
Air Pollution

ENV-409

Multiphase equilibria



Multiphase equilibria

To understand the fate of compounds in the environment, we need to understand

how they partition among the various available phases:

Mackay, 2001

Questions:

1. What phase do pure substances prefer to reside in?

2. How does this change with environmental conditions and mixture properties?

While thermodynamic concepts are applicable very generally, we will use them to

look at gas/particle partitioning processes.



Aerosols

Particulate matter; aerosols are particles

suspended in air.

Examples of aerosol classi�cations:

I nonvolatile/semi-volatile,

I primary/secondary

I anthropogenic/biogenic

I PM2:5/PM10/ultra�ne

I spherical/non-spherical

I solid/liquid/mixed

Impacts:

I inhalation linked to adverse health

e�ects

I cloud droplet formation (in�uences

precipitation and global/local energy

balance)
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PM10 mass concentrations
(2013 Switzerland)

Seasonal variations:
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PM‘ mass concentrations
(2011�2013 Paris)

Petit et al., Atmos. Chem. Phys., 2015



Atmospheric aerosols processes

Riipinen et al., 2012



Gas/particle conversion mechanisms

Overview of mechanisms:

I New particle formation. Aerosols grow from molecular clusters formed in the

gas phase by a process known as nucleation (formation of a new phase�i.e.,

particle from gas).
I Gas/particle partitioning. Gases converted into particles by condensation onto

pre-existing aerosols.
I surface adsorption
I bulk absorption

We wish to describe models of gas/particle partitioning which allow us to predict the

atmospheric state from a set of prescribed emissions or precursor concentrations.

Since aerosols a�ect the global/local energy balance and precipitation patterns,

these predictions would hinge on our ability to accurately calculate aerosol burdens in

space and time.

We focus on the second case (condensation/evaporation) in this lecture, as it is

ubiquitous, energetically favorable, and regulates PM mass.



Example mechanisms: gas/particle partitioning of inorganic compounds

Some reactions among inorganic compounds which form condensible products. From
Seinfeld and Pandis (2006) Table 10.7 and and Pilinis et al. (2000):

NH3(g) + HNO3(g) 
 NH4NO3(s)

NH3(g) + HCl(g) 
 NH4Cl(s)

NH3(g) + HNO3(g) 
 NH
+
4 + NO

�

3

NH3(g) + HCl(g) 
 NH
+
4 + Cl

�

H2SO4(g) ! H
+
+ HSO

�

4

HNO3(g) 
 H
+
+ NO

�

3

HCl(g) 
 H
+
+ Cl

�

NaCl(s) + HNO3(g) 
 NaNO3(s) + HCl(g)

2NaCl(s) + H2SO4(g) ! Na2SO4(s) + 2HCl(g)

2NaNO3(s) + H2SO4(g) ! Na2SO4(s) + 2HNO3(g)

2NH4NO3(s) + H2SO4(g) ! (NH4)2SO4(s) + 2HNO3(g)

2NH4Cl(s) + H2SO4(g) ! (NH4)2SO4(s) + 2HCl(g)

NH3(g) 
 NH3(aq)

Note that sulfate species strongly favor the condensed phase.



Example framework: gas/particle partitioning of organic compounds

This is a rapidly changing �eld of research; the traditional viewpoint is presented

here. Oxidation of a reactive organic gas (ROG) forms n condensible products (P)

with stochiometric coe�cients, a:

ROG
Oxidant
! a1P1 + a2P2 + : : : akPk : : :+ anPn

Each of these products can partition between the gas and particle phase:

Pk;(g) 
 Pk;(l) 8 k = f1; 2; : : : ; ng

Seinfeld and Pankow, 2003

A more modern view of secondary organic aerosol formation consideres

multigeneration oxidation products � many of the products can undergo further

oxidation reactions.



Multigenerational aging

Zhang and Seinfeld, Atmos. Chem. Phys.,

2013

Kroll et al., Nat. Chem., 2011



Comparison of oxidation reactions

Combustion Tropos. Ozone SOA

Precursors Hydrocarbons VOCs VOCs (larger)

Input thermal energy sunlight sunlight

Oxidants mostly radicals

Products CO, CO2, NOx,

small molec.

O3, ROOH, car-

bonyls

larger molec.

Phase gas gas gas + condensed

Barber et al., J. Phys. Chem. A, 2021

NOx is a combustion biproduct.

Anthropogenic NOx on natural

background chemistry:

I More catalyst for O3 formation

I Competes for oxidants forming highly

oxidized, condensable products

I Precursor to oxidant (NO3),

organonitrate aerosol formation,

inorganic nitrate formation



Examples of organic precursor compounds and their oxidation products

Seinfeld and Pandis, 2006



Aerosol water

Water can also partition between vapor and aerosol phases. Aerosol water content is

dependent on particle composition and ambient relative humidity (RH), and a�ects:
I gas/particle partitioning of other species

I water is a solvent
I removal rates of substances from the atmosphere�aerosol/gas lifetimes are di�erent.

I particle size, which a�ects direct radiative forcing (light extinction)

I heterogeneous reaction rates (e.g., N2O5(g) + H2O(aq) 
 2HNO3(aq))
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260 Cloud Microphysics

above the tops of clouds is enhanced by reflection
from cloud particles, thereby enhancing photochemical
reactions in these regions, particularly those involving
OH. In addition, the evaporation of cloud water
humidifies the air for a considerable distance beyond
the boundaries of a cloud. Consequently, the oxidation
of SO2 and DMS by OH, and the subsequent produc-
tion of new aerosol in the presence of water vapor (see
Section 5.4.1.d), is enhanced near clouds.

6.8.3 Nucleation Scavenging

As we have seen in Section 6.1.2, a subset of the
particles that enter the base of a cloud serve as
cloud condensation nuclei onto which water vapor
condenses to form cloud droplets. Thus, each cloud
droplet contains at least one particle from the
moment of its birth. The incorporation of particles

into cloud droplets in this way is called nucleation
scavenging. If a CCN is partially or completely solu-
ble in water, it will dissolve in the droplet that forms
on it to produce a solution droplet.

6.8.4 Dissolution of Gases
in Cloud Droplets

As soon as water condenses to form cloud droplets
(or haze or fog droplets), gases in the ambient air
begin to dissolve in the droplets. At equilibrium, the
number of moles per liter of any particular gas that is
dissolved in a droplet (called the solubility, C�, of the
gas) is given by Henry’s law (see Exercise 5.3).
Because the liquid phase is increasingly favored over
the gas phase as the temperature is lowered, greater
quantities of a gas become dissolved in water droplets
at lower temperatures.
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Fig. 6.59 Schematic of cloud and precipitation processes that affect the distribution and nature of chemicals in the atmos-
phere and the chemical compositions of cloud water and precipitation. The broad arrows indicate airflow. Not drawn to scale.
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Nitrate aerosols

Nitrate aerosols are expected to increase in the future due to increased emissions.

Bauer et al., 2007



Aerosols and gases have di�erent deposition velocities

) gas/particle partitioning can a�ect lifetimes, atmospheric budget, and spatial

distribution of semi-volatile species.

Pittsburgh, PA 2001

GAS PHASE AEROSOL PHASE

Emission A Emission B

Condensation

Evaporation

Deposition A Deposition B Deposition C

C(aerosol)A(g) B(g)

Emission C

adapted from Pandis and Seinfeld (1990)

+

Example:

NH3(g) + HNO3(g) 
 NH3NO3(s)



Dynamics of mass transfer

Knox, 2011

The molecular �ux J to a particle is

proportional to the particle size Rp,

gas-phase di�usivity Dg , and

concentration gradient between the

gas-phase concentration c1 and the

equilibrium vapor concentration ceq at the

particle surface:

J � RpDg(c1 � ceq)

Seinfeld and Pandis, 2006



Studying phase equilibria

Assumption of equilibria (Wexler and Clegg, 2002):

I Calculations of aerosol composition and phase state often assume

thermodynamic equilibrium.

I Thermodynamic equilibrium describes end point of all kinetic processes.

I Calculating the extent of a reaction or the concentration gradient driving

molecular �ux often require a knowledge of the thermodynamics.

Whether a system can be assumed to have achieved gas/particle equilibrium depends

on the speed of this process (seconds to minutes in rapid cases; hours in other

scenarios) relative to timescales of competing processes�e.g., emission, chemical

production, and deposition.

Mass transfer limitations can introduce errors in partitioning predicted from

equilibrium calculations under certain conditions [e.g., large particles (> 1 �m), low

temperatures].

Example applications:

I partitioning of water

I partitioning of inorganic salts (solid and solutes in aqueous solution)

I partitioning of organics



Phase diagram for a pure substance in a closed system

Akins and de Paula (2006)



Factors in�uencing pure component vapor pressures

Schwarzenbach et al., 2003

The pure component vapor

pressure of a substance is

dependent on molecular

properties as well as their

intermolecular forces:

I molecular size

I molecular shape

(packing con�guration)

I ionic interactions

I dispersion forces (dipole,

van der Waals)

Environmental conditions:

I temperature



Equilibrium vapor pressure

The equilibrium vapor pressure pi for substance i determines the amount of

substance that can be �held� in the gas phase at equilibrium.

Seinfeld and Pandis (2006)

pi for a pure substance is the pure component vapor pressure (pi = p
�

i ). We will see

how pi can be derived for substances partitioned between the gas phase and liquid

mixtures.



Mechanisms (driven by equilibrium vapor pressure).:

I adsorptive partitioning: solid and liquid surfaces

I absorptive partitioning: bulk aerosol solution

Absorptive mechanism shown to be predominant mechanism for atmospheric PM

formation (since 1980s) in most scenarios.

How to relate composition xi (mole fraction) to vapor pressure pi?

A proportionality constant R can be de�ned for di�erent ideal mixtures:

pi = xiR

I ideal solution: R = pure component vapor pressure

I ideal-dilute solution: R = Henry's law coe�cient



Two types of ideal mixtures

For substance i , let

I pi = equilibrium vapor pressure

I xi = mole fraction

�Ideal solution� (Raoult's law):

As xi ! 1,

pi = xip
�

i

where p
�

i = (possibly subcooled)

pure-component liquid vapor pressure.

�Ideal-dilute solution� (Henry's law):

As xi ! 0,

pi = xiKH;i

where KH = Henry's law constant.

Atkins and de Paula, 2006



Ideal solutions Ideal-dilute solutions

An expression for the equilibrium vapor

pressure p
�

i can be derived from kinetic

theory.

rate of vaporization = kxi

rate of condensation = k
0
pi

At equilibrium, these two rates are equal,

which leads us to our intrepetation for p
�
:

pi =
k

k
0
xi ) p

�

i =
k

k
0

Solute molecules in dilute solution are

surrounded by solvent molecules; solute

properties are therefore markedly di�erent

from pure components (unless solvent and

solute molecules are structurally similar).

This leads to a proportionality constant

between equilibrium vapor pressure pi and

solution composition xi that is generally

di�erent from p
�

i .

Atkins and de Paula, 2006



Extending the framework to non-ideal solutions

Examples:

I ideal solution reference (xsolvent ! 1): water in cloud droplets, organic

compounds

I ideal-dilute solution reference (xgas ! 0): water-soluble gases dissolved in cloud

droplets (e.g., CO2, SO2) and aerosols (e.g., HNO3)

Aerosols are complex mixtures comprising many thousands of substances, and their

G/P partitioning behavior is often non-ideal. We can characterize deviations from

ideal states with an activity coe�cient.

I Ideal solution:

pi = 

I
i xip

�

i where 

I
i ! 1 as xi ! 1.

I Ideal-dilute solution:

pi = 

II
i xip

�

i where 

II
i ! 1 as xi ! 0. Note that 


II
= KH;i=p

�

i .



Temperature dependence of vapor pressure

Clausius-Clapeyron equation:

d ln p

dT
=

�vapH

RT

For small changes near p0;T0,

�vapH(T ) � �vapH:

p

p0
= exp

[
��vapH

R

(
1

T
�

1

T0

)]

Atkins and de Paula, Physical Chemistry, 2006



Deviations from ideality

For atmospheric aerosol solutions,
intermolecular interactions in the condensed
phase lead to additional energy exceeding that
of its corresponding ideal solution.

I Thermodynamic properties of any pure
substance are determined by intermolecular
forces that operate on similar molecules.

I Thermodynamic properties of mixtures
additionally depend on interactions
between dissimilar molecules.

I Mixtures of real �uids do not form ideal
solutions, although mixtures of similar
liquids often exhibit behavior close to
ideality.

Deviations from ideality are embodied the
activity coe�cient 
i .

Examples of intermolecular forces:

I Electrostatic forces between charged ions,
permanent dipoles (and multipoles).

I Induction forces between permanent dipole
(or quadrupole) and an induced dipole.

I Dispersion and repulsion forces between
nonpolar molecules.

I Chemical forces leading to association and
solvation (e.g., hydrogen bonding)

Illustration: the force F between two molecules
is related to the potential energy � by

F = �
d�

dr

For an attractive potential, �� (r) is the work
which must be done to separate two molecules
from the intermolecular distance r to in�nite
separation. (Forces of attraction are negative by
convention.)

Prausnitz et al., 1999



Mean activity coe�cients in electrolyte solutions

Electrolytic dissociation of an electrically

neutral electrolyte M�+X�� in a

high-dielectric-constant solvent (e.g.,

water) results in �+ cations and �� anions

which have charges of z+ and z�
respectively,

M�+X�� 
 �+M
z+

+ ��X
z�

Electroneutrality imposes the constraint

that the number of moles of the individual

ionic species cannot be varied

independently:

�+z+ + ��z� = 0

For example, in the dissociation of sulfuric

acid,

H2SO4 
 2H
+
+ SO

2�
4

we have �+ = 2; z+ = 1; �� = 1; z� = 2.

There is no experimental way of

separating the product 

�+
+ 


��
� into

contributions from the cations and anions.

We can therefore introduce the mean

activity coe�cient,


� =
(


�+
+ 


��
�

)1=�
where � = �+ + ��



Characterizing deviations from ideality with activity coe�cients
Common activity coe�cient models in environmental chemistry

Ionic strength (molar/molality scale)

I =
1

2

∑
i

miz
2
i

Debye-Hückel I < 0:01 M

ln 
i = �Az
2
i I

1=2

Extended Debye-Hückel I < 0:1 M

ln 
i = �A
z
2
i I

1=2

1+ aiBI
1=2

Davies (empirical extension to

Debye-Hückel) I < 0:5 M

ln 
i = �Az
2
i

(
I
1=2

1+ I
1=2

� bI

)

Typical ionic strengths in aquatic systems

I Freshwater: I � 0:002 M

I Seawater: I � 0:7 M

I Aerosols: I = 6� 30 M (Nenes et al.,

1998)

Aerosols require more sophisticated

activity coe�cient models than commonly

used in other domains of environmental

chemistry.



Activity coe�cient models in chemical engineering

Many semi-empirical (i.e., �tted to data)

parameterizations for 
i begin with an

expression for the excess molar Gibbs free

energy g
E
and deriving

RT ln 
i =

(
@ng

E

@ni

)

Example. two-su�x Margules equation:

g
E
= Ax1x2

A is an empirical constant with units of

energy.

Activity coe�cients for

components 1 and 2:

ln 
1 =
A

RT
x
2
2

ln 
2 =
A

RT
x
2
1

Prausnitz et al., 1999



Example activity coe�cient model for electrolyte solutions used in aerosol

chemistry

State-of-the-art model used for simulating
thermodynamic behavior of real organic aerosols; based
on four-su�x Margules expansion.

For interactions of ions M and X ,

I f
�

�
is the mean mole fraction activity coe�cient of the ions

I x1 mole fraction of the solvent; xI total mole fractions of
the ions

I Ix is the mole fraction ionic strength

I � a constant

I zM and zX are charge magnitudes

I Ax is the Debye-Hückel parameter

I BMX , B
1
MX , �MX , �

1
MX represent the extended

Debye-Hückel function

I W1;MX , U1;MX , and V1;MX account for short-range

interactions between the solvent (subscript 1) and ions.



Aerosol water

Aerosol hygroscopicity curve for various species. Notable characteristics:

I Growth factor (wet diameter over dry diameter), how much water the particle

takes up

I deliquescence RH (DRH), the RH at which particle spontaneously takes up water

I e�orescence RH (ERH), the RH at which particle loses water (kinetically

inhibited)
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Deliquescence relative humidity (DRH)

As the RH is raised over the particle,

deliquescence occurs when

I the RH equals the activity of

water at saturation with respect

to solute (�eutectic point� for

multicomponent systems).

I the Gibbs free energy for the

solution is lower than for the

corresponding solid.

The RH at which this occurs is called

the deliquescence relative humidity,

abbreviated as DRH.

Seinfeld and Pandis, 2006



The water activity and temperature dependence of the DRH

Deliquescence relative humidity (DRH) is the
water activity of the saturated solution of salt
(mixture) at a given temperature

DRH(T )

100
= aw (T ) at saturation

The water activity over an approximately �at
surface is

aw (T ) =
pw (T )

p
0
w (T )

=
RH

100

To derive the temperature dependence of the
DRH, consider the following reactions:

H2O(g) 
 H2O(aq)

nSolute(s)

H2O(aq)

 nSolute(aq)

I �solH (enthalply of solution) describes the
heat absorbed by the dissolution of the salt
in this reaction

I n describes the number of moles of solute
dissolved in water

Seinfeld and Pandis, 2006

Temperature-dependence of the DRH
(from Clausius-Clapeyron):

d ln(DRH=100)

dT
=

d ln(pw=p
0
w )

dT
= �

n�solH

RT
2



The solubility n can be written as a polynomial in T and integrate T0 = 298 K to T .

ln
DRH(T )

DRH(T0)
=

�solH

R

[
A

(
1

T
�

1

T0

)
� B ln

T

T0

� C(T � T0)

]

Seinfeld and Pandis, 2006

Mass of PM2.5 aerosol bound water per

PM2.5 dry aerosol mass as a function of

relative humidity during July 2001

[Pittsburgh, PA]. The error bars indicate the

standard deviation, and the labels show the

number of observations per each point.

Khlystov et al., Aerosol Sci. Tech., 2005



Aerosol water content

Zadinski-Stokes-Robinson (1965) describe a way to estimate total liquid water content by
summing contributions from each individual solute, assuming they are non-interacting.

For mi ;a(aw ) and mi ;m(aw ) are the molalities
of solute i in (a) alone in solution and (m) in
a mixture at a given water activity aw , the
ZSR relationship approximates that∑

i

mi ;m(aw )

mi ;a(aw )
= 1

Experimental data for mi ;a and aw are �tted
to a polynomial expression of the form:

mi ;a(aw ) = Y0;i + Y1;iaw + Y2;ia
2
w + : : :

Multiplying both sides by cw = liquid water

content in air (kgm
�3
) and letting

c̃i = mi ;mcw , the number of moles of i in air

(molm
�3
), we can get a more useable form of

the equation:

cw =
∑
i

c̃i
mi ;a (aw )

Higher water content for aerosols at higher
humidity (aw ) and solubility [m(aw )].

Colbeck, 2008

Jacobson, 2005



Ammonium nitrate formation

The dissociation constant (mixing ratio
product):

Kp(T ;RH) = �NH3
�HNO3

= 10
18
pNH3

pHNO3

Partial pressure pi (e.g., atm) is related to the
mixing ratio �i (e.g., ppb) according to the
relation,

�i (ppb) � 10
9
yi =

pi
p

where yi is the mole fraction in the gas phase.

Kp is de�ned in terms of equilibrium constant
KAN (activity of aerosol product over partial
pressure of gas-phase reactants).

Solid-phase reaction:

NH3(g) + HNO3(g) 
 NH4NO3(s)

Aqueous-phase reaction:

NH3(g) + HNO3(g) 
 NH
+
4 + NO

�

3

Solid aerosol:

Kp = 10
�18

K
�1
AN(s)(T )

Aqueous aerosol:

Kp = 10
�18

K
�1
AN(aq)(T ;RH) 


2
NH4NO3

x
NH

+
4

x
NO

�

3

source: Wikimedia



Equlibrium constant

Equilibrium constant (KAN(s) and KAN(aq))

K = exp

(
��rG

��

RT

)

Standard Gibbs free energy of reaction

�rG
��
=
∑
i

�i�f G
��

where �i is the stoichiometric numbers for

the reaction.

Solid ammonium nitrate:

�rG
��
=�f G

��

NH4NO3(s)

� �f G
��

NH3(g)
� �f G

��

HNO3(g)

Aqueous ammonium nitrate:

�rG
��
=� �f G

��

NH
+
4 (aq)

� �f G
��

NO
�

3 (aq)

� �f G
��

NH3(g)
� �f G

��

HNO3(g)

Temperature dependence of standard

molar Gibbs free energy of the formation:

�f G
��
(T ) = T

[
�f G

��
(T0)

T0

+ �f H
��
(T0)

(
1

T
�

1

T0

)

+ cp(T0)

(
ln
T0

T
�

T0

T
+ 1

) ]

where �f G
��
and �f H

��
are the standard

molar free energy and enthalpy of

formation, respectively. cp is the molar

constant-pressure heat capacity.



Thermochemical data

Kim et al., Aerosol Sci. Tech.., 1993



Dependence of dissociation constant on temperature

Kp(T ) is quite sensitive to temperature

changes, varying over more than two

orders of magnitude for typical ambient

concentrations.

As Kp(T ) decreases with temperature,

the gas-phase saturates at lower

concentrations of vapor-phase HNO3 and

NH3. The result is a higher fraction of

total available HNO3 and NH3 condensing

to the aerosol phase.

Seinfeld and Pandis, 2006



Dependence of dissociation constant on RH
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ammonium nitrate ionic strength fraction

de�ned by

Y =
[NH4NO3]

[NH4NO3] + 3[(NH4)2SO4]

at 298 K (Stelson and Seinfeld, 1982).

Pure NH4NO3 corresonds to Y = 1.

From Seinfeld and Pandis 2006; calculations

performed with E-AIM (Wexler and Clegg, J.

Geophys. Res. , 2002;

http://www.aim.env.uea.ac.uk/aim/aim.php)

http://www.aim.env.uea.ac.uk/aim/aim.php


Kp(T ;RH) decreases with RH because there is more solvent to dissolve the NH
+

4

and NO
�

3 ; this results in more HNO3 and NH3 partitioned into the aerosol phase.

Seinfeld and Pandis, 2006



Use of thermodynamic models in emission control strategy evalaution

dPM

d(SO2 emissions)
=

dPM

d(sulfate concentrations)
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Ansari and Pandis, 1998 West et al., 1999

Erisman and Schaap, 2004



Organic aerosols
E�ective saturation mass concentration

The bulk of organic matter mass in the

atmosphere is assumed to absorb to a

liquid organic phase rather than adsorb to

the aerosol surface.

Ideal solution reference:

pi = 
ixip
0
i

where p
0
i is the pure component vapor

pressure of i in liquid.

Equilibrium (�saturation�) concentrations

of i in pure solution and in mixture:

C
0
i =

Mi

RT
p
0
i

cg;i =
Mi

RT
pi

Mass fraction in particle phase:

Xp;i =
cp;i

cp;i + cg;i
=

(
1+

cg;i

cp;i

)�1

=

(
1+

C
�

i

COA

)�1
Organic aerosol concentration and

e�ective saturation mass concentration:

COA =
∑
i

cp;i =
∑
i

Xp;i

(
cp;i + cg;i

)
C
�

i =

iC

0
i

Mi=M

where M is the mean molecular weight of

the organic aerosol.


i is often assumed to be unity for lack of

information (though models exist for its

estimation).



Partitioning behavior

Kroll and Seinfeld, Atmos. Environ., 2008



Volatility basis set

I Typically don't know all molecular species i and their concentratons cp;i

I Lumped species representation (represent all compounds with a few surrogate

species of di�erent volatility classes)

I Initially proposed: C
�

i = f10
�2
; 10

�1
; : : : ; 10

5
g �gm

�3

I Find cp;i corresponding to each C
�

i through perturbation experiments: thermal

analysis or isothermal dilution

I Use same basis set to represent mixtures from all sources additively in air quality

models

Seinfeld and Pandis, 2016



Temperature dependence
Volatility decreases as constituents are �aged� in the

atmosphere (undergo photochemical transformations)

Donahue et al., ES&T, 2006



Competing e�ects

Temperature

I higher temperatures � faster reaction
kinetics forming condensable products

I lower temperatures � lower volatility
leading to condensation of reactoin
products

Dilution

I cooling � favors condensation

I mixing leading to lower vapor
concentrations � favors evaporation

I mixing leading to lower aerosol
concentrations � favors evaporation

Robinson et al., Science, 2007

Gao et al., Atmos. Chem. Phys., 2022

Pathak et al., Atmos. Environ., 2007



Mass closure

Do sum of measured chemical

components add up to �total� gravimetric

mass?

Sources of discrepancies:

I Possible retention of water

I Evaporative loss of semi-volatile

substances

I Adsorption of additional gases to

�lter media or collected particles

Rees et al., Atmos. Environ., 2004
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