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Introduction 

An aerosol consists of airborne particles and sur­
rounding gases. The particle phase may include solids 
and liquids. The gas phase normally includes air and 
water vapor and may include vapors of organic and inor­
ganic compounds as well as contaminant gases, such as 
sulfur dioxide. The distinction between a vapor and a gas 
15 somewhat arbitrary. Following common practice, the 
term " r'' ~apo refers to the gas phase portion of a mate-
nal which can exist as a liquid or solid at room temper-
ature d . · . an atmosphenc pressure. A "gas" cannot exist as 
a liquid or solid at normal conditions. 
all ~olecules of each species in the gas phase continu-

y bombard the surface of each particle giving ample 
opportuni . , 
new 

I 
ty for cherrucal reactions, i.e., formation of 

of in:; :ules, and phy~ical interactions, e.g., transfer 
ter doc tween the particle and gas phases. This chap-

s not emphasize the most general case in which 
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both chemical reactions and physical interactions occur 
simultaneously in the atmosphere and during sampling. 
This is important in particular situations, e.g., when 
sampling ammonia, acids, and arnrnoniwn salts in the 
ambient atmosphere, and has been discussed else­
where.< t-4) This chapter emphasizes information needed 
to make decisions about which phase(s) to sample and 
techniques for avoiding erroneous sampling results 
when chemical reactions or condensation/evaporation 
may occur during sampling. The words "condensation" 
and "evaporation" are used to indicate the net transport 
of mass from the gas phase to the particle phase or from 
the particle phase to the gas phase, respectively. 

Air sampling errors being considered include allow­
ing unwanted chemical reactions to occur during sam­
pling, measuring the concentration of a contaminant only 
in the particle or gas phase when there is a significant 
fraction in the unsampled phase, and using inappropriate 
techniques to measure the distribution of a contaminant 
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between the two phases. Avoiding unwanted chemical 
reactions with reactive gases during sampling is dis­
cussed briefly in the next section. This issue has 
received substantial attention in the literature of envi­
ronmental air sampling. In the remaining sections, the 
emphasis is on effects of interphase mass transfer in 
sampling. The term "semivolatile" is sometimes associ­
ated with compounds for which such effects are impor­
tant. First, the equilibrium distribution of a material 
between the particle and gas phases will be discussed. 
Several factors that tend to disturb equilibrium and the 
time-scale of the approach to equilibrium will then be 
presented. Finally, techniques for measuring a contami­
nant's total airborne concentration ( concentration in 
both the particle and gas phases) and approaches to 
measuring a contaminant's distribution between the two 
phases will be offered. A draft prestandard has been pre­
pared by a working group of the European Committee 
on Standardization (CEN) to offer guidance on such 
issues.<5> 

Much of this chapter contains detailed discussions 
intended to aid the reader who needs a deeper under­
standing of how particle-gas interactions can influence 
air sampling. Readers who wish to focus on the practi­
cal implications may be most interested in the follow­
ing: 1) the "Chemical Reactions" section for a brief 
discussion of how to avoid chemical reactions between 
collected material and reactive gases; 2) the "General 
Guidance" subsection of the "Physical Equilibrium" 
section for rules-of-thumb to guide decisions about 
whether to sample the particle, gas, or both phases of an 
aerosol; and 3) the "Sampling Approaches" section for 
a review of the applicability of different types of sam-
pling instrumentation. · 

Chemical Reactions 

Gases, such as HN02, HN03, NH3, N02, S02, HCl, 
and HF, in an atmosphere may react with sampled par­
ticulate or the filter material used to collect the particu­
late and lead to erroneous results. This is a more serious 
problem when sampling times are long as is often the 
case when sampling outdoors. 

A common approach to avoiding these problems is 
to remove ·the reactive gas from the air stream with a 
denuder before the air reaches the filter ( see Chapter 
19). The sampled air passes through one or more chan­
nels in the denuder before reaching the filter. The 
channel walls are coated with a chemical that will 
adsorb or react with the unwanted gas and retain it at 
the wall (Figure 4-1 ). A properly designed denuder 
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FIGURE 4-1. Schematic diagram of a denuder showing the collec. 
tion of a reactive gas (small black circles) at the wall by adsorption 
or chemical reaction. Particles (large gray circles) penetrate the 
denuder and are transmitted to the filter. 

removes the reactive gas from the air stream without 
removing a significant fraction of the particles being 
sampled. 

Ideally, a denuder reduces artifacts caused by a gas 
reacting with collected particles on the filter. However, 
calculations illustrate the potential for a denuder to intro­
duce artifacts. A denuder section of a sampler collecting 
particulate from an atmosphere containing HN03 and 
NH3 gases and NH4N03 particulate in equilibrium with 
the gases would remove the NH3, disturb the equilib­
rium, and tend to cause the chemical species in the par­
ticulate to change, possibly leading to an incorrect 
assessment of the aerosol mass concentration and chem­
ical species.<6• 7l Denuders can be very helpful in avoid­
ing sampling artifacts due to chemical reactions between 
a reactive gas and collected particles or the filter, but all 
the possible influences of a denuder should be consid­
ered and tested before deciding to include one in a sam­
pling system.<S> 

Physical Equilibrium 
Gas molecules collide with the surface of suspended 

particles. At the same time, molecules are ejected from 
particle surfaces due to thermal energy. At equilibri~ 
there is no net flux of any species across any solid/gas, 
liquid/gas, or solid/liquid interface. A solid/liquid inter­
face occurs within particles containing a liquid and 
undissolved material. 

E~erimental data relevant to the equilibrium 
between identical particles and the gas phase can be 
written in the form: 

(1) 

The symbol C will always imply an airborne mass 
concentration in this chapter (mass of contaminant per 
volume of air). The subscript G or P refers to the gas or 
particle phase, respectively. The mass concentration of 
the 1"th contaminant in the gas phase just outside the par­
ticle surface CG.; is some function of the composition of 
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the particle surface, which is described here by the mass 
concentration C P. i of each species in the particle phase of 
me aerosol. A relation like Equation 1 holds for each 
species in the gas phase. All the relations are linked 
because each depends on all constituents in the particle 
hase. Additional relations exist between the concentra­

~on in the liquid phase and the surface composition of 
solid constituents, if there are any solid/liquid interfaces 

within particles. 
The particle diameter dP appears in the function 

because of the Kelvin effect, which increases the equi­
librium concentration above a convex surface com­
ared to a planar surface.19> This factor can be 

pignificant for particles that are submicrometer in 
~iameter. For example, a pure submicrometer droplet in 
n atmosphere which is saturated with the vapor is a . . 

expected to evaporate completely because 1t requires a 
supersaturated atmosphere to reach equilibrium. 

When an aerosol consists of particles that differ 
markedly in composition or size, the equilibrium of each 
particle class should ~e. considered separately. Each par­
ticle size and compos1t1on class may mfluence the com­
position of the other classes through the gas phase that 

they share. 
In principle, it is possible to predict the distribution 

of a material between the particle and gas phases if the 
total airborne mass concentration of each constituent is 
known and if each of the possible liquid/gas, solid/gas, 
and solid/liquid interfaces in the system has been suffi­
ciently characterized. Typically, this information is 
obtained by measuring the concentrations of each con­
stituent on both sides of the interface in a laboratory sys­
tem. It is often not clear whether available experiinental 
data are relevant because the equilibrium distribution is 
sensitive to temperature and press~e and may be sensi­
tive to the addition or removal of small quantities of · 
other constituents. Because real atmospheres are often 
complex and contain many constituents, rigorous predic­
tion of equilibrium conditions is a difficult task. The 
approach taken here is to present the general form of the 
rdations needed to predict equilibrium and to make 
some general observations for guidance when making 
,ampling decisions. 

Absorption 

For aerosols. absorption refers to the dissolution of 
gas phase materials in droplets. The relation between the 
gas phase concentration of one of the components adja­
~nt to a droplet surface and the composition of the 

oplet surface can be expressed in terms of an activity 
coefficient r;i10. II> 
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(2) 

where x i is the mole fraction of the zlh material in the 
droplet surface and cs G.i is its saturated vapor concentra­
tion at the droplet temperature. The superscript S indi­
cates saturation. The saturated vapor concentration is the 
mass concentration of the vapor above a planar surface 
of the pure material and can be calculated from the satu­
rated vapor pressure using the Ideal Gas Law. In general, 
y is a function of the droplet composition, but it is con­
strained to assume the value of unity when xi is unity 
(pure droplet). The Kelvin effect is not included explic­
itly in Equation 2, although it should be included for 
submicrometer particles.(IO> 

Saturated vapor pressure is a property of the pure 
material. Caution should be exercised if using saturated 
vapor pressure data from the literature. The value is tem­
perature sensitive, often changing by an order of magni­
tude for a 10 to 20°C change in temperature, so 
application of predictive equations for temperature cor­
rection, e.g., the Clausius-Clapeyron equation, may be 
necessary.n ll In many cases, a literature search may be 
worthwhile; early measurements of small saturate~ 
vapor pressures may be in substantial error and yet may 
be widely cited. Some saturated vapor pressure informa­
tion may be available in material safety data sheets, 
handbooks, and exposure limit documentation. 

Equation 2 can be expressed in terms of mass con­
centrations which are commonly measured when 
describing an atmosphere 

droplets (3) 

where a substitution has been made for the mole 
fraction 

X · = I 
(4) 

The molecular weight of the zlh material is Mi and the 
average molecular weight of the droplet Mp is -

M - 1
cp1 + M

2
-

1
cP.2 + . . . 

M- 1 = I • 

P Cp 

(5) 

The concentration of all materials in the particle 
phase Cp is 

Cp =Cp,1 + CP.2 + ... (6) 

Equation 3 is very general. It can be used to sum­
marize experimental data on liquid/gas equilibria for 
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most systems across the whole range of possible mole 
fractions for each component, even when the liquids are 
not completely miscible.(lo. 11> 

Specifying the activity coefficient as a function of 
· droplet composition can be quite complex. Simpler and 

less general relations can successfully characterize liq­
uid/ gas equilibria in special cases that commonly occur. 
Three such special cases will be discussed: ideal liquids, 
Raoult 's Law for solvents, and Henry's Law for dilute 
solutions. 

For ideal liquids, the activity coefficient for each 
component is unity for all compositions. This is likely to 
occur for similar liquids, for example, propylene glycol 
and water.(lo.12i The equilibrium of an airborne system of 
ideal liquids in uniform droplets can be described by 

CG. . = MP C P.i cs ideal liquids (7) 
.I M; Cp G.i 

Very few aerosols are likely to consist of ideal liquids. 
Raoult's Law has been found to apply to the solvent 

in many liquid systems even if the solution is not ideal. 
It can be derived from Equation 2 or 3 by setting the 
activity coefficient to unity (it should be nearly equal to 
unity for any material that is nearly pure in the liquid) 
and applying the resulting equation only to the solvent in 
a dilute solution<l2l 

c - MP C P.solv cs solvents (8) 
G .solv - Msolv ~ G.solv 

The ratio of the molecular weights and the ratio of 
the particle phase mass concentrations are both near 
unity for the solvent in a dilute solution. The Kelvin 
effect should be included for submicrometer droplets. 
A common application of Raoult's Law is to describe 
the relationship between the composition of aqueous 
droplets and relative humidity RH (in percent) resulting 
m 

C RH = G. water l ()() 
s 

CG.water 

(9) 

Henry's Law often applies to a solute in a dilute 
solution. It states that the partial pressure of the material 
is proportional to its mole fraction in the solution< 12> 

(10) 

The proportionality constant H; is the Henry's Law 
coefficient. 

Henry's Law is compatible with Equation 2, the gen­
eral equation for liquids. As the mole fraction of a mate-
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a constant yp.<11> Thus, for a material in a dilute solution, 
Equation 2 becomes 

(11) 

Converting the gas phase mass concentration to par­
tial pressure P; by the Ideal Gas L<1,w 

RT 
P = CG . - (12) 

I ·'u. 
I 

(R is the universai gas constant and Tis the absolute 
temperature) gives for a dilute solution 

o s RT 
P, = y-x-CG.-

1 I I ·'u. 
I 

(13) 

The last result is in the form of Henry's Law. 
Comparing Equations 10 and 13 shows that the Henry's 
Law coefficient H; is related to the activity coefficient 
for a material in a dilute solution yio by 

fl.= y~CGs. RT = r~P:5 
I I ·'u. I I 

I 

(14) 

The saturated vapor pressure P;5 has been related to 
the saturated vapor concentration cs Gi by the Ideal Gas 
Law, Equation 12, applied to the saturated state. Solving 
Equation 14 for yio and substituting for Yi in Equation 3 
gives the relation for materials in droplets as dilute solu­
tions in terms of the Henry's Law coefficient 

CG.i = ; ~ z CJ; dilutesolutions (15) 

The form has been chosen to be similar to that for ideal 
solutions and solvents. 

Many liquid/gas systems, especially those consist­
ing of water and an organic liquid, have been charac­
terized ..i,1 terms of Henry's Law coefficients either by 
direct measurement or by extrapolation from measure· 
ments in similar systems. All Henry's Law coefficients 
that have been tabulated have something in common: 
each is a proportionality constant between the amount 
in the gas phase and the amount in a dilute (usually 
aqueous) solution at equilibrium. Unfortunately, differ· 
ent authors define the proportionality constant differ­
ently, so Henry's Law coefficients have a variety of 
units and some Henry's Law coefficients are relate~ to 
the inverse of another. For example, one list is limlt7, 
to aqueous solutions and tabulates a Henry's Law coe · 
ficient that is related to the inverse of that defin_ed 

- --""' 
• 

. i' 
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specifying the amount of the material in the dilute 
aqueous solu~io~ are moles per ~iter and the units of the 
quantity specifymg the amount m the gas phase (partial 
pressure) are atmosp~eres, ~o the Henry's Law_ coeffi­
cient is tabulated with units of moles per hter per 
atmosphere. The relationship between that Henry's Law 
coefficient and the one defined in Equation 10 can be 
derived by relating the concentration of a contaminant 
in a dilute aqueous solution to its mole fraction. Great 
care must be taken in applying Henry's Law coeffi­
cients obtained from the literature because of the con­
fusing number of definitions and units. The Henry's 
Law coefficient used in Equations 10, 14, and 15 has 
units of pressure. 

Adsorption 
Gas phase materials may adsorb onto the surface of 

solid particles.< 13i Adsorption theories have been dis­
cussed in the environmental literature, but there seems to 
be no definitive compilation of experimental results. 
One problem has been the difficulty in obtaining valid 
data on the distribution of an airborne substance between 
the particle and gas phases due to the artifacts discussed 
later in this chapter. Some data have been summarized 
by a relation of the form 

log(CG,;Cp) = my + by (16) 
Cp,; T 

where my and by are constants determined by fitting 
the data.1 14> This relation has been shown to be consistent 
with the Junge equation which had been proposed ear­
lier.11s1 The Junge equation relates the fraction of the 
material of interest in the particle phase to the saturated 
vapor pressure of the material at that temperature, P/; 
the surface concentration of particles, Cs (the total sur­
face area of particles per volume of air); and the Junge 
constant, c 1, which is determined experimentally, 

(17) 

where the total airborne concentration of the con­
taminant Cr.; is 

(18) 

d Pankow< 151 has derived the theoretical temperature 
ependence of the Junge constant assuming linear 

;angmuir ads~~tion and has shown that the resulting 
quat1on descnbmg e ·1·b . di . . . al qui i nurn con t1ons 1s eqwv ent 
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to Equation 16. Solving Equations 17 and 18 for CG.i 
results in the equilibrium relation 

(19) 

For materials with a melting point higher than the 
temperature of the atmosphere being sampled, it has 
often been found preferable to use the saturated vapor 
pressure of the liquid extrapolated down to the atmos­
pheric temperature ( called the subcooled liquid saturated 
vapor pressure) rather than the saturated vapor pressure 
above the pure crystalline solid.(16) Application of the 
Ideal Gas Law and straightforward algebraic manipula­
tion lead to a form similar to Equations 3, 7, 8, and 15 
for the equilibrium relation for adsorption 

adsorption (20) 

where the specific surface area (area per mass) of 
the particle phase crp is 

Sorption 

C 
(1 = .-1. 

P Cp 
(21) 

The association of gas phase material with particles 
by either absorption or adsorption is called sorption. It 
has been suggested that it may be adequate to describe 
the gas phase mass concentration of an air contaminant 
in equilibrium with either solid or liquid particles by a 
fairly simple relation:<t7) 

Cp · s 
CG . =B.-·'CG. 

,l I Cp ,l 
(22) 

C P.I is the mass concentration of the ith contaminant 
in the particle phase. Cp is the mass concentration of all 
materials in the particle phase. cs G. ; is the saturated 
vapor concentration of the z'th material or the extrapolated 
saturated vapor concentration for the subcooled liquid, if 
the melting point of the pure material is above the tem­
perature of the atmosphere. The Kelvin correction may 
be needed for submicrometer particles. The proportion­
ality "constant" Bi is temperature dependent and also 
depends on the materials involved. One utility of this 
approximation is that although Bi depends on a variety of 
characteristics of the particles and contaminant gases, it 
may be slowly varying. For example, it may be nearly 
constant for similar solid/gas and liquid/gas systems.<171 
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Equation 22 emphasizes that the distribution of a 
material between the particle and gas phases depends 
strongly on its saturated vapor concentration and the 
amount of particulate available. One advantage of this 
equation for summarizing air sampling data on the dis­
tribution of a particular contaminant of interest between 
the particle and gas phases is that it asserts a relationship 
between the equilibrium concentration of the contami­
nant in the gas phase and the particle phase mass con­
centr~tions th~t might be measured in a field study, as 
well as the contaminant's saturated vapor concentration. 
Generally, Bi and its variability (including its tempera­
ture dependence) will be determined experimentally for 
the particular situation. 

Formulating the particle/gas distribution relation­
ship in terms of a new proportionality constant Bi does 
not mean that all the previous data on such systems must 
be discarded. Available data on adsorption of material 
onto solid particles and absorption into droplets can be 
converted to information about B;. Comparing Equation 
22 with Equations 3, 7, 8, 15, and 20 shows that the form 
of each is similar and gives relationships which can be 
expected to hold between the proportionality constant B; 
in Equation 22 and other experimental quantities that are . 
sometimes tabulated for solid/gas and liquid/gas systems 

Mp 
B = Yi M. droplets (23) 

I 

B = MP ideal liquids 
Mi 

B = MP solvents 
Msolv 

B = Hi MP dilute solutions 
P/ Mi 

RT 
B=---

MicJap 
adsorption 

(24) 

(25) 

(26) 

(27) 

Additional field studies will be needed to indicate 
whether the relatively simple form of Equation 22 is ade­
quate to describe particle-gas equilibria in real systems. 
However, it seems to have a solid theoretical basis for 
both adsorption and absorption and is related to previ­
ously tabulated quantities, as shown in Equations 
23-27.<17) The form of Equation 22 suggests quantities 
that may be important to measure when dealing with the 
distribution of materials between the particle and gas 
phases and indicates a relationship which should be tried 
when attempting to summarize experimental data. 
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In the special case of the sorption of semi-volatile 
organic compounds on atmospheric particles, observa. 
tions suggest that an even better description of the equi. 
librium conditions than Equation 22 is 

(28) 

where KOA is the octanol-air partition coefficient for 
the compound and fn is some function determined from 
experimental data.< 18·20> The utility of this relation is that 
the function appears to be the same for all semi-volatile 
organic compounds in several classes. There is no exper­
imental evidence · that this relation will apply to most 
workplace aerosols, although it is plausible that it would 
apply in workplaces having a substantial organic compo­
nent in the airborne particles. 

Single Component System 

Consider the case of a single component aerosol. 
This occurs when the airborne particles consist of only 
one constituent because none of the other constituents of 
the gas phase dissolve into or adsorb onto the particles. 
Calculation of the distribution of the contaminant 
between the gas and particle phases at equilibrium is 
straightforward. If the total airborne concentration, i.e., 
the concentration in the particle phase plus that in the 
gas phase, is larger than the saturated vapor concentra­
tion, the difference between the two is the mass concen­
tration in the particle phase. The saturated vapor 
concentration is the concentration in the gas phase. 
Otherwise, if the total airborne mass concentration is 
less than the saturated vapor concentration, any particles 
evaporate completely and all the contaminant is in the 
gas phase. For small particles, the gas phase concentra­
tion that is in equilibrium with the pure droplet may be 
significantly higher than the concentration over a planar 
surface (the saturated vapor concentration), so a Kelvin 
effect correction may be needed. 

Multiple Component System 

In most cases, particles are not pure and two or 
more materials must be considered. For example, water 
vapor is ubiquitoeus on Earth and dissolves into or 
adsorbs onto most particles to some extent. Some gen­
eral discussions of the equilibrium of simplified or 
actual airborne systems have been presented in the lit­
erature of environmental and occupational air sam­
pling. <21-26) Calculation of the Kelvin effect is more 
complicated for a two-component droplet than for a sin­
gle component.<27) The correction for the equilibrium 
vapor concentration above a curved surface is often 

• 



CHAPTER 4: Particle and Gas Phase Interactions in Air Sampling 

small for droplet diameters larger than a micrometer 
and will not be explicitly included here. 

Ignoring the Kelvin effect and assuming identical 
particles, there are four unknowns in describing the equi­
librium of a two-component system: a particle phase and 
a gas phase mass concentration for each of the compo­
nents. If the total mass concentrations of both compo­
nents are specified and the two interdependent relations 
between the mass concentrations of the two components 
in the gas phase and the composition of the particles 
similar to Equations 1 or 22 are known, then the four 
equations can be solved for the four unknowns.<21> In 
principle, the equilibrium of a system consisting of more 
than two components can be predicted using analogous 
information for each component. 

General Guidance 

Consideration of two-component systems empha­
sizes the importance of four basic facts that also hold for 
more complex systems: 

A. The mass concentration of a contaminant in the gas 
phase is less than or equal to its saturated vapor con­
centration at that temperature. 

B. If the particle phase has significant excess capacity 
to adsorb or dissolve the contaminant, the mass con­
centration of the contaminant in the gas phase is sig­
nificantly less than its saturated vapor concentration. 

C. The mass concentration of a contaminant in the par­
ticle phase is the difference between the mass con­
centration in the gas phase and its total mass 
concentration in the atmosphere. 

D. The mass concentration of each contaminant in the 
particle phase is less than or equal to the total mass 
concentration of all airborne particles. 

Applying these somewhat elementary facts leads to 
three useful generalizations (rules-of-thumb): 

1. Sample only the particle phase when the saturated 
vapor concentration of a substance CS a; is much less 
than its total airborne mass concentration Cr.; 

cGs . << Cr.· 
.I .I 

(29) 

2. Sample only the gas phase when the total mass con­
centration of all constituents in the particle phase C p 

is much smaller than the total airborne mass con­
centration of a contaminant Cr.; 

CP << Cr.; (30) 

3. Sample both the particle and gas phases when nei­
ther of the above two conditions is met. 
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When the saturated vapor concentration of a sub­
stance is of the same order as or is larger than its total 
airborne mass concentration, much of the mass might be 
expected to be in the gas phase. However, if the material 
occurs as a dilute solution in the particle phase or is 
strongly bound to particle components, a significant 

. fraction of the mass may be in the particle phase. For 
example, both observations and calculations suggest that 
some pesticides and other organic compounds can have 
a significant fraction of the total airborne material in the 
particle phase at high humidities.c21.22.2sJ 

The three rules-of-thumb can be applied once some 
information is known about the system under considera­
tion. The most helpful pieces of information are the 
identities of the major constituents and their saturated 
vapor concentrations and some estimate of their total air­
borne mass concentrations. These ideas are consistent 
with previous publications that emphasized considering 
the ratio of the saturated vapor concentration to the 
exposure limit for the material under consideration when 
deciding whether to sample the particle, gas, or both 
phases of an atrnosphere.<21. 22i This ratio has also been 
called the "vapor/hazard ratio number."(29) 

Substances for which the American Conference of 
Governmental Industrial Hygienists (ACGIH®) had 
established Threshold Limit Values (TLVs,1;) were 
reviewed to provide examples of materials for which too 
little might be known to judge whether the particle, gas, 
or both phases should be sampled as well as examples of 
substances for which the available information might 
seem to suggest erroneously that only one phase should 
be sampled.(22> 

Table 4-1 illustrates the results from applying the 
rules-of-thumb to a number of assumed atmospheres 
when deciding whether to sample the particle, gas, or 
both phases. Each atmosphere contains a contaminant 
with a known saturated vapor concentration of 0.001, 
0.01, 1, or 100 mg/mJ. For an assumed molecular weight 
of 100, the Ideal Gas Law gives the corresponding satu­
rated vapor pressures: 3 x lo-6, 3 x 104, 3 x 10-2, and 3 
Pa (2 x 10-S, 2 x lo-6, 2 x 104, and 2 x 10-2 mm Hg). The 
mass collQentration of all airborne particles, Cp, is 
assumed to be either 0.05 mg/m3, which may be typical 
of the general outdoor environment and many work­
places, or 5 mg/ml, which may be typical of dusty work­
places or light fog. Table 4-1 illustrates the large range of 
conditions for which both the particle and gas phases 
should be sampled. Whenever it is not clear that only one 
phase should be sampled, both phases should be sampled. 

The discussion in this section applies if an airborne 
system is in or near equilibrium. Sometimes a system is 
not near equilibrium. The following two sections consider 



84 PART I: The Measurement Pr"" ""ess 

TABLE 4-1. Examples of Sampling Decisions in a Range of Assumed Atmospheres 

Mass concentration 
of all airborne 
particulate, C,. 

(mg/mJ) 

0.05 
0.05 
0.05 
0.05 

5 
5 
5 
5 

Total airborne 
mass concentration 
of contaminant. ct, 

(mg/ml) 

0.0001 
O.Q1 

1 
100 

0.0001 
O.Q1 

1 
100 

P = Sample particulate phase only, because Q,; «Cr,; 

G = Sample gas phase only, because Cp « Cr,; 

PG = Sample both phases because neither condition is met. 

* = Unphysical, because no atmosphere can meet both conditions. 

conditions that disturb the equilibrium of a system and 
the time a system needs to reach equilibrium. 

Disturbance of Equilibrium 

Some kinds of changes will disturb the equilibrium 
of an airborne system and require mass to be transferred 
between the phases to attain a new equilibrium consis­
tent with the new conditions. For example, an atmos­
phere may not be in equilibrium immediately after a 
source injects a gaseous or particulate contaminant into 
it or just after it is pulled into a sampler. Detailed calcu­
lations of the system dynamics can be performed using 
similar experimental information to that needed to pre­
dict equilibrium ( equilibrium concentrations across 
interfaces), plus information about transport through a 
phase, e.g., the diffusion of gas molecules through air. 
The equations are complicated by the transport.of latent 
heat which occurs during condensation and ·evaporation. 
The formulation and results of detailed computational 

. models are beyond the scope of this discussion. 

Atmospheric Changes 

Conditions that may disturb an airborne system's 
equilibrium include a change in temperature or atmos­
pheric pressure, addition or removal of contaminant' 
mass, or addition of clean air (dilution).<30> The direction 
in which each of these changes tends to move the equi­
librium will be discussed briefly. 

An increase in temperature tends to increase the 
fraction of a substance in the gas phase due to higher 
thermal energy promoting the ejection of molecules 

Saturated vapor concentration of contaminant 
at 25°C. q, (mg/m3) 

0.0001 0.01 1 100 

PG PG PG PG 
p PG PG PG 
* * G G 
* * * G 

PG PG PG PG 
p PG PG PG 
p p PG PG 
* * * G 

from surfaces. A decrease in temperatur~ tends to 
decrease the fraction in the gas phase. 

A decrease in atmospheric pressure with no change 
in temperature, for example, due to the slow expansion 
of a volume, decreases the gas phase concentration at a 
particle surface arid tends to lead to evaporation of mate­
rial from the particle. The decrease in the mass concen­
tration of the particle phase due to the expansion does 
not influence the new equilibrium, because equilibrium 
depends most fundamentally on gas phase concentra­
tions and particle phase composition, not particle phase 
concentration. Increases in atmospheric pressure have an 
opposite effect. 

Sources or sinks of vapor disturb the equilibrium and 
may lead to significant condensation onto or evaporation 
from particles. For example, an increase in humidity is 
likely to lead to increased water in the particle phase. The 
loss of particles, for example, by sedimentation, or the 
addition of particles which have the same composition as 
the particles that are already equilibriated with the atmos­
phere does not disturb the equilibrium of the system . 
However, the addition of particles of a different composi­
tion will disturb the equilibrium in general. 

Dilution with clean air decreases the vapor concen­
tration at the parlTcle surface and tends to promote evap­
oration of volatile contaminants from the particles. 

Sampling 

The process of sampling an atmosphere has the 
potential to disturb the particle-gas equilibrium in the 
sampled air. This can lead to biased sampling results. 
Characteristics of four types of sampling instruments, 
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filter samplers, cascade impactors, denuders, and elec­
tronic monitors, will be discussed briefly. Some effects 
of inhaling an aerosol will also be mentioned. 

After a filter sampler collects particles (see Chapter· 
13 ), they remain on the filter surface and are exposed to 
the air that is sampled subsequently. Even ifthere are no 
chemical changes due to reactive gases, physical 
changes in the particles can occur. During extended sam­
pling, the atmosphere is likely to change in temperature 
or in the concentration of gas phase species, including 
water vapor. Such changes will require volatile compo­
nents to evaporate from or absorb/adsorb onto the parti­
cles collected on the filter, possibly leading to 
substantial decreases or increases in the overall mass or 
the mass of volatile components.<31 > For example, ammo­
nium nitrate evaporates from filters, if the air sampled 
subsequently is relatively clean.<32• 33 > Much less evapo­
ration into clean air occurs from ammonium nitrate col­
lected in an impactor ( see Chapter 14) than in a filter, 
apparently because of the relatively thick boundary layer 
of air and the decreased surface area of the collected 
materiaJ.<34l Another situation that can occur with 
extended sampling times is clogging of the filter with 
particulate. The decreased pressure experienced by some 
of the collected particulate may lead to evaporation of 
some materials. 

Another type of error can occur in filter sampling. 
Some filter materials adsorb some vapors from the air 
stream.P5-38l This contributes to an increase in mass and 
may allow the materials to be extracted from the filter 
for chemical analysis. Such errors lead to an overesti­
mate of the mass of material in the particle phase. This 
problem can be reduced by choosing a filter material that 
is not prone to adsorbing the types of vapors which are 
in the atmosphere to be sampled. Filter adsorption can 
be detected in the field by placing ·a second filter down­
stream of the first and checking for an increase in mass, 
assuming the first filter is not such an efficient adsorber 
that all the vapor is scrubbed from the air stream. 
Adsorption on the back-up filter may not parallel that on 
the front filter, so correction of the mass increase on the 
front filter by that on the back-up filter may not be accu­
rate.135l Inefficient particle collection by the first filter 
would confound detection of vapor adsorption by this 
method, because it would also lead to an increase of 
mass of the second filter. 
. _ In a cascade impactor ( see Chapter 14 ), the sampled 

air 1s drawn through a nozzle to accelerate the particles, 
: the larger ones will impact on a collection surface and 

separated from the smaller particles and the air 
s~ean1. Then the process is repeated with smaller noz­
z es that achieve higher air velocities and allow smaller 
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particles to be collected on other surfaces. During its 
passage through each nozzle, the air experiences a pres­
sure drop. The decrease in pressure tends to promote 
evaporation of volatile components from particles. tJ9l In 
smaller nozzles and higher speed jets, the air may be 
cooled somewhat. This tends to promote condensation of 
volatile materials onto particles.l40l Because the two 
effects act in opposite directions. predicting the net 
effect of passage through a cascade impactor depends on 
the details of the situation, but the potential for signifi­
cant particle-gas interactions should not be overlooked. 

If a sampler incorporates a denuder as the first stage 
to remove reactive gases ( see Chapter 19), any particle 
components that are in equilibrium with that gas will 
tend to adjust to the removal of the gas from the sampled 
air stream.<6> Some have suggested that measuring the 
distribution of a material between the particle and gas 
phases of an atmosphere could be accomplished using a 
denuder to collect material from the gas phase followed 
by a filter to collect particulate. One difficulty with this 
approach is that there will be a tendency for the particles 
to evaporate in the denuder. This situation will be con­
sidered in more detail later in this chapter. 

Electronic sampling instruments, e.g., real-time 
monitors, may have high speed inlets and contain 
pumps, motors, and lights that generate heat. Drawing 
air into warm instruments will promote evaporation of 
volatile components from particles; decreasing the pres­
sure will also promote evaporation; and cooling in the jet 
will promote condensation.(40-43) 

Inhaling air typically warms and humidifies it. 
Warming the air tends to cause volatile materials to evap­
orate from particles. High humidity tends to cause water­
soluble particles to absorb water vapor. This typically 
dilutes other constituents in the particles and causes other 
volatile components to be absorbed also.(1°> However, 
more complex interactions can occur. For example, water 
might drive off less polar compounds ads(?rbed on some 
materials. If the particles consist entirely of substances 

· that are immiscible with water, high humidity may have 
little effect. It is difficult to generalize about the effects of 
inhaling- an atmosphere on the distribution of material 
between the gas and particle phases. It is clear that the 
distribution of a material between the particle and gas 
phases that is measured in the atmosphere may not be the 
same distribution that occurs in the respiratory tract. 

Time-scale of Evaporation and Condensation 

When considering the effects of evaporation and 
condensation on sampling results, it is often useful to 
know the time-scale, an estimate of the time required for 
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a significant fraction of the evaporation or condensation 
to occur as the system approaches its new equilibrium. 
This can be helpful in judging whether a recently gener­
ated system, e.g., one consisting of droplets that were 
ejected into relatively clean air, has had sufficient time to 
approach equilibrium. One approach for estimating the 
time-scale for evaporation of a contaminant from the 
particle phase is to divide the decrease in contaminant 
mass in the particle phase by the initial evaporation 
rate.OOl The resulting time-scale for evaporation 'e is 

'l' = e 
C/,,; - cf,_; Ppd; 

I2D-CG · B-- ·' - S. s( Cj, . ) 
I ,I I Cp I 

(31) 

The initial and final mass concentrations of the con­
taminant in the particle phase are C0 P.i and CJ P.i• respec­
tively. The particle density is pp and the diffusion 
coefficient of the vapor in air is D;, The saturation S; is 
the gas phase concentration of the contaminant (far from 
a particle surface) divided by the saturated vapor con­
centration. It has been assumed that the mass concentra­
tion of vapor at the particle surface can be described 
successfully by Equation 22. Equation 31 neglects the 
slower evaporation that occurs due to the latent heat of 
the evaporating material cooling the particles as well as 
the Kelvin effect and the correction for gas transport 
from small particles.(IOl 

Substituting plausible values for the density 
(1 g/cm3) and the diffusion coefficient (0.1 cm2/s) and 
applying the equation to the special case of complete 
evaporation of the contaminant (OP.i = 0) into air that is 
substantially depleted of vapor (S; negligible) results in 
the order-of-magnitude estimate: 

,, ~ 8 sec ( ~ )' 

( 
B; C{;) 
lmg/m3 

(32) 

-If the value of Bi is unknown, a first estimate of the 
time-scale of evaporation can be obtained by assuming 
B; is unity. For pure droplets (Bi = 1) near room temper­
ature, the time-scale for evaporation of a 1-µm water 
droplet cs G.i = 17,000 mglm3) into dry air is about a half 
millisecond; that of a l 0-µm glycerol droplet ( cs G.; = 0.5 
mg/m3) is about 27 min. Equation 32 also provides a rea­
sonable estimate for the time-scale of growth by con­
densation for a particle that contains no contaminant 
initially and grows into one with diameter dP.c 1oi 

PART I: The Measurement Proecss 

Sampling Approaches 

There has been little discussion of the issue in the lit­
erature, but it could be argued that in most health-related 
air sampling, the quantity that is the most important to 
measure accurately is the total airborne mass concentra­
tion without regard to whether the material is in the gas 
or particle phase. Volatile materials may move between 
the gas and particle phases because of a change in con­
ditions, including after inhalation, but the total airborne 
mass concentration is unchanged.(1°> This makes it a 
practical first choice for measurement. 

In some cases, it may be desirable to measure the 
distribution of a compound between the two phases 
instead of only the total airborne mass concentration. For 
example, there may be compounds for which the toxic 
effects are thought to differ significantly depending on 
whether the material existed in the particle or gas phase 
just prior to inhalation.<44> Also, the choice of control 
technology may depend on which phase dominates. Both 
sampling the total airborne concentration and sampling 
the distribution between the two phases are discussed in 
the following sections. . 

Total Airborne Concentration 

Measuring the total airborne concentration requires 
_ an efficient particle collector and an efficient vapor col­

lector. Two approaches have been found suitable. One is to 
place the vapor collector, such as a tube containing an 
efficient sorbent, downstream of an efficient particle col­
lector, such as a filter.<44-51) One problem with the reverse 
configuration, placing the vapor collector upstream of the 
particle collector, is that material might evaporate from 
the particles which are collected on the filter and be lost. 
The second approach that has been used successfully is to 
apply a coating of a material to the filter that either 
adsorbs or reacts chemically with the air contaminant 
being sampled. (52. 53) A variation of this approach is to pre­
load the filter with a particulate sorbent. <S4l If done prop­
erly, the approach of using a coated or preloaded filter 
results in a compact and convenient sampler with all the 
collected mateQai on one substrate for analysis. 

Other approaches might provide satisfactory 
results, but care must be taken to ensure that the collec­
tion efficiency is sufficiently high for both phases in 
each sampling situation. Impingers are versatile in 
allowing the liquid to be changed to match the com­
pound being collected, but the collection efficiency for 
submicrometer particles is low.<55l Impingers collect 
solid isocyanates more effectively than coated filters, 
since the required derivatization occurs more quickly.C561 
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The particle collection efficiency of some so"rbent beds 
may be sufficient to allow measurements of the total air­
borne concentration of some compounds.<49,57,58) These 
devices should not be used without experimental valida­
tion of their suitability for the specific application. 

Techniques for measuring the total airborne concen­
tration have been much less widely discussed in the liter­
ature of workplace air sampling than in the literature of air 
sampling in the general environment. However, such tech­
niques have been proposed for organophosphorus pesti­
cides, fluoride, formaldehyde, and isocyanates.(5, 5~) 

Particle/Gas Distribution 

In cases where high precision is not required and some 
experimental phase distribution data are available to vali­
date a relation like Equation 22, it would be possible to 
estimate the distribution between the particle and gas 
phases after measuring only the total airborne concentra­
tion of the contaminant and the concentration of all air­
borne particulate. In order to use a relation like Equation 
22, it would be necessary to assume that the atmosphere is 
near equilibriwn, i.e., sufficient time has passed since the 
atmosphere's equilibrium was last disturbed, as discussed 
in the previous section. In most cases, reliable inf orrnation 
about the distribution of a material between the particle 
and gas phases of an atmosphere can only be obtained by 
measurements in that or similar atmospheres. 

There does not appear to be any universally accepted 
method for measuring the mass concentrations of an air 
contaminant in the particle and gas phases separately. 
Many approaches have been described in the literature, 
but questions arise about the accuracy of the results. 
Three approaches are presented here that seem suitable 
for a range of sampling conditions, but each has charac­
teristics that might lead to erroneous results in some 
sampling situations. Because of the ease with which the 
particle/gas equilibrium is disturbed and mass is trans­
ferred between the two phases, measurement of the dis­
tribution of an air contaminant between the particle and 
gas phases is much more difficult than measurement of 
the total airborne mass concentration. 

A sampling system consisting of an efficient particle 
collector followed by an efficient vapor collector was one 
of the two configurations recommended for measuring the 
total airborne mass concentration of a contaminant. It has 
also been used in attempts to measure the distribution of a 
contaminant between the gas and particle phases. The 
vapor collector must be removed from the particle collec­
tor at ~e end of the sampling period and stored separately 
to avoid evaporation of the volatile contaminant from the 
Particles and transport to the vapor collector. 
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The most common configuration, called a "filter 
pack," consists of a filter as the particle collector and a 
sorbent as the vapor collector. The particle phase con­
centration is calculated from the mass collected on the 
filter and the gas phase concentration from that collected 
in the sorbent (Figure 4-2).(16, 651 A filter pack might be 
suitable for measuring the average concentration in each 
phase over the sampling period if two conditions are 
met: l) the filter does not adsorb the vapor and 2) the 
chemical composition and physical characteristics of the 
sampled atmosphere are constant during the entire sam­
pling period.<66> If the filter adsorbs vapor, the particle 
phase mass concentration will be overestimated and the 
gas phase underestirnated.(35-38. 67) As mentioned previ­
ously, adsorption onto a filter might be detected by plac­
ing a second filter downstream of the first, but 
correcting for such adsorption is problematic. (35. 681 If the 
sampled atmosphere does not stay constant, mass col­
lected from the particle phase onto the filter will tend to 
evaporate and be transferred into the vapor collector 
whenever the mass concentration of the contaminant in 
the gas phase decreases. Also, mass in the gas phase of 
the air being sampled will be transferred to collected 
particles on the filter whenever the mass concentration 
in the gas phase increases. As a result, filter packs may 
not be valid for health-related sampling from the occu­
pational or general environment, although they may be 
valid for sampling from a controlled atmosphere, e.g., 
inhalation exposure chambers or a process line. 

Replacing the filter by a cascade impactor appears to 
reduce the interaction between particles that have 
deposited on the collection surfaces and the air drawn 

• • • • •• • • • • •• • • • • • • • • 
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- FILTER 
FIGURE 4-2. Schematic diagram of a common approach to meas­
uring the distribution of a contaminant between the particle and 
gas phases of an atmosphere. Particles (large gray circles) with 
associated molecules of a contaminant in the gas phase (small 
black circles) are collected on the filter. Vapor penetrating the fil­
ter is collected in the sorbent. Particle and gas phase concentra­
tions are calculated from the masses collected on the filter and in 
the sorbent. respectively. Potential errors include vapor adsorp­
tion by the filter material and transfer of contaminants between 
the gas phase and particles already collected on the filter if the 
atmosphere changes temperature, humidity, or composition. 
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through the device subsequently, reducing the severity of 
some of the artifacts.<69> The problem remains that the air 
which enters the vapor collector has passed over all the 
previously collected particles and significant mass trans­
fer between the gas and collected particles may have 
occurred. 

Replacing the filter by a virtual impactor reduces 
this problem, because the larger particles are not col­
lected on a surface over which air subsequently passes 
on the way to the vapor collector.<70-72> 

A second approach uses a denuder to remove vapor 
from the sampled air stream (see Chapter 19), followed by 
an efficient collector of both particles and vapor (Figure 
4-3 ). The particle and vapor collector may be a treated fil­
ter or a filter followed by an adsorbent. The gas phase con­
centration is calculated from the mass collected in the 
denuder and the particle phase concentration from that 
collected in the particle and vapor collector.m-79> 

If the material collected in the denuder cannot be 
removed quantitatively for analysis, the "denuder differ­
ence method" may be used.<SOJ Two samplers are oper­
ated in parallel. One is a particle and vapor collector and 
the other consists of a denuder to collect the material 
from the gas phase followed by a particle and vapor col­
lector. The difference between the masses of material 
.collected in the two particle and vapor collectors is taken 
to be the mass in the gas phase. 

In another variation, the vapor may be transported 
preferentially into a parallel air stream because it has a 
higher diffusion coefficient than the particles.<Sil 

These denuder-related approaches might be 
expected to give valid results if: 1) there is insignificant 
particle deposition in the denuder;cs2. 83) 2) the denuder 
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FIGURE 4-3. Schematic diagram of a denuder-based approach to 
measuring the distribution of a contaminant between the particle 
and gas phases of an atmosphere. Vapor molecules (small black 
circles) are collected at the wall of the denuder. Particles (large 
gray circles) with associated volatile contaminants are collected by 
a filter that is either treated or followed by a suitable sorbent to 
trap vapor molecules. Potential errors include particle deposition 
in the denuder and significant evaporation of the particles while 
surrounded by vapor-depleted air. · 
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collects all or a known fraction of the contaminant mass 
which was in the gas phase when the air entered the sam. 
pier without breakthrough;<84> and 3) there is insignificant 
particle evaporation and subsequent transfer of that con­
taminant mass to the denuder walls. Item 2 is easier to 
attain using denuders with narrow channels because the 
small distance between the bulk of the sampled air and 
the coated walls allows efficient collection of vapor at 
higher flow rates. The third item is the most trouble­
some and may be impossible to attain for some materials. 
During the time the particles reside in an atmosphere that 
has been depleted of vapor, some material will evapo­
rate from the particles. In order to have this mass trans­
fer be negligible, the amount that evaporates must be a 
negligible fraction of the amount in the particle phase 
and must be a negligible fraction of the amount that 
was in the gas phase before the aerosol entered the 
denuder. 

Consideration of a simple case, particles with a sin­
gle volatile component and the vapor in equilibrium with 
them, is instructive. The sampled air's residence time in 
the denuder rr can be estimated as the denuder's volume 
divided by the sampling flow rate. The characteristic 
time for complete evaporation/desorption into vapor­
depleted air is given in Equation 32. Only a negligibly 
small fraction of the volatile component's mass in the 
particles will evaporate during the transit time if 

= 8sec (~)' 

( 
B; ct J 

1 mglm3 

'r << re (33) 

Another condition is necessary to ensure that the mass 
of contaminant that does evaporate from the particles is 
negligibly small compared to the mass of material which 
was initially in the gas phase. Otherwise, the mass of con­
taminant collected at the denuder walls will be in error . 
Recalling that the characteristic time of evaporation is 
defined here as the volatile contaminant's mass in the par­
ticle phase divided by the initial evaporation rate, an order 
of magnitJJ.de estimate of the mass of material that evapo­
rates from the particles per volwne of air can be written as 
the particle mass divided by the characteristic time of 
evaporation times the residence time. A relationship suffi­
cient to ensure that the amount of evaporated contaminant 
is negligibly small compared to the amount originally in 
the gas phase, expressed in terms of saturation, is: 

Cp_; s 
--rr « S ;CGi 'e . (34) 

• 



cHAPTER 4: Particle and Gas Phase Interactions in Air Sampling 

Substituting for 't'e using Equation 32 and substitut­
ing CG.i using Equation 22 for Si cs G. j under the assump­
tion that the particles were in equilibrium with the vapor 
before entering the denuder gives: 

't'r << (35) 

The residence time cannot be made arbitrarily small 
becaus~ all or a known fraction of the vapor molecules 
must have time to diffuse to the wall of the denuder and 
be collected (see Chapter 19). Evaporation of particles in 
a denuder will lead to negligible errors if both the conta­
minant's saturated vapor concentration and the concentra­
tion of all materials in the particle phase are sufficiently 
small according to Equations 33 and 35, given the 
asswnptions stated in their derivation. Negligible evapora­
tion of particles in a denuder is more likely for outdoor 
environmental sampling than for sampling in dusty/misty 
workplaces where Cp is likely to be higher. These gener­
aliz.ations should hold even for atmospheres containing 
~everal volatile and nonvolatile components. 

A third approach to measuring the distribution of a 
contaminant between the gas and particle phases has 
been described.(8~7> The approach is to measure the 
total concentration in both phases by methods outlined 
already and place a suitable passive sampler nearby to 
measure the vapor concentration (Figure 4-4). The con­
centration in the particle phase would be estimated by 
subtraction. If only a small fraction of the total airborne 
contaminant were in the particle phase, this estimate 
might be quite imprecise because it · is ·determined by 
subtracting two measurements. Another source of signif­
icant error might be the deposition of particles on the 
front surface of the diffusive sampler. If such particles 
were allowed to remain in that position sufficiently long 
and the surrounding vapor concentration fluctuated, 
material in the particles might evaporate during periods 
of lower vapor concentration and erroneously contribute 
a significant amount to the mass collected on the sorbent 
of the diffusion sampler. This would lead to an overesti­
mate of the fraction of contaminant in the gas phase. 

Summary and Conclusions 

. ~article and gas phase interactions can lead to errors 
in all' sampling results. Some errors include allowing 
unwanted chemical reactions to occur during sampling, 
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FIGURE 4-4. Schematic diagram of an approach to measuring the 
distribution of a contaminant between the particle and gas 
phases of an atmosphere. Vapor molecules (small black circles) 
and particles (large gray circles) are collected in an active sampler 
containing a treated filter or filter followed by a sorbent to meas­
ure the. total airborne concentration of the contaminant. Vapor 
only is collected in the passive sampler. The particle concentration 
is estimated by subtraction. Potential errors include deposition of 
particles on the passive sampler and high uncertainty in estimat­
ing the particle concentration when it is much smaller than the 
vapor concentration. 

measuring the concentration of a contaminant only in the 
particle or gas phase when there is a significant fraction 
in the unsampled phase, and using inappropriate tech­
niques to measure the distribution of a contaminant 
between the two phases. 

Errors due to chemical reactions between a reactive 
gas and particles that have been collected on a filter can 
be reduced by passing the air through a suitable denuder 
before it reaches the filter. 

It is important to understancl the distribution of an 
air contaminant between the particle and gas phases and 
the potential for changes in that distribution during sam­
pling. Three pieces of information are helpful injudging 
whether it is necessary to sample the gas, particle, or 
both phases of an atmosphere: the saturated vapor con­
centration of the contaminant, a rough estimate of the 
total airborne concentration of the contaminant in the 
atmosphere being sampled, and a rough estimate of the 
concentration and composition of the particles in the 
atmosphere. The distribution of a contaminant between 
the partic~ and gas phases depends on temperature, 
pressure, particle composition, and the gas phase con­
centration of the contaminant. The processes of sam­
pling or inhalation may change the distribution between 
the phases significantly. 

It is arguably more important to measure the total air­
borne concentration of a contaminant, i.e., the concentra­
tion in the particle phase plus that in the gas phase, than to 
measure the distribution between the phases. The total air­
borne concentration can be measured by a sampler con­
sisting of an efficient filter followed by an efficient 
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sorbent or can be measured by a filter that is treated with 
a material which adsorbs or reacts with the vapor. 

When it is necessary to measure the distribution of a 
contaminant between the particle and gas phases, no uni­
versally acceptable technique appears to be available. 
The common approach of placing a sorbent downstream 
of a filter is prone to errors if the filter adsorbs vapor or 
if the atmosphere's composition changes. Replacing the 
filter with a virtual impactor reduces many of these 
errors. The approach of placing a denuder capable of 
collecting the vapor upstream of a collector of the parti­
cles and vapor that penetrate the denuder is prone to 
errors if the denuder is not optimized for the application. 
In some cases, it may be difficult to avoid significant 
errors due to evaporation of the contaminant from the 
particles while they reside in vapor~epleted air in the 
denuder. A third approach to measuring the distribution 
of a contaminant between the gas and particle phases is 
available. The total airborne concentration is measured 
by an active sampler and the vapor concentration is 
measured by a passive sampler. This approach has not 
been widely used, yet. Other approaches are likely to be 
suggested in the future, but measuring the distribution 
will always be much more difficult than measuring the 
total airborne concentration. 

References 
1. Pio, C.A.; Nunes. T.V.; Leal, R.M.: Kinetic and Thermodynamic 

Behavior of Volatile Ammonium-Compounds In Industrial and 
Marine Atmospheres. Atmos. Environ. 26A:S05-51.2 (1992). 

2. Pandis, S.N.; Wexler, A.S.; Seinfeld, J.H.: Dynamics of 
Tropospheric Aerosols. J. Phys. Chem. 99:~9659 (1995). 

3. Pankow, J.F.; Mader, B.T.; Isabelle, L.M.; et al.: Conversion of 
Nicotine in Tobacco Smoke to its Volatile and Available Free­
Base Form Through the Action of Gaseous Ammonia. Environ. 
Sci. Technol. 31 :2428-2433 {1997). 

4. Bowman, F.M.; Odum, J.R.; Seinfeld, J.H.; Pandis, S.N.: 
Mathematical Model for Gas-Particle Partitioning of Secondary 
Organic Aerosols. Atmos. Environ. 31 :3921-3931 (1997). 

5. European Standardization Committee (CEN): Workplace 
Atmospheres-Measurement of Chemical Agents Present as 
Mixtures of Airborne Particles and Vapour-Requirements and 
Test Method. Document CEN/TC137/WG3/N217. CEN, Brussels 
{1998). 

6. Pratsinis, S.E.; Xu, M.; Biswas, P.; Willeke, K.: Theory for Aerosol 
Sampling through Annular Diffusion Denuders. J. Aerosol Sci. 
20:1597-1600 (1989). 

7. Lu. C.Y.; Bai, H.L. ; Lin, Y.M.: A Model for Predicting Performance 
of an Annular Denuder System. J. Aerosol Sci. 26:1117-1129 
(1995). 

8. Perrino, C.; Desantis, F. ; Febo, A.: Criteria for the Choice of a 
Denuder Sampling Technique Devoted to the Measurement of 
Atmospheric Nitric and Nitrous Acids. Atmos. Environ. 24A:617-
626 (1990). 

9. Hinds, W.C.: Aerosol Technology: Properties. Behavior, and 
Measurement of Airborne Particles, 2no ed., John Wiley & Sons, 
New York (1999). 

PART I: The Measurement Pr ocess 

10. Soderholm, S.C.; Ferron, G.A.: Estimating Effects of Evaporau 
and Condensation on Volatile Aerosols During lnhalati~n 
Exposures. J. Aerosol Sci. 23:257-2n (1992). n 

11. Reid, R.C.: Prausnitz, J.M.: Poling, B.E.: The Properties of Gases & 
Liquids, 4th ed., Chapter 8. McGraw-Hill. New York {1987). 

12. Betterton, E.A.: Henry's Law Constants of Soluble and 
Modei:ately Soluble Organic Gases: Effects on Aqueous Phase 
Chemistry, Chapter 1, Gaseous Pollutants: Characterization and 
Cycling, pp. 1-50. J.O. Nriagu, Ed. John Wiley & Sons. New York 
(1992). 

13. Gordieyeff, V.A.: Adsorption of Gases and Vapors on Aerosol 
Particulates. American Industrial Hygiene Association Quarterly. 
17:411-417 (1956). 

14. Yamasaki, H.: Kuwata, K.: Miyamoto, H.: Effects of Ambient 
Temperature on Aspects of Airborne Polycyclic Aromatic 
Hydrocarbons. Environ. Sci. Technol. 16:189-194 (1982). 

15. Pankow, J.F.: Review and Comparative Analysis of the Theories 
on Partitioning Between the Gas and Aerosol Particulate Phases 
in the Atmosphere. Atmos. Environ. 21 :2275-2283 (1987). 

16. Bidleman, T.F.: Atmospheric Processes: Wet and Dry Deposition 
of Organic Compounds are Controlled by their Vapor-Particle 
Partitioning. Environ. Sci. Technol. 22:361-367 (1988). 

17. Pankow, J.F.: An Absorption Model of Gas/Particulate Partitioning 
in the Atmosphere. Atmos. Environ. 28:185-188 (1994). 

18. Finizio, A.; Mackay, D.; Bidleman, T.: Harner, T.: Octanol-Air 
Partition Coefficient as a Predictor of Partitioning of Semi-Volatile 
Organic Chemicals to Aerosols. Atmos. Environ. 31 :2289-2296 
(1997). 

19. Pankow, J.F.: Further Discussion of the OctanoVAir Partition 
Coefficient K-oa as a Correlating Parameter for Gas/Particle 
Partitioning Coefficients. Atmos. Environ. 32:1493-1497 (1998). 

20. Harner, T.; Bidleman, T.F. : Octanol-Air Partition Coefficient for 
Describing Particle/Gas Partitioning of Aromatic Compounds in 
Urban Air. Environ. Sci. Technol. 32:1494-1502 (1998). 

21 . Soderholm, S.C.: Aerosol Instabilities. Appl. Ind. Hyg. 3:35-40 
(1988). 

22. Perez, C.; Soderholm, S.C.: Some Chemicals Requiring Special 
Consideration when Deciding Whether to Sample the Particle, 
Vapor, or Both Phases of an Atmosphere. Appl. Occup. Environ. 
Hyg. 6:859-864 (1991). 

23. Pankow, J.F.; Storey, J.M.E.: Yamasaki, H.: Effects of Relative­
Humidity On Gas-Particle Partitioning of Semivolatile Organic· 
Compounds to Urban Particulate Matter. Environ. Sci. Technol. 
27:2220-2226 (1993). 

24. Saxena, P.; Hildemann, L.M.; McMurry, P.H.; Seinfeld, J.H.: 
Organics Alter Hygroscopic Behavior of Atmospheric Particles. J. 
Geophys. Res. 100D:18755-18no (1995). 

2S. Latimer, H.K.; Kamens, R.M.; Chandra, G.: The Atmospheric 
Partitioning of Decamethylcyclopentasiloxane (05) and 1· 
Hydroxynonamethylcyclopentasiloxane (D4TOH) on Different 
Types of Atmospheric Particles. Chemosphere. 36:2401-2414 
(1998). 

26. Jang, M.; Kamens, R.M.: A Thermodynamic Approach for 
Modeling Partitioning of Semivolatile Organic Compounds on 
Atmo~heric Particulate Matter: Humidity Effects. Environ. Sci. 
Technol. 32:1237-1243 (1998). 

27. Nair, P.V.N.; Vohra, K.G.: Growth of Aqueous Sulphuric Acid 
Droplets as · a Function of Relative Humidity. J. Aerosol Sci. 
6:265-271 (1975). 

28. Gotfelty, D.E.; Seiber, J.N.; Liljedahl, L.A.: Pesticides in Fog. 
Nature 325:602-605 (1987). 

29. McFee, D.R. : Zavon, P. : Solvents. In: Fundamentals of Industrial 
Hygiene, 3rd ed., p. 103. B.A. Plog, G.S. Benjamin, and M.A. 
Kerwin, Eds. National Safety Council, Chicago (1988). 

30. Kamens, R.; Odum, J.: Fan. Z.H.: Some Observations on Times 
to Equilibrium for Semivolatile Polycyciic Aromatic­
Hydrocarbons. Environ. Sci. Technol. 29:43-50 (1995). 



CHAPTER 4: Particle and Gas Phase Interactions in Air Sampling 

31. Raynor, P.C.; Leith, 0. : Evaporation of Accumulated 
Multicomponent Liquids from Fibrous Filters. Ann. Occup. Hyg. 
43:181-192 (1999). 

32. Cheng, Y.H.; Tsai, C.J.: Evaporation Loss of Ammonium Nitrate 
Particles During Filter Sampling. J. Aerosol Sci. 28: 1553--1567 
(1997). 

33. Hering, S.; Cass, G.: The Magnitude of Bias in the Measurement 
of PM2.5 Arising from Volatilization of Particulate Nitrate from 
Teflon Filters. J. Air & Waste Manage. Assoc. 49:725-733 (1999). 

34. Zhang, X.Q.; McMurry, P.H. : Evaporative Losses of Fine 
Particulate Nitrates During Sampling. Atmos. Environ. 
26A:3305-3312 (1992). 

35. Cotham, W.E. ; Bidleman, T.F.: Laboratory Investigations of the 
Partitioning of Organochlorine Compounds between the Gas 
Phase and Atmospheric Aerosols on Glass Fiber Filters. Environ. 
Sci. Technol. 26:469-478 (1992). 

36. McDow, S.R.; Huntzicker, J.J.: Vapor Adsorption Artifact in the 
Sampling of Organic Aerosol. in: Sampling and Analysis of 
Airoome Pollutants Chap. 12, pp. 191-208. E.D. Winegar and L.H. 
Keith, Eds. Lewis Publishers, Inc., Boca Raton, FL (1993). 

37. Lofroth, G.: Phase Distribution of Nicotine in Real Environments 
as Determined by 2 Sampling Methods. Environ. Sci. Technol. 
29:975-978 (1995). 

38. Batterman, S.; Osak, I.; Gelman, C.: S02 Sorption 
Characteristics of Air Sampling Filter Media Using a New 
Laboratory Test. Atmos. Environ. 31 :1041-1047 (1997). 

39. Zhang, X.Q.; McMurry, P.H.: Theoretical Analysis of Evaporative 
Losses from Impactor and Filter Deposits. Atmos. Environ. 
21 :1n9-1789 (1987). 

40. Biswas, P.; Jones, C.L. ; Flagan, R.C.: Distortion of Size 
Distributions by Condensation and Evaporation in Aerosol 
Instruments. Aerosol Sci. Tech. 7:231-246 (1987). 

41. Mallina, R.V.; Wexler, A.S.; Johnston, M.V.: Particle Growth in 
High-Speed Particle-Beam Inlets. J. Aerosol Sci. 28:223--238 
(1997). 

42. Bergin, M.H.; Ogren, J.A.; Schwartz, S.E.; Mcinnes, L.M.: 
Evaporation of Ammonium Nitrate Aerosol in a Heated 
Nephelometer: Implications for Field Measurements. Environ. 
Sci. Technol. 31 :2878-2883 (1997). 

43. Finlay, W.H.; Stapleton, K.W.: Undersizing of Droplets from a 
Vented Nebulizer Caused by Aerosol Heating During Transit 
Through an Anderson Impactor. J. Aerosol Sci. 30:105-109 
(1999). 

44. Soderholm, S.C.; Anderson, 0.A.; Utell, M.J.; Ferron, G.A.: 
Method of Measuring the Total Deposition E.tficiency of Volatile 
Aerosols in Humans. J. Aerosol Sci. 22:917-926 (1991). 

45. Hill, Jr., A.H.; Arnold, J.E.: A Personal Air Sampler for Pesticides. 
Arch. Environ. Contam. Toxicol. 8:621-628 (1979). 

46. Konig, J.; Funke, W.; Balfanz, E.: Testing a High Volume Air 
Sampler for Quantitative Collection of Polycyclic Aromatic 
Hydrocarbons. Atmos. Environ. 14:609-613 (1980). 

47. Kirton, P.J.; Ellis, J.; Crisp, P.T.: Investigation of Adsorbents for 
Sampling Compounds Found in Coke Oven Emissions. Fuel 
70:4-8 (1991). 

48. Hawthorne, S.S.; Miller, D.J.; Langenfeld, J.J.; Krieger, M.S.: PM-
10 High-Volume Collection and Quantitation of Semivolatile and 
Nonvolatile Phenols, Methoxylated Phenols, Alkanes, and 
Polycyclic Aromatic-Hydrocarbons From Winter Urban Air and 
Their Relationship to Wood Smoke Emissions. Environ. Sci. 
Technol. 26:2251-2262 (1992). 

49
· ~raro, A.; P~rvoli, G.; Doretti, L. ; et al. : Determination of 2-4 

Sam nde.nsed Ring Aromatic-Hydrocarbons in Air Using 2 Specific 

50 piing Methods.- Annali Di Chimica. 86:319-328 (1996). 
· ~nnell, LL.; 81dleman, T.F.: Collection of Two-Ring Aromatic 

1 Y rocarnons, Chlorinated Phenols, Guaiacols, and Benzenes 
~om . Ambient Air Using Polyurethane Foam Tenax-GC 

artndges. Chemosphere. 37:885-898 (1998). 

91 

51. Scobbie, E.; Dabill, D.W.; Groves, J.A.: The Development of an · 
Improved Method for the Determination of Coal Tar Pitch 
Volatiles (CTPV) in Air. Ann. Occup. Hyg. 42:45-59 (1998). 

52. Levin, J.-0.; Fangmark, I. : High-Performance Liquid 
Chromatographic Determination of Hexamethylenete-tramine in 
Air. Analyst 113:511-513 (1988). 

53. Wang, L.: Air Sampling Methods for Diisocyanates: Dynamic 
Evaluation of SUPELCO ORBO(TM)-80 Coated Filters. Am. Ind. 
Hyg. Assoc. J. 59:490-494 (1998). 

54. Markell, C.; Hagen, D.F.; Bunnelle, V.A. : New Technologies in 
Solid-Phase Ex1raction. LC"GC 9:332-337 (1991). 

55. Spanne, M.; Grzybowski, P.; Bohgard, M.: Collection Efficiency 
for Submicron Particles of a Commonly Used lmpinger. Am. Ind. 
Hyg. Assoc. J. 60:540-544 (1999). 

56. Key-Schwartz, R.J.; Tucker, S.P. : An Approach to Area Sampling 
and Analysis for Total lsocyanates in Workplace Air. Am. Ind. 
Hyg. Assoc. J. 60:200-207 (1999). 

57. Kogan, V.; Kuhlman, M.A.; Coutant, R.W.; Lewis, A.G.: Aerosol 
Filtration by Sorbent Beds. J. Air Waste Manag. Assoc. 
43:1367-1373 (1993). 

58. Brouwer, 0.H.; Ravensberg, J.C.; de Kort, W.L.A.M.; van Hemmen, 
J.J.: A Personal Sampler for lnhalable Mixed-Phase Aerosols: 
Modification to an Existing Sampler and Validation Test with Three 
Pesticides. Chemosphere. 28: 1135-1146 ( 1994 ). 

59. Occupational Safety and Health Administration (OSHA): 
Diisocyanates: Method 42. OSHA Methods Manual. U.S. Dept. of 
Labor, OSHA, Salt Lake City, UT (1994). 

60. American Society for Testing and Materials (ASTM): 05836-95 
Standard Test Method for Determination of 2,4-Toluene 
Diisocyanate (2,4-TDI) and 2.~ Toluene Diisocyanate (2,6-TDI) in 
Workplace Atmospheres (1-2 PP Method). American Society for 
Testing and Materials, West Conshohocken, PA (1995). 

61. Occupational Safety and Health Administration (OSHA): 
Methylene Bisphenyl Isocyanate (MDI): Method 47. In: OSHA 
Methods Manual. U.S. Dept. Of Labor, OSHA, Salt Lake City, UT 
(1985). 

62. National Institute for Occupational Safety and Health (NIOSH): 
Determination of Airborne Isocyanate Exposure. In: NIOSH 
Manual of Analytical Methods, 4111 ed., 2nc1 supplement. M.E. 
Cassinelli and P.F. O'Connor, eds. DHHS (NIOSH) Publication 
No. 98-119. U.S. Dept. Health and Human Services, Public 
Health Service, Centers for Disease Control and Prevention, 
NIOSH, Cincinnati, OH (1998). 

63. National Institute for Occupational Safety and Health (NIOSH): 
lsocyantes: Method 5522 (supplement issued 5/15/96). In: 
NIOSH Manual of Analytical Methods,4111 ed., 151 supplement. 
P.M. Eller, ed. DHHS (NIOSH) Publication No. 96-135. U.S. Dept. 
Health and Human Services, Public Health Service, Centers for 
Disease Control and Prevention, NIOSH, Cincinnati, OH (1996). 

64. Streicher, R.P.; Kennedy, E.R.; Lorberau, C.D.: Strategies for the 
Simultaneous Collection of Vapours and Aerosols with Emphasis 
on Isocyanate Sampling. Analyst 119:89-97 (1994). 

65. Pankow, J.F.; Bidleman, T.F.: Effects of Temperature, TSP and 
Per Cem Nonexchangeable Material in Determining the Gas­
Particle Partitioning of Organic Compounds. Atmos. Environ. 
25A:2241-2249 (1991). 

66. Hart, K.M.; Isabelle, L.M.; Pankow, J.F.: High-Volume Air Sampler 
for Particle and Gas Sampling. 1. Design and Gas Sampling 
Performance. Environ. Sci. Technol. 26:1048-1052 (1992). 

67. Ogden, M.W.; Maiolo, K.C.; Nelson, P.A. ; Heavner, D.L.; Green, 
C.R.: Artifacts in Determining the Vapor-Particulate Phase 
Distribution of Environmental Tobacco-Smoke Nicotine. Environ. 
Technol. 14:779-785 (1993). 

68. Hart; K.M.; Pankow, J.F.: High-Volume Air Sampler for Particle 
and Gas Sampling. 2. Use of Backup Filters to Correct for the 
Adsorption of Gas-Phase Polycyclic Aromatic-Hydrocarbons to 
the Front Filter. Environ. Sci. Technol. 28:655-661 (1994). 



92 

69. Kaupp, H.; Umlauf, G.: Atmospheric Gas-Particle Partitioning of 
Organic Compounds: Comparison of Sampling Methods. Atmos. 
Environ. 26A:225~2267 (1992). 

70. Sioutas, C.; Koutrakis, P.: Development of a Low Cutpoint Size 
Slit Virtual Impactor for Sampling Ambient Fine Particles. J. 
Aerosol Sci. 25:1321-1330 (1994). 

71 . Sioutas, C. ; Koutrakis, P.; Burton, R.M.: A High-Volume Small 
Cutpoint Virtual Impactor for Separation of Atmospheric 
Particulate from Gaseous-Pollutants. Particulate Sci. and 
Technol. 12:207-221 (1994). 

72. Xiong, J.Q.; Fang, C. ; Cohen, 8.S.: A Portable Vapor/Particle 
Sampler. Am. Ind. Hyg. Assoc. J. 59:614-621 (1998). 

73. Gunderson, E.C.; Anderson, C.C. : Collection Device for 
Separating Airborne Vapor and Particulates. Am. Ind. Hyg. 
Assoc. J. 48:634-638 (1987). 

74. Caka, F.M.; Eatough, D.J.; Lewis, E.A.; et al.: An lntercomparison of 
Sampling Techniques for Nicotine in Indoor Environm.ents. 
Environ. Sci. Technol. 24:1196-1203 (1990). 

75. Krieger, M.S.; Hites, A.A.: Diffusion Denuder tor the Collection of 
Semivolatile Organic Compounds. Environ. Sci. Technol. 
26:1551-1555 (1992). 

76. Gundel, L.A.; Lee, V.C.; Mahanama, K.R.R.; et al.: Direct 
Determination of the Phase Distributions of Semi-Volatile 
Polycyclic Aromatic Hydrocarbons Using Annular Denuders. 
Atmos. Environ. 29:171~1733 (1995). 

n. Lane, D.A.; Gundel, L.: Gas and Particle Sampling of Airborne 
Polycyclic Aromatic Compounds. Polycyclic Aromatic 
Compounds. 9:67-73 (1996). 

78. Eatough, D.J.; Obeidi, F. ; Pang, Y.; et al.: Integrated and Real­
Time Diffusion Denuder Samplers for PM2.5. Atmos. Environ. 
33:283S-2844 (1999). 

PART I: The Meas.urement Process 

79. Rando, R.J.; Poovey, H.G.: Development and Application of a 
Dichotomous Vapor/Aerosol Sampler for HDI-Derived Total 
Reactive Isocyanate Group). Am. Ind. Hyg. Assoc. J. 60:737-746 
(1999). 

80. Coutant, R.W.; Brown, L.; Chuang, J.; Lewis, A.G.: Field 
Evaluation of Phase Distribution of PAH. Proceedings of the 
1986 EPA/APCA Symposium on Measurement of Toxic Air 
Pollutants, pp. 146-155. Report No. 600/9-86-013. U.S. 
Environmental Protection Agency, Washington, DC (1986). 

81 . Turpin, B.J.; Liu, S.-P.; Podolski, K.S.; et al. : Design and 
Evaluation of a Novel Diffusion Separator for Measuring 
Gas/Particle Distributions of Semivolatile Organic Compounds. 
Environ. Sci. Technol. 27:2441-2449 (1993). 

82. Ye, Y.; Tsai, C.-J. ; Pui, D.Y.H.; Lewis, C.W.: Particle Transmission 
Characteristics of an Annular Denuder Ambient Sampling 
System. Aerosol Sci. Tech. 14:102-111 (1991 ). 

83. Sioutas, C.; Koutrakis, P.; Wolfson, J.M.: Particle Losses in Glass 
Honeycomb Denuder Samplers. Aerosol Sci. Technol. 
21 :137:148 (1994). 

84. Bemgard, A.; Colmsjo, A.; Melin, J.: Assessing Breakthrough 
Times tor Denuder Samplers with Emphasis on Volatile Organic­
Compounds. J. Chromatog. 723:301-311 (1996). 

85. Malek, R.F. ; Daisey, J.M.; Cohen, B.S.: The Effect of Aerosol on 
Estimates of Inhalation Exposure to Airborne Styrene. Am. Ind. 
Hyg. Assoc. J. 47:524-529 (1986). 

86. Cohen, B.S.; Brosseau, L.M.; Fang, C. ·P.; et al.: Measurement of 
Air Concentrations of Volatile Aerosols in Paint Spray 
Applications. Appl. Occup. Environ. Hyg. 7:514-521 (1992). 

87. Brosseau, L.M.; Fang, C.-P.; Snyder, C.; Cohen, B.S.: Particle 
Size Distribution of Automobile Paint Sprays. Appl. Occup. 
Environ. Hyg. 7:607-612 (1992). 

-



Air Sa:mpliDI 
Iniifum~ttti 

for evaluation of atmospheric contaminants 

9th Edition, 2001 

1330 Kemper Meadow Drive 
Cincinnati, Ohio 45240-1634 

www.acgih.org 



by 
American Conference of Governmental Industrial Hygienists, Inc. 

First Edition 1960 
Second Edition 1962 
Third Edition 1966 
Fourth Edition 1972 
Fifth Edition 1978 
Sixth Edition 1983 

Seventh Edition 1989 
Eighth Edition 1995 
Ninth Edition 2001 

This book is fully protected by copyright and no part of it may be reproduced in any • 
form or by any means - graphic, or mechanical including photocopying, recording, 
taping, or information storage and retrieval systems -without written permission 

fromACGIH. 

Published in the United States of America by 

ACGIH 
Kemper Woods Center 

1330 Kemper Meadow Drive 
Cincinnati, Ohio 45240-1634 

Telephone: (513) 742-6163 
Fax: (513) 742-3355 

E-mail: publishing@acgih.org 
http://www.acgih.org 

-




