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Introduction both chemical reactions and physical interactions occur

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
Su_lfur dioxide. The distinction between a vapor and a gas
'S somewhat arbitrary. Following common practice, the
term “\{apol” refers to the gas phase portion of a mate-
::llr which can exist as a liquid or solid at room temper-
al © i amospheric pressure. A “gas” cannot exist as

'quid or solid at normal conditions.
aly t‘::;tllgs of each species in the gas phase continu-
°Pp0nunjar t‘the surface of each particle, giving ample
g mole?ul or chermcal' reactions, i.e., formation of
5 mige beths, and phy§1cal interactions, e.g., 'transfer
'eT does nop e;n the particle and gas phases. This chap-
phasize the most general case in which

simultaneously in the atmosphere and during sampling.
This is important in particular situations, e.g., when
sampling ammonia, acids, and ammonium salts in the
ambient atmosphere, and has been discussed else-
where.(1) 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.()

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. e

Chemical Reactions

Gases, such as HNO,, HNO,, NH,, NO,, SO,, 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

PART [: The Measurement Procesg

° —
. .0 ® o
Q. ‘. @ FILTER
., ..

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 HNO, and
NH, gases and NH,NO, particulate in equilibrium with
the gases would remove the NH;, 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.(: 7 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.(®

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 equilibrium,
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
undissglved material.

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

Cei=f(d,. Cpy. Cp3. . ) (M

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 of
particle phase, respectively. The mass concentration of
the i contaminant in the gas phase just outside the par-
ticle surface Cy;; is some function of the composition of
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the particle surface, which is described here by the mass
concentration Cp; of each species in the particle phase of
the 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
phase. Additional relations exist between the concentra-
tion 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
pecause of the Kelvin effect, which increases the equi-
librium concentration above a convex surface com-
pared to a planar surface.®® This factor can .be
significant for particles that are submicrometer in
diameter. For example, a pure submicrometer droplet in
an atmosphere which is saturated with the vapor is
expected to evaporate completely because iF 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 be considered separately. Each par-
ticle size and composition class may influence 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 experimental
data are relevant because the equilibrium distribution is
sensitive to temperature and pressure 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
relations needed to predict equilibrium and to make

some general observations for guidance when making
sampling decisions.

Absomtion

For aerosols, absorption refers to the dissolution of
52 p:ase materials ix_l droplets. The relation between t'he
;emptase concentration of one of the compqx}ents adja-

0 a droplet surface and the composition of the

dro le s 5 @
_OP'et surface can be expressed in terms of an activity
coefficient Yoo, 1n
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Lo = h% ng )

where x; is the mole fraction of the it material in the
droplet surface and CS; 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 [deal Gas Law. In general,
y is a function of the droplet composition, but it is con-
strained to assume the value of unity when x; is unity
(pure droplet). The Kelvin effect is not included explic-
itly in Equation 2, although it should be included for
submicrometer particles.(!0

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.(!) In many cases, a literature search may be
worthwhile; early measurements of small saturated
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

—ZL Cé ; droplets A3)

Gi i Mi CP
where a substitution has been made for the mole
fraction

_ MpCp;
x_ = e———

, ©)
MCp

The molecular weight of the it material is M, and the
average molecular weight of the droplet M, is

-1 -1
M—l=Ml CP.] ""A’[2 CP.Z +s (5)

P CP

The concentration of all materials in the particle
phase Cp is
(6)

CP=CP.I+CP.2 P

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.(!0. 1D .

Specifying the activity coefficient as a function of
" droplet composition can be quite complex. Simpler and
less general relations can successfully characterize lig-
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.(10.12) The equilibrium of an airborne system of
ideal liquids in uniform droplets can be described by

_Mp Cp;

oA el e < 5
G.i M CP Gi

ideal liquids @)
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(!2)

Mp Cpsow s
C, =l IO C solvents 8
G.solv M;otv CP 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
in

C walter
RH = =52t 100 )

G, water

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(!?)

B =xH, 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 y2.(!) Thus, for a material in a dilute solution,
Equation 2 becomes

Ci = 71 %Co an

Converting thé gas phase mass concentration to par-
tial pressure P, by the Ideal Gas Law
RT
R =Cg; W (12)

i

(R is the universal gas constant and T is the absolute
temperature) gives for a dilute solution
s RT

P = y{xC3; A

(13)

The last result is in the form of Henry’s Law

Comparing Equations 10 and 13 shows that the Henry’s

Law coefficient A, is related to the activity coefficient
for a material in a dilute solution Y, by

RT

H; =y)Cg; A

i

=B (14)

The saturated vapor pressure PS has been related to
the saturated vapor concentration C5;; by the Ideal Gas
Law, Equation 12, applied to the saturated state. Solving
Equation 14 for v, and substituting for ¥, in Equation 3
gives the relation for materials in droplets as dilute solu-
tions in terms of the Henry’s Law coefficient

: Cy:
Coi = B My Coi Cg,- dilute solutions (19

B M G

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 jn 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 related 10
the inverse of another. For example, one list is limited
to aqueous solutions and tabulates a Henry’s Law coef-
ficient that is related to the inverse of that defined

ety
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specifying the amount of the material in the dilute
aqueous solution are moles per liter agd the units of the
quantity specifying the amount in the gas phase (partial
pressure) are atmospheres, so the Henry’s Law coeffi-
cient is tabulated with units of moles per liter 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.(!) 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

Co.iCp

log(—] - ’"—TY +by (16)

Chpi

wheré m, and b, are constants determined by fitting
the data.('¥) This relation has been shown to be consistent
with the Junge equation which had been proposed ear-
lier.!> 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, P5;
the surface concentration of particles, C; (the total sur-
face area of particles per volume of air); and the Junge
constant, c;, which is determined experimentally,

L. 7

Wwhere the total airborne concentration of the con-
aminant C., is

Cr; =Cp; +Cg, (18)
g Pankow(!s) has derived the theoretical temperature
) azendef\ce of tl?e Junge constant assuming linear
equag:?uxr adsgrptxon and has shown that the resulting

on describing equilibrium conditions is equivalent
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to Equation 16. Solving Equations 17 and 18 for Cg;
results in the equilibrium relation

_ P’Cp;

[
G.i ¢, CS

(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.(!®) 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 o is

(€3

Sorption

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:(17

Csi =B &cg y 22)
Cr

Cp, is the mass concentration of the i contaminant
in the particle phase. C, is the mass concentration of all
materials in the particle phase. CS; ; is the saturated
vapor concentration of the it material or the extrapolated
samrated'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” B, is temperature dependent and also
depends on the materials involved. One utility of this
approximation is that although B, 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.(!”)
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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-
centrations that might be measured in a field study, as
well as the contaminant’s saturated vapor concentration.
Generally, B; 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 B; 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

B=y, ) droplets (23)
M;
B = ﬁ ideal liquids (24)
M; ,
B= Mp solvents (25)
M solv
H; Mp . .
= ——%—  dilute solutions 2
P E 26)
RT
B= adsorption 2
Vie,o, P @7

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
23-27.07 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.

PART I: The Measurement Procegs

In the special case of the sorption of semi-volatjje
organic compounds on atmospheric particles, obsery,.
tions suggest that an even better description of the equi-
librium conditions than Equation 22 is

Coi=(Ky,) Cp (28)

where K, 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 ubiquiteus 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.@!-26) Calculation of the Kelvin effect is more
complicated for a two-component droplet than for a sin-
gle component.?”) The correction for the equilibrium
vapor concentration above a curved surface is often
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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.2D 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):

l. Sample only the particle phase when the saturated
vapor concentration of a substance C5; is much less
than its total airborne mass concentration Cy;

€5 << Cy, (29)

2. Sample only the gas phase when the total mass con-
f:entration of all constituents in the particle phase C,
1s much smaller than the total airborne mass con-
centration of a contaminant C;

Cp <<Cp; (30)

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.(2!22.28)

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 atmosphere.2!. 22) This ratio has also been
called the “vapor/hazard ratio number.”(2%)

Substances for which the American Conference of
Governmental Industrial Hygienists (ACGIH®) had
established Threshold Limit Values (TLVs®) 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.(2?

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/m3. For an assumed molecular weight
of 100, the Ideal Gas Law gives the corresponding satu-
rated vapor pressures: 3 x 10, 3 x 10,3 x 102, and 3
Pa(2x10-%,2x 10,2 x 104, and 2 x 102 mm Hg). The
mass coneentration 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/m3, 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
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PART I: The Measurement Process

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

Mass concentration
of all airborne

Total airborne
mass concentration

Saturated vapor concentration of contaminant
at 25°C, G§, (mg/m3)

particulate, C, of contaminant, C;

(mg/m3) (mg/m3) 0.0001 0.01 1 100
0.05 0.0001 PG PG PG PG

0.05 0.01 P PG PG PG

0.05 1 . = G G

0.05 100 ol * ad G

5 0.0001 PG PG PG PG

5 0.01 P PG PG PG

5 1 P P PG PG

5 100 * i E G

P = Sample particulate phase only, because C§; <<Cy;
G = Sample gas phase only, because C, << Cy;
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).(% 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

from surfaces. A decrease in temperature 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 and 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 parficle 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 if there 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.D 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
material.349 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.35-3%) 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.’% 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 is drawn through a nozzle to accelerate the particles,
50 the larger ones will impact on a collection surface and
Su_e;z)arated from the s;naller particl'es and the air
Sl fh. Theq the process is repeated with smaller noz-

that achjeve 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.39 [n
smaller nozzles and higher speed jets, the air may be
cooled somewhat. This tends to promote condensation of
volatile materials onto particles.(*9 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.(® 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.(!9 However,
more complex interactions can occur. For example, water
might drive off less polar compounds adsorbed 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.(!0 The resulting time-scale for evaporation 7, is

2
T = C?’.i - C‘F/"I deP (31)
¢ & 5P
P

The initial and final mass concentrations of the con-
taminant in the particle phase are C° and C/j, respec-
tively. The particle density is p, 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.(10

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

2
.
lum
B, C3,
1mg/m3
If the value of B, is unknown, a first estimate of the
time-scale of evaporation can be obtained by assuming
B, is unity. For pure droplets (B; = 1) near room temper-
ature, the time-scale for evaporation of a 1-um water
droplet C5;; = 17,000 mg/m?) into dry air is about a half
millisecond; that of a 10-um glycerol droplet (CS;; = 0.5
mg/m?3) 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 4,19

T, = 8sec (32)

PART I: The Measurement Procegg

Sampling Approaches

There has been little discussion of the issue in the |j;.
erature, but it could be argued that in most health-relateq
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.(!9 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.**) 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.*-5) 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.(*4) If done prop-
erly, the approach of using a coated or preloaded filter
results in a compact and convenient sampler with all the
collected mategial 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.’s) Impingers collect
solid isocyanates more effectively than coated filters,
since the required derivatization occurs more quickly.(¢)
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The particle collection efficiency of some sorbent beds
may be sufficient to allow measurements of the total air-
borne concentration of some compounds.®957-58) 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.(S: 59-64)

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 equilibrium, i.e., sufficient time has passed since the
atmosphere’s equilibrium was last disturbed, as discussed
in the previous section. In most cases, reliable information
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
tzﬂmmmt between the gas and particle phases. The

tof:‘r t;::;llec(tior must be re.moved.from the particle collec-
Biaveid end of the sampling period and stored separately
— Z‘Iflagoranon of the volatile contaminant from the
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).(16.65 A filter pack might be
suitable for measuring the average concentration in each
phase over the sampling period if two conditions are
met: 1) 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.(® If the filter adsorbs vapor, the particle
phase mass concentration will be overestimated and the
gas phase underestimated.(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.(5.68) [f 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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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.



through the device subsequently, reducing the severity of
some of the artifacts.(6®) 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.(73-79)

If the material collected in the denuder cannot be
removed quantitatively for analysis, the “denuder differ-
ence method” may be used.®® 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.(®)

These denuder-related approaches might be
expected to give valid results if: 1) there is insignificant
particle deposition in the denuder;(82 83 2) the denuder

‘. . .b.
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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.

PART [ The Measurement Procegs

collects all or a known fraction of the contaminant Masg
which was in the gas phase when the air entered the sap,.
pler without breakthrough;®%) and 3) there is insignificay,
particle evaporation and subsequent transfer of that ¢op.
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 anq
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 materias,
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 7, 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

d, r
1um
(B.. e, J -

1 mg/m3

Trae Ty = 8560

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 magnityde estimate of the mass of material that evapo-
rates from the particles per volume 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:
21— Tr << Sicg.i
Te

(34
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Substituting for 7, using Equation 32 and substitut-
ing Cg; using Equation 22 for S; CS;; ; under the assump-
tion that the particles were in equilibrium with the vapor
pefore entering the denuder gives:

( " )2
1

%, cc 8sec~l _ (3%5)
[ s

n
1 mym3

The residence time cannot be made arbitrarily small
because 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
assumptions 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 C) is likely to be higher. These gener-
alizations should hold even for atmospheres containing
several volatile and nonvolatile components.

A third approach to measuring the distribution of a
contaminant between the gas and particle phases has
been described.®5-87 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

. Particle and gas phase interactions can lead to errors
una“ sampling results. Some errors include allowing
Wanted 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 understand 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 in judging
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 particl® 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—depleted 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.
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