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I’ve looked at clouds from both sides now,
but still somehow it’s clouds' illusions I recall
I really don’t know clouds at all.

from "Both sides now"
by Joni Mitchell (1968)
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Abstract

Fogs and clouds are frequent occurrences in Southern California. Their
chemical composition is of interest due to their potential role in the transformation of
sulfur and nitrogen oxides to sulfuric and nitric acid and in the subsequent deposition
of those acids. In addition, cloud and fog droplets may be involved in the chemistry of
low—molecular—weight carboxylic acids and carbonyl compounds.

The major inorganic species in cloud and fogwater samples were NH4*, H*,
NOj37, and SO42. Concentrations in fogwater samples were 1 —10 x 1073 M; pH values
ranged from ~2 to 6. Nitrate usually exceeded sulfate. Acidity depended on the
availability of of NHj3 from agricultural operations. Stratus cloudwater had
somewhat lower concentrations; pH values were in the range 3 —4. The major factors
accounting for variation in fog— or cloudwater composition were the preexisting
aerosol and gas concentrations and variations in liquid water content. Deposition and
entrainment or advection of different air masses were also important during extended
cloud or fog episodes.

The droplet size dependence of cloudwater composition was investigated on one
occasion in an intercepted coastal stratus clouds. The observations were consistent
with the hypothesis that small droplets form on small secondary aerosol composed of
HySO4, HNOg3, and their NH4* salts, while large droplets form on large sea—salt and
soil-dust aerosol. Species that can exist in the gas phase, such as HCl and HNO3, may
be found in either droplet—size fraction.

Concentrations of S(IV) and CHyO in the range 100 — 1000 M were observed in
fogwater from urban sites in Southern California. Lower concentrations were
observed in stratus clouds. The high levels of S(IV) and CH20 were attributed to the
formation of hydroxymethanesulfonate (HMSA), the S(IV) adduct of CH20. Direct

measurement of HMSA in fogwater samples from Bakersfield, CA were made by
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ion—pairing chromatography.  Glyoxal and methylglyoxal were observed at
concentrations comparable to CH2O in fogwater samples from Riverside, CA and in

stratus cloudwater samples from sites along the Santa Barbara Channel.
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INTRODUCTION:
CHEMICAL AND PHYSICAL PROCESSES
IN STRATUS CLOUDS AND FOGS
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The chemical composition of non—precipitating clouds and fogs is of considerable
interest. Fogs have been implicated as a contributing factor in adverse human health
effects, materials damage, and plant injury from air pollution. For example, many of
the most disastrous pollution episodes have been associated with fogs (Hoffmann,
1984). In some coastal and mountain areas, deposition of moisture and solutes by
intercepted clouds is often comparable to that of precipitation in forests (Azvedo and
Morgan, 1974; Cowling, 1985; Johnson and Siccama, 1983; Lovett, 1984). On a global
basis, clouds are the principal site for the oxidation of SOy to SO42 and the
concomitant production of acidity. On a local scale, S(IV) to S(VI) oxidation in the
Los Angeles basin appears to be linked to the occurrence of fogs and high humidity
(see Figure 1.1) (Cass and Shair, 1984). Field studies at Great Dun Fell (Chandler et
al., 1988) have shown that SO9 is oxidized rapidly in clouds by hydrogen peroxide.

The chemical composition of clouds and fogs is controlled by a combination of
chemical and physical processes. On the scale of an individual droplet, the important
processes are mass transfer across the droplet interface, mixing within the droplet,
chemical equilibrium speciation, and kinetics of transformation. Mass transfer by
turbulence and advection, heat transfer, droplet deposition, pollutant emissions, and

chemical reactions must be considered on the scale of an entire cloud or fog bank.

Theoretical Considerations

Clouds (or fogs) consist of water droplets, which are typically 2 - 50 pym in
diameter, suspended in air. The liquid water content (LWC) ranges from 0.1 to 1.0 g
m3 in clouds and 0.01 to 0.5 g m™3 in fogs. Stratiform clouds, which are the focus of
this discussion, have LWC at the low end of the range for clouds. Chemical species in
clouds exist in three phases; inside the droplets, as gases, and as interstitial aerosol.

The total concentration of species i in a cloud or fog is given by



[Ci]T = [Ci]I-L + P;y(RT)! + [Ci]a (1)

where [Cj].., is the total concentration of species i (mol m™3) in the atmosphere, [Cj], is

T l
the concentration of species i in the droplet phase (M), L is the LWC (dm3 m-3), P; is
the partial pressure of species i in the gas phase (atm), R is the universal gas constant
(m3atm K-imol-1), T is the absolute temperature (K), and [Ci]a is the concentration of
species i in the aerosol.

The overall process of nucleation scavenging and gas dissolution is depicted in
Figure 1.2. Much of the solute mass in a cloud or fog droplet is derived from the nuclei

it formed on. Gases are assumed to partition into the droplet according to chemical

equilibria.
Aerosol Scavenging

The partitioning of species i among the phases depends on its physical and
chemical characteristics. For species that are normally present as aerosol, particle
size is critical. When droplets form, they condense on preexisting particles, known as
condensation nuclei. The condensation of water is described by the droplet growth
equation (Table 1.1). A droplet at equilibrium with its surroundings maintains a
constant size (ie. dDy/dt = 0). The equilibrium solutions of the droplet growth
equation for different size particles yields the K&hler curves (Figure 1.3) Hygroscopic
aerosol are activated and form droplets when the supersaturation exceeds a critical
value (SSp), corresponding to the maximum in the Kohler curve. The value of

) increases for smaller aerosol. For the

(SS depends on aerosol size; (SS

CR) “CR
supersaturations typically encountered in clouds and fogs the minimum aerosol size to

be activated is about 0.1 um (Pruppacher and Klett, 1978). Aerosol smaller than this
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will not grow into droplets. The unactivated aerosol may be incorporated into
droplets via diffusion or impaction. Diffusion is important for very small aerosol;
impaction affects large aerosol more strongly.

Saturation with respect to water vapor in a cloud or fog is controlled by the rate
and extent of cooling, which in turn is determined by the turbulence and radiation
budget of the cloud or fog. Adiabatic cooling from vertical motion in the atmosphere
leads to higher supersaturations. Radiation cooling is much slower and leads to lower
supersaturations. Once an air parcel exceeds saturation, droplet growth will tend to
reduce the supersaturation. The removal rate for water vapor will be limited by the
surface area available for condensation, which is a function of aerosol size and number
concentration.

The number of cloud condensation nuclei, CCN, in the atmosphere is highly
variable (Pruppacher and Klett, 1978) Over the oceans and at high elevation the
number of CCN is usually < 100 cm-3, while values > 1000 ¢cm=3 are observed in
continental air masses. On a global scale the majority of the CCN in the atmosphere
are thought to be ammonium sulfate salts. Even over the remote oceans, the
production of sea salt aerosol is insufficient to account for the number of CCN present.
Measurements of aerosol volatility (Clarke et al., 1987) are further evidence for the
unimportance of NaCl as CCN. Natural emissions of reduced sulfur gases such as
(CHs)2S are considered to be the source of background CCN. A variety of primary
and secondary aerosol are present in urban and near urban areas. The nature of CCN
over continents will reflect local and regional emission characteristics.

The difference in CCN number between urban and remote air masses and with
elevation affects the characteristics of the clouds and fogs that form there. When the
number of CCN is small condensation of water is limited by the available surface area,
which results in higher supersaturation. When the number of CCN is large, however,

condensation of water will be sufficient to keep the supersaturation low, and some of
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the smallest nuclei may remain unactivated. Clouds that formed under low CCN
conditions have been observed to have broad droplet-size distributions weighted
towards large diameters. Furthermore, these clouds tended to be broken (Allbrecht et
al. 1985). In polluted or continental air, which has higher numbers of CCN, clouds
have narrower droplet size distributions that are skewed towards smaller drop size
(Allbrecht et al., 1985; Barrett et al., 1979; Noonkester, 1984). Because the
droplet—size spectra influences cloud optical properties (Noonkester, 1985), the
distribution of CCN in the atmosphere has implications for the global radiation

balance.
Equilibrium Gas Scavenging

Scavenging of gaseous species depends on their equilibrium dissolution. Mass
transfer will govern the time required to reach equilibrium, however (Schwartz and
Frieberg, 1981). The equilibrium concentration of species i in the droplet is governed

by
[Ci], = Pi-H; ' (2)

where Hj is the Henry's Law coefficient (M atm™). The total concentration of
dissolved gas is increased if it undergoes further reaction such as acid dissociation,
hydration, or complexation.

Acid-base equilibria can be described by

K,
HA — H* + A (3)
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where HA and A- are any acid and its conjugate base, respectively, and Ka1 is the acid
dissociation constant. The equilibrium dissolution of acidic (or basic) species is given
by
[Cil} = Pi-Hi(ao)? (4)

where the * denotes total concentration and ap, is the fraction of undissociated species
i that is in direct equilibrium with the gas phase. The product Hi(aoi)‘l can be
replaced by an effective Henry's Law coefficient, H*.

Carbonyl compounds hydrate in aqueous solution according to

Ky

RCHO + H,0 = RCH(OH)2 (5)

where K is the hydration constant. Equilibrium dissolution of carbonyls is governed
by the effective Henry's Law coefficient H"=H. Ky
Formation of hydroxyalkyl sulfonates from the addition of S(IV) to carbonyls

appears to be an important set of reactions in clouds and fogs:

kq

RCHO + HSOs" — RCH(OH)SOj3- (6)
ko

RCHO + SOz — RCH(07)SO5" (7)

Ka‘}

RCH(OH)SO3” = H* + RCH(0-)SO5" (8)
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At the pH normally encountered in clouds and fogs sulfonates are present in the
monoprotic form. The intrinsic equilibrium expression for sulfonate formation is
given by
[RCH (OH) SOz}

Ky = (9)
[RCHO ] [ HSO37]

where [RCHO] is the concentration of unhydrated carbonyl. A linear free energy
relationship has been observed between Kg; and KH (Olson and Hoffmann, 1988a).
The most soluble carbonyls also have the largest sulfonate stability constants.

The overall fraction of species i in the liquid phase is given by

Cil] RTH ; L
X; = = (10)
1 1 + RTH;*L]™

where H;* includes the effect of all reactions that species i participates in. For strong
acids like HNOg, the fraction in the liquid phase approaches 1. Likewise, for a weak
acid such as NHj in neutral to acid droplets, scavenging approaches 100%. The
scavenging of weakly acidic species such as SO, or HCOOH depends strongly on the
pH of the solution. In acidic clouds (or fogs) (pH < 3), which are frequently observed
in urban and near urban environments (Jacob et al.,1985; Munger et al., 1983;
1989a;b; Waldman et al., 1982; 1985), the liquid phase will be a weak sink. Above pH
5, which can be encountered in fogs that form near NHz sources (Jacob et al., 1986;

Munger et al., 1989a), droplets will scavenge nearly all the available SO3 or weak acid.
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Chemical Reactions

Species dissolved in cloud or fog droplets can undergo chemical transformations.
Hoffmann and Calvert (1985) have evaluated recent data regarding aqueous-phase
reactions relevant to acid formation. Recommended rate laws and rate constants for
the oxidation of S(IV) are given in Table 2.1. In polluted environments the important
oxidants for transformation of S(IV) to S(VI) are Hy0s, Ogs, and trace-metal
catalysis. The formation of acidity by oxidation of S(IV) tends to be self limiting.
Oxidation by O3 and trace metal catalysis are pH-dependent; at low pH the reactions
are very slow. Oxidation by H2O» is rapid at low pH, but H2O» is quickly depleted in
the presence of SOj in clouds. Cloud chemistry models (Chameides, 1984; Jacob,
1986) predict that oxidation by OH- is important in the remote troposphere, where
both SO and the other oxidants are in low concentration.

In the presence of carbonyls, the formation of sulfonates (equations 6-8) could
compete with S(IV) oxidation. The kinetics of this reaction have been studied for a
variety of carbonyls (Boyce and Hoffmann, 1984; Betterton and Hoffman 1987;
Betterton et al., 1988; Deister et al., 1986; Kok et al., 1986; Olson and Hoffmann,
1988a;b). Because SO3?" is a better nucleophile the addition of SO32- proceeds more
rapidly than the addition of HSO3™. As a consequence, the rate of sulfonate formation
increases with pH. In a droplet, sulfonate formation and S(IV) oxidation will proceed
in parallel, at a rate governed by their intrinsic rate constants, until one of the
reactants is depleted. The total consumption of S(IV) cannot exceed the rate for mass
transfer at the droplet interface or diffusion through the droplet, however. Because
the kinetics of sulfonate dissociation are extremely slow in acid conditions (Hoigne et
al, 1985; Kok et al., 1986), the sulfonates are metastable in in clouds with low PRCHO

and PSOQ'

Because nitrogen oxides are very insoluble in water (Lee and Schwartz 1981)
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aqueous—phase production of HNOjg is relatively unimportant. Formation of HNOj
may proceed in clouds at night via the gas—phase production of N2Os, which would

hydrolyze at the droplet surface.

NOg + O3 — NO3 + Oy (11)
NOy + NO3z — N»Oj (12)
N9Os + HoO — 2HNOg (13)

The presence of NO prevents NoOs formation by reaction with NOs.

NO + NO3 — 2NO, (14)

The stable layer above a fog or cloud, which is isolated from NO emissions and often
has high concentrations of Oz compared to the boundary layer, is a favorable
environment for production of NoOs (Russel et al., 1985).

Model calculations have identified the potential importance of the reaction of
OH. with CH,O and HCOOH in remote clouds (Chameides, 1984; Jacob, 1936).
These reactions may be a source or sink of HCOOH in the atmosphere, depending on

cloudwater pH (Jacob, 1986).

Mass Transport Considerations

Aqueous—phase reaction of a dissolved gas involves a series of steps in which mass

transport could become limiting. These steps are:
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(a)  Diffusion or convection within the gas phase to the droplet surface.
(b)  Establishment of solubility equilibria at the droplet surface.

(c)  Establishment of local hydration, dissociation and complexation
equilibria.

(d)  Diffusion or convection within the droplet.
(e)  Chemical reaction.

(f)  Readjustment of the hydration, dissociation, and complexation
equilibria.

(g)  Diffusion or convection induced by the concentration gradients
resulting from steps (e) and (f).

Schwartz and Freiberg (1981) consider mass transport for aqueous-phase SO,
oxidation. Seinfeld (1986) presents a general treatment. Steps (a) — (g) can be
compared in terms of their characteristic times, r, (see Table 1.3) which are the times
required to reach equilibrium or establish a steady-state concentration profile. The

step with the longest 7 will limit the overall rate of reaction.

Physical Processes in Clouds

The physical processes important on the scale of a cloud or fog bank are
horizontal advection, vertical mixing (by turbulence or convection), deposition, and
emission. These processes are shown schematically in Figure 1.4. They are

represented in differential form by
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dC; dC;i E; Cin .
= 4-VC; + w 4+ — "
dt dz H H

(15)

where Cj is the concentration of species i, § is the horizontal wind vector, w is the
vertical wind component, E; is the emission flux, H is the height of the mixed layer,
and V ds is the species dependent deposition velocity. Heat and moisture fluxes need
to be considered as well because they control liquid water content and vertical mixing.
All the phases that a species can exist in must be considered together. Clearly this
becomes a very complex system of equations even when one considers only the major
species found in clouds and fogs (NH4*, H*, NO3-, SO427) and their precursors.

Horizontal advection is not affected by the presence of cloud or fog and will not be
discussed further. Determining the vertical fluxes of heat and moisture is a major
focus of microphysical studies in cloud and fog. In general fogs and stratiform clouds
form within a mixed layer that is capped by a temperature inversion. A principal
difference between fogs and clouds is the depth of the mixed layer. An important
feature of cloud or fog layers is that they are radiatively cooled at the top (Deardroff,
1976; 1981; Lilly and Schubert, 1980; Oliver et al., 1978). This cooling promotes
turbulent mixing within the cloud and entrainment of air parcels from above the cloud
layer (Caughey et al., 1982; Oliver et al., 1978; Randall, 1980a,b; Slingo et al., 1982).
Additional cooling due to evaporation results from the entrainment of dry air from
aloft. In a study of nocturnal stratocumulus over England, using a tethered balloon,
Roach et al. (1982) calculated an entrainment velocity of ~ 0.5 cm s71. Similar values
have been observed elsewhere in stratus clouds. Shear instability across the inversion
may also produce turbulence in the cloud layer (Brost et al., 1982; Caughey et al.,
1982). As yet, turbulent fluxes of chemical species have not been directly measured in
fogs and stratiform clouds.

Variations in the inversion height are described by



12

0zi 0z; 0z
— 4+ Up— +Vi— = We + W; (16)

where Uj and V; are the average horizontal wind components at the inversion height,
W; is the mesoscale vertical motion, and W, is the entrainment velocity. As noted
above, typical values for W, are » 0.5 cm st. Mesoscale subsidence induced by
subtropical highs is on the order of 0.25 cm s'1. The balance between subsidence and
entrainment supports a periodic steady state. Oliver et al. (1978) observe a diurnal
cycle in the mixed layer depth in a model of turbulent and radiative transport that is
patterned after mean conditions off the California coast. The predicted maximum
depth in the early morning and minimum depth in the late afternoon agree with field
observations. For a 500 m mixed layer, the vertical velocities reported above give a
ventilation time (7y = z;/W) on the order of a day. In fogs, which are much thinner
than stratus clouds, the effect of entrainment would be even greater. The importance
of entrainment from aloft in actual fogs is indicated by observations that HsOo
concentrations in a cap cloud at Great Dun Fell increased with altitude (Chandler et
al., 1988).

Deposition is an important term in the water budget of clouds and fogs. Drizzle in
stratus clouds can transfer significant amounts of moisture from the cloud to the
subcloud layer even though no drizzle reaches the ground (Brost et al., 1982a;b).
Likewise, in fogs, droplet deposition significantly affects the water budget (Brown and
Roach, 1976). For a fog droplet sedimentation results in permanent removal of
solutes from the layer, assuming they are retained by the ground. Solutes that are
transferred to the below—cloud layer by drizzle can be mixed back into the cloud by
turbulence. Waldman and Hoffmann (1987) report deposition velocities for major

ions in fog of 1 - 5 cm s°1, with a median value of # 2 cm 81, The deposition velocities
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for submicron aerosol are on the order of 0.1 cm s1. Deposition velocities for gases
that react with surfaces (e.g. HNOg3, NH3) are controlled by mass transfer; typical
values are on the order of 1 cm st (Huebert and Robert, 1985). The characteristic
time for removal by droplet deposition from a 100 to 500 m thick fog layer is 1.4 to 7
hours. Because they are thinner, fogs are more rapidly affected by emission and
deposition than clouds. For long duration fog and cloud events removal by droplet
sedimentation can significantly deplete the concentration of solutes if they are not
replenished by other processes.

Because the deposition velocity for submicron aerosol is small relative the
deposition of gases or fog droplets, chemical speciation in the atmosphere strongly
affects a species residence time and concentration. The behavior of NO3~ and NH,in a
simple box model illustrate this effect. In a model patterned after the situation in
Riverside, California, Munger et al. (1989a) observe high levels of NH4* and NOj3™ in
both aerosol and fog. Deposition during nocturnal fogs and wind reversal reduced the
concentrations at night. Reduction of the NHj3 emissions would increase the
proportion of N(V) present as HNO3. However, because HNOj is deposited rapidly,
the total concentration of N(V) would actually decrease. Similar behavior is

predicted for the San Joaquin Valley (Jacob et al., 1986).
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Table 1.1 The droplet growth equation, expressed in terms of droplet
diameter
dDO SV _aw eXp(B)
DO =
dt C + E (A-1) ay exp((B)
M, L 4M o p RT poL
RT pWD oRT 4DmMWe s (t) 4kT
g
a»w = eXp(_'® —)
Dy
Activation point:
dDy
_ = O, D() = Dact; and, SV =1 + SSCI‘
dt
gives:
3 LNA)Y? M ps
Dact = where, LNA = ——D7
B Mspy
9 B311/2
SScr = |
3v3 |LNA
_ -1.5
=K Ddry
Solute K for Dgry (in pm,10°C)
(NH4)2504 4.93 x 1075
NH4HSO4 4.59x 1075
NH4NO3 4.82x105
H,S0, 1.21 x 1073
NaCl 3.68 x 1075



Table 1.1 Parameters:

DO7 Dact

Py Ps

R

Tw

M Wy *\/I S

Ny, Ig

Ay

droplet diameter, diameter at activation point.
dry diameter for hygroscopic aerosol.
ambient, saturation water vapor pressure at T.

ambient water vapor saturation ratio, e/es(T).

density of pure water, solute salt

Universal gas constant.

Temperature (K).

latent heat of evaporation

molecular diffusivity of water vapor in air
heat conductivity of air

surface tension of water

molecular weight of water, solute ions.
number of moles of water, solute in droplet.
activity of water in droplet.

osmotic coefficient of water in solution (assumed = 1)
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Table1.2 . Recommended rate laws and rate constants according to Hoffmann
and Calvert (1985) for the oxidation of S(IV) in aqueous solution
at 25° C.
—d[S(1V)]
VvV =
dt
OXIDANT RATE LAW & RATE CONSTANTS
O3 V= (koao + kiog + kz&Q)[O;;][S(N)]
ko = 2.40 x 104 (M"1571
ki = 3.70 x 105 (M-1571
ko = 1.50 x 109 (M1s°1
H>09 v = k[H*][HszJ[S(IV)]al(l + K[H"])'l
k = 7.50 x 107 (M-2s71)
K =13 M1
-OH v = (kioy + koo2)[OH][S(IV)]
ky = 9.50 x 109 (M-is71
ko = 5.50 x 109 (M-1s71
HONO v = k[H*][HSO37][NOy7]
k = 1.75 x 107 (M-1s71)
CH3;00H v = k[H*][CH3OO0H][S(IV)] a1
k = 1.75 x 107 (M1571)
CH3CO3H v= (k3[H*] + kz)[HSOs'][CH;;CO;J,H]
ks = 3.64 x 107 (M-1s1
ke = 6.01 x 102 (M-1s1
PAN v = k[PAN][S(IV)] a2
k = 1.0 x 105 (M-1s71)
Fe(III)/O2 v = k[Fe(IIN)][S(IV)] a2
k = 1.20 x 106 (M-15°1)
Mn/O2 v = koMn(ID][S(IV)]y + kiKi[Mn(II)]2

ko = 3.40 x 103 (M-1s71)
ky = 2.0 x 109 (M-1s°1)
K; = 1.26 x 10710
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Table 1.3 Characteristic times for aqueous—phase reaction of soluble gases
B3
Process T value (s)
R2
Diffusion, gas 1x 106
72D
g
AH"RT 2
Phase equilibrium D I 10-SMH
Vo
ks
A=B+C ket (ke[C])L —_
ke
R2
Diffusion, aqueous 1x102
72D
[
k¢
A+B= (ke[C]) 1 —

*
Values of 7 (in seconds) are evaluated at T = 25° C; Dg = 0.1 cm?%; D, =10 cm |

R = 8.314 JK-lmol~!

8RT+4
¥ = mean speed =
M

M = molecular weight (g)

o = accommodation coefficient (assumed 1)
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CHEMISTRY OF A FOGWATER DROPLET
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Figure 1.2 Schematic diagram of the processes of nucleation scavenging and

gas dissolution that influence the chemical composition of a fog or
cloud droplet.
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SUBSIDENCE
INVERSION

Figure 1.4 The processes of advection, entrainment, emission and deposition
from a cloudy mixed layer are shown schematically. Turbulence in
the cloud layer is generated by wind shear and radiative cooling at
the top.



Chapter 2

The Chemistry of Carboxylic Acids and Carbonyls
in Clouds and Fogs: A Review
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INTRODUCTION

The importance of soluble organic carbon species in the atmosphere is well
known. Liljestrand and Morgan (1981) observed that organic carbon was the
dominant component by mass of rainwater collected in Los Angeles. Likens et al.
(1983) reported that a large fraction of the soluble organic carbon, which was not
derived directly from plants or soil, consisted of carbonyl compounds and carboxylic
acids.

Carboxylic acids are a major source of acidity in precipitation from remote
locations (Keene et al., 1983); even in North America, where inorganic acids are
more concentrated, organic acids still make a measurable contribution to acidity
(Keene and Galloway, 1984). Because carboxylate salts are weak bases, they
contribute alkalinity to the atmosphere (Jacob et al., 1986a).

In the gas phase, carbonyls are highly reactive and are important precursors of
photochemical smog (Finlayson—Pitts and Pitts, 1986; Seinfeld, 1986). Hydration of
the carbonyl bond reduces photolysis in the aqueous phase. However, Chameides
(1984) has pointed out the potential for OH- to attack formaldehyde in droplets.
Formic acid generated via this reaction will either react with OH. or volatilize,
depending on the pH of the droplet (Jacob 1986). Carbonyls are also potentially
important in the aqueous phase because they react readily with dissolved SOz to
form a—hydroxyalkanesulfonates (Munger et al., 1984; 1986).

Despite its importance, the speciation of soluble organic carbon in the
atmosphere has not been thoroughly determined. Data on the atmospheric
abundance of the simplest soluble organic species, formaldehyde, acetaldehyde,
formic and acetic acid, are the most extensive. However, chemical reaction models
predict that dicarbonyls and a variety of OH—substituted and unsaturated carbonyls

and ketoacids should also be present in the atmosphere. Very little attention has
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been paid to these compounds. Methods for collection and analysis of carbonyl
compounds and carboxylic acids have not been adequately evaluated or
standardized, thus the validity of existing data is uncertain. Furthermore, most
existing data are for individual compounds or classes of compounds, often in only
one phase. A thorough evaluation of current models of organic chemistry in the
atmosphere requires concurrent data on all the major compounds present in the gas,

aerosol, and droplet phase. This is lacking for the carbonyls and carboxylic acids.

Sources and Sinks

Short—chain organic compounds are released as primary emissions and
produced from the breakdown of hydrocarbon precursors. The major sources of
primary aldehyde emissions are internal combustion engines, oil refineries, utility
boilers, and aircraft (Rogozen et al., 1984). Emissions of organic acids are not well
characterized. Organic acids are emitted directly from vegetation and produced by
combustion (Graedel et al., 1986; Talbot et al., 1988). Bacterial metabolism
produces a variety of short—chain organic acids, such as formate, acetate, lactate,
and pyruvate; thus decomposing organic matter (e.g. soils, manure) could be
important sources of organic acids. Bacteria living on plant surfaces may produce
organic acids that would be mis—identified as direct vegetative emissions.

Secondary sources are more important contributors of carbonyls and
carboxylic acids. The major classes of hydrocarbons, alkanes, alkenes, and
aromatics, each react via different mechanisms, which will be summarized below.
Simple molecules such as CH,O are produced in all cases, but higher carbonyls and
carboxylic acids and substituted analogs are formed as well. These products are

characteristic of the precursor species or reaction mechanism.
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Alkanes react with OH. via hydrogen abstraction. The rate constant for
oxidation of CH4 by OH- is 1.1 x 1074 ¢m3 s71. Rate constants for the higher
alkanes are 1 to 3 orders of magnitude higher (Atkinson et al., 1979). The alkyl
radical reacts rapidly with Os to form an alkyl peroxy radical, which decomposes via
a series of steps to form an aldehyde or ketone and another alkyl peroxy radical
(Calvert and Madronich, 1987). Alkoxy radicals from alkanes with carbon chains
longer than 4 can isomerize to form 7—-hydroxy carbonyls. Alkoxy radicals also
react with Oy to form aldehydes or ketones and HO5-. This path dominates for
short chain primary and secondary alkoxy radicals (Calvert and Madronich, 1987).
Calvert and Madronich (1987) predict that y—hydroxy aldehydes and ketones, which
have not been considered in the troposphere, may be the largest class of carbonyls
formed from alkane oxidation.

Under low NO conditions, the ROs- radicals will react with other ROo- or
HO9-. Collision of two ROj3- molecules produces 2 alkoxy radicals or a carbonyl
and an alcohol. For a hypothetical mixture of alkanes Calvert and Madronich
(1987) predict that the major products will be alkyl hydroperoxides. The initial
non—hydroperoxy products will be dominated by simple ketones; the remainder
would be distributed about equally among simple aldehydes, alcohols, and —OH
substituted carbonyls.

Alkenes react with OH. by addition to the double bond. Typical rate
constants for OH- addition to alkenes are 5 — 300 x 10712 cm3 57! (Atkinson et al.,
1979). The OH—adduct subsequently reacts with Oq to form a peroxy radical and
ultimately a hydroxy-alkoxy radical if NO is present. This radical decomposes to
form two aldehydes or reacts with Oy resulting in an o—hydroxy carbonyl
(RC(O)CH(OH)R") (Calvert and Madronich, 1987).

Alkenes also react with O3z by addition across the double bond to form an

unstable ozonide. Typical rate constants are in the range 1 — 200 x 10718 ¢cm3 s
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(Atkinson and Lloyd, 1984). Ozonides decompose via either of the pathways shown
below to produce carbonyl compounds and a reactive Criegee biradical. The Criegee
biradicals react further to form a variety of products, as shown in reactions 2 — 4.
Carboxylic acids are formed when one of the substituents adjacent to the double
bond is H. In the presence of high NOy levels, reaction 3 will be favored over

reaction 4 resulting in a greater yield of carbonyls at the expense of carboxylic acid.

"Ry R3 00
=0+ 7
Ry R+
RiN _Rs - .
/C—-C\ + O3 (1)
R) R4 r -
Rs R, 00-
— | e=0+ 7
| Re” Ry” )
7 Ri_ O
~40 C (thermalized)
it A
R1\ /OQ R
C.
Ry 60%, CO, COs, RCO, etc. (decomposition)
~OV/ ) 25 ) . position
(2)
Ry OQ' Rl\
o | £ NOor NOy — 20=0 + NOs or NOs (3)
Ry Rs
R4 Oq- @)
o S H0 — R=CF 4 HiO (4)
0 ~oH




Near urban areas ethylene and propylene are the dominant alkenes (Grosjean
and Fung, 1984). The predicted products of simple alkene oxidation are dominated
by aldehydes. Organic acids and the characteristic a—hydroxy-carbonyls are formed
as well (Calvert and Madronich, 1987). A shift to hydroxyhydroperoxides is
expected in NO,—free environments. Away from urban areas, terpenes emitted by
vegetation assume greater importance. The expected initial products of
isoprene—QO3 reaction include pyruvic acid, methyl glyoxal, methyl vinyl ketone, and
methacrolein in addition to the products noted above (Lloyd et al., 1983; Jacob and
Wofsy, 1988).

The major pathway for removal of aromatic hydrocarbons is reaction with
OH-. Typical rate constants are 1 — 50 x 10712 ¢m3 st (Atkinson et al., 1979).
Both H abstraction and OH-. addition are involved, although the complete
mechanisms are not known. Hydrogen abstraction from the alkyl side groups results
in aromatic aldehydes or nitrates. OH- addition to the ring is the dominant
reaction channel. Fragmentation of the intermediates lead to various dicarbonyls
such as glyoxal, methyl glyoxal or biacetyl and é—dicarbonyl compounds (Tuazon et
al., 1986). Phenols should also be formed from aromatic hydrocarbons, but
experimental yields are less than predicted (Calvert and Madronich, 1987).

The various products noted above are susceptible to attack by oxidants.
Carbonyls are sensitive to photolysis (Su et al., 1979). At zenith angles of 20 — 500
the overall rate constant for CH2O decomposition is ~ 5 x 1075 s71. Higher aldehydes
have photodecomposition rate constants in the range 0.01 — 1 x 1075 st (NRC,
1981). Simple aldehydes and ketones react rapidly with OH-; rate constants are of
the order 1 — 10 x 10712 ¢m3 71 (Atkinson et al., 1979). For the conditions of their
simulation, Calvert and Madronich (1987) estimate the atmospheric lifetime of

CH>O to be 0.2 days. Hydroxy substituted aldehydes would have comparable
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lifetimes. The a—dicarbonyl compounds have lifetimes < 0.1 days. Both simple
and hydroxy—substituted ketones have lifetimes on the order of several days.
Simple alcohols and organic acids likewise would have lifetimes of several days to
weeks.

Chemical reaction models all indicate that a variety of substituted and
difunctional carbonyls should form from oxidation of hydrocarbons. The yield and
stability of these compounds is comparable to that of formaldehyde, which is
routinely observed in the atmosphere. Thus they ought to be present as well. The
most reactive of these species may be restricted to emission source regions.
However, ketones, carboxylic acids, and alcohols are sufficiently long lived to be
affected by transport and deposition processes. Sources of the important precursor

hydrocarbons include both urban areas and vegetation.

Thermodvnamics and kinetics in the agueous phase

The partitioning of organic acids between vapor and particle phase in the
presence of liquid water should follow the Henry's law and acid-base equilibria

shown below, where HA is any organic acid and A is its conjugate anion.

il

HA (@ = HA (a) (5)

K

== H+ - 6
HA H* + A (6)

Table 2.1 presents the Henry's Law and acidity constants for several short-chain
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organic acids. By substituting the equilibrium expressions into the mass balance
equations, speciation of organic acid can be calculated as a function of [H*]. As
examples, Figs. 2.1A and 2.2A present the distribution coefficients for formic and

acetic acid defined as:

[HA] [A-]
@=— and oy = ——— (7)
[HA] + [A] [HA] + [A]

The effect of this speciation on equilibrium partial pressure is indicated in Figs.
2.1B and 2.2B.  Partial pressure, computed from equation (8), increases

dramatically below the pK, for the acid.

T,A
p = DA (8)
T

CT A is the total concentration of acid in the aqueous phase. The fraction of

organic acid in the gas phase is given by

X = [L+RTLH, - a7 9)

where R is the universal gas constant in appropriate units, T is the absolute
temperature in Kelvin, and L is the liquid water content (LWC). In Figs. 2.1C and
2.2C this fraction is plotted for formic and acetic acid vs pH at a high LWC typical
of a cloud, and a lower LWC typical of a haze aerosol. In cloud or fog the fraction
of acid in the gas phase drops sharply as pH increases beyond the pK, of the acid.

At lower LWC, nearly all the organic acid is present in the gas phase except at very
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Table 2.1. Equilibrium constants for short—chain carboxylic acids

Reaction

= CHOOH

CHOOH(S) (aq)

= CHOO  + H*

CHOOH
(aq)

CH3COOH, ., = CH3COOH

(8) (aq)

CH3COOH, = CH3CO0™ + H*

(aq)

CsH;COOH = CyHs;COO™ + H*

(aq)
0 0]
[l

I
CH;COOH, , = CH3CCOO™ + H*

(aq)
OH
= CH3(IJHCOO' + H*

OH

CHgéHCOOH
(2q)

HOCH,;COOH,_ ,= HOCH,COO~ + H’

(2q)

HO,CCOzH, = HO,CCOO™ + H*

(aq)

= 00CCO0~ + H*

HO,CCOO-
(aq)

K298
(M or M atm™)

AH
(kJ mole)

Reference

3.7x103

1.80x 10

8.83 x 108

1.75 x 10°°

1.34 x 1075

2.82 x 1073

1.38 x 10™*

1.48 x 107*

5.6 x 1072

5.42 x 107

—46.9

0.17

=53.5

0.42

0.84

-12.13

0.33

—.67

3.77

6.69

Wagaman et al. (1982)
Martell and Smith (1977)
Wagaman et al. (1982)
Martell and Smith (1977)

ibid.

ibid.

ibid.
ibid.
ibid.

ibid
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high pH. Note that the fraction in the gas phase increases with increasing pKs.
Any differences in aqueous—phase concentrations of organic acids should be
interpreted in light of these equilibrium considerations. When sufficient base, such
as NHj is present to maintain pH above 7, organic acid scavenging by droplets is
nearly 100%. In a haze aerosol, however, most organic acid will be in the gas phase
unless the aerosol is very alkaline. Addition of acid to the aerosol by HNOj
scavenging or S(IV) oxidation will drive organic acids into the gas phase.

The above description only qualitatively describes organic acid partitioning in
aerosol. Although most aerosols can be considered to be aqueous at relative
humidities above their deliquescence point (about 60%) they will have such high
ionic strengths that activity corrections must be made. Below the deliquescence
point the individual solid (or pure liquid) phases for the acids and their salts must
be considered. The vapor pressure of each phase must be known. For very small
aerosol the Kelvin effect (Pruppacher and Klett, 1978) must also be considered.

The partitioning of carbonyls between gas and aqueous phase depends on

Henry's law and hydration equilibria:

i
R
RCHO (g, = RCHO 4, (10)
Ky
RCHO(aq) + Hy0 == RCH(OH), (11)

Glyoxal is hydrated at both carbonyl groups, but it is difficult to determine separate
constants for the two hydration steps (Wasa and Musha, 1970). Measured
hydration constants for carbonyls correlate well with the polarizability of the

molecule as measured by the Taft parameter (¢*) of the R group (Greenzaid et al.,
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1967; Buschmann et al., 1980) (see Fig. 2.3). Aldehydes and ketones have the same
slope, but ketones have a lower intercept. Formaldehyde has an anomalously high
hydration constant for its ¢*, which may be related to the high symmetry of the
gem diol HoC(OH)2 and the possibility of extensive hydrogen bonding. Greenzaid et
al. (1967) explain the difference in intercepts by the difference in number of C—H
bonds on the carbonyl carbon. Unknown hydration constants can be predicted from
the Taft correlation for measured constants of related compounds (see Tables 2.2 —
2.3) (Betterton et al., 1988).

The parameter of interest in atmospheric chemistry is the combined Henry's
Law and hydration constant, which determines the overall solubility in droplets.
Measured values of the intrinsic Henry's law constants are in the range 1-10;
hydroxyacetaldehyde (CHo(OH)CHO), however appears to have an unusually large
Henry's law constant (Betterton and Hoffmann, 1988). Thus the magnitude of Ky
controls the overall solubility of carbonyls. Based on the Taft correlation,
dicarbonyls and halogenated carbonyls should be the most soluble; a—OH
substituted and unsaturated carbonyl compounds would be somewhat less. Hydroxy
substitution in v position should have little effect on the hydration constant. The

saturated alkanals should all be relatively insoluble.

Aqgueous—Phase Reactions

Scavenging by droplets isolates carbonyls from the aforementioned removal
mechanisms. Reaction with OH- (aq, (eq 12—15) is the most important sink for

carboxylic acids and carbony! compounds in droplets (e.g. Chameides, 1984).
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Table 2.2. Equilibrium constants for aldehydes

log Kh log K81

# R-CHO o*t calc meas calc meas

‘O0OCCHO  -1.06 — 1.2310 — 6.7211
1 (CH3)3CCHO 0.3 — —0.612 3.96 —_
2 C4HoCHO —0.25 — —0.473 4.07 —
3 CsHy;CHO ~0.23 — —0.393 4.12 —
4 (CH3);CHCHO  -0.19 — ~0.362 — 4.685
5 C3H;CHO —0.12 — —0.322 — 4.457
6 CyHsCHO 0.1 — —0.152 — 4.087
7 CH3CHO 0 — 0.084 — 5.849
8 CHo(OH)C,H4CHO 0.1 0.16 — 4.90 —
9 HCHO 0.49 — 3.302 — 9.828
10 CHy=CHCHO 0.56 0.96 — 5.98 —
11 CH,=CH(CH;3)CHO 0.56 0.96 — 5.98 —
12 CHy(OH)CHO  0.62 1.06 — 6.12 6.309
13 CH3COCH=CHCHO 0.72 1.23 — 6.36 —
14 CHOCH=CHCHO 0.86 1.48 — 6.69 —
15 CH.CICHO 0.94 — 1.572 6.88 —
16 (OH),CHCHO 1.37 2.36 — 7.89 —
17 CH3COCHO 1.81 — 3.40° — 8.915
18 CCl3CHO 2,65 — 4.402 10.91 —

HO,CCHO 2.08 — 2.48 8.18 7.851
1 Taft parameter for R, obtained from Perrin et al. (1981)
2 (reenzaid et al. (1967) 7 Gubareva (1947)
3 Buschmann et al. (1980 8 Skrabal and Skrabal (1936)
4 Buschmann et al. ;1982 9 Betterton et al. (1988)

Betterton and Hoffmann (1987) 10 Sgrensen et al (1974)

o o

Bell (1966) 11 Qlson and Hoffmann (1988b)
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Table 2.3 Equilibrium constants for ketones

'Cl) log Kn log KSl

# R-C-R~ sigmal calc meas cale meas

K1 CH3COCOO-  —-1.06 — -1.272 —0.26 3.685
K2 CH3COCoHs5 0.1 —2.72 — — 1.793
K3 CH3COCH; 0 — —2.702 — 2.463
K4 CH3COCH=CH, 0.56 —-1.67 — 3.56 —
K5 CH,OHCOCH; 0.62 -1.57 — 3.70 —
K6 (CH3COCH), 0.72 - -141 — 3.94 —
K7 CH3COCH=CHCHO 0.86 -1.19 — 4.27 —
K8 CH,CICOCH; 0.94 — -0.962 4.46 —
K9 CH,FCOCH3 1.1 — —0.784 4.83 —
K10 CH3COCOCyH; 1.71 — 0.23¢4 6.27 —_
K11 " 1.81 0.34 — 6.51 —
K12 CH3COCOCH; 1.81 — 0.302 6.51 —
K13 (CH2Cl)2CO 1.88 — 1.002 6.67 —
K14 Cl,CHCOCH; 1.94 — 0.462 6.81 —
K15 CH3COCOOH 2.08 — 0.382 7.14 4.665
K16 CF3COCH; 2.61 1.62 1.54¢ 8.39 —

1 Sum of Taft parameters for R and R”, obtained from Perrin et al. (1981)
2 Greenzaid et al. (1967)

Gubareva (1947)

4 Buschmann et al. (1982)

5 Burroughs and Sparks (1974)

w
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RCH(OH), + OH- — RC(OH)y + Hy0 (12)
RC(OH); + O3 — RCOOH + HO- (13)
0o
RCOOH + OH: — Hy0 + COs + ROy- ' (14)
Ht, 0,
RCOO 4+ OH: ———— Hy0 + CO3 + RO»- (15)

The rates for the above reactions approach the diffusion control limit. Jacob (1986)
notes that the fate of HCOOH formed in reaction 13 depends on droplet pH. In acid
droplets the HCOOH will volatilize more rapidly than it is oxidized and the droplet
will be a source of HCOOH to the gas phase. At high pH, however, HCOOH
dissociates and remains in the droplet where it can be further oxidized.

Carbonyls react readily with dissolved SO9 to form o—hydroxyalkyl sulfonates.
The kinetics and thermodynamics of these reactions have been recently studied for
CH20 (Boyce and Hoffmann, 1984; Kok et al., 1986; Deister et al., 1986),
benzaldehyde (Olson et al., 1986) methyl glyoxal (CH3C(O)CHO) (Betterton and
Hoffmann, 1987), glyoxal (Olson and Hoffmann, 1988a), and glyoxylic acid (Olson
and Hoffmann, 1988b). The proposed mechanism for sulfonate formation is
illustrated for the reaction of methylglyoxal and S(IV) (see Figure 2.4). Other
carbonyl—S(IV) reactions will follow an analogous pathway (Olson et al., 1986).
Because sulfonates are the conjugate bases of strong acids, the monoprotic form is
dominant at the pH levels encountered in atmospheric droplets. Sulfite is a stronger
nucleophile than bisulfite, so ko is greater than k;. As a result the rate of sulfonate
formation increases with pH.  Among the carbonyl-S(IV) adducts studied,
formaldehyde and methylglyoxal have the largest rate constants.

The dissociation of sulfonates is also pH dependent. Data from Deister et al.

(1986) and Kok et al. (1986) indicate that the decomposition of HMSA is a second
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order reaction in the pH range 4 — 5.6. Their data lead to the following empirical

rate law:

d[H. A
— - —kq [HMSA] [OH] (16)

the value of kq obtained from their data is 3.6 x 103 M-1s"l. The decomposition of
other carbonyl—S(IV) adducts also has an inverse dependence on [H*] over this pH
range (Betterton and Hoffmann, 1987; Olson and Hoffmann, 1988a).

The kinetics of sulfonate formation are further complicated by a possible shift
in rate determining step at high pH. At low pH the addition of SO32- or HSOj3" is
rate limiting. However, at higher pH dehydration of the diol becomes rate limiting.
Olson and Hoffmann (1986) evaluated the kinetics of HMSA formation and
determined that dehydration of CHs(OH)y and S(IV) addition have equal rates
between pH 5 and 6 for typical levels of SOy and CH20O in the atmosphere. This
crossover point may be different for other carbonyls as shown by Betterton and
Hoffmann (1987) for methyl glyoxal.

The thermodynamics of sulfonate formation can be described by the stability
constant

_ [ RCH(OM) 505} ki -

K =
L [RCHO] [HSOz] k-

This constant has been determined for a number of carbonyls (see Tables 2.2—2.3).
Constants for the aldehydes correlate well with the Taft parameter, ¢*, which is a

measure of the molecules polarizability. The predicted values in Tables 2.2 and 2.3
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Figure 2.4. Reaction mechanism for the formation of
hydroxyacetylmethanesulfonate. The reaction of other

carbonyls to form analogous hydroxyalkanesulfonates follows the
same pathway (Olson et al., 1986).
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are derived from a regression on measured aldehyde constants. Ketones are assumed
to have the same slope, but a different intercept. Chloral (CCl3CHO) has the
highest predicted sulfonate stability constant. Dicarbonyls should also have large
sulfonate stability constants. The a—OH substituted and unsaturated aldehydes
will probably form sulfonates with stability similar to CHyO. Even ketones may be
activated by an adjacent acetyl or carboxyl group. Biacetyl is predicted to have a
large sulfonate formation constant. The Taft correlation predicts some interesting
behavior for keto acids such as pyruvic or glyoxylic acid. The protonated carboxyl
group is strongly electron withdrawing (large o*), so the sulfonate stability constant
should be la-e. Dissociation of the carboxyl group decreases the electron
withdrawing (small ¢*) and should weaken the sulfonate formation constant. The
formation constants turn out to be larger than predicted for the unprotonated acids
(Table 2.2—2.3). Substituent effects are rapidly attenuated by intervening —CHo—
groups. —OH substituted carbonyls should have smaller sulfonate formation
constants than their a—OH substituted analogs.

Because both the hydration and sulfonate stability constants are correlated
with the Taft parameter, a linear relation exists hetween them as well (Fig. 2.5). In
the comparison of Ky with Ky, both aldehydes and ketones plot on the same line. In
this plot the deprotonated forms of carbonyl—carboxylic acids do not exhibit -
anomalous behavior. Figure 2.5 also illustrates that the most soluble carbonyls will
form the the strongest S(IV) adducts.

Measurement of an apparent supersaturation of CH,O and S(IV) in fog and
cloud samples provided circumstantial evidence for the existence of the
formaldehyde—S(IV) adduct (HMSA) (Munger et al., 1983a; 1984).  Direct
measurements of HMSA were made in fog samples from Bakersfield California using
ion—pairing chromatography (Munger et al., 1986). HMSA did not always account

for the measured S(IV). The Taft correlations discussed above point out other
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carbonyls that are potentially present in the atmosphere, should be very soluble,
and should form stable sulfonates.

The presence or absence of sulfonates will depend on the pH history of the
droplets. The optimum conditions for sulfonates to form appear to be in source
plumes. High levels of SOs and RCHO are present and the acidity may be low
initially. Sulfonate formation proceeds at an initially rapid rate, but slows as the
droplets are acidified by dissociation of SO -H0, S(IV) oxidation, and HNOj
formation. The increased acidity also retards the decomposition reaction so that the
sulfonates will not break down once the precursors are reduced by dilution or other

reactions.
Sampling Methods

The most widely used methods of collecting gas—phase aldehydes are
dinitrophenylhydrazine (DNPH) filled bubblers ( e.g. Fung and Grosjean, 1981;
Grosjean, 1982; Lowe et al., 1980), or coated resin cartridges (Kuwata et al., 1983).
DNPH reacts with carbonyls at low pH to form hydrazone derivatives. These are
subsequently extracted and analyzed by HPLC. A two phase system is sometimes
employed to enhance the extent of derivatization by isolating the products from the
reactants (Fung and Grosjean, 1981). The low pH required for derivatization
minimizes negative interference due to sulfonate formation if SOi is present.
DNPH-filled bubblers have proven effective for the identification of short—chain
aldehydes in the atmosphere. Reported detection limits are 0.1 ppb. The collection
efficiency for substituted carbonyls and dicarbonyls has not been determined.

Other approaches to carbonyl sampling have been tried. DuVal et al., (1985)
used bisulfite—filled bubblers to sample carbonyls. The a—hydroxyalkanesulfonates

that formed were subsequently analyzed by ion chromatography. This method will
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be most effective for carbonyls that readily form sulfonates. Low-molecular-weight
organic species have also been collected using condensate films (Dawson et al., 1980;
Snider and Dawson, 1985). This method is obviously limited to species with high
overall solubility constants. Furthermore, the volume of air sampled is not directly
measured, but must be calculated from the heat and mass transfer equations for
laminar flow past a chilled plate. Henry's Law constants must be known for the
species of interest at temperatures near 273 K.

Carboxvlic Acids

Several methods of collecting organic acid from the gas phase were compared
in a field test conducted in Charlottesville, VA during June 1986 (Keene et al.,
1988). The methods included NaOH and NasCOjz coated filters, NaOH coated
denuders, GC resin cartridges, an aqueous condensate film sampler, an aqueous mist
chamber, and a cryogenic trap. The charcoal trap method used by Hoshika (1982)
has not been compared to other collection methods. The results indicate large
disparities in collection efficiency by the various methods or serious artifact
problems. The aqueous collection methods and the OH—coated denuder generally
agreed with one another while the base—impregnated filters and GC resin gave
higher concentrations. The cryogenic trap was plagued by ice plugs and did not
produce any usable results. Subsequent laboratory testing suggests that the high
values were due to reaction of gas—phase aldehyde to produce formic and acetic
acids. A possible explanation is the Cannizzaro reaction (Geismann, 1943) (egs.
18—19), which could proceed in a highly alkaline aqueous film on the collection

surface.
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(I)_
RCHO + OH- = R—(IJ—H (18)
OH

O- R H

|1 \ /O l
R—?—H + /Czo — R—({5- + R—C—OH (19)

I

OH H H

Another potential artifact on alkaline collection media is the hydrolysis of
peroxyacetylnitrate, PAN, to form CH3COO- and NOgy. This is particularly

important in highly polluted areas such as Los Angeles.

Previous Measurements

Formic and acetic acid are the most well studied organic acids (see Table 2.4),
although some studies have included higher acids. Hoshika (1982) measured several
normal and branched organic acids up to pentanoic in the gas phase. Traces of
dicarboxylic acids such as citrate, oxalate, malonate and succinate have been
observed in rainwater (Keene et al., 1983; Kawamura et al., 1985; Norton, 1985).
Steinberg et al. (1985) report measurements of several a—ketoacids in Los Angeles
rain. A number of higher monocarboxylic acids such as propanoic, lactic and
butanoic have also been observed in rain, cloud and fog water (Kawamura and
Kaplan, 1984; Norton, 1985; Jacob et al., 1986a; Munger, unpublished results).

Concentrations of the higher acids are less than formate and acetate.
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Table 2.4. Summary of atmospheric formic and acetic acid concentrations.

Site Formic Acetic Reference
(gas phase)

— nmole m™3
Nagoya Japan — 68 Hoshika 1982
Air near poultry
manure pen — 270 ibid.
Tucson, AZ
(uncontaminated) 61 41 Dawson et al. 1980
Tucson, AZ
{urban influenced) 102 163 ibid.
Saguaro National
Monument, AZ 41 20 ibid.
Sells, AZ 31 24 ibid.
Ducke Reserve, ’
Brazil (surface) 62 80 Andreae et al. 1988
(canopy top) 94 134 ibid.
Hampton, VA
(growing) 84 59 Talbot et al. 1988

(non—growing) 31 31 ibid.



Table 2.4.(continued)

Los Angeles, CA
Charlottesville, VA
Amsterdam Is.

San Carlos,
Venezuela

Katharine,
Australia

Wisconsin (spring)

Hampton, VA
(growing season)

(non—growing)

Ducke Reserve,
Brazil

Los Angeles, CA
Bakersfield, CA
McKittrick, CA
Buttonwillow, CA
Visalia, CA

52

Formic Acetic
(rainwater)
uM
8.7 24
14 5
10 4
14 3
22 7
10 4
7 5
2 2
18 11

(fog and cloudwater)

pM
92 43
45 155
22 3
144 59
53 65

Reference

Kawamura and Kaplan (1984)
Keene and Galloway (1984)
Galloway et al. (1982)

ibid.

ibid.

Chapman et al. 1986
Talbot et al. 1988
ibid.

Andreae et al. 1988

Kawamura and Kaplan (1984)
Jacob et al. (1986)

ibid.

ibid.

ibid.
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Elevated concentrations of formic and acetic acid near urban areas (Dawson et
al., 1980) and correlation with NOjz~ (Norton, 1983) indicate an anthropogenic
source for some organic acids. Biological activity is implicated by the elevated
concentrations of organic acids near a poultry manure pen (Hoshika, 1982). A
substantial background level of organic acid from biogenic sources is indicated by
the levels observed at rural and remote sites (Keene et al., 1983; Keene and
Galloway, 1986) Keene and Galloway (1986) note that organic acid concentrations
are greatest during the growing season and sharply decline after leaf fall. Talbot et
al. (1988) observe a similar seasonal trend. Formic acid decreases to a greater
extent in the non—growing season than acetic acid does. Diurnal variations in
formic and acetic acid concentration have been observed at both temperate (Talbot
et al. 1988) and tropical sites (Andreae et al., 1988). The data imply that
carboxylic acids have a vegetative source in conjunction with photochemical
production. Part of the morning increase in formic and acetic acid concentrations
may be due to reentrainment of air from above the nocturnal boundary layer (Jacob
and Wofsy, 1988). It is not clear from the data whether acids are emitted directly
from vegetation or are formed from precursors such as isoprene or other biogenic
hydrocarbons. The importance of combustion as a source for carboxylic acids is
indicated by their high concentrations in the haze layers derived from biomass
burning in the Amazon jungle (Andreae et al. 1988), vehicle exhaust, and wood
smoke (Talbot et al., 1988). Keene and Galloway (1986) have pointed out a
consistent ratio between formate and acetate concentrations in rainwater from
throughout the world. The ratio of formate to acetate at continental sites during
the growing season is 2.89; the ratio for rainwater from all other sites and seasons is
2.44. Absolute levels of organic acid are higher for the terrestrial sites. This ratio is
independent of pH, which implies that the ratios of organic acids in the gas phase

vary widely (if rainwater is in equilibrium with the gas phase), while those in the
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liquid phase do not. They suggest that this pattern implies a common source or
control mechanism for acetic and formic acid concentrations in rainwater. This
relationship does not appear to hold for samples from urban areas given in Table
2.4.

Carbonyls in the atmosphere have been more extensively studied than the
carboxylic acids. Most investigations have focused on formaldehyde (Table 2.5) or
acetaldehyde (Table 2.6). Measurements of higher aldehydes generally indicate they
are less important than formaldehyde and acetaldehyde. Concentrations of
formaldehyde at remote sites are generally consistent with predictions of
background levels produced by oxidation of biogenic methane (NRC 1981). Lowe
and Schmidt (1983), however, report lower than expected concentrations of CH,O
over the Atlantic. The highest concentrations of aldehydes, in both gas and aqueous
phase, are found in urban areas, indicating an anthropogenic source. The
importance of secondary reactions is indicated by correlation between CH20 and Og
diurnal patterns (Cleveland et al., 1977). Summer maxima of both CH,0O and
CH3CHO (Tanner and Meng, 1984) are further evidence of the importance of
photochemical production of aldehydes. The only reports of dicarbonyls in the
atmosphere are those of Steinberg and Kaplan (1984) They observed glyoxal and
methylglyoxal at levels comparable to CH»O.

Based upon observations of elevated levels of CHsO in association with S(IV),

Munger et al. (1984) postulated the presence of HMSA. Analysis of samples from



Table 2.5 Atmospheric formaldehyde concentrations.

1]
=
>

Los Angeles, CA
Claremont, CA
New Jersey

Deuselbach, F.R.G

Julich, F.R.G

"

(ground level)
(boundary layer)
(free troposphere)
Julich, F.R.G
Mainz, F.R.G

Upton, NY
(Brookhaven)

Schenectady, NY
Whiteface Mt. NY
Tucson, AZ

Rural Arizona

=]

36
65
4%

14
15

64
10

174

14

135
71
18

27

Range

(gas phase)

— 1. slem 33—

80-160
120-1930
150-260
130-900

16155

0-37
4-265

12180

12-20
0—4
8410

30210

37-1960
30-1240
33-106

=
(D
o>
3

830
1000

420

69

87

32

52
78

306

310

73
61

Reference

Grosjean (1982)

ibid.

Cleveland et al. (1977)
Klippel and Warneck {1980)
Neitzert and Seiler (1981)
Platt and Perner (1980)
ibid.

Lowe et al. {(1980)

ibid.

ibid.

Lowe and Schmidt (1983)
Neitzert and Seiler (1981)

Tanner and Meng (1984)
Schulam et al. (1985)
ibid.

Snider and Dawson (1985)
ibid.



Table 2.5 (continued).

Site

St. Louis, MO

Denver, CO
(June 1980)

Riverside, CA
Staten Island, NY
Pittsburgh, PA
Chicago, IL
Downey, CA
Houston, TX

Denver, CO
(April 1984)

Urban Residential
Area, Japan —
(summer)

(winter)

Industrial area,
Japan (summer)

(winter)

Tokyo, Japan

Mt. Norikura
western north Pacific
Philippines — Borneo
Indian Ocean

0-20° s

>20°§

=

11

18
18
17

48
11

21

Range
<760

<1170
<1670
<1870
<1160
<640
<2760
<920

<225

33800
33—-130

33450

33-204

460

500
775
583
754
460
460
153

94

(o]

Reference
Salas and Singh (1986)

ibid.
ibid.
ibid.
ibid.
ibid.
ibid.
ibid.

ibid.

Kuwata et al. (1983)
ibid.

ibid.
ibid.
Fushimi Miyake (1980)
ibid.

—_ ibid.

ibid.

ibid.

ibid.
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Table 2.5 (continued).

Site hol Range Mean Reference
Atlantic Ocean 151 4-26 8 Lowe and Schmidt (1983)
Irish Coast ) 37 4-21 8 ibid.
Loophead, Ireland 5 <12 — Platt and Perner (1980)
Dagebull, F.R.G. 9 0-20 13 ibid.
Cape Point,
South Africa 5 841 20 Neitzert and Seiler (1981)
Baring Head
New Zealand — - 8 Lowe and Schmidt (1983)
Enewetak 7 — 16 Zafiriou et al. (1980)
(Aerosol)
—nmole m™3 —
Claremont, CA 14 0-9 3 Grosjean (1982)
Mainz, F.R.G. 8 — 2.1 Klippel and Warneck {1980)
Deuselbach, F.R.G. - _ 1.3 ibid.
Irish coast 16 — 0.16 ibid.
(Rain water)
— M —
Mainz, F.R.G. 38 -— 5.8 Klippel and Warneck (1980)
Deuselbach 19 —_ 4.7 ibid.
Irish coast 16 - 4.7 ibid.
Enewetak 6 0.2—0.4 0.26 Zafiriou, et al. (1980)
Los Angeles 6 2.8-15.3 8.2 Steinberg and Kaplan
(1984)

Julich, F.R.G. - 0.4-3.5 — Lowe and Schmidt (1983)
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Table 2.5 (continued).

Site n Range Mean Reference
(fog and cloud water)
— M —
Los Angeles
198182 15 93-320 190 Munger et al. (1984)
Southern California
coast 1983 13 53-256 73 ibid.
Bakersfield, CA 1983 83 53-709 83 ibid.
Pt. Reyes, CA 22 0.6-18 3 ibid.
San Nicholas Is, CA 5 6.6—24 17 ibid.
Pasadena, CA
(intercepted stratus) 100 12-173 55 ibid.
Los Angeles {stratus) 11 11-142 70 Richards et al. (19

*
Medians of 24—hour averages at 4 sites.
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Table 2.6 Atmospheric acetaldehyde concentrations.

Site n Range Mean Reference
(gas—phase)
nmole m-3

Los Angeles, CA 33 0-1060 360 Grosjean (1982)
Claremont, CA 66 120-1380 550 ibid.
Upton, NY 135 <20-1430 120 Tanner and Meng (1984)
Schenectady, NY 71 0-200 — Schulam et al. (1985)
Whiteface Mt. NY 18 8-33 — ibid.
Tucson, AZ 17 — 940 Snider and Dawson (1983)
Rural Arizona 18 _ 280 ibid.
Urban residential
Area, Japan ~
(summer) 2 — 230 Kuwata et al. (1983)
(winter) 2 — 96 ibid.
Industrial Area,
Japan — (summer) 1 — 370 ibid.

(winter) 1 — 70 ibid.
Pittsburgh, PA 8 <106 57 Salas and Singh (1986)
Chicago, IL 5 <140 86 ibid.
Downey, CA 48 1160 350 ibid.
Houston, TX 11 <270 90 ibid.

Denver, CO 21 86 41 ibid.



Table 2.6 (continued).

Site

Claremont, CA

Los Angeles
(rain)

(fog)

|=]

14

60

Range Mean
(aerosol)
nmole m-3
0.05-9 2.2

(rain and fog water)

Reference

Grosjean (1982)

uM

0.2-7 1.8

1-3.5 —

Steinberg and Kaplan
(1985)

ibid.



61
the San Joaquin Valley by ion—pairing chromatography confirmed the presence of
HMSA (Munger et al., 1986). Samples collected during the winter of 1985—86 in
Riverside also show substantial levels of aldehydes, S(IV) and HMSA (Munger et

al., unpublished data; Dong and Dasgupta,1986; Dasgupta and Yang, 1986).

SUMMARY

A variety of carbonyl compounds and carboxylic acids are formed during the
oxidation of hydrocarbons. Many of these compounds are soluble in water. Their
equilibrium dissolution into fog— and cloudwater depends on Henry's Law and acid
dissociation or carbonyl hydration. The formation of hydroxyalkyl sulfonates is of
particular importance.

The simplest aldehydes and carboxylic acids have been determined in a variety
of environments. The highest concentrations of formaldehyde and acetaldehyde are
observed in urban areas, implying that anthropogenic sources are their most
important contributors. Formic and acetic acid are more ubiquitous. Natural
sources appear to be important for these species. Seasonal and diurnal cycles in
their concentration suggest that vegetation is a major source for carboxylic acids in

the atmosphere.
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