OH 

O3 

 NO3 

0.232d 

0.232d 

0.232d 

0.0288d 

0.0288d 

0.0288d 

0.00862d 

0.00862d 

0.00862d 

1.62d 

1.62d 

1.62d 

- 

- 

- 

- 

- 

- 

- 

- 

- 

- 

- 

- 

Benzene OH+NO   

OH+HO2 

0.072e 

0.37e 

0.888e 

- 

3.315e 

- 

0.0090e 

- 

40c 

- 

40c 

- 

300c 

- 

300c 

- 

Toluene OH+ NO   

OH+HO2 

0.095a 

0.36e 

0.20a 

- 

0.5a 

- 

0.005a 

- 

40a 

- 

40a 

- 

300a 300a 

Xylene OH+NO  

OH+HO2 

0.044a 

 0.30e 

0.15a 

- 

0.5a 

- 

0.005a 

- 

60a 

- 

60a 

- 

300a 

- 

300a 

- 

POA OH, O3, NO3 0.28c  0.72c 1.0c 0.01c 130c 100c 300c 300c 
aValues from Svendby et al., 2008, bValues from Griffin et al., 1999, cEstimated values for this work, 
dValues from Henze and Seinfeld, 2006, eValues from Ng et al.,  2007 

 

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

products with a low and temperature dependent SOA-yield, or with HO2, which gives products 

which has a high and temperature independent SOA-yield (at least for Mo>10µg/m3) (Ng et al., 

2007). In this study the two-product model SOA yields through the HO2-pathway were assumed 



to be constant also below 10µg/m3 Mo, described by completely non-volatile oxidation products 

(Kom,i=∞). At high NOx/HO2 ratio, which generally is the case in urban environments, most of the 

oxidation products will react with NO, while at remote regions the HO2-pathway will dominate. 

Therefore, oxidation of benzene, toluene and xylene (BTX) in urban environments generally 

gives relatively low SOA formation, while moving further away from the source the SOA 

formation can be considerably higher. Here it is mainly benzene, which is the least reactive of the 

three compounds, that is left to form SOA (Henze et al., 2008). In ADCHEM both the high and 

low NOx reaction pathways are considered simultaneously. The fraction reacting through the low-

NOx pathway is given by Eq. 12 from Ng et al. (2007). The reaction rate for the low-NOx 

pathway is given by )/700exp(104.1 12

22
Tk HORO

−
+ ⋅=  cm3 molecule-1 s-1 and the reaction rate for 

the high-NOx pathway by )/350exp(106.2 12

2
Tk NORO

−
+ ⋅=  cm3 molecule-1 s-1 (the Master 

Chemical Mechanism v 3.1 (http://www.chem.leeds.ac.uk/Atmospheric/MCM/mcmproj.html)). 
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The heats of vaporization (∆H) which gives the temperature dependence of the partitioning 

coefficients for the two-product model oxidation products from α-pinene, β-pinene, xylene and 

toluene were taken from Svendby et al. (2008). The temperature dependent partitioning 

coefficients are given by the Clausius Clapeyron relation (Eq. (13)) from e.g. Sheehan and 

Bowman (2001). The heats of vaporization (∆H) of the two product model compounds formed 

from oxidation of benzene through the NO-pathway were assumed to be the same as for toluene.  
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2.4.2 Kinetic SOA formation with the 2D-VBS model 

The 2D-VBS scheme used in ADCHEM classifies the organic compounds into 10 discrete 

volatility bins, separated by powers of 10 in C*, ranging from 10-2 to 107 µg m-3 and 11 discrete 

O:C-ratios, separated by 0.1, from 0 to 1 (in total 110 (11x10) bins). The mass fraction Fi in the 

particle phase in each volatility bin i is given by Eq. (14) (Donahue et al., 2006). 

1* )/1( −+= oii MCF          (14) 



For compounds with C* equal to 1 µg m-3, Eq. (14) indicates that 50 % of these compounds will 

be found in the particle phase and 50 % in the gas phase, if the total particle organic mass content 

(Mo) is equal to 1 µg m-3.  

The temperature dependence of C* is given by Eq. (13) if omK is replaced with C*. The heat of 

vaporization is calculated with a recently proposed expression (Eq. (15)) which states that the 

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

2010). *
300C in Eq. (15) is the saturation concentration at 300 K. 

1*
30010 129log11 −+⋅−=∆ molkJCH       (15) 

 

In the 2D-VBS model used in ADCHEM the traditional SOA precursors (BTX, monterpenes and 

isoprene) are first allowed to react according to their species specific reaction rates, and then all 

oxidation products are incorporated into the 2D-VBS. The volatility and O:C-ratio distribution of 

these first oxidation step reaction products were calculated with the functionalization and 

fragmentation algorithms used in the 2D-VBS model (see Sect. 2.4.3). The saturation 

concentrations and O:C-ratios of these primary oxidation products range between 107 and 101 µg 

m-3 and 0 and 0.4 respectively.  

Jimenez et al. (2009) assumed that all organic compounds after the first oxidation step react with 

the OH radical with a gas-phase rate constant (kOH) of 3·10-11 cm3 molecules-1 s-1, and state that 

the heterogeneous oxidation rate of organic compounds in the particle phase is at least 10 times 

slower. After one or a few oxidation reactions in the atmosphere the oxidation products lose their 

original signature and become increasingly similar in structure independent of the original 

molecular structure (Jimenez et al., 2009). Therefore, for all gas phase compounds in the 2D-

VBS, the same kOH of 3·10-11 cm3 molecules-1 s-1 as proposed by Jimenez et al. (2009) was also 

used in ADCHEM. All gas phase compounds in each 2D-VBS bin were also assumed to be 

oxidized by O3 and NO3 with kO3=10-17 cm3 molecules-1 s-1 and kNO3=10-14 cm3 molecules-1 s-1, 

which are approximately the reaction rates for alkenes (Atkinson, 1997). The heterogeneous 

reactions were assumed to be insignificant compared to the gas phase, and were therefore 

neglected.      

2.4.3 Functionalization and fragmentation of organic oxidation products  



Functionalization is the process by which oxidation reactions create new products with the same 

carbon number and higher O:C-ratio, while fragmentation creates products with lower carbon 

number and higher O:C-ratio. In ADCHEM the functionalization algorithm was adapted from 

Jimenez et al., 2009. In the algorithm it is assumed that all functionalization reactions, are 

independent of the properties of the organic reactant, the formed products take-up one to three 

oxygen atoms, where on molar basis 29 % take-up one oxygen atom, 49 % two oxygen atoms and 

22 % three oxygen atoms. Since these oxygen atoms can attach differently to the carbon chain of 

the original molecule, there are also separate probability functions for the change in volatility 

(change of C* (∆C*)) of the products which take-up one, two or three oxygen atoms, varying 

from -101 to -107 µg/m3 (see Table. 1). The change in O:C-ratio upon functionalization depends 

on the number of carbon atoms of the original molecule. In the 2D-VBS the number of carbon 

atoms of the surrogate compounds varies between 29 for the bin (C*=10-2 µg/m3, O:C-ratio=0) 

down to 2.3 for the bin (C*=107 bin µg/m3, O:C-ratio=1). In the 2D-VBS an increase in C* by 10 

without changing the O:C-ratio is achieved by removing 2 carbon atoms from a compound, while 

an addition of one oxygen molecule decreases the saturation concentration 3.75 times more than 

if hypothetically one carbon atom was added. These values are in fair agreement with the values 

given in Pankow and Asher, 2008, which estimate that 2 extra carbon atoms increases the vapor 

pressure by almost 10 and depending on whether the oxygen atoms form hydroxyl-, aldehyde-, 

ketone or carboxylic acid- groups the vapor pressure decreases with 2-5 times more than if just 

adding one carbon atom. 

Table 1.  Probability functions for the change in C* when adding one to three oxygen atoms (O) 

to the organic compounds in the 2D-VBS. 

∆C* (µg/m3) -101 -102 -103 -104 -10-5 -106 -107 

+1 O 0.30 0.50 0.20     

+2 O  0.19 0.38 0.32 0.11   

+3 O   0.095 0.20 0.41 0.20 0.095 

In the 2D-VBS used in ADCHEM all oxidation reactions first follows the functionalization 

kernel and then a fraction (f) of the formed oxidation products will fragmentize. Equivalent to 

Jimenez et al. (2009) it is assumed that the molecules that fragmentize have equal probability to 

split at any of the carbon bonds. For C11 molecules which fragmentize there will in average, on 

molar basis, be 10 % of all C1 to C10 molecules. Each of the 2D-VBS bins on the right side of 



the original molecule (higher C*) bin will therefore receive the same number of molecules, but 

different masses. Jimenez et al. (2009) assumed that part of the formed fragments have 

unchanged O:C-ratio while others increases their O:C-ratio. However, in the 2D-VBS used in 

ADCHEM it is simply assumed that the fragments from the oxidation products (formed from the 

functionalization reactions) always have the same O:C-ratio as the non-fragmentized molecule. 

Since the fragments first take-up oxygen atoms before they fragmentize, they still always have 

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

One large uncertainty with the VBS model approach is how to estimate the fraction (f) of the 

oxidation reactions which cause the organic molecules to fragmentize (form products with lower 

carbon number and higher O:C-ratio) and which fraction that functionalizes (form new products 

with the same carbon number and higher O:C-ratio). Jimenez et al. (2009) proposed that the 

fraction of reactions that cause fragmentation at low NOx conditions can be given as a function of 

the O:C-ratio according to Eq. (15). This equation is also used in the 2D-VBS model in 

ADCHEM, both for low and high NOx conditions. The different benzene, toluene and xylene 

SOA yields between the low and high NOx conditions are instead assumed to be caused by the 

first oxidation reactions before these compounds enter the 2D-VBS. To account for the different 

yields, the benzene, toluene and xylene molecules reacting through the high NOx pathway are 

always assumed to be fragmentized when they are oxidized, while those reacting through the low 

NOx pathway are always functionalized. The monoterpenes and isoprene are always assumed to 

react through the low NOx pathway, independent of the NO and HO2 concentration. Figure S1 in 

the supplementary material compares the modeled yields with the 2-product model 

parameterization of the measured BTX yields from Ng et al. (2007). For atmospheric relevant 

particle organic mass concentrations (1-10 µg/m3) the yield for BTX with the 2D-VBS is about 4-

11 % for high NOx conditions, while 15-35 % for low NOx conditions, at 300 K. This can be 

compared with the 2-product model SOA yields of 5-15 % for benzene, 2-8 % for toluene and 1-

4 % for xylene at high NOx conditions and 37 % for benzene, 36 % for toluene and 30 % for 

xylene at low NOx conditions.   
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Figure S1. SOA Yield for benzene (B), toluene (T) and xylene (X), at 300 K, at high NOx and 

low NOx conditions (Ng et al., 2007) and benzene, toluene and xylene SOA yield at 300 K from 

2D-VBS model used in ADCHEM. 

 

2.4.4 POA volatility  

Another key uncertainty in the modeled organic aerosol formation in urban environments is the 

volatility of the organic emissions traditionally considered to be POA (e.g. Shrivastava et al., 2008 

and Tsimpidi et al., 2010). Shrivastava et al. (2008) used the 3D-CTM model PMCAMx to model the 

organic aerosol in the US by either treating these traditional POA emissions as non-volatile (C*=0) or as 

semi-volatile (C* between 10-2 and 104 µg m-3). Their results illustrate that condensation of oxidized 

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

the atmosphere has the potential to significantly increase the summertime organic aerosol (OA) in urban 

environments in the USA. In this work the traditional POA emissions (e.g. from EMEP) was either 

treated as non-volatile compounds (C*=0 µg m-3) or as semi-volatile. These semi-volatile POA 



(SVPOA) mass emissions were divided into different C* channels according to the work by 

Robinson et al. (2007), Shrivastava et al. (2008) and Tsimpidi et al. (2010). Analogous with Robinson et 

al. (2007), Shrivastava et al. (2008) and Tsimpidi et al. (2010) the intermediate volatile organic carbon 

(IVOC) emissions (C* between 104 and 106 µg m-3), was assumed to be proportional and 1.5 times larger 

than the POA emissions (see Table S3 in the online supplementary material).  

 

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

volatile and including IVOC emissions. 

C* at 298 K (µg/m3) 10-2 10-1 1 101 102 103 104 105 106 

Emission fractionsa SVPOA 0.03 0.06 0.09 0.14 0.18 0.30 0.20 0 0 

Emission fractionsa IVOCs 0 0 0 0 0 0 0.20 0.50 0.80 
aMass ratio to existing EMEP POA emissions, values adopted from Robinson et al. (2007), Shrivastava et al. (2008) 

and Tsimpidi et al. (2010). 

 

Recently performed chamber measurements on wood smoke and diesel car POA emissions indicate that 

the POA may evaporate slowly before reaching an equilibrium with the gas phase (at least 1 hour) 

(Grieshop et al., 2009). The spatial and temporal resolution used in ADCHEM enables the treatment of 

this mass transfer limited evaporation. Therefore all POA emissions in ADCHEM are initially placed in 

the particle phase, although they at equilibrium to a large fraction will be found in the gas phase. This 

enables ADCHEM to study the kinetic evaporation of the SVPOA downwind the source region, followed 

by the oxidation of the SVPOA in the gas phase and finally the re-condensation of the oxidized SVPOA 

several hours after the initial emissions. 
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