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The experimental determination of the mass accommodation coefficieniS@liapor on aqueous sulfuric

acid and the gas-phase diffusion coefficient g&By vapor in N/H,O at 303 K is reported. The measurements

were carried out under laminar flow conditions in a coated wall tubular flow reactor coupled to a chemical
ionization mass spectrometer for gas-phase detection. Wall loss rateS©f ¥apor, from which both the

mass accommodation coefficient and the gas diffusion coefficient were determined, were measured as a function
of total reactor pressure, water vapor concentration, and sulfuric acid vapor concentration. The observed
wall loss rate coefficient depends linearly on the inverse of the total reactor pressure0.54rr) and is
independent of the aqueous sulfuric acid composition over the rang@87&t %, which was varied by the
addition of water vapor. A kinetic model based on the additivity of kinetic resistances that couples gas-
phase diffusion and mass accommodation to the measw®a,Hapor loss rate has been applied to the

data. The model yields a lower limit of 0.43 with a best fit value of 0.65. The mass accommodation coefficient
is independent of the liquid $0y/H,O composition over the range investigated. The gas-phase diffusion
coefficient for HSQO, vapor in N/H,O (H.O mixing ratio <0.32) was determined to be 66481.1 Torr cn?

s 1. The resistance model agrees well with a more rigorous approximate solution to the full continuity equation
describing mass transport and kinetics. The atmospheric implications of the reported results are discussed.

Introduction Oz, or O, or homogeneously with OH, Dand HO vapor>—8
) Gaseous kB0, formed in this latter process (via the Calvert

Sulfate aerosols are formed in both the earth’s troposphere ;4 siockwell mechanisfrmodified by a second-order reaction
and stratosphere where they backscatter incident sunlight, SOy with H,O vapot®) can have two fates. The first,
resulting in significant radiative forcing that directly influences heterogeneous scavenging by preexisting aerosol or cloud
climate:-2 Furthermore, sulfate aerosols are known to play & grqplets, generally leads to larger aerosol particles (most cloud
key role in nucleating and stabilizing tropospheric clouds, which 4qpjets evaporate producing aerosol particles) but no additional
scatter incident sunlight as well as intercept outgoing infrared particles. The second, homogeneous nucleation,8(kand
radiation, resulting in a significant indirect effect on radiative H,O vapor&-8 (with the possible involvement of N¢-and/or
forcing? Finally, sulfate aerosols play a critical role in the volatile organicd), is believed to be responsible for the
chemistry of stratospheric ozone depletion, both by directly 5 mation of new particles (secondary aerosol) in the ambient
catalyzing the heterogeneous conversion of reservoir compoundsyoposphere and stratosphere, as well as in the plumes of aircraft
such as NOs, CIONO,, and BrONQ to sequester reactive  gyhaysting sulfur oxides into the atmosphEre.
nitrogen oxides and, in the case of halogen nitrates, release more \yhather or not SO, vapor will stick to preexisting aerosol

photochemically active lhalc_)genhan? hydrogen fo|X|de rad|<|:al or build up to concentrations capable of nucleating new particles

precursors and by nucleating the formation of larger polar yonengs strongly on the magnitude of its mass accommodation

stratospheric cloud particles which also catalyze key heteroge- . fficient o on various aerosol surfac2&l2 The mass
Mccommodation coefficient for 430, vapor has been subject

neous processes leading to dramatic springtime ozone loss i
iond.5 ) : )
polar regions: to considerable uncertainty. Van Dingenen and Raes reported

Atmospheric sulfate aerosols are formed from gaseous sulfur 5 |ow value of 0.02< o. < 0.09 on aqueous 3$0; deduced
dioxide, SQ, which is either emitted directly into the atmosphere fom measuring the rate of particle growth in a batch reaétor.
or formed in situ by oxidation of gaseous reduced sulfur Similarly, small theoretical values for the 80, “sticking”
compounds primarily emitted by biogenic sour€es.S0, can coefficient on aqueous surfaces based on a unimolecular
be oxidized to sulfuric acid, 50, by reacting either hetero-  transition-state treatment were reported by ftbhHowever,
geneously on/in aqueous aerosols or cloud droplets wibH  thjs theoretical analysis was discounted by Clement et al., who
used a simple classical two-body model to predict “sticking”
:To whom correspondence should be addressed. coefficients near unity for this systeth. Note that neither of
TX':rsosdilcnhe“f?eéfegiﬂtultﬁcm Technology. these theoretical studies carefully distinguish between thermal
sCurrent address: Max-Plank Institute for Chemistry, Atmospheric Of Momentum accommodation, meaning that the surface stops
Chemistry Division, Becherweg 27, D-55128 Mainz, Germany. the vapor molecule, and mass accommodation, meaning that

10.1021/jp982809s CCC: $15.00 © 1998 American Chemical Society
Published on Web 11/11/1998




Mass Accommodation Coefficient of 80, Vapor

the vapor molecule penetrates the -ghguid interface and
enters the liquid phasé. Quite recently, Jefferson et al. used

an aerosol flow reactor with chemical ionization mass spectro-

metric detection to directly measure large values.@t room
temperature on (Np>SO; (oo = 0.73+ 0.21) and NaCl¢ =
0.794 0.23) aerosol$! Also, De Bruyn et al. used a droplet
flow reactor technique to directly measume= 0.12 for the
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estimated to be-5 x 10' cm~3; in the injector temperature
range from 328 to 348 K this leads to an average sample
composition of 98+ 0.5 wt % HSO;.1920 The composition

of the SO, sample was independent of the water partial
pressure in the reactor, since back-diffusion gfOHnto the
injector can be neglected under the experimental fast flow
conditions. In our experiments the wall coating reached its

related species methanesulfonic acid (MSA) on water surfacesequilibrium composition within a few minutes, indicated by the
at 273 K; they found a strong negative temperature dependenceyuick stabilization of the K5O, background signal which was

between 280 and 260 K, wittx reaching 0.18 at 260 K&

determined by the temperature and concentration of the wall

In this paper we report the first direct measurements of the coating. Typically 5-10 min was allowed for equilibration

mass accommodation coefficient of sulfuric acid vapor on liquid

between runs with different # concentrations; the signal,

H.SOy/H,0 surfaces, a parameter required to accurately model however, stabilized much faster, within a couple of minutes.
aerosol microphysics of the ambient atmosphere as well asThe sulfuric acid coating was a colorless submillimeter layer

aircraft exhaust plumeé=®12 We also report measurements of
the gaseous diffusion coefficient for,80, vapor in N/H,O
mixtures. Our results were obtained with a wetted wall flow

on the walls with a surface ardegiven by the cylindrical flow
tube geometry:A = ir2z, wherer is the flow tube radius and
z is the reaction length.

reactor apparatus equipped with chemical ionization mass \ater vapor was introduced at the upstream end of the of

spectrometer detection.

Experimental Section

The kinetic experiments were performed in a fast flow reactor

coupled to a chemical ionization mass spectrometer and operate
under low-pressure laminar flow conditions. The apparatus has

been described in detail previousf. The flow reactor is a
cylindrical Pyrex glass tube, 2.2 cm i.d. and 100 cm in length.

Dry N2 from a liquid nitrogen gas pack (BOC Gases) was used

as the carrier gas. All carrier flows were monitored with

calibrated electronic mass flow meters (Tylan General, Matheson
Gas Products). The flow reactor was connected to a 1600 L

min~1 rotary pump (Edwards EM280) equipped with a throttle
valve; the reactor pressure was monitored by-al@ Torr

pressure gauge (MKS Baratron). Temperatures were measure

by calibrated coppefrconstantan thermocouples (Omega En-

the reactor by controlling a flow of Ncarrier gas (6-500 sccm)
through a water bubbler immersed in a temperature stabilizing
bath. After leaving the bubbler through a throttle valve, the
water carrier flow was mixed with an additionak igas flow

c50—1000 sccm). The temperature inside the bubbler was

continuously monitored by a thermocouple immersed in the
liquid water sample. Based on the leak rate, the water vapor
concentration in the flow reactor was estimated to~He x
10'2 cm2 when the HO source was shut off; with a carrier
flow through the bubbler it was controlled in the range from 5
x 10%3to 3 x 10" molecules cm?. [H,O] was calculated from
the measured liquid water temperature, the gas flow rates, the
reactor pressure, and the bubbler pressure, which was adjusted
by the throttle valve between 100 and 760 Torr; theQH
alculation has been described and experimentally verified in a
previous study using the same reactor and water sé@rce.

gineering). All electronic signals were monitored and processed H2S0s was detected by chemical ionization mass spectrom-

via a PC-based data acquisition system.

H,SO, vapor was introduced into the flow reactor through a
central moveable injector. The tip of this injector is equipped
with a small glass container filled with glass wool and a sample
of liquid sulfuric acid. The temperature of this$0, reservoir

etry with Sk~ reagent ions at the downstream end of the flow
reactor. The S§ ions were generated by passing neutrad SF
(~0.05 sccm, Matheson) in a flow ofo2N~1 slpm) through a
radioactive polonium ion sourcé'fPo, NRD Nuclecel P-2031).
The ion flow from the polonium source was injected through a

was controlled by resistive heating, using a PID temperature knee-shaped, in. 0.d. stainless steel tube radially centered in
controller (Omega Engineering, CN-76122) and a thermocouple the reactor 6 cm upstream of the mass spectrometer's sampling
sealed in a glass capillary and placed inside the reservoir. It °rifice, allowing ion-molecule reaction times of a few mil-
was adjusted between 328 and 368 K and stabilized within liS€conds. SE and the product ions were detected with a

+0.1 K. A N carrier gas flow passing through the injector
(100-300 sccm) was used to entrain$0, vapor from the
acid reservoir. Saturation of the carrier gas flow witkSidy
vapor was experimentally verified as described below. The H
SO, reservoir was regularly refilled with-0.5 mL of 96.0 wt

% H,SO, (Mallinckrodt AR). During the kinetic experiments,
the liquid LSO, sample was continuously kept at low pressure
under the N carrier flow. Considering evaporation only, the
sample would approach the composition at which the equilib-
rium partial pressure ratio of 40, and HO corresponds to
the ratio of mole fractions in the liquid phase, i.e., the
composition of the azeotropic mixture with a boiling point equal

guadrupole mass spectrometer (Extrel C50) operated in negative
ion counting mode and housed in a two-stage differentially
pumped vacuum system; the mass spectrometer setup has been
described in detail previously. The ions were sampled through
a 600um orifice held at—120 V. To optimize the measured
ion intensities and to control ion clustering by collisional
dissociation, a variable voltage was applied to the ion injection
tube 150 to —600 V, depending on the pressure and flow
conditions in the reactor). During the kinetic measurements
the ratio of the SF reagent ion intensity to the 30, product

ion intensities was usually kept above 10 to assure linear
detection characteristi@$,and the product ion signals were

to the sample temperature. For the usual injector temperatureg’ormalized with respect to the gFsignal intensity.

between 328 and 368 K this would imply$0, concentrations
above 99 wt %4° On the other hand, theAtarrier gas flow is
not absolutely dry-due to leaks in the vacuum and gas supply

The primary ior-molecule reaction between,850, and Sk~
is a proton abstraction which leads to the formation of HSO
(m/e = 97) and occurs at a rate near the collision lifdit.

system a small amount of air including water vapor (determined Additionally, we observed the formation of cluster ions,
from a relative humidity measurement in the room) is entrained predominantly [HS@H.O]~ (m/e= 115) and [HS@HF]~ (m/e
into the carrier gas flows. Based on the reactor’s leak rate, the=117). As expected, the cluster ion signal intensities increased

H,O background concentration in the, Marrier gas flow is

strongly with increasing reactant concentrations and—ion
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' ; ' " ' ; determined by Ayers et &k and the value of 79.1 kJ mdl
T calculated by Gmitro and Vermeuléh. These results indicate

that the injector gas flow is indeed saturated wit}5B, and
10°F 1 confirm that the back-diffusion of ¥ into the injector is
L ] negligible. They also clearly demonstrate that all three ion
signals, HS@~, [HF-HSOy]~, and [HO-HSOy]~, are directly
proportional to the KBS0, concentration at the exit end of the
flow reactor. Based on the geometry of the ‘amnolecule
reaction region, the flow conditions, and the orientation of the
sampling orifice, the ion signals are assumed to be proportional
10 g to the radially averaged 430, concentration.

[ 1 During the kinetic measurements theS®, reservoir in the
] injector tip was kept at a constant temperature between 328 and
L . L . ) . L . . 348 K. After entering the flow tube reactor the injector gas
0.0027 0.0028 0.0029 0.0030 0.0031 flow, which is saturated with p50O, vapor in equilibrium with
UT (K the hot liquid BSO, sample, is rapidly thermalized to the reactor

Figure 1. Observed dependence of HSQ®), [HSO+HF]- (4), and temperature which was 30% 2 K throughout the kinetic

[HSO,-H,O]~ (M) ion signals on the temperature of the sulfuric acid experiments.. About 2 cm down§tream of the injector tip
vapor source. (corresponding to~1 to 4 ms flow time) the gas temperature

was generally less thad K above the average reactor temper-
molecule reaction times. At high pressures, low flow velocities, ature. Consequently, the gas phase downstream of the reactor
and high HSO, concentrations we could also observe [HSO  is supersaturated with430, vapor which leads to the deposition
(H2SQy)n] ~ clusters withn up to 6, but under the conditions  of H,SO, on the reactor walls and to the formation and growth
we usually maintained during the kinetic experiments only of an aqueous sulfuric acid wall coating. The composition of
[HSOs-H,SQy]~ was detectable. During the wall loss experi- the sulfuric acid wall coating is determined by the partial
ments the extent of ion clustering was controlled by adjustment pressure of KO which will be discussed below. Initial 430y
of the voltages applied to the ion-injection tube and the sampling gas-phase concentrations (radial average at the injector tip) were
orifice plate. Enhancement of the potential difference and the estimated using the vapor pressure equation given by Ayers et
electric field in the ior-molecule region lead to enhanced al23 under the assumption of an average sample concentration
collisional dissociation; at high potential differences (€400 of 98 wt % HSO..
V at 2 Torr and~400 V at 4 Torr) practically all SO, cluster The experiments were performed under laminar flow condi-
ions could be collisionally dissociated and detected as HSO  tions with Reynolds numbers ranging from 10 to 100 at total
The potential difference needed for complete dissociation of reactor pressure®, from 0.54 to 10.0 Torr. The average flow
[HSOs-H0]™ and [HSQ-HF]~ was about 10% lower than for  velocities, », ranged from 400 to 2500 cm™% and were
[HSO4-HSQy] 7, which indicates that the latter complex is more  calculated by
strongly bound. Generally, we used the HSQon signal to
monitor the HSQ, concentration in our kinetic experiments. _ 760 T 1
. : . v=(F+Fy,) )
Alternative measurements using the [HS&@0]~ and [HSQ- P 273,2;
HF]~ signals were in excellent agreement with the measurements
based on the HSO signal (less than 5% scatter of the observed Ft is the sum of all N carrier gas flows (STP cfnmin™?)
decay rates). The 430, detection sensitivity at a signal/noise measured by the electronic mass flow meters, Bpds the
ratio of 1 was~10 cm 3. flow of H,O from the bubbler into the reactor, given By, =
Linear detection of KSQ; over the concentration ranges used FoPo/(Po — Pw). Fp stands for the Bicarrier gas flow through
in our experiments was verified by monitoring the HSO the bubblerpPy, is the total bubbler pressui, is the equilibrium
[HSO4-H20]~, and [HSQ-HF]~ signals as a function of N water vapor pressure at bubbler temperature,raisdhe flow
carrier flow through the injector and injector temperature under tube radius (centimeters). Under the usual experimental condi-
otherwise unchanged conditions (fixed injector position, constant tions, the entrance length (development of the parabolic velocity
total flow and pressure, constantfBf]). In a series of test  profile) and the mixing distance were estimated to be-12
experiments the observed ion signals showed a linear propor-cm and 4-18 cm, respectivel§® 2 Generally, the mixing
tionality with the carrier gas flow and exhibited the expected distance determined the minimum reaction distance for the
logarithmic dependence on the inverse of temperature. In Figurekinetic measurements; the reaction distance at which §#8©
1 the signals for HS@ (circles), [HSQ-HF]~ (triangles), and signal started to deviate significantly from the observed first-
[HSO4-H,0]~ (diamonds) in Hz are plotted versus the inverse order decay was mostty30% smaller than the estimated value.
of temperature; the measurements were performed at 2 Torr total
pressure and three different water partial pressures in the reactorResults

Following the formalism applied by Ayers et &.the observed The condensation of supersaturate8y vapor, i.e., its net
temperature dependence, i.e., the slope of linear fits like the yptake by the sulfuric acid wall coating, can be observed as

ones shown in Figure 1, can be expressed in terms of thewa]l loss process following the simple first-order rate equation
vaporization enthalpy of pure sulfuric acid and the chemical

potential difference for BBO, in pure sulfuric acid and in the d[H,SO,],

observed aqueous sample. Using the chemical potential for g KobdH2S Ol ex 2)
H,SOy in 98 wt % sulfuric acid as tabulated by Giauque e4l.,

an average value of 78 7 kJ mol! (95% confidence level)is  wherekops (7Y is the first-order rate coefficient. B$Oy]ex is
obtained for the vaporization enthalpy of pure sulfuric acid. This the SOy concentration exceeding the saturation level and is
value is in reasonable agreement with the value of 84.4 k3'mol  defined as [HSOylex = [H2SO4iot — [H2SO4leq Where [HSOy]io

Signal s
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Figure 2. (a) Representative kinetic plot of ion signal versus reaction
time. The open circles are H3Osignal without background correction
(see text for details). The background corrected signals are,HE@®),
[HSOs-HF]~ (a), and [HSQ-H,O]~ (#®). (b) Observed HS© signal
as a function of reaction time at total pressures d®}, 0.71 @&), and
0.54 Torr @).

stands for the total gas-phase concentration e8® and
[H2SOyleq stands for the BSO, equilibrium concentration
corresponding to the vapor pressure of the sulfuric acid wall
coating at the reactor temperature.

Experimental runs were carried out by recording th&6,
ion signal as a function of reaction distanee(centimeters),
between the BBO, injector and the ion sampling orifice.
Reaction distance is converted to reaction timéseconds),
assuming plug flow conditionst = z/v, wherev is the average
flow velocity (cm s%). During each run the water concentration,
the injector temperature and the flow conditions were kept
constant. Before and after each run thgSB, background
signal, which is proportional to [}$Os]eq and does not vary
with injector position, was determined by turning off the carrier
flow through the injector. This background signal was sub-
tracted from the total k8O, signal measured at different injector
positions. The resulting background-corrected signal corre-
sponds to [HSOy)ex and was used to determikg,s For each
experimental run a first-order rate coefficient was obtained from
the slope of a linear least-squares fit like the ones shown in

0.020

J. Phys. Chem. A, Vol. 102, No. 49, 19980085

300

98

wi% H,S0,
95 90

70

250

200

150

kobs (SAI)

100

50

12

10

16

[H,0] (molecule cm_3)

Figure 3. Dependence of the observed wall loss rate coefficients on
gas-phase ¥D concentration (lower axis) and composition of the
sulfuric acid on the walls (upper axis). The various symbols represent
data taken at different total pressures: 0.®),(0.90 @), 1.15 @),

1.45 (v), 2.00 @), and 4.00 TorrM). The dashed lines are to guide
the eye.

proportional to [HSOylex. The open circles in Figure 2a are
the HSQ™ raw data without background correction; they are
proportional to the total k50, gas-phase concentration. The
first-order rate coefficients determined from each of the three
ion signals shown in the figure are the same within experimental
error, varying in the range from 98.2 to 100.4's Figure 2b
shows three data sets measured at 0.54, 0.71, and 1.0 Torr with
water vapor concentrations of 76 10*, 1.8 x 105, and 1.4

x 10 cm3, respectively. The linear fits have a common
intercept at a signal intensity of 8 10* s*1. As discussed
below, the different slopes are due to a dependence on total
pressure rather than on water vapor concentration.

More than 100 experimental runs were carried out to
determine first-order rate coefficients from linear fits such as
those shown in Figure 2 to characterizeS®, wall loss, i.e.,
condensation rates of supersaturate®®, vapor. Measure-
ments were performed over the total pressure range from 0.54
to 10.0 Torr, with initial HSO, gas-phase concentrations
between 2x 102 and 4 x 10 cm~2 and with HO gas-phase
concentrations between & 102 and 3 x 10 cm™3. The
observed rate coefficients show no significant dependence on
the partial pressures of,80, and HO and thus no dependence
on the composition of the sulfuric acid wall coating, which will
be discussed below. This also implies that any potential
homogeneous nucleation and subsequent mass accommodation
on H,SOy/H,0 particles did not influence our results. Figure
3 shows thekg,s values obtained from individual experimental
runs at six different pressures and varioy®Htoncentrations.
The rate coefficients do, however, exhibit a linear dependence
on the inverse of total pressure, indicating that the wall loss is
diffusion limited. This is shown in Figure 4 where the rate
coefficientkops is plotted versus B, the data points represent
averages of 28 measurements with standard deviations of

Figure 2. A typical data set measured at 2 Torr total pressure 2—6%; the error bars arec2 The overall accuracy in the

and [HO] = 3.2 x 10 cm3 is displayed in Figure 2a; the
three HSO, ion signals observed in this experimental run are
plotted versus reaction time. The full circles, triangles, and
diamonds represent the background-corrected HSPISOy:
HF]~, and [HSQ-H,O] signals, respectively, which are

experimental determination &fpsis estimated to be better than
+20%. The data points shown in Figure 4 are also given in
Table 1 and were used to determine the gas-phase diffusion
coefficient and the mass accommodation coefficient, as dis-
cussed below.
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Figure 4. Observed rate coefficient plotted as a function of the inverse
of the total pressure. Each point on the plot is an average—& 2
measurements performed at the same total flow tube pressure (dat
from Table 1). The error bars on each data point represent the
experimentally observed scatterXo). The solid line is a linear least-
squares fit to the data (see “diffusion” subsection of discussion for
details).
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TABLE 1: Pressure Dependence of the Observed Wall Loss
Rate Coefficients

P (Torr)  kops(s™Y)P error (1) P (Torr)2 kobs(s™1)° error (s1)°

a

Péschl et al.

0.06 ——————7———

0.05

0.04

0.03

1k, (s)

0.02

0.01

0.00 . ) . 1 . ) . 1 . 1
6 8

P (Torr)
Figure 5. Inverse of the observed rate coefficient plotted as a function
of the total flow tube pressure (data from Table 1). The solid line is a

weighted linear least-squares fit to the data ( see “wall loss rate
coefficient” subsection of discussion for details).

expansion that represents the solution. For example, Bfown
lists a computer program that can be used to calculatevalue
for a given value okops Dy (the gas-phase diffusion coefficient),
r (the flow tube radius), and (the average flow velocity).

An alternative but much simpler approach which is used here
and has been suggested by Gershettzorsolve the continuity

0.54 370.44 13.00 1.45 136.50 6.83 ) . : . . -

055 352.50 11.00 1.65 120.75 6.04 equation in question involves using the rule of additivity of
0.61 325.71 11.00 1.86 111.56 5.58 kinetic resistances:

0.65 301.20 8.00 2.00 99.75 4.99

0.71 272.40 10.00 2.40 86.63 4.33 1 1 1

0.80  250.95 11.55 3.00 68.25 3.41 K K + K, (4)
0.90 219.60 9.00 3.50 52.50 2.63 bs

1.00 195.05 9.50 4.00 51.45 2.57 . L ) .

1.07 184.28 9.21 4.97 35.44 1.77 Here, 1K is the diffusive resistance andkl/is the surface
1.15 178.50 8.93 7.11 31.50 1.58 uptake resistance. The rule of additivity of kinetic resistances
1.22 164.06 8.20 8.20 25.20 1.26 has been successfully applied to other kinetic proce¥séds
1.30 145.69 7.28 9.97 19.69 0.98 valid if the wall loss is first order in reactant concentration and

2 Total pressure in the flow tub& Average wall loss rate coefficient
obtained from 2 to 8 kinetic runs at the given flow tube pressure.
¢ Observed & scatter in the rate coefficients of the averaged runs.

Discussion
Wall Loss Rate Coefficient. In our flow tube experiments,

the diffusive flow to the walls is linearly proportional to the
reactant concentration averaged over the cross section of the
flow tube minus the concentration at the wall.

In the limit of no diffusive resistance (equivalent to ideal plug
flow conditions) the continuity equation has a very simple
solution, andk,psequals the wall loss rate coefficiggt, which

some sulfuric acid molecules are incorporated into the liquid is obtained by multiplication ok with the reactor’s surface-
surface, while others evaporate from the liquid. As discussed to-volume ratio, 2.
above, eq 2 relates the rate constlyat, which characterizes

the measured decays, to f0]e, Which is the difference Ky = (@I, (5)
between the actual gas-phase concentration of sulfuric acid and o )

its equilibrium concentration. Clearly, fSOu]ey behaves in [N the limit of no surface uptake resistandeps equals the
the same manner as the concentration of a gas that condensediffusion-limited wall loss rate coefficienks. Under fast flow
at the flow tube walls but does not evaporate from the walls. conditions in a cylindrical reactd can be approximated by
Thus, the net flux of SOy into the condensed phash, can 360. 3.6
be assumed to be proportional to the excess gas-phase concen- "9 _T"p
tration at the wall, ([HSOsex)w: r2 r’p

Jn = Kw([H 2804] ex)w (3)

The proportionality constant, is a wall loss rate coefficient
in units of cm s1, equivalent to a deposition velocity.

Using (3) as a boundary condition, the continuity equation
for [HoSOylex In Our steady-state reactor can be solved and
can be related tky,ns Considering diffusion and wall loss in a

(6)

whereDq (cn? s72) is the gas-phase diffusion coefficient defined
by Fick’s law andDp (Torr cn? s71) is the pressure-independent
diffusion coefficientt® Combining egs 4, 5, and 6 gives

1 _

1 (r2/3.66) (/2
kobs Dp

P+ <

Kw

()

tubular reactor with laminar flow, the continuity equation has
been solved by several groufs3? using various approxima-

Thus, a plot of (9 vs pressure should yield a straight
line with a slope proportional to D and an intercept

tions such as neglecting higher order terms in the series proportional to 1#,. Such a plot is shown in Figure 5 using
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the experimental data listed in Table 1. A weighted linear least-
squares fit of eq 7 to the data yields a value fa,1# (1.612

+ 1.264)x 104 cm s and 1D, = (14.96+ 0.24) x 1073
Torr 1 cm2 s; the error bars represent one standard deviation.
The corresponding lower, central, and upper valuesfoare
3480, 6200, and 28 700 cn1’s and for D, these values are
65.78, 66.84, and 67.94 Torr éma ! for H;SOy in No/H,0 at
303 K.

Note that the statistical analysis of our results carried out with
eq 7 allows a negative intercept in Figure 5 within two standard
deviations, which implies a negative wall loss rate coefficient;
a zero intercept implies an infinite rate coefficient. Because of
the presence of this singularity, a standard nonlinear least-
squares fit cannot be directly applied to our data using either
Brown’s method or the inverse of eq 7, i.kyps (in contrast to
1/kop9 expressed as a function Bfand k.

Diffusion Coefficient. The diffusion coefficient value of 66.8
+ 1.1 Torr cn? s1 obtained from the fit of eq 7 is independent
of gas-phase water concentrations covered in our experiment
relative humidity (RH)<3% (H,O mixing ratio <0.32). To
our knowledge, no measurement of the diffusion coefficient of
H.SOy in N2/H20 has been reported previously. The measured
value is in good agreement with the values estimated by
Roedet” (H,SOy/air at 296 K: Dp = 60.8 Torr cn? s71) and
by Marti et al38 (H,SO, in No/HO at 303 K and 5% RH:Dp
= 69.2 Torr cnd s71). Note that a fit of eq 6 to the measured
data is shown as the solid line in Figure 4; it implies an infinite
value forky or ([H2SOylex)w = 0 and yields a slightly loweb,
value of about 65 Torr cis ™.

Marti et al38 calculated effective diffusion coefficients for
sulfuric acid in N/H,0 at relative humidities (RH) ranging from
5% to 20%, taking the formation of gaseous hydrate§S®4-
(H20)n, into consideration. They determined these effective
diffusion coefficients following the EnskegChapman formal-
ism with sulfuric acid hydrate distributions and diameters
calculated according to Kulmala et#l.At 303 K and 5% RH
they calculated the following hydrate distribution, given in
percentages of the total number of gas-phas€Q4 mol-
ecules: 65.9% unhydrated,8l0,, 31.5% monohydrate, and
3.5% higher hydrates. For 10% RH they calculated a strong
increase of hydrate formation (41.4% unhydrate8®&;, 50.0%
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Figure 6. Plot of the observed wall loss rate coefficient as a function
of the inverse of the total pressure for pressures less than 2 Torr. The
solid line is the linear least-squares fit to the data corresponding to an
o value of 0.65 (same as in Figure 5). The pairs of dotted curves in
the figure refer to wall loss rates predicted by the method of Bféwn
and the rule of additivity of kinetic resistances farvalues of 1.0
(---),04 —-),and 0.2 ¢ -- —). In all cases, the lower curve of
each pair is that predicted by the rule additivity of kinetic resistances
while the upper curve is obtained by Brown’s formulation.

1.4 1.6 1.8 2.0

experiments the total flux of gas-phase sulfuric acid molecules
being incorporated into the liquid includes molecules that
originated from the liquid upstream in the flow tube. On the
other hand, by defining [b8Os)ex as a difference, the corre-
sponding fluxes to the surface are net fluxes that no longer
include the evaporation process; the net flux is the total flux
minus the flux corresponding to the equilibrium case. Since
all the fluxes are directly proportional to the trace gas
concentration at the surface, the definitionoofiven above in
terms of a ratio of total fluxes is also valid in terms of the fluxes
corresponding to the excess concentration, i.e., the net flux of
molecules incorporated into the liquidh, to the net collisional
flux to the wall, Jy:

a=J/J, )

monohydrate, and 8.6% higher hydrates), i.e., a decrease in they, is given by eq 3, and the net collisional flux to the wall can

fraction of unhydrated 80O, of more than one-third, but only

a 3% decrease of the effective diffusion coefficient. These
theoretical predictions are in agreement with theQHinde-
pendence oDp observed in our experiments. Furthermore,

be approximated by the following equation from gas kinetic
theory:

J, = (H,SO)])ww/4 + 3,/2 (20)

Marti et al. calculated a temperature dependence of less than

2% per 10 K for the effective diffusion coefficient in the range
from 298 to 333 K. The low-temperature sensitivity agrees with
our observation of no significant dependencé&gfon variations

of the average reactor temperature (3805 K) and on
variations of the injector temperature (32848 K) and the
temperature gradients associated with it.

Mass Accommodation Coefficient. The mass accommoda-
tion coefficienta is defined as the probability with which a
gas molecule colliding with the surface is incorporated into the
liquid phase:

_ ho. of gas molecules incorporated into the liquid phase
no. of gas molecules colliding with the surfatzg)

Equation 8 can also be expressed as a ratio of the total flux
into the condensed phase to the total collisional flux to the
surface (the flux units being molecules ts™1). In our

wherew is the mean thermal molecular velocity R8zM)Y2;
the J/2 term arises from the fact that a concentration gradient
results in a net velocity component directed toward the surface
that needs to be added &@*°

The connection between the accommodation coefficient
andk,, is obtained by combining egs 3, 9, and 10:

=% @
Yol-a24

K, (12)

For small values ofo. the expressior/(1 — a/2) can be
approximated byy; this amounts to neglecting tlig/2 term in
eq 10. Using eq 11 with the best fif, value listed above (6200
cm s 1) yieldsa. = 0.65. The lower limit too, estimated with
eq 11 and the best fit &/ value minus one standard deviation,
is 0.43. The corresponding upper limit valuecofs 1.38; the
physical upper limit is, of course, unity.

Figure 6 plots the data in Table 1 &g, versus 1P for
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pressures below 2 Torr. The solid line in the figure is the best models that include aerosol formation and growth processes will
fit value obtained from Figure 5 (fit of the data to eq 7). The predict reduced rates of binary homogeneous wadalfuric
group of dashed lines in Figure 6 are the predicted wall loss acid nucleation for air masses where sufficient aerosol surface
rates for values oft = 1.0, 0.4, and 0.2 calculated using both area is available.
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