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Glyoxal, a common atmospheric gas, has been reported to be depleted in some regions of the atmosphere.
The corresponding sink could be accounted for by reactions in or at the surface of atmospheric particles, but
these reactions were not identified. Recently, we showed that inorganic ammonium ions, NH4

+, are efficient
catalysts for reactions of carbonyl compounds, including glyoxal, in the liquid phase. To determine whether
ammonium-catalyzed reactions can contribute to depletion of glyoxal in the atmosphere, the reactivity of this
compound in aqueous solutions containing ammonium salts (ammonium sulfate, chloride, fluoride, and
phosphate) at 298 K has been studied. The products identified by LC-HRMS and UV absorption revealed a
mechanism involving two distinct pathways: a Bronsted acid pathway and an iminium pathway. The kinetics
of the iminium pathway was studied by monitoring formation of a specific product. This pathway was second
order in glyoxal in most of the solutions studied and should therefore be second order in most ammonium-
containing aerosols in the atmosphere. The corresponding rate constant, kII (M-1 s-1), increased strongly with
ammonium ion activity, aNH4

+, and pH: kII (M-1 s-1) ) (2 ( 1) × 10-10 exp(1.5 ( 0.8)aNH4
+

exp(2.5 ( 0.2)pH. This
iminium pathway is a lower limit for the ammonium-catalyzed consumption of glyoxal, but the contribution
of the acid pathway is expected to be small in tropospheric aerosols. With these results the reactive uptake
of glyoxal on ammonium-containing aerosols was estimated and shown to be a possible explanation for
depletion of this compound in Mexico City.

Introduction

Glyoxal is a common gas in the atmosphere produced by
oxidation of both biogenic and anthropogenic organic gases.1

Development of new monitoring techniques for this compound
has evidenced its contribution to the photochemical smog and,
in particular, ozone concentration.2 More recently, this com-
pound was found to be at lower concentration than expected in
the atmosphere of Mexico City.3 This depletion was shown to
be accounted for by either an uptake on atmospheric particles,
an enhanced partitioning in the particulate aqueous phase, or
an enhanced formation of secondary organic aerosols (SOA).
However, in all these cases the chemical processes responsible
for uptake or elevated partitioning were not identified. These
observations suggest the existence of hitherto unknown chemical
processes which would not only determine 70-95% of the
atmospheric lifetime of glyoxal3 but also affect the photochem-
istry and ozone budget and are therefore important to investigate.
One of the explanations previously proposed for depletion of
glyoxal was its reactive uptake by acidic aerosol particles.3 In
recent years, formation of secondary organic aerosols (SOA)
was also shown to be enhanced by acid-catalyzed reactions.4

However, calculations of the pH of inorganic aerosol particles
in Mexico City with the model ISORROPIA,5 validated by
measurements of their ionic content,6 led to values between 4
and 6, i.e., proton concentrations between [H+] ) 10-6 and 10-4

M. Laboratory studies of the acid-catalyzed reactions of carbonyl
compounds have established that these reactions or the partition-

ing of these compounds become significant for aerosols only
for much larger acid concentrations, equivalent to at least 50
wt % of sulfuric acid ([H+] ≈ 8.5 M) and, in any case, [H+] .
1 M.7 Acid catalysis is thus unlikely to be responsible for
depletion of glyoxal in the atmosphere. Our recent work
identified several new classes of catalysts able to make reactions
of carbonyl compounds as fast in tropospheric aerosols as in
concentrated sulfuric acid.8-10 The most important of them are
probably inorganic ammonium ions, NH4

+,10 because of their
ubiquitous presence and large concentrations in aerosols. A few
studies of the uptake have reported glyoxal on sulfate particles,
including ammonium sulfate ones.11,12 However, they were based
on measurements of particle growth, and could not clearly
distinguish between reactive (or irreversible) and reversible
uptake. For this reason and the large uncertainties on the Henry’s
law coefficient for glyoxal in these media these studies did not
report any rate constant of reaction. Therefore, to obtain direct
insight into the reactivity of glyoxal in ammonium-containing
media we propose in this work to investigate its reactions
directly in aqueous ammonium salts solutions (ammonium
sulfate, ammonium chloride, ammonium fluoride, and am-
monium phosphate) at room temperature, 298 ( 2 K. The
first part of this work focuses on analyzing the reaction
products and discussing the different pathways of the
mechanism. The second part presents a kinetic study of one
particular pathway, the iminium pathway, by monitoring
formation of a specific product. Finally, the corresponding
uptake of glyoxal on atmospheric particles is estimated and
its importance for depletion of this compound in the
atmosphere discussed.
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Experimental Section

1. Product Study. The products of the ammonium-catalyzed
reactionsofglyoxalwereidentifiedbyliquidchromatography-high-
resolution mass spectrometry (HRMS) with a Bruker MicrOTOF
spectrometer.

2. Kinetic Studies. The experimental technique and method
used for the kinetic studies in this work are identical to those
used in previous studies of amino acid catalysis,8,9 and the reader
is referred to these works for details. The experiments were
performed on 4 mL bulk samples placed in glass vials,
continuously stirred, and protected from light with aluminum
foil at room temperature (298 ( 2 K). The solutions studied
were mixtures of ammonium sulfate ((NH4)2SO4), ammonium
chloride (NH4Cl), ammonium fluoride (NH4F), and ammonium
phosphate ((NH4)2HPO4), 0.5-4 M in deionized water. Glyoxal,
0.05-1 M (generally 0.1 M), was introduced in these solutions
with a microsyringe.

Kinetic analyses were based on measurements of the absor-
bance of the reaction mixtures as a function of time over
190-1100 nm with a UV-vis spectrometer (Agilent 8453) (see
the example in Figure 1). For this small samples (<0.3 mL) of
the reaction mixtures were taken and placed in 1 mm quartz
cells. The absorbance of these samples, Ab(λ), where λ is the
wavelength in centimeters, measured by the spectrometer was
converted into an extinction coefficient, ελ, by applying the
Beer-Lambert law

Ab(λ)) ελl (1)

where l is the optical path length (l ) 0.1 cm). For a direct
comparison with the optical properties of atmospheric aerosols
the absorbance presented in the figures was converted into
absorption indices, Aλ (nondimensional), the imaginary part of
the refraction index by

Aλ ) λελ ⁄ 4π (2)

As discussed below, the kinetic studies in this work were
based on absorption of a product at 209 nm (Figure 2). Using
this absorption was reliable as no other products of the reaction
studied were found to absorb light nor do products from the
base- or acid-catalyzed reaction of glyoxal.

First-Order Analysis. The reactions were identified as being
first order in glyoxal when the variations of the absorbance at
209 nm, ε209(t), could be described with a first-order expression

ελ(t)) ε∞[1 - exp(-kIt)] (3)

where ε∞ is the absorbance of the mixture at long reaction time
(or high degree of conversion), determined experimentally. The
corresponding first-order rate constants, kI (s-1), were then
determined from the slope of the expression

ln(1-ελ ⁄ ε∞))-kIt (4)

The overall uncertainties on these rate constants were estimated
to about 25%.

Second-Order Analysis. As shown below, most of the
reactions studied in this work followed second-order kinetics.
This was established by fitting the variations of the absorption
index at 209 nm with a second-order expression (Figure 2, top)

ε209(t)) ε∞[1- 1 ⁄ (1+C∞kIIt)] (5)

where C∞ (M) is the concentration of product at a high degree
of conversion. The second-order rate constant, kII (M-1 s-1) was
then obtained from the slope of the expression

[1 ⁄ (1- ε209 ⁄ ε∞)]- 1)C∞kIIt (6)

where C∞ was calculated by dividing ε∞ by the absorption cross-
section of the product, σ(209 nm). The latter was assumed
identical to the one of crotonaldehyde, σ(209 nm) ) 37 150

Figure 1. Absorption spectra the reaction of glyoxal (0.1 M) in
ammonium sulfate 35 wt %, showing the rapid formation of a product
at 209 nm.

Figure 2. (Top) Real-time variations of the absorption index of the
reaction mixture at 209 nm in saturated ammonium sulfate solutions
(∼43 wt %) and fit to the second-order function given by eq 5. (Bottom)
Conversion of the real-time data into eq 6 to determine a second-order
rate constant, kII (M-1 s-1) (see text).
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M-1 cm-1.13 The overall uncertainties on kII (M-1 s-1) were
estimated to be 50%. However, it is important to keep in mind
that the absolute values of kII reported in this work are inversely
proportional to the value assumed for σ(209 nm). If better
estimates for this cross-section become available these rate
constants would have to be corrected accordingly.

Effect of Ammonium Ion Activity, Counterion, and pH.
As the rate constant of reaction was expected to vary with the
activity of the catalyst, experiments were carried out in salt
concentrations varying from 0.5 to 4 M. The activities of NH4

+,
aNH4

+, in ammonium sulfate and ammonium chloride solutions
were determined from the AIM model.14 However, for am-
monium fluoride or ammonium phosphate solutions, not in-
cluded in the AIM model, the activity coefficients of ammonium
ions, γNH4

+, were assumed to be identical to those in diluted
ammonium chloride solutions, γNH4

+ ) 0.60. The activity
coefficients of ammonium ions, γNH4

+, attributed to the different
solutions studied in this work are summarized in Table 1.

Our previous work on ammonium catalysis indicated that,
for the same concentration of ammonium ions, different
counterions result in different rate constants.10 This effect is of
first importance in the atmosphere because aerosols always
contain mixtures of different salts. This was thus further
investigated in this work by studying the reaction of glyoxal in
as many different ammonium salt solutions as permitted by the
experimental method: ammonium sulfate, ammonium fluoride,
ammonium phosphate, and ammonium chloride. Unfortunately,
ammonium nitrate and ammonium bromide solutions strongly
absorb below 210 nm, precluding monitoring of the product at
209 nm, and were not studied in this work. Our previous work
on amino acid catalysis suggested that the effect of different
salts on the rate constant might be due to the basicity of the
solutions rather than to ionic strength.9 To investigate this series
of experiments were performed where the pH of ammonium
solutions was varied from about 5 (nonbuffered solutions) to 8
by adding buffers. The pHs of the different solutions studied

are summarized in Table 1. “Blank” experiments were also
performed in the buffer solutions alone (i.e., in the absence of
ammonium salts) to ensure that no other reactions, in particular
base-catalyzed ones, were interfering with the reaction studied.
The activities of the ammonium ions in the buffered solutions
were assumed identical to those in the nonbuffered ones (Table
1). In total, the kinetic study involved over a hundred experiments.

Chemicals. Glyoxal was 40% solution in water (∼8.8 M),
Aldrich. The salt solutions were prepared by mixing the salts
with milliQ water: ammonium sulfate Sigma-Aldrich >99.0%;
ammonium chloride Sigma, >99.5%; ammonium fluoride,
Riedel de Haën, 98%; ammonium phosphate, Sigma-Aldrich,
98+%. Buffer solutions pH )7 (KH2PO4/Na2HPO4), 8 (Na2B4O7/
HCl), 9 (Na2B4O7/HCl), and 10 (Na2B4O7/NaOH), all Fixanal,
Riedel de Haën.

Results and Discussion

1. Product Study. 1.a. LC-HRMS Analyses. The products
formed by the ammonium-catalyzed reaction of glyoxal were
found to be mostly oligomeric species identical to those
previously observed in the acid-catalyzed reaction of this
compound15 (see Table 2). These products can be explained by
acid-catalyzed acetal formation and subsequent oligomerization15

where the ammonium ions acted as a Bronsted acid and activated
the glyoxal by protonation. However, some nitrogen-containing
compounds not previously observed in acid catalysis were also
found in this work, for instance, at m/z ) 192.0503 (see Table
2). These products indicated the existence of an iminium
pathway similar to the mechanism of amino acid catalysis.9

1.b. UV Absorption. Monitoring the reaction of glyoxal in
ammonium salt solutions by UV-vis absorption in real time
showed immediate formation of an absorption band at 209 nm
(Figure 1). In some experiments, at long reaction time or high
degree of conversion, a second absorption band appeared near
290 nm (also visible in Figure 1). Rapid formation of the band
at 209 nm evidenced an irreversible step, while the slow build
up of the band at 290 nm and its absence of further evolution
indicated a product involved in an equilibrium or a reaction
intermediate. Previous studies of the base- or acid-catalyzed
reaction of glyoxal in the absence of ammonium ions (in sodium
carbonate solutions, pH ) 8-11,10 or sulfuric acid15) did not
report any product absorbing at 209 nm or susceptible to do
so. This was also the case for the “blank” experiments performed
in the buffer solutions (pH ) 7-10) in this work. This confirmed
the existence of an iminium pathway having a distinct mech-
anism from the base- and acid-catalyzed mechanisms and
established that the product at 209 nm was specific to this
pathway. The position and intensity of this absorption band
suggested the π f π* transition of a CdC or CdN bond. The
second-order kinetics of this compound, presented below,
implied that it was an oligomerization product. However, its
rapid formation suggested a second-generation product or
intermediate, i.e., involving two glyoxal molecules, rather than
a third-generation product (involving three glyoxal molecules)
such as the N-containing compound presented in Table 2.

2. Mechanism. The products found by HRMS analysis and
UV absorption indicated that ammonium salts act as catalysts
in two ways: by acting as a Bronsted acid (i.e., releasing protons)
or forming covalent nitrogen species such as imminium
intermediates (Scheme 1). Accordingly, in one pathway of this
mechanism glyoxal is protonated by the ammonium salt and
subsequently oligomerized by acetal (C-O bond) formation,
as in the classical acid-catalyzed mechanism (Scheme 1A). In
the other pathway the protonated glyoxal can undergo nucleo-
philic attack by ammonia followed by loss of water, giving the

TABLE 1: pH of the Solutions Used in the Kinetic Study
and Activity Coefficients for the NH4

+ Ions, γNH4
+

solution pH ((0.2) γNH4
+

(NH4)2SO4 20 wt % (1.6 M) n.b.a 5.5 0.43c

(NH4)2SO4 25 wt % (2) n.b.a 5.5 0.42c

(NH4)2SO4 30 wt % (2.6 M) n.b.a 5.5 0.43c

(NH4)2SO4 35 wt % (3 M) n.b.a 5.8 0.43c

(NH4)2SO4 40 wt % (3.5 M) n.b.a 5.5 0.45c

(NH4)2SO4 satdb (43 wt %) n.b.a 4.9 0.46c

(NH4)2SO4 25% in buffer pH ) 7 6.2 0.43
(NH4)2SO4 30% in buffer pH ) 7 6.2 0.43
(NH4)2SO4 35% in buffer pH ) 7 6.1 0.43
(NH4)2SO4 25% in buffer pH ) 8 7.2 0.43
(NH4)2SO4 30% in buffer pH ) 8 7.2 0.43
(NH4)2SO4 35% in buffer pH ) 8 7.0 0.42
(NH4)2SO4 35% in buffer pH ) 9 7.7 0.43
(NH4)2SO4 35% in buffer pH ) 10 8.1 0.42
NH4F 0.5 M, n.b.a 6.3 0.60
NH4F 1 M, n.b.a 6.5 0.60
NH4F 2 M, n.b.a 7.8 0.60
NH4F 0.5 M in buffer pH ) 7 6.7 0.60
NH4F 0.5 M in buffer pH ) 8 7.5 0.60
NH4F 0.5 M in buffer pH ) 9 8.1 0.60
(NH4)2HPO4 0.5 M 8.0 0.60
(NH4)2HPO4 1.33 M 8.2 0.59
NH4Cl 2 M 4.8 0.61c

NH4Cl 4 M 4.6 0.64c

NH4Cl 4 M in buffer pH ) 7 5.7 0.64c

a Nonbuffered. b Saturated. c From AIM model, ref 14.
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corresponding iminium intermediate, which is activated for
further transformations such as heterocyclic formation and
oligomerization reactions (Scheme 1B).

3. Kinetic Study. As the compound absorbing at 209 nm
was specific to the iminium pathway and no other product
interfered with its absorption, monitoring its formation gave
insight into the kinetics of the iminium pathway specifically.
While this study had the advantage (over uptake experiments,

for instance) of providing directly a rate constant of reaction, it
is important to keep in mind that this pathway provides only a
lower limit for the ammonium-catalyzed consumption of
glyoxal.

In s 20 wt % ammonium sulfate solution formation of the
product at 209 nm was first order in glyoxal and first-order
analyses gave the rate constant kI(20 wt %) ) (6.2 ( 1.6) ×
10-6 s-1. In ammonium sulfate solutions 25 wt % and above as

TABLE 2: List of Product Masses Identified by HRMS, Their Relative Intensities, and Proposed Structures

SCHEME 1: Main Pathways of the Reaction of Glyoxal Catalyzed by Ammonium Ionsa

a The Bronsted acid pathway and iminium pathway (only the first steps of these pathways are shown).
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well as in all the other salt solutions studied (ammonium
chloride, ammonium fluoride, and ammonium phosphate)
formation of the product at 209 nm was second order in glyoxal
(Figure 2). This implied that this iminium pathway should also
be second order in most ammonium-containing aerosols in the
atmosphere. Second-order analyses led to the corresponding
second-order rate constants, kII (M-1 s-1), shown in Figure 3.
For instance, kII ((NH4)2SO4, 25 wt %) ) (8.0 ( 4.0) × 10-4

M-1 s-1, kII(NH4Cl, 2 M) ) (6.2 ( 2.0) × 10-4 M-1 s-1,
kII(NH4F, 0.5 M) ) (3.7 ( 2.0) × 10-3 M-1 s-1, kII((NH4)2HPO4,
0.5 M) ) (1.2 ( 0.6) M-1 s-1.

Transitions from first- to second-order kinetics were observed
previously with amino acid catalysis9 and indicated that first-
order and second-order steps of the iminium pathway were in
competition to limit formation of the product at 209 nm. The
first-order step could be any of the steps depicted in Scheme
1A involving one glyoxal molecule, such as addition of
ammonia for instance. However, as the oligomerization steps
could not be elucidated, it was not possible to identify the
second-order rate-limiting step.

Effect of Ammonium Ions Activity. As expected in catalysis,
the second-order rate constant kII (M-1 s-1) increased with the
activity of the ammonium ions, aNH4

+, in all solutions studied.
Although this was difficult to interpret mechanistically, the
variations of the rate constant were best described by exponential
expressions. For instance, in nonbuffered solutions

kII((NH4)2SO4)(M
-1 s-1)) ((1.7( 0.8) × 10-4)exp(0.94(0.5)aNH4

+

(7)

kII(NH4Cl)(M-1 s-1)) ((2.0( 1.0) × 10-4)exp(0.74(0.5)aNH4
+

(8)

kII((NH4)2HPO4)(M
-1 s-1)) (0.5( 0.3)exp(1.28(0.5)aNH4

+

(9)

These expressions are represented by the dashed lines in Figure
3. The uncertainties quoted in eqs 7 and 8 reflect only the 50%
uncertainties on each value of kII. No expression is recommended

for the rate constant in nonbuffered ammonium fluoride solutions
because their pH varied significantly with concentration (see
Table 1), which strongly affected the rate constant, as will be
shown below. To a lower extent, the exponential factors in eqs
7 and 8 might also include some small effects due to slight
variations of pH with concentration in these solutions.

Effect of Counterion and pH. The results in Figure 3
suggested that for the same concentration of ammonium ions
different counterions result in different values of kII with
kII((NH4)2HPO4) > kII(NH4F) > kII((NH4)2SO4) ≈ kII(NH4Cl).
Moreover, the results obtained at different pH but identical
concentration of ammonium ions show that the rate constant,
kII, increases dramatically with pH in all salt solutions.
Therefore, we examined if it was possible that the different
values of kII obtained with different counterions could be partly
due to different pH. Indeed, it appeared that the expression

kII(M-1 s-1))A exp(1.5(0.8)aNH4
+ (10)

could account well for the results both in nonbuffered solutions
(eqs 7-9) and those obtained with different salts but at the same
pH (for instance, between ammonium fluoride and ammonium
sulfate at pH ) 6.1/6.4, 7.5, and 8.1). These curves are
represented by the dotted lines in Figure 3. Thus, within the
uncertainties it seemed that the different rate constants obtained
with different salts could mostly be attributed to different pH.
This was an important result as it implied that kII is entirely
determined by only two parameters: aNH4

+ and pH (at a given
temperature). The discrepancies between the exponential factors
in eqs 7-9 and the one in eq 10 might be due to inaccurate
assumptions for the activity coefficients of the ammonium ions,
γNH4

+, in some solutions (in particular in ammonium fluoride
and phosphate).

The variations of kII with pH for fixed concentrations of
ammonium ions are reported in Figure 4 for ammonium sulfate,
ammonium chloride, and ammonium fluoride solutions. These
variations were very similar between the different solutions, with
the exception of ammonium sulfate solutions at pH ) 7, for
which kII was much lower than expected. The reasons for these
discrepancies were not clear as low values of kII were consis-
tently obtained with all ammonium sulfate concentrations at pH
) 7, which excluded the possibility of an experimental artifact.
However, besides this exception, the variations of kII as a
function of pH in these different solutions could be summarized
by a unique expression

Figure 3. Second-order rate constant, kII (M-1 s-1), for the iminium
pathway of the reaction of glyoxal in different ammonium salt solutions
and pH conditions: Ammonium sulfate (diamonds), ammonium fluoride
(circles), ammonium phosphate (triangles), and ammonium chloride
(squares). Colors reflect the pH ranges: pH ) 4.8-5.5 (red), 5.6-6
(yellow), 6.1-6.9 (green), 7.1-7.9 (blue), 8.0 and above (purple).
Dashed lines: best fits to the data. Dotted lines: fit to eq 10 (see text).

Figure 4. Effect of pH on the rate constant of the iminium pathway
of the reaction of glyoxal, kII (M-1 s-1), in ammonium sulfate 35 wt %
(blue), ammonium fluoride 0.5 M (pink), and ammonium chloride 4
M (green) solutions.

Reaction of Glyoxal Catalyzed by NH4
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kII(M-1 s-1)) f(aNH4
+)exp(2.5(1.0)pH (11)

where f(aNH4
+) are the variations of kII with aNH4

+ described by
eq 10. Note that the exponential expression as a function of pH
is equivalent to a power expression of the concentration of
protons: exp(2.5pH) ) [H+]-1.086. This strong and negative
dependence of kII with proton concentration might suggest that
deprotonation is involved in the rate-limiting step.

Combining eqs 9 and 10 gave an expression allowing
estimation of kII in any aerosol composition (or other am-
monium-containing media)

kII(M-1 s-1))K exp(1.5(0.8)aNH4
+ exp(2.5(1.0)pH (12)

where K ) (2 ( 1) × 10-10 M-1 s-1 described best these results
within the uncertainties introduced by eqs 10 and 11.

Although the kinetics of this iminium pathway is only a lower
limit for the ammonium-catalyzed consumption of glyoxal, the
rate constants reported for the acid-catalyzed reactions of
carbonyl compounds7 suggest that the contribution of the acid
pathway should be small over the pH range studied in this work
and relevant for tropospheric aerosols.

3. Atmospheric Implications. With eq 12 the rate of
consumption of glyoxal in ammonium-containing particles in
Mexico City can be estimated. While detailed calculations
including the whole range of particle composition would have
to be addressed by models, these simple calculations will assume
a typical activity of aNH4

+ ) 4 M, representative of saturated
ammonium sulfate particles and the dry conditions in Mexico
City (RH ) 50-85%).3 For pH ) 4 and 6 eq 12 gives kII

NH4

(pH ) 4) ) 2 × 10-3 M-1 s-1 and kII
NH4

(pH ) 6) ) 0.26 M-1

s-1. These second-order rate constants can be converted into
apparent first-order ones by multiplying by the particulate
concentration of glyoxal, X. Assuming that particulate glyoxal
is in equilibrium with the gas, X ) RTHC, where R is the
gas constant, T the temperature, H its apparent Henry’s
law coefficient, and C its gas-phase concentration. For C )
1 ppb V3 and H identical as in seawater, H ) 3.6 × 105 M atm-1,16

X ) 3.5 × 10-4 M, and the apparent first-order decay of glyoxal
due to ammonium-catalyzed reaction in particles would be
between kI

NH4
(pH ) 4) ) 7 × 10-7 s-1 and kI

NH4
(pH ) 6) ) 9

× 10-5 s-1.
These rates can be compared with those of other possible

reactions of glyoxal in particles, in particular with OH radicals.
The rate constant for reaction of glyoxal with OH radicals in
aqueous solutions is kII

OH ) 109 M-1 s-1.17 The concentration
of OH radicals in particles is not known, but upper limits are
given by the concentrations calculated for cloud droplets, [OH]
) 10-15-10-13 M,18,19 where less reactants are present to
consume OH radicals and at lower concentrations than in aerosol
particles. These concentrations correspond to kI

OH ) 10-6-10-4

s-1, which is on the same order as the first-order decays for the
ammonium-catalyzed reaction. Thus, while ammonium catalysis
might be the main sink for glyoxal at night, the reaction with
OH radicals would be an additional sink, potentially of the same
magnitude, during daylight.

The first-order rates constants, kI
NH4

, allow calculation of the
corresponding uptake

γr )
4RTH√kNH4

I D

ω
(13)

where ω is the molecular speed of glyoxal, ω ≈ 3.3 × 104 cm
s-1, and D its diffusion coefficient, estimated to 5 × 10-7 cm2

s-1 in supersaturated ammonium sulfate particles.20 Equation

13 thus leads to γr ) 0.6 × 10-3 to 7 × 10-3 for particles
between pH ) 4 and 6. This range contains the uptake value
previously estimated to account for depletion of glyoxal in
Mexico City, γr ) 3.7 × 10-3,3 suggesting that the ammonium-
catalyzed reaction of glyoxal in aerosols is a possible explanation
for this depletion.

However, for fine particles the effective uptake might not be
as large as that estimated above if glyoxal is not consumed fast
enough in the particles.21 This effect can be accounted for by a
correction factor, c, such as γeff ) γrc, where c ) r/(3l) and l
is the diffuso-reactive length (distance over which the reaction
is taking place in the particles), given by21

l)� D

kNH4

I
(14)

Thus, for particles of a radius r ) 500 nm, c(pH) 4) ) 1.4 ×
10 and c(pH ) 6) ) 2 × 10, and γeff would not be large enough
to explain depletion of glyoxal in Mexico City.

Another factor, however, might further increase this uptake:
the apparent Henry’s law coefficient, H. As previously evidenced
in acid catalysis, catalysis increases not only the rate constants
of (irreversible) reactions but also the apparent Henry’s law
coefficient for the reactant because (reversible) equilibria
occurring in the reactive system allow more molecules of
reactant to be stabilized in solution. This effect is not taken
into account in eq 13 unless an apparent Henry’s law coefficient
is used. For instance, the apparent Henry’s law coefficients for
acetaldehyde, acetone, and other carbonyl compounds were
shown to increase by about a factor 40 between 50 and 90 wt
% H2SO4.7b The Henry’s law coefficient of glyoxal might thus
also be larger in ammonium-containing particles than in water.
Large Henry’s law coefficients for glyoxal were actually
reported from smog chamber experiments, H ) 2.6 × 107 M
atm-1,12 and Heff ) 4 × 109 M atm-1 was found to account for
its depletion in Mexico City.3 In both cases, the values are likely
to be upper limits of the actual coefficient as the sinks they
account for might contain both reversible and irreversible
components. However, using H ) 2.6 × 107 M atm-1 leads to
an effective uptake of glyoxal (i.e., including the correction for
small particles) between γeff ) 0.07 × 10-3 and 8.5 × 10-3 for
particles between pH ) 4 and 6, which would account for
depletion of glyoxal.

Finally, it is also possible that the ammonium-catalyzed
reaction of glyoxal leads not only to the uptake of this compound
but also to formation of SOA, as observed with acid catalysis.4

In this case, the sink for glyoxal cannot be estimated only by
an irreversible uptake or only by reversible partitioning into
particles but by a combination of both. In particular, the
correction factor on the uptake coefficient discussed above
would not apply as fine particles would not saturate but grow
in size. However, calculation of the sink of glyoxal resulting
from such processes is complex and would have to be addressed
by models.

Conclusion

In this work the reactivity of glyoxal catalyzed by ammonium
ions was investigated directly in aqueous ammonium salt
solutions. The occurrence of an irreversible reaction in these
solutions, which could not be conclusively established by
previous uptake studies, was confirmed. Product analyses
evidenced a mechanism proceeding by two pathways: a Bronsted
acid pathway where the protons are provided by the ammonium
ions and the products identical to those obtained with strong
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acids and an iminium pathway producing N-containing products
and intermediates.

The iminium pathway was second order in glyoxal in most
the solutions studied and should therefore be second order in
most ammonium-containing aerosols in the atmosphere. The
corresponding rate constant, kII (M-1 s-1), increased strongly
with ammonium ion activity, aNH4

+, and pH. This effect of pH
largely accounted for the different rate constants obtained with
different salts, and an expression for kII was proposed to estimate
this rate constant in any aerosol composition as a function of
only two parameters, aNH4

+ and pH. We emphasize, however,
that the values for kII reported in this work depend directly on
the absorption cross-section assumed for the product at 209 nm
and should be corrected if better estimates become available.
With these results, the ammonium-catalyzed consumption of
glyoxal by aerosol particles in Mexico City was estimated and
shown to be a possible explanation for its depletion depending
on the value of its Henry’s law coefficient and type of process
taking place (reactive uptake only or reactive uptake/SOA
formation). A detailed treatment of these processes, including
the full range of aerosol size and composition, would now be
necessary to obtain a definitive answer. In addition, the uptake
estimated in this work is likely to be a lower limit of actual
ones as the Bronsted acid pathway of the ammonium-catalyzed
reaction, expected to be small but perhaps not negligible at pH
< 5, was not taken into account. Other reactions, in particular
with OH radicals, might also contribute significantly to the sink
of glyoxal in aerosols during daylight. However, in general, the
results of this work confirm the potential importance of
ammonium catalysis in atmospheric aerosols.
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