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This work presents a study of the uptake of acetone, 2-butanone (methyl ethyl ketone), 2,4-pentanedione, and
acetaldehyde by sulfuric acid solutions with an aim at understanding the reactivity of carbonyl compounds
present in the atmosphere toward acidic aerosols. Experiments were performed in a rotating wetted-wall
reactor coupled to a mass spectrometer at room temperature (298( 3 K) with 0-96 wt % H2SO4 solutions.
For all compounds, a reactive uptake was observed at high acidity (g64 wt % H2SO4). The corresponding
reactions were found to follow a second-order kinetics, and their rate constants,kliq

II (M-1 s-1) were found to
increase exponentially with acidity. These rate constants and their variations with acid concentration were in
good agreement with the kinetic behavior of acid-catalyzed aldol condensation reported in the organic chemical
literature, except for 2,4-pentanedione. The results of this work suggest that aldol condensation should be too
slow to account for the enhanced organic aerosol mass observed in smog chamber studies and should have
an even smaller contribution under atmospheric conditions. The rate constants of other compounds, such as
large aldehydes, remain however to be measured. However, in order to contribute significantly to organic
aerosol formation, a liquid phase reaction would have to result in an uptake coefficient of the order of 10-2.

I. Introduction

For the past decade or so, numerous studies of the formation
of secondary organic aerosols (SOA) suggested that these
processes were best described by a reversible absorptive
partitioning mechanism.1 Recent validations of a regional model
containing a state-of-the-art module for the simulation of these
aerosols indicated, however, that this partitioning model almost
systematically underestimates actual SOA masses.2 Simulta-
neously, smog chamber studies have identified some processes
that might explain the enhanced SOA mass in real aerosols:
the uptake by and reaction of volatile organic compounds, such
as carbonyls and alcohols, in acidic aerosols.3-7 However, these
studies did not allow the investigators to identify the specific
reactions involved or to estimate their kinetics. A detailed
understanding of the mechanism and kinetics is yet indispensable
for an accurate description of these processes under atmospheric
conditions. The organic chemical literature contains a large body
of information on the mechanism and kinetics of the reactions
of organic compounds in condensed media,8,9 but little of it is
relevant to atmospheric conditions. Some investigations of the
uptake of acetone10-14 and acetaldehyde15 by sulfuric acid
solutions from an atmospheric point of view have been
performed. In the case of acetone, an irreversible reaction was
observed in concentrated acid and unambiguously identified as
aldol condensation thanks to specific products such as mesityl
oxide and trimethyl benzene.10,11 The purpose of the present
work was to complete and generalize these studies by measuring
the rates of these reactions for a range of acid compositions
and various carbonyl compounds. In addition to allowing for
the quantification of these reactions under a range of atmospheric
conditions, the purpose of these data was to provide a general
understanding of the reactivity of carbonyl compounds in acidic

aerosols. The uptake of acetone, 2-butanone, 2,4-pentanedione,
and acetaldehyde, expected to represent a wide range of
reactivity, has thus been studied. The results were then compared
with liquid phase studies reported in the organic chemical
literature16 to determine if the mechanism and kinetics estab-
lished previously were also valid in atmospheric aerosols.

II. Experimental Section

The experimental setup used for this study is described here
for the first time. It consists of a rotating wetted-wall (RWW)
horizontal flow reactor coupled to an electron-impact ionization
mass spectrometer (Figure 1). The principle of the rotated
wetted-wall reactor has been established in previous works.17,18

The main reactor is a Pyrex cylinder equipped with a jacket for
thermostating and an inside rotating cylinder (20 mm i.d., 18
cm long). Small volumes of sulfuric acid solutions (typically
1.5 mL, corresponding to a liquid film depth of about 0.1 mm)
were placed on the rotating walls. Rotating the inner cylinder
at about 15 rpm ensured that the acid films were spread evenly
on the walls. A glass rod placed along its bottom helped to
spread the film on the walls. As it was rotating with the cylinder,
this rod also provided a mixing of the solutions at a rate of
about 0.25 s-1. The carrier gas was mostly composed of N2

and flowed through the reactor at a total flow between 100 and
400 sccm (corresponding to a flow velocity between 4 and 15
cm s-1 at 0.13 atm). A small flow of N2 saturated in water vapor
was added to this main flow so that the water content of the
carrier gas was in equilibrium with the acid solutions.19 For
instance, the water vapor pressure was between 0 and 4× 10-3

atm for acid compositions between 96 and 65 wt % H2SO4.
This ensured that the acid composition was not modified during
the experiments. This composition was checked before and after
each experiment by standard titration methods using known
solutions of NaOH and found to vary by less than 0.5 wt %
H2SO4. A small flow of organic compounds diluted in N2 was

* To whom correspondence should be addressed. E-mail:
bnoziere@rsmas.miami.edu.

10920 J. Phys. Chem. A2005,109,10920-10928

10.1021/jp051199a CCC: $30.25 © 2005 American Chemical Society
Published on Web 11/10/2005



introduced in the reactor through a movable injector. The partial
pressures of organic compounds in the various experiments were
between 10-5 and 10-4 atm. Most experiments were performed
at a total pressure of 0.13( 0.011 atm, but a few were
performed at 0.086 atm.

A small fraction of the outflow of the reactor (∼1.5 sccm)
was sampled into a commercial mass spectrometer (Hewlett-
Packard 5971) via a fused silica capillary (50-100 cm long,
0.10 mm i.d., Supelco). Trace compounds present in this outflow
were ionized by electron impact (energy) 70 eV) and detected
after a quadrupole mass filter with an electron multiplier
maintained at 2500 V. The two most abundant ions of each
compound were monitored in single ion mode (SIM). For a
carbonyl compound of molecular weightm, the major ions were
typically the fragment corresponding to the release of a-CH3

group, atm- 15 amu, and the molecular ion,m+. Thus, acetone
was monitored at 43 and 58 amu, 2-butanone at 57 and 72 amu,
and 2,4-pentanedione at 85 and 100 amu. Acetaldehyde was
monitored by its main ion at 44 amu, which overlapped with
the main ion of CO2. Traces of CO2 in the system resulted in
more uncertainties in the uptake measurements of acetaldehyde
than for the other compounds. The linearity of the detection
response of the system was investigated for partial pressures
between 10-6 and 10-4 atm for each compound. For acetone,
2-butanone, and acetaldehyde, the response was linear. For 2,4-
pentanedione, monitored at higher masses, the response was not
linear and was best fitted by a second-order function, which
was used to convert detection signals into concentrations when
calculating the uptake.

Uptake experiments proceeded by first placing the injector
beyond the acid film (z g 18 cm in Figure 1) to determine a
baseline signal and then by pulling the injector back to expose
the film to the organic compound (0e z e 18 cm). The uptake
coefficient,γ, measuring the fraction of molecules entering the
solution, was calculated by comparing the organic concentrations
obtained after exposure,C, to the baseline concentration,Co:

whereω ) molecular speed of the organic compound (∼3 ×
104 cm s-1), r is the reactor radius (1 cm), andτ is the contact
time (between 1 and 4 s), determined in the plug flow
approximation. In the above equation, the ratio 2/r represents

the specific surface of the liquid film in the reactor. Our
experimental setup allowed measurements of uptake coefficients
between 10-6 and 2× 10-4. At low acid concentrations, the
uptake was time-dependent: The signal returned to the baseline
after some time, indicating saturation of the solution by the
organic compound (Figure 2a). Then, pushing the injector back
to its initial position resulted in a second transient signal
corresponding to the release of the organic molecules back to
the gas phase and demonstrating that the uptake processes were
reversible (Figure 2a). At high acidity, the uptake displayed a
constant component (Figure 2b) and replacing the injector in
its initial position did not lead to the release of molecules from
the liquid. This type of uptake indicated the occurrence of
thermodynamically irreversible reactions and is referred to as
“reactive” uptake throughout this manuscript. In this case,
placing the injector at different positions in the reactor showed
that the signal was decreasing exponentially along the axis
(Figure 3). This was expressed as an apparent first-order loss
for the organic compound from the gas phase:

At intermediate acidity, where the uptake included both a
reversible and a reactive component, the latter was measured
as the constant offset between baseline and uptake signal
obtained at long reaction time. The flow conditions were chosen
so that reactive uptake was only limited by processes taking
place in or at the surface of the solutions. In addition,
experiments were performed below atmospheric pressure to limit
the effects of gas phase diffusion on the uptake. A correction
was applied to the data to take into account a potential
contribution from gas phase diffusion:

wherekdiff is the diffusion-limited rate:20

andDgas is the diffusion coefficient in the gas. Assuming that
Dgas ) 0.1 cm2 s-1 for organic compounds at atmospheric

Figure 1. Schematics of the RWW reactor/mass spectrometer experimental setup.
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pressure19 led to Dgas ∼ 0.76 cm2 s-1 and kdiff ∼ 2.74 s-1 at
0.13 atm. As shown in Table 1, this correction had little effect
on many of the data.

As will be seen below, the reactions were found to be slow
in these experiments, and the liquid solutions were stirred. Both
factors ensured that the concentration profiles of organic com-

Figure 2. Typical experimental profiles for the (a) reversible uptake
of acetone by 70 wt % H2SO4 solution and (b) irreversible uptake of
acetone by 96 wt % H2SO4 solution.

Figure 3. Acetone signal as a function of the position of the injector
for 96 wt % H2SO4 solution at 298 K.
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pounds in solutions were radially uniform and in equilibrium
with the gas phase (see justifications in Appendix I). In this
case, the rate for first-order losses of organic molecules in the
liquid, kliq

I , can be obtained from the gas phase rate loss,kgas
I , by

the following relationship:

whereH is the Henry’s law coefficient of the organic compound
in solution,Vgas is the volume of gas (∼59.7 cm3), Vliq is the
volume of solution,T is the temperature, andR is the gas
constant (see demonstration of eq 5 in Appendix II). The
advantage of this approach over nonstirred solutions or real
particles is that, as shown in eq 5, the analysis does not require
one to know the diffusion coefficients in the liquid (the
coefficients given in Table 1 are for information only and are
not used in the analysis). As detailed below, we had strong
evidence in this study that the reaction kinetics was second order.
The last step of the analysis was thus to determine second-order
rate constants,kliq

II , from the first-order rate constants,kliq
I , given

by eq 5. As demonstrated in Appendix III, this was achieved
by dividing kliq

I by the concentration of the organic compound
at roughly mid-reactor:

whereL is the length of the reactor andνgas is the slope of the
first-order decay observed in Figure 3.

Bubble Column Experiments. Some of the main sources
of uncertainties in the determination of reaction rate constants
in this work are the Henry’s law coefficients for organic
compounds in sulfuric acid solutions. These coefficients have
been measured previously at low temperatures for acetone12-14

and acetaldehyde15 and at room temperature for acetone and
2,4-pentanedione.21 Because extrapolating coefficients from low
temperatures to room temperature would have introduced large
uncertainties in the present analysis, experiments have been
performed to measure the Henry’s law coefficients of 2-butanone
and acetaldehyde at room temperature using the bubble column
technique. This technique was described previously21 and will
only be briefly described here. It consists of placing a known
volumeV (20-25 mL) of solution of the organic compound in
sulfuric acid (typical concentration 1-2 × 10-2 M) in a glass
column (170 mm high, 20 mm i.d.) through which nitrogen
flowed. This flow induced a dilution of the organic concentra-
tions in both gas and liquid phases, which was monitored by
measuring the concentration of organic compounds in the gas
in real time. For this, the bubble column was coupled to a gas
chromatograph equipped with a FID detector (HP 5890) via a
column (HP cross-linked methyl silicone gum, 12 m× 0.2 mm
× 0.33µm) maintained at 303 K. This dilution resulted in first
order decays (of the order of 5× 10-5 to 10-3 s-1), the slope
of which provided the value of the apparent Henry’s law
coefficient,H. These coefficients were measured for solution
compositions between pure water and about 70 wt % H2SO4

for both compounds.
Chemicals and Standards Preparation.Standard mixtures

of organic compound in N2 (typically 2 × 10-4 atm) were
individually prepared by injecting small quantities (200-350
µL) of the pure liquid compound into an evacuated cylinder
and pressurizing with pure nitrogen toP ) 1000 psig (P ∼ 68
atm).22 Sulfuric acid solutions were prepared by mixing 96 wt

% H2SO4 with distillated water. The acid composition of these
solutions was determined accurately by titration with known
NaOH solutions. Sulfuric acid, Aldrich, 95-98 wt % H2SO4,
ACS reagent; acetone, B & J, HPLC grade; 2-butanone, Aldrich,
99%; 2,4-pentanedione, Aldrich, 99+%; nitrogen, Airgas,
ultrahigh purity.

III. Results

The uptake of acetone, 2-butanone, 2,4-pentanedione, and
acetaldehyde was investigated over the whole range of sulfuric
acid composition, 0-96 wt % H2SO4 at room temperature (298
( 2 K). For all compounds, the uptake was reversible at low
and intermediate acid concentrations but displayed a reactive
component beyond a certain concentration: 74 wt % for acetone,
70 wt % for 2-butanone, 64 wt % for 2,4-pentanedione, and 85
wt % for acetaldehyde.

In a first series of experiments, the reactive uptake of acetone,
2-butanone, and 2,4-pentanedione was measured as a function
of the partial pressure of organic reactants between 1 and 5×
10-5 atm, in 80-85 wt % solutions and at 298( 3 K. The
results are shown in Figure 4. For all three compounds, a linear
increase of the uptake with the partial pressure of reactant was
evident and indicated that the reactions followed a second order
(note that for acetaldehyde the large uncertainties on the uptake
made this study inconclusive). However, the large uncertainties
at low partial pressures (due to the small differences between
baseline and uptake signals) did not allow us to conclude the
presence of nonzero intercepts and, therefore, of first-order
kinetic components as well. However, because two previous
kinetic studies of the reactions of carbonyl compounds in acid
already established that the kinetics was strictly second order,11,16

we have used this assumption in the remainder of the analysis.
In a second series of experiments, the reactive uptake of each

compound was measured at room temperature over the range
of acid concentration where it could be observed. First-order
loss rates in the gas,kobs

I , were measured, and second-order
rate constants,kliq

II (M-1 s-1), were determined according to the
analysis explained previously. The results, as well as values
for the important parameters of the analysis, are given in Table
1 (again, the diffusion coefficients are for information only and

kliq
I )

Vgas

Vliq

kgas
I

RTH
(5)

kliq
II )

kliq
I

RTHCo
[ Lνgas

1 - e-νgasL] (6)

Figure 4. Variation of the uptake coefficient with partial pressure of
organic (PA) for acetone (full circles) and 2-butanone in 85 wt % H2-
SO4 (open circles) and for 2,4-pentanedione in 80 wt % H2SO4 (grey
circles). Error bars represent the standard deviation on 2-4 measure-
ments.
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are not part of the analysis). Each series of data is the average
of 2-8 measurements.

The Henry’s law coefficients for acetaldehyde and 2-butanone
in sulfuric acid 0-68 wt % measured by the bubble column
technique are shown in Table 2 where the errors reflect statistical
dispersion on the measurements only. These coefficients,
normalized by their values in water,H/Ho, are compared with
the relative coefficients reported previously for acetone and 2,4-
pentanedione21 in Figure 5a. All of these compounds become
very reactive in concentrated solutions, and their Henry’s law
coefficients are difficult to measure beyond 70 wt % H2SO4.
However, the analysis of the present work required values for
these coefficients precisely in this upper acid range. Because
the physicochemical processes responsible for the increase of

these coefficients with acidity (protonation, aldolization...) are
still open to debate,12-15,21 there is currently no reliable
theoretical model on which to base an extrapolation to concen-
trated solutions. In the absence of such theoretical basis, the
empirical approach of using the curve fitting best the measured
values over 0-70 wt % was chosen. Figure 5b compares various
fitting curves and justifies the choice of a fourth-order function
over other functions. The coefficients obtained by this extrapo-
lation and used in our analyses are given in Table 1 so that, if
better estimates become available, the rate constants determined
in this work can be corrected accordingly. However, to reflect
the large uncertainties made in these extrapolations, exponential
uncertainties have been attributed to the results of the present
work. These uncertainties have been calculated from the
experimental error on the measured Henry’s coefficient (∼20%)
raised to the power of the ratio between the measured value
and the extrapolated one. For example, the highest measured
value ofH(acetone) is 290 Matm-1 in 70 wt %. The error on
the extrapolated valueH(89.4 wt %)) 840 is (×1.2)2.9/(1.2)2.9

) ×1.7/1.7, and the corresponding error interval is (500-1430)
Matm-1. Similarly, the largest errors on the coefficients of each
compound (in Matm-1) wereH(acetone, 96 wt %)) 1220×
2.1/2.1,H(butanone, 96 wt %)) 1670× 3.8/3.8,H(pentanedi-
one, 85 wt %)) 3340× 1.5/1.5, andH(acetaldehyde, 96 wt
%) ) 540 × 3.4/3.4.

The values ofkliq
II obtained from these estimated Henry’s law

coefficients were between 10-2 and 1 M-1 s-1 and are presented
as a function of acid composition in Figure 6. Despite the
uncertainties, these results indicate an exponential increase of
kliq

II with acidity. The slope (in logarithmic scale) is very similar
for all of the compounds studied

Uncertainties on the slope include 30% of uncertainties from
the linear regressions and 5% of dispersion between the slopes
obtained with different compounds. The constantsC obtained
for each compound were between-7.5 and -5.6 and are
reported in Table 3, where uncertainties include the 30% for
the linear regression and the systematic errors on the Henry’s
law coefficients.

Figure 5. Relative Henry’s law coefficients for 2-butanone (open
circles) and acetaldehyde (full circles), as compared to the ones reported
by ref 21 for acetone (open diamonds) and 2,4-pentanedione (full
diamonds). The lines represent the fits to the data (see text).

TABLE 2: Henry’s Law Coefficients for 2-Butanone and
Acetaldehyde at 298( 3 K (in M atm -1) as a Function of
Sulfuric Acid Composition Measured by the Bubble Column
Technique

wt % H2SO4 H(acetaldehyde) H(2-butanone)

0 16.4( 1.9 22.4( 1.9
25 10.1( 0.2 24.4( 2.1
37 12.3( 0.8 48.4( 1.5
50 23.5( 0.5 112.5( 0.7
57 36.3( 1.1 159( 5
62 44.6( 9.3 230( 5
68 79.7( 11.1

Figure 6. Second-order rate constants as a function of sulfuric acid
concentration for acetone (full circles), 2-butanone (open circles), 2,4-
pentanedione (dark gray circles), and acetaldehyde (pale gray circles).
The lines are the linear regressions on the experimental values.
Comparison with rate constant for aldol condensation of acetaldehyde
from ref 16 (full diamonds) and for acetone at 200 (full triangle) and
220 K (full square) from ref 11.

log10(kliq
II ) ) (6.6( 2.0)× 10-2 × w + C (7)
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IV. Discussion

Although aldol condensation is a widely known class of
reaction in organic chemistry,8,9 few studies have focused on
the acid-catalyzed mechanism. The only one, to our knowledge,
uses the reaction of acetaldehyde as an illustration.16 Although
the acid ranges studied do not overlap, there is a very good
agreement between the results of both studies (Figure 6), the
rate constants measured in this work overestimating the ones
expected from ref 16 by about 30%, which is within the
uncertainties. This agreement provides a validation of our
measurements and of the analysis used in this work.

More importantly, the rate constants measured in this work
allow for a comparison with the mechanism and kinetics
previously established.16 This mechanism involves four steps:
(i) protonation

(ii) enolization

(iii) addition

and (iv) dehydration

where theKi represents the equilibrium constant of each step
andai is the activity of speciesi in solution. All of these steps
are thermodynamically reversible, but because of the small
concentration of water in concentrated acid, step iv becomes
completely displaced toward dehydration as the acid concentra-
tion increases. The irreversibility of step iv at high acidity is
responsible for the irreversibility of the whole chemical system
in concentrated solutions observed in this work and in previous
ones.

Another important result of previous studies is that the
kinetically limiting step of the mechanism is the addition, step
iii, and is second order.16 This second order has since then been
confirmed for acetone11 and in this work by the increase of the
uptake coefficient with partial pressure of the reactant observed
with acetone, 2-butanone, and 2,4-pentanedione.

The kinetic study of ref 16 proposes the following expression
for the rate constant of the overall reaction at 298 K:

whereCH+ is the concentration of proton,aH2O is the activity
of water,m is a proportional factor (m∼ 1), and X is the excess
acidity of the solution.23 This expression can be compared to
the results of the present work by convertingCH+ andaH2O in
wt % H2SO4 scale using the aerosol inorganic model24 and
replacing X by its equivalent in wt % H2SO4.23 The value for
the parameterko, the rate constant in pure water, is not known
for other compounds than acetaldehyde. The same value has
thus been used for all carbonyl compounds:ko ) 1.2 × 106

M-2 s-1.16 Equation 12 then simplifies into:

wherew ) acid composition in wt % H2SO4. Equation 13 thus
allows the calculation of the rate constant for aldol condensation
of any carbonyl compound in any acid concentration, provided
that the enolization and acidity constants of this compound,Kenol

andKH+, are known. The slope of this equation might, however,
vary with the type of acid, as it reflects the catalytic efficiency
of the solvent.

The comparison ofkaldol and eq 13 withkliq
II and eq 7 shows

obvious similarities (Figure 6). For all compounds, the agree-
ments between the slopes of both equations are good, especially
considering the uncertainties on the Henry’s law coefficients
in the present work. A comparison of the intercept values
measured for eq 7 with the ones predicted for eq 13 is made in
Table 3. The agreement is again very good for acetone,
2-butanone, and acetaldehyde, further validating the measure-
ments made in this work and confirming that the reactions
observed in this work were indeed aldol condensation. For 2,4-
pentanedione, however, the measured intercept (and thus the
rate constants) is much lower than the one predicted by eq 13.
2,4-Pentanedione has been studied in this work precisely because
its Kenol is exceptionally high (see Table 3), which, according
to eq 13, should result in a very fast reaction. A possible
explanation for the discrepancy is that for compounds with such
stable enols, the addition step (iii) might be fast or, at least, not
kinetically limiting. The overall process would then be limited
by another step of the chemical system (enolization, dehydra-
tion...) and the rate constant would not follow eq 13. Alterna-
tively, the parameterko in eq 12 might be much smaller for
2,4-pentanedione than for other carbonyl compounds. In any
case, the slow reaction rate measured for 2,4-pentanedione in
this work does not result from measurement or analysis
artifacts: If this reaction was fast, it should have resulted in
some significant uptake at low or intermediate acid concentra-
tion, which was not observed.

The rate constants measured in this work for the aldol
condensation of carbonyl compounds in sulfuric acid solutions
are thus generally slow. These rate constants can be used to
estimate the increase of aerosol mass resulting from the aldol
condensation of acetone in typical smog chamber experiments.
We will assume in these calculations that the concentration of
acetone in the gas isCo ) 2 ppmV (1 ppmV) 10-6 V/V), the
volume fraction of the acid aerosol 5× 10-11 (cm3/cm3), its
composition 50 wt % H2SO4,3 and the temperature 298 K. At
this temperature, the Henry’s law coefficient of acetone in the
aerosol is about 65 Matm-1.21 The results of this work indicate
that, under these conditions,kliq

II ∼ 3.3 × 10-4 M-1 s-1 and
thus kliq

I ∼ 5 × 10-9 s-1. Assuming that eq 5 is valid for the

TABLE 3: Enolization Constants (Kenol) and Acidity
Constants (KH+) for the Carbonyl Compounds Studied in
This Work a

Kenol KH+ (M)
7.5+ log

(Kenol/KH+) C

acetaldehyde 5.2× 10-7 (27) 4.7× 108 (16) -7.5 -7.3( 4.0
acetone 6.0× 10-7 (28) 2.3× 105 (31) -4.1 -5.6( 3.8
2-butanone 3.1× 10-8 (29) 2.6× 105 (30) -6.7 -7.4( 3.3
2,4-pentanedione 4(30) 2.5× 104 (32) +3.7 -7.5( 3.4

a Comparison of the constant 7.5+ log (Kenol/KH+) with the constant
C obtained from uptake measurements.

R-C(O)-R′
“A”

+ H+ T R-C+(OH)-R′
“AH +”

KH+ ) aAaH+/aAH+ (8)

R-C(O)-R′
“A”

T R-HdC(OH)-R′
“enol”

Kenol ) aenol/aA (9)

R-C+(OH)-R′ + R-HdC(OH)-R′ T R-C(OH)(R′)-

R-H-C(O)-R′ + H+ Kadd (10)

R-C(OH)(R′)-R-H-C(O)-R′ T R-C(O)(R-H′)-R-H-
C(O)-R′ + H2O Kdehyd (11)

log10(kaldol/ko) ) log10(Kenol/KH+) + log10(CH+ × aH2O
) +

mX (12)

log10(kaldol) ) 6.5× 10-2 × w + 7.5+ log10(Kenol/KH+)

(13)
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aerosol, which is probably the case for slow reactions and
particles saturated in reactants,25 we can estimate thatkgas

I ∼ 4
× 10-16 s-1. For an aerosol of specific surface of 10-7 cm-1,
this corresponds to an uptake coefficient ofγ ∼ 6 × 10-13.
The flux of molecules leaving the gas phase to increase the
aerosol mass iskgas

I × Co ∼ 2.4 × 10-3 molecules cm-3 s-1.
For acetone of molecular weight 59 g mol-1, this flux leads to
an increase of mass of 10-21 g cm-3 after 1 h of experiment.
As compared to the 5× 10-11 g cm-3 typical of aerosols in
smog chamber experiments,3 this is a negligible increase of
mass. Obviously, this figure would be even smaller under
atmospheric conditions, where the concentrations of carbonyl
compounds would be even smaller, the temperature lower, and
the specific surface and volume of the aerosol smaller as well.
The reactions studied in this work seem thus not to be fast
enough to account for the enhanced organic aerosol mass
observed in smog chambers. The rate constants for other
carbonyl compounds, such as the large aldehydes used in ref
3-5, remain, however, to be measured. Reversing the calcula-
tion performed above for the same conditions, one can estimate
the uptake coefficient necessary to account for the observed
increase of aerosol mass: An increase of mass of a factor 2
(that is, 5× 10-11 g cm-3) after 1 h of experiment would
correspond to a flux from the gas phase of 108 molecules cm-3

s-1. For the same concentrations of acetone, this would be a
first-order loss from the gas phase ofkgas

I ) 2.5× 10-5 s-1 and,
for a specific aerosol surface of 10-7 cm-1, an uptake coefficient
of the order ofγ ∼ 10-2. Finally, one can note that the increase
of the Henry’s law coefficient at high acidity mentioned
previously might favor the reversible partitioning of the carbonyl
species into the aerosol. This effect is, however, significant in
fairly concentrated acid only (at least 50 wt % H2SO4) and thus
unlikely to be important under atmospheric conditions.

V. Conclusion

Measurements of the uptake of acetone, 2-butanone, 2,4-
pentanedione, and acetaldehyde in sulfuric acid solutions have
identified the occurrence of irreversible reactions in concentrated
acid solutions, which were found to follow a second-order
kinetics. The rate constants measured in this work and their
variations with acidity were generally in very good agreement
with the rate constants measured and predicted for the acid-
catalyzed aldol condensation of carbonyl compounds, except
for 2,4-pentanedione, and provided a good validation of our
measurements and analysis. Equation 13 can thus be used to
estimate the rate constant of aldol condensation of any carbonyl
compound in any acid concentration, to the exception, perhaps,
of compounds with exceptionally large enolization constants
for which the actual reaction would be slower than predicted.
The results of this work suggest that aldol condensation,
although a good example of polymer-forming reaction, is not
fast enough to account for the organic aerosol yields measured
in smog chamber studies. The rate constants for large aldehydes
remain, however, to be measured. The large Henry’s law
coefficients of carbonyl compounds in concentrated acid might
favor their partitioning in the condensed phase, but only with
fairly acidic particles.
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Appendix I

This appendix discusses the radial concentration profiles of
organic compounds in the acid solutions, X(r,t). We first discuss
the profiles in the case of a first-order reaction (rate constant
kliq

I ). These profiles are solutions of the Fick diffusion equa-
tion:

where Dliq is the diffusion coefficient. The complete, time-
dependent solution of eq 14 is a combination of “erf” functions,
which reaches a steady state when

With kliq
I ∼ 10-3 s-1 andDliq ∼ 5 × 10-7 cm2 s-1, this steady

state is reached at 90% at the bottom of the solution (r ) 0.01
cm) for t ∼ 37 min, which is of the time scale of our
measurements. In our experiments, stirring helped reach this
steady state even faster. For a liquid of finite thickness at
Henry’s Law equilibrium with the gas phase at the surface (Xo

) RTHCo), the steady state concentration profile is

The parameters given in Table 1 allow one to estimate the
quantity x(kliq

I /Dliq). For example, for acetone in 89.4 wt %
H2SO4 solution,x(kliq

I /Dliq) ) 94.9, and the radial concentra-
tion gradient is thus X(0.01)/Xo ∼ 67%. Generally, the radial
concentration gradients predicted by eq 15 were small or
negligible in most of our experiments.

For second-order reactions, finding an analytical expression
for the radial concentration profile is more complicated. In
Appendix III, we show that the quantitieskliq

I and kliq
II X are

equivalent at the surface of the liquid and at roughly mid-axial
distance of the reactor. This means that in the second part of
the reactor, concentrations in the liquid are low enough that a
second-order reaction would have less effect on the concentra-
tion gradient than what was estimated above for a first-order
reaction. In the first part of the reactor, to the contrary, a second-
order reaction would be faster than a first-order one, this effect
being maximum at the surface of the liquid if radial concentra-
tion gradients are indeed present. The correction factor deter-
mined in Appendix III means that multiplyingkliq

I by a factor 3
should provide an upper limit for the rate of the second-order
reaction (which, strictly, would apply only at the beginning of
the reactor,z ) 0, and at the surface of the liquid). Multiplying
kliq

I by 3 in the previous example leads to a slightly larger
gradient: X(0.01)/Xo ∼ 40%. However, this estimate is really
a worst case scenario.

Finally, in addition to the effect to liquid diffusion, the
solutions were stirred at a rate of 15 rpm over 30 min, which
corresponds to a total of 450 rotations. It is therefore reasonable
to assume that, even if diffusion was not sufficient, stirring
helped to achieve uniform radial concentration profiles in our
experiments.

Appendix II

The object of this appendix is to demonstrate eq 5, which
applies only to first-order liquid phase reactions. This demon-

∂X(r,t)
∂t

) Dliq

∂
2X(r,t)

∂r2
- kliq

I X(r,t) (14)

r , 2xkliq
I Dliqt

X(r) ) Xo

exp[xkliq
I

Dliq
(0.01- r)] + exp-[xkliq

I

Dliq
(0.01- r)]

exp-[xkliq
I

Dliq
0.01] + exp[xkliq

I

Dliq
0.01]

(15)
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stration is based on a budget over fluxes of molecules in the
reactor, starting with a small section of reactor of length dz
situated inz (Figure 7). To simplify the notation, the thickness
of the liquid film will be referred to asε in this appendix,r
being the radius occupied by the gas only. The volume of liquid
contained in the small section of reactor isVliq ) π[(r + ε)2 -
r2], the volume of gasVgas) πr2 dz, and the surface area of the
gas-liquid interfacesliq ) 2πr dz. Three types of fluxes have
to be taken into account: (i) the flux of molecules from the gas
into the liquid,Fgas; (ii) the fluxes due to axial diffusion in the
liquid, Fax(z) and Fax(z + dz); and (iii) the flux of molecules
consumed by reaction in the liquid,Frxn (Figure 7).

(i) Fgas can be determined from the number of molecules
crossing the interfacesliq during the gas-liquid contact time
dt:

Note thatFgas is positive for molecules entering the liquid
and therefore of opposite sign of dN/dt. In eq 16, the relationship
between contact time and axial distance in the reactor can be
expressed explicitly:

and, using the plug flow approximation

where F is the volumetric flow (∼50 cm3 s-1). Thus, the
expression ofFgas as a function of the gas phase axial
concentration gradient, dC/dz, is

The gas phase concentration gradient is observed experimen-
tally to be exponential (Figure 3):

with νgas ∼ 0.15 cm-1. The plug flow approximation allows
one to expressνgasas a function ofkgas

I , the quantity measured
experimentally

Equation 20 allows one to calculate the axial gradient:

and thusFgas:

Note thatFgas depends on the gas phase concentration and
therefore onz. This flux is much larger at the beginning of the
reactor than at the end.

(ii) The fluxes due to axial diffusion in the liquid can be
determined from the Fick equation:

The results of Appendix I (uniformity of radial concentrations
in solution and Henry’s equilibrium) imply that the axial
concentration profiles in the liquid are similar to the ones in
the gas, that is, exponential:

thus

Replacing X byRTHC and assumingH ) 1000 M atm-1

shows thatFax is orders of magnitudes smaller thanFgas(∼10-4

as compared to 1/2) becauseDliq is very small (∼10-7 cm2 s-1).
Moreover, the net axial flux of molecules over the small section
of liquid is the differenceFax(z) - Fax(z + dz), which is even
smaller. The net flux due to axial diffusion is thus negligible
as compared to the flux from the gas phase.

(iii) The number of molecules consumed by a first-order
reaction in the liquid is

Dividing this quantity by the surface area of the liquid gives
the corresponding flux:

(iv) The axial diffusion fluxes being negligible, the budget
on the small section of reactor is simply the equality between
Fgas andFrxn, which rearranges into

The budget for the whole reactor is obtained by integrating
both sides of eq 30 overz. Because none of the parameters on

Figure 7. Schematic illustrating the budget made in Appendix II.

Fgas) - 1
sliq

dN
dt

) -
Vgas

sliq

dC
dt

(16)

dC
dt

) ∂C
∂z

× ∂z
∂t

(17)

∂z
∂t

) F
2πr

(18)

Fgas) - ∂C
∂z

F
2πr

(19)

C(z) ) Coe
-νgasz (20)

νgas) kgas
I πr2

F
(21)

∂C
∂z

) -νgasC ) -kgas
I πr2

F
C (22)

Fgas) kgas
I πr2

F
C × F

2πr
) kgas

I C × r
2

(23)

Fax(z) ) -Dliq
∂X
∂z

(24)

X(z) ) Xoe
-νgasz (25)

∂X
∂z

) -νgasX ) -kgas
I πr2

F
X (26)

Fax(z) ) Dliqkgas
I πr2

F
X (27)

dN
dt

) Vliq
dX
dt

) Vliqkliq
I X (28)

Frxn ) 1
2πr dz

dN
dt

) kliq
I X

π[(r + ε)2 - r2] dz
2πr dz

(29)

kgas
I πr2 dz ) kliq

I RTHπ[(r + ε)2 - r2] dz (30)
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either side depends onz this integration gives simply

which is eq 5, sinceVgas) πr2L andVliq ) π[(r + ε)2 - r2]L.

Appendix III

The object of this appendix is, in the case of second-order
reactions, to establish the relationship between their rate
constant,kliq

II , and the first-order rates,kliq
I , given by eq 5. The

equivalent of eq 28 andFrxn in the case of a second-order
reaction is

and

For the small section of reactor, the budget betweenFgasand
Frxn equivalent to eq 30 is then

The budget for the entire reactor is obtained by integrating
both sides of eq 34 overz, using expression 20 forC(z). This
leads to

Replacing the expression ofkliq
I given by eq 5 in eq 35 leads

to

kliq
II is thus obtained by dividingkliq

I by the concentration of
organic compound in the liquid at an intermediate position in
the reactor, determined by the correction factor between
brackets. ForL ) 18 cm andνgas ∼ 0.15 cm-1, this factor is
about 2.9, which corresponds to the concentration atz ∼ 7 cm.

For the experiments where the uptake was smaller, this
correction factor was close to 1.
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Frxn ) kliq
II X2π[(r + ε)2 - r2] dz

2πr dz
(33)

kgas
I πr2 dz ) kliq

II (RTH)2
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L
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II (RTH)2
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L
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