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The uptake of gas-phase §(H,S, and CQ by aqueous solutions was studied as a function of pH and
temperature using droplet train flow reactor and bubble train reactor apparatuses. All three atmospheric species
react with HO and OH, acidifying aqueous solutions. Studies yielded the reaction rates §ft6S, and

CO, with OH™ and the mass accommodation coefficiemf 6f SO, on water as a function of temperature.

The second-order aqueous-phase rate coefficients at 291 K foHz®and CQ reaction with OH are (1.1

+0.2) x 1019 (1.74 0.2) x 1, and (4.0+ 0.7) x 10®* M1 s7%, respectively. As far as we can determine,

the rate coefficients for SCand HS have been determined here for the first time. At 291 K, fop, 0=

0.175+ 0.015, and as in previous studies, the temperature dependerncasoivell represented by the
relationshipa /(1 — o) = exp(—AGedRT) with AHgps = —7.6 + 0.6 kcal mol! andASys= —29.2+ 2.1

cal molt K1,

Introduction coefficient of the species with OHAs the current study makes

: . . ) evident, the forward reaction rates for §@1,S, and CQ with
In this work, we describe uptake studies of gas-phasg SO OH- vary over nearly 6 orders of magnitude. The uptake

H,S, and CQ by aqueous solutions as a function of pH and L -

temperature. These three atmospheric species exhibit Sim”arcoeffluents vary over ‘Z similar ranhg.e' Two co;nplemlfntaryf
chemical behaviors that contribute to the acidification of aqueous ?ilgigirti[u:\%srowﬁa rtetr;iieﬂovtvoresa?cigr ; Isarrzrt]l?:a(r)] d ;prfgriio(r:\?ej )
media in the atmosphere. Sulfur dioxide oxidation is responsible bubbl t L drop N ws. Th Ft)pk s vielded
for about 90% of atmospheric80,, and an estimated 50% of ubbie train reactor apparatus. The uptake measurements yieide

this oxidation occurs via heterogeneous reactioRlydrogen gt_'ei C:rfctlﬂtﬂgrr];sasfgra::r::?)éﬁggggoonfc%gf-flizc?én??g ggv\\’/\gzr
sulfide is a major biogenic reduced sulfur species, emitted into ’ B

the atmosphere by vegetation, soils, and marine watii, is as a function of tgmperature. .
oxidized by the OH radical in the gas phase to produce.S0 In several previous uptake studies, the measured uptake was

H,S may also be important tos@hemistry, as in the aqueous larger than predicted by bulk-phase parameters. Suc_:h enhanced
phase, HS dissociates readily to HSwhich, in turn, reacts ~ UPtake was observed among others in the following uptake
rapidly with Os4 Of the three gas-phase species, GOthe ~ Studies: S@at low pH (<2),* CIONO; uptake by HCl doped
least reactive but perhaps the most atmospherically important,Sulfuric acid? CINO, uptake by aqueous Isolutions? Cl, and
Because of its high atmospheric abundane@70 ppm) and ~ Brz uptake by aqueous NaBrand Nal solutimsid NF uptake
its infrared absorption properties, Plays an important role Y sulfuric acid? The enhanced uptake in these studies has been
in the global warming process. attributed to reactions specific to the gdfuid interface. An

The pH-dependent reactions of $@nd CQ in aqueous added purpose of thg present s'tudy'|s to determine whether
solution are (R= SO, or COy) surface-specific reactions are evident in the uptake of the three

target species.

kl _
R(ag)+ 2H,05==ROH" + H,O" (R1) Background
R(ag)+ OH~ g ROH™ (R2) Sulfur Dioxide. The interfacial mass transport of $@Qq)
i has been studied by several research grédpss However,
in these studies, the effects of reaction and mass accommodation
The pH-dependent reactions of$iare were not uncoupled. The present £§) uptake study was
) extended to higher pH and yielded, as far as we can determine,
=5 o + the first measurement of the rate coefficieky) (for the SQ/
H,S(ag)+ H,0 ko1 HS +H0 (R3) OH~ reaction and the mass accommodation coefficieftas

k, a function of temperature. In the earlier work of Jayne et al.,
H,S(ag)+ OH" — HS +H,0 (R4) the SQ/OH™ reaction was omitted, and higher uptake at high
- pH (>10) was erroneously attributed to a surface reaction.
Here,k; is the pseudo-first-order reaction-rate coefficient of Hydrogen Sulfide. The uptake of HS by aqueous solutions
the species with pD, andk; is the second-order reaction-rate (pH < 8.9) has been studied by De Bruyn et'&lThose
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experiments yielded the Henry’s law constant for water and the N,CY meas

Setchenow coefficients for NaCl and (MESO; aqueous I=—7 3)

solutions. The rate coefficienkd) for the H,S/OH™ reaction

could not be determined from those studies. Here again, The four processes (gas-phase diffusion, mass accommoda-

measurements at higher pH yielded, as far as we can tell, ation, Henry’s law solubility, and chemical reactions) that affect

first-time determination of this rate coefficient. the uptake of the species studied in this work are interrelated,
Carbon Dioxide. The CQ/OH™ reaction is important in  and therefore, a quantitative description of the uptake process

industrial processes such as the manufacture of sodium bicarinvolves coupled differential equations. General solutions for

bonate. For that reason, this reaction has been studied by severajuch equations are not available. In special cases, however, the

groups using a variety of techniques. Sisummarized his and  processes can be decoupled and expressed in terms of dimen-

other measurements with an expressionkior= A exp(—AE/ sionless conductancd, o, I'sy, and Iy, representing gas-
RT), whereA= 3.9 x 10®¥M~*s andAE = 13.21 kcal mot* phase diffusion, mass accommodation, Henry’s law solubility
over the temperature range-@0 °C. Our examination of the  constraints, and reactions, respectively.

data used by Sirs suggests error limitslerof about+10%. As discussed in Shi et &.and references therein, in the
Subsequently, Nijsing et &.measured, = (4.7 + 0.7) x 10° absence of surface reactionsmeasis expressed as

M~1 sl at 293 K. This is about 15% lower than the value

obtained from Sirs expression. A more recent measurement by 1 —i+l+i )

Pocker and Bjorkquist performed at 298 K, yieldekh = 6 x

108 M~1 sl about 25% lower than the value obtained from

the Sirs equation. Here, 'y represents the conductance due to all bulk-phase
These previous C&£OH™ measurements were performed at processes, such as solubility and reactive loss processes, and

high CQ, gas-phase densities, in the rangé’3d0"® molecules T4 represents gas-phase diffusion constraints. The gas-phase

cm 3. The present studies were performed at lowep Géhsities diffusion process in the droplet train flow apparatus (see

typical of the atmosphere (16-10' molecules cm3). Any following section) is well described by the semiempirical

potential surface effects are more likely to be experimentally formulation of Fuchs and Sutugif.

observed at lower densities.

Vmeas_ Iﬂdif‘f a Iﬂb

1 0.75+ 0.28%K,
Modeling Gas Uptake Tgr  K(1+K) ®)
I n n

The modeling of gas uptake by aqueous surfaces has been
described in detail in our previous publications, most recently Here,K, is the Knudsen number defined a&/@&, wherel is
by Shi et al® Here, we will present only a brief outline of the  the gas-phase mean free path with=3Dy/T; Dy is the gas-
process. phase diffusion coefficient of the trace gas in the background
A phenomenological description of the entry of gases into gas; and}; is the effective diameter of droplets for the diffusive
liquids is straightforward. First, the gas-phase molecule is process. It has been shown in detailed experimental studies that
transported to the liquid surface, usually by gas-phase diffusion. d; is expressed in terms of droplet-forming orifiad) @sdi =
The initial entry of the species into the liquid is governed by (2.0 £ 0.1)d. This formulation is currently the most accurate
the mass accommodation coefficiemtwhich is the probability way to take into account gas-phase diffusive transport to a train
that an atom or molecule striking a liquid surface enters into of moving droplets under the conditions of our experiments. A

the bulk liquid phase. discussion of this formulation is found in Shi etl&l.
] o The conductanc€, represents the effect on gas uptake of
_ __no. of molecules entering the liquid phase 1 the Henry’s law solubility limitationI's is time-dependent and
no. of molecular collisions with the liquid surface to a good approximation, is given Hy'820
In the absence of surface reactions, the mass accommodation 1 c -
coefficient determines the maximum fluk,of gas into a liquid, T 8RTH\/§ (6)
which is given by sol I

whereH (M atm™) is the Henry’s law coefficientD, (cn? s™1)

2 is the liquid-phase diffusion coefficient, ands) is the gas
4 liquid interaction time.

The solubility of acidic gas-phase species such as 55,
and CQ is enhanced by the capacity of the liquid to hold the
species in dissociated, ionized forms. This additional capacity
afforded by the dissolved ions depends on the pH of the aqueous
solution. The full solubility of the species is governed by an
effective Henry’s law coefficientHes), which is given by-20

5

Here,ng is the density of the trace gas phase arislthe trace
gas average thermal speed.

In laboratory experiments, gas uptake by a liquid may be
affected by gas-phase diffusion of the species to the liquid
surface and also by solubility constraints as the species in the
liquid approaches Henry’s law saturation. In the latter process,
a fraction of the molecules that enters the liquid evaporates back K KK

( + al al a2)= ( a) ( al aZ)

into the gas phase because of the limited solubility of the species.Heff =H

If the solvated species is subject to reactions in the aqueous [HH] [HJ’]2 [HH] [H+]2
phase, a steady-state flux of molecules into the liquid can be 7)
sustained. This steady-state flux is determined by the aqueous-

phase reaction ratd, whereKa1 and Ky are the first and second acid dissociation

In experiments subject to these effects, the measured flux constants, respectively. The first term on the right-hand side is
into a surface is expressed in terms of an experimental uptakethe physical solubility of the species. The second and third terms
coefficient, ymeas as are the solubilities of the ions, for example, in the case of, SO
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TABLE 1: Reaction Rates of SQ, H,S, and CO, with OH ~ (kz) and H,O (k;) and the parametersH, Ka; and Ka, at 291 K

species ko (M~1s™) ki(s™h) Ka1 (M) Kaz (M) H (M atm™)
SO (1.14+0.2) x 10% 3.4 x 102 1.55x 1072¢ 1.02x 1077f 1.6
H,S (1.7£0.2) x 10° <1x 10t 8.35x 1078¢ 6.49x 10715e 0.10
CO, (4.0+£0.7) x 1¢° 1.4x 1072P 40x 107¢ 3.2x 1071e 0.04

aEigen?® °Pinsent et at? ©Maahs?” 9 Millero.3* ¢Perrin3® fLide3® 9De Bruyn et ak*

Vapor/Liquid complicated by convection currents induced by liquid motion
Imerflace adjacent to the bubble surface. In that case, the analysis of uptake
Vapor 1 Liquid results required more complex modeling and calibration, as
! ; described in Swartz et &t
1 Tao .
T = A2 Experimental Procedures
1] I a
A Droplet and horizontal bubble train reactor apparatuses were
1 1 1 used in these experiments. Both apparatuses measure the
| Tnn  solaisoy depletion of trace gas as a function of gdiguid interaction
| . ; . .
' time. The droplet train flow reactor apparatus is designed to
1? measure uptake coefficients in the range of 307 to 1 for
b

t = 2—15 ms. The horizontal bubble train reactor apparatus

Figure 1. Electrical circuit analogue for the gas uptake process using measures uptake coefficients in the range of3:a0-7 for t
SO, as an example.

=0.1-6s.
HSOs~ (Huso,”) and S@2~ (Hso?). The [Ka values at 291 K Droplet Train Flow Reactor Apparatus. In the droplet train
are listed in Table 1. ' flow reactor apparatus, pressurized liquid is passed through an

The full solubility represented by eq 7 is not immediately orifice attached to a vibrating piezoelectric crystal to produce a
available to the uptake process when the uptake is limited by train of uniform fast-moving (15063000 cm s*) droplets. The
the forward reaction ratdg andk; in reactions R1 and R2 and  Size of the droplets depends on the diameter of the orifice and
also by the hydrolysis rate of the singly charged ion. To take the frequ_ency of orifice vibration. In these experiments, the
this into account, the solubility conductan&ey is divided into ~ droplet diameter ranges from 150 to 30@n. The train of
three partsTso(SOy), T'so(HSOs ), andlso(SO:2) representing ~ adueous droplets passes through a 30-cm-long horizontal low-
the solubilities of S@ HSO;~, and S@, for example. pressure (620 Torr) flow tube, which contains the trace gas
However, for the species studied, the third solubility does not Of interest at a density of about #6-10' cm™® entrained in a
affect the uptake. This is due to the fact that, in the pH region flowing mixture of helium and water vapor. The trace gas of

where the third solubility term becomes significant (i.e., pH interest is introduced through one of three loop injectors located
pKaz), the uptake is limited by the forward reaction rakesnd along the flow tube. By selecting the gas inlet port and the
k. and/or by the mass accommodation coefficienTherefore, droplet velocity, the gas-droplet interaction time can pe varied
the third solubility term can be neglected in the analysis of the between 2 and 15 ms. The surface area of the droplets is changed
uptake results. in a stepwise fashion by changing the orifice driving frequency.

The conductance representing the forward reaction rate is 1he density of the trace gas is monitored with a quadrupole
mass spectrometer. As shown in Worsnop etlahe uptake

1 C ®) coefficient (/meag as defined by eq 3 is calculated from the
| . o 4RTH,/Dk measured change in trace gas signal via
4F

wherek = k; + koJOH™] represents, in the case of g@r

example, the total first-order reaction rate of SO HSG;™.

The combined effect of these conductances on uptake is

represented by the resistor diagram shown in Figure 1 usingHere,Fyis the carrier-gas volume rate of flow (€sr%) through

SO, uptake as a specific example. The resistor model is the systemAA = A; — Az is the change in the total droplet

described in detail most recently by Shi et'&When the surface area in contact with the trace gas, mj@hdng are the

forward reaction rate is fast, théiy, > I'so(HSOs ™), and uptake trace gas densities at the outlet of the flow tube after exposure

is limited byI'y = I'so(SQy) + I'sa(HSOGs™). Conversely, when  to droplets of areas, and Ay, respectively ifg = ng' + Ang).

T'in < T'so(HSO;7), then the full capacity of the liquid to hold Horizontal Bubble Train Reactor Apparatus. In the

SO, as HSQ ™ is not available, and uptake is limited by the horizontal bubble train reactor apparatus, liquid at a flow rate

forward reaction rate. In this casEy, = I'so(SO;) + 'ixn. of 1-3 cn? st is pumped through a 0.4-cm-i.d. Pyrex tube at
The approximate expressions in eqs 6 and 8 have been showra controlled speed of 1535 cm s. A low-pressure (about 50

to be in good agreement with the exact analytical solution of Torr) gas flow, carrying the trace gas of interest diluted with

Danckwertg! Specifically, a numerical comparison shows that He carrier gas, is injected into the liquid flow vid/g-in. bubble

eq 4 yields values oft andH each within 13% of the values injector. The experimental run begins with the bubble injector

obtained using the more exact formulation of Danckw®rtSee positioned 1 cm outside the flow tube, out of contact with the

Robinson et a#?) As is evident, with gas-phase diffusion taken flowing liquid. At this point, the trace gas flows through the

into account and with values ¢f andD, known, a. andk can injector without contacting the flowing liquid and is sampled

be obtained from experimentally measured uptake coefficients. by the mass spectrometer. Then, a computer-controlled transla-
The above analysis is valid for uptake measurements obtainedtion stage pulls the injector into the flow tube. As the injector

with the droplet train flow reactor apparatus. In the bubble train enters the liquid, well-defined bubbles are formed, filling the

reactor apparatus, the analysis of the uptake measurements igiameter of the tube. The liquid flow carries the bubbles to the

Veas™ A Mot ©)
9
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Figure 2. Plot of In(ng/ny’) as a function oEAA/4F, for SO,. Droplet
pH = 14, droplet temperaturé = 291 K (solid circles) and 273 K
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Figure 3. Uptake coefficient, for SO, as a function of pH at 283 K.
Gas-droplet contact time¢ = 5 ms and Sg(g) density= 10 cm 3.

(open squares). Lines are the least-squares fit to the data. The slope ofrhe solid line is the global model fit to the data withand k, as

the line is the measured uptake coefficienteasand is 0.155+ 0.016
at 273 K and 0.06% 0.024 at 291 K.

end of the flow tube. The frequency, size, and speed of the

bubbles are continually monitored by the light-emitting diode
(LED). The position of the injector inside the tube, as well as
the speed of the bubbles, defines the-glaguid contact time.
The length of the tube is 134 cm, and the-ghguid interaction
time is about 6 s. After the bubbles break at the end of the flow

tube, the gas is sampled by the mass spectrometer. The signa
decrease over a fixed interaction time, together with the known ;
surface-to-volume ratio of the bubbles, determines the uptake

coefficientymeas Details of the technique are discussed in Swartz
et alz3
The reagents S£099.9%), BHS (99.5%), CQ (99.8%), and

the reference gas Kr (99.998%) were purchased from Matheson

The species were diluted in helium and used without further
purification. The initial pH of the liquid in the range from 7 to

14 was set with NaOH and measured with a pH electrode (Cole
Parmer). Note that the uptake of acidic gases may alter the initial

near-surface pH of the liquid. This effect is taken into account
in the data analysis.

Results and Analysis

SO,(g) Uptake. The SQ uptake measurements were con-
ducted entirely with the droplet train flow reactor apparatus.
As an example of the data, we show in Figu a plot of In-
(ng/ng) as a function ofcAA/4Fy at pH = 14 and at two
temperatures] = 291 and 273 K. The parameteAA/4F is
varied by changing both the gas flow ratg) and the droplet
surface area/A). Each point is the average of at least 10 area

change cycles with error bars representing one standard devia

tion from the mean in the experimental iglny') value. The
slope of the plot in Figure 2 yields the value ofeas(see eq

9). Such plots were generated for the full range of uptake studies.
In these studies, the relative change in the trace gas density

Ang/ng is typically between 5% and 30%.
SG Uptake as a Function of pHIo display SQ data, the

uptake is first processed to take gas-phase diffusion into account,

as shown in Shi et df This yields an uptake coefficienty
defined as

1_1 1
Yo Y meas I_‘diff

1

Ty

1
=q (10)

In Figure 3, the uptake coefficiepy for SO, is shown as a
function of pH at 283 K and at a ga$iquid interaction time

variables. The effect of the surface complex at low pH is included.
(See text.)

of 5 ms. The S@g) number density was 3cm=3. Shown
also, as open circles, are the previous droplet train flow reactor
apparatus results of Jayne efat.(adjusted to the same gas
liquid interaction time). The present data are in good agreement
with the previous measurements.

At pH less than 2, eq 10 predicts a valueygfless than 3«
074 In fact, the measured value @f (at a 5-ms gasliquid
interaction time) is about 16. A set of experiments [including
measurements as a function of £§) density] performed by
Jayne et at.indicate that the observed uptake in this pH region
is due to a complex formed by $@t the gas-liquid interface.
On the millisecond time scale of the droplet experiments, the
surface complex rapidly reaches steady state or equilibrium with
the gas-phase species and represents a net one-time uptake of
a fixed number of molecules, independent of the-gaguid

interaction time {). For a 5-ms gasliquid interaction timeyg
is measured to be about 10

The onset of an increase j at pH= 2 is due to the rising
solubility via eq 7. In the pH region between about 5 and 10,
the uptake is limited by the forward reaction rdeof SO,
with water (R1), resulting in the observed plateau. Above pH
10, the reaction of SPwith OH~ (R2) becomes significant,
andy, increases once again. The levelingygffor pH > 13
reflects limitation on uptake due to the mass accommodation
coefficiento.. In this high pH region, uptake is governed mainly
by k; for the reaction of S@with OH™ anda. (See egs 8 and
10.y5
For SQ, the parameterk;, H, andK,; are knowre627 They

are, at 283 Kk = 3.4 x 10°s L, H=2.2 M atnt!, andKa1

= 1.9 x 102 M. Values ofk, anda can be obtained via the
global fit to the measured uptake. The solid line in the figure is
a best fit to the resistor model, yieldirg = 0.235+ 0.022
andk, = (9.2 & 1.4) x 1(° at 283 K. Note that the model
curves in Figures 3 and 4 include the effect of an, SQrface
complex, as discussed above.

The uptake of Seg) significantly affects the droplet surface
pH. The treatment of this process is made more complex
because, under the conditions of our droplet experiments,
equilibrium of the near surface pH is not attained. Therefore,
the pH near the surface is time-dependent. To obtain the time-
resolved surface pH, one must numerically solve differential
equations that include the chemical reaction, liquid-phase
diffusion, and mass transport at the interface. This treatment of
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Figure 4. Uptake coefficienty, for SG, as a function of pH at four
droplet temperatures. Gadroplet contact timé = 5 ms and S@g)
density= 10 cm™3. The solid lines are the global model fits to the
data, witha. andk; as variables.

surface pH is described in the thesis of Shi (1998pd in Shi
et al’® (The pH displayed in Figures3 and 4 includes the
acidification due to S@uptake.)

SO Uptake as a Function of Temperaturéhe uptake
coefficienty, for SO, as a function of pH is shown in Figure
4 at four temperatured, = 291, 283, 273, and 264 K. In the
data analysis, the parameters and K53, as a function of
temperature were obtained from Ma&hsAs is evident, the

Boniface et al.

o
1-a

(12)

ol

The parameteAGyps = AHops — TASpsCan be regarded as the
Gibbs free energy (with respect to the gas phase) of the transition
state between the gas phase and the solvated species. This was
the expression used in the global fit of the data shown in Figure
4.

In the global fit,oc and AGyps were treated as the unknown
parameters. The fitting yielded the effective collision diameter
for the SQ/OH™ reaction asy = 2.8 A and a value foAGops
expressed a&Hyps= —7.64 0.6 kcal mol' andASy,s= —29.2
+ 2.1 cal mof't K=1, The solid lines in Figure 4 are the global
model fits to the data witle andk; as variables. As is evident,
the global fit with these three parameters is in very good
agreement with the measurements at all temperatures studied.
The model lines at low pH (pH: 2) have included the surface
complex, measured by Jayne efal.

The mass accommodation coefficient as a function of
temperature is shown in Figure 5. The points in the figure are
obtained by extrapolating the experimental data at each tem-
perature to the high-pH plateau limit. The solid line is a
calculation on the basis of eq 12, witfG,,s obtained from the
global fit to the model shown in Figure 4.

H»S(g) Uptake.The magnitude of the $$ uptake coefficient
as a function of pH in the range-114 spans the range of the
bubble and droplet train flow reactor apparatuses. In the pH
region 1-10.6, uptake measurements were conducted with the

AGobs)
RT

uptake exhibits a negative temperature dependence. Uptake fobubble train reactor apparatus, and from 11 to 14, with the

pH = 4 is governed by reaction (with for pH < 10 and
with OH™ for pH > 10), and the uptake coefficient is
proportional to the produd#(Dik;)2 (see eq 8). The Henry’s

droplet train flow reactor apparatus. In the data analysis, the
parametersi andK,;, as functions of temperature, were obtained
from DeBruyn et ak* and Millero2* respectively.

law constant has a negative temperature dependence, while the Droplet Train Flow Reactor Apparatus Measuremeiitse

product Dik:)*2 has a smaller positive temperature dependence,

uptake of HS by aqueous droplets was measured in the pH

giving an overall negative temperature dependence. At therange 1114 at two temperature$,= 273 and 291 K. Detailed

highest pH ¢14), the mass accommodation coefficient domi-

measurements were conducted only at these two temperatures

nates the uptake, giving a somewhat stronger negative temperbecause the temperature dependence of the uptake was found

ature dependence characteristicoofsee eq 12 below).

To obtain values for the mass accommodation coefficient,
a, and the rate of the SDH™ reaction,k,, the results at all
four temperatures were globally fit, using literature values for
ki, H, andKj1 obtained from the previously cited sources. The
fitting included the expected temperature dependende famd
o.. The formulation forky, which provided the best global fit to
the data in Figure 4, was the diffusion-limited rate coefficient
for an ion—neutral molecule reaction obtained from Emerson
et al?®

k, = 47P(D, + D,)oN,/1000 (12)
Here, Na is Avogadro’s numberg is the effective collision
diameter (cm)P is the steric factor, an®; and D, are the
liquid-phase diffusion coefficients of the ion and the neutral
molecule, respectively. Liquid-phase diffusion coefficients are
commonly expressed in terms of viscosityas CT/7,%° where
C is a constant that has different values for,&0d OH". The
values ofC for SO, and OH are 3.61x 1078 and 1.73x
1077, respectivel\1-32 The values fon; were obtained from a
fitting to data in CRC Handbook The factorP was assumed
to be unity.

to be small.

The HS(g) density in these studies was no higher than about
10 cm~3. Calculations show that, in this density range, surface
acidification due to HS uptake is negligiblé® Further, the
uptake in the pH region studied is principally governed by the
rate of HS/OH™ reaction. The uptake coefficient is therefore
time-independent. These uptake measurements yielded values
for the HbS/OH~ second-order rate coefficiekg at T = 273
and 291 K (see below).

Bubble Train Reactor Apparatus Measuremeirsthe pH
range 1-10.6, the magnitude of the,8 uptake is in the region
measurable by the horizontal bubble train reactor apparatus.
However, the study of b6 uptake with this apparatus involves
an experimental complication. As stated in an earlier section,
the gas emerging from the bubble is diluted as the bubble bursts
at the exit from the reaction zone. Because of the dilution, the
density of the trace gas species in the bubble must be higher
than that in the droplet train experiment in order for a detectable
signal to be obtained at the mass spectrometer (typicafly 10
cm—3 compared to 1¥—10" cm3). At these higher b5
densities, the uptake of the species will alter the pH of the near-
surface liquid. This, in turn, will affect the uptake in the region
where it is pH-dependent. In the bubble train reactor apparatus
studies, acidification due to 43 affects the uptake for initial

Our previous studies have shown that the mass accommodapH greater than-6. Below this range, the uptake is independent

tion coefficient can be expressed® as

of pH, being governed by physical Henry’s law solubility.
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Figure 5. Mass accommodation coefficient, for SO, as a function
of temperature. Solid line is a calculation based on eq 12 WiBlg,s
obtained from the global fit to the model shown in Figure 4.
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Figure 7. Pseudo-first-order rate coefficiektfor the HS(aq)/OH
reaction as a function of [OH at 291 K and 273 K. Data obtained
with the bubble train reactor apparatus are shown as open markers,
while those measured with the droplet train flow reactor apparatus are
shown as solid markers. On the lolpg scale, the intercept at [OH

= 1 M is the value ok,, which isk, = (1.7+ 0.2) x 1° M~1s! at

291 Kand (9.4+ 1.9) x 1 M~tstat 273 K.

into the liquid in the reaction tube. Discontinuities in the uptake
neart = 0 are due to observed pressure changes as the injector
enters the liquid. At pH= 1 (see above), the uptake is governed
by physical solubility; between pH 7 and 8, the uptake is
governed by effective solubility; and at pH9, it is determined

by the HS/OH™ reaction.

As was pointed out above, in general, the uptake £8 I3 a
function of the solubility parametdd, Ks;, the liquid-phase
diffusion coefficientD,, the mass accommodation coefficient
o, and the rate coefficients andk;. The value oK1 is known
and D, can be estimated using the cubic cell modeAt 291
K, these parameters akg; = 9.1 x 108 M andD, = 1.4 x

10-5cn? s~L. The rate coefficientk; andk, have not previously
been measured and will be evaluated using the nonlinear least-
squares model fit to the data which yields the pseudo-first-order
rate coefficienkk = (k; + kJOH™]). The value ofH has been
previously measured by Wilhelm et & and Edwards et &P
Because of convective currents induced by the movement of as 0.12 M atm* and by De Bruyn et a4 as 0.10 M atm? at
the liquid adjacent to the bubble surface, it is not possible to 291 K. However, in this studyH will be evaluated again
calculate the surface pH using the method employed in the independently. The solid lines in Figure 6 are the nonlinear least-
droplet experiment. Therefore, the effect of near-surface acidi- squares fits to the data using the model described in Swartz et
fication must be treated empirically. At the highest pH studied al23
(pH = 10.6), this was done by varying the${g) density, which The numerical fit of the experimental data to the model yields
showed that the uptake was density-independent belogSa H  the value for the Henry's coefficient at 291 K &f = 0.11
(g) density of 3x 10'S cm™3. In the lower pH region €10, +.01 M atnt?, which is in good agreement with the previously
the effect of HS acidification is greater. Here Borax or sodium measured values &f. A global fit to all of the data as a function
bicarbonate buffers were used to hold pH at a constant valueof pH indicates thak; is less than 19s~1. In other words, the
independent of the $$ density. The buffer concentration used hydrolysis channel for the reaction o8l (R3) does not play
in these studies was at the lowest value (0.003 M) consistenta significant role in the uptake process, thatkisz ko [OH™]
with holding the pH independent of the,8l density. Within (see eq 8). Further, even at the highest pH studied pi#4
experimental error, the uptake data obtained with the buffered with the droplet train flow reactor apparatus), the uptake
solutions yielded the same value for the reaction rate coefficient continues to rise and evidently is not yet limited dy(This is
k2 as was obtained from the low,8(g) density and droplet  shown in Figure 11, described below.) TheSHuptake data,
train experiments. As was stated, for pH 6, uptake is therefore, yield only a lower limit oft > 4 x 102 at 291 K.
independent of b5(g) density. In Figure 7, we plot, on a loglog scalek [the pseudo-first-
Typical H,S uptake data obtained with the horizontal bubble order reaction-rate coefficient for ;8(ag) with OH] as a
train reactor apparatus are shown in Figure 6 for-pH, 7.5, function of [OH] at 291 and 273 K. The data obtained with
8.3, 9.5, and 10.6. The normalized density of the gas-phaSe H the bubble train reactor apparatus are shown as open markers,
is plotted as a function of the square root of the-glaguid while those measured with the droplet train flow apparatus are
interaction time to emphasize the short-time data where the gasshown as solid markers. In this way of displaying the data, the
uptake rate is largest. The gdfuid interaction time was intercept at pH= 14 ([OH] = 1 M) is ky. The figure yieldsk,
continuously varied from Oot 4 s as thdnjector was drawn = (1.7£ 0.2) x 10° M~ s71 at 291 K. This is roughly an

Figure 6. H,S uptake as a function of the square root of the-gas
liquid interaction time at 291 K for pH= 1, 7.5, 8.3, 9.5, and 10.6.
Discontinuities in the uptake near= 0 are due to observed pressure
changes as the injector enters the liquid.
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Figure 8. CO, uptake at 291 K as a function of square root of the
gas-liquid interaction time at pH= 4.2, 11.2, 12.2, and 13.

order of magnitude smaller than the diffusion-limited value,
which is estimated to be2.5 x 101°°M~1s1atT = 291 K2937

Droplet uptake studies were also conducted at 273 K
(see Figure 7). At this temperature, the data yielkded (9.4
+ 1.9) x 108 M1 s, The temperature dependence is consistent
with an activation energhE ~ 5 kcal/mol (assuming a simple
Arrhenius form).

CO3(g) Uptake. Because of the low Henry’s law coefficient
of CO, (H=4 x 102 M atm™! at 291 K)2 its uptake is below
the sensitivity of the droplet train flow reactor apparatus, even
with the highest-pH droplets, which coma8 M NaOH. The
lower limit of the uptake coefficient measurable with the droplet
train flow reactor apparatus is about®0which impliesk < 3
x 10 s7L. With 3 M NaOH, this corresponds to a rate
coefficient for the reaction with OHof k, < 10° M~1s™L. The
magnitude of the uptake coefficient, however, falls into the
optimal measurement range of the horizontal bubble train reactor
apparatus. The uptake of G@vas measured with the bubble
reactor train apparatus in the pH range -213, at three
temperatures, 291, 283, and 275 K. The basic solutions were
prepared by adding NaOH to water purified in a Milli-Q system.
Calculations show that dissolved g@bes not significantly alter
the near surface pH of the basic solutions studied.

Typical CQ, uptake data are shown in Figure 8 for pH
4.2,11.2,12.2, and 13 at 291 K. As is evident, uptake of CO
is lower than that of KBS under similar pH conditions. A fit of
the data to the numerical modéiwith H=4 x 1072 M atm™1,
Kai=4 x 1077, and an estimateD, = 1.26 x 1075 cnm? s 1,
yields a second-order rate coefficient for the fH reaction
of k, = (4.0£ 0.5) x 10®* M~1 s7L. For the analysis of data at
the other two temperatures, the parametdrand K;;, as
functions of temperature, were obtained from CRC Handbok
and Perrir?® respectively.

In Figure 9, we plot, on a loglog scalek [the pseudo-first-
order reaction-rate coefficient for G@q) with OH] as a
function of [OH] at 291 and 275 K. The solid squares represent
the data taken at 291 K, and the open circles represent that take
at 275 K. To simplify the presentation, results obtained at 283K
are not shown. As was the case witsthe effect of hydrolysis
(k1) on the CQ uptake is not observed. The slope of these plots
yields k,. The values of the second-order coefficients for the
CO,/OH™ reaction measured in this study are, at 291kKs=
(4.04£ 0.7) x 1 M1 s71 (as stated above); at 283 K; =
(3.0£0.9)x 10° M~ 1s%; and at 275 Kk, = (1.94 0.8) x
1M tsl

Boniface et al.
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Figure 9. Pseudo-first-order rate coefficiektfor the CQ(aq)/OH"
reaction as a function of [OH at 291 K. On the log-log plot, the

intercept at [OH] = 1 M is the value ofk;, which is (4.0+ 0.7) x
10° at 291 K and (1.9+ 0.8) x 1C® at 273 K.
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Figure 10. Values of logk, for the CQ/OH™ reaction from this and

several other studies are plotted as a function ©f The solid line is

a fit to the earlier data.

literature values up to about 1957. Two other measurements
were performed subsequentfl? Figure 10 brings together
values ofk; from this work and from several other stud-
ies15-17.3940The display is in the form log, vs 1/T. The solid
line is a fit to the earlier data provided by Sifslt is evident
that our measured rate coefficients at the three temperatures are
consistent with the previous studies.

Experimental Precisionlhe error bars in this work represent
1o precision of the results obtained from fitting the experimental
data. The bubble train apparatus has been calibrated using known
values of solubility constants and reaction rates. The calibrations
were consistent with the uncertainties quoted in this work (about
20%). The results from the droplet train apparatus were also
compared to literature values, and here again, the results were

onsistent with the uncertainties quoted in this work.

Discussion

Uptake of the Three Species: A ComparisonThe uptake
coefficientsy, for the three species, as a function of pH at 291
K, are displayed in Figure 11. Shown also, as solid triangles,
are the previous droplet train flow reactor apparatus results of
Jayne et a.(adjusted to the same temperature and-digsiid

The literature contains several rate coefficient measurementsinteraction time). The uptake coefficients are plotted on a log

for the CQ/OH™ reaction. Sir¥ summarized and evaluated the

scale to span the 5 orders of magnitude required to digplay
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10" g T T T T T T o and they all react with OH The rate coefficients for the

d ] reactions of these three species with Ofdnd, as appropriate,
H,0) are shown in Table 1. The reaction-rate coefficients for
SO, and CQ reacting with OH span nearly 6 orders of
magnitude. On the other hand, molecular beam experiments of
CO, and SQ reacting with hydrated OH clusters containing
one to three KO molecules? showed that the reaction cross
section of SQis only three times larger than the reaction cross
section of CQ. Thus, the large difference between the aqueous
reaction rates with OH for the two species is somewhat
surprising. Molecular beam experiments further showed that the
CO, and SQ reaction with OH was initiated by the formation
3 of a complex with at least one-® molecule.
oL L 1 1 i L L L] We suggest that the reaction of €@ith OH™ in aqueous

o 2 4 6 8 10 12 " solutions, is limited by the rate of formation of the &8,0),

PH complex, which is expected to be low because,@0es not

Figure 11. Summary plot of uptake coefficients for $H,S, and possess a permanent dipole moment. On the other hand, SO
CO; as a function of pH measured with the droplet train flow reactor does possess a permanent dipole moment, which enhances the
apparatus (solid markers) and the horizontal bubble train reactor (5te of formation of S@H,0), complex. Because 43 also

apparatus (open markers). The dotted line is predicted §fake : :
- / . possesses a permanent dipole moment, the reaction rat&Sof H
without the SQ surface complex. The data obtained with the droplet with OH- is expected to be large, closer to that of the,80

train flow reactor are for a gadiquid interaction time of 5 ms. ! . g ;
OH~ reaction rate, which, in fact, is the case.

for the three species. In the droplet experimeptds obtained Atmospheric Implications. In the absence of Henry's law
directly from measurements, via egs 9 and 4. In Figure 11 (as S&turation, mass transport of $@to atmospheric aerosols is

in Figures 3 and 4), the droplet results shown are for agas 2 function of.the_mass ac_cpmmodatlon coefflmenta_nd the
liquid contact time ) of 5 ms. They, values for bubble train ~ 9aS-phase diffusion coefficienE (). The parameteu. is rate
results are calculated at each pH from eqs 8 and 10, uding limiting wheno < Tgir. The mass a_ccommodatlon coefficient
and k. values obtained from model fits to the experimental @ for SO» was measured to be in the range 0.30339,
uptake data at that pH. In calculating the solubility uptake depending on droplet temperature. The magnitudel gf
parametel’sy, the gas-liquid contact time was set at 5 ms so depends on the size of the droplet and the ambient pressure.
that the droplet and bubble train results could be compared. 7" SQ at a total pressure of 760 Toirgi is larger than 0.2

For clarity, error bars have been omitted from this display. The for aerosols with diameters less thami. A significant fraction
solid lines in the figure are model calculations using parameters ©f ropospheric aerosols is in this size range. Therefore, realistic
obtained in the present study, as discussed above. The dotted0d€ling of SQ—aerosol interactions should utilize measured
line is the predicted Spuptake, which does not include the values of the mass accommodation coefficient. In the absence

presence of the SGurface complex. The principal parameters ©f @ reactive sink, partitioning of S(etween the liquid and
governing the species uptake are listed in Table 1. gas phases is determined by the effective Henry’s law constant.

. P Hydrogen sulfide and carbon dioxide are relatively insoluble
Of the three gases, the uptake of S© highest, primarily - . -

because of its greater solubiliti#) and rate coefficienk; (see gases. Under typical atmospherlc_cond|t|ons, uptakeZSf@d
Table 1). At pH 14, the SDuptake is governed by mass CO;, by cloud d_roplets at pH< 7 is governed by solgbmty.
accommodation. On the other hand, at this pH,,@8d HS However, the arrsea e>.<chang.e rate for,8 and CQ will be
uptake are controlled by their reac,tion with O.yl—l'l'he HS gov_erned by Fhe|r reactions with O_H/vhen the ocean surface
uptake data yield only a lower limit af at pH= 14. In the pH IS stw_red by hlgh-spe_ed W|_nd§.ln this case, the mgasured rate
region 4-10, the SQ@ uptake is at a pH-independent plateau coefficients for reaction with OHshould be used in modeling

wherey, is governed by the reaction of $@q) with HO. As ocean uptake process.
noted above, the hydrolysis reactions ofSHand CQ are not
observed to affect the uptake process. The upper limits for the
reaction-rate coefficients of 43 and CQ with water are 1x

10* s7tand 0.1 s?, respectively. The latter limit is consistent
with the literature value of 0.0147% at 291 K3° The pH-
independent plateaus in the uptake of these two species are du
to uptake governed by Henry’s law physical solubility.
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