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Uptake Rate Measurements of Methanesulfonic Acid and Glyoxal by Aqueous Droplets
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The uptake kinetics of methanesulfonic acid ¢SB;H, MSA) and glyoxal (CHOCHO, ethanedial) by aqueous
solutions were studied as a function of temperature using the droplet train techniqgue combined with mass
spectrometry and FTIR detection. The measured uptake kinetics for MSA were shown to be independent of
the composition of the aqueous phase for NaCl concentrations in the range from 0 to 2 M. The mass
accommodation coefficient was determined as a function of temperature between 261 and 283 K. The measured
values decreased from 0.16 to 0.1 in this temperature range. The uptake kinetics of glyoxal were studied as
a function of temperature between 263 and 283 K and were very close to our detection limit in pure water
(i.e., uptake coefficieny close to 10°%) but were strongly affected by the pH (in the range from 1 to 14) or

by sulfite ions ¢ increasing to~0.02). The rate constant of the reaction between nonhydrated glyoxal and
sulfite ions was determined to be7.6 x 10° M~1 st at 283 K. The mass accommodation temperature
dependence was beyond the sensitivity of the technique employed in this study; therefore, we report an average
value ofo. = 0.023 for the studied temperature range. The uptake kinetics of CHOCHO were shown to be

in agreement with bulk properties for temperatures larger than 273 K but deviate from it below. A surface
reaction where glyoxal is protonated prior to accommodation was discussed as a possible explanation for an

increased uptake rate in acidic solutions.

Introduction (CH3SO,CH3, DMSQ;), and methanesulfonic acid (G8OsH,
MSA).* All these products are more water soluble than DMS,
and therefore it appears highly probable that phase partitioning
takes place. Sulfuric and methanesulfonic acids are the main

A major task of interest within the field of tropospheric
chemistry concerns a better characterization of its oxidation

fggjc?c:\tiié;erécisntlabtlgz :r?iso())(;(?cljze?tiérqacczz giﬁesc.ar:tbzez;strgre\eln oxidation products leading to particle formation. In regard to
9 y pactty 9Y the difference in their equilibrium vapor pressures, it is generally
affected by the occurrence of heterogeneous processes, due %

the presence of atmospheric condensed matter. The uptake o ssume_d that only _i$04 nucleates homogene(_)usly whereas
. - SA will only contribute to the growth of particles through
trace gases by this condensed matter may increase or decrease

AN ) : .~ ~condensatiof. Once in the liquid phase, methanesulfonic acid
the oxidation capacity depending on the nature of the species - . . .
S may undergo H abstraction when reacting with several oxidants
taken up. For example the uptake, by the liquid phase, of

. : 6
soluble species such as HOKO, etc. may stongly inibit etk S SR LR MR SR
the reactions taking place in the gas phase, which in turn

corresponds to a slowing down of the oxidation capacity of the growth of particles and its rglg In wet che.mlstry, one hgs t'o
gas phase. Inversely, the uptake of reactants correspond to a now the parameters describing the'eff|C|enc.y'of gas/liquid
increase of this oxidation capacity since the free radical coll|§|9ns, €., the. mass accommadation coefficient.
concentrations may be increased by the lower concentrations Similar conclusions can be drawn for aldehydes that are
of trace species. It is therefore crucial to understand how thesege”e;atefj in the atmosphere from the degradation of hydrocar-
gas/condensed matter exchanges proceed and to identify thd?0ns’ It is now recognized that gas-phase aldehydes that are
corresponding chemistry. transferred into aqueous droplets are stabilizing agents for S(1V)

In the marine boundary layer, the sulfur cycle dominates the in the sense that they lead to the formation of stable complexes.
gas to particle conversion and the growth of aerosols. This These latter are much less reactive toward the attack of free

sulfur originates either from biogenic processes or from polluted 'adicals and essentially inert against typical oxidants (i.g., O
air masses transported to the marine boundary Fayeln the H20,).% Such processes have a direct impact on th8®
biogenic processes, dimethyl sulfide (DMS) originates from formation rate and on the scavenging of3% cloud droplets.
bioactivity in phytoplankton, and since it is a poorly soluble " fact, Olson and Hoffmarirhave shown that the presence of
gas, it is released to the gas phase where it is oxidized by eitherdlyoxal (CHOCHO) in aqueous droplets may double their
OH (during daytime) or N@(during nighttime). Beside SO contentin sulfqr. Such d|ca_rbonyls have been identified in fog-
and SQ (leading to the formation of $8Qy), stable products ~ &nd rainwater in concentrations up to 27@.° Munger et af
in the oxidation scheme of DMS have been identified to be have shown that approximately 50% of the glyoxal is partitioned

dimethyl sulfoxide (CHSOCH, DMSO), dimethyl sulfone !0 the aqueous phase during cloudy periods, which has to be
compared with the 90% of formaldehyde remaining in the gas

* Corresponding author. E-mail: george@illite.u-strasbg.fr. phase. In such asituation, the uptake of CHOCHO subsequently
® Abstract published ilddvance ACS Abstractecember 15, 1997.  followed either by its hydratation or by the formation of stable
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complex with S(IV) represents not only a reservoir for this latter trace gas density at the exit ports of the flow tube. In fact, by
but also for the aldehyde. Again, the knowledge of uptake considering the kinetic gas theory, it becomes possible to
kinetics is central for a better description of both gas and wet calculate the instantaneous uptake rate as:

chemistry.

The rate at which a trace gas molecule may be transferred, dn_ S
. . . = —/,[eMy s 3)
from a well-mixed gas phase at a given concentratigfed, dt \%
into the condensed phase can be obtained from the kinetic theory ) . o
of gases. This allows the calculation of the maximum fiax where yqps is the experimental uptake coefficient andthe
that may cross the gas/liquid interface volume of the interaction chamber. However, since we are
measuring the averaged signal during the transit time due to
—1 changes in the exposed surfaegq 3 has to be integrated leadin
q)max_ /4mm]mixeca (1) toll 9 P aeq 9 9
wherel¢[ds the trace gas average thermal velocity and the AF
mass accommodation coefficient that characterizes the gas/liquid = 9 _n_ 4)
. . . yObS mms n— An
efficiency for the accommodation process. It represents the

probability that a molecule, impinging on the interface, will be . .
transferred into the condensed phase. However, eq 1 does not/N€reéFy is the carrier gas volume flow rate ands the trace
describe the overall uptake kinetics since it does not account93S d_enS|ty before frequen_cy or length switching. _Tylplcal
for limitations introduced by diffusion processes (in both phases, experimental valugs fdFg are in Fhe range 200650 mL mim .
i.e., gas and liquid), by saturation phenomena of the interface STP. By measuring _the fractional Che?”ges In concentration
or by slow chemical transformation in the condensed phase. [n/(n — Ar_])] as a function of Eg/(EEI]A_S_), It beco'.“es possible

To take such limitations into account, one can extend eq 1 by to determine the overall uptake coefficienbs This parameter
introducing the uptake coefficieptthat allows the determination ~ can Pe measured as a function of the total pressure (for these

of the effective fluxd¢ actually crossing the interface: e_xperiments wit_h_in the range .180 Tor), gas/liquid contact
time or composition of the liquid used to produce the droplets.

These last measurements are necessary to decouple the overall
process into individual steps.

An important aspect of this technique is the careful control
of the partial pressure of water in the flow tube since it controls
the surface temperature of the droplets through evaporative
cooling!® Therefore, the carrier gas (helium) was always
saturated, at a given temperature, with water vapor before
entering the flow tube. The equilibrium between ambient
saturated helium and the liquid droplets is reached in the first
zone of the setup before the interaction zone. The liquid used

e : , to produce the droplets was thermostated up to the orifice, for
solubility (which depends upon the Henry's law consti) temperatures larger than T, leading to fast equilibrium

and of the reactivity in the liquid phase (controlled by the rate . inment. Temperatures lower than°G were obtained
constant). Therefore uptake rate measurements from the 98%hrough evaporative cooling of the droplets in the first part of

phase will provide useful information on such fundamental e fioy tube. At these lower temperatures, the droplets are
properties of the gas under study. supercooled but not frozen even for temperatures lower than

In the present wor!<, we report uptake.rate measurements_for_zo °C11 However, for supercooled droplets the temperature
methanesulfonic acid and glyoxal using the droplet train ofers to the surface thermal equilibration that occurs on a time

technique. These studies have been performed as a functionyegie of ahout 1ms and is therefore obtained before the droplets
of temperature and initial composition of the droplets on which oo, the region where they are exposed to the trace gases.

the uptake is measured. The results ,Wi" lead to an inCre"?‘s,echhermal conduction for our droplets has a characteristic time
level of knowledge for the accommodation process and reactivity ;¢ 2hout 10 ms meaning that although the surface quickly

of these species. equilibrates with the ambient water vapor, the interior of the
droplets’ volume will not be at equilibrium. As shown by
Worsnop et alll the measured uptake rate is therefore an
Apparatus. The technigue used to measure the uptake ratesaverage over a range up 8 K around the desired temperature
has already been described elsewhe@md therefore we will (including an uncertainty of 10% on the water partial pressure).
only provide a brief summary of its principle of operation. The Gas Production and Analytical Methods. Aqueous solu-
uptake coefficient is measured by the decrease of the gas-phaséons used to prepare the droplets were made from Milli-Q water
concentration of the trace species, due to the exposure to &18 MQ cm) and reagent-grade salts when necessary. MSA is
monodisperse train of droplets. These latter are generated by e&commercially available from Aldrich with a minimum purity
vibrating orifice (75um diameter) leading to droplet diameters of 99% and was used without further purification. Because of
in the range 86150 um. its very low vapor pressure, a gas-phase stream was obtained
The apparatus, where the contact between both phases takeBy passing helium (purity 99.999%) into a bubbler containing
place, is a vertically aligned flow tube which internal diameter MSA heated at 90C leading to a number density of about
is 1.8 cm. lIts length can be varied up to 20 cm, to change the 103 cm3. To maintain MSA in the gas phase, it was necessary
gas/liquid interaction time (020 ms) or the surface exposed to heat up all tubings and the flow tube at the same temperature,
by the droplet train (80.2 cn?). Since the uptake process is avoiding therefore cold points on which MSA would have been
directly related to the total surfackexposed by the droplets, condensing. In such a situation the droplets’ surface temperature
any changeAS in this surface results in a chanden of the is still governed by the ambient vapor pressure and not by the

q)eﬁ = 1/4mmmixedy (2)

In this equation, which is very similar to eq &, has been
replaced by the uptake coefficiept This parameter can be
defined as the probability that a striking molecule will be taken
up by the condensed phase (similarlyfobut considering now
the overall uptake process. Therefore, the uptake coeffigient
will be a function of the diffusion rates in both phases (described
by their respective diffusion coefficients), of the accommodation
process (described by the accommodation coeffiaignof the

Experimental Section
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. . . . 1 [Em%ﬁ 1
diffusion limitation: ——= - 5
Y diff 8Dg 2 ®)
1 8HRT,/D
saturation limitation:  y,,= —\/_a (6)
[/t
S 4HRT,/kD,
reactivity limitation:  y,,,= oo @)
wheredes is the effective droplet diameter (which takes into
account the fact that a droplet train may not be considered as a

L ' L sum of individual droplets; note however that its value is very
10 15 20 25 close to the real diamete) H is the Henry’s law constanR
<c>AS/4AF is the perfect gas constafit,s the temperaturd)q andD, are
N the gas and aqueous phase diffusion coefficianisthe gas/
Figure 1. Typical plots of Infin/noy) versuslCAS/4AF, for MSA on ’

pure water (circles) and glyoxal on 1M NaOH (triangles) at 273 K liquid contact time, andk is the first-order rate constant for a

according to eq 4. The slopes of such plots are a measure of the uptakdJiVen reaction in the liquid phase. The overall uptake coefficient
coefficienty. The solid line represents a linear fit to our data. can be calculated by summing up the individual resistances

(defined as the inverse of the specific uptake coefficient)
wall temperature as shown by De Bruyn etlin fact, since  according té*
thermal diffusion is a slow process (within our time scale of a
few milliseconds) it does not have time to affect the temperature 1_1 +1 + 1

of the droplets. Y Vit % Vsat Yo

Glyoxal is also commercially available from Aldrich as a 40% B0
aqueous solution where it exists primarily in its dihydrated form - efft _ 1 + 1 + _ b (2 + VK -t 8)
(CH(OH),),. To obtain the unpolymerized and water-free 8Dy 2 a 4HRT/D,\Vat

species; the following procedure was used: ca. 20 mL of the

aqueous solution was evaporated under vacuum until it gaveThis relation clearly shows that the uptake coefficient is a
an extremely dark and viscous liquid. This latter was then function of different fundamental properties of the molecule such
heated under vacuum, at least to T80 to obtain a black and  as solubility, diffusion, etc. The treatment used to obtain eq 8
crispy residue. The gas phase evolving from this treatment wasis very similar to the one used for the calculation of deposition
passed subsequently through traps containing calcium sulfatevelocity on the ocean surfaée.

and diphosphorus pentoxide. The chemicals at the output of Table 1 gives the data needed in order to apply eq 8, i.e., the
these traps were collected at liquid nitrogen temperature. Thediffusion coefficient in both phases and Henry’s law constant.
analysis, by FTIR and mass spectrometry, of the vapor of this For both species, diffusion coefficients are not known and have
product showed pure nonpolymerized glyoxal. therefore been estimated using methods presented by Reid et

An ion-trap mass spectrometer (Varian model Saturn 4D) and @l*® Especially, the semiempirical calculations by Fuller éfal.
a FTIR spectrometer (Nicolet Pfgfe 460 equipped with an ~ Were applied for gas-phase mass transport. In addition, since
IRA long-path White-cell; light path ranging from 2.2 to 22 m) Our carrier gas is a mixture of helium and water vapor, it is
were connected to the exit ports of the flow tube. The gas- Necessary to know the diffusion in this background. This is
phase concentration of MSA was monitored by the signal done according to the following equation
(integrated over 1s) atve 79, i.e., the major peak in its mass p
spectra when ionized at 70 eV. Glyoxal was analyzed by FTIR 1 _ HO n Phie
and especially by following the evolution of its absorption band Dy Dngzo D
at 2844 cm. Infrared spectra were taken in the range 4600
400 cntt and were coadded in order to increase the S/N ratio. whereDy is the diffusion coefficient in the mixed background,

The detection limits were approximately't@nd 16> molecules  p,, ; and Py are the partial pressures of water and helium

9)

g—He

cm2 for the mass and FTIR spectrometers, respectively. respectively, andy_w,0 and Dy_r are the binary diffusion
coefficients of the trace gases in water and helium, respectively.
Results and Discussion The employed estimation method has an average absolute error

of about 5% which will, under our experimental conditions,

As already mentioned, uptake coefficients are measured fromintroduce an additional error of less than 5% in the measured
the fractional changes in trace gas concentration due to amass accommodation coefficients. Note, however, that this error
modification of the total surface exposed by the droplets. Figure will only apply for MSA, for which the uptake kinetics are
1 shows typical data obtained for both MSA and glyoxal, plotted sufficiently large so that diffusion corrections become important.
according to eq 4. The slope of the fitted line represents the Correspondingly, aqueous phase-diffusion coefficients have been
uptake coefficientyons which is a measure of the net flux  estimated using the method developed by Wilke and Clang
crossing the gas/liquid interface. As we already mentioned, it with a typical error of about 11%when considering diffusion
is therefore a function of the diffusion rates in both phases, of in water, leading to a 5% error in the reported proddetk.
the accommodation process, of the solubility, and of the Methanesulfonic Acid. MSA is highly soluble in water
reactivity in the liquid phase. To each of these processes, onewhere its physical Henry’s law constant is 8710 M atm™2;
can attribute a specific uptake coefficient accordint to i.e., MSA is nearly infinitely soluble in watéf. In such a
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TABLE 1: Binary Diffusion Coefficients in Helium and 1 T T
Water Vapor, Aqueous Phase Diffusion Coefficients, and
Henry’s Law Constant for MSA and Glyoxal2

Dx-t,0°  Dx-ne Dad H
(cm?s™) (cmPs™d)  (cnmPsh)  (Matm™)
1k g
CH;SOH (MSA) 0.13 0.37 1.2 10°° 8.7 x 10d o~
CHOCHO (glyoxal) 0.16 0.44 1.6 10° 5.0 2
= 2L i
a All values are reported at 298 K. Gas-phase diffusion coefficients 3
are expected to follow &'7° dependency, whereas aqueous-phase E
diffusion coefficients are assumed to followld; law wherey is the 3r 1

viscosity of the solvent. the Henry’'s law constant dependence With
is unknown for both species, but for glyoxal it was assumed to be the

same as for formaldehydeMethod developed by Fuller et #l.as 4r ]
given by Reid et al® ©Method developed by Wilke and Chdfigis

given by Reid et at® 9 Brimblecombe et al° ©See text. Estimated 5 L L TR
from the hydration constant and the effective Henry’s law constant. 35 36 37 38 39

1000/T
Figure 3. Representation of ln¢1l — a) versus 1T according to eq
11 for methanesulfonic acid. The solid line represents a linear fit to

0251 1 our data, and its results given value/fi},.andAS;,; The error bars
are given at the @ level.

0.30 T T T T T

0.20 - .
To describe the observed negative temperature dependence,

s o045k - . i several authors have considered that mass accommodation can
' H{ . { be viewed as a multistep process where the trace gas first
; Y thermally accommodates on the droplet surface, with unit
} i probability, and remains adsorbed until it undergoes a further
step into the liquid or until it is released back to the gas phase.

0.10 F

005 T Davidovits et al2® hypothesized that the rate-limiting step in
the mass accommodation is part of the physical solvation
0.00 ! . : : ! process. Therefore, the transition from the gas phase into the

255 260 265 270 275 280 285

liquid phase can be summarized’as
Temperature (K)

Figure 2. Plot of o versus temperature for methanesulfonic acid Kaas K Kol
exhibiting a negative temperature dependence. The error bars are given My e s W™y (11)
at the 2 level. (Circles, this work; squares, De Bruyn etal.

o ) _ _ where the subscripts g, s, and | refer to the gas, surface, and
situation, the resistance due to the saturation of the mterface”quid state of the trace gas. Since the interface is a dynamic
does not play any role, and the flux crossing the interface shouldregion where water clusters are formed and destroyed continu-
be time-independent. We verified experimentally that the uptake oysly, the solvation process is expected to involve the formation
coefficient is indeed time-independent between 5 and 15 ms of jiquidlike clusters. As in classical theory of nucleation, only
confirming thatj_/satls negligible at all temperatures compared cluster reaching a critical sizen(s in eq 11) may grow
to the other resistances. We also modified the composition of jndefinitely and finally merge with the nearby liquid. The
the droplets by adding NaCl with concentrations ranging from critical sizeN* is defined as the number of molecules in the
0to 2 M. Even in the more concentrated solutions, we could cjyster or more precisely the number of hydrogen bonds used
not see any differences in the uptake kinetics. This is easily to form the cluster. Then any cluster taken up by the liquid
understood when taking into consideration the enormous consists ofN* — 1 water molecules. The mass accommodation
solubility of MSA in water. In fact, any molecule of MSA that  coefficients therefore reflect the competition between the rate
is transferred across the barrier represented by the interface willgf sglvation kso) and especially of cluster formatioks(which
be taken up irreversibly. In such a case, eq 8 can be simplified g proportional toks,) and desorptionkjesor) Of the surface
as species. By considering this model, the flux of molecules

crossing the interface (eq 1) can be rewritten as
1_ [eldl ¢ 1
y 8Dy 2

1
+= 10
o ( ) 1/4|]:mgo* = l/AE:mg - nskdesorb= nsksol (12)

where only the resistance introduced by gas-phase diffusion andBY considering that botkso andksesorscan be expressed by an
the accommodation steps have been retained. Figure 2 showg\rrhenius exponential temperature dependence relationship, eq
the mass accommodation coefficients obtained, as a function12 can be rearranged, leading to:

of temperature, once the uptake coefficients have been corrected .
for diffusion limitations using eq 10. The values exhibit a nl—% 1 _ _ AGps (13)
clear negative dependency with temperature, the values decreas- 1—af RT

ing from 0.16 to 0.1 for temperatures increasing from 261 to

283 K. Figure 2 also shows the excellent agreement with the whereAGf,bS can be regarded as the height of the Gibbs free
previously published results obtained by De Bruyn et2al. energy barrier between the gas and the surface transition state.
leading to an increased level of confidence in the reported massThe enthalpyAHqns and entropyAS,,s can be derived from a
accommodation coefficients in both studies. plot of In(o/1 — a) versus 1T as displayed in Figure 3. The



Uptake Kinetics of CHSO;H and CHOCHO

. Phys. Chem. A, Vol. 102, No. 3, 199897

TABLE 2: Measured Values for the Enthalpy AHqps and ' ' ' R
Entropy ASys for the Accommodation Process for O o oAl
Methanesulfonic Acid '% w0 b ]
ASyps(cal molt K1) AHops (kcal moi?) " .

this work ~14.0+3.1 —2.74+0.7 7

De Bruyn et al? -16.7+2.2 —3.5+0.6 Ewe | ]
slope of such a plot corresponds-taHqndR, while the intercept 2 10 ¢ 3
corresponds tAASp/R. The values obtained foAS,,s and Bl ]
AHgps are summarized in Table 2 along with those measured =
by De Bruyn et al?2 Again, the comparison between both fgml 3 3
studies is excellent. 2 el N

It is clear that this Gibbs energpG,. is related to . . i
fundamental properties of the trace gas and especially to its 10° 10 10° 102
ability to form hydrogen bonds with water. These latter are, Droplet diameter (cm)

in fact, central to the formation of the liquidlike clusters.
Davidovits et af® and Nathanson et &l.demonstrated a direct
relationship betweeAHqs ASps and the size of the critical
cluster governed biN*. Therefore this latter parameter can be

Figure 4. Comparison the maximum transfer rates, for methanesulfonic
acid, due to gas-phase diffusion and interfacial mass transport according
to the work of Schwartz. This figure shows that the transport across
the gas/liquid interface may be limited by interfacial transport for small

determined from the values of the enthalpy and entropy given droplets (diameters smaller thaprh).

in Table 2. Our measured values are found to agree with this
formulation with a critical siz&* ~ 1.5. This noninteger value
may be regarded as an average size between clusters consisting* —

of MSA alone and clusters with MSA and one water molecule.

It must be noted that thé&* value for MSA is very low [CHOCHQ,{ + [CH(OH),CHO] + [CH(OH),CH(OH)|
compared to other reported values. This can probably be [CHOCHQJ]
explained by the expected very high H-bonding ability of MSA (16)
due to the presence of several oxygen on the sulfur leading to

several bonding sites, but also tc_) an inc_reasing of the polarity \where the subscripts g and aq refer to the gaseous and aqueous
of the S-O covalent bonds thus increasing the strength of the g6 for glyoxal. This equation can be rearranged in the form
weak hydrogen bondg. The same kind of observation may

hold for H,SO, whose accommodation coefficient is not yet
known.

The values ofo reported here are quite large, i.e., 0.1 or \yhereH is the physical Henry's law constant. However, most
larger. It could therefore be interesting to know whether mass f the constants needed here are unknown: i.e., we could not
accommodation may play a role in the condensational growth fing in the open literature values fét, Ky, K, and for the rate
of particles due to the uptake of MSA. This can be done using of achievement of the equilibria 14 and 15. Nevertheless, Zhou
the theoretical description of uptake kinetics provided by gnq Moppe#* measured the effective solubility of glyoxal at
Schwartz2? who gives expressions of the maximum rate at 29g K to be 3.6x 106 M atm-1 in agreement with the lower
which a gas species may transferred into a condensed phase bymit of 3 105 M atm—1 reported by Betterton and Hoffma#h.
homogeneous diffusion and interfacial transport. This latter giner studies were found that focus mostly on the hydration

depends on the magnitude of the accommodation coefficient, constant for glyoxa®28 These experimental investigations
whereas diffusion rate depends upon the diffusion coefficients ¢oyid only concern the global hydration process, i.e., the

and the size of the aqueous droplets. Figure 4 shows afg|iowing equilibrium:

comparison of both rates as a function of droplets’ size and

mass accommodation coefficients. It appears that for MSA, CHOCHO+ 2H,0 < CH(OH),CH(OH),
the transport may be limited by gas-phase diffusion when

considering the uptake by small droplets, i.e., with diameters The reported values fd€nya (or for the producK;Ky) are very
Sma”er than JMm S|nce it |S eXpected that MSA |S |nVO|Ved |arge’ |e, on the Order Of ia)ut they dlffer nearly by an Order

in the condensational growth of particles, it is therefore highly of magnitude. Nevertheless, all these studies agree with the

probable that the initial steps of such processes are limited byfact that glyoxal is predominantly present in the aqueous phase
mass accommodation. We therefore recommend that modelingas dihydrated, meaning that eq 17 can be simplified to

studies based upon particle growth in the sulfur cycle treat the
accommodation step in detail.

Glyoxal. Aldehydes are known to react with water to give
stable gem-diol$3 In the case of glyoxal, this hydration process By considering a recent determinationkaf,q by Montoya and
consists of two steps, according to the following scheme: Melladc®® who reportedKnyg =7.22 x 10% we estimated the

physical solubility of glyoxal as

one can define an effective Henry’s law constant as

H* =H(1+ K; + K,K)) a7)

Khyd (18)

H* = HK} 4 (29)

CHOCHQ,, + H,0 = CH(OH),CHO K, (14)

H~5M atm *at 298 K (20)
CH(OH),CHO + H,O < CH(OH),CH(OH), K, (15)

Since in this work we are concerned with uptake rate measure-
The occurrence of such equilibria greatly affects the solubility ments as a function of temperature, we had to estimatd the
of glyoxal since they increase the quantity of aldehydes that dependence dfl andKyyq. Such a dependence has already been

may be dissolved in water. To take these equilibria into account, reported for formaldehyde for both constaf#3and we simply
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Figure 5. Uptake coefficient for glyoxal as a function of pH at 268 K
(circles) and 278 K (squares). The solid line represents a model of the Figure 6. Plot of 1/ versus [OH] at 278 K according to eq 19 for
uptake coefficient based on estimated bulk properties. At the lower glyoxal. The solid line represents a linear fit to our data. The slope of
temperature, a deviation from the expected behavior (solid line) is such a fit yield value oHv/k, while the intercept is a measure of the
observed. mass accommodation coefficient.

assumed that the same variations apply to glyoxal, which is line. Despite all the assumptions made, the agreement between

similar in nature to ChO. this simple calculation and our measurements is reasonably good
The estimated Henry’s law constant (eq 20) is nearly four for all pH values at temperatures larger than 273 K. But below
times larger than that for formaldehy8éut still remains small. this threshold temperature, the agreement is only valid for pH

Therefore, the uptake by pure water may be very limited if the values larger than 6, meaning that this simple model cannot
hydration reactions do not occur within the time scale of our account for the observed acid catalysis at low temperature. As
experiments (i.e., a few milliseconds). In fact, using eq 8 we shown by eq 21, our calculations need the knowledget,of
calculated the uptake coefficient associated with the physical which was obtained from the intercept of a plot pf! vs
solubility of glyoxal (i.e.,ysa) to be<2 x 1073 for temperatures  [OH~]~Y2 (Figure 6). The values we obtained were only poorly
between 283 and 263 K within our experimental time scate (5  temperature-dependent, and we could not extract any trend in
20 ms). Such a value is very close to our detection limit, i.e., opposition to what was found for MSA. As a result, we can
y = 1073 and we were in fact unable to obtain reliable data only report that the mass accommodation coefficient for glyoxal
for the uptake rate on pure water at all temperatures. In regardis petween 0.034 and 0.016 for temperatures in the range from
to the low solubility of glyoxal, this feature is not unexpected, 263 to 283 K with an average value of 0.023. These values
and we can simply report thatis close to 10° on pure water.  for o are the first determination for this parameter but compare
This observation means that physical solubility cannot account very favorably with the estimates reporééébr formaldehyde,

for large uptake rates for CHOCHO. i.e., 0.02, and for acetaldehyde i.e., larger than 0.03. It should
The gem-diol formation is generally acid and base-cataBfzed e noted that for these two aldehydes the temperature depen-
and such a catalysis was indeed reported for glygkah such dence ofa could not be measured. This arises probably from

a fituationithe uptake rate may be enhanced by the presence o tact that the uptake rate is governed by the reactivity of the
H™ or OH" ions. As shown in Figure 5, we observed an gigehyde meaning that the second term of the right-hand side

enhancement of the uptake rate in alkaline solutions at all eq 21 dominates the temperature dependence. Finally, it

temperatures but only an acid catalysis at temperatures lowergy,q, 4 he noted that the model for mass accommodation shortly
than 273 K. This observation is proof that the uptake of glyoxal

resented above is only valid for gases with a large intrinsic
is governed by its reactivity. Therefore, eq 8 can be simplified golubility whicx isl not tﬁ(;/crl\se forgglyole\ll.l ge Infrinst

0 As already noted, eq 21 which is based on bulk properties,
1 1 &0 cannot explain the measured uptake in acidic solutions at low
s 2w R (21) temperature. We believe that this discrepancy between our
7 & 4HRT/KD, calculations and the experimentally determined kinetics is not

due to an incorrect estimate of the temperature dependence of
where the influences of gas-phase diffusion and saturation ofH ork. In fact, the hydration rate is not expected to increase at
the interface are omitted. Since no reliable data have beenlow temperature, and a large Henry's law constant would affect
published on the bulk hydration kinetics of glyoxal, we have to all the data in the complete pH range and not only for pH values
consider that the kinetics reported for formaldehyde is applicable lower than 4. It is therefore possible that this deviation from
to the system we consider in this study. Schecker and S¥hulz bulk kinetics is due to a surface effect. Such observations have
studied the hydration kinetics of formaldehyde and reported the already been made for $&, CIONG;,32 CINO,,3® and other

following first-order rate constant: aldehydes®34 Jayne et a¥! reported that the uptake kinetics
of acetaldehyde is enhanced by the formation of a surface
k=78x 103 9XF€_15 86&) « complex inducing a time dependence in the measured uptake
RT coefficient, in a manner similar to bulk saturation of the droplet’s

@a —|—870[H+] + 6.3 x 106[0H*]) (22) surface, but now attributed to the very narrow interface.
However, we were not able to identify any time dependence of
whereR is in Sl units. Using this equation and the estimated y within our experimental time scale. We therefore believe that
Henry’'s law constant, it becomes possible to calculate the the increased uptake originates from another process, i.e., a
dependence of with pH as shown in Figure 5 by the solid surface reaction with H Jayne et ai! and Tolbert et a#*
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Figure 7. Variation of the uptake coefficient of glyoxal in acidic ~ pjgyre 8. Influence of the sulfite ions concentration on the uptake
solutions exhibiting an increasing uptake rate at low temperature. This | 5ia of glyoxal. The increase of the values/ds significant of a direct

latter is attributed to a surface reaction. reaction between nonhydrated glyoxal and:50

demonstrated that formaldehyde can effectively be protonated
at the surface of very acidic liquids but also at pH leading

to an increased uptake at low temperature. Since formaldehyde CHOCHO+ SQZ_ — CHOCH(0')SO0,” (25)
and glyoxal are species of similar nature, we believe that the
same assumption holds for CHOCHO. The observed temper-
ature dependence (Figure 7) can be understood by considerin
that any trace gases first thermally stick on the surface of the
droplet until it undergoes a next step, which could correspond
to the accommodation or chemical reaction. At low tempera- enhances the uptake rate. These ions were dissolved as
ture, we could expected that the residence time on the surfacel\Iazso3 at pH= 9 in order to maintain all S(IV) as sulfite and
increases leading to a favored chemical reaction. To quanti-,[0 avoid any influence of the OHcatalysis. By fitting eq 21
tatively describe this surface kinetics, more precise measure-; . . data. we can access the rate constant for reaction 25.
ments are needed that could specifically interrogate the surface-l-he rate co,nstants we determined are §.80° and 7.6x 108

state Of. glyoxal (for example with sec_o_nd harmonic generatiqn), M~1 s at 263 and 283 K, respectively. These values can be
which is far beyond the actual ability of our droplet train favorably compared to the apparent rate constants reported by

technique. Nevertheless, we tried to apply a model derived from Olson and Hoffmann, who could not follow directly the kinetics
an Eley-Rideal mechanism by Hu et #&l.where a surface of nonhydrated glyo;<al

uptake coefficient is introduced as

reversibly with nonhydrated glyoxal accordingto

which can be followed by the formation of a bidisulfite adduct.
However, for our droplet train studies only the first step, i.e.,
the reaction between nonhydrated glyoxal and sulfite ions is
accessible. As can be seen from Figure 8, the addition eSO

a[H*] Conclusion
Vsurt = PN (23) In this paper, we reported uptake studies using the droplet
[H] train technique for methanesulfonic acid and glyoxal. For the

where the constanesandb are related to the surface reactivity 2cid, we determined the values of the mass accommodation
of glyoxal. In the pioneer work of Hu et &%.these constants coefficient as a_functlon of temperature. The observed negative
were different, but the evidence of surface reaction we obtained temperature is in agreement with a model where accommodation
is not strong enough to give enough insight to the system. IS @ dynamic process occurring in the very narrow region
Therefore, we approximated both constants to be equal. Thisdefining the interface. Using the valuesmfwe conclude that
new uptake coefficient can be interconnected in the resistanceth€ transport across the gas/liquid interface may be limited by

model used to obtain eq 8 as interfacial transport for small droplets (diameters smaller than
1 um). Since MSA is involved in the condensational growth
Y =1 = YsuVouk T Vsurt (24) of particles, it becomes probable that the initial steps of such

processes are limited by mass accommodation. We therefore

where ypuk is defined by eq 21 and where the limitations recommend that modeling studies based upon particle growth
introduced by slow gas-phase diffusion were omitted. Using in the sulfur cycle treat the accommodation step in detail.
the mass accommodation values derived from alkaline solutions, Concerning glyoxal, we determined that the uptake kinetics
we fitted this equation to our acid catalysis. The values we for temperatures larger than 273 K are in agreement with bulk
obtained fora (andb) are 1.14+ 0.62 and 0.7'& 0.35 at 263 properties and exhibit a base-catalyzed hydration process. We
and 268 K, respectively. The addition of a new step in the also measured the rate constant of the reaction between
resistance model greatly enhances the agreement betweemonhydrated glyoxal and sulfite ions. This constant is suf-
experiments and modeling. We believe, despite the fact thatficiently large that this reaction may effectively play a role in
our very simple description of the reactivity of glyoxal in acidic atmospheric chemistry by providing a pathway where both
solutions at low temperature probably did not capture all the glyoxal and S(IV) are retained in stable complexes leading to
details of this process, that some nonbulk chemistry is occurring, an enrichment of sulfur in the atmospheric agqueous phase but
which we attributed to a surface reaction as this was done for also to a slowing down of the oxidation rates of S(IV). The
formaldehyde?136 mass accommodation coefficient of glyoxal is apparently

Since in the real atmosphere the chemistry of glyoxal and independent of the temperature and is in the range where
S(IV) can be interconnected, we also studied the influence of interfacial mass transport may play a very significant role even
SOs2~ on the uptake kinetics. Sulfite ions are known to react for droplets sizes up to 16m in diameter. At low temperatures
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(<273 K), the uptake kinetics deviate from bulk properties since

Schweitzer et al.

L. R;; Molina, M. J.; Tolbert, M. A.Laboratory Studies of Atmospheric

an increasing acid catalysis was observed. We speculate thageterogeneous ChemistrZurrent Problems in Atmospheric Chemistry;

arker, J. R., Ed.; Advances in Physical Chemistry Series; World Scientific

it corresponds to a surface reaction where glyoxal is protonatedpypjishing Co.: Singapore, 1994.

prior to accommodation in agreement with other studies on
formaldehyde.
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