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Chapter I

Executive Summary

Aerosol nitrates are important contributors to the visibility
reduction experienced in the Los Angeles area. This problem is
particularly severe in the eastern portion of the South Coast Air
Basin near the city of Riverside, where up to 40% of the light
scattering observed during the ACHEX experiment was attributed to

particulate nitrates.

At the beginning of the research effort reported here it was known
that aerosol nitrates are formed in the atmosphere during chemical
reactions involving precursor emissions of gaseous oxides of nitrogen
and ammonia. The ability to closely define the cause and effect
relationship between emission sources and resulting nitrate air.quality
was hidden by the chemical complexity of the system. The purpose of
this research was to explore the feasibility of constructing a
mathematical air quality model that could be used for testing control
measures directed at gas phase precursor emissions for their effect on

downwind aerosol nitrate air quality.

In pursuit of that objective, the chemistry of aerosol ammonium
nitrate formation has been established. This description of
atmospheric NH4NO3 chemistry has been embedded within the Caltech
photochemical trajectory model, and model predictions have been
verified by comparison to atmospheric measurements in the Los Angeles

area. In the course of this research, the sources and spatial



3

distribution of ammonia emissions to the atmosphere of the South Coast

Air Basin have been quantified for the first time.

Field experiments suggest that ammonium nitrate, nitric acid, and

ammonia are in equilibrium in the atmosphere:

The partition between gas phase and aerosol phase constituents is

described by the equilibrium dissociation constant, K, where:

[NH,1[ENO4] < K (1)
If the concentration product of gas phase NH3 times HN03 increases to
equal K, then any further addition of NH, or HNOg into the air parcel
will be manifested by formation of enough NH4N03 to reduce the gas
phase concentration product of [NH3][HNO3] to equal the value of K.
Conversely, at [NH3][HNO3] concentration products below the value of K,
no NH4N03 will be formed. Given g method for calculating the value of

K, it is possible to predict the amount of NH4NO3 that will be formed

from a known amount of atmospheric nitric acid and ammonia.

In Chapter II of this report, it is shown that the NH4N03

equilibrium dissociation comstant, K, is a thermodynamic parameter that
can be calculated theofetically from fundamental thermochemical data.
As seen in Figure 1, the equilibrium disgociation constant K is a
strong function of temperature and relative humidity, varying from

circa 103 ppb2 at low humidity and 40°C temperature to below 10‘-1 ppb2
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FIGURE 1

NH,NO, dissociation constant temperature and relative
humidity dependence: {---) solid NH, NO. to agueous NH,NO

solution transition predicted from Ch. II; (——) Isothermal
prediction of NH, NO, dissociation constant for solid NH,NO
and non-ideal NH,NO_ solutions at indicated temperatures(-~*)

Extrapolation betweén predicted solid and maximum calculable
agueous NH4NO3 dissociation constant.



at either very low temperatures or very high relative humidity. This

means that 25 ppb of NH3 and 25 ppb of HNO, would produce mo aerosol on

3
a very hot dry day in the eastern Los Angeles basin, while on a cooler
day with lower relative humidity more than 70 pg/m3 of NH4N03 aerosol

could be formed from the same gas phase precursor constituents.

Material balance calculation procedures developed in Appendix B to
this report show that Los Angeles area aerosols during the ACHEX
experiment contained solution droplets with concentrations between 8
and 26 molar. At ionic strengths implied by these concentration data,
solution chemistry is highly non-ideal, and aerosol liquid water
content 1s strongly dependent on relative humidity. In Chapter III of
this report, the relative humidity dependence of the NH4N03
dissociation constant, K, is examined for highly concentrated non—-ideal
solutions. A smooth transition in values of K is demonstrated as
relative humidity changes pass through the deliquescence point that
marks the dividing line between solid NH4N03 and solution droplets
containing NHZ and NO; ions., The value of the equilibrium dissociation

constant, K, as a function of relative humidity is shown to not vary

significantly between pH 1 and 7.

A mathematical model describing the transport and formation of
aerosol ammonium nitrate is presented in Chapter IV. The ammonium
nitrate formation chemistry developed in Chapters II and III is
inserted into a photochemical trajectory model capable of computing

HNO, and NH, concentrations in the atmosphere directly from data on

3 3

pollutant source emissions. Sensitivity amalysis shows that NH4N03



.

concentration predictions are strongly influenced by ambient
temperature and NH3 levels. An inventory of ammonia emissiomns in the
South Coast Air Basin is developed as documented in Appendix A to this

report. The NH, emission inventory is combined with inventories for

3

reactive hydrocarbons and oxides of nitrogen, then inserted into the

nitrate formation model.

The air quality model is tested by comparison to ambient NH3, NHZ

concentrations measured at El Monte, California during June

3

1974. Results are shown in Figure 2. Ambient ozone concentrations and

and NO

the level of total ammonia-derived pollutant concentrations are

reproduced quite closely. The time history and average level of NH4N03

concentrations predicted by the model matches the measured NO4 aerosol
concentration at El Monte to within the uncertainty of the atmospheric
measurement methods available for nitrates in 1974. Future
applications of this air quality modeling procedure are discussed at
the end of Chapter IV, along with the need for further model
verification tests using atmospheric monitoring data taken by recently

developed low artifact sampling procedures.
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CHAPTER II

RELATIVE HUMIDITY AND TEMPERATURE DEPENDENCE OF
THE AMMONIUM NITRATE DISSOCIATION CONSTANT

A.W. Stelson and J.H. Seinfeld
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RELATIVE HUMIDITY AND TEMPERATURE DEPENDENCE
OF THE AMMONIUM NITRATE DISSOCIATION CONSTANT

A. W. SteLsoN and J. H. SEINFELD
Department of Chemical Engineering, California Institute of Technology, Pasadena, CA 91125, U.S.A.

(First received 16 March 1981 and in final form 27 May 1981)

Abstract—Expressions for predicting the temperature and relative humidity dependence of the NH,NO,
dissociation constant are derived from fundamental thermodynamic principles. The general trends predicted
by the theory agree with the atmospheric data of Appel er al. (1979, 1980), Pitts (1978, 1979) and Tuazon e al.

(1980).

INTRODUCTION

Ammonium nitrate has been identified in atmospheric
aerosol (Lundgren, 1970; Stephens and Price, 1972;
Gordon and Bryan, 1973; Mamane and Pueschel,
1980). An understanding of the temperature and
relative humidity dependence of the relationship be-
tween NH,NO; and its precursors, NH, and HNO,,
is desirable.

Stelson er al. (1979) and Doyle et al. (1979) showed
that measured atmospheric ammonia—nitric acid par-
tial pressure products scattered about the thermo-
dynamically predicted solid NH,NQ, dissociation
constant, indicating the likelihood of chemical equilib-
rium existing in this system. Stelson and Seinfeld
(1981) demonstrated that Los Angeles aerosols con-
tain ionic solids or concentrated solutions, 8-26 molal,
indicating that any thermodynamic analysis must
account for non-idealities present in concentrated
solutions. Stelson and Seinfeld (1982) calculated the
ammonia and nitric acid partial pressures over am-
monium nitrate—nitric acid solutions accounting for
nitrate, hydrogen and ammonium ion non-idealities.
Their analysis showed the ammonia—-nitric acid partial
pressure product is sensitive to relative humidity but
insensitive to pH(1-7). Thus, the aqueous NH,NO,
dissociation constant at a specific temperature and
relative hurmidity should typify the ammonia-nitric
acid partial pressure product of a slightly acidic
ammonium nitrate solution.

Atmospheric gas phase ammonia and nitric acid and
particulate nitrate measurements demonstrate import-
ant trends. Significant amounts of ammonium nitrate
precursors, ammonia and nitric acid, have been found
in urban air accompanied by strong diurnal trends
(Spicer, 1974; Pitts, 1978, 1979; Appel et al., 1979;
Tuazon et al., 1980). Stelson er al. (1979) and Doyie et
al. (1979) explained these observations through tem-
perature dependence of the solid NH,NO, dis-
sociation constant. Appel er al. (1979) observed that
measured ammonia-nitric acid partial pressure pro-
ducts were less than the predicted dissociation con-
stant even though aerosol nitrate was present. Forrest

et al. (1980) spiked filters with NH,NO, and drew
ambient air through the filters for 3-5h. The greatest
NH,NO; losses occurred at relative humidities below
60 9,, whereas at 100 %, relative humidity, no NH,NO,
was lost. Stelson and Seinfeild (1982) were able to
explain the resuits of Appel et al. (1979) and Forrest et
al. (1980) by the relative humidity dependence of the
NH NO; dissociation constant at 25°C. Appel et al.
(1980) observed a temperature and relative humidity
dependence of measured ammonia—nitric acid partial
pressure products.

The object of this work is to derive expressions for
the temperature ard relative humidity dependence of
the NH,NO, dissociation constant based on funda-
mental thermodynamic principles. The temperature de-
pendence of the solid NH,NO, dissociation constant
will be calculated using the method developed by
Stelson er al. (1979). The regions where ammonium
nitrate is in the solid form or in aqueous solution will
be determined from expressions for the NHNO,
relative humidity of deliquescence and solubility. For
aqueous ammonium nitrate, the NH/NO, dis-
sociation constant and solution relative humidity will
be calculated by non-ideal aqueous solution thermo-
dynamics. Using appropriate expressions for the
NH4 NO, dissociation constant, a diagram can be
constructed for the temperature and relative humidity
dependence of the NH,NO, dissociation constant.
Finally, the thermodynamic predictions are compared
with ambient measurements of Appel er al. (1979,
1980), Pitts (1978, 1979) and Tuazon et al. (1980).

THEORY AND THERMODYNAMIC DATA FOR THE
AMMONIUM NITRATE SYSTEM

Solid NH,NO, dissociation constant

At temperatures below 170°C, solid ammonium
nitrate exists in equilibrium with ammonia and nitric
acid:

NH,NO;(s)==NH,(g) + HNO;(g). (N

The equilibrium constant for this reaction, K, is

983
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related to the partial pressures of NH, and HNO; by
K, = puy,Puno, and K is refated to the standard
Gibbs free energy change for reaction. AG2, by

AG? = —RTInK), 2)

Since the thermodynamic data for NH,NO, are
limited, an extrapolation formuia for the equilibrium
constant as a function of temperature can be derived
by integrating the van't Hoff equation,

InK)=x2-

AH, [T 1
+ ——
RT ~ ],04 RT "2

-
J (CPNH, + Cpmao, - Cp:«umo,) drdr, (3)
298

where x = integration constant, AH, = change in en-
thalpy at 298 K. and CPNH), Cpm-o,‘ CF’NH‘NO, = the' heat
capacities of NH;, HNO; and NH,NO,, respectively.
Using the data in Table 1 and assuming the heat
capacities are independent of temperature, we obtain
from Equation (3),

24220 T
(=846 """ 61in| — 4
InK = 846 E 6lln<298> @)

where K is the equilibrium constant in units of ppb2.

Relative humidity of deliquescence and solubility

Up to the relative humidity of deliquescence, am-
monium nitrate should be present as a solid. The
results of Tang (1980) indicate NH,NO, aerosol is
quite hygroscopic at ~ 30°, relative humidity vs
~ 62°, observed for bulk NH,NO, at 25C
(Dingemans, 1941, Adams and Merz, 1919; Edgar and
Swan. 1922; Prideaux, 1920). Whether the observation
of Tang (1980) is the result of a property unique to the
size of the NH,NO; aerosol or the presence of an
impurity is difficult to ascertain. Prideaux (1920)
observed that the presence of a small amount of
sodium nitrate in ammonium nitrate significantly
reduced the relative humidity of deliquescence. Since
we cannot adequately evaluate the observations of
Tang (1980), we will assume NH,NO; exhibits tradi-

10
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tional deliquescence as implied by the majority of the
literature.

An expression can be derived for the saturated
solution relative humidity

In(RHD) = —£<l !

{7~ ﬁ>+ In(RHD);05  (5)

where RHD = per cent relative humidity of deliques-
cence and L = water heat of fusion (Denbigh, 1971).
Using the water heat of fusion from Weast (1973) and
the relative humidity of a saturated NH,NQ, solution
at 298.15K from Hamer and Wu (1972},

i
In(RHD) = %+ 1.7037. (6)

Equation (6) agrees well with the least square ex-
pression derived from the data of Dingemans (1941),

856.23 +13.25

In(RHD) = T

+1.2306 +£0.0439. (7)

Equations (6) and (7) are shown with experimental
data in Fig. 1.
For an ideal solution, the solubility temperature

dependence is
¢ In(m? H°-p
[ ( )] _ ®)
P

T RT?

where m = NH,NO, molality, H° = the NH,NO,
partial molal enthalpy at infinite dilution and A
= enthalpy of crystalline NH,NO,. By integrating
Equation (8),

Inm= -

H-my1 1
2R \T 298

) +In(m)yss  (9)

is obtained. Using the thermodynamic data in Table 1
and noting that (m),54 = 25.954 from Hamer and Wu
(1972),

600

1
Inm= ——T—-+8.6228. (10)

Equation (10) agrees well with the least squares
expression for the data of Stephen and Stephen (1963),

Table 1. Thermodynamic data for the ammonium nitrate system at 298 K

. AG AH C
Species —(K™Y —(K™YH .2 Reference
R R
NH,;(g) —1977* - 5526* 4.285  Parker et al. (1976)*
JANAF (1971)
HNO;(g) ~ 8903 -~ 16,155 6.416  JANAF (1971)
NH,NO;(c, IV) —22,220* —44,080* 16.8 Parker et al. (1976)*
Wagman er al. (1968)
NH,NO;(aq, m = 1) — 22940 —40,880" —0505 Wagman et al. (1968)"

Roux et al. (1978)

AG = Standard free energy of formation.
AH = Heat of formation.
C, = Heat capacity.
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Fig. 1. NH,NOj, relative humidity of deliquescence temperature dependence: (-} Equation (6); (——)
Equation (7); (----) Equations (11). (15), (21) and (22).
18373+ 18.0 Aqueous NH,NO, dissociation constant
Inm= -2 22780 94235400602 (1) ° ’

T Analogous to the solid NH,NO; dissociation con-

Equations (10) and (11) are shown with the data of stant derivation, an expression for the quilibrium
Stephen and Stephen (1963) in Fig, 2. constant over aqueous NH,NO, can be derived

Figures 1 and 2 show the strong temperature
dependence of the relative humidity of deliquescence InK*=g— AH, + J T o1
and the solubility of ammonium nitrate. This tempera- 4 RT 208 RT"?
ture dependence is an unfortunate complication when -
attempting to gxtrapolate aqueous ammonium rlm'ate J' (Cpnu, - Cpmuo, - Z?uumo,) dr-drv, (12)
thermodynamic data to temperatures above 25° C. 298
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Fig. 2. NH,NO; solubility temperature dependence: (——) Equation (11); (- ) Equation (10); Data

from Stephen and Stephen (1963).
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where K3 = pnp, Puno,/dnu.No, = Kp/anuo,
anu,No, = *,',th_.qo)mz, Conuno, = NH NO; partial
heat capacity at infinite dilution, and y §, no, = mean
molal ionic activity coefficient of dissolved NH,NO,.
Using the data in Table 1 and assuming the heat
capacities are independent of temperature, we obtain
from Equation (12),

15.860
nK* = In _ 5415 12860
ANHNO; T
T
11.206 In{ — ) (13
M 06“(293>()

where K * has units of ppb? molal = 2. The temperature

variation of 7 SH.No, €A1 be calculated from
<51“7§H.N0,> =H°-—-H (14)
cT A RT?

where H = the NH,NQ; partial molal enthalpy at m
(Denbigh. 1971, p. 279). By integrating {14),

. ) H_H°
Iny &y.no, ;o Iny34.vo, 208 T R 208

+(1 1_) (Z’,-Z‘f)(mr+298 1) s
T 298 R 298 T )

is obtained. where Cy. C, = NH,NO; partial molal
heat capacities at infinite dilution and m, respectively,

H-H° .
and = the normalized NH,NO, re-
R 298

lative partial molal enthalpy difference between infinite
dilution and m at 298.15K. To evaluate (In 7 &H.NO, T
the concentration dependence of (InyJy no 208

H-H° c, -C°
il and { <£——2 |} must be known. The
R 298 R

expression of Hamer and Wu (1972) can be used
to represent the concentration dependence of
(Iny&u,n0,)208 to 25954 molal. Obtaining ex-

H-H° Cc,-CY
pressions for and | =——2 | is more
R 298 R

complicated.

Relative apparent molal heat content data can be
obtained from Wagman er al. (1968) and Vanderzee er
al. (1980). Since the data of Vanderzee et al. (1980) are
more recent and span a larger concentration range,
they will be used to represent the variation in enthalpy
with concentration. A polynomial regression can be
calculated using ideal gas constant normalized relative
apparent molal heat content data of Vanderzee er al.
(1980) between 0.1 and 25 molal. The partial molal
enthalpy was derived using Equation (8-2-7) from
Harned and Owen (1958), as

—_ ¢

(H-H%=¢,+m (.d’“ (16)
ém

where ¢ ,_ = relative apparent molal heat content at m.

The resulting polynomial regression is

- 0
<H H) = 297.85 m*? — 983.98 m + 508.08 m 2
R 298 "
—13386m* + 19328 m’ 2
~1.2071 m? (17)

where the standard deviation for the normalized
relative apparent molal heat content polynomial re-
gression is + 3.54 K~ !. The error in the relative partial
molal enthaipy polynomial regression is unknown
since it was obtained using the normalized relative
apparent molal heat content polynomial regression
and (16).

Roux er al. (1978) measured the apparent molal heat
capacity, ¢c,,~ of aqueous ammonium nitrate at 25° C to
22.4 molal. Their expression for their data,

¢

?E = —0.505+3.482m' 2 +3.159m

- 1.605m*? +0.274 m* —0.0161 m*2, (18)

agrees well with the measurements of Gucker et al.
(1936) and Sorina et al. (1977). Using Equation (8-4-7)
from Harned and Owen (1958),
‘o
er= ¢:P+m°’—r2 (19)

cm

the partial molal heat capacity can be calculated from
(18) as,
C,

E’ = —0.505+5223m'2 +6.318m

—4.013m*?2+0.822m* —0.0564 m>'2. (20)

The data of Sorina et al. (1977) extend to 50 molal,
supersaturation at 25° C. With relative apparent molal
heat content and solute activity data to 50 molal, the
temperature extrapolation of y g, o, could be perfor-
med to saturation at 50° C. Unfortunately, the relative
apparent molal heat content data are limited to 25
molal (Vanderzee et al, 1980). Even though (20) is
based on data to 22.4 molal, it will be used to 25 molal.
Within the region 22.4-25 molal, (20) is a smoothly
continuous extrapolation of the data below 22.4 molal
and represents the data of Gucker er al. (1936) and
Sorina et al. (1977) fairly well.

Once (In 'f'er.No,)T has been calculated. the osmotic
coefficient of the solution, ¢y, can be derived from the
Gibbs~-Duhem equation,

1 m
br= 1+_j md(n 73, o 1)
m)j, +NOs

The per cent relative humidity at temperature T, RH,
can be calculated from

RH; =100 exp(— (22

Vde)T
1000
where v = the number of moles of ions formed by the
ionization of one mole of solute and M = molecular

weight of water.
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RESULTS

By using appropriate expressions for the tempera-
ture dependence of solid or aqueous phase NH,NO,
thermodynamic properties, the dissociation constant
can be calculated at a specific temperature and relative
humidity. With (7), the form of ammonium nitrate,
solid or aqueous, can be determined. At a specific
temperature the NH,NO, dissociation constant is
invariant below the relative humidity of deliquescence
and can be obtained from (4). Above the relative
humidity of detiquescence, the NHNQ, dissociation
constant relative humidity dependence can be calcu-
lated from (13), (15), (21) and (22) to 25 molal
Equation (11) is used to calculate the solubility tem-
perature dependence. Figure 3 has been constructed
using the previously mentioned techniques. Notice
discontinuities exist between the solid NH,NO, dis-
sociation constant and the dissociation constant for
a saturated solution at 25° C and below.

The possible sources of these discontinuities at
temperatures below 25° C are manifold and the relative
error from each source is difficult to evaluate. First, the
temperature extrapolations for the solid NH,NO, and
the aqueous NH,NO, dissociation constants are
based on different thermodynamic data sets so an
inconsistent value in one data set can cause

discontinuity. Second, the relative humidity of de-
liquescence is obtained by different methods for solid
NH,NO,; and aqueous NH;NOQO;. The relative hu-
midity of deliquescence for solid NH,NO; was calcu-
lated from (7) and aqueous NH,NO, from (11). (15),
(21) and (22). The relative error can be seen by
comparing the solid and dashed curves in Fig. 1. Third,
error is introduced by differentiating the polynomial
regressions obtained for the relative apparent molal
heat content and the apparent molal heat capacity to
get expressions for the partial molal enthalpy and heat
capacity. The amount of error is known for the originai
polynomial regressions but not for the derived
regressions. Finally, the error must be introduced by
the enthalpy, heat capacity, relative humidity of de-
liquescence or solubility data or the temperature
extrapolation technique, since the free energy data are
consistent at 298 K (Stelson and Seinfeld. 1982).

Above 25° C, an interpolation must be performed
between the relative humidity corresponding to 25
molal and saturation. Since the curves are fairly flat in
the region betwen 25 molal and saturation, a linear
interpolation between the dissociation constant at 25
molal and at saturation should approximate the dis-
sociation constant in this region.

The temperature dependence of the saturated sol-
ution relative humidity can be calculated using (11),

K, ppb
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Fig. 3. NH,NO; dissociation constant temperature and relative

humidity dependence: (----) solid NH,NO, 10 aqueous NH,NO,

solution transition predicted from Equation (7); (—) Isothermal

prediction of NH,NOj; dissociation constant for solid NH,NO, and

non-ideal NH(NO; solutions at indicated temperatures: () Extra-

polation between predicted solid and maximum calculable aqueous
NH,NO; dissociation constant,
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(15), (21) and (22) for temperatures below 25 C. A
curve calculated using this method is shown in Fig. 1.

Data for the molal variation of the solution relative
humidity at various temperatures are shown in Fig. 4.
The data scatter is considerable and shows no definite
temperature variation trend. Curves for the relative
humidity concentration dependence were calculated at
0.25and 50° C using (15). (21) and (22) and are shown
in Fig. 4. The predictions coincide with the general area
of the data but do not show agreement with any
particular data set. Also shown in Fig. 4 is the relative
humidity concentration dependence for an ideal
NH,;NOj; solution which poorly predicts the non-ideal
NH,NO, behavior.

Figure 4 illustrates the infeasibility of attempting to
use water activities at higher temperatures, 25-50° C,
and the Gibbs-Duhem equation to calculate solute
activities. The data have too much scatter and are too
sparse at any particular temperature. Furthermore, the
maximum concentration of existing water activity data
is 29.2 molal and saturation is 42 molal at 50 C.

DISCUSSION

Atmospheric measurements of simultaneous am-
monia. nitric acid, temperature, relative humidity.

aerosol ammonium and aerosol nitrate are very
limited. With partial data sets, the merit of the
thermodynamic calculations can be demonstrated.
Figure 5 shows diurnal vanation of the measured
ammonia—nitric acid partial pressure product and the
respirable aerosol nitrate at Pittsburg, CA (Appel ez al.,
1979). The trends of the curves are very similar. If the
similarity beitween the diurnal variation of the
ammonia-nitric acid partial pressure product and the
respirable aerosol nitrate resulted strictly from atmos-
pheric dilution effects, these data when cross plotted.
should result in a single curve. The data were analysed
by this method and the test failed. Thus, the similar
trend between the observed ammonia-nitric acid par-
tial pressure product and the respirable aerosol nitrate
cannot be merely attributed to atmospheric dilution.
Also shown are the daily maximum bulk NH,NO,
dissociation constants calculated from the daily maxi-
mum temperature and (4). Ammonia-nitric acid par-
tial pressure products below the daily maximum bulk
NH,NO; dissociation constant can result from the
lack of aerosol ammonium nitrate, the presence of an
unreactive solute, the temperature being less than the
daily maximum or the relative humidity being greater
than the deliquescence point. Ammonia-nitric acid
partial pressure products above the daily maximum
bulk NH,NO, dissociation constant could be ex-
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2 40°C- PRIDEAUX & CAVEN('919}
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Fig. 4. Temperature and concentration dependence of NH,NO,
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Fig. 5. Experimental diurnal NH,-HNO, product and aerosol nitrate trends at
Pittsburg, CA (Appel et al.. 1979): (0-0) Product calculated from NaCl impregnated
Whatman 41 filter gaseous HNO, measurements; ({3~ ) Product calculated from
Duralon nylon filter gaseous HNO, measurements: (----) Maximum NH,;NO,
dissociation constant based on the daily maximum temperature and Equation (4);

PNH,PHNO, in PPD’.

plained by kinetic limitations or Kelvin effects. Kinetic
limitations are doubtful since the ammonia-nitric acid
reaction is very fast (Kaiser and Japar, 1978; Morris
and Niki, 1971). Experimental errors could result in
positive or negative deviations.

The effect of an unreactive solute in solution with
ammonium nitrate on the ammonia-nitric acid partial
pressure can be evaluated qualitatively. From the
Gibbs-Duhem equation,

—M[ (™
RH = lOOexp(—l—&)B[J‘o mdln ayy,no,

my
+ j m; din a,])
o

where m; = molality of inert solute and a; = activity of
inert solute. Assuming the inert solute is ideal and
undissociated,

M (m
RH = IOOCXP<1—066|: .[o mdlnaNH‘NOJ-i—m,:D.

(24)

Equation (24) shows the addition of an ideal inert
¢nlute would decrease the relative humidity above an
ammenium nitrate solution for a specific ammonium

(23)

nitrate molality. Since the additional solute is assumed
to be non-interactive with the dissolved ammonium
nitrate, the ammonia-nitric acid partial pressure pro-
duct would be the same as the situation without any
inert solute. Thus, the presence of an inert solute
results in an ammonia-nitric acid partial pressure
product being observed at a lower relative humidity
than would be predicted from the pure ammonium
nitrate—water system.

The Kelvin effect for solid NH,NO, can be
evaluated using an expression derived by Banic and
Iribarne (1980),

4cM

P~ RTInS (23)

where ¢ = NH,NO; surface tension, d, = particle
diameter, M = NH,NO; molecular weight, p
= NH,NO, density and S = the saturation ratio
which equals K for curved surface/K for flat surface.
The NH,NQO,; surface tension was approximated as
108.4 dyncm ™! at 25° C by the approach of Rehbinder
(1926). The surface tension is approximate because it
required extrapolation from 168.5°C across three
different NH,NQO, crystalline structures (Nagatani et
al., 1967). With the NH,NO; density and molecular
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weight from Weast (1973), (25) simplifies to

_81x1073
T " in§

In Fig. 5, saturation ratios greater than 5 are observed.
(Compare observed ammonia-nitric acid partial press-
ure products and the daily maximum bulk NH,NO,
dissociation constants in Fig. 5.) Can these super-
saturations be attributed to the Kelvin effect? For a
saturation ratio of 5, the calculated particle diameter is
0.005 um which is too small to be atmospherically
realistic since 0.005um particles would be readily
scavenged by larger particles.

d (26)
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The relative humidity dependence of the am-
monia-nitric acid product at Claremont, CA, is
displayed in Fig. 6 (Appel er al.. 1980). Next to each
datum is the temperature in Centigrade at the time of
measurement. Underlined temperatures refer to points
positively deviating from the dissociation constant
calculated at the temperature and relative humidity of
each measurement. Also shown are NH, NO, dis-
sociation constant isotherms, 20, 25 and 30°C, calcu-
lated using the procedures developed in this work. The
data show scatter but are in general agreement with the
predictions of this work.

Figure 7 shows the diurnal variation of the
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Fig. 6. Experimental relative humidity and temperature dependence

of the NH;~-HNO; product at Claremont, CA (adapted from Appel

et al., 1980): (—) Predicted NH,NO, dissociation constant relative

humidity dependence at 20. 25 and 30° C: Values next to data from
Appel et al. (1980) are the temperatures in * C.
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Fig. 7. Diurnal NH,-HNO, product trend calculated from FT-IR
measurements at Riverside, CA (Pitts, 1978; 1979; Tuazon et al., 1980):
(—) solid NH,NO, dissociation constant diurnal trend calculated
from Equation (4) and the average temperature profile for episode days
(maximum O; > 0.2 ppm), May-October 1976 (Pitts. 1978); (----) solid
NH,NO, dissociation constant diurnal trend calculated from Equa-
tion (4) and the average temperature profile for all days, May-October
1976 (Pius, 1978); Different data symbols refer to different days of
measurement: pxy,PHNO, in ppbZ.
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ammonia-nitric acid product caiculated from
measurements at Riverside, CA (Pitts, 1978, 1979;
Tuazon et al.. 1980). Also shown are the diurnal
variations of the sohd NH,NO, dissociation constant
calculated from (4) and the average temperature
profiles for all days and episode days (maximum O,
> 0.2 ppm) between May and October 1976 (Pitts,
1978). Note the strong diurnal pattern with the peak
occurring between 1400 and 1600 which corresponds
to the daily maximum temperature and minimum
relative humidity region.

Finally, some comments on how this work should be
applied are in order. Figures 6 and 7 show the trends
predicted by the thermodynamics generally follow the
atmospheric data trends though positive and negative
deviations from the pure NH,NO, thermodynamics
are apparent. Negative deviations can be explained by
the presence of additional solutes in solution. Positive
deviations cannot be explained with current theoretical
development. The polluted atmospheric aerosol can be
multicomponent or supersaturated which leads to
deviations from the pure NH,NO,; theoretical
predictions. Thus. this work should be used as guid-
ance to identify important parameters in aerosol
measurement and to give a relative feeling for what the
distribution of nitrate is between the gas and aerosol
phases and a basis for assembling more detailed
multicomponent theories.

Additionally. Fig. 3 merits comment. The right

ordinate of Fig. 3is | K.expressed as nitrate, ugm~ 3,

at 25 C and 760 mm Hg. Typical aerosol nitrate values
range between 0 and 40 ugm ™ * (Stelson et al., 1979).
This range is spanned by the ordinate of Fig. 3. Thus.
the importance of accurately monitoring temperature
and relative humidity during aerosol nitrate measure-
ment is apparent.

CONCLUSIONS

Some important conclusions are evident from this
work:

(1) A thermodynamic extrapolation method was
developed to predict the temperature and relative
humidity variation of the NH,NO, dissociation
constant.

(2) The approach of using existing water activity
data at temperatures other than 25 C to calculate
solute activities is shown to be infeasible.

(3) The general trends predicted by the thermody-
namic model agree with the atmospheric observations
of Appel er al. (1979, 1980). Pitts (1978, 1979), and
Tuazon et al. (1980).

(4} Positive deviations of measured ammonia-nitric
acid partial pressure products from the solid NH,NO,;
dissociation constant at the temperatures of measure-
ment cannot be readily explained other than on the
basis of experimental error.
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Abstract—Quantitative expressions for the ammonia-nitric acid equilibrium product and the partial
pressures of ammonia and nitric acid over non-ideal nitric acid-ammonium nitrate solutions are developed.
The relative humidity and pH dependence of the equilibrium product and the partial pressures are obtained
from free energy thermodynamic data. The thermodynamic predictions show the ammonia~nitric acid
equilibrium product is inversely related to relative humidity. The importance of correcting for non-ideality is
demonstrated. The assumption of ideality for ammoniura nitrate in solution incurs an error of an order of
magnitude in the ammonia-—nitric acid equilibrium product prediction at the point of deliquescence and of
20°_ in the relative humidity of deliquescence. The trends indicated by the analysis are consistent with the
filter study resuits of Forrest, Tanner. Spandau, D'Ottavio and Newman {1980, Atmospheric Environment 14,
137-144) and Appel. Wall. Tokiwa and Haik (1980. Atmospheric Environment 14, 549-554).

INTRODUCTION 16 T T T T T
The presence of ammonium nitrate in atmospheric -
aerosols has been confirmed by a number of in-
vestigators (Lundgren. 1970: Stephens and Price, 1972; roter
Gordon and Bryan, 1973; Mamane and Pueschel, i i
1980). The studies of Doyle, Tuazon, Graham, 18’
Mischke, Winer and Pitts (1979) and Stelson, Fried- 1 08}
lander and Seinfeld (1979) have inferred the existence =
of an equilibrium between ammonium nitrate pre- e
cursors, ammonia and nitric acid, and solid particulate Z o4k
ammonium nitrate. Using the ambient ammonia and <7
nitric acid data of Spicer (1974) at West Covina, CA, o ] r0p4 20 o105 - o 1z T
Stelson er al. (1979) showed that the measured and ) e seer
predicted concentration products, K = pny,Puno, 00— 7353 o5 T

were in essential agreement. Doyle er al. (1979) de-
monstrated the same phenomenon at Riverside, CA
based on FT-IR ammonia and nitric acid Fig. 1. Molar ammonium and nitrate
Jmcasurements. losses from high volume glass fiber filters

ANO;] (umoles m™¥)

Significant problems in the measurement of aerosol stored at room temperature. —— Linear
. . . . least square fit. + Data of Smith et al.
nitrate have been experienced. Smith, Grosjean and (1978)

Pitts (1978) found substantial losses of particulate
nitrate and ammonium from high volume glass fiber

filter samples taken at Riverside, CA when stored at
room temperature. The data of Smith et al. (1978) are
re-interpreted in Fig. 1, where a least squares fit of the
molar ammonium and nitrate losses produces a line
with slope 1.094, strongly indicative of NH/NO,
volatilization. Forrest er al. (1980) spiked filters with
NH NO; and drew ambient air through the filters for
3-5h. The greatest NH,NO, losses occurred at re-
lative humidities below 60 °_, whereas at 100 %, relative
humidity, no NH,NO; was lost. Appel et al. {1980)
measured NH; and HNO, concentration products,
Pnu,Phno, at Pittsburg, CA using filter techniques and
obtained values generally below those needed for
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saturation, even though aerosol nitrate was present.

Stelson and Seinfeld (1981) have shown that Los
Angeles aerosols contain ionic solids or concentrated
solutions, 8-26 M. The ionic strengths corresponding
to these concentrations lie in the range where ionic
strength is most sensitive to relative humidity, suggest-
ing that relative humidity is an important determinant
of aerosol water content.

The object of this work is to further our understand-
ing of the NH,~HNO,-H,0 system by studying the
role of relative humidity and pH on the system’s
equilibrium. One issue that can be addressed with such
a study, for example, is explanation of the filter results
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of Appel er al. (1980) and Forrest er al. (1980)
Specifically, we wish to carry out a thermodynamic
analysis of the NH;-HNO,~H,O system at 25° C for
pH varying from 1 to 7 and relative humidity varying
between 0 and 100" . In our analysis. no assumptions
concerning the ideality of solutions will be made. The
results can be compared to those of ideal solution
theory as well as to the semi-quantitative ones of Tang
(1980a). No corrections will be made for the Kelvin
effect, since the aerosols of interest have been shown
generally to exceed 0.5 um dia. (Lundgren. 1970:
Mamane and Pueschel, 1980).

A calculation procedure for the ammonia-nitric acid
equilibrium product relative humidity dependence
over solid and aqueous ammonium nitrate is de-
veloped. Then. expressions for the individual ammonia
and nitric acid partial pressures over non-ideal am-
monium nitrate-nitric acid solutions are derived.
Finally. the influence of pH on the partial pressures of
ammonia and nitric acid is explored.

AMMONIA-NITRIC ACID EQUILIBRIUM PRODUCT
OVER SOLID AND AQUEOUS AMMONIUM NITRATE

Below 627 relative humidity at 257 C, ammonium
nitrate should be present as a solid, and above this
value it should be in solution (Stelson et al., 1979).
Although recent work of Tang (1980b) indicates
ammonium nitrate does not exhibit traditional de-
liquescence but is hygroscopic at relative humidities
greater than about 30°, we will assume ammonium
nitrate deliquesces at 62°  relative humidity for the
purpose of this work.
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Recent available free energy data for the NH,-
HNO,-H,O system are given in Table I. from which
the equilibrium constants for the NH,-HNO,-
H,O system in Table 2 can be calculated. The equilib-
rium constants in Table 2 and throughout this paper
are thermodynamic equilibrtum constants where
pressure is referenced to one atmosphere and aqueous
solute concentration to unit molality. The differences
between the values for reactions 46 and those of Tang
(1980a)are < 6°_. A 21 °_difference exists between the
equilibrium constant used for reaction 3 by Tang
{1980a) and the value in Table 2.

The equilibrium constants listed in Table 2 can be
tested for internal consistency in two ways. First, K,
should equal K K, K ;, K,. Based on the values given,
K K,K3 Ko =246 x 1078 vs K, =271 x 10718,
an error of 9.2° . Second. K, should equa! K,
anp,No,» Where ayy yo, = saturated ammonium nit-
rate solution activity. Using the value of ayy no, Of
Hamer and Wu (1972), K, =3.14 x 10~ !7, which
agrees well with K, = 3.03 x 107!7 as calculated and
given in Table 2.

For ammonium nitrate at 25° C below 62 ° relative
humidity. the equilibrium product is K,. Above 62,
the equilibrium product is given by

p]su.;!pp-.”qc)J = KZ?NH.?NO;’"NP&;’"NO;
= K3 (7 - K, No,M" NH, NO,

(1

where Puu,: Puno, = the partial pressures of ammonia
and nitric acid: yyy,. ¥no, = the molal activity coef-
ficients of the NH; and NOj ions; myy,. myo,
Myy,No, = the molalities of NHI, NOj and
NH,NO; and (;, Jyn, no, = the mean molal activity -
coefficient for NH,NO;. Using the NH,NQOj, solution

Table 1. Free energy data for the NH;-HNO;-H,O system at 298 K

Species AG/R,K™! Reference
NH;(g) - 1,977 Parker et al. (1976)
HNO,(g) — 8,903 JANAF (1971)
NH,NO;(c. 1V) -22.220 Parker et al. (1976)
NH,NO;(ag. m = 1) —22940 Wagman er al. (1968)
NOj(ag.m=1) -13410 Parker et al. (1976)
H (ag.m=1) 0 Parker et al. (1976)
NH; (ag. m = 1) — 9.558 Parker et al. (1976)
H,O() — 28,530 Parker er al. (1976)
NH,.H,O(aq) —31,730 Wagman et al. (1968)
OH (aq. m=1) — 18,925 Parker er al. (1976)

Table 2. Equilibrium constants for the NH;-HNO;~H,0 system at 298 K

Reaction

Equilibrium constant*

NH,NO;(aq) == NH,(g) + HNO,(g}
NOj (aq}+ H* (ag) = HNO;(g)
NH,.H,0(aq) == H,0()) + NH,(g)

L« NV I - VA SR VR

H" (aq) + OH ~(aq) == H,0(})

NH,NO,(c. IV) == NH,(g) + HNO,(g)

NH/ {aq) + OH (aq) == NH,.H,0(aq)

3.03 x 10717
271 x 10718
272 x 10”7
1.65 x 1071
537 x 10*
9.79 x 10'3

* Values calculated from the free energy data of Table 1.
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activity coefficient data from Hamer and Wu (1972),
the equilibrium product can be calculated as a function
of NH,NO; molality. The relative humidity, rh.,
over the solution can be calculated as a function of
NH,NO, molality from the molal osmotic coeflicients
in Hamer and Wu (1972),

r.h. = 100.0 a, = 100.0 exp(— 3.6031
x 1072 myg,no, Pm)s 2

where a, = the water activity and ¢n. = the molal
osmotic coefficient at myy, no,- Since the equilibrium
product and the relative hunudity over solution are
both solely dependent on myy,no, the equilibrium
product - myy, No, functionality can be replaced by a
function relating the equilibrium product directly to
the relative humidity, as in Fig. 2. Note that the
product, puy,Punos, 1S expressed in units of ppb? in
Fig. 2 for convenience in atmospheric applications.
The effect of non-ideality can be examined by assum-
ing ¢,,and (7 , Juu,no, aT€ unity. (See the curve labelled
ideal solution in Fig. 2.) The ideal solution curve ends
at myy, No, = 25954, saturated NH,NO; solution at
25° C, which shows the ideal solution approach grossly
mispredicts the deliquiescence relative humidity.

DNJANG (19800) |
A

.......................

NON-IDEAL NH, NO; SOLUTION A
10 \

NON-IDEAL SOLUTION ,
b
K=M SOLUTION

10 " \ I L L L
3 40 0 &0 el 80 920 100

PERCENT RELATIVE HUMIDITY

Fig. 2. Effect of relative humidity on ammonia-nitric
acid partial pressure product.

The approach of Tang (1980a) can also be used to
evaluate the product, pyy,Puno, for PH, 1-7, and
ammonium nitrate concentrations, 1.0-10.5M. Over
this range of hydrogen, ammonium and nitrate
concentrations, the amount of undissociated nitric
acid predicted by the approach of Tang (1980a) was
< 0.3%. Thus, it is appropriate within this regime to
consider the amount of undissociated nitric acid to be
zero, i.e. purely an ionic solution. For very acidic
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solutions, pH < 1, the presence of undissociated nitric
acid must be taken into account. The pyy, Pyno, values
shown in Fig. 2 on the curve labelled ;rang (1980a)
represent the limit as pH — 7, although the variation
between pH = 1 and 7 is not large. The water activity
was determined assuming the solution was purely
ammonium nitrate. The molal osmotic coefficient data
from Hamer and Wu (1972) were used to calculate the
water activity, and the molar to molal concentration
conversion was carried out using NH,NO; solution
density data of Adams and Gibson (1932). The calcu-
lated result is shown in Fig. 2.

The solid NH,NO, vapor pressure product calcu-
lated using a least squares fit of the data of Brandner.
Junk, Lawrence and Robins (1962) and the thermody-
namic prediction of Stelson et al. (1979) are also shown
in Fig. 2. The new solid vapor pressure product
prediction and the non-ideal NH,NO, solution curve
at saturation join closely. indicating the improved
quality of this prediction for the NH,NO; solid vapor
pressure product at 25°C over that of Stelson et al.
(1979).

Finally, curves labelled non-ideal and K-M solution
are shown in Fig. 2. The K-M solution curve was
calculated by multiplying ammonia and nitric acid
partial pressures determined from equilibria 3-6 in
Table 2. The non-ideal solution curve serves as a check
of the assumptions used in deriving quantitative
expressions for the ammonia and nitric acid partial
pressures. The procedure used in calculating the
individual nitric acid and ammonia partial pressures
will now be developed.

NITRIC ACID PARTIAL PRESSURE

The nitric acid partial pressure is determined from
the equilibrium of reaction 3 in Table 2,

pHNO, = K37HyNo]mHmNolt 3
where yy = the molal activity coefficient for H™ ion
and my, = H* ion molality. Kusik and Meissner (1978)
developed an expression for predicting the activity
coefficient of a salt in a multicomponent electrolytic

mixture from which the yuyno, product can be
evaluated,

- — (~ Wt N 1=
Tu7No, = (7 £ uNo, (7 2 INuiNO,» 4
where x = my/myg, and (7 ;)u.no, = Mean molal ac-

tivity coefficient for dissociated nitric acid. Using the

value for K ; determined from thermodynamic data in
Table 1,

Puno, = 272(7 1 JuNo, (7« hiino, XMo,(PPb).
(5)
By specifying my, myo, and myy,, the icnic strength,
I, is determined by I = myo +myp, and only
(¥ +)u.no, Deeds to be evaluated to calculate the nitric

acid partial pressure. The jonic strength functional
dependence of (y,)y no, Mmust be calculated by an
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indirect method which is different from the usual
experimental activity coefficient determination
methods, vapor pressure, freezing point depression or
electrochemical, since nitric acid does not totally
dissociate in water.

The degree of dissociation of nitric acid in waterasa
function of acid concentration can be determined
using the approach of Hogfeldt (1963), in which the
dissociation of nitric acid is represented by three
equilibria;

HNO;(H,0); (aq) == H" (aq) + NOj (aq)
[HNO; (H,0),]
+3H,0() K, =
2O e = W7y INO; [ (H,07°
HNO,;(H,0)(aq) ® H" (aq) + NO; (aq)
[HNO,(H,0)]
+H,0(l) K, =
200 & = R No;  (H,0)
HNO,(aq) = H"(ag)+ NOj (aq)
K - [HNO;]
© {HT}{NO; )

where [ ] represents molar concentration and { }
refers to the activity. K,, K, and K, are 3.63 x 10~ 2,
8.13 x 1073 and 1.66 x 107 *, respectively (Hogfeldt,
1963). Hogfeldt (1963) assumes the molar activity
coefficients of the undissociated aqueous nitrate spe-
cies to be unity. When converting to a molal basis, the
undissociated nitric acid species molal activity
coefficient, 7,, is not unity, but rather is given by

~ 1000d
B do(1000+ MHNojm_‘)

where d and d, are the nitric acid solution and pure
water densities in gmml™ !, respectively, My, = the
molecular weight of nitric acid, and m, = the stoi-
chiometric nitric acid molality. Using Hogfeldt's equi-
libria and Equation (6), the fraction of nitric acid that is
dissociated, z, can be calculated from

Yu (6)

2
2= 1-@ (K.a2+K,a, +K.), (7)
Tu
where 3, = the stoichiometric molal nitric acid activity
coefficient. The dissociation of nitric acid can be
calculated using the stoichiometric molal nitric acid
activity and water activity data fit of Hamer and Wu
(1972), pure water density and nitric acid molecular
weight of Weast (1973), and the nitric acid solution
density interpolation formula of Granzhan and Lak-
tionova (1975). The dissociation calculated from Equa-
tion (7) is compared to the dissociation data of
Krawetz (1955) and Redlich. Duerst and Merbach
(1968) in Fig. 3. The agreement, especially with the data
of Redlich et al. (1968), is good.
The total nitric acid dissociation constant can be
expressed in terms of K,, K, and K, by

1
T Kal+Kua,+K,

Using Hogfeldt's equilibrium constants and noting
that a, = 1.0 at infinite dilution, K, = 22.4, which

®)

Ky

*® REDLICH, DUERST, B MERBACH (1968)
OB » xmawETZ (1985)
Te2sc

FRACTION NITRATE

00 : . L I !
o1 1) 100 020

STOICHIOMETRIC MOLALITY OF NITRIC ACID

Fig. 3. lonization of nitric acid.

compares favorably with values of 15.4, 20.0 and 26.8
from Davis and De Bruin (1964), Redlich er al. (1968)
and Young Maranville and Smith {1959), respectively.

The mean molal ionic activity coefficients for the H*
and NOj ions, (7 .)yno, can be found from

(YI )H.NO; =7/ 9

Using Equations (6). (7) and (9), (7.)yno, can be
calculated as a function of ionic strength. The maxi-
mum ionic strength is about 8.3 M and occurs between
17 and 21 stoichiometric nitric acid molality. The mean
molal ionic activity coefficient polynomial regression
upto 7.5M is
—_— i :
In(7 L uno, = L—f’v_l +2260x 1071
1+1.44/1

—4722x 1023
+1.656 x 1072 /3 ~2396 x 1072 /%
+1.384 x 107*1%, (10)

where the standard deviation is + 0.0022. Although
(7 +)Jn.no, should also be a function of the undis-
sociated mnitric acid concentration, the effect of un-
dissociated nitric acid will be shown to be negligible up
to 7.0 ionic strength.

AMMONIA PARTIAL PRESSURE

The partial pressure of ammonia over the solution is
(Tang, 1980a)

P, = K4Ks 7nu, May, (11)
N, Ke vu my

By specifying myy,, my and my, the ionic strength is
determined, and yny,/7y depends on the ionic
strength. From the approach of Kusik and Meissner
(1978)

7NH, — ('r’:)NH.No, (12)
TH (% 2 )u.no,

and Equation (11) simplifies to

-y 1 — ) .
Pu, = 9.05 x 10*%’—’5‘@1 (—x‘—)mpb) (13)
1+ /H.NO,

with the values for the equilibrium constants from
Table 2.
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VARIATION OF AMMONIA AND NITRIC ACID PARTIAL
PRESSURES AS A FUNCTION OF pH

The variation of the ammonia and nitric acid partial
pressures as a function of pH can be evaluated using
the expression for (y.)ny,no, fTom Hamer and Wu
(1972) and Equations (5). (10) and (13). The water
activity of the NH,NO,-HNO; solution, (a.)ux 15
given by

(@ )vix = (3w )fino, @WNiINo, (14)

where (a, )y no, is obtained from Equation (10) and
the Gibbs-Duhem relationship (Kusik and Meissner,
1978). The variation of pyy, and pyno, With pH is
shown in Fig. 4 for a relative humidity of 94.5°,. Also
shown are the results of Tang (1980a) and those
calculated assuming an ideal solution. The solid lines
labelled Tang (1980a) were taken directly from Tang
(1980a), and the points labelled Tang (1980a) were
calculated using his procedure to ensure an accurate
duplication of that work. Figure 4 shows the approach
of this work and that of Tang (1980a) differ in both the
individual ammonia and nitric acid partial pressures,
differences that become larger so the relative humidity
decreases or ionic strength increases.

@ TANG (19800,

A :CEAL SCLUTION -
—TaANG (198Ca.
~=-K-M SCLUTION

PARTIAL PRESSURE (ppb)

pH OF SOLUTION

Fig. 4. Effect of pH on the ammonia and
nitric acid partial pressures.

The product of the ammonia and nitric acid partial
pressures calculated from Equations (5) and (13) as a
function of relative humidity is compared to the
equilibrium product calculated using ammonium nit-
rate activities in Fig. 2. By comparing the curves
labelled K-M solution and non-ideal NH,NO,
solution, the agreement is shown to be good. The
major source of disagreement between the K-M
solution and the non-ideal NH,NO, solution curves is
the 9.2°, difference between K K ,K;/K¢ and K,.
The insensitivity of pyy, Puno, t0 PH can be seen in the

range of relative humidity variation by multiplying
Equations (5) and (13),

Pxn,Prno, = 246(7 2o, (7 £ Jnivo,
x (1= x)miqo, (PPL?). {15)

As the relative humidity decreases, the maximum x,
which occurs at pH = 1, becomes smaller. Thus, the
difference between an acidic ammonium nitrate so-
lution (pH > 1)and a pure ammonium nitrate solution
partial pressure product decreases with relative
humidity.

EFFECT OF NEGLECTING UNDISSOCIATED NITRIC
ACID AND ION-PAIRING

In developing quantitative expressions for the am-
monia and nitric acid partial pressures, two assump-
tions were invoked. First, the effect of undissociated
nitric acid on the (7 . )y no, ionic strength functionality
is small, below 7.0 M. Second. ion-pairing of NH; and
NOj ions has a minimal effect on the ammonia partial
pressures predicted. Equation (15) requires as x — 0,
the solute activity approaches (7.)dn,no,MuH.NO;:
Similarly, Equation (4) requires y47no, tO approach
(7 =)&.no, as X — 1. Inherent in Equations (4) and (15)
are the correct limits but neither equation gives insight
into the effect of these two assumptions. By an
alternative expression for (7 .){u,no,

2 e o INH.
(¥ 2 )Nn,NO, = PN, INO, = (YH7NnO,» (16)
H

where 7y, /71 and 7o, are evaluated independently
from NH,NQ,, the relative error can be ascertained.

The 7u7no, Product will be given by (7.)nno,
which assumes the undissociated nitric acid contri-
bution is small.

The ammonium to hydrogen ion activity coefficient
ratio. yuu,/7u. can be evaluated from mean molal
activity coefficients of an ammoniated salt, NH, X,
and the acid with the same anion, HX, provided the
acid completely dissociates. The ammonium to hy-
drogen ion activity coefficient ratio can be calculated

noting that

. . 2

7NH, - ((/:)NH‘X> , (17)
TH (‘;’z)Hx

where (7. )un, x = the mean molal activity coefficient
of salt NH,X and (7, )yx = the mean molal activity
coefficient of acid HX. This approach was tested with
five different anions, C1~,NOj3,I”, Br~ and ClO; (see
Fig. 5). The assumption that HCI, HBr, Hl and HCIO,
totally dissociate in solutions below 7 M or saturation
1s appropriate since the dissociation constants are very
large, > 107 (McCoubrey, 1955; Bockris and Reddy,
1970). It is incorrect 1o assume that HNO; completely
dissociates, so the NO; curve was calculated using
(7 3 )u.No, 35 previously derived.
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Fig. 5. Effect of ionic strength on calculated am-
monium hydrogen ion mean molal activity coefficient
ratio.

Lee and Wilmshurst (1964) have shown thata 5M
NH,Cl solution forms ion-pairs. The observed mean
molal activity coefficient, {7 . )y, x» Must be corrected
as follows (Bockris and Reddy. 1970),

('r':)NH.X

-9 18

('/:)'NH‘X
where (7_)ny, x = the corrected mean molal activity
coefficient for salt NH, X and 6 = the fraction of NH,
and X ions forming ion-pairs. Equation (18) assumes
the ion-pairs are symmetric (Robinson and Stokes,
1959). Also. the ionic strength would be corrected to (1
— 8)myy, x- The net effect of ion-pairing on the curves
in Fig. 5 is not obvious since the NH, X mean molal
activity coefficient would increase and the ionic
strength would decrease. Using density data of Pearce
and Pumplin (1937), a2 5-M NH,CI solution in ap-
proximately 6.25M. The NH,CI-HCI ammonium
to hydrogen ion activity coefficient ratio is used to
represent yyy,/7u to 7.0 M. Thus, some NH,Cl ion-
pairing must bc present above 6.25 M.

With (1), (10) (16) and (17) and replacing K, by
K K.K; K, the effect of ion-pairing and the un-
dissociated nitric acid can be ascertained. We refer the
reader to the curve labelled non-ideal solution in Fig. 2.
The water activity was calculated from (2). The agree-
ment between the non-ideal, non-ideal NH,NO,, and
K-M solution curves supports the assumptions of
neglecting both the influence of undissociated nitric
acid on the mean molal activity coefficient of dis-
sociated nitric acid, (7. )y no,» 2nd the presence of ion-
pairing in calculating yny, /Y1 By comparing the K-M
and non-ideal solution curves, the maximum possible
error in the individual partial pressures can be ascer-
tained as about 30°,.

Assuming yy7¥no, = (¥ + Ji.no, and (17) hoids, the
Yu7uno, Product and the yny,/yu ratio calculated
cannot be used for calculating the individual partial
pressures of ammonia and nitric acid because yu7no,
goes to the wrong limit as x — 0 and yny, /74 g0es to
the wrong limit as x —» 1. Even though these ex-
pressions cannot be used for the individual partial
pressures, they can be multiplied together to check the
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ammonia—nitric acid partial pressure product calcu-
lated from (1) and (15) and the possible significance of
jon-pairing and the undissociated nitric acid in cal-
culating (7 +)u.no,:

DISCUSSION

This approach gives theoretical justification for the
results of Forrest et al. (1980) and Appel et al. (1980).
As the relative humidity approaches 100 2., the equilib-
rium vapor pressure product sharply decreases by
several orders of magnitude. At 98 ¢, relative humidity
and 25° C, the mass concentration of NH, plus HNO;
(equimolar basis) in the gas in equilibrium with an
aqueous ammonium nitrate solution is about
1.9pugm™2 vs 17.9 ugm™* needed if ammonium nit-
rate is present as a solid. Thus, the observation of
Forrest et al. (1980) that greatest ammonium nitrate
filter losses occurred at relative humidities below 60 °,
and no losses occurred at 100 °, relative humidity, and
the observations of Appel er al. (1980) that nitrate
aerosol is present even though the equilibrium product
of ammonia and nitric acid is much less than the solid
equilibrium product are consistent with this work.

The ammonia-nitric acid equilibrium product
relative humidity functionality does not significantly
change when the pH is varied between 1 and 7. The
insensitivity of the ammonia-nitric acid equilibrium
product with pH variation results from the
ammonia-nitric acid equilibrium product being domi-
nantly dependent on ionic strength. As the pH
decreases below 1, the approach used in this work is
not applicable since the role of undissociated nitric
acid becomes significant and similarly for high pH
undissociated dissolved ammonia would appear.
From the electroneutrality balance and the average
aerosol water data in Stelson and Seinfeld (1981), a
range of possible mass distribution averaged pH’s
between 2 and 12-is calculable for several locations in
the Los Angeles Basin. Since the atmospheric aerosol is
often a mixture of acidic and basic particles, a distri-
bution of aerosol pH wouid exist, the basic particles
existing predominantly in the coarse mode (> 1 um)
and the acidic particles in the fine mode (< [ um). Thus,
these results have limited applicability to the possible
range of existing ambient aerosol acidity.

Qualitatively, the result of adding an unreactive
solute on the vapor pressure product-relative hu-
midity curve can be discussed. The unreactive solute
would lower the water vapor pressure but would not
affect the ammonia-nitric acid vapor pressure product.
Thus, the resulting situation would be a measured
vapor pressure product and relative humidity location
lying below the NH,NO; non-ideal vapor pressure
product-relative humidity curve in Fig. 2.

The presence of a saturated ammonium nitrate
solution around a solid ammonium nitrate aerosol
core can be examined. Since the saturated solution
must be in equilibrium with solid ammonium nitrate,
the vapor pressure product must be the same over the
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saturated solution as for the solid ammonium nitrate.
Thus. the presence of a saturated aqueous layer around
a solid ammonium nitrate core at relative humidities
below 62°, would not affect the equilibrium vapor
pressure product prediction.

An additional important thermodynamic concept is
the Gibbs-Duhem relationship which shows that
solute activities determine the water activity. Thus, the
equilibrium product and the relative humidity cannot
be varied independently and to be theoretically con-
sistent the solute or water activity must be determined
by the other activities. Equation (14) shows the water
activity can be taken as the water activity of a pure
ammonium nitrate solution since the solutions are
> 90°_ ammonium nitrate and the correction to make
this theoretically rigorous is small.

Finally. this work illustrates an important concept in
devising methods for performing equilibrium analysis.
The equilibrium approach must be consistent. and
certain limits must be satisfied. Internal consistency
was demonstrated by the agreement between K, and
K,K.K, K, and by the ammonia-nitric acid vapor
pressure products of solid ammonium nitrate and a
saturated ammonium nitrate solution being equal.

CONCLUSIONS

Some important conclusions are evident from this
work:

(1) The ammonia-nitric acid equilibrium product is
strongly and inversely dependent on the relative
humidity.

{2) A consistent set of free energy data exists such
that the ammonia-nitric acid equilibrium products for
solid ammonium nitrate and for a saturated am-
monium nitrate aqueous solution are equal; ie. no
discontinuity exists in the ammonia-nitric acid
equilibrium product prediction at the relative hu-
midity of deliquescence at 25° C.

{3) The ammonium to hydrogen ion molal activity
coefficient ratio is not unity for concentrated ionic
solutions. By assuming it is unity. significant error in
the calculated ammonia partial pressure results.

(4) The predicted relative humidity dependence of
the ammonia-—nitric acid equilibrium product is con-
sistent with filter study results of Forrest et al. (1980)
and Appel er al. (1980).
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Abstract—A mathematical model describing the transport and formation of aerosol NH,NO, is presented.
Based on a vertically resolved Lagrangian trajectory formulation incorporating gas phase kinetics, NH,NO,
concentrations are computed at thermodynamic equilibrium with precursor HNO, vapor and NH,
concentrations. Sensitivity analysis shows that NH,NQ, concentration predictions are strongly influenced
by ambient temperature and NH, levels. A brief description of the NH; emissions inventory used in this
study is included to indicate the important sources. The model was tesied by comparison to ambient NH,,
NH, and NOj concentrations measured at El Monte, California during June 1974. Model results compare
favorably with the ambient measurements and are used to explain trends in those measurements. An early
morning nitrate peak develops as HNO, produced soon after sunrise reacts with NH, accumulated
overnight. A second peak in nitrate concentration is predicted and observed at El Monte later in the day.
Potential applications of this model to control strategy decisions and to study the fate of NO, are discussed.
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INTRODUCTION

Aerosol nitrates are important contributors to visi-
bility reduction in cities with photochemical air pollu-
tion problems. White and Roberts (1977) estimate that
during the ACHEX study. aerosol nitrates were re-
sponsible for about 40, of the light scattering ob-
served at Riverside in the eastern Los Angeles Basin.
Groblicki e al. (1981) report that 17 of the visibility
problem in Denver is attributable to aerosol nitrates.
Control strategies for urban visibility improvement in
such cities will need to address aerosol nitrate abate-
ment alternatives. Before this can be done. a reliable
means is needed for predicting the relationship be-
tween pollutant emission sources and resulting nitrate
concentrations.

Ammonium nitrate is a secondary pollutant formed
from reactions between NH; and HNO, vapor. From
thermodynamic considerations Stelson et al. (1979)
and Stelson and Seinfeld (19823, b) have shown that
atmospheric NH,NO; should be in equilibrium with
precursor HNO; and NH; concentrations. The val-
idity of this assumption has been tested in field
experiments by Doyle et al. (1979), where it was found
that the NH,NO; equilibrium constant derived from
published thermochemical data is consistent with
atmospheric observations.

In this paper a mathematical model relating pol-
lutant emissions to NH,NO; concentrations is pro-
posed and tested. Based on a Lagrangian trajectory
formulation, the model includes transport, gas phase
kinetics and aerosol production. A sensitivity analysis
is performed on the NH,NO, formation mechanism
used in the trajectory model to indicate which par-
ameters are most important to formation of atmos-

pheric NH,NO;. A summary of the emissions in-_

ventory used in this modeling study details the import-
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ant sources of NH, and their spatial distribution (Cass
et al.. 1982). Model results will be evaluated against
NH,;. NH; and NOj concentrations observed at El
Monte, California on 28 June 1974. Potential use of
this model for studying acid deposition and the fate of
nitrogen containing pollutants is discussed.

MODEL DESCRIPTION

Ammonium nitrate aerosol is classified as a secon-
dary pollutant because it is formed in the atmosphere
from reactions involving gas phase precursors. To
predict NH,NO, formation, this paper utilizes a
photochemical trajectory model coupled with an
equilibriurn  treatment of aerosol production.
Concentrations of the gas phase precursors of
NH,NOj, as well as other pollutant concentrations are
calculated using a vertically resolved, Lagrangian
trajectory form of the atmospheric diffusion equation
presented in McRae er al. (1982a). The equation
governing the concentration of species i, ¢;(z. 1), is

- -

cl cZ

L)oo

with initial conditions
(2,0 =c(z) t=0 (2)

and boundary conditions

(K-- ﬁ) =0 :=H (3a)
c2
[l;(‘, —K(;ijl —E :=0 (3b)
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where K._(z) is the vertical turbulent eddy diffusivity,
R(c,, . ...c,, T)is the rate of chemical production of
species i at temperature T, H is the height of the air
column and v, is the settling velocity. As used in (1), v 1s
used to describe gravitational settling, but its effect on
(1)1s negligible for aerosol particles smaller than about
1 um. Aerosol NH,NO, is generally associated with
um-sized particles, so gravitational settling can be
neglected in the following calculations. Parameters
associated with the boundary conditions are ¢}, the
deposition velocity, and E,, the species mass flux per
unit area. Treatment of surface deposition and the
relationship of K_. to atmospheric stability is de-
scribed in McRae et al. (1982a) and will not be repeated
here. Vertical transport of both gases and aerosols is
dominated by turbulent eddies. It is important to note
that models described by (1) are based on the assump-
tions that horizontal diffusion and vertical advection
are small, and that the effects of wind shear are
negligible. The effects of these simplications are dis-
cussed in Liu and Seinfeld (1975).

18
NO, + OH — HNO,
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Ground level (z = 0) boundary conditions are a
statement of mass continuity. accounting for surface
deposition. diffusive transport and emissions. Since the
top of the region (z = H) is well above the mixing
depth, turbulent transport through the top of the air
column is negligible. Deposition velocities are used to
describe the interaction and reaction of gases and
aerosols with surfaces. In general. ¢} is dependent on
meteorological conditions and on the reactivity of
species | with the underlying surface. Limits on the
aerosol deposition rates can be found using the same
modeling. techniques as those for gaseous poilutants.
The vertically resolved trajectory model and compu-
tational cells are shown schematically in Fig. 1.

The chemical kinetics associated with the term
Ric,.....,c,,T)in (1)are described using the photo-
chemical reaction mechanism of Falls and Seinfeld
(1978). Falls er al. (1979). McRae er al. (1982a) and
McRae and Seinfeld (1983). Only those homogeneous
gas phase pathways producing HNO; and their cor-
responding rate constants. at 25-C. will be given here.
These pathways are:

1

K,g = 1.52x10* ppm~ ' min~

40
NO,+RO, - HNO, +RCO; K, =55ppm ' min~'

46
N,O;+H,0 - 2HNO, Kio=15%x10"°ppm™ ' min~".
Az z Lagrangion
Air Parcel Moving n(x,t) Co-ordinates
Along Trajecto
ong Traiectory —“fw
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Fig. 1. Schematic representation of (a) vertically resolved Lagrangian
trajectory model and (b) the computational grid cell convention.
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Other than direct emissions. the only source of HNO,
i1s assumed to be the photochemical production
through the above reactions. Reaction 18 is the
dominant route producing HNO, for typical daytime
atmospheric conditions. Photolytic loss of HNO; is
ignored since it is small.

Equilibrium concentrations of gaseous NH, and
HNO;. and the resulting concentration of solid or
aqueous NH,NO; can be calculated from fundamen-
tal thermodynamic principles using the method pre-
sented by Stelson and Seinfeld (1982a). The procedure
is composed of several steps, requiring as input the
ambient temperature and relative humidity (r.h.). First,
the equilibrium state of NH,NO; is defined. If the
ambient relative humidity is less than the relative
humidity of deliquescence. (r.h.d.). given by

In (rhd.)=723.7T+1.7037. (4)

then the equilibrium state of NH,NO; is modeled asa
solid. Supersaturated solutions also are possible.
Formation of solid NH,NO,. from the gas phase
precursors. is described by the equlibrium system

NH,(g) + HNO, (g) = NH,NO, (s). (3)
5
a
s
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Fig. 2. (a) NH;NOj equilibrium dissociation constant as

a function of temperature (r.h. 50°)). (b) NH,NO,

equilibrium dissociation constant as a function of r.h
(temperature, 25°C).

The dissociation constant is given by K = Pyy Pyvo,-
where Py and Py o, are the partial pressures of NH
and HNOj;. respectively. K can be estimated by
integrating the van't Hoff equation. The resuliting
equation for K. in units of ppb® (assuming | atm of
total pressure) is

In K = 84.6 -24220 7 —6.1 In (7T 298). (6)

At relative humidiues above that of deliquescence.
NH,NO, will be found in the agueous state. A
dissociation constant for the comparable reaction
involving aqueous NH,NQO; can be found and is a
function of both temperature and relative humidity.
Temperature dependent equilibrium relative humid-
ities above ionic solutions (r.h.t.) can be calculated
from

i N
rhi = l%exp(—m). (7)
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where v is the number of moles of ions formed by
ionization of one mole of solute. M the molecular
weight of water. m the molality of the solution and ¢
1s the osmotic coeflicient given by

m
br= l+—1--[ md(iny =), (8)
m 0

where < = 1s the mean molal activity of NH,NO; in the
solution at temperature 7. The activity coefficient
depends on temperature and molality. An iterative
scheme is used to match the relative humidity calcu-
lated from (7) to the ambient relative humidity. This
calculation gives the equilibrium solution molality and
activity that are needed to evaluate K. the equilibrium
dissociation constant, from the expression

In(K.(y=mp*) = 54.18 - 15860 T
+11.206 In (T 298).

9N

If the ambient relative humidity is between that of
deliquescence and the value given by (7) for a saturated
solution at m = 25954, linear interpolation is used
between the corresponding dissociation constants.
Figures 2(a) and (b) depict the dependence of K onT
and r.h. For typical atmospheric conditions. the
mechanism predicts an equilibrium dissociation con-
stant between 0.04 (ppb)? at 5°Cand 90, r.h. and 1400
(ppb)* at 40°C and a r.h. of 30°,. Figure 2(b) indicates
that extrapolation of the calculation scheme used for
aqueous solutions to that for supersaturated solutions
would give results slightly different than those found
using (6) for solid NH;NO,. In tae case of a saturated
solution surrounding solid NH,NO;, equating the
chemical potentials across interfaces shows that the
appropriate dissociation constant is the same as that
for the solid. This model assumes that the time
required for the gaseous precursors, and water, (o
come to equlibrium is short compared to the character-
istic time for the production of HNO;. This may not
be true if the concentrations of the precursors differ by
orders of magnitude, though this is seldom the case in
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urban basins. Nitric acid and NH; losses to other
aerosol species are neglected at this point, and thus
mixed aerosols are not considered. These effects can be
incorporated once sufficient, appropriate field data
become available to verify a more complex model.

Gas phase concentrations of NH; and HNO; and
the concentration of NH,NQ, are then caiculated
from precursor concentrations and the equilibrium
system

NH;(g)+ HNO;(g) =NH,/NO, (s or aq). (10}

Concentrations of the different species can be de-
termined mathematically by solving the following
system of equations.

(x)NH;(g) + () HNO,(g) = (a) NH,NO,
+(x—a)NH,(g)

+(y—a)HNO,(g) (11)
and

[NH;(g)][HNO; ()] = (x —a)(y —a) = K, (12)

where x is the total concentration of NH, plus NH; ,
y is the total concentration of HNQ, plus nitrate, a is
the resulting concentration of NH,NO, aerosol, and
{x — a). (y — a)are the equilibrium gas phase concentra-
tions of NH, and HNO;, respectively.

If the product of the concentrations of NH; and
HNO; is smaller than the dissociation constant,

[NH3(g)] [HNO_,,(g)] =) <K (13)

no NH,NO, should be present. In this case the gas
phase concentrations are as given by the gas phase
kinetics. The steps involved in predicting the nitrate
concentrations are shown schematically in Fig. 3.

SENSITIVITY STUDY

A Fourier amplitude sensitivity test (FAST) (Koda
et al.. 1979;: McRae et al., 1982b) was performed on the
NH NO; calculation scheme to assess which par-
ameters contribute most to the formation of NH,NO,
in the atmosphere. The ranges of species concentra-
tions used in the analysis are representative of those
observed by Tuazon er al. (1981) for Claremont,
California and were measured by Fourier transform
infrared (FTIR)spectroscopy. In these experiments the
FTIR sampling cell temperature was often consider-
ably higher than ambient, which could volatilize some
of the NH,NO,, so the measurements may give
NH;(g)and HNO; (g) levels higher than ambient. The
results of the FAST analysis are shown in Table 1,
where it can be seen that NH,NO, formation is most
sensitive to variations in temperature. The reason for
this is the strong dependence of the dissociation
constant on T. Two insights can be gained from FAST
analysis, the first being that it is critically important to
specify the temperature field accurately. Secondly,
since nitrate formation is sensitive to NH, over the
range encountered, control of upwind NH, emissions

AT far

Table 1. Sensitivity of ammonium nitrate formation model
to input parameters

Sensitivity*
Parameter Range ()
Temperature 1040°C 41
Ammonia 4-23 ppbt 39
Nitric acid 6—49 ppbt 17
Relative humidity 20-90°, 3

* Partial variance. normalized to 100°,, indicates the
relative importance of variation of model inputs on NH,NO,
formation.

t Values representative of those found in Tuazon er al.
(1981) for Claremont, California.

should prove to be beneficial in limiting NH,NO,
concentrations at Claremont and that an accurate
description of the NH, emissions is required for
modeling purposes.

To show how the concentrations of NH,NO,
change with ambient meteorological conditions, rep-
resentative levels of total NH, (ie. NH,(g)+ NH;)
and total HNO, (i.e. HNO,(g)+ NO7 ) were used to
calculate NH,NO, concentrations over a range of
atmospheric conditions. Predicted concentrations of
NH,NQ, ranged from 0 to 67.6 ug m ™3, with typical
values of about 10ugm™? corresponding to 25°C,
65°%, r.h., 8 ppb of total NH; and 16 ppb of total
HNO,. Concentration plots in Fig. 4 again show that
NH_/,NO, formation is sensitive to temperature, de-
creasing rapidly as temperature increases. An interest-
ing aspect of the temperature dependence is the flat
area indicating that no NH,NO, is present. Above
35°C little NH,NO, would be present except at high
ambient levels of the gas phase precursors. while at
15°C some NH,/NO,; would be present at most
precursor concentrations. Figure 4 also shows that
there is little change in NH,NO; formation as the r.h.
changes, although the effect is to create slightly more
NH;NO, as r.h. increases.

EMISSIONS DATA REQUIRED FOR MODEL EVALUATION

Once the model has been formulated the next step is
to evaluate its ability to predict ambient levels of
NH NO,. The data required for such tests include;
pollutant emissions, observed air quality and the
prevailing meteorology. In the Los Angeles Basin
accurate emission inventories exist only for the period
between 26 and 28 June 1974, limiting model evalu-
ation to those three days. Descriptions of the emission
inventories for NO, and reactive hydrocarbons to-
gether with the local meteorological conditions for this
period are available in McRae and Seinfeld (1983). As
indicated by the sensitivity analysis, there is a need for
an accurate description of the NH, emissions. Cass et
al. (1982) have recently completed such a study for the
yeai 1974, and the principal results are summarized
here. A grid system composed of 5 x 5km cells was
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Fig. 4. Predicted NH,NO, concentration surfaces at 15, 25 and 35 C and 45, 65 and 85°, r.h. for total NH, and total
HNO, concentrations up to 20 and 40 ppb, respectively.

superimposed on the South Coast Air Basin map
(Fig. 5). Ammonia emissions were estimated within
each grid cell for the 53 classes of mobile and
stationary source types listed in Table 2.

Source tests show that trace amounts of NH; are
present in the exhaust of both mobile and stationary

combustion sources (Cadle and Mulawa. 1980: Gentel
et al., 1973; Harkins and Nicksic, 1967; Henein. 1975;
Hovey et al., 1966; Hunter, 1971; Muzio and Arand.
1976; Wohlers and Bell, 1956). Emission factors for
NH, release obtained from these and other references
were combined with fuel use data reported by Cass
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Fig. 5. Gridded map of the South Coast Air Basin used for constructing NH; emissions inventory. Superimposed on the map
is the trajectory path that reaches El Monte at 3 p.m. (PDT) on 28 June 1974.
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Table 2. Summary of ammonia emissions by source category in the South Coast

35

Air Basin 1974

Total emissions

Source category {kgday™ "
Stationary fuel combustion
Electric utility
Natural gas 590.0
Residual oil 2000.0
Digester gas 0.5
Refinery fuel burning
Natural gas 160.0
Residual oil 99.0
Refinery gas 420.0
Industrial fuel burning
Natural gas 610.0
Liquified petroleum gas (LPG) 4.0
Residual oil 150.0
Distillate oil 140.0
Digester gas 9.0
Coke oven gas 15.0
Residential. commercial fuel burning
Natural gas 270.0
Liquified petroleum gas (LPG) 4.0
Residual oil 62.0
Distillate oil 73.0
Coal 200
Sub totals 4626.5(3.09",)
Mobile source fuel combustion
Automotive
Non-catalyst autos and light trucks 3309.0
Medium uind heavy duty trucks 449.9
Diesel vehicles 370.0
LPG for carburetion 10.0
Civilian aircraft
Jet 150.0
Piston 29
Shipping
Residual oil boilers 70.0
Diesel ships 50.0
Railroad-diesel oil 90.0
Muilitary
Gasoline 10.0
Duesel 60.0
Jet fuel 50.0
Residual oil 0.8
OfT highway vehicles 120.0
Sub totals 47426 (3.17°)

Industrial point sources
Soil surface

Fertilizer
Farm crop
Orchards
Handling
Non-farm

Sub totals

Livestock

Cattle
Dairy
Feedlot
Range

Horses

Sheep

Hogs

Chickens

Turkeys

Sub totals

2070.0(1.38“)
23790.0 (15.9°)

2870.0
2390.0
380.0
7420.0
13060.0 (8.72°)

24390.0
6880.0
12160.0
16220.0
990.0
250.0
18200.0
1120.0
80210.0¢53.6%))
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Table 2. (contd).

Total emissions

Source category (kg day™ !
Domestic
Dogs 10350.0
Cats 32300
Human respiration 46.0
Human perspiration 7000.0
Househoid ammonia use 600.0

Sub totals
Total

21226.0(14.2°,)
149725.1 (100.0)°,

(1978) to give total NH, emissions from autos. trucks,
railroads. shipping. plus industrial. residential and
commercial fuel use. Within each fuel use category. the
NH; emissions shown in Table 2 were distributed
spatially in the same manner as NO, emissions. A
number of industrial processes are known to emit NH,
(National Research Council. 1979; Miner, 1969), in-
cluding refinery operations, NH,-based (fertilizer
manufacturing. NH; storage facilities. refrigeration
plants, chemical plants and steel mill coke ovens.
Estimates of NH; emissions from industrial facilities
were derived from source test information and ques-
tionaires sent to individual companies.

Biological decay processes also produce NH; and
the release rates from a variety of soil surface types are
available (Porter er al. 1975 Elliot er al. 1971:
Denmead et al. 1978: Denmead et al.. 1976: Miner.
1976). Using aerial photographs and maps available
from the U.S. Geological Survey (1976) the land use
within each grid square was summarized by type.
Emissions from exposed land surfaces were estimated
within each square by matching emission rate data 1o
soil surface types.

Chemical fertilizers used in the air basin inciude
NH,,urea. NH, NO; and (NH,), SO,. Depending on
fertilizer type and method of application. anywhere
from a few percent to several tenths of the nitrogen
content may be lost to tie atmosphere as NH, (Baker
et al, 1959; Ernst and Massey. 1960; Gasser, 1964:
McDowell and Smith, 1958: Stanley and Smith, 1955;
Trickey and Smith. 1955; Wahhab et al.. 1957, Walkup
and Nevins, 1966). The NH, loss characteristics of
fertilizers were estimated by consultation with a local
agricultural expert (Meyer, personal communication).
Fertilizer use statistics were obtained from the
California Department of Food and Agriculture (1974)
and from the U.S. Bureau of the Census (1977).
Chemical fertilizer consumption, subdivided into,
cropland. orchard and non-farm use. was combined
with the NH; loss data to compute total NH,
emissions.

Decomposition of livestock wastes is a major source
of NH, emissions. Animal inventories by county were
obtained from the U.S. Bureau of the Census (1977)
and from state and county agricultural agents. Waste
production rates, nitrogen content and NH, volatiliz-

ation rates were estimated for each major commercial
animal type from previous studies (Adriano er al.
1974: Fogg. 1971: Giddens and Rao. 1975: Lauer ef al..
1976: Luebs et al.. 1973a.b: Stewart. 1970; Taiganides
and Hazen. 1966; Viets. 1971). Emissions from range
animals were distributed spatially in proportion to
pasture and herbaceous range land areas. U.S.
Geological Survey (1976) maps were used to locate
emissions from animals raised in confinement (e.g.
dairy cattle, feedlot cattle) Ammonia losses from
domestic animals (cats and dogs only) plus human
respiration, perspiration and household cleaning
chemicals were distributed in proportion to residential
land use. )

The overall spatial distribution of NH;, NO,.
reactive hydrocarbon and CO emissions in the South
Coast Air Basin is shown in Fig. 6. The largest spike in
the NH, diagram is centered over the town of Chino
on the prevailing upwind side of the city of Riverside.
and results from the intensity of livestock operations in
that area.

AIR QUALITY DATA FOR MODEL EVALUATION

Within the three day time period for which emission
data are available, aerosol nitrate measurements were
sought that were taken over short sampling intervals
(1-2 h) using methods that would minimize the poss-
ible interferences. Simultaneous concentration meas-
urements of related aerosol species such as sulfate and
ammonium were desired, as well as the concentration
of relevant gas phase species. such as NH,, HNO,,
NO, and O,. The data set most nearly fulfilling the
requirements was found for E1 Monte, California. The
measurements were taken on 28 June 1974, and consist
of 2-h averaged concentrations of aerosol nitrate and
NH;, and gas phase NH; (Reynoids et al, 1975).
Aerosol nitrate and ammonium concentrations were
obtained by using a low volume sampler with Gelman
A glass fiber filters for collection followed by wet
chemical analysis. Gaseous NH;, concentrations were
found using oxalic acid impregnated backup filters.

Ammonium nitrate data for other time periods in
the Los Angeles area are available and are consistent
with the results presented in Reynolds et al. (1975).
These studies have found measured ambient nitrate
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Fig. 6. Spatial representation of daily emissions of NH,. NO,, reactive
hydrocarbons (RHC) and CO in the South Coast Air Basin. (Inventory
period June 1974.)

concentrations ranging up to 149 ygm™2, though

values are generally lower (Lundgren. 1970: Hidy er al..
1980: Appel er al.. 1978: Spicer, 1974; Appel et al.. 1981:
Tuazon et al., 1981). In Claremont, California, ambient
levels of gaseous HNO, and NH; have been observed
up to 49 and 23 ppb. respectively (Tuazon et al.. 1981).
Concentrations of up to 86.4 uygm™* of particulate

nitrate were also found at Claremont (Appel er al.,
1980). Nitrate levels were found to vary diurnally.
peaking in the midmorning. Ozone and HNO; peaked
later in the afternoon. Partial pressure products of
NH, (g) and HNO; (g) from data taken at Claremont
were compared against relative humidity and tempera-
ture. The product decreased with relative humidity and
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increased with temperature, the same trend predicted
from thermodynamic considerations.

When interpreting ambient measurements, it is
important to be aware of the potential for artifact
nitrate formation on filter substrates (Pierson er al..
1980: Spicer and Schumacher, 1979: Appel e al., 1979:
Witz and McPhee, 1977). The physical nature of the
nitrate artifact problem is that the gaseous HNO, may
react with the filter substrate forming nitrate on the
filter. This results in a positive error as more nitrate is
measured on the filter than was deposited as an
aerosol. A negative error can result from revolatiliz-
ation of the NH,NO, prior to sample analysis, or by
reaction with other gaseous or particulate acids dis-
placing the HNO, (Appe! et al., 1980). The observed
revolatilization is in agreement with the equilibrium
hypothesis emploved in this paper. If the filter, after
being loaded and before being analyzed. is exposed to a
change in environment it would set up a new equilib-
rium between the aerosol and its environment.
possibly altering the aerosol’s measured composition.
The new equilibrium could be due either to a change in
temperature or to a change in the gaseous environment
during or after sampling. To prevent this problem the
NH,NO, would have to be collected, stored and
analyzed in a manner that prevents volatilization of the
aerosol from the filter.

Steps have been taken to correct the filter artifact
problem. the most direct being the use of a substrate
that does not react with gaseous HNO, to form
nitrate. Substrates that have been tested and show little
reactivity with HNO; include polycarbonate, Teflon
and quartz fiber (Spicer and Shumacher. 1979). Most
glass fiber and nylon filters prove to be quite sus-
ceptible to artifact nitrate formation. although
Gelman A filters are not as susceptible as many others
(Appel et al.. 1979). Another method involves stripping
the HNO, (g) from the sampling stream prior to
filtration by passing the gas through a denuder, then
measuring total nitrate downstream (Appel er al.
1981).
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MODEL EVALUATION AGAINST AMBIENT
MEASUREMENTS

Usually ambient measurements are made at a fixed
location. A Lagrangian model, however, predicts con-
centrations along a trajectory in a single air mass as it
flows through the air basin. The path of a sample
trajectory, the one starting at 1 a.m. and reaching El
Monte at 3 p.m. Pacific Daylight Time (PDT) on 28
June 1974.is shown on a map of the Los Angeles basin
(Fig. 5). Use of a trajectory model to predict concentra-
tions at.different times for a fixed geographical lo-
cation then requires finding the path that each air mass
takes to reach that location at the appropriate time.
This is done for trajectories reaching E1 Monte
throughout the day of 28 June 1974 using the method
prescribed in Goodin er al. (1979).

By taking a series of trajectories reaching E1 Monte
during the day, a time history of species concentrations
can be constructed (Fig. 7). Each concentration predic-
tion shown represents a weighted average of three
trajectories arriving at E1 Monte at 1 h intervals, and
are piotted on the half hour. In Fig. 7(a), the predicted
ground level NH,NO, concentration is plotted along
with the measured nitrate and NH_ concentration.
Concentrations are given in umol m~? for all species
and NOj concentrations are restated in ug m~ 3. Gas
phase concentrations are also shown in ppm or ppb.
Use of a system based on molar concentrations is more
convenient in the presence of chemical reactions. and
clarifies the relationship between aerosols and their gas
phase precursors. Considering the difficulty in obtain-
ing ambient nitrate measurements, comparison be-
tween observed and predicted nitrate concentrations is
quite good.

From Fig. 7(a). it can be seen that the measured
molar concentrations of aerosol nitrate exceed that of
NH; . The difference could arise if species other than
NH, NO; were present in the aerosol (e.g. NaNQ;), or
as a result of the filter artifact problem. Filter artifact
problems can lead to either a positive error due to
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HNOj reacting with the filter or a negative error from
the volatilization of either ammonium or nitrate
containing species. Twenty four hour averaged meas-
urements for the day modeled showed only 5.1 ygm ™3
of sulfate. Previous studies (e.g. Appel et al.. 1978)
showed that most of the sulfate aerosol appears in the
late afternoon. Thus. the interference from sulfate
should be small for the period modeled. It is impossible
to say how the predicted nitrate should compare to the
measured nitrate concentrations without knowing the
magnitude of the two types of possible sampling error.

Relatively little NH,NOj; is measured or predicted
in the early morning. The concentration rises until
about 10 a.m. (PDT) at which time it starts to decrease
as the temperature increases. The same trend is found
by other investigators (Appel et al., 1980). Both the
measurements and predictions for 28 June 1974, show
an afternoon rise that is uncharacteristic of the usual
decrease in NH,NO; as the temperature increases.
Figure 7(b). the plot of the predicted and measured
total (gas plus aerosol phase) NH, concentrations,
shows that the reason for the unexpected afternoon
peak is that the air mass contains more NH,. Figure
7(b) also serves as a check on the NH, emissions
inventory. Even in the presence of possible transfer of
revolatilized NH; to the oxalic acid impregnated
backup filter used to measure NH,, the sum of
measured NH; and NH] should give total NH,.
Predicted total NH; is about 10-20¢, low through
most of the day. except in the early morning.
Predictions follow the same diurnal trends as the
measurements. indicating the spatial accuracy of the
inventory over which the trajectory passed.

In view of the possible effects occurring from nitrate
artifact formation. it is interesting to note that the
predicted nitrate levels are high in the morning when
the potential to form artifact nitrate is small. In the
afternoon the increasing HNO, concentration raises
the potential formation of artifact nitrate. and it is seen
that the predicted nitrate concentrations begin to fall
below the measured levels.

As an additional check on model performance,
predicted O, concentrations at El Monte are com-
pared to measurements in Fig. 7(c), and the two
profiles compare well. Ozone measurements were not
taken at El Monte, so the measured values being used
are interpolated from surrounding monitoring sites.

A good measure of the sensitivity of nitrate forma-
tion to temperature variations is obtained from
Fig. 7(d). Increase in the separation between the curves
is due almost totally to the change in K from the
temperature change. not from a change in the amount
of total inorganic nitrate produced. This figure also
illustrates the potential problems arising from either
upsetting the equilibrium. or from errors in the
temperature field specification.

For model evaluation purposes it was necessary to
compare predictions and observations at a fixed point;
however, it is more illuminating to investigate dy-
namics of the nitrate aerosol production along a single
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trajectory. In this manner the effects of the physical
processes are more easily isolated. In the series of plots
shown in Fig. & the evolution of pollutant concentra-
tions is shown as the air mass traverses the basin. Early
morning NH ; emissions into the air parcel increase the
NH; concentrations but have only a small effect on the
aerosol levels because little HNOj; has been produced
by photochemical reactions (Fig. 8a). After sunrise,
photochemical reactions start forming inorganic ni-
trate from the oxidation of NO, emissions. Initially
most of the nitrate formed is tied up in the aerosol
phase increasing the NH,NO, concentration and
decreasing that of NH ;. Nitric acid continues to be the
limiting species for aerosol formation until 8 a.m. when
the HNO, concentration begins to rise rapidly. Both
NH,NO, and HNOQj levels continue to increase. and
NH, to drop. until about 9 a.m. when a midmorning
NH, NO; peak occurs. After this time the NH,NO,
concentration decreases due to two effects. aerosol
volatilization by the increasing temperature and dilu-
tion by the growing mixed layer. The profile for PAN,
an organic nitrate. is shown in Fig. 8(a). PAN follows
the same diurnal trend as HNO,, peaking at 33 ppb
compared to 44 ppb for HNO;. The peak HNO,
concentration was 13°_ that of O,. Tuazon er al.
(1981) found a similar PAN to HNO, ratio and
approximately the same maximum values. For exam-
ple. the peak HNO, levels were 117 of the observed
O, concentrations at Claremont. California in 1978.

Figure 8(b) graphically illustrates the initial rise in
NH; from emissions. Photochemical reaction of NO,
causes a rapid increase in the concentration of total
inorganic nitrate shortly after sunrise at 5:45a.m.
Total nitrate increases until about noon when dilution
and deposition of HNO, and NH, NO, cause the
total nitrate concentrations to stabilize. Profiles of
three poilutants related to HNO, formation, O, NO
and NO,. are shown in Fig. 8(c) for comparison.

Vertically-resolved profiles of NH,NO; and its
precursors are plotted in Fig. 9 at three different times
during the day. Early in the morning, the most marked
profile is that of NH, showing that the emissions are
being trapped within the mixed layer. Four hours later,
at 8 am. the mixing depth has increased and so has the
NH,NO;, but the availability of HNQ; is still limiting
the formation. By noon, HNO, is the most abundant
species below the temperature inversion and NH,
availability now limits aerosol formation. Directly
above the inversion base the change in the NH, profile
is created by the decrease in HNO, allowing a higher
equilibrium NH, concentration.

In this study, the currently available collection of
simultaneous observations on emissions and air
quality has been pursued as far as it can be taken, and it
is apparent that additional model applications should
be supported by a data set explicitly designed for
nitrate air quality model verification. Such a data set
should include simultaneous measurements on all
species of interest including NH, and HNO, vapor,
plus NH; and NOj; concentrations. Measurement
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methods should be selected that will minimize sam- study of aerosol processes, acid deposition and the fate
pling artifact problems. The sensitivity analysis pre-  of nitrogen containing species. Results from this model
sented in this paper points to the need for highly  as well as field measurements (Tuazon e al., 1981)
accurate temperature data. Mode] structure dictates indicate that along most of the trajectories in the
that temperature measurements must be available western portion of the Los Angeles Basin there is more
along the trajectory considered, not Just at the end HNO, than NH3;, and that the main factors limiting

point of the trajectory. the formation of aerosol are warm temperatures and
lack of NH,. This resuit was also indicated by the
FUTURE MODEL APPLICATIONS sensitivity analysis performed on the formation

mechanism alone. In the eastern part of the basin,
Potential uses of this model include control strategy  dowawind of the dairies. the situation may well be
determination for visibility improvement and the reversed, rssulting in a HNO, deficiency.
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An accurate description of ammonia emissions to the atmosphere of
the South Coast Air Basin is needed to support air quality models for
NHANO3 formation. Such a study has been completed for the year 1974,
and the principal results are summarized here. A grid system composed
of 5km x 5 km cells was superimposed on the South Coast Air Basin map
shown in Figure 1. Ammonia emissions were estimated within each grid
cell for the 53 classes of mobile and stationary source types listed in

Table 1.

Source tests show that trace amounts of ammonia are present in
the exhaust of both mobile and stationary combustion sources (Cadle and
Mulawa, 1980; Gentel et al., 1973; Harkins and Nicksic, 1967; Henein,
1975; Hovey et al., 1966; Hunter, 1971, Muzio and Arand, 1976; Wohlers
and Bell, 1956). Emission factors for ammonia release obtained from
these and oéher references were combined with fuel use data reported by
Cass (1978) to give.total NH3 emissions from autos, trucks, railroads,
shipping, plus industrial, residential and commercial fuel use. Within
each fuel use category, the NH3 emissions shown in Table 1 were
distributed spatially in the same manner as NOx emissions. A number of
industrial processes are known to emit ammonia (National Research
Council, 1979; Miner, 1969), including refinery operations, ammonia-
based fertilizer manufacturing, ammonia storage facilities,
refrigeration plants, chemical plants and steel mill coke ovens.
Estimates of NH3 emissions from industrial facilities were derived from

source test informaton and questionaires sent to individual companies.
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Biological décay processes also produce ammonia and the release
rates from a variety of soil surface types are avalable (Porter et al.,
1975; Elliot et al., 1971; Denmead et al., 1978; Denmead et al., 1976;
Miner, 1976). Using aerial photographs and maps available from the
U.S. Geological Survey (1976) the land use within each grid square was
summarized by type. Emissions from exposed land surfaces were
estimated within each square by matching emission rate data to soil

surface types.

Chemical fertilizers used in the air basin include ammonia, urea,
ammonium nitrate and ammonium sulfate. Depending on fertilizer type
and method of application, anywhere from a few percent to several
tenths of the nitrogen content may be lost to the atmosphere as ammonia
(Allison, 1966; Baker et al., 1959; Ernst and Massey, 1960; Gasser,
1964; McDowell and Smith, 1958; Stanley and Smith, 1955; Trickey and
Smith, 1955; Wahhgb et al,, 1957; Walkup and Nevins, 1966). The ammonia
loss characteristics of fertilizers were estimated by consultation with
a local agricultural expert (Meyer, 1981). Fertilizer use statistics
were obtained from the California Department of Food and Agriculture
(1974) and from the U.S. Bureau of the Census (1977). Chemical
fertilizer consumption, subdivided into cropland, orchard and non-farm
use, was combined with the ammonia loss data to compute total NH3
emissions. .

L2

Decomposition of livestock wastes is a major source of NH3

emissions. Animal inventories by county were obtained from the U.S.

Bureau of the Census (1977) and from state and county agricultural
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agents. Waste production rates, nitrogen content and ammonia
volatilization rates were estimated for each major commercial animal
type from previous studies (Adriano, et al., 1971; Adriano et al.,
1974; Fogg, 1971; Giddens and Rao, 1975; Lauer et al., 1976; Luebs et
al., 1973ab; Stewart, 1970; Taiganides and Hazen, 1966; Viets, 1971).
Emissions from range animals were distributed spatially in proportion
to pasture and herbaceous range land areas. U.S. Geological Surﬁey
(1976) maps were used to locate emissions from animals raised in
confinement (e.g. dairy cattle, feedlot cattle), NH3 losses from
domestic animals (cats and dogs only) plus human respiratiom,
perspiration and household cleaning chemicals were distributed in

proportion to residential land use.

The overall spatial distribution of NH3 emissions in the South
Coast Air Basin is shown in Figure 2., The largest spike in the NH3
diagram is centered over the town of Chino on the prevailing upwind
side of the city of Riverside, and results from the intensity of

livestock operations in that area. Details of the ammonia emission

inventory calculations are presented in the Appendix to this report.
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TABLE 1

Susmary of Ammonia Emissions By Source Category
in the Soutb Coast Air Basin

1974
SOURCE CATRGORY TOTAL EXISS1O0KS
(kg /day)
Stationary Fuel Combustion
Blectric Utility
Ratural Gas 590.0
Residual 0il 2000.0
Digester Cas 0.5
Refipery Fuel Burning
Batural Cas 160.0
Residual 0il 99.0
Refinery Gas 420.0
Industrial Puel Burning .
Satural Gas 610.0
Liquified Petroleum Gas (LPG) 4.0
Residusl 0il 150.0 s
Distillate 0il 140.0
Digester Gas 9.0
Coke Oven Cas 15.0
Besidential/Commercial Yuel Buruning
Matural Gas 270.0 R
Liquid Propane Gas (L®G) 4.0 anic
Residual 0il 62.0
Distillate 0il 73.0
Coal 20.0
wee gub totals w* 4626.5 (3.092)
Mobile Bource Fuel Combustiorn
Automotive anced
Bon-catalyst Autos and Light Trucks 3309.0 -
Mediux and Heavy Duty Trucks A4S .9
Diesel Vehicles 370.0
LPG for Carburetion 10.0
Civilisn Aircraft
Jet 150.0
Piston 2.9
Shipping
Residual 0il Boilers N 70.0 T
Diesel Ships 50.0 s
Railroad-Diesel 0il 90.0 inty
Military
Gasoline 10.0
Diesel 60.0
Jet Fuel $0.0
Residual 0il 0.8
0ff Nighway Vekicles 120.0
wwe gub totals v 4742.6 (3.172)
Industrial Point Sources 2070.0 (1.38%)
s
S0il Surface 23790.0 (15.91) rces
Fertilizer port
Pars Crop 2870.0
Orchards 23%0.0
Handling 380.0
Nov-farm 7420.0
eev gub totals v 13060.0 (8.722)
Livestock
Cattle ¢
Dairy 24390.0
Feedlot 6880.0
Range 12160.0
Borses 16220.0
Sheep 990.0
Rogs 250.0
Chickens 18200.0
Turkeys 1120.0
e gub totals % 80210.0 (S53.61) -
Domestic
Dogs 10350.0 N
Cats 3230.0 2 of
Sumsr Respiration 46 .0
Bumarn Perspiration 7000.0
Rousehold Ammonis Use 600.0
e gub totals T** 21226.0 (14.22)

*ws  Total bkl 149725.1 (100.02)
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TABLE A.5

Emissions from Industrial Process Sources

NH3 EMISSIONS

(metric tons/day)

Ammonia Storage 0.06
Refinery FCC Units 0.67
Refinery Waste Water Treatment 0.35
Steel Industry 0.23

Chemical Plants 0.76
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TAELE A.S8

Dry and Liquid Fertilizers for Farm Plus Non-Farm Use
(California Department of Agriculture, 1974)

FERTILIZER PARTITION
COUNTY TOTAL NITROGEN
(metric tons/yr) DRY‘® r1qUID(®
Los Angeles 7124 0.781 0.219
Orange 4619 0.751 0.249
Riverside 17614 0.445 0.555
San Bernardino ' 1984 0.919 0.081
Santa Barbara 7495 0.56  0.44
Ventura 7885 0.629 0.371

(a) Fraction of total N applied in liquid and dry form estimated
by summing N content of those liquid and dry fertilizers for
which nitrogen content data were given.
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TABLE A.9

Percentage of N Applied, Apportioned Between Farm and Non-Farm Use
(California Department of Agriculture, 1974)

FARM NON-FARM
COUNTY DRY(a) LIQUID DRY LIQUID
Los Angeles 36 10 42 12
Orange 48 16 27 9
Riverside 42 52 3 3
San Bernardino 69 6 23 2
Santa Barbara 52 40 4 4
Ventura 60 36 3 1

(a) Example: Fraction (farm N/total N) x fraction dry from Table A.8
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TABLE A.10
Fertilizer Nitrogen Applied
(Tons N/Yr)
DRY LIQUID
COUNTY FARM NON-FARM FARM NON-FARM

Los Angeles 2565 2992 712 855
Orange 2217 1247 739 416
Riverside 7398 528 9159 528
San Bernardino 1369 456 119 40
Santa Barbara 3897 300 2998 300
Ventura 4731 237 2839 79

Estimated by combining data of Tables A.8 and A.9
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TABLE A.11

Partition of Farm Fertilizer Use Between Crops and Orchards(a)
(From U.S. Department of Commerce, 1977)

% OF FARM FTERTILIZER

(METR?EYTONS/YR) (METR?éqgggS/YR) APPLIED ON CROPS

COUNTY CROP  ORCHARD CROP  ORCHARD % DRY ¥ LIQUID
Los Angeles 3503 2039 1353 357 63 80
Orange 3603 2672 1067 2032 57 34
Riverside 17041 9842 13210 2428 63 84
San Bernardino 1545 3473 156 218 31 42
Santa Barbara 12099 3214 6927 400 79 95
Ventura 13521 8870 2405 3815 60 39

(a) The Census of Agriculture (U.S. Department of Commerce, 1977) shows
lower total fertilizer applied than does the California Department
of Food and Agriculture (1974).
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TABLE A.12

Nitrogen Applied on Crops, Orchards, and Non-Farm Areas
(County Totals in Metric Tons/Year)

DRY LIQUID
COUNTY crop(a) ORCHARDS AND NON-FARM CROP(ibRCHARDS AND NON-FARM
ORNAMENTALS ORNAMENTALS
Los Angeles 1616 949 2992 570 142 855
Orange 1264 953 1247 251 488 416
Riverside 4661 2737 528 7694 1465 528
San Bernardino 424 945 456 50 69 40
Santa Barbara 3079 818 300 2848 150 300
Ventura 2839 1892 237 1107 1732 79

(a) Farm use split between crops vs. orchards and ornamentals using
crop percentages of Table A.ll applied to total farm use given in
Table A.10.
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TABLE A.13

Percentage of Land Use in Each County Located Within the Gridded
Inventory Map Area and Within the South Coast Air Basin

NON-FARM

COUNTY CROPLAND ORCHARDS FERTILIZED LAND®
Los Angeles 34 84 99
Orange 100 100 100
Riverside 53 43 74
San Bernardino 69 100 85
Santa Barbara 7 100 78
Ventura 95 100 100

(a) Estimated from percentage of county population living within the
air basin in 1975.
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TABLE A.l4

Fertilizer Nitrogen Applied Inside the South Coast Air Basin
(Metric Tons/Year)(a)

DRY LIQUID
_ ORCHARDS AND NON FARM ORCHARDS AND NON FARM
COUNTY CROP ORNAMENTALS CROP ORNAMENTALS
Los Angeles 549 797 2962 194 120 846
Orange 1264 953 1247 251 488 416
Riverside 2470 1177 391 4078 630 391
San Bernardino 293 945 388 35 69 34
Santa Barbara 216 818 234 199 150 234
Ventura 2697 1892 237 1052 1732 79
TOTAL 7489 6582 5459 5809 3189 2000

(a) Data of Tables A.12 and A.13 combined
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TABLE A.18
Summary of Animal Waste Data

o

ANTMAL MANURE TOTAL NITROGEN
ANIMAL SOURCE WEIGHT (TOTAL WASTE) EXCRETED
(kg) kg/head-day kg/head-day
Dairy Cattle Dale (1971) 680 49
Fogg (1971) 600 45 0.17
Luebs et al. (1973b) 0.18
Adriano et al. (1974) 0.19
Value Used ‘ 640 47 0.18
Beef Cattle Fogg (1971) 400 34 0.24
Peters & Blackwood (1977) 500 27
Taiganides & Hazen (1966) 450 29 0.17
Scholz (1971) 500 45
Value Used 450 32 0.21
Horses Fogg (1971) 450 25 0.22
Hogs Fogg (1971) 70 3.9 0.03
Muehling (1971) 70 5.5 0.038
Scholz (1971) 70 3.6
Taiganides & Hazen (1966) 45 3.2 0.023
Value Used 70 3.9 0.03
Sheep Fogg (1971) 45 1.8 0.018
Chickens Fogg (1971) 2 0.11 0.0014
Scholz (1971) 0.185
Taiganides & Hazen (1966) 2 0.11 0.0019
Value Used 2 0.14 0.0016
k taken in proportion to
Turkey hickens on body weight 5.5 0.39 0.0044

asls
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TABLE A.25

Summary of Ammonis Imissions By Source Category
in tbhe Soutb Cosst Air BResin

1974
SOURCE CATEGORY TOTAL EIMISSIONS
. (kg/day)
Statiosary Fuel Combustion
Electric Dtility
Batural Gas 590.0
Residual 0il 2000.0
Digaster Cas 0.5
Refinery Fuel Murning
Ratural Gas 160.0
Residual 0il 99.0
Refinary Gas 420.0
Iadustrial Fuel Burning
Natural Gas 610.0
Liquified Petroleum Gas (LPG) 4.0
Residual 0il 150.0
Distillate 0il 140.0
Digester Gas 9.0
Coke Oven Gas 15.0
fzcidential/Commercial Fuel Bugming
Ratural Cas 270.0
Liquid Propsne Gas (LFG) 4.0
Residusl Oil ’ 62.0
Distillate 0il 73.0
Cosl 20,0

e Lub totals wew

Mobile Sourcs Fuel Combustion

Automotive
Bon-catalyst Autos and Light Trucks
Mediue and Heavy Duty Trucks
Diesel Vebicles
LPG for Carburetion
Civilian Aircraft
Jet
Piston
Shipping
Residual 0il Doilers ¢
Diesel Ships
Railrosd-Diesel 0il
Militaty
Gascline
Diesel
Jet Fuel
Residual 0il
0ff Righway Vehicles

e gub totals vww
Iadustrisl Point Sources
80il Surface

Fertilizer
Fara Crop
Orchards
Randling
Roo-fars

¥ Sub totals wwe
Livestock

Cattle
Dairy
Peudlot
Range

Borses

Sheep

Nogs

Chickens

Turkeys

¢ gub totals wov

Dowestic
Dogs
Cats
Buman Respiration
Humar Perspiration
Bousehold Asmonis Use

¢ Sub totals "o

*es  Total e

4626.5 (3.092)

o« s v .

12
A742.6 (3.172)
2070.0 (1.381)

23790.0 (15.91)

2870.0
2350.0

0.0
7420.0

13060.0 (8.722)

26390.0
6820.0
12160.0
16220.0
990.0
250.0
18200.0
1120.0

80210.0 (53.61)
10350.0

3230.0

46.0

7000.0

600.0
21226.0 (14.21)

149725.1 (100.02)
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Chemical Mass Accounting of Urban Aerosol

Arthur W, Stelson and John H. Seinfeld*

Department of Chemical Engineering, California Institute of Technology, Pasadena, California 91125

8 A chemical mass accounting technique emphasizing the
importance of chemical speciation is developed for analyzing
atmospheric-aerosol data. The technique demonstrates that
total aerosol mass can generally be characterized from mea-
surements of SOy, Cl, Br, NO3, NH,, Na, K, Ca, Fe, Mg, Al,
Si, Pb, carbonaceous material, and aerosol water, the pre-
dominant species being SO4, NO3, NH,, Si, carbonaceous
material, and aerosol water. Since water is the major species
distributed between the gas and aerosol phases, the interre-
lation between water and electrolytic mass is explored. It is
shown that aerosol water is significantly correlated with
electrolvte mass. Calculated aerosol ionic strengths lie in the
region where the relative humidity/ionic strength relation is
most sensitive, thereby suggesting the importance of rela-
tive-humidity monitoring during aerosol sampling.

Introduction

The urban aerosol consists in general of a complex mixture
of ionic salts, metal oxides, glasses, carbonaceous material, and
water. Partitioning the aerosol into groups of materials with
similar physical and thermodynamic properties can simplify
the interpretation of experimental data and facilitate theo-
retical analysis. The main objective of this paper is to develop
methods for obtaining an accurate overall aerosol mass bal-
ance from the least number of measured quantities.

The urban aerosol usually exhibits a bimodal volume dis-
tribution (see Figure 1). The fine-particle mode generally
results from gas-to-particle conversion, whereas the coarse-
particle mode arises from mechanically generated particles.
The coarse mode is usually basic since the particles are formed
from basic materials such as soil, cement, and fly ash. The fine
mode can be neutral or acidic depending on the relative degree
of neutralization of acidic material. In the eastern United
States, the fine-particle mode in the urban aerosol generally
dominates the total mass, so that the net aerosol pH is likely
to be acidic, whereas Western aerosol has a greater tendency
to be basic (I, 3, 4). Because the nature of the atmospheric
aerosol depends strongly on its chemical speciation, it is im-
portant to be able to estimate its chemical composition based
on measurements of elemental composition.

The atmospheric aerosol can be considered to consist of five
major classes of constituents: ionic solids, electrolytes (dis-
solved ionic species), carbonaceous material, metal oxides and
glasses, and water. An equation expressing this relation is

TSP =3 5 MO}l + Z [E} +
i i

T [CMj] + T [1] + [H:0] (1)

where TSP = total suspended particulate matter (ug m™3),
[M;0;] = mass concentration of metal oxide or glass (ug m~3),
[E;] = mass concentration of electrolyte i (ug m~3), [CM;] =
mass concentration of carbonaceous material i {(ug m=3), [Ii]
= mass concentration of ionic solid i (ug m~3), and {H,0] =
aerosol water concentration (ug m~3). Electrolytes are dis-
sociating ionic substances dissolved in water, whereas ionic
solids are undissolved electrolytic material. Carbonaceous

- material refers to carbon-containing species, present as ele-

mental carbon or organic or inorganic compounds. Metal ox-
ides and glasses refer to oxidized elemental species, such as
those present in soil and cement dust and fly ash. The water
content refers to “free” water unassociated with hydrated
salts.

The object of this paper is to show that, by making as-
sumnptions about each term on the right-hand side of eq 1, one
can calculate the total suspended particulate mass concen-
tration on the basis of conventional aerosol measurements.

From an accurate aerosol mass accounting, several impor-
tant issues can be explored: (1) the possibility of biased
total-mass measurements through alteration of the aerosol
between sampling and analysis, (2) the relation between
measured electrolyte mass-to-water ratios and solubilities of
atmospherically significant electrolytes, (3) the aerosol ionic
strength and possible dependence of aerosol water content on
the prevailing relative humidity, (4) the net aerosol pH, and
(5) the relative importance of different aerosol fractions—
electrolytic, metal oxide and glass, carbonaceous, and aque-
ous—to the total aerosol mass and the possible interrelation
between different fractions. Each of these issues will be
evaluated and discussed with particular reference to the Los
Angeles aerosol.



ACHEX

One of the most detailed urban aerosol studies involving
chemical analysis was the California Aerosol Characterization
Experiment (ACHEX) (5). Ambient atmospheric aerosol was
deposited on high-volume filters (Whatman 41) and analyzed
for many chemical species. In addition, 8-gauge, waterometer,
and total-filter (47-mm Gelman GA-1 and Ge}man A) mea-
surements were performed. During some sampling periods,
the aerosol carbonaceous material was analyzed (6). From the
ACHEX data, 6 days are chosen for individual mass-balance
analyses. More sampling periods would have been desirable,
but these days were the only ones in which the aerosol was
chemically analyzed for the major inorganic species, water,
and carbonaceous material, in addition to continuous total-
mass measurements. Even for these 6 days, the aerosol water
content was not measured throughout the high-volume-filter
sampling period. In Table I the sampling times and locations

are summarized. Only at West Covina, CA (TC), did the-

aerosol water concentration and high-volume-filter sampling
times totally overlap. Since the waterometer measurements
overlapped the majority of the high-volume sampling period,
it will be assumed that the time-averaged aerosol water con-
centration over its sampling time typifies the time-averaged
aerosol water concentration over the total high-volume-filter
sampling period.

The ACHEX ambient atmospheric aerosol high-volume-
filter samples were analyzed for many chemical species. When
only the major species, SOy, Cl, Br, NO;3, NH,, Na, K, Ca, Mg,
Al, Si, and Pb, were considered, greater than 90% of the
measured moles, excluding water and carbonaceous material,
were accounted for. Therefore, the major species will only be
considered in this study. Equation 1 will be modified as

~

: M T eTotal Futer (11— T
* Samoi.ng ettectliveness for o high .
volume 30mper perpendicuidr oe c:‘”' I’:‘ =
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Figure 1. Time-averaged normalized aerosol volume distributions and
sampler upper effective size limit (7, 2, 5). (See Table | for aerosol
volume distribution sample code definition.)

92
TSP =3 ¥ MO + T [E] + T [CM]] +

T[]+ [H0] + T [Nj] (2)

where [N;] is the concentration of minor specie i (ug m™3). In
Table II the sum of the minor species for the ACHEX datais
listed. We see that this term is less than 1% of the total for the
6 days.

A basic object of this paper is to attempt to reconcile TSP
measurements with eq 2 by studying the means of estimating
the contributions of each of the terms on the right-hand side
of eq 2. Although we focus on the ACHEX data, the tech-
niques to be discussed will have general applicability. To
evaluate the terms on the right-hand side of eq 2 other than
Z[N;], one must make assumptions about the chemical form
of the different species. Each term and the assumptions
needed in evaluating each will now be discussed. Then, the
right-hand side of eq 2 will be evaluated theoretically and
compared with the total suspended particulate measurements
from ACHEX.

Aerosol Compunents

Tonic Solids. Measurements of ionic-solid concentrations
present difficult problems. In the measurement of the ion
concentration in an aerosol, the filter is washed with a solvent
and the ion concentration in the solvent is measured. Using
this procedure, it is impossible to tell whether the ion was
present in an ionic solid or an aqueous solution. Indirectly, the
presence of ionic solids can be inferred. If the ambient relative
bhumidity is less than the deliquescent humidity of the ionic
solid, then it can be assumed that the salt is present as a solid.
An additional check can be invoked if the solid is volatile, for
example, NH,NOj (7). The gas-phase concentrations of the
precursors can be measured along with the temperature, and,
if the calculated equilibrium coefficient matches the theo-
retical equilibrium coefficient for the ionic solid, it is assumed
that the ionic solid is present. Both indirect methods fail if
solid or supersaturated solutions are present.

For our analysis, it will be assumed that the ionic- solld
concentration is zero. If the calculated ionic strength of the
electrolytic aerosol solution is unreasonably high, then a
correction must be made for the presence of ionic solids. For
the mass accounting, it is immaterial whether the ionic-solid
material is treated as an ionic solid or an electrolyte.

Metal Oxides and Glasses. The major elements possibly
occurring in the form of oxides and glasses are Al, Ca, Fe, Si,
Mg, Pb, K, and Na. When one follows the approach of Macias
et al. (8), the chemical form of these elements can be assigned
(see Table III). The majority of the oxides listed in Table III
are known to be formed in combustion processes (9, 10). Ad-
ditionally, Biggins et al. (11) have identified Fe03, Als03, and

Table I. ACHEX Sampling Time and Location Summary (5)*

high-volume total-fiter - waterometer
sampile (HVM) (TF, TV) Bgauge (8) (H20)

site code date sampling period sampling period sampling period sampling period
Dominguez Hills, CA WK 10/4-10/5/73 2100-2105 2100-2100 2100-2100 2115-1515
Dominguez Hiils, CA WL 10/10-10/11/73 2100-2100 2100-2100 2100-2100 . 0000-1800
Rubidoux, CA vd 9/24-9/25/73 2300-1802 2300-1801 2300-1900 0400-1900
West Covina, CA TC 7/24-7/25/73 2320-1605 2300-1600 2300-1600 2300-1600
West Covina, CA D 7/25-7/26/73 0500-1826 0500-1800 0500-1600 0445-1545
Waest Covina, CA TE 8/8-8/9/73 2100-2100 2100-2100 2100-1800 2200-1400
# HVM = total mass from Whatmnan 41 8 X 10 in. high-volume fitter (ug m™3). IF = time-averaged ‘otal mass from Gelman GA-1, 47-mm fitters (ug ™), TV

= time-averaged total mass from Gelman A, 47-mm filters (ug m~2). § = time-averaged total mass from 3 gauge (ug m™3). ;0 = time-averaged total water con-

centration from waterometer (ug m™3).
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Table 1l. Summary of Measured and Calculated Los Angeles Aerosol Concentrations (5) *

matal oxide and giass concn., ug m™3

sampie [At203] [Fe203] [8102] [PbO) (ca0] [Mg0] [x20} [{Ma20]
WK 49 22 143 1.2 1.8 2.6 0.7 5.5
WL 3.8 2.8 13.4 4.0 2.4 1.8 0.7 3.0
vJ 8.6 5.9 28.5 0.8 4.1 1.9 1.7 1.5
TC 8.2 52 27 .4 4.0 3.4 -3.0 1.4 5.3
TD 6.4 3.7 19.8 3.2 2.8 1.8 1.0 3.9
TE 47 2.6 16.5 22 1.9 1.9 0.9 34

slectrolyts concn. ug m~3

sample  [Cl] [NO3] [Be] [NHy) [Na) (804) (Po) [Ca] [x) (Mg] {u} Wy [oWY
WK 0.3 0.9 0.2 6.7 4.1 314 1.1 1.3 0.6 1.6 0.3 13
WL 1.2 7.3 1.2 3.1 2.2 4.2 3.8 1.7 0.6 1.1 0.1 3.8
vd 0.7 11.8 0.1 4.7 1.1 2.0 0.7 29 1.5 11 0.2 23
TC 0.6 9.9 0.7 9.5 39 26.3 3.8 2.4 1.2 1.8 0.5 0.1
D 0.9 12.0 0.5 8.1 29 16.6 2.9 2.0 0.8 1.1 0.4 0.1
ITe 0.7 7.2 0.4 3.2 25 6.5 2.1 1.4 0.7 1.2 0.2 1.5

summations, ug m—3

samole Z M0y T Mo)f Zimil ZiE)] ZE) Zdnil Zicwm) {Hz0]
WK 33.2 21.4 11.4 39.8 495 0.7 18.7 54.2
WL 31.9 20.0 10.8 17.1 30.2 0.8 16.4 249
VJ 52.9 43.0 235 19.5 28.9 0.7 8.0 34.5
1C §5.9 40.8 22.0 47.5 60.2 1.4 29.8 75.2
™ 42.6 29.9 16.1 38.5 47.9 1.1 1.7 74.4
TE 34.1 23.8 12.7 18.2 27.4 0.8 10.8 29.7

# [A] = mass concentration of specie A, [H] = hydrogen concentration caiculated from electroneutrality when xpy = 0, Xco =0, Xna = 0, Xk = 0, and Xy =
0. [H]’ or [OH]" = hydrogen or hydroxy! ion concentration when Xey = 1, Xca = 1, Xna = 1. Xx = 1, 80d Xug = 1. 2.Z,[M0Q)] = sum of metal oxide and glass con-
centrations when Xem = 0, Xce = 0, Xna = 0, xx = 0. and xug = 0. Z,Z,[MO;}’ = sum of metal oxide and glass concentrations when xe, = 1, Xeg = 1, Xag = 1,
xx = 1.and xug = 1. Z.|M;] = sum of metal oxide and glass forming elements assuming no oxygen ispresentand xp, = 1. Xca = 1. Xna = 1. Xk = 1, 80d Xg =
1. Z,[E,] = sum of electrolyte concentrations when xey, = 0, Xca = 0. Xna = 0, 2x = 0, and Xug = 0. Z\[E)’ = sum of electroiyte concentrations when Xey, = 1,
Xca =1, Xna = 1. X = 1, and xug = 1. Z4[N,] = sum of minor species concentrations. Z,[CM)] = sum of carbonaceous material.

Table ill. Aerosol Metal Oxides Table IV. Equilibrium Analysis of Hydroxide Formation
element oxide torm slement oxide form free energy of formation data ( 72)
Al Al2O; Mg MgO* species  AG°zes, keal/{ig-mol)  species  AG°39s. keai/(g-mol)
Ca <F>a%' PN!; PNt;OO_ Ca0(s) ~144.4 PbO(S) —45.25,% —45.05*
Fe [Pl 2 1 -— _—
Si Si0, K K,0* Ca(OH)a(s) ) 214.33 Pb(OH)(s) 100.6
. MgO(s) —-136.13 H20(g) ~54.64
Assumed. Mg(OH)2(s) —199.27
oxide reactions with water
8i02 in roadgide aerosol. The presence of Ca0, MgO, and PbO reaction AG° 288 keal/(g-mol)  Phugon 8tm
can be examined from considerations of chemical equilibrium.
Equilibrium constants for the reactions of Ca0, MgO, and CaO(s) + H,0(g) = Ca(OH){s) —15.29 6.0 X 10—12
PbO with water are given in Table IV. The equilibrium anal- MgO(s) + H20(g) = Mg(OH)(s)  —8.5 . . 6.0 f 10:’
ysis indicates that CaO and MgO should readily react to form PBO(s) + HO(g) = Pb(OH)zs) ~ —0.71,%—0.91° 03,%0.2
Ca(OH), and Mg(OH),, whereas the PbO should not. Na,O 2 Rad form. ® Yellow form.

should readily react with water to form NaOH, and K,0
should react similarly to CaO and MgO to form KOH. Biggins
et al. (11) have measured Pb3Oy in roadside dust in addition M¢gO, Na,0, K20, and CaO could exist in the atmospheric
to elemental lead, lead sulfates, lead carbonates, and lead aerosol in solid solutions with SiOg, Al;O3, and Fez03 in soil
hydroxides. The assumed form of lead, e.g., Pb3O4, PbO, or dust or rock flour. The ability to remove these elements by
Pb, will not substantially affect the mass balance because of forming hydroxides depends on particle size, rock structure,
the high molecular weight of lead. We will assume lead to exist and the acidic nature of the leaching agent. Goldich (14)
as PbO. Reiter et al. (13) have measured insoluble Ca0, in measured the weathering loss in sedimentary rocks and ob-
disagreement with the pure thermochemical analysis. tained the following ordering: Na,0, Ca0, MgO, K20, SiO2,
Ca(OH)s; has a solubility similar to that of CaO, as shown in Al,Og3, and iron, where NayO is the easiest to remove and iron
Table V. Thus, the insoluble CaO reported by Reiter et al. (13) is the hardest. This ordering supports the preceding ther-
could be Ca(OH),. MgO, Na,0, and K20 have not apparently modynamic and qualitative discussion. An additional calcu-
been identified in tropospheric aerosol. lation supporting the weathering ordering is obtained by using
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Table V. Solubility of Inorganic Salts

metal oxides and glasses solublitty, # /100 g of H20 rof

Si0, insoluble in H0 12

Al,0; insoluble in H,0 12

Fes03 insoluble in H,0 12

Ca0 0.131%°, decomposes 12
electrolytes solublity, # 9/100 g of H20 ret
NaOH 113.225 27
KOH 1122 28
NH,OH soluble 12
Mg(OH), 0.0009'¢ 12
Ca(OH). 0.1622° 27
Pb{OH), 0.0155%° 12
NaNO3 91,7925 27
KNO3 31.620 28
NH.NO3 19220 12
Mg(NO3), 128.220 27
Ca(NO3); 13825 27
Pb(NO3)2 59.62% 27
Na,SO, 27.825 27
NaHSO, 28.625 12
K280, 1225 12
KHSO, 51.420 28
(NH4)250, 76.92% 27
MgBr, 101.52¢ 12
CaBr, 14220 12

* For example, 0.131'° means a solubility of 0.131 g/100 g of H,O at 10 °C.

metal oxides and glasses solubliity, # g/100 g of H20 ret
Na,O decomposes 12
MgO 0.00863° 12
PO 0.002322 12
K20 very soiuble 12
electrolytes solublitty, # 9/100 g of HZ0 ref
NaCl 35.9125 27
KCl 34.720 12
NH,CI 39,525 27
MgCi, 54,2520 12
CaCl, 81.928 27
PbCl, 1.0825 27
NHHSO, 28828 29
MgS0, 44,520 12
CaSoO, 0.29820 28
PbSC, 0.00425% 7
H2S0, ® 12
HNO, ® 12
HC! 69.425 18
HBr 19820 28
NaBr 90.520 28
KBr 65.220 28
NH,Br 9725 12
PbBr, 0.85%0 28

Clarke and Washington's (15) average composition of igneous
rocks. Using the measured aerosol SiO; concentrations and
the appropriate metal oxide-to-SiO, ratios calculated from
Clarke and Washington’s analysis, one can calculate the
amounts of CaO, Na;0, MgO, and K;0. The calculated K;0
concentrations agree within 6% of measured K20 concentra-
tions, whereas the calculated and measured Ca0, MgO, and
Na-O concentrations differ by greater than 40%. Thus, it
seems that KO originates from soil dust and that the CaO,
MgO, and the Na2O come from preferentially enriched
sources, i.e., sea salt, cement dust, or fly ash. In light of the
possibility that Pb, Ca, Na, K, and Mg are in either the glass
and metal oxide or electrolytic phases, the metal oxide and
glasses mass balance can be written as

S ¥ [MO)] = (1 - zpy) ’”I{;"O (Pb] +
) Pb

MCn
(1 an) M

0 [Ca] + (1 = 2pp) Mwmso Mg} +
My

_ .oy Mk0 _ Mnao
(1 —xK) Me (Kl + (1 —xna) Mr [Na] +

Mre0, M a0, Msio; ;a:
F + 4 —2
Mo, [Fe] (A1) Ms, [Si] (3)

2M a1

where M, is the molecular weight of species A and xpy, XCa,
XK, XNa, and xw, are the fractions of Pb, Ca, K, Na, and Mg,
respectively, in the ionic-solid or electrolytic form. Determi-
nation of xpp, XCa) XK, XNa, and xmg could be based on a
chemical-source balance. Even if the source signature is
known, determination of the chemical form may be difficult.
For example, Pb resulting from automobile exhaust may ei-
ther be electrolytic or not depending on the fraction of Pb
emitted as PbO or Pb vs. halogenated forms. In our analysis

874 Environmental Science & Technology

we will examine the two extremes: xpp = Xcy = XK = INa = I Mg
=1,and xpp = XCa S XK = XNy = TMmg = 0.

Electrolytes. An expression for the electrolvte mass of the
atmospheric aerosol, i.e., ionic species dissolved in water, is

T [Ei] = [SO4] + [Cl] + [NOs] + [NH,] +

[Br] + xpy[Pb] + xc,[Ca}] +
2k (K] + xna[Na] + xpmg[Mg] + [H] + [OH] (4)

The [H] or [OH] must be calculated on the basis of electro-
neutrality. If the aerosol is acidic, then [OH] may be neglected
and

[H] = MHIZ[SOJ/MSQ. + [Cl]/Mc] + [NOg]/MNo3 -
[NH4)/Mnh, + [Br}/MB, = xna[Na}/Mng — 2k [K])/My —
2xpb[Pb]/Mpp, — 2xca[Cal/Mca — 23 mg[Mgl/Mugl  (5)

If {H} < 0 from eq 5, then [OH) = —Mou[H]/My. Of course,
eq 5 is an expression for the net acidity. Actually, the tropo-
spheric aerosol would likely contain a mixture of acidic and
basic particles (16).

Water. Ho et al. (17) have shown that the aerosol water
content varies diurnally. Since the ACHEX chemical com-
position measurements were time-averaged, the aerosol water
concentrations as measured by the waterometer were time-
averaged. Since the average aerosol water concentrations were
determined by integrating waterometer measurements, no
assumptions were made concerning the amount of water on
the filter material; i.e., the aerosol water is not assumed to be
equal to the unaccounted mass on the filter as is typically
done.

Carbonaceous Material. The carbonaceous fraction of the
total aerosol mass must typically be estimated since carbo-



naceous aerosol concentration measurements are very limited.
Interpretation of existing carbonaceous-material measure-
ments is complicated by the different organic carbon extrac-
tion efficiencies of solvents and the mutual extraction of in-
organic nitrates by polar solvents (18, 19). Therefore, a cal-
culation procedure must be devised that utilizes existing data
to obtain values reflective of the actual carbonaceous-material
loading. :

Pierson and Russell (20) calculated for Denver a linear
relation between the aerosol carbon, [C], and lead, [Pb], con-
centrations.

[C] = (5.84 + 0.34)[Pb] — 0.85 £ 0.97 ygm=3  (6)

In Figure 2 this correlation is compared to data for aerosol lead
and carbon measurements. The Los Angeles and Denver
trends are similar except that, as [Pb] — 0, the Los Angeles
data approach 10 pgC m=3. The combined Los Angeles, San
Jose, and Los Alamitos data indicate that eq 6 overpredicts
the aerosol-carbon loading at high lead concentrations.

An additional correlation between total carbonaceous
material and lead can be derived by utilizing data of Grosjean
et al. (23), who reported an average noncarbon-to-carbon ratio
of 0.37 in the organic aerosol fraction for 2 days in 1973 at
Pasadena, CA. (The noncarbon material is nitrogen, oxygen,
and hydrogen associated with carbon in organic molecules.)
Thus, the total carbonaceous aerosol mass loading, Z;{CMj],
can be approximated by multiplying the Pierson and Russell
correlation by 1.37

T [CM|] = (8.02 £ 0.47)[Pb] - 117 £ 1.33 ugm™2 (7)

In Figure 3 this correlation is compared with ACHEX aerosol
lead and carbonaceous-material estimates using the data of
Appel et al. (6). The CH;0H-CHCl; extractables were cor-
rected for the solubilization of ammonium nitrate by assuming
that all of the nitrate measured was ammonium nitrate and
subtracting the value obtained from the CH;0H-CHCI; ex-
tractables. Subsequently, the CH;OH-CHCl;-extracted
carbon value was subtracted from the total CH;OH-
CHCl;-extractable mass. This procedure led to negative mass
concentrations in 7 out of 11 cases. To check the extreme case,
we subtracted the sum of the nitrate and CH30H-CHCl;-
extractable carbon loadings from the total CH;OH-CHCl;-
extractable mass. This procedure led to negative values in 3
out of 11 cases. Therefore, either all of the nitrate must not

T T T T 1 t 14
LEW!S 8 MACIAS (21)- CHARLESTON, WV
PIERSON B RUSSELL (20)- DENVER, COL
MIOY ET AL (5)8 APPEL ET AL (6)- LOS ANGELES, cA®
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¢ O @0 Db O
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{Pb] pg m3
Figure 2. Relation between aerosol carbon and aerosol lead: (a) Pb from
Whatman 41 high-volume filter; (b) time-averaged Pb from 47-mm
Gelman GA-1 tilters; (c) Pt from 47-mm Fluoropore filter; (d) Pb from
Spectrograde high-volume filter. Solid lines: minimum and maximum
of Pierson and Russell (20) correlation.
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have solubilized in the CH30H-CHCI; solution or some
measurement error must have been present. Thus, the points
plotted in Figure 3 represent the minimum aerosol carbona-
ceous material. As can be seen, the Los Angeles data are not
well correlated with eq 7.

The correction for aerosol nitrate in the CH3;OH-CHCl;-
extractable mass is significant and can be shown by the fol-
lowing approximation:

[NO3] = (Mno,/MnuNoy) X
{CH30H-CHCl3-extractable mass] X
(1 — [carbon fraction}[carbon + noncarbon fraction]/
[carbon fraction])
[NO;] = §2/gp [CH;0H-CHCl3-extractable mass] x
(1 — 1.37[carbon fraction]} (8)

assuming nitrate is present as ammonijum nitrate and that the
CH;0H-CHC);-extractable mass has the same noncarbon-
to-carbon ratio as that measured by Grosjean et al. (23) for
the organic aerosol fraction in Pasadena. The total noncar-
bon-to-carbon ratio of Grosjean is similar to those measured
by Cukor et al. (24) and Ciacco et al. (25) in New York City.
Based on their data for chloroform, 2-propanol, and methanol
extractions, calculated noncarbon-to-carbon ratios varied
between 1.36 and 1.49. Therefore, the total organic noncar-
bon-to-carbon ratio of Grosjean should approximate that in
the CH;OH-CHCl;-extractable mass. In Figure 4 nitrate
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Figure 3. Relation between aerosol carbonaceous material and aerosol
lead: (a) Pb from Whatman 41 high-volume filter; (b) time-averaged Pb
from 47-mm Gelman GA-1 filters.

50 T T
’I, a0+ -
E
o
L
W
= 30} —
[
x
=
Zz
8 20} -
o
>
wn
-4
[
20 . h
[MEASURED NITRATE] =
1.02 [CALCULATED NITRATE]
+ 1,96 (r=,986)
olL_* ] ] ] !
o 10 20 30 40 50

CALCULATED NITRATE, ug m3

Figure 4. Measured nitrate vs. caiculated nitrate. Solid line: linear
least-squares fit 1o data.
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values calculated from eq 8 are compared with the measured
values of Hidy et al. (5).

Mueller et al. (26) measured aerosol carbonate carbon in
Pasadena, CA, and determined it to be consistently less than
5% of the total carbon present. In light of the previously dis-
cussed inaccuracies, the carbonate fraction of the aerosol will
be assumed to be negligible.

In summary, the total carbonaceous aerosol concentration
can be estimated from the sum of the benzene- and
CH3;OH-CHCl;-extracted mass minus nitrate as ammonium
nitrate plus the estimate for the maximum elemental carbon
aerosol loading of Appel et al. (6). The carbonaceous aerosol
concentration as calculated by the above procedure should
generally reflect the atmospheric carbonaceous-material
loading and is the best obtainable using the existing data.

Aerosol Mass Accounting

Table 11 presents a surnmary of the data used for the mass
accounting calculation. The calculated and measured total-
mass data are summarized in Table V1. In Table VI, M, is the
total mass calculated by assuming xpp, =0, xca = 0, 2k = 0, XNa
=0, and xmg =0, and My is that when xpp, =1, xca = 1,2k =
1, xne = 1, and xp,; = 1. M3 is the calculated total mass as-
suming that the total mass is the sum of the measured species.
Thus, no assumptions are made concerning chemical specia-
tion in the calculation of M3.

All three mass calculation procedures (M, Mz, M3) yield
similar values but disagree with the total-mass concentrations
calculated from the 8 gauge, total filters, and high-volume
filters. To evaluate the trend among these seven variables, M,
My, M3, 8, TF, TV, and HVM, we performed a least-squares
analysis between all pairs (see Table VII). (VJ was omitted
from the least-squares analysis since a TV measurement was
not performed.) All measured and calculated total suspended
mass techniques correlated significantly. A notable feature

96
seen in the results in Table VII is that the 8-gauge measure-
ments are consistently lower than the other calculated and
measured total-mass concentrations. (Possibly the instrument
gain was set too low.)
The mass ratio, S, of electrolytic material to water can be
calculated by
S= (Z [E;]/HQO) X 100 g/100 g of H20 9)
1
Calculated values of S are listed in Table VIII for the two
extreme cases of the distribution of Pb, Ca, K, Na, and Mg
between the metal oxide-glass subset and the electrolyte
subset. The values calculated for S and S’ are within the
typical range of solubilities of electrolyte materials listed in
Table V. Since the calculated mass ratios vary between 50 and
125 g/100 g of Ho0, it can be inferred that the electrolyte
portion of the atmospheric aerosol at these sampling locations
is dominated by soluble sulfates, nitrates, and chlorides. The
chemical analysis summary shows the dominance of nitrate
and sulfate (Table II). Ochs and Gatz (30) recently measured
the fraction of water-soluble material in particles of >4.6-um
radius as ~0.3. Using data from Tables Il and VI, we compute
the soluble fraction in the Los Angeles aerosol to lie between
0.15 and 0.35. Older Los Angeles aerosol data of Cadle (31) list
water and volatile organics as 0.15 of the total aerosol mass,
with a water-soluble fraction of 0.15.
The ionic strength of the aerosol solution can be calculated
by
I = (1000/2H;0) (Z z?[Ei]/Mi) (10)
where M, is the molecular weight and z; is the charge of species
i. Calculated values of I are listed in Table VIII for the two
extreme cases of the distribution of Pb, Ca, K, Na, and Mg.
The range of ionic strengths at each sampling location is
compared with the ionic-strength dependence of water activity

Table VI. Calculated and Measured Total Mass (ug m~3) (5)

sample My M2 M3 8 ¥ ™ HVYM
WK 146.6 1445 133.8 105.7 1135 127.7 148
wL 91.2 92.4 82.4 77.7 101.5 107.5 114
vJ 115.6 115.1 96.0 85.8 160.9 211
TC 209.8 207.4 192.0 173.1 210.9 215.4 241
™ 168.3 165.0 153.9 137.8 176.9 176.0 194
TE 93.6 92.5 82.3 87.1 101.0 113.4 123
Table VII. Least-Squares Analysis of Measured and Calculated Total Mass
M4 M2 M3 3 w ™ least squares parameters *
HVM 0.974 0.975 0.972 0.999 0.986 0.997 r
0.929 0.905 0.867 0.738 0.933 0.870 m
-10.4 -8.1 -13.3 —4.8 —12.3 5.4 b
B 0.976 0.977 0.974 1.00 0.981 0.995 r
1.26 1.23 1.18 - 1.00 1.26 1.18 m
—-46 -2.4 -7.9 0.0 -55 —11.4 b
IF 0.935 0.936 0.933 .0.981 1.00 0.995 r
0.941 0.918 0.879 0.766 1.00 0.918 m
9.4 11.1 5.1 8.5 0.0 18.9 b
v 0.955 0.956 0.952 0.995 0.995 1.00 r
1.04 1.02 0.974 0.842 1.08 1.00 m
—125 -10.2 -15.2 —-8.3 -19.0 0.0 b

# r = correlation coefficient; m = slope; b = intercept.
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culated Electroiyte-to-Water Mass
ic Strengths for Los Angeles Aerosol *

5 & 1 r

3.4 91.3 18.6 22.2
.7 . 121.3 14.2 259
5.5 ¢ 83.8 8.0 16.5
3.2 80.1 13.4 15.4
.7 64.4 10.0 11.5
;.3 92.3 11.6 18.3

assratioMrenxm=D.x¢.=O.x..=0.&(=0.&ldx..,
S’=calculatedmassratiomnxn=1.x¢.= 1, Xpg =
1,g/1OOgolH20.I=imicstrengﬂnwhenh=0.x¢-‘=
" Jag = 0, Mol/ 1000 g of H,0. / = ionic strength when
A 1, and xug = 1, mol/ 1000 g of H,0.

olytes at 25 °C in Figure 5. All of the calcu-
‘ths are in the region where the relative hu-
‘ngth variation is strongest, indicating the

prevailing relative humidity and the aerosol
1 determining the atmospheric aerosol water

1 pH was calculated for both extreme dis-
Ca, K, Na, and Mg (see Table II). Samples
the only ones that were definitely acidic,
+» VJ, and TE could be basic or acidic. Al-
1(4) measured net basic aerosol pHs in Los
rements and those reported in ACHEX (5)
1g quite different experimental techniques
ifferent cutoff diameters. Since the coarse
»asic and the fine mode acidic, a lower cutoff
ver net pH. Combining the coarse and fine
id to sampling errors (35).
-gla== electrolyte, carbonaceous, and water
1al rtance in the total aerosol mass (see
ninance of different fractions at different
pling periods is evident. In sample VJ the
fraction was largest, and in WK, TC, and
:tion predominated. In TE and WL the
- evenly distributed among the metal
slytic, and water fractions.
trolytic mass and the aerosol water con-
I correlated, indicating the presence of
ns (see Figure 6).

‘easurement Techniques

1t experimental questions need to be con-
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Landis’ Figure 3 shows that B-gauge measurements are con-
sistently lower than or equal to the total filter measurements.
If the instrument responded to high relative humidity and had
a response greater than the manufacturer’s calibration for
atmospheric aerosol, the filter-sample data should be less than
the 3-gauge measurements. Since the measured effect is the
opposite of the calibration results, some inconsistency exists.
Therefore, the 8-gauge measurements were not considered
in error and have been compared here to other mass mea-
surement techniques.

Shown in Figure 7 is the initial filtration efficiencies of
different filter materials vs. face velocity. The most recent
data of John et al. (39) show that the efficiencies of Gelman
GA-1 and Gelman A should be greater than 99% over the op-
erating range of interest for a polydisperse room aerosol. Even
though the data indicate higher efficiencies than those found
by Appel et al. (40), the maximum discrepancy would account
for an error of only 5%. The data for Whatman 41 filters do not
agree as well with the other data in Figure 7. These differences
can result from filter maturation, material construction
variation, and different particle concentration measurement
techniques. Since the filtration efficiency curves for Whatman
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41 are lower than the curves for Gelman GA-1 and Gelman A,
the effect of filtration loss must be evaluated. Lindeken et al.
(43) and Stafford et al. (42) measured the increase in filter
efficiency for Whatman 41 as a function of time. Using their
data and making very conservative estimates, one can estimate
the maximum error due to the initial filter inefficiencies as 1%
for all samples. When one considers that the average standard
deviation error of the three filter total suspended mass mea-
surement techniques is 8%, initial filtration inefficiency dif-
ferences cannot be the major source of error.

Shown in Figure 1 are the time-averaged normalized aerosol
volume distributions for four sampling periods. Also, shown
in Figure 1 are the sampler cutoffs for sampling in stagnant
air (1). The value for the high-volume sampler is a more recent
one than that reported in ACHEX (i.e., 60 um). Wedding et
al. (2) measured the sampling effectiveness of a high-volime
sampler perpendicular to a 10.2 mi/h wind. Figure 1 shows
that the presence of wind can significantly affect the fraction
of the coarse mode sampled. Since the wind effect on the
sampling efficiency of the total filter setup or the B gauge has
not been measured, it is assumed that wind affects all samplers
similarly. Thus, the ambient aerosol should not be signifi-
cantly preferentially measured by any sampler.

The filters used in ACHEX were equilibrated to 55% rela-
tive humidity and 25 °C as preseribed by NASN procedures.
Tierney et al. (44) and Demuynck (45) showed that glass-fiber
filters lose their adsorbed or absorbed water when equilibrated
to NASN conditions. Demuynck demonstrated that Whatman
41 cellulose filters irreversibly absorb water. When De-
muynck’s data and the ratio of filter surface areas are used,
this interference would amount to 107 pg m~3 for a 24-h
high-volume filter. In Table VI, HVM is consistently higher
than TV, verifying the irreversible absorption of water by
Whatman 41. The cellulose triacetate filters did_not irre-
versibly absorb water, as seen by comparing TF and TV values
in Table VL. Whether the filter drying process removed water
from the aerosol is very important. Table IT and VI show that
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the aerosol contains between 20 and 45% water. If the water
is removed, then 20—45% of the aerosol mass is unaccountable.
This fraction is unreasonably high; therefore, only the loosely
held absorbed water on the filter surface is removed by the
initial drying. Whether the aerosol is a supersaturated solution
or more dilute cannot be determinined from existing data.

Corrections for artifact nitrate and sulfate were not per-
formed since assigning a correction would be somewhat ar-
bitrary with current knowledge. Maximum artifact values can
be calculated from the results of Appel et al. (22). The maxi-
mum artifact sulfate would be ~2 ug m~3 and nitrate would
be ~26 ug m=3 (10 ppb 24-h average HNO;(g) concentration)
for Whatman 41 high-volume fiiters. The measured sulfate
values used in this study were consistently above 2 ug m=3,
whereas the nitrate values were below 26 ug m~3 (see Table
II). Thus, the suifate data are presumed to be more accurate
than the nitrate data, but no measured values were corrected
since assignment of corrections could not be quantitatively
performed. Recent work by Appel et al. (46) indicates that
positive and negative nitrate artifacts exist, making correc-
tions even more difficult to assign.

Conclusions

The foregoing analysis demonstrates several important
points concerning mass accounting, the presence of electrolytic
solutions, and aerosol pH.

Mass Acccounting. A reasonably accurate mass balance
for the Los Angeles aerosol has been obtained from mea-
surements of SQ,, Cl, Br, NO3;, NH,, Na, K, Ca, Fe, Mg, Al,
Si, Pb, carbonaceous material, and aerosol water, the pre-
dominate species being SO,, NO3, NH,, Si, carbonaceous
material, and aercsol water. Chemical speciation was assigned,
and the presence of oxygen in metal oxides and glasses was’
accounted for. The addition of metal oxide and glass oxygen
to the mass balance did not have a significant effect on the
total-mass correlations. The assignment of oxide forms to
certain elements is, however, physically important, since metal
oxides tend to be water insoluble. Thus, no “free” water would
be associated with these oxides.

Since aerosol carbon measurements are limited, the aerosol
carbon concentration typically must be estimated. The
Pierson and Russell (20) correlation was examined and does
not seem to apply to the Los Angeles aerosol data (Figure 2).
In addition to quantification of the aerosol carbon concen-
tration, determination of the associated oxygen, nitrogen, and
hydrogen in the carbonaceous material is important. As in-
dicated by Appel et al. (6), Grosjean (18), Gordon and Bryan
(19), and this work, the CH;0H-CHClj;-extractable mass
contains considerable nitrate. Thus, a correction to this
measurement for dissolved inorganics would improve future
mass accounting calculations.

Since certain chemical species are distributed between the
gas and aerosol phases, the total aerosol mass, the aerosol
water concentration, the relative humidity, and the temper-
ature should be continuously monitored during sampling.
Ideally, other volatile species that are distributed between the
gas and aerosol phases should also be monitored, i.e., NHj,
HNOs;, HC), and organics. By analyzing continuous data, one
can determine the distribution of material between the gas
and aerosol phases and the possibility of aerosol alteration
between sampling and measurement due to volatilization,
uptake of water, or displacement reactions. Since mass isre-
versibly distributed between the gas and aerosol phases, care
must be taken when determining the total suspended par-
ticulate mass from filter samples such that the filters are
equilibrated with a known relative humidity and temperature
at the time of weight measurement. Ideally, filter weight
measurements should be performed at several relative hu-
midities.
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Presence of Electrolyte Solutions. The calculated elec-
trolyte-to-aerosol water mass ratios are typical of atmo-
spherically significant electrolyte solutions near saturation
(Tables V and VIII). By assigning valences to the electrolyte
species, we have calculated the ionic strength. From the ionic
strengths calculated and compared with typical ionic-strength
dependence of water activities in binary electrolyte solutions,
the electrolyte material appears to be present in highly con-
centrated solutions and/or ionic solids. The amount of water
in the aerosol phase is very dependent on the chemical nature
of the electrolytes and the prevailing relative humidity (Figure
5). Since the aerosol water and electrolyte concentrations are
interdependent, a correlation between electrolyte mass and
aerosol water was evaluated. The significant correlation be-
tween electrolyte mass and aerosol water highlights an im-
portant point, namely, that electrolyte material can cause
greater visibility reduction per unit mass than organics or
metal oxides because of hygroscopicity.

Aerosol pH. The fraction of electrolyte material for Ca, Pb,
K, Na, and Mg must be determined to perform an accurate
chemical mass and acidity balance. Biggins et al. (11) and
Reiter et al. (13) recognized the importance of differentiating
between  water-soluble and -insoluble Pb and Ca. Depending
on the assumptions of chemical speciation for Ca, Pb, K, Na,
and Mg, metal oxide vs. electrolyte, the net serosol pH may
be basic or acidic (Table II). Knowing the net aerosol pH
would improve the aerosol mass balance because an additional
variable would exist to check chemical speciation assumptions
or measurements. Recent aerosol data include aerosol pH
measurements but do not have detailed chemical analyses and
aerosol water measurements to perform a mass balance (3, 47).
An additional factor important to determining the net aerosol
pH is the upper cutoff of the aerosol sampler. This point is
graphically illustrated by Figure 1.
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