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ISOSBESTICS IN INFRARED AEROSOL SPECTRA:

PROPOSED APPLICATIONS FOR REMOTE SENSING

1. INTRODUCTION

When only two substances, in equilibrium with each other, are
responsible for all absorption in a given wavelength region, it is easily
shown! that there must exist at least one point in the spectrum where the
absorption coefficient will be independent of the ratio of the concentra-
tions of the two substances. The wavelength at which this occurs is called
the isosbestic point or, sometimes, the isobestic point. The absence
of an isosbestic point is definite proof of the presence of a third
constituent, if it can be assumed that the Beer-Lambert law is applicable:

In(1/T)) = a)CL, (1)

where T, is the optical transmittance at wavelength A (um), a) is the mass
extinction coefficient (m2/g), C in this paper is the serosol mass concen-
tration (g/m3), and L is the optical pathlength (m}. Bauman! has given an
interesting discussion of isosbestics and of isosbestic points.

The existence of an isosbestic point is not proof of the presence
of only two substances, since other substances might very well have zero
absorptivity at a particular wavelength. But when present, an isosbestic
point provides a uniquely satisfactory wavelength for quantitative determi-
nations of the total amounts of the two absorbing substances present. The
isosbestic wavelength may also provide a convenient reference point, or
internal standard, to which the absorption coefficient of one or the other
substances may be referred in order to find the ratio of the amounts
present.

At an isosbestic wavelength, total absorption is dependent only on
the total number of chemical equivalents of the two substances, without
regard to the equilibrium position of the reaction between them. Since any
determination of the number of chemical equivalents present in a solution
implies a knowledge of the chemical valences of the substances, one also
obtains clues as to what species might be present in unknown solutions
whose spectra contain isosbestic points. Isosbestic-like points also are
observed in spectra of pure liquid water for samples subjected to large
variations in temperature.?

2. AEROSOL EXTINCTION
This paper considers isosbestic behavior in liquid solutions which

are dispersed as droplet aerosols in the atmosphere and whose spectra are
observed in the infrared. Thus, in addition to absorption by the droplets,




one must also consider optical scattering which contributes to the aerosol
extinction coefficient, a), and is dependent upon the real part of the com-
plex index of refraction and upon droplet diameter. An excellent example
is found in the droplet aerosols (smokes) which are produced by hurning
phosphorus. Querry and his co-workers3 recently have completed neasure-
ments of the complex indices of refraction for several representative con-
centrations of acid solutions comprising these smokes, including samples
for 5, 10, 20, 40, 50, &5, 75 and 85% by weight orthophosphoric acid
(H3PO4) .

While the real part of the complex index of refraction ("real
index") does not fit the definition given at the beginning of this paper,
isosbestic-like points nonetheless occur in the real index and their
spectra will be discussed briefly with those of the imaginary index in this
paper. Experimental spectra for phosphorus smokes have been reported
previously.4 Although it is now known that such smokes contain phosphorus
compounds not limited only to H3PO4, the optical constants from Reference 3
are typical of those for many water-based acid smokes and they exhibit
isosbestic points.

Figures 1 and 2 show the real part of the index of refraction, n),
measured by Querry et al,3 for several acid concentrations versus wavelength
A for the spectral intervals 2-6 um and 6-16 um, respectively. Isosbestic-
like wavelengths for n), can be seen near A = 2.95, 3.6, 7.1 and 9.7 um.
Figures 3 and 4 show the imaginary part, k), of the complex index of
refraction (n - ik}, from Reference 3 for the same acid concentratiosns and

spectral intervals. Isosbestic wavelengths for k) can be seen near A = 3.2
and 12.5 um.

Also included in Figures 1-4 are curves for the refractive indices
of pure water, which can be considered as the ultimate dilution case for
these phosphorus smokes. When acid smokes exist in moist atmospheres, com-
plex inte-actions occur between the individual droplets and the water vapor
that surrounds them. The equilibria are such that the droplet size distri-
bution is directly proportional to humidity, and thus, the acid concentra-
tion of the droplets is inversely proportional to humidity.

The curves in Figures 1-4 can be used to represent spectra of
orthophosphoric acid droplets formed by burning phosphorus under conditions
ranging from very dry air (resulting in 85% acid droplets) to very moist
air near saturation (resulting in droplets containing only traces of acid).
These curves would represent a very wide range of solute concentrations
and wavelengths for these atmospheric aerosols. Not all solute con-
centration curves are shown in all figures.

The Mie theory5.6 gives the value of the extinction coefficient
for spherical-droplet aerosols as:

ax = 3Qx/2Dyp, (2)
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where Dy is the droplet diameter in um and p is the droplet mass density,
grams per cubic centimeter3. Q) is a cross-section efficiency factor that
is the sum of two factors, Qs), which is the optical scattering efficiency
and is related to n) and k), and Qa) . which is the absorption efficiency
and is closely related to k). Thus, if A is the wavelength in micrometers

Q\ = QSA + QAA (3)

Because of these relationships, it would be expected that at any
wavelength where an isosbestic-1ike point is found in spectra of n)
(Figures 1 and 2), Qs should remain relatively constant compared to
QAA which would in turn control Q) (Equation (3)), and thus the aerosol
mass extinction coefficient in meters squared per gram, a) (Equation 2)).
Conversely, at any wavelength where an isosbestic point is found in
spectra of k) (Figures 3 and 4), Qa, should remain relatively constant com-
pared to Qs, which would control Q) and thus a).

In the first case, the aerosol extinction coefficient should be
determined primarily by droplet absorption, while in the second case it
should depend mostly on droplet scattering. Actual extinction coefficient
(a)) spectra’ calculated from the Mie theory for values of ny and ky in
Figures 1-4 are shown for somewhat narrower wavelength intervals in Figures

5 and 6. It can be seen that the values of a) and hence of Q) (Equations
(2) and (3)) show the general trends just discussed.

3. DISCUSSION AND PROPOSED APPLICATIONS

Figure 6 shows that there is a well-defined isosbestic point in
the extinction coefficient spectra of phosphoric acid droplet clouds at A =
11.4 um where aq1,4 is approximately 0.13-0.15 and is nearly constant over
a wide range of droplet solute concentrations. The figure shows that
this decidedly is not true at other wavelengths except near A = 7 um
where the curves approach each other. Most phosphoric acid droplets have
diameters, Dy, much smaller than the IR wavelengths considered here

(Dy is much smaller than A), so that they exist in the Rayleigh regime®
where:

ay ~ amkyf(my)/Ap (a)
and

9ny
fmy\) = (5)

(Ny2 + kx2)2 + 4(ny2 - k)2) + 4

Thus, a11.4 is approximately 0.13-0.15 because, e.g., for water or
very dilute acid droplets, k11,4 = 0.125 (Figure 4) at the isosbestic wave-
length (11.4 um), and from Equation (4), aq9_ 4 is approximately equal to
4n(0.125)(0.95)/(11.4)(1.0) or 0.13 m2/g where f(myy.4) = 0.95 (Equation
(5) and Figures 2 and 4) and p = 1.0.

13
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In discussing possible applications of isosbestics in the spec-
trometry of aerosols, one must proceed with caution. The technique repre-
sents a significant extrapolation of what is known for liquid solutions as
discussed by Bauman.l The implications are fairly obvious. If the mass
extinction coefficient of an aerosol remains constant at some isosbestic
wavelength, regardless of the solute/water ratio, it should be possible to
monitor this wavelength. Simultaneously, a second wavelength where the
extinction (absorption) coefficient versus solute concentration is known
can be monitored to perform remote quantitative analyses of such aerosols.

This should be simplest in the Rayleigh regime, where particles
are much smaller than the observation wavelengths and scattering contrib-
utes Tittle to the extinction coefficients. Such a case was stated to
exist for phosphorus smokes in the 8-13 um IR window region.4 Never-
theless, one must deal with the complications that are introduced due
to complex scattering effects in spherical-droplet aerosols.® These
effects can produce ambiguities that do not exist in the spectrometry of
liquid films as described by Bauman.

Again, consider the isosbestic point for the extinction coefficient
of H3PO4 at A = 11.4 um (Figure 6). Since the mean particle diameter for a
typical phosphoric acid smoke is about 1 um (Reference 4) and the condition
Dy is much smaller than A = 11.4 um exists, Equations (4) and (5) apply. It
has already been shown that for these conditions aj) can be calculated at
the isosbestic point (A = 11.4 um).

Suppose that one wished to monitor the aerosol solute (acid) con-
centration remotely by simultaneous observations at A = 11.4 um and at A =
9.7 um where a strong acid absorption peak occurs, and ag 7 (Figure 6) is
very dependent upon the droplet acid concentrations. Presumably
transmittances would be measured for the same optical path through the same
aerosol cloud. Thus Equations (1) and (4) can be combined to give:

Adn (1/T)) _anc L (6)

kA fimy) p

where the right-hand terms are constants or are common to the aerosol cloud
for either transmittance reading. The term f(my) depends only on the complex
index of refraction and is given by Equation (5). Thus, the left-hand side
of Equation (6) can be written for two wavelengths and set equal so that:

In To ke Aq f(m2p)
= (7)
In T4 kq1 Ao f{mq)

16




Of course, Equation (7) could be used for any two wavelengths.
But when one, say Aq, is an isosbestic point, then a1 is a constant and
since

In (1/7T9) = aqCL (8)
it becomes possible to solve for kz at Ay because

In T2 _ 4n k2 f(m2)
- (9)
In Tq @y Py A

Quantitative analysis of the aerosol then is accomplished by com-
paring calculated values of ks to values previously determined for various
solute concentrations at Ay, that is as in Figure 4 in the Rayleigh regime.
ay of the aerosol is known directly because '

1n T2 _ @ (10)

nTT a

and ap can also be compared to known mass extinction coefficient spectra
for the aerosols under observation.

For many common droplet aerosols (such as water fogs), the value of
f(my)) s approximately 1.0 in the Rayleigh regime where D, is much smaller
than A, and Equation (7) or (9) would seem to give unambiguous results. But
with a solute present in the droplets, the results are not so clear cut

because f(m)) depends upon the complex index of refraction for various sol-
ute (that is, phosphoric acid) concentrations.

Actual results calculated from Figures 2 and 4 for A = 11.4 pm
and A2 = 9.7 um are given in Table 1. The table shows that monitoring of
droplet solute concentration by using the 9.7 um wavelength referenced to
11.4 um should be possible. Because of the deviation of f(m)) from a value
near unity especially for large solute concentrations, some calculations
have to be performed by trial and error using Figures 2 and 4 and Equations
(7) or (9), if precision is desired.

In the absence of isosbestics, standard aerosols of known solute
concentrations (and droplet sizes, if applicablie) could be used with
Equation (10) to calibrate a transmissometer to be used to monitor aerosol-
phase reactions, for example, in industrial processes. The use of an
isosbestic or reference wavelength with a second, absorption-dependent
wavelength, to remotely monitor solute concentrations or chemical reactions
in droplet aerosols appears feasible. This seems possible even for aero-
sols for which f(m)) is not unity but for which complex indices of
refraction are known as functions of the monitored solution activity at the
selected wavelengths.

17




Table 1. Data and Calculated Values for Phosphorus Smokes

Solute (acid)

Concentration in 0%

Aerosol Droplets (Water) 50% 85%
K11.4 0.125 0.23 0.32
n1.4 1.14 1.51 1.85

f(my1.4) 0.95 0.74 0.56
kg.7 0.05 0.50 1.02
ng.7 1.24 1.24 1.24

f(mg 7) 0.89 0.90 0.73

K 2.43 0.36 0.27

Where: Tn (T11.4) = K In (Tg_ 7)

18




4. CONCLUSIONS

Isosbestic points (wavelengths) are found in many spectra of
atmospheric liquid droplet aerosols. MWhen they occur, mass extinction
coefficients of aerosols at these wavelengths are remarkably independent of
droplet solute concentration, temperature, and often even particle size or
distribution.

Thus isosbestic points appear to be useful in remote sensing and
monitoring of solution or chemical reactions in droplet aerosols if the
complex indices of refraction or droplet extinction data are known. An
isosbestic point can serve as a reference for optical transmittance
against which transmittances at other wavelengths can be compared to moni-
tor appropriate activity. The technique seems most applicable in the
Rayleigh regime.
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