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ABSTRACT

The reaction kinetics and thermodynamics of the reversible addition of S(IV)
and several aldehydes were studied at low pH in order to determine which
carbonyl-bisulfite adducts are potential S(IV) reservoirs in atmospheric water
droplets. Benzaldehyde, glyoxal, glyoxylic acid, and hydroxyacetaldehyde were
chosen as aldehyde substrates.

Spectrophotometric methods were employed to study the reaction kinetics.
Between pH 1 — 3, the two rate—determining steps for adduct formation were the
addition of HSO3~ and SO32- to the carbonyl carbon atom. The sulfite ion was a
much more effective nucleophile than bisulfite; rate constants for sulfite addition
are four to five orders of magnitude higher than for bisulfite. Below pH 1, some
specific acid catalysis was also observed.

Adduct stability constants were determined by spectrophotometry and from
microscopic reversibility relationships. Linear—free—energy relationships between
carbonyl-bisulfite adduct stabilities and the Taft o* parameter were found to hold
for a limited set of aldehyde substrates. A relatively high correlation exists
between bisulfite adduct stability constants and carbonyl hydration constants.

Criteria were formulated, which can be used to predict the potential
effectiveness of a carbonyl to significantly stabilize S(IV) in droplets. Modeling
calculations for an open atmosphere show that adduct formation rates are much
slower than mass transfer and S(IV) oxidation rates under most fog— and cloud—
water conditions. Formation rates of hydroxyacetaldehyde—, glyoxal-, and
glyoxylic acid — bisulfite addition compounds are comparable to, or faster than,
formation rates of hydroxymethanesulfonate, which has been identified in droplets.
Equilibrium calculations suggest that these three addition compounds can also

stabilize a significant excess of SO2 in the liquid phase.
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OVERVIEW

This project was undertaken to determine whether other carbonyl-bisulfite
addition compounds, besides a-hydroxymethanesulfonate (HMS), represent
significant reservoirs for S(IV) in atmospheric water droplets. The approach taken
involved studying the reaction kinetics and thermodynamics for a selected set of
aldehyde substrates. This selected set includes benzaldehyde, glyoxal (CHOCHO),
glyoxylic acid (CHOCO3H) and hydroxyacetaldehyde. These aldehydes were
chosen because they have been either detected or predicted to form in the
atmosphere.

Hydroxyalkylsulfonate formation at low pH (< 3) can be described by the

following three—term generalized rate expression:

d[RCH ((1 (t)H)sos'] = (ko[RCHOH"] + k[RCHO])[HSO37] +

kz[RCHO] [8032'] .

The ko term corresponds to the proton—catalyzed addition of bisulfite. The k; and
ko terms correspond to the addition of bisulfite and sulfite, respectively, to the
carbonyl carbon. Sulfite is by far the most effective nucleophile; ratios of ka/kq
ranged from 3 x 104 to 105. Only the sulfite addition pathway is rapid enough to
result in significant macroscopic adduct formation rates over fog— and cloud-water
time scales. The activation entropies associated with the k; step are substantially
more negative than those for the ko step. To explain these differences, it is
postulated that bisulfite addition requires a more ordered, cyclic transition state,
whereas sulfite addition does not. The rate constants ky and ks did not correlate
closely with the Taft o* parameter and hence steric and solvent bonding effects are

thought to be as important as electric field effects for some addition compounds. A
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better correlation was found between ky and k.

Stability constants of the aldehyde-bisulfite adducts were determined by
spectrophotometrically measuring the concentrations of free S(IV) or aldehyde in
equilibrated solutions. For the glyoxal and glyoxylic acid adducts, these direct
determinations were checked by calculating the equilibrium constant as K =

Kformation/ Kdissociation. Intrinsic stabilities, defined as

K., — [RiR2C(OH)SO04]
ntr — ’
[R1COR2 ] [ HSO3']

for addition compounds with the same number of a-hydrogen atoms adjacent to
the carbonyl carbon atom were found to correlate reasonably well with the Taft o*
parameter. The presence of an o—phenyl substituent or an a—carboxylate group,
however, leads to substantially smaller and larger values of Kijp¢r than the Taft
correlation would predict. An LFER of high correlation was found to exist
between carbonyl-bisulfite adduct stabilities and carbonyl hydration constants.
These correlations could be used to predict yet unknown adduct stabilities.

Apparent formation constants, defined in terms of the total concentration of
hydrated and unhydrated aldehyde, are relatively invariant (2 x 104 — 3.6 x 106
M-1) for predominantly hydrated aldehydes. This result implies that the aldehydes
that are the most effective in stabilizing SO2 are those with the greatest solubilities
and abundance in the atmosphere.

Modeling calculations were performed to compare hydroxyalkylsulfonate
formation rates in a foggy, polluted atmosphere with mass transfer and S(IV)
oxidation rates. Except in the near neutral pH range or in the case of unusually
large droplets, hydroxyalkylsulfonates form much more slowly than the time scales
of either of these two processes. Calculated macroscopic removal rates of SOy from

the gas phase because of adduct formation were significant only above pH 5 and
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when an excess of aldehyde was present in the atmosphere. Assuming equal
gas—phase concentrations of aldehyde in an open atmosphere, formation rates of
the glyoxal—- and glyoxylic acid — bisulfite addition compounds were comparable to
HMS rates. Under this same assumption, hydroxyacetaldehyde-bisulfite adducts
form faster than HMS.

Since kinetic limitations appeared to be absent, the potential of
hydroxyalkylsulfonates to serve as S(IV) reservoirs was examined
thermodynamically. While HMS was found to be the most effective reservoir,
glyoxal, glyoxylic acid and hydroxyacetaldehyde were all predicted to lead to
significant S(IV) enrichment. This result is due primarily to the high solubilities

of these compounds.



CHAPTER 1

Introduction



Many developments have led up to and motivated this work, but perhaps the
key point of understanding has come with the recognition that fog— and cloudwater
droplets play an important role in removing pollutants from the atmosphere.
Because they are relatively small in size (with diameters ranging from 1 to 100
pm), these droplets are effective scavengers of soluble gas—phase pollutants; they
are typically much more concentrated with respect to solutes than rainwater
droplets. Furthermore, the longer atmospheric residence times of these small
droplets (hours to days), enables some chemical reactions to take place that are
otherwise too slow to proceed over rain droplet time scales. Once intensive efforts
were made to collect and analyze fogwater (Waldman et al, 1982; Jacob and
Hoffmann, 1983; Munger et al., 1983; Jacob et al., 1984a,b), investigators quickly
discovered that Henry's law solubility relationships alone could not account for the
high concentrations of S(IV) and formaldehyde that were observed (Munger et al.,
1984). Others also reported that dissolved SO2 and oxidants, such as HyOy and
O3, were often present simultaneously (Richards et al, 1983; Kok et al., 1986;
Hoigne et al., 1985). Based on these observations, Munger et al. (1986) proposed
that the elevated concentrations of S(IV) were due to the formation of the
formaldehyde-bisulfite ~ addition = compound  (e~hydroxymethanesulfonate,
abbreviated HMS in this work) and successfully identified it in fogwater at
concentrations exceeding 200 uM. Later, Ang et al. (1987) identified HMS in
rainwater, but at much lower levels.

In urban atmospheres, especially photochemically polluted ones, a variety of
carbonyls are present. The National Research Council's Committee on Aldehydes
(1981) estimated that of the 10 — 50 ppb hourly average concentration range of

total aldehyde present in urban environments, 30 — 75% consists of formaldehyde.
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Attempts have been made to identify the composition of the remaining carbonyl
fraction (Grosjean, 1982; Snider and Dawson, 1985); acetaldehyde, propanal,
butanal, 2-butanone, benzaldehyde, and 2,3-butadione are among those that have
been detected. Other evidence suggests that this list is far from complete. Glyoxal
(CHOCHO), methylglyoxal (CH3COCHO) (Steinberg and Kaplan, 1984; Igawa et
al., 1988), glyoxylic acid (CHOCO,H), and pyruvic acid (CHsCOCOyH) (Steinberg
et al., 1985) have been detected in precipitation and fog samples. Theoretical
calculations (Calvert and Madronich, 1987) and experimental studies (Tuazon et
al, 1984, 1986) indicate that a—dicarbonyl and unsaturated ~y—dicarbonyl
compounds are major gas—phase oxidation products of aromatic hydrocarbon
mixtures.  Calvert and Madronich have also shown by calculation that
r-hydroxy—aldehydes and a—hydroxy—carbonyls are significant oxidation products
of alkane and alkene mixtures, respectively. Knowing that formaldehyde serves as
a reservoir for S(IV) in atmospheric water droplets and that a wide variety of other
aldehydes are present, the obvious question became: How important are other
carbonyls in stabilizing S(IV)?

Although the overall addition of S(IV) species with carbonyl compounds,

RiCOR, + HSO3 == R;R,CH(OH)SO3, (1)

is a familiar reaction to organic chemists and a useful tool in organic synthesis,
surprisingly few detailed studies of the reaction were available.
Formaldehyde-S(IV) addition, also known as the "formaldehyde clock reaction"
(Jones and Oldham, 1963), was studied as early as 1929 by Wagner, then later by
Skrabal and Skrabal (1936) and Sgrensen and Andersen (1970), and most recently
by Boyce and Hoffmann (1984); Deister et al. (1986); Kok et al. (1986); and Dong
and Dasgupta (1986). The only other detailed studies of S(IV) addition with
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carbonyls had been conducted with benzaldehyde (Stewart and Donnally, 1932a,b)
and isobutryaldehyde (Green and Hine, 1974). In order to answer the above
question, it was clear that more research was needed.

Objectives. Several objectives were identified at the outset of this work. For
the following set of aldehyde substrates: benzaldehyde (Chap. 3), glyoxal (Chap.
4), glyoxylic acid (Chap. 5), and hydroxyacetaldehyde (Chap. 6), thermodynamic
and mechanistic details of the bisulfite addition reaction were sought. In
conjunction with these studies, Betterton and Hoffmann (1987) also examined the
kinetics and thermodynamics of methylglyoxal-bisulfite adduct formation. The
information gained in these endeavors was to be used to develop criteria for
predicting which hydroxyalkylsulfonates are important reservoirs for S(IV).
Finally, we planned to use the results to compare adduct formation rates with
mass transfer rates and S(IV) oxidation rates under ambient atmospheric
conditions. Chapter 2 contains the results of these modeling calculations and

summarizes the implications of this study.
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Abstract

Kinetic and thermodynamic data obtained for the addition of S(IV) species
with several aldehydes, including benzaldehyde, glyoxal, methylglyoxal,
acetaldehyde, hydroxyacetaldehyde, and glyoxylic acid, were used to predict their
effectiveness as reservoirs for S(IV) in atmospheric water droplets. A linear—
free—energy relationship between hydroxyalkylsulfonate stabilities and carbonyl
hydration constants is presented, which can be used to estimate the stability
constants of other unknown carbonyl-bisulfite adducts. Formation rates of at least
four of the adducts studied were greater than or comparable to the formation rate
of a-hydroxymethanesulfonate (HMS). Under most fog— and cloudwater
conditions, we have shown that these rates are slower than gas transfer processes.
Equilibrium  calculations in an open  atmosphere indicate  that
hydroxyacetaldehyde, glyoxal, glyoxylic acid, and to a smaller extent,
methylglyoxal, lead to potentially significant enrichment of S(IV) in the liquid
phase, although HMS is an even better reservoir for S(IV). Scavenging of SO
from the gas phase that is due to hydroxyalkylsulfonate formation becomes
important at high liquid water contents, pH > 5, and when an excess partial
pressure of the aldehyde is present. The overall dissolution of RCHO and SO, into
a droplet and the subsequent formation of the hydroxyalkylsulfonate also result in
a net increase in acidity which, in a weakly buffered solution, can be more than a

unit drop in pH.
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NOMENCLATURE

Reaction rate (M s1)

Equilibrium constant, subscripts and superscripts
denote the following reactions:

a Acid dissociation (M)

h Hydration

d Dehydration

1 Hydroxyalkylsulfonate formation (M-1)

app  Apparent adduct formation constant (M-1)

Rate constant, subscripts refer to:

proton catalyzed addition of HSOj3~ and
RCHO (M-1571)

RCHO + HSO3~ (M-1s71)

RCHO + SO32 (M-1s1)

spontaneous dehydration (s1)

proton catalyzed dehydration (M1 s1)

OH  hydroxide catalyzed dehydration (M1 s-1)

S

Lo ~

Ionization fraction of S(IV) species
Distribution fraction of RCHO species
Hydrogen ion activity (M)

— Log ({H'})

Gas—phase partial pressure (atm)
Intrinsic Henry's Law constant (M atm™1)
Effective Henry's Law constant (M atm™)
Universal gas constant (1 atm™t M-1)
Temperature (°K)

Aqueous diffusion coefficient (cm? s1)

Gas—phase diffusion coefficient (cm? s1)

Average molecular speed (cm s°1)
Dimensionless sticking coefficient

Droplet radius (cm)



10

Characteristic times (s), subscripts refer to the

following processes:

d.a.  aqueous diffusion

d.g.  gas—phase diffusion

r.a chemical reaction based on aqueous reagent
concentration

r.g.  chemical reaction based on gas—phase reagent
concentration

phase interfacial phase equilibrium

Liquid water content (volume fraction)

Fraction of aqueous and gas—phase S(IV) bound as
hydroxyalkylsulfonates

Macroscopic removal rate of SOy (%/hr)

S(IV) enrichment factor in aqueous phase
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Introduction

The addition reaction of carbonyl compounds with dissolved S(IV) species
(Ho0-SO2, HSO3", and SO327) to form a-hydroxyalkylsulfonates has been
implicated as a pathway for the stabilization of S(IV) in the aqueous phase. Before
the specific identification of these compounds, their presence was suspected on the
basis of the large measured excesses of S(IV) and aldehydes, over the amounts
expected from Henry's law calculations (Munger et al., 1984; Klippel and Warneck,
1980; Grosjean, 1982). In addition, the coexistence of dissolved SO2 and oxidants,
such as HoO2 and Og, were reported (Richards et al., 1983; Kok et al., 1986; Hoigne
et al., 1985). Analytical techniques to specifically identify the formaldehyde—
bisulfite adduct, hydroxymethanesulfonate (HMS) were later developed by Munger
et al. (1986) and Ang et al. (1987). They reported HMS concentrations in fog— and
rainwater samples that periodically exceeded 100 uM.

The effectiveness of formaldehyde as a reservoir for S(IV) can be attributed
to four important properties. First, formaldehyde is highly soluble because of its
extensive hydration to form methylene glycol (CHy(OH)s) in water. HMS, which
has a formation constant, K, o = [CHz(OH)SO37]/([HSO37][HCHO]), of 6.6 x 109
M-1, is favored thermodynamically (Deister et al., 1986). A third factor, the rapid
kinetics of HMS formation in slightly acidic solution, allows this reaction to
proceed at time scales shorter than or comparable to the lifetime of fogs and
clouds.  Finally, formaldehyde is often an abundant pollutant in urban
atmospheres.  According to the National Research Council's Committee on
Aldehydes (1981), hourly average concentrations of total aldehyde range from 10 —
50 ppb in polluted urban environments with 30 — 75% consisting of formaldehyde.

Other carbonyls may represent significant adduct reservoirs for S(IV). In the
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gas phase, acetaldehyde, propanal, butanal, 2-butanone, benzaldehyde (Grosjean,
1982), and 2,3-butadione (Snider and Dawson, 1985) have been detected.
Carbonyls such as acetaldehyde, propanal, acetone, acrolein, n—butanal,
2-butanone, n—pentanal, n-hexanal, benzaldehyde (Grosjean and Wright, 1983;
Kawamura and Kaplan, 1983); glyoxal, methylglyoxal (Steinberg and Kaplan,
1984; Igawa et al., 1988); glyoxylic acid and pyruvic acid (Steinberg et al., 1985),
have also been identified in the droplet phase. Theoretical calculations have shown
that the major gas—phase oxidation products of alkanes in a NOx-rich atmosphere
are y-hydroxy-aldehydes and y-hydroxy—ketones (Calvert and Madronich, 1987).
The oxidation of aromatic hydrocarbon mixtures have been shown experimentally
to yield a—dicarbonyls and unsaturated y-dicarbonyls (Tuazon et al., 1984, 1986).
Aldehydes that are known to have large apparent Henry's law constants include
glyoxal, methylglyoxal, and hydroxyacetaldehyde (Betterton and Hoffmann, 1988).
Glyoxylic acid is also expected to be highly soluble since it is extensively hydrated
in solution. While the hydration properties of a wide variety of carbonyls have
been studied, relatively few studies of the bisulfite addition compounds were
available. This led us to select a series of potentially important aldehydes
(benzaldehyde, glyoxal, methylglyoxal, acetaldehyde, hydroxyacetaldehyde, and
glyoxylic acid) and to determine the stabilities and formation rates of their
respective bisulfite adducts. Structures, names, and abbreviations used throughout
this paper for each of the addition compounds are listed in Table 1. The
mechanisms of each of these reactions have been discussed in detail elsewhere
(Olson et al., 1986, 1988; Betterton and Hoffmann, 1987; Betterton et al., 1988;
Olson and Hoffmann, 1988a,b).

In this paper we have used the results of these studies to develop linear—

free—energy correlations that can be used to predict yet unknown rate and stability
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constants. Comparisons of the rates of aldehyde-bisulfite formation rates under
atmospheric conditions, and of the characteristic reaction time scales with mass
transport and S(IV) oxidation rates are also presented. Equilibrium calculations
were made to predict which hydroxyalkylsulfonates lead to potential enrichment of
S(IV) and to determine under what atmospheric conditions adduct formation leads

to the partitioning of SO9 from the gas phase to the droplet phase.

Experimental Procedures

The procedures used to study the reaction kinetics involved following either
the disappearance of free aldehyde or S(IV) spectr<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>