10000 J. Phys. Chem. A997,101,10000-10011

Pressure and Temperature Dependence of the Gas-Phase Reaction of;S@th H,0O and the
Heterogeneous Reaction of S©with H ,O0/H,SO, Surfaces

John T. Jayne] Ulrich Ptschl# Yu-min Chen,* David Dai,* Luisa T. Molina, *
Douglas R. Worsnop! Charles E. Kolb," and Mario J. Molina* -*

Center for Chemical and Eironmental Physics, Aerodyne Research, Inc.,

Billerica, Massachusetts 01821-3976, and Department of Chemistry and Department of Earth,
Atmospheric and Planetary Sciences, Massachusetts Institute of Technology,

Cambridge, Massachusetts 02139-4307

Receied: August 4, 1997; In Final Form: October 10, 1997

The gas-phase reaction of $®@ith H,O and the heterogeneous reaction of;$@h H,O—H,SO, surfaces

have been studied in a fast flow reactor coupled to a chemical ionization mass spectrometer (CIMS) for
species detection. The gas-phase reaction was studied under turbulent flow conditions over the pressure
range from 100 to 760 Torr Nand the temperature range from 283 to 370 K. The loss rate efwaQ
measured under pseudo-first-order conditions; it exhibits a second-order dependence on water vapor
concentration and has a strong negative temperature dependence. The first-order rate coefficient for the SO
loss by gas-phase reaction shows no significant pressure dependence and can be exptéss¢d-a3.90

x 107* exp(6830.6T)[HOJ? where [HO] is in units of molecule cr? and T is in Kelvin. The overall
uncertainty of our experimentally determined rate coefficients is estimated4®@0%. At sufficiently low

SG; concentrations €102 molecule cm?®) the rate coefficient is independent of the initial SlBvel, as
expected for a gas-phase reaction mechanism involving oget8two HO molecules. However, at higher
concentrations and lower temperatures, increased rate coefficients were observed, indicating a fast heterogeneous
reaction after the onset of binary homogeneous nucleation of acid hydrate clusters leading to particle formation,
which was verified by light-scattering experiments. The heterogeneous loss;ab 8@ reactor walls has

also been investigated under low pressure-{12.5 Torr) laminar flow conditions. The loss rate is highly
dependent on the humidity of the surface. In the presence of excess water the reactive sticking coefficient
approaches unity and the wall loss rate is gas diffusion limited; under dry conditions it approaches zero, as
expected. The atmospheric implications of the homogeneous and heterogenegowsa®0 reaction are
discussed.

Introduction fuel combustion all contribute to the emission of sulfur gases
into the atmosphere. Additionally, local enhancements in sulfate

The reaction between gaseous sulfur trioxide{Sd water . ) .
aerosol loading can result from operation of commercial

vapor produces sulfuric acid vapor and is an important step in ©; 67 i . . .
the production of new sulfuric acid aerosol in the Earth's aircraft®’ This may be especially important in the stratosphere

atmospheré? New particles can form by binary homogeneous ?f the proposed fleet (_)f_ high-speed civil_transport (HSCT) "’.‘""ra“
and heterogeneous nucleation involvingS@, hydrates. The is employed. In aq|d|t|on to the Sa(ﬂjat is formed via reactions
condensation of sulfuric acid vapor on preexisting particles as Rl @nd R2 there is also some evidence that gaseoys&0
well as the heterogeneous reaction of:S@h aqueous acid be formed directly by atmospheric oxidation of b|ogen|.cally
droplets leads to particle growth. In the high-latitude strato- Produced, reduced sulfur compourids. The degree to which
sphere sulfate aerosols are known to catalyze ozone destruc&imospheric Sereacts homogeneously with water vapor, rather
tion34 These particles can also influence climate directly than heterogeneously with condensed water in aerosols, cloud
through scattering of solar radiation and indirectly by acting as droplets, or other particulate matter, is critical in determining
cloud condensation nuclei.Background sulfate aerosol levels the rates of new particle formation in the atmosphere.

in the atmosphere can be perturbed by the release of sulfur gases, The goal of the work presented here is to provide accurate
predominantly S@ which is oxidized to S@in the gas phase reaction rate parameter data for reaction R3 so that the details

by the mechanism proposed by Stockwell and Cakert: of the gas-phase S@xidation and sulfuric acid formation in
both high-altitude aircraft exhaust plumes and the background
SG,+OH+M—HSG;+ M (R1) atmosphere can be modeled with greater reliability. The results
also contribute to the ongoing effort to reveal the mechanism
HSQ, + O, — SO, + HO, (R2) of reaction R3 and provide new insights into the heterogeneous
processes competing with reaction R3.
SO; + H,0—~—H,S0, (R3) Experimental investigations on the kinetics of the gas-phase

reaction of S@Qwith water vapor have had a long history. The
Processes such as volcanic eruptions, biogenic activity, and fossifiirst reported kinetics experiment appeared in the literature in
1937 by Goodeve et &f.who discussed a complex reaction
» To whom correspondence should be addressed. that ultimately produces sulfuric acid. Since then there have
T Aerodyne Research, Inc. b b f di imed i h
* Massachusetts Institute of Technology. een a number of more recent studies aimed at unraveling the
€ Abstract published irAdvance ACS Abstractdjovember 15, 1997. mechanism. In 1975 Castleman and co-workeeported a
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Reaction of S@

rather fast bimolecular reaction rate coefficient 0910713
cm® molecule'! s~ measured in a low-pressure (£.0.3 Torr)
flow reactor. On the basis of calculations in 1978, Holland and
Castlemaht suggested that SCforms a complex with bO,
which then rapidly isomerizes to form sulfuric acid via the
following mechanism:

SO, + H,0 + M < SO;H,0 + M (R4)

SO;°H,0 — H,SO, (R5)

A subsequent theoretical study performed in 1985 by Chen
and Moore-Plummét indicated that the direct reaction between
SG; and HO to form SOy is unlikely to occur because of a
large ¢~22 kcal mol™?) transition-state energy barrier. In light
of this result Wang et & performed a low-pressure-@ Torr)
experiment and reported a significantly lower bimolecular rate
constant (5.8x 1071 cm?® molecule’! s71). The Wang et al.
study identified an efficient heterogeneous reaction of SO
occurring on the reactor walls. They speculated the heteroge
neous reaction may have influenced the Castleman result an
qualified their reported rate as being an upper limit to the true
gas-phase rate.

In 1993 Reiner and Arnold measured the reaction at 85 Torr,
reporting a bimolecular rate constant of 24 107> cm?
molecule’? s71, and in 19945 they updated the rate constant to
a mean value of 1.2 1071% cm® molecule! s with no
significant pressure dependence over the rangé—190 Torr
N2. In 1994 a higher level ab initio study was performed by
Hofmann and Schley& confirming the calculations of Chen
and Moore-Plummét that the direct reaction R3 is unlikely.
All of these earlier reported experimental studies analyzed the
results in terms of reaction R3 or R4 and R5.

In 1994 we reported our initial investigation of this system,
which showed that the homogeneous gas-phase reaction mec
anism involves two water molecules, not one as suggested by
earlier studies, and that the reaction exhibits a strong, negative
temperature dependente. These results are qualitatively
consistent with a mechanism possibly involving a water dimer
and/or an S@H-0 adduct:

SO, + H,0-H,0 — H,S0, + H,0 (R6a)
— SO;H,0 + H,0 (R6b)
H,O + SO,;-H,0 — H,SO, + H,0 (R7a)
— H,0-SQ, + H,0 (R7b)
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Figure 1. Schematic of the flow reactor coupled to the chemical
ionization mass spectrometer used for the study of the gas-phase reaction
of SG; and water vapor and for the study of the heterogeneous reactivity
of SO; with aqueous BS0O; surfaces.

These authors also monitored the presence of thgsO

adduct in the matrix. The existence of the 8@0O adduct in

the gas phase has been verified in a microwave spectroscopy
(Peam experimerf® A recent kinetics study by Lovejoy et &l.

invokes the reaction of the SEH,0 adduct with water vapor
(via reactions R4 and R7a) as the mechanism by whigSQ4
is formed. The Lovejoy et al. study reported a strong negative

temperature dependence (abett3 kcal/mol), a significant

H—D isotope effect, and no apparent pressure dependence over
the range 26:80 Torr N, at 300 K.

The work reported here extends our previous measureiients
over the pressure range 10060 Torr N, with temperature
dependencies measured at 200, 400, and 760 Torr. In addition,

we have performed a separate study to determine the hetero-

geneous loss rate of 30N the reactor walls to assess its impact
on our measurements and to determine the reactive uptake
coefficient of SQ on HLSO,—H-,0 surfaces. Rate coefficients

were obtained at temperatures between 283 and 370 K; the initial

concentration of S@and the water vapor concentration were
also varied. At low initial S@ concentrations €102 cm~3)

and temperatures above 283 K the measured first-order loss rate
of SGs is independent of initial S@levels. However, at higher
concentrations and lower reaction temperatures, increased
reaction rates were observed, most likely due to the onset of
binary homogeneous nucleation of acid hydrate clusters ulti-
mately leading to particle formation. The rate constants reported
in this paper for the homogeneous gas-phase reaction were
measured over the range of conditions for which the reaction
rate was observed to be independent of the initiaj &9el.

Experimental Section

The kinetics experiments were performed in a flow-tube
reactor coupled to a chemical ionization mass spectrometer for

Note that reactions 6b and 7b represent simple metatheticalgas detection; the apparatus is shown schematically in Figure
switching reactions where an adduct water molecule exchangesl. The flow reactor is a Pyrex glass tube, 2.2 cm i.d. and 100
one hydrogen-bonded partner for another; reaction 6b is cminlength. The rate measurements for the gas-phase reaction
exothermic, while reaction 7b, which simply exchanges water were conducted in the turbulent flow regime with Reynolds
molecules, is thermoneutral. Our initial results indicating the numbers in the range 3063000 and under pseudo-first-order
involvement of two water molecules stimulated yet another high- conditions with water vapor in excess. Sulfur trioxide, as the
level calculation performed by Morokuma and Mugurutha, limiting reagent, was introduced into the flow reactor through
who were the first to consider the importance of a second water a central movable injector. A large flow-@2 SLPM (standard
molecule in molecular orbital calculations. The Morokuma and liter per min)) of dry nitrogen, from a liquid nitrogen gas pack,
Muguruma study indicated that reaction R6a has a negligible was used as the main carrier gas. All flows were monitored
barrier to form the acid product and that reaction R7 has a small with calibrated electronic mass flow meters (Tylan General,
(~5 kcal/mol) transition-state barrier and that both reactions Matheson Gas Co.). The reactor pressure was monitored by a
proceed through the same six-centered transition-state complex1000 Torr pressure gauge (MKS Baratron). At atmospheric

Bondybey and Englisk on the basis of their study of the
reaction of SQ with water in a neon matrix at 5 K, were the
first to suggest that this reaction involves two water molecules.

pressure the reactor effluent was vented into an exhaust line;
lower pressures were achieved with a 1600 L Thiotary pump
(Edwards EM280) controlled by a throttle valve at the reactor
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outlet. Temperatures were measured by coppenstantan carry the S@vapor through the injector into the reactor. Before
thermocouples (Omega Engineering). All electronic signals mixing with SG;, both the N flowing through the flask and
were monitored and processed via a PC-based data acquisitiorthe additional carrier flow N were dried by passing them
system. through molecular sieve traps (4 A) immersed in a,lbdth.

A key feature of the turbulent flow reactor is its “near wall- Sulfur trioxide exists in three solid modificatione-SO; (mp,
less" behavior. In turbulent flow a laminar sublayer exists near 335 K), 5-SO; (mp, 306 K), andy-SO; (mp, 290 K). y-SO;
the wall where the gas velocity approaches zero at the wall. consists of annular trimers. In the presence of trace amounts
The radial velocity profile of the turbulent core is, to a good ©f water it converts tg-SQO;, which is thought to be a chainlike
approximation, flat and mixing in this regime is achieved by Polymer with water saturation at the chain ends (polysulfuric
eddy diffusion. Since the flow system is operated at pressuresacid). Owing to the forming of cross-links, unstabilized0;
where the rate of molecular diffusion is slow Compared to the further converts to the thel’modynamically most stable modifica-
core velocity, gas transport through the laminar sublayer to the tion, o-SQs. The commercially available S@amples used here
walls is greatly reduced relative to gas transport in low-pressure contain a stabilizer (0.5%) inhibiting polymerization and most
laminar flow where traditional fast flow reactors are operated. likely consist of a mixture of-SO; and a-SQ;. The natural
The importance of separating heterogeneous processes from th@ssumption that the latter governs thesS@por pressure of
gas-phase reaction of $& H,O had been demonstrated by OUur sgmple was verified by a series of aclhse titration
the earlier results of Wang et 8. Our turbulent flow method ~ €xperiments. A known flow of hipassed through the sample
experimentally allows this separation, while the influence of flask, and the amount of Sxiting the flask was titrated by
wall loss and molecular diffusion in laminar flow methods Passing the effluent through a gas disperser{2) immersed
generally demands considerable corrections of the measured los§? @ standardized solution of NaOH (0.01 N) with bromothymol
rate to extract the reaction rate. Furthermore, it is experimen- Plué used as a pH indicator. These measurements were
tally difficult to achieve fully developed laminar flow except ~Performed over the sample temperature range-2238 K and
at very low pressures. The ability to perform controlled reaction agreed to within 20% with the analytical expression for the vapor
kinetics using the turbulent flow approach has been demon- Pressure of thg-modificatior?®
strated in our earlier work performed at M#3-24

Water vapor was introduced at the entrance of the reactor by
controlling the flow of N carrier gas through a water bubbler
immersed in a water bath to stabilize the temperature. To dilute
the saturated water carrier flow, an additiongl fow (~5
SLPM) was added at the outlet of the bubbler. The temperature
of the water inside the bubbler was continuously monitored by
a thermocouple immersed in the liquid water sample. The water " & >F~~"" L A .
vapor concentration in the flow reactor was controlled in the cal ionization was initiated by injecting either SFor thermal

electrons at the downstream end of the flow reactor. The

range 16°-10'® molecule cm?®. It was calculated from the followi " d to detect the sulf Lo
measured liquid water temperature, the bubbler pressure (mea-0 owing reactions were used 1o detect the suftur species.

sured with a 8-1000 Torr MKS Baratron), the reactor pressure,
and the gas flow rate®.

The assumption that theNlow leaving the bubbler was
saturated with water vapor was verified by two independent
experiments. First, the absolute amount of water vapor in the

p,(Torr) = exp(28.92397000T71)

Using this expression, we were able to estimate thes SO
concentration in the flow reactor, which was controlled between
10'° and 104 molecule cm?3.

SO; and HSO, were detected as negative ions after undergo-
ing specific ion-molecule or charge-transfer reactions. Chemi-

SO,+ SR, — SOF + SK;

H,SO, + SR, — HSO, + SFy(H)

bubbler effluent was monitored by flowing the effluent through SO, +e — SO
a molecular sieve trap held at liquid nitrogen @)Xemperature
and by measuring the mass increase using an analytical balance. H,SO,+e —HSO, +H

Second, the linearity of the water vapor signal as a function of

the N, flow through the bubbler was verified by monitoring  Both reactions involving S@are fast and have been separately

H,O™ at m/e = 18 with the mass spectrometer configured in investigated?2¢ The reactions involving bSO: are also

the electron impact ionization mode. expected to be fast, occurring at the gas collision I#hifThe
Sulfur trioxide was introduced into the reactor through the identities of the neutral products are not known.

movable injector by flowing N(10—100 SCCM (standard cubic Sk~ ions were generated by passing neutrak §~0.05

centimeter per min)) over the solid $Gample (99.5%, SCCM) in a flow of N (~10 SLPM) over either a corona

stabilized, Aldrich Chemical, Co), which was contained in a discharge or a radioactive polonium souré®fo, NRD, Inc.

500 mL glass flask with a gas inlet tube and Teflon stopcocks. Model P2021). Thermal electrons were produced by operating

The reaction time was controlled by setting the injector at the corona discharge inaNin the absence of S The ions/

different axial positions. A six-arm spider-shaped Teflon header electrons were injected into the center of the reactor at the exit

with four holes on each arm was placed at the end of the injector end of the flow-tube through &, in. diameter stainless steel

to facilitate uniform injection throughout the cross section of tube at a distance of2 cm from the sampling orifice, allowing

the tube. In addition a fan-shaped Teflon device was placed ion—molecule reaction times of a few milliseconds. When the

immediately behind the header to enhance turbulent mixing. polonium source was used, a variable voltage was applied to

This arrangement gave optimum mixing distances as short as 5the steel tube to optimize measured ion intensitie200 to

cm, which was confirmed in a separate series of experiments —500 V depending on the pressure of the flow reactor and the

by injecting an inert trace¥ The SQ sample was held at geometry of the iormolecule reaction region). To generate

temperatures between 208 and 223 K in a cooling bath (Sylthermthe corona discharge, a stainless steel needle was inserted into

XLT, Dow Corning) refrigerated by a copper coil connected to the %, in. tube and shielded from it by a small diameter glass

a circulating cooler (Neslab ULT 80). At the outlet of the$SO tube. The needle was held at3 to —4 kV relative to the

container an additional Ngas flow (~4 SLPM) was added to  grounded steel tube, and the discharge current was limited to
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about—20uA by a 100 MQ resistor. The needle was shielded ion—molecule flow-tube operated at 200 Torr. The results of
from the reactor gas by &4 cm glass sleeve that was placed the measurements performed with this experimental configu-
over thel/, in. stainless steel ion tube. The length of the ration showed no significant deviation from the results we
stainless steel and glass tubes determined thermrlecule obtained in the usual configuration without a separate-ion
reaction distance, which was-2 cm. molecule flow tube.

Both chemical ionization schemes yielded the same results The temperature of the reactor gas was measured at the
within experimental uncertainty. The polonium source produces entrance and exit using calibrated ireconstantan thermo-
a very stable ion current from 1 Torr to atmospheric pressure couples. Under turbulent flow conditions the temperature
and was used for most kinetic measurements reported here. Theegulation of the reactor involves precooling (or preheating) the
corona discharge is more sensitive to pressure and flow main carrier gas as well as regulating the temperature of the
conditions (operating better at higher pressures), and owing toflow reactor itself. For the measurements performed above
instabilities in the discharge current, it was not used for the room temperature, the main nitrogen carrier gas and the flow
low-pressure work. reactor were resistively heated and the flow reactor was wrapped

Linear detection of S@over the concentration ranges used Wwith reflective insulating material. Below room temperature,
in our experiments was verified by monitoring the ion signal a jacketed glass flow reactor was used with a nonflammable
as a function of Ncarrier flow through the sample flask in the  coolant (Syltherm XLT, Dow Corning) chilled by a circulating
absence of water vapor. During the kinetic measurementscooler (Neslab LT 50). For these studies the carrier gas was
utilizing SFs~ as the reagent ion, the ratio of its intensity relative precooled by passing it through® in. diameter copper coil
to the initial SQF~ ion intensity was always greater than 10. (6 m) immersed in an icewater bath followed by resistive
The SQF~ ion signal detected at/e = 99 was corrected for  heating. The axial temperature gradient, as measured by the

the background mass interference originating from tHe(496 thermocouples placed at the inlet and exit of the flow reactor,
abundance) and ® (0.2% abundance) isotopes present in was controlled to within 1 K.

HSQ,~. For large S@depletions (i.e., large 30, production) The wall loss experiments performed under laminar flow
this correction was as much as 30% of thesB0Oion signal. conditions at 1.+12.5 Torr were conducted with the same

No background signal corrections were applied when the experimental setup. The main difference was the use of smaller
experiments were conducted using electron attachment for WhiChgas flows (total flow< 1 SLPM, Reynolds number 50) and
SO; was detected as SOatnve = 80. We have no information 3 larger sampling orifice (258m). The reactor pressure was
to discount the possibility that S@nd the possible intermediate  monitored by a 610 Torr MKS Baratron pressure gauge, and
SOs-H20 might be detected as the same product ion by our the pressure inside the bubbler was separately regulated between
CIMS detection scheme. However, since the results reported300 and 700 Torr.
later indicate that the adduct formation occurs on a much faster
time scale than the 130, formation and is not the rate-limiting
step of the reaction, the observed first-order rate constant is not
affected by the detection or nondetection of;SQ0. Homogeneous Gas-Phase ReactionExperimental runs
lons were detected using a quadrupole mass spectrometemwere performed by recording the $€oncentration at the exit
(Extrel C50) housed in a two-stage differentially pumped end of the reactor as a function of reaction distance for fixed
vacuum system. The chamber that houses the mass spectromwater vapor concentrations. Typical data sets for a series of
eter is pumped by a 400 L/s turbopump, and the first-stage water concentrations in the range!3610'® molecules cm?
vacuum chamber is pumped la 6 in. diffusion pump. The  are displayed on semilog plots with linear fits shown in Figure
two chambers are separated by a 1.2 mm i.d. skimmer cone.2. The data in Figure 2a were obtained with the gas curtain
The operating pressures were roughly=4010-5 Torr and installed on the apparatus using electron attachment detection.
10°6-10"7 Torr for the first and second stages, respectively, The data in Figure 2b were obtained withgSFletection and
varying with the reactor pressure. The ions from the down- without the gas curtain, yielding equivalent decay rates. Note,
stream end of the flow reactor were sampled through ari0 however, that the S~ signal levels decreased with each
orifice held at—120 V. An einzel lens assembly was mounted successive increase in the water vapor concentration. Hydrate
between the two apertures and helped focus the ion beam inion partitioning led to the lack of a common intercept at zero
the first vacuum chamber. The skimmer cone at the entrancereaction distance. Rate coefficients for the measuregl&s3,
to the quadrupole chamber was charged to aBet@0 V. kobs are obtained as the negative slope of linear fits such as the
Since the water vapor levels in these experiments were ones shown in Figure 2, assuming pseudo-first-order conditions
appreciable, partitioning of the negative ions to ion hydrates (H20 > SO;) and a reaction time that is linearly related to the
occurred to a noticeable extent (formation of 360 (H20),, reaction distance.
etc.). To investigate any potential influence on the detection  Under turbulent flow conditions the appropriate gas velocity
scheme, some experiments were conducted with a dry gasto convert reaction distance to reaction time is not the bulk
curtain installed at the high-pressure side of the sampling orifice. velocity given by the total volumetric flow and the geometric
The annular gas outlet (see Figure 1) was positioned aroundcross section of the reactor. The reaction time is determined
the orifice, and dry M (~2 SLPM) flowed counter to the main by the core gas velocity, which is slightly greater than the bulk
gas flow such that the sampled ions had to penetrate a regiongas velocity owing to the existence of the boundary layer near
where the humidity was much lower than throughout the flow the walls. As was shown in our earlier wotk;24 the ratio of
reactor. With the gas curtain operating, the intensity of the the core velocityyp., to the bulk gas velocityyy, is a function
hydrate ion peaks could be reducedb95%. The reduction of the Reynolds numbegJvp = (1 + 87.8Re %759 it varies
of hydrate partitioning by the gas curtain did not affect the petween 1.19 and 1.13 for Reynolds numbers in the range
observed S@decay rates. 3000-5000 typical of these experiments (we note that the value
As an additional test of our detection scheme, some of the Re 798 was misprinted in ref 22 as R&789. The effective
kinetics experiments at 760 Torr were performed by sampling velocity, which was independently measured using a pitot static
a small fraction of the reactor flow into a separately pumped velocity probe and studies of pulsed tracer injection, provides

Results
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Figure 4. SO; + 2H,0 reaction rate coefficienk{' (®)) plotted as a
function of total N pressure measured at temperatures between 298
and 302 K. Data have been normalized to 300 K using the measured
temperature dependence. Each point represents an average of two to
four individual measurements. Error bars ase 8quares are data from

ref 21.
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high SQ concentrations and low temperatures as discussed later.
3 The solid lines in the plots are linear fits to the data. By use of
0 20 30 a0 0 s 70 80 oo 00 the expressionksps = K'"[H,01?> + ky, a third-order rate

Reaction Distance (cm) coefficientk with units of moleculé cm® s71 is obtainedky
Figure 2. Decay of S@Q measured as a function of reaction distance stands for the flrst-order Wa”l loss r?te coefficient. At consrt1ant
for different water vapor concentrations at 302 K: (a) measured at 760 vyater vapor concen.trgtlonk, [H20]* can be regarded as the
Torr N, using SQ + e~ detection scheme with gas curtain device active; first-order rate coefficient for the gas-phase reaction,

(b) measured at 100 Torr using $® Sk~ detection scheme and no The observed overall SJoss rate can be represented by
N2 gas _curtain purge (note lack of common intercepts; see text for
discussion). Turbulent core gas velocity was 330 cihfer the data —d[SOJ/dt = K [HZO]Z[SO3] +k,[SOJ]

shown in panel a and 1884 cm'dor the data shown in panel b.
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—~d[SOJ/dt = (K + k,)[SOJ = k,,dSOJ

The variation in the intercept between the two sets of data in
Figure 3 indicates an increased wall loss rdg, at lower
pressures. Note also that for the 100 Torr set the fitted line
does not include the lowests value shown in the figure.

.1 This data point differs from the rest in that the water vapor
source was completely shut off. The abrupt decrease in that
. kobs value relative to its nearest neighboring point implies that
. l | . | ) . the wall loss rate depends on the presence of water. This
0 20 40 60 80 100 120 140x10% observation, together with the pressure dependencé,of
prompted a separate set of experiments to study the wall loss
rate and to determine its dependence on water vapor concentra-
Figure 3. First-order decay rates of 3@from Figure 2) plotted asa  tjon. The results and their implications are discussed in the
function of water vapor concentration®) measured at 100 TorrQ) wall reaction section.

measured at 760 Torr total pressure. Both data sets exhibit a second- Th d d f th h ti
order dependence on water vapor concentration. The solid lines are € pressure dependence o € gas-phase reaction was

fits to the data sets that assume a reaction that is second ordgdin H investigated over the range 16860 Torr N at 300 K. No
Also evident is the increased wall loss rate seen in the 100 Torr data Statistically significant variation was observed in either the
(see text for discussion). absolute rate constant or the second-order dependence on water
vapor concentration. This result, plotted in Figure 4, suggests

an effective measure of the thickness of the boundary layer, that the formation and equilibration of the dimes®H,0, and/
which varies between 0.9 mm at Re3000 and 0.6 mm at Re  or the adduct S§H,0, is not the rate-limiting process governing
= 5000. the overall loss rate of SO

In Figure 3 the first-order S§Xlecay rate coefficients obtained The temperature dependence of the reaction was investigated
from the data sets shown in Figure 2 (100 and 760 Torr, 302 over the range 283370 K at three different total pressures,
K) are plotted as a function of the square of the water vapor 200, 400, and 760 Torr. Experiments at each pressure yielded
concentration. The figure illustrates the linear dependence of essentially the same effective temperature dependence. Despite
the decay rate on the second power of the water vapor con-the complex nature of the reaction, $I0ss is well described
centration. This was observed for all the data sets across theby the following Arrhenius expression over the experimental
temperature and pressure ranges investigated, except for vergemperature range:

40

kobs (5-1)

30

20

[HZO]2 (molecule2 cm'e)
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where A is the preexponential factol, is the Arrhenius
activation energyT is the absolute temperature, aRds the
gas constant. The data are plotted in Figure 5. The solid line
in the figure is the best fit of all the data to eq 1, which yields
a value ofA = 3.90 x 104! cmf molecule? s1 and E,
—13.5 kcal mot?®. Also included in the figure is the temperature
dependence reported by Lovejoy et?lwhich represents their

measurements over the total pressure range from 20 to 80 Torr.

The absolute value of the rate coefficient predicted by our
Arrhenius expression for 295 K is 2.7 times smaller than the
rate coefficient suggested in our previous publication for 295
K.17 The focus of that publication was to report on the second-

order water vapor concentration dependence, which had been
observed for the first time. The discrepancies between the rate

coefficients are attributed to calibration uncertainties in the
determination of the reactor temperature and water vapor
concentrations in those preliminary experiments (both param-
eters have been very carefully calibrated for this work) as well
as an overall refinement of the experimental technique for
measuring this reaction.

The sulfuric acid signal (HS£ ion) was also recorded as a
function of reaction time for all the experiments in order to
determine if HSO, vapor production was consistent with $O
consumption. The production of sulfuric acid vapor as a
function of SQ + H,O reaction time was observed to be
consistent with the second-order loss of;S@por. A kinetic
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Figure 5. Arrhenius representation of the temperature-dependent
reaction rate data measured at 200, 400, and 760 Torr. The best fit to
the combined data sets yields an effective temperature dependence of
—13.5 kcal mot?. Dashed line is reproduced from ref 22%3.0 kcal
mol).

10 3.8x10°

secondary reactions of $Qwith acid hydrates need to be
considered. An upper limit to any potential $&acid hydrate
reaction rate can be estimated if one assumes that (1) all the
initial SO3 is converted to KESOy, (2) all the acid exists in a
reactive hydrate form, and (3) this reaction contributes at the
20% uncertainty level of these experimet£ 10 s'). Taking

the acid hydrate concentration to €02 cm~3, a rate constant

model was constructed to analyze these data, which set theimit of <10-1*cm?® molecules® s 1is estimated. If there were

production rate of KSO, equal to the loss rate of S0i.e.,
—d[SGy)/dt = +d[H,SOy)/dt. Two unknown parameters were

an efficient reaction of Sewith (H.SOs)x:(H20)y, we would
not have observed consistently a first-order dependence g [SO

required to match the model prediction to the data points. Theseand a second-order dependence opQH This suggests that

two parameters accounted for the detection efficiency of
H.SOy relative to SQ and the background signal of,850,

any secondary reactions were not contributing significantly to
the measured SQecays. Although the ¥$0O; level is larger

vapor. The sulfuric acid background was observed to dependin the absence of water vapor, as discussed above, any potential
strongly both on the temperature of the reactor and on the partialsecondary chemistry is less likely to be observed, since the

pressure of water vapor present. At temperatures ab@®@ad

K the acid background was about 3 times larger than the vapor

produced by the homogeneous reaction and tgeQ4 signal
was nearly independent of the extent of reaction. At lower

formation of acid hydrate is not favored.

Wall Reaction. To elucidate the humidity and pressure
dependence of the S@vall loss observed under turbulent flow
conditions and to validate the data analysis method used to

reactor temperatures the time dependent production rate ofpptain the gas-phase reaction rate constants, additional wall loss

sulfuric acid vapor could be resolved, since thg&sBy signal
from the background was5 times lower than that produced

measurements were performed under laminar flow conditions
at total pressures from 1.1 to 12.5 Tore.NBy use of the

from the gas phase. Under these conditions the data indicatedholonium source CIMS detection scheme sBOwas monitored
an additional dependence of the acid vapor background on theas a function of injector distance under dry conditions and for
concentration of water vapor. Acid background levels decreasedwater vapor concentrations from *#0to 10'5 cm™3. No

as the water vapor concentration increased. To account for thissignificant wall loss of S@was observed on clean Pyrex glass

trend, we included in the model an acid vapor background that

in the absence of water. Owing to the high vapor pressure of

had a functional dependence on water vapor and temperatureSo; at room temperaturemore than 10 times the partial
based on the parametrization for the vapor pressures of thepressure in the reacteno irreversible deposition of S@ther

H,SO,—H,0 system given by Taleb et &l. Unfortunately, a

global fit to all the data was not possible, since the acid vapor

background was dependent on the totg8, accumulation in

the system. The relative CIMS detection efficiency determined

from the single fits suggests thlalzsos = ~2ksoz wherek is

the ion molecule reaction rate with & The results are

consistent with the calculated collision-limited rate coefficient

for H,SO, with SR~ of 1.9 x 1072 cm® molecule! s7129and

previous product studies for the $Qwater vapor reactioft
Based on the assumption thatS®, yield is unity (—d[SG;]/

dt = +d[H,SQ)/dt), the maximum HSO, gas-phase concentra-

tion generated by the reaction should be equivalent to the initial

SGO; concentration under conditions of high reactivity, i.e., high

than possibly a thin adsorption layer is to be expected on dry
glass surfaces. The loss of $i@ the reactor due to processes
that may occur on a clean glass surface (reaction with trace
amounts of surface water and/or OH groups as well as physical
adsorption-desorption) was not significant. The loss rates
observed under these conditions was arouadlls™. A value

of 2 s would correspond tgy ~ 1074 as an upper limit for

the reactive uptake coefficient. When the walls were covered
with a coating of agueous sulfuric acid, the reactive loss of SO
was significant. This wall loss decreased within minutes after
shutting off the water vapor flow. The observed loss rates and
thus the probability for reactive uptake of $8y the sulfuric
acid coating on the walls continued to decrease until the vapor

water vapor levels and low temperature. Under these conditionspressure of S@over the highly concentrated sulfuric acid



10006 J. Phys. Chem. A, Vol. 101, No. 51, 1997

300 T y=1
v=0.2

250 y=0.1

200 =005

150 vy=0.02

kobs (S-‘)

100 y=0.01

0 v=0.005

0 ! i ! L
02 04 06 0.8

1/P (torr™)

Figure 6. Diffusion-limited loss of S@to reactor wall measured under
laminar flow conditions as a function of totabgressure. The lines in
the figure refer to predicted wall loss rates for different valuesy.of
Assumingy = 1, a linear fit to the data yields a value of 94)
Torr cn? s7* for the diffusion coefficient of S@in N, at 300 K (see
eq 2).

(~100%) or oleum reached the partial pressure of BChe

reactor. As expected, experimental runs performed under thes
conditions showed no significant wall loss.
reversible absorptiondesorption process was measurable on a

Jayne et al.
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Figure 7. Reactive loss of SOmeasured at low-pressure laminar flow
conditions (solid points) and at turbulent flow conditions (open circles)
as a function of water vapor concentration (note break in axis). Low-
pressure loss rate is dominated by heterogeneous reaction on reactor
walls and is diffusion-limited when trace levels of water vapor are
present. Solid points were obtained over the pressure rangel2.3
Torr and have been normalized to 2 Torr for display purposes. In dry

Geactor (water vapor source off) wall loss is negligible. The observed
However, a fist.order rate coefficients measured under turbulent flow conditions

exhibit a dependence on water vapor concentration that is due to gas-

time scale of tens of seconds to a few minutes after every changephase reactivity.

of the SQ injector position. When the injector was moved
downstream, a temporary increase3Q s) of the SGF~ signal

the maximum case [#D] accounted for only 5% of the gas

could be observed while moving the injector upstream resulted mixture. The near unity surface reaction probability measured

in a temporary decrease 3 min). These absorption

here seems invariant over a%$0,—H,0 surface composition

desorption processes are attributed to the equilibration of theranging from 78 to 92 wt % bSO;.

sulfuric acid-oleum coating on the walls with the reactor gas
upstream or downstream of the $iDjector.
When the water vapor concentration exceeds the; SO

As long as the water vapor concentration exceeded the SO
concentration, neither the presence of varying amounts of
sulfuric acid coating on the walls nor variations of water vapor

concentration in the reactor, the loss rate increases to the gahad a noticeable effect on the loss rate measurements. The full

diffusion limit, showing a linear dependence on the inverse of
pressure. The diffusion-limited wall loss coefficieky, in a
tubular flow reactor can be approximated*by

_ 3.6,
r’p

)

whereDy, is the pressure-normalized gas-phase diffusion coef-
ficient, r is the reactor radius, arRlis the total pressure. This
expression is derived for the condition that the concentration
of SO; at the reactor wall is zero. The wall loss rate was
measured as a function of pressure in the-1L.2.5 Torr range;
the data are plotted in Figure 6 versu$.1/By use of eq 2
with ky = kops @ linear fit to the data (not shown in the figure)
yields a value for a S&-N, diffusion coefficient of 94.6£3)
Torr cn? st at 300 K, in agreement with the value of 90 at
300K predicted by the CHEMKIN computer progrés and
another experimentally determined value of8B at 295 K34

The lines in the figure model the wall loss rate for the conditions
of the experiments for different values of the reaction probability
(y =1,0.2,0.1, 0.01, and 0.001) and suggest that a valge of
= 1 best fits the observatiod8. A lower limit of y = 0.67 is
obtained from a nonlinear best fit through the lower &ror
bars of the data in Figure 6 using the Brown formaf3and
keeping the diffusion coefficient value fixed at 94.6. The data
shown in Figure 6 represent averages of two to six individual

data set from Figure 6 (before averaging data points) is displayed
in Figure 7 (solid circles) as a function of water vapor
concentration. Since the data were obtained over the pressure
range 1.+12.5 Torr, they have been normalized to 2.0 Torr
for display purposes using the observed pressure dependence
shown in Figure 6. Also included in Figure 7 is the 760 Torr
data set (open circles) replotted from Figure 3, which demon-
strates the utility of performing the reaction in the near “wall-
less” turbulent flow reactor.

Owing to the difficulties of controlling very low water levels
with our experimental setup, we were not able to resolve the
onset of significant wall loss. At water concentrations slightly
larger than the estimated $@oncentration (e.g., [f0] = 2 x
108, [SOs] = 1 x 10%), we still observed diffusion-limited
loss rates indicating near unit probability for the reactive uptake
coefficient. At water vapor concentrations slightly smaller than
the estimated Sgxoncentration (e.g., 0] = 2 x 10, [SO;]
=5 x 10%3), we no longer observed measurable wall loss. The
very narrow concentration range in which the transition from
negligibly small to unit uptake probability for S@ccurs can
be explained with the thermodynamic properties of th8®&—
H,O—S0; system. At 298 K the equilibrium vapor pressure
of SO; changes rapidly fror~8 x 1078 Torr (3 x 10°
molecules cm?)3% over 90 wt % HSO, (total molar SQ/H,0
mixing ratio of 0.62), to~2 x 104 Torr (8 x 10'? molecules
cm3) over 100% HSQ,, and to~2 x 1073 Torr (8 x 1013

measurements where at a given pressure the amount of watemolecules cm?3)37 over oleum with 5 wt % excess S@otal

vapor present was also varied from'atb 2 x 105 molecules
cm3. The addition of water vapor was neglected in the
determination of the gas-phase diffusion coefficient, since in

molar SQ/H,O mixing ratio of 1.07), respectively. Our
observations indicate that at 8,0 mixing ratios close to 1,
a rapid heterogeneous reaction wjttfor both HO and SQ
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close to 1 governs the composition of the wall coating. With TABLE 1. Thermodynamic Parameters Describing
one of the reactants in excess, the sulfuric acid or oleum wall Equilibrium Formation of H ,0-H,0

coating quickly seems to adopt a composition that is in AH AS Keg 300 K

equilibrium with the partial pressure of the excess reactant. (calmol?) (calmol*K™)  (atnr?) ref

Based on this interpretation, the observations also reconfirm _3590 ~18.59 0.036 Curtiss et 4.

our estimate for the S{concentration in the reactor. —3800 —18.52 0.052 Morokuma and
The low-pressure diffusion study demonstrates that over the Mugurama (private

communication)

range of water vapor concentrations used for measuring the 4282 _18.21 0.138 Slanina and Crifo

homogeneous reaction rate (Figure 3), the heterogeneous loss

of SG; to the walls occurs with near unit probability and is 3 nonlinear dependence on water vapor concentration, are

independent of water vapor concentration within this range. yeproducible, and suggest that both the homogeneous gas-phase
Thus, the increase dgps with [H20] = 10" molecules cm? reaction and the reaction with gaseous acid hydrates account

in the turbulent flow experiments can be entirely attributed to {5y the ohserved loss rates. As thes3€vel is further increased

the gas-phase reaction, and the intercept of the linear fits to ang/or the temperature is decreaseds &@sumption strongly

Kobs Vs [H,0]” corresponds to a wall loss ratg. As discussed, jncreases to the point where heterogeneous reaction 980
the abrupt increase in the wall loss rate observed for the 100\ater acid clusters dominates the loss.
Torr data between [}0] = 0 and [HO] ~ 10" molecules cm? As mentioned before, the $S@oncentration at which the

results from activation of the walls by water. The offsetin the geyiation from the gas-phase homogeneous reaction occurs was

intercepts between the 100 and the 760 Torr data set in Figuregpserved to be dependent on the total pressure of the reactor.

3 reflects a wall loss decrease with increasing pressure, whichpe following numbers refer to room temperature angDH

is due to decreasing gas transport rates by molecular diffusiongensities of~5 x 105 molecules cm3. At 200 Torr, SQ

from the turbulent core through the boundary layer to the reactor dependent loss rate coefficients were measured gc6en-

walls. From 100 to 760 Tork, decreases linearly with B/ trations larger tham-4 x 1012 molecules cmd. At 400 Torr

from ~16 to~2 s ! and is consistent with gas-phase diffustén. e heterogeneous effect became apparent aj [S@ x 102
Acid—Water Aerosol Reaction. The effect of initial SQ molecules cm?, while at 760 Torr it already occurred at [gO

concentration on the measured rate coefficients was also> 1 x 102 molecules cm3. At 1.1-12.5 Torr no [SG|

investigated during the course of this work. The rates reported dependence of the measured loss rate coefficients was observed

in Figures 2-5 were independent of S@oncentration. Usually  for SO; concentrations as high as#@nolecules cm? as long

the initial concentration was on the order ofli®nolecules as the HO density exceeded the $@ensity.

cm 3. Room-temperature experiments performed at up to 40  When the reaction conditions strongly favor nucleation and

times higher S@levels gave the same results. However, at particle growth, the measured $ss rate occurs rapidly on

higher SQ concentrations and lower temperatures we have the 5-200 ms experimental time scale. Subsequent studies are

observed that the measured loss rate coefficient increases wittplanned to more accurately measure the conditions that govern

increasing levels of Sin the flow reactor. In addition, the  cluster formation and particle growth and to determine the

effect was favored by high total pressures. As pointed out in kinetics of these processes. The influence of &@centration

earlier studies (Kolb et al’ Lovejoy and Hanso#® Fried et on the reaction was studied by Lovejoy etZ?lqut no effect

al39), this reaction will produce submicrometer (and larger) size was noted, since they operated at lowersS®ncentrations

acid aerosol at low temperature, high total pressure, and high(~10° cm=3). However, we believe that the reaction on water

H,O—S0;—H,S0O, concentrations. The mechanism of the acid acid clusters may be responsible for the highs 8@sumption

aerosol formation is not well understood but must begin with rate originally measured by Castleman et al.

the formation of cluster species that then nucleate (probably

through a binary heterogeneous process) and grow to larger sizeDiscussion

particles. In the present study we have observed that the rate

of consumption of S@as measured in our reactor is strongly

enhanced by selecting the conditions that favor particle forma- associated with R3, the SOF H,O reaction, suggests the

tion. . formation of bound intermediates and a complex mechanism.
In the lowest temperature range of operation (2288 K) The role of such intermediates in this reaction is apparent from

at SQ densities of~10'2 cm™3 very fast decay rates showed a  reactions R6a and R7a, involving formation of either the water
trend to first-order dependence in water vapor and poor dimer H0-H,O or the adduct S@H,O:

reproducibility. With a Mie scattering chamber in place of the

The observed second-order dependence on water vapor
concentration and the strong negative temperature dependence

CIMS at the exit end of the flow reactor, particlesQ.2 um) H,O + H,0 + M < H,0-H,0 + M (R8)
were detected in the presence of water vapor. When the water

vapor was shut off, the light-scattering signal diminished. The SO, +H,0+ M < SO;*H,0 + M (R9)

rapid loss of S@associated with the formation of particles can

be explained (as is a first-order dependence ofOfiby an On the basis of the lack of pressure dependence of the
efficient heterogeneous reaction between; 3@d the aciet measured rate coefficient, we expect that these two reactions
water particles. are essentially at equilibrium. The thermodynamic parameters

Qualitatively, the S@loss rate coefficient as measured in  AH and AS that characterize the equilibrium constégy, for
our reactor falls into one of three categories. First, for low initial the water dimer (reaction R8) have recently been computed by

reactant concentrations (0< 102 molecules c¢cm® and Slanina and Crif® and by Morokuma and Mugururfaand
moderate-to-high temperatures (280 K), the pure gas-phase have been measured by Curtiss etalThose values are
process dominates the measured 8@sumption Figures-25). presented in Table 1. The thermodynamic parameters describing
For intermediate S@levels at room temperature (#6-10'3 reaction R9, presented in Table 2, have been taken from the ab

molecules cm?) increased loss rate coefficients are favored by initio calculations by Morokuma and Mugurutiand Hofmann
high total pressure. In this regime the measurements still exhibit and Schleyéf and from the estimates given by Lovejoy et4l.
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TABLE 2: Thermodynamic Parameters Describing
Equilibrium Formation of SO 3-H,02

AH AS Keg 300 K
(cal mol™) (cal molFt K1) (atn?) ref
—8282 —21.55 21.0 Morokuma and
Mugurama?®
—7900 —26.5 0.92 Hofmann and
Schleyet®
>—13000 —26.5 4717 Lovejoy et at

aThe AH value by Lovejoy et al. is a lower limit based on the

interpretation of their experimental results.
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Figure 8. Computed water dimer (a) and $6,0 adduct (b) fractions
at 300 K as a function of water vapor concentration typically used in

these experiments. Lines are from the data in Tables 1 and 2. Dashe

line in part b is an upper limit.
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equilibrium conditions. We have assumed that higher hydrates
((H2O)n, n > 2, and S@(H20),, n > 1) are not present to an
appreciable extent. The largest amount o$Q0 adduct is
calculated using the stability limit measured by Lovejoy étal.
(see Table 2), predicting 50% of the $Bound as the adduct

at 300 K in the presence of & 10 cm=3 [H,0]. In their
low-temperature experiment (252 K) the stability limit predicts
that greater than 90% of the @ in the adduct form with
~10' cm~3 water vapor concentration.

The data in Figure 8 can be used in conjunction with our
experimental measurements to estimate rate coefficients for
reactions R6a and R7a. Assuming first that R6a is the sole
H,SOy-producing reaction and by use of the thermodynamic
values of Curtiss et &° for the water dimer, we compute,

(300 K)=2.1x 1071°cm®s1, which is at or near the collision-
limited rate, and we would expegt, to clearly exceed that
limit at lower temperatures. Furthermore, since the reaction
most likely proceeds through a six-centered transition state, this
fast rate seems unlikely. If reaction R7a is the sole sulfuric
acid-producing reaction, using the thermodynamic values for
the adduct estimated by Morokuma and Muguruma, we calculate
kza (300 K) = 1.2 x 10712 cm?® s, which appears more
reasonable but which must accommodate a significant activation
barrier if the Morokuma and Muguruma calculations are
correct® (see discussion below).

The values ofAH for H,OH,O and SQ@H,O shown in
Tables 1 and 2 suggest that the water dimer binding energy is
~4 kcal mol! and the adduct binding energy-s8 kcal mol™.
Clearly, the magnitude of either of these binding energies can
account only partially for the measured activation energy of
the overall reaction rate constant13.5 kcal mot?). The
difference could be explained by the nature of reactions R6a
and R7a, namely, a complex-mode reaction involving thg SO
dihydrate complex intermediate ($H.0),)*, similar to the
one described by Morokuma and MugurutiaComplex-mode
reactions often exhibit negative temperature dependencies; in
some instances they also display non-Arrhenius behavior and
possibly also a pressure dependency.

Out of the observed negative activation energy-8.5 kcal
mol~1, only about 4 or 5 kcal mof would need to be accounted
for by reaction R7a, if we assume that the overall reaction
proceeds through the formation of the ss@duct. The reaction
rate for reaction R7a depends on the ratio of the rate of
dissociation of the dihydrate intermediate to regenerate the
reactants to the rate of the forward reaction to forp$&,. As
discussed, for example, by Trégthis ratio depends only on

c]the number of open channels available for the forward reaction

compared to the number available for dissociation. This ratio
may have a strong negative temperature dependency if the

based on their interpretation of their own experimental results. Number of open channels for dissociation increases faster with
The value for a given equilibrium constant is observed to vary temperature than the corresponding number for the forward
widely among these studies, leading to uncertainties in the reaction. In this case this is precisely what is expected, since
computed concentration of these intermediate species in ourthe formation of the dihydrate activated complex involves a
flow reactor as well as in their predicted role in the reaction 00se transition state, whereas its decomposition to produce
mechanism. These uncertainties arise in part from difficulties H2SQs proceeds through a tight transition state.
associated with computing the entropy terms for species with  The calculations by Morokuma and Muguruthimdicate that
internal rotations and/or large amplitude anharmonic vibrations. the SQ-(H20), dihydrate intermediate is more thart kcal/
Such effects have been studied and discussed for the computamol lower in energy than the separate 8©&0O and HO
tion of the thermodynamic properties of the water differ; fragments. On the other hand, calculations by these authors
similar difficulties also exist for the computation of the adduct also indicate that the six-center transition state for reaction R7a,
thermodynamic properties. to form H,SO,, is ~5 kcal/mol higher in energy than the
Using the data from Table 1, we have plotted in Figure 8 the SOs-H,O and HO reactants. It would be difficult to rationalize
fraction of water dimer, [HO-H,0)/([H0] + [H20-H,0]), and the observed overall negative temperature dependency with a
adduct, [S@H20]/([SO;s] +[S05-H.0]), that would exist in our complex-mode mechanism involving the S&lduct if such a
flow reactor as a function of water concentration at 300 K under large activation energy barrier indeed exists. However, the
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Figure 9. Reaction coordinate diagram for the $& H,O system
illustrating the potential role of excited intermediates in the reaction
mechanism. Competition between the forward and reverse pathways
from the excited dihydrate complex may be strongly temperature
dependent. Approximate potential energy values are from ref 18. Dashed
lines represent the thermal energy of the system. 10}
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barrier height calculation is less reliable than the calculation of I R
the energies of the various intermediates (Morukuma, personal 10° 10 102 10° 102 10¢ 16°
communication), and hence, it appears plausible that the barrier Lifetime (s)

height in question is smaller. The estimated barrier height for
the reaction between #-H,O and SQ (reaction R6a) is [H,0¢H,01/ ({H,0] + [H,0°H,0)| |[80,°H,0] / ([SO,] + [S0,°H,0])
practically zero; however, as mentioned above, the stability of 5011 Morokuma and Muguruma. || s Riareioores and Mugaruma
the water dimer is sufficiently smaller than that of thesSGQ0 a0l C}"“SS st al', ----- Hofmann and Schleyer
adduct to make this alternative mechanism less likely. "

Yet another possibility is illustrated in Figure 9. It involves
reaction of (S@H,0)*, the excited S@adduct, with another
water molecule to yield a dihydrate intermediate §8B8,0),)-

** with enough energy to surmount the barrier to form the six-
member transition-state complex. By use of arguments similar
to those described above for complex-mode reactions, such a 0
mechanism could explain, at least in principle, the observed 1w0* 107 10° 10°  10*
large negative activation energy. The third-order rate constant Adduct and Dimer fractions

has a value in the range 1¥—-10-%° cnmf molecule? s™* (see Figure 10. Gas-phase sulfur oxidation lifetimes for reactions-fRB3
Figure 5), fast enough for two water molecules to add to (a). SQ + OH + M is rate-limiting process in the overall gas-phase
SO before deactivation. On the other hand, this rate constant sulfuric acid formation process. Competition between gas phase and

was observed to be pressure independent over the range O|neterogene.ous S0oss |s.shown in part b. for several representative
. tioated h Id t h atmospheric aerosol loadings. In a volcanically perturbed stratosphere,
pressures Investigated, whereas we would expect such agg, scavenging by sulfate aerosol may compete with gas-phase

termolecular complex-mode mechanism to yield a pressure reactivity. Calculated equilibrium fractions of water dimer ancs$50
dependent third-order rate constant, unless the high-pressureadduct expected in the atmosphere as a function of altitude are shown
limiting value is already reached at the low-pressure end of the in part c.
range.

Lovejoy et al?! favored a reaction mechanism primarily
involving the SQ adduct, that is, reaction R7a; however, these
authors suggested that the5 kcal mol! unaccounted for

0
.,
»,

30k

20

Altitude (km)

10

temperature, and total pressure dependence can be used to
estimate the atmospheric lifetime of $&nd predict its fate in
the atmosphere. In addition to its gas-phase reactivity, we can

- Iso use the results of our measurements characterizing the
temperature dependence @8kcal mol?) could be attributed a :
mainly to uncertainties in the computed bond energies for the hheterogene_o_us I%SS of $on WS%—Hzgﬁ;urfaces tohestlmate
adduct. We believe, though, that it is unlikely that the the competition between gas-phase; 33s versus heteroge-

theoretical AH value is in error by such a large amount. neous loss on atmospheric aerosols.

: o . When considering sulfuric acid formation from gas-phase
Furthermore, if the adduct binding energy were to be indeed " - . -
~13.0 kcal mot, a very large frac%onjﬁ%%@ of the SQin oxidation of SQ (reactions R+ R3), reaction R1 can be shown

their low-temperature experiment would exist in adduct form, 10 be the rate-determining step in the troposphere .and ”.‘“Ch of
and the measured loss rate of S@ould be nearly first order the strato.sphere.. The reaction of the HQ$@ermeQ|ate W'.th
in water vapor, not second order, as measured. 0O, _(react|on R2) is muc_h faster under at_mospherlc conditions,
while the low concentration of atmospheric OH (generaily0’

cm~3) guarantees that reaction R1 governs the rate of SO
formation (from SQ) and subsequent430, production. This

The goal of this work has been to provide improved kinetic is shown in Figure 10a, which plots the estimated lifetimes for
data concerning 8Oy production via reaction of SOwith SO, HOSG, and SQ as a function of altitude in the
water. Although the detailed homogeneous gas-phase reactioratmosphere. In this calculation we have assumed the vertical
mechanism is still not yet fully understood, the water vapor, profiles for water vapor from measurements by Oltmans and

Atmospheric Implications
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Hoffmanrf4 and total pressure, temperature, and representativeThe water dimer and adduct fractions drop off rapidly with

OH profiles from DeMore et &° The pressure dependent
reaction rate for R1 and the rate for R2 is the recommended
value from DeMore et af® and the rate for R3 is from this
work. Assuming a constant $S@nixing ratio of 1 ppb in the
atmosphere, the lifetimes shown in Figure 10a indicate that
the steady-state S@oncentration produced via reactions R1
and R2 will be low, ranging from~0.1 molecule cm?3 at

low altitude to~10°> molecule cm?® at 30 km. Steady-state
SQO; concentrations may be-3! orders of magnitude larger in
the plume of an aircraft exhaust due to the high S(IV) content
typical of aircraft fuel and due to high oxidation rates in the
combustor turbine flow and exhaust plufifeln the volcanically
perturbed atmosphere steady-state 8@hcentrations can be a
factor of 10 or more higher than in the unperturbed atmo-
sphere’

When considering the atmospheric lifetime of $5@ne must

altitude because of decreasing water vapor partial pressure.

Summary

In this paper we have reported the temperature and pressure
dependence of the gas-phase reaction of \8ith water vapor.
The results presented here extend our earlier study over a wider
temperature and pressure range and confirm our initial observa-
tion that SQ reactivity is second order with respect to water
vapor concentration. The subject reaction has a strong negative
temperature dependence3.5 kcal mot?) and no significant
pressure dependence over the range-1D Torr N. Based
on the data from this study, the details of the overall reaction
mechanism cannot be fully resolved. However, it probably
involves the S@H,0 adduct and possibly the water dimer and
can be considered a complex-mode reaction. Finally, we have
also reported on the heterogeneous reactivity of &@Caqueous

also account for possible heterogeneous losses in addition tosulfuric acid surfaces characteristic of sulfuric acid aerosols and
the gas-phase loss process presented above. The results of odound the reaction coefficient to be near unity, but on dry

wall loss studies have indicated that the reaction probability of
SG; on HL,SO,—H,0 surfaces is at or near unity. Therefore,
the heterogeneous lifetime,, of SO; can be estimated by gas-
phase diffusion of S@to the aerosol surfaée

2
7. = ravg
" 3D4L,

whererayg is an average particle radius (cnbg is the gas-
phase diffusion coefficient (ctrs~1), andL. is the condensed-
phase volume mixing ratio (particle volume/air volume). This

surfaces and/or fuming 130, the reaction coefficient is
negligibly small.
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