J. Phys. Chem. R005,109,6919-6927 6919

Mass Accommodation of HSO, and CH3;SOsH on Water—Sulfuric Acid Solutions from 6%
to 97% RH
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The uptake of SO, and CHSO;H onto particles composed of water and sulfuric acid was studied in a
laminar flow reactor at atmospheric pressure. Their first-order gas-phase loss rate coefficients were determined
using a chemical ionization mass spectrometer. Relative humidity was varied from 6% to 97%-202%

K. The mass accommodation coefficieat,was found to be close to unity for both species. These findings
show thata does not limit particle growth rates resulting from3®, and CHSO;H uptake. Diffusion
coefficients in N for these two species are also reported and a significant dependence upon relative humidity
was seen for BBO, but not for CHSG;H. Last, production of small particles was observed due to the presence

of SO, in particle chargers. Formation of these particles can be significantly reduced by adding an OH scavenger
such as propane.

Introduction by two groups'’-18 Both these measurements were conducted

The uptake of gas-phase$D; by atmospheric particles plays ina gylindrical floyv reactor apparatus Wherg upta}ke occurs on
a very important role in their formation and growth and atrain of fast-moving droplets aligned along its axis (the droplet
ultimately their size and abundant®.Growth rates of nascent ~ train flow reactor). The results of these experiments suggest
atmospheric particles via accumulation of gas-phas8Q4 that mass accom.m.o.datlon for strong acids is not efficient at
depend on the value of the mass accommodation coefficient, Nigh relative humidities.
a. Nucleation rates can depend strongly on the abundance of There is a paucity of data regarding the value of the mass
H,SQy; thus, efficient scavenging of 430, by large particles ~ accommodation coefficient for330, and CHSO;H for typical
(~100 nm diameter) can strongly influence nucleafibiihus atmospheric conditions. This paper describes experiments on
the propensity of a gas-phase3®, molecule to be incorporated  the uptake of SO, and CHSO;H by particles of dilute sulfuric
into an atmospheric aerosol particle (mass accommodation) cargcid solutions for typical atmospheric relative humidities- (6
influence the number density, size, and composition of aerosol 97%). The value otx was determined from the measured gas-
and thus their climate and health effects. phase loss of reactant due to uptake ont60—120 nm radius
Methane sulfonic acid (MSA), C¥QsH, is present in the droplets. Sulfuric acid content ranged from-70 wt % and
gas-phase in the atmosphéreand its uptake by atmospheric temperature was 29621.2 K.
aerosol particles can contribute to their growtf Although
recent investigations of atmospheric MGA™13 suggest it is Experiment
predominantly formed heterogeneously on large particles, a
small amount of MSA produced in the gas phase can be a The uptake of gas-phase acid onto aqueous sulfuric acid
significant growth factor for the smallest particles, those that particles was studied in a vertically aligned laminar flow reactor
can lead to new cloud condensation nuélEurthermore, mass  (i.d. of 5.17 cm and length of 120 cm) operated at ambient
accommodation of MSA is an interesting case study for the pressure{0.8 atm). Basically, the acid’s first-order loss rate
uptake of strong acids by aqueous solutions. coefficient was measured for uptake onto aerosol particles that
The uptake of HSO, onto sulfuric acid solutiort416 and were sized (after exiting the flow reactor) with a differential
sulfate salt® has been studied previously in the laboratory. Van mobility analyzer (DMA, custom-built, similar to TSI long
Dingenen and Ra&sestimated a value of 0.045 (0.045/ version 3071) and, in a separate gas-stream, counted with a
—0.022) for a. by comparing a calculated H3Q; with condensation nucleus counter (TSI 3760). Gas-phase reactant
measurements of particle growth rates in a flow reactor at 50% was detected with a chemical ionization mass spectrometer
relative humidity (RH). At low relative humidities, valuesaf ~ (CIMS). The experimental procedure is presented in more detail
of 0.75 @0.2) and 0.650.35/0.22) were obtained in the  in Hanson and KosciucH.Provided here are detailed descrip-

laboratory experiments of Jefferson ef®hnd Poschl et até tions of modifications to the experimental apparatus and
respectively. These two experiments obtaingdom measured procedures such as reactant sources and the chemical ionization
first-order loss rates determined by following gas-phas& (b schemes used for detection of the gas-phase acid.

as it was taken up onto aerosol salt particles (RH.1%)° Reactant CHSO;H was introduced through a moveable

and bulk acid solutions (RH 3%).16 An uptake efficiency for injector by a small flow, 3670 sccm (STP, 273 K and 1 atm,
H,SO, of ~ 0.5 has also been estimated in field stubliesom cm® min~1) N, over a drop of liquid CHSO;H placed in a
calculated HSOy lifetimes and measured aerosol surface areas. bend near the end of the injector (depicted in Figure 1a).
The mass accommodation coefficient for the uptake of MSA Reactant HSO, was formed in situ by reaction of OH with
onto aqueous droplets has been reported te-liz1 (#-0.02) SO, (the product HS@rapidly forms HSOy in the presence of
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they did not significantly affect the measured3®, first-order
loss rate coefficients.
The thermostated flow reactor was held at 22%@3) K for
the HSO; experiments and 295297.5 K for the MSA
experiments and was operated at pressures of-628 Torr
total pressure. Total flow rate of Nvas 1800 to 2100 sccm
(except for two HSO, wall loss determinations at RH 0.275
the mass flow rate was 4000 sccm), the average linear flow
velocity VayeWas 2-2.4 cm s1, and the Reynold’s number was
~60. An additional flow of 56-100 sccm of @ (UHP) was
used in the HSO,; measurements.
The particles were formed by rapid cooling (frorl10 C
to room temperature) of a flow of 430, vapor-in-N, (100
sccm). Up to 10 sccm of this flow was mixed with the
humidified main flow to yield the aerosol. The distribution of
particle sizes was well characterized by a log-normal distribution
. with peak radii ranging from 56120 nm and lor was typically
(top view) 0.28. The DMA sheath flow was-~1800 sccm and was
humidified to~11% RH, and sample and monodisperse flows
were~230 sccm. Note that an additional uncertainty is assigned
to the data because the aerosol dries out during its transit of the
j| 00 0a { DMA. See noted in Table 1 for more discussion. The overall
number density of particles, )Nranged from 0.4 to & 10*
cm~3. The particle counter sampled aerosol at a flow rate of
1-1.5 cni/s, and this was diluted with-22 cn#/s N, diluent
gas added in a sheath arrangement. For tf®Q4 measure-
-\ ments, gas-phase $@ the particle charger (1.2 mCi éf'Am
L mercury lamp in a volume of~100 cn¥) interacted with OH and/or ioA% 22
and led to the formation of small {220 nm diameter) particles.
il These were easily separated from thE50 nm diameter aerosol
particles that were responsible for the uptake. See the appendix
\ centering brackets for a detailed discussiqn of t_he forma_ltior! of these small particles.
The measured particle size distribution was not affected by
the presence of }¥$0,. Thus the size of the particles was not
Figure 1. Schematic drawings of the reactant sources: (a3SthH significantly altered by the uptake of the acids. This is consistent
liquid droplet in a showerhead-type injector, and (b) the @r5C; with the estimate presented below of the maximumJ&y]
source for HSO,, where an encapsulated Hg PenRay lamp emits 185 (radially averaged) of 3x 10° cm3, whereas the particles

nm light that_dlssomatesﬁ) to produce OH. A Teflon flow straightener _contained the equivalent of% x 10 acid molecules cr.
was located just above the lamp. For most of the measurements, a coll h . | id .
of stainless steel shim (not shown) was placed over the Teflon O the MSA experiments, a larger acid concentration was

encapsulating the lamp to decrease the UV light to limit the production Present for the uptake measurements, estimated to be as high
of H,SQ,. as~3 x 1019 cm™3. Thus a significant swelling of the particles
(~10% in volume) could have taken place due to MSA uptake

0, and HO%?). OH was formed by irradiation of #0 with 185 (unlike '_[he HSO, experimen_ts_, a specific test designed to detect
nm light from a small mercury lamp (2.5 cm long0.5 cm in a swelling effect upon addition of MSA was not performed).

diameter, encapsulated in a 3/8” o.d. Teflon tube) SuspendedBecause the particle size distribution was monitored during the
along thé center axis of the flow reactor (shown in Figure 1b). uptake measurements, this potential swelling would be taken

: : . into account in the determination of
SO, was taken from dilute (0-20.5%) SQ-in-N, mixtures and TSN . .
[SO,] in the flow reactor we(re estim;ted from ihe relative flows The chgmpal lonization region was altgrgd slightly from that
to be 3x 10 to 1012 cm-3. A perforated Teflon disk directly depicted in Fig. 1 of ref. 19 and it is very similar to that depicted

above the mercury lamp (Figure 1b) suppressed eddies that coul jn Figure 2b of reference 24: the drift region is 8.5 cm long
be induced in the flow reactor due to thel W of heat from nd has five annular ion guide lenses spaced at 1.7 cm intervals.

. Reactant HSQO, and CHSO;H were monitored by converting
the Igmp. The lamp was operated at low power to limit the them to HSQ~ and CHSOy~ ions, respectively, via reaction
heating of the gas within the flow reac@or and the ampunt of with NOz~-HNO3 ions. N» (40—100 sccm) containing a trace
H-SO, formed. At high [HSQy], the formation of small particles ¢ HNO; vapor (~0.1—1 ppmv) was flowed through the source

was observed, presumably due to nucleation involvip§®, to yield NO;~-HNO; ions. Both reactants are stronger gas-phase
and they were primarily confined to the central axis<( 0.7 acids than nitric acid: thus. the reactions

cm) of the flow reactor. For many of the measurements,

especially those at high RH, an additional decrease in UV light H,SO, + NO, *HNO, — HSO, *HNO, + HNO, (1)
(thus less nucleation) was accomplished by surrounding the lamp 3 3 3 3

with a stainless steel spiral. For most of the measurements, these CH,SOH + NO,; *HNO, — CH,SO, *HNO, + HNO,
particles were present at less than 100 &mwhile a few uptake )
measurements were conducted with up to 1000%(oentral

axis value) present. Note that these are very small particles,are facile with rate coefficients 0f2—3 x 1072 cm? s71.25.26
~5 nm in diameter, with an insignificant surface area and thus The ion products were present primarily with an attached EINO

droplet
1 (a)

1(b)
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TABLE 1: H ,SO, Experimental Parameters and Uptake Resultd

RH wt %2 H,SOy k,, cm ! Np, 10* cm™3 rs¢10%cm Xsa,d factor Km,e st Vex Y9 +Ayh —Ayh
0.056 68.5 0.0377 2.20 7.01 0.93 0.045 0.65 0.80 0.19 0.15
0.060 68.0 0.0529 5.35 6.80 0.94 0.099 0.63 0.75 0.13 0.10
0.060 68.0 0.0484 5.13 6.59 0.94 0.083 0.55 0.64 0.11 0.09
0.060 68.0 0.0349 2.11 6.79 0.94 0.035 0.57 0.67 0.18 0.14
0.114 63.1 0.0426 3.46 6.28 1.00 0.058 0.66 0.77 0.16 0.13
0.265 54.0 0.0388 2.47 7.66 1.14 0.055 0.59 0.74 0.18 0.14
0.272 53.7 0.0407 2.50 7.91 1.15 0.062 0.63 0.81 0.20 0.15
0.462 44.7 0.0392 2.87 7.33 1.34 0.054 0.56 0.67 0.18 0.14
0.462 44.7 0.0570 4.92 7.40 1.34 0.117 0.69 0.88 0.20 0.16
0.495 43.0 0.0366 2.03 7.63 1.36 0.045 0.60 0.74 0.23 0.17
0.495 43.0 0.0334 1.33 7.67 1.36 0.034 0.70 0.90 0.33 0.23
0.632 36.6 0.0433 2.04 7.87 1.56 0.073 0.91 1.34 0.44 0.31
0.636 36.4 0.0554 4.52 7.89 1.57 0.116 0.65 0.84 0.22 0.17
0.638 36.3 0.0418 4.08 6.04 1.54 0.077 0.82 1.04 0.29 0.22
0.638 36.3 0.0549 7.92 6.12 1.54 0.127 0.68 0.83 0.20 0.16
0.707 32.6 0.0388 1.59 8.48 1.70 0.059 0.82 1.22 0.45 0.31
0.744 30.4 0.0588 3.64 8.21 1.80 0.129 0.83 1.21 0.38 0.28
0.804 26.4 0.0451 5.19 6.67 1.97 0.087 0.60 0.72 0.21 0.16
0.804 26.4 0.0452 5.37 6.67 1.97 0.088 0.59 0.70 0.20 0.15
0.846 23.1 0.0499 2.85 9.33 2.22 0.101 0.65 0.91 0.32 0.22
0.863 21.6 0.0669 4.76 9.36 2.34 0.161 0.61 0.83 0.28 0.20

@ Temperature was 29% 0.3 K, total pressurex95% N,) was 615+ 10 Torr, andVaye the average carrier velocity, was 220.2 cm/s.
b H,SO, content of the particles in the flow reactor calculated using the data on thé® Aldbsite>* ¢ Surface-area-weighted radius of the particles
in the flow reactor:rs = r, exp(2.5*[In 0]?), wherer, is the peak radius of the log-normal distribution andslis the standard deviation (ref 19
and references thereirf) The particle sizes in the flow reactor are different than in the differential mobility analyzer (DMA) where the sheath flow
was maintained at 10% RH. The;$0, content of the particles in the DMA varied slightly due to RH variation of aerosol sample flow (between
55 and 65 wt %). This factét Xsa is calculated from the known water contents and measured temperatures and assuming the aerosol experienced
an instantaneous change in RH (and thus particle size) upon entering the DMA. The density of sulfuric acid solutions, needed to calculate this
factor, were given by = —4.157 x 10~'wp® + 9.015x 10-5wp? + 4.15410°%wp + 1.0195, the result of a polynomial fit to the data in ref 49 for
10-90 wt % HSQO, solutions at 295 K. It is within 0.5% of the density given by Huthwelker éf &s discussed in the text and in ref 19, an
additional uncertainty tg arises that is based on an uncertainty in surface area due to a 1.5% variation in flow react&SRFBA(%) =
0.25(sa)®. An uncertainty due to changes in particle size within the DMA (see the text) was found to fol\@#/SA(%) = 12*RH. These
two were simply added to obtain the uncertaintyyift € The first-order loss rate coefficient due to uptake onto the particles. It was calculated
from kn = 1.61*(Vave'k, — ky). fFrom eqgs 3 and 4 The diffusion-corrected uptake coefficient (from eq 5) at(d) = (0.75+0.28Xn;s)/
(Knis(Kns + 1)), whereKns = 3DJwrs (refs 19 and 33)" Positive and negative error bars jn Two sources were combined quadratically, (i)
Akn/ kn that ranged from 7% to 20% and (8% precision in determining aerosol surface area. Additionally, the two soura®SASEA from
noted were added to this quantity. For this latter quantity, the particle size was varied and it compensated somewhat for the variaitbn of
ASA via changes in the quantif(rs).

ligand as denoted in eqs 1 and 2, although depending upondetermined in this way with previously reported values can also
relative humidity, significant 10%) signals were observed at  provide further validation that fully developed laminar flow was
the core ion masses and those that corresponded to attachedot compromised by the heat from the lamp.

H,O ligands. lor-molecule reaction time was-5.0 ms, and There was a small background signal for HS@ons with
for the reactant concentrations present at the level of the ionthe mercury lamp off that depended upon pp@nd was
drift region, the reagent ion signal was depleted<o$0% (<8% suppressed upon addition of propane to the source flow. Thus,
for CH3SO;H and <1% for H,SQy). The measured [reactant] it was likely due to processes within the ion source, possibly
(a radially averaged value) was as high as 1.0° cm™2 for from OH generated by-particles reacting with SOnear to
the SO, measurements and as high as 6.0° cm~2 for the the exit of the ion-source. It ranged between 2% and 20% of

MSA experiments, estimated from the iemolecule reaction the signal due to the #$Q; in the flow reactor. In the data
time and rate coefficient. Because of losses on surfaces betweeranalysis, the background ion signal was subtracted from the
the acid source and the detection region such as the flow reactosignal measured during the kinetics runs to obtain the first-order
wall and ion guides, the reactant concentration near the sourceloss rate coefficient or it was included as a parameter in a
in the center of the reactor was likely to be much-(® times) weighted least-squares fitting routine. For thesSB;H mea-
higher than this. surements, the background signal was on the order of 1% or
Decays were determined from the CIMS signals recorded at less of the signal due to initial [(SOzH].
reactant-particle interaction lengths of-280 cm. Note that the An additional background signal is expected from acid vapor
shortest length is significantly longer than the 15 cm entrance eluting from surfaces such as the flow reactor wall and ion
length and the vast majority of data was outside #25—30 lenses. We did not observe a signal that could be unequivocally
cm mixing length?” Frequently, the particles were turned off, attributed to reactor surfaces even though the bu® vapor
and wall loss measurements were taken at flow rates and RHpressure (2x 10712 atmy® for the low relative humidity
similar to those in existence when particles were present. experiments (RH= 6%) indicates it should have been detect-
Determining the wall loss rate coefficient leads to an accurate able. Conclusions regarding the allotment of the background
determination of the mass accommodation coefficient becausesignal to “contaminated” surfaces or OH production in the ion
the loss on the wall must be subtracted from the measured losssource are difficult because of their dependencies upon relative
when particles are present. Measurements of the wall loss ratehumidity. However, there was also no significant background
coefficient also allow for the determination of the diffusion signal observed for MSA at low RH which indicates that the
coefficient. A good agreement of the diffusion coefficient acid coverage of the reactor surfaces (estimated te<h&'*
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desorption effects can probably be neglected. However, desorp-
tion effects were evident for measurements where solutions
contained 50 wt % or greater ,HO; (33% RH or less),

:i:l‘l‘;;’ indicating that the effective Henry’s law coefficient is decreased
o A7 Wt % due to increasing acid concentration and significant (factors of
= < wallloss 10 or larger) departures of the activity coefficients from uftty.
E; %\\‘H Any species taken up can diffuse throughout these small
3 100 T, particles very rapidly, on the order of 10s1° Water vapor,
§ ‘*Q?&:& present in large excess, is expected to accompany the incorpora-
3 Iy 35 tion of the acids into solution. Furthermore, the surface of dilute
@ T e acids, even though the acid molecule is present at the surface

in excess over its bulk concentration, is believed to be primarily
composed of water moleculés3! Thus CHSO;H and SOy,

once taken up, likely travel into the bulk of the solution. Because
the uptake is due to incorporation into the bulk of the particle,
it can be identified with the mass accommodation process.

’ Ziem) 1o Furthermore, if it is known that desorption is not occurring at
10000 R a significant rate, then the value of the measured uptake
(b) 229t o5 Np = 2.40d cm3 coefficienty is also the value foo.
A Np=4ed cm-3
. ST Results and Analysis
g A \ Typical kinetic data are shown in Figure 2a, a semilog plot
E ~ T of the signal at 160 amu (HSO vs injector position for loss
f \“‘\\ ‘ﬂ““m of H,SO, onto the reactor wall only (diamonds) and for the
2 Ta additional loss onto particles composed of 27 and 36 wt %
oo = * H,SQy (triangles, respectively). Figure 2b shows similar data
~, for CH3SOs;H uptake (sum of the signals at 95, 158, and 221
amu Vs injector position) onto the wall and additionally onto
particles. The measured background signals have been subtracted
10 ! ! : | | | | from the data. It is apparent from these plots that the losses are
0o s [cmf“ g 708 %0 characteristic of first-order processes.

Figure 2. Signals due to (a) $¥$O; and (b) CHSOsH as they were The value of the mass accommodat[orl CoeffICIQan’:lS .
exposed to the wall (in the absence of particles, diamonds) and €Xtracted from the measured decay coefficients and particle size
additionally to particles (triangles). The axial decay constant is obtained distributions as detailed in ref 19. To summarize, the measured
from the slope of the least-squares fits to the data. For panel a, thefirst-order loss rate coefficient that is due to uptake onto
filled and open symbols are the signals in the presence of 36 and 27particles k, is calculated from the difference between decays
wt % H,SQy particles, respectively. For panel b, the filled and open \ith and without particles present. For example, assurding
g;a;gl\?\,? ﬁ‘/reéhseé'gnal.s 'I” the presence of two different number densitiesyoeg not vary significantly when the particle flow was turned

’ particies. on, ky, is equal toVae x the difference in slopes in Figure 2
cm~?) was not sufficient to express their bulk partial pressures. for data with particles present and for particles absent. This is
Yet the SO, partial pressures exhibited by the particles were multiplied by a factor of~1.6 to account for radial concentration
detectable (see below). gradients and laminar flow (the axial concentration gradient

The solubilities of HSO, and CHSGO;H in dilute sulfuric correction facto® was neglected, as it is less than 2%). Division
acid are large enou§k® such that desorption was in general of ky, by the first-order collision rate of the acid with particles
insignificant for experiments at10% RH for HSO, and>40% ke yields a value for the extracted reaction probabiljty, The
RH for CH;SO;H. For H;SOs, desorption effects can be  diffusion resistance and the deviation of the distribution of
estimated from the saturated vapor pressure &8® over its molecular speeds from a Maxwellian distribution are then taken
aqueous solution®. The SO, partial pressure increases with  into account according to the Fuchs-Sutdgiequation (repre-
the HLSOy_content of the solution, with the largest value for sented byl(r), see Table 1), where the value of the Knudsen
~68 wt % HSO that corresponds te-4 x 107 cm 3. A number is taken at the surface area-weighted radii$2*(see
background signal at about 2@0% of this level was observed notecin Table 1). In this way a value for the uptake coefficient
that depended upon the particle number density. A loss processy, which can be equivalent ta, is obtained
that depletes the vapor pressure over the particles, such as a
first-order loss on the ion guides, could provide an explanation
for this dependence, the mechanism being that the ion guides
are an efficient scavenger of gas-phas8®k, and the resupply
of gas-phase 80O, to the ion drift region is limited by the
available particle surface area. However, uncertainties in
calculated HSO, vapor pressures are large and preclude a
definite conclusion.

For CHsSOsH, with a Henry's law coefficient in water of
~10" molaP/atm at 295 K8 the solubility is very high in dilute
H.SO, solutions. Up to HSOy—contents of 40 wt % where [H
is ~5 molal and the activity coefficients are likely 10 or 1883?

k= %SAf = wNyrr 2 exp(2 Ino?) 3)

Vex = % (4)

(®)

< |

1
==
Vex d

wherew is the mean molecular speed of the reactant and SA
is the aerosol surface area density in the flow reactor. For the
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TABLE 2: CH 3SOs;H Uptake Experimental Conditions and Result$

RH wt %P H,SO, k,, cm1 Np, 10¢cm™3 rs¢106cm SAd factor Km,e st Vex y9 FAYh —Ayh
0.092 65.0 0.03%5 10.0 5.00 1.00 0.037 0.23 0.25 0.05 0.04
0.230 56.0 0.0259 2.37 7.17 1.05 0.0043 0.04 0.04 0.06 0.02
0.338 50.2 0.0289 0.55 10.2 1.26 0.0181 0.52 0.69 0.36 0.22
0.338 50.2 0.0409 1.90 10.2 1.26 0.0598 0.49 0.64 0.16 0.12
0.338 50.2 0.0323 0.98 10.2 1.26 0.0299 0.48 0.63 0.22 0.16
0.414 47.0 0.0366 0.51 10.8 1.33 0.0313 0.65 0.93 0.32 0.22
0.586 38.8 0.0562 7.26 6.05 1.48 0.171 0.65 0.76 0.18 0.14
0.586 38.8 0.0478 4.50 6.05 1.48 0.106 0.77 0.93 0.24 0.19
0.698 33.0 0.0418 0.96 12.2 1.79 0.0605 0.70 1.18 0.48 0.31
0.749 30.1 0.0338 1.03 10.2 1.77 0.0380 0.58 0.79 0.33 0.22
0.759 29.5 0.0453 2.37 9.74 1.80 0.0790 0.57 0.76 0.24 0.18
0.773 28.6 0.0612 3.97 9.53 1.84 0.136 0.62 0.85 0.26 0.19
0.874 20.4 0.0291 0.37 12.7 2.42 0.0220 0.60 0.96 0.73 0.37
0.879 20.0 0.0531 2.70 11.0 2.46 0.107 0.53 0.74 0.27 0.19
0.884 19.6 0.0379 1.07 12.0 2.50 0.0532 0.56 0.84 0.39 0.25
0.891 18.8 0.0553 4.66 8.05 2.61 0.194 0.58 0.72 0.24 0.18
0.926 14.7 0.0476 1.72 12.0 3.05 0.0875 0.57 0.99 0.54 0.32
0.934 13.5 0.0373 0.87 13.3 3.24 0.0508 0.53 0.96 0.67 0.35
0.937 13.1 0.0629 2.74 11.5 3.32 0.142 0.56 0.94 0.49 0.30
0.970 7.2 0.079 4.62 11.6 551 0.4058 0.51 0.69 0.60 0.30

aTemperature was 2962 1.3 K, total pressure95% Np) was 6184+ 8 Torr, and average carrier velocity was 2:20.2 cm/s.°~" See Table
1 notes. Loss estimated from initial data point; later data showed evidence of desorption sugkx thatild be negative. Upper limit; CHSO;H
signal was not significantly perturbed by interaction with partictésptake data obtained with DMA situated upstream of flow reactor thus distribution
of particles was very narrow and sizable fraction of particles were likely to have remained charged during the measurement. Weasiged
(+£20%) reproducibly with injector position presumably due to loss of charged particles on Teflon injector line.

present measurements, the FueBsitugin correction (eq 5 and  typical sources of scatter. There is an accuracy uncertainty of
note g in Table 1) amounted to -550% of the resultingy +10% in determining the absolubd, using a TSI 37602 This
(ora.) uncertainty was not included in the errors listed in the Tables
Shown in Tables 1 and 2 are lists of experimental parametersor shown in Figure 3a,b.
and the measured kinetic values and the resulting values of There is additional uncertainty in the surface area due to the
for H,SOw andy for CHsSOsH, respectively. Notes in the Tables  fact that the RH in the flow reactor can be quite different than
give detailed information on these parameters and their analysisthat in the DMA. There are two different sources of uncer-
The resulting uptake coefficients are plotted versus relative tainty: (1) Because of the estimated uncertainty in flow reactor
humidity in Figure 3a,b. It is clear that over a majority of the RH of 1.5% (i.e., using a multiplying factor for RH of 1.015
RH range, the uptake of these species indicates an efficientand 0.985, equivalent to #0.3 K temperature uncertainty),
incorporation into the bulk of the particles. the uncertainty in the quantit{sa and thus surface area is 1%,
For the HSO, measurements, the average value dois 2.5%, 7%, 20%, and 40% at RH 0.6, 0.8, 0.9, 0.95, and 0.97,
0.86 4 0.08 (21 points) and there could be a trend with RH: respectively. These were estimated from the equations in the
for RH < 0.5, the averaget is 0.764 0.05 (11 points), and notes to Table 1 and ref 28. (2) Because of the drying of the
that for RH > 0.6 is 0.96 + 0.14. These averages are aerosol within the DMA and consequent changes in the sizes
nonweighted, and the quoted errors are twice the standard error®f the particles, a small uncertainty arises in the calculated size
of the mean (the standard deviation of the sample divided by distribution. This is because the calculation is based on a
the square root of the number of points). See below for a particle’s size remaining constant during its transit of the DMA.
discussion of the overall measurement uncertainties. It is difficult to predict a particle’s RH history because it will
For CHsSOsH, the average value for the uptake coefficient be drawn out of the high RH region into a lower RH region
is 0.86 6:008, twice the standard error of the mean) for the while at the same time water vapor is diﬁusing throughout the
data between 40% and 90% RH (11 points). The average of DMA. The contribution of this effect to the uncertainty in
four results at RH- 92% isy = 0.89, which is not significantly ~ Surface area was estimated by calculating the relative size change
different than that for the lower RH data; however, these data in the particles had they been introduced at the same RH as the
have large uncertainties (see below). The scatter in the individual Sheath flow. To a good approximation, the uncertainty in surface
data points is somewhat less than that feB8 in part because ~ area scales linearly with RH and it is about 10% at-RI90%>*
a relatively higher [CHSO;H] could be used. It is likely that For the HSO, data, the surface area error due to the RH
the uptake was not influenced by desorption for these condi- uncertainty is less than 7% for the data at RHO.5, and it
tions?®; thus,y can be identified with the mass accommodation ranges from 8 14% for the data at Rkt 0.63. Adding in (14%
coefficiento.. For RH < 0.4, the data show that a low value for and 21%) accuracy uncertainties to the valuegfesults in
y can describe the kinetics, which probably indicates significant asymmetric uncertainties in the resulting valuesyfaue to eq
desorption was occurring due to a low value for the soluBflity 5. The resulting errors in the average values for the mass

of CH3SGOsH in the more acidic particles. accommodation coefficients are 0.76(Q.17/-0.16) and 0.96
Each individual determination of the mass accommodation (1+0.37/-0.35) for the RH < 0.5 and RH > 0.6 data,

coefficient was measured to a typical precisiontcif1—28% respectively.

(for CH3SOsH and RH> 0.4) and+14—27% (H:SOy). These The CHSO:H data from 40 to 90% RH had additional

are due to the precision of the, (7—27% due to the 3.5%  surface area uncertainty that ranged from15%. A few of
error in ky, and 5-7% error ink;) and of the surface area the CHSO:H measurements (those with RH 0.93) had
determination (8%). See ref 19 for a detailed breakdown of the additional error in the surface area that exceeded 15%. This is
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the reason that the average value reported above was limited tc Wt.% Hz80,, 295 K
RH < 0.9. The full uncertainty ino. for CHsSO;H can be e st O e i I s
obtained by adding in &20% systematic uncertainty-(0% (8) HzSO4 uplake
surface area, 10% iN,) to obtaino. = 0.86 (+0.31/-0.26) for 18
0.4 < RH < 0.9.

A value for the gas-phase diffusion coefficient can be obtained
in the absence of particles because diffusion controls the loss '? [
of the gas-phase species onto the reactor walls. Shown in Figure I |
4a, b are the diffusion coefficients for the acids extracted from g % % % L % T

14

the first-order wall loss rate coefficients (the procedure is **Jo

detailed in ref 32). As discussed in ref 32, the substitution of o6 ™
up to 3% HO vapor for N would give a result that is negligibly YTRT

different than if 100% M were present (aside from, of course, ™’ ore 16

affecting the extent of hydration). We assume similar arguments oz - ;:L;:mm

can be made regarding the-2% O, that was present for the A

H,SO, measurements. Thus the total pressure was used to 00 %4 b2  0s: 84 be 08 b3 soe 08 ’
convert the measured diffusion coefficieDg to the pressure relative humidity

independent diffusion coefficienDR for the reactant diffusing
through N. .o (b)MSAuptake

Discussion “
Mass Accommodation. Recently published measurements of '?

o for H,SOy are shown as filled symbols in Figure 3a. While .

good agreement is exhibited for the more concentrated solutions’ ‘

at low RH (<0.1) 516the previous data at 50% R#is not in 2

good agreement with the present results. These previous result: .

were obtained from calculated concentrations (i.e;S[B}] was

not monitored directly), and perhaps some unknown or neglected o4 © present data

chemistry had a large effect on the calculatedS8y)]. . & r
For CH;SOsH, the present data indicates that it is efficiently il

taken up when its solubility (i.e., Henry’s law coefficient) is o : - - - - : - . -

high. Because C§$OsH solubility should be very high in neat G I T T - B

. . . . relative humidity
agueous solutions, there is an apparent disagreement with theFigure 3. The resulting diffusion-corrected uptake coefficients for (a)
i 7,18 o ) ,
previously™reported values foe. of 0.1 at 100(0 RH. - H.SO, and (b) CHSO;H plotted vs RH. This quantity is identified as
The present results for the mass accommodation coefficientsihe mass accommodation coefficient for thesB results and for the

for HSO, and CHSGO;H suggest that particle growth rates due  CH;SO:H results above RH= 0.4. There are significant desorption

to these species are not limited iy Likewise, calculated loss  effects for the CHSOH results at low RH. Previously reported

rates for HSQ, or CH;SO;H due to uptake onto aerosol particles measurements at low RH<(Q.12) for SO, are shown as the filled

are not limited bya. This was also the conclusion of two of ~ Sguare and trianglés**and at RH= 0.5 as the filled diamontf. The

the previous laboratory studi€g6for uptake at low RH. The gg%d;gﬂgre IS thex for CH;SOsH reported at RH= 1 of ~0.10 for

uptake efficiency of HSO, of y ~ 0.5 inferred from two field '

studie§” at high RH are more in agreement with the present is about 6% less than that reported at 298 Kand the

results than the value for of 0.045 from the previous laboratory temperature difference can account for about 1/3 of the

work at 50% RH. difference. Thus, the two sets of measurements are different on
These results are consistent with a picture of mass accom-average by about 4%, well within the measurement uncertainties.

modation where a very low fraction of molecules are excluded Agreement within the quoted uncertainties is also seen with other

from entering the bulk of aqueous solutions, a picture that has previously determined values at 303%0f 0.088 (-2%) atm

been previously substantiated for HCland NH® from cnm?/s and 295 R® of 0.11 @-20%) atm crd/s.

experiments in aerosol flow reactors. This picture is not in  The variation of P, with RH here is well-described by the

accord with that derived from results using the droplet train function derived from previous measuremefite/ith calculated

apparatus (e.g., refs 36 and 37). There is an ongoing debatechanges of+15% and~ 27% in the diffusivity of BSO, when

regarding the accuracy of these conflicting experiméhtg:+6 it has one and two waters of hydration, respectively, this

It suffices to say that this debate has not yet been satisfactorily variation was explained as follows: half the$0; molecules

resolved. possess~1 water of hydration near 10% RH, and then
Diffusion Coefficients. The diffusion coefficient for 430, accumulation of a second one leads to equal number densities

has a marked dependence upon relative humidity. The curve inof the mono and dihydrates at around 50% RRecent work’
Figure 4a is taken from ref 32 but with a value f@y—= 0.088 on the hydration of SO, obtained by comparing theory to
atm cn?/s for neat HSOy in Ny at 295 K. It is assumed thatthe  other experimental results is consistent with the present and
thermodynamic equilibrium constants for hydration vary with previous? measurements. Wall loss measurements were taken
temperature assuming that eackCHs bound by 10 kcal/mol. over a wider range of conditions than for the uptake measure-
This is close to the latent heat of evaporation of water; thus, ments and the data point a92% RH appears to be an outlier.
this assumption is equivalent to assuming negligible change with Further measurements under these conditions are needed to
temperature in the variation of diffusion rates with RH. Please evaluate the detection of additional waters of hydration of
see ref 32 for further details. This value fdbgpfor neat SO, H>SOu.
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Figure 5. Output of a particle counter at the monodisperse outlet of
009 r the DMA for large particles present (squares) and large particles absent
(diamonds).

present measurements support the explanation of the variation
- — of pD. with RH as due to the hydration of ann&O; molecule
with one and then two water molecules as RH increases. The
CHsSGOsH diffusion coefficients are much less dependent upon
RH which indicates that hydration of GHO;H is not significant
over this range.
: : : : : , | It has been argued previou&ly® 44 that the droplet train
A A dit;-e o7 08 09 ! rgs#ltshgarrlll befifntgrpreted in such a n:janper as to be clorr]lsistint
Figure 4. Pressure independent diffusion coefficien®for H.S with & hig ye icient mass accommo ation process, althoug
(a()g’ and CHSGOsH (b) ploged vs RH. Thé. were obtaiﬁlgd frozmot?1e thesg asst—“frtlons have not galneq accept‘éffé_é'he_controversy .
measured wall loss rate coefficielits by equating it to the theoretical ~ continues in part because of the inherent difficulties of separating
diffusion-limited loss rate coefficients for laminar flow in a cylindrical ~ out the effects of the multitude of mass transfer processes that
flow reactor given by 3.684/a% whereD. is the diffusion coefficient can be present in any real experimental apparatus.
andais the reactor diameter (see refs 19 and 32 and references therein).
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As can be seen in Figure 4bDp for CH;SO;H does not ~ CNC and 3025A ultrafine CNC. Comments on the text by J.

have a significant dependence on RH. A linear fit, shown as Orlando, J. Smith and the anonymous reviewers were very
the dashed line, indicates a3% decrease in the diffusion  helpful in improving the manuscript.
coefficient over this range of RH. The curve from Figure 4a is
reproduced to illustrate the difference between the measure-Appendix
ments: this curve decreases17% from RH= 0.02 to 0.8.

pDc (atm cm?/ s)

0.06

We obtain an average value of 0.0786 atn? e, or 0.080 if We observed particle formation when S@as present inside
the intercept of the dashed line is used, for the pressure Particle chargers that employ&dAm and*'%o radioactive ion
independent diffusion coefficient for GBOH in N, at sources. Detailed here are results from particles formed in a
296.2 + 1.2 K. A slightly larger size for CEBOsH versus charger that had a volume 6f100 cn¥. Primarily a 1.2 mCi
H,SO:8 could be responsible for the 10% difference in P. 24Am ion source was used. The charger was used in two

ways: (i) on the inlet to the DMA to charge the particles for
sizing as in the uptake experiments and (ii) on the inlet of a
particle counter.

The present measurements show that the mass accommoda- Shown in Figure 5 are size distributions measured for two
tion coefficients of HSO, and CHSO;H onto dilute sulfuric conditions: aerosol particles with14 ppbv SQ present;~14
acid droplets are essentially unity. The average values measuregpbv SQ present only. Relative humidity in the charger was
for a for these species is consistent with unit uptake efficiency. ~70% and gas residence time wag0 s. It is clear that these

Conclusions

Therefore, in calculations of aerosol growth via uptake 36 two are well separated in diameter and thus the aerosol size
and CHSO;:H (as well as NHY), ana near unity is supported  distribution in the flow reactor can be readily extracted.
by results from aerosol flow reactors. Note that uptake 8®| Furthermore, most of the experiments opS&;, uptake were

by aerosol particles that is more efficient than previously thought performed with [S@| at levels much lower than 14 ppbv and
can diminish the connection between DMS and the number distributions measured under these conditions showed much
density of cloud-condensation nuctef This could be due to  lower particle concentrations at diameters ok 806 cm and

a suppression of atmospheric 0] via uptake onto preexist-  less.
ing aerosdi' and the consequent suppression of nucleating  In another series of experiments, particle production within
particles that become cloud nuclei. the charger at various S@nd RH levels was investigated. Also,

The values of the k8O, diffusion coefficient and its variation ~ either CH, or C3Hg was introduced with the sample flow,
with RH compare favorably with previous measurements. The whereupon particle production was reduced markedly. The
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Figure 6. Number density of small particles (diamonds), calculated 8@els (triangle), and relative humidity (squares) plotted as a function of
time. The changes in other experimental conditions that are indicated in the figure are detailed in the appendix.

results of these experiments are depicted in Figure 6, a plot ofresidence time. Below100 ppbv SQ, these authors saw very
the output of a TSI-3025A (an ultrafine condensation nuclei little particle production while we observed significant particle
counter, cm?®), RH (%), and [SQ (ppbv) versus time. Note  production down to a few ppbv SONote that thex-source in

that the residence time in the charger for these experiments waghose studies was about 6:Q.2 the strength of the one used
~4 s, much shorter than for the uptake experiments, as thehere; also the residence time in the charger was shorter in the

3025A drew a larger flow~25 vs 5 cni/s for a TSI 3020). previous work. Nonetheless, it seems prudent to keep this effect
In Figure 6, initially the 3025a reported a particle number in mind for particle monitoring when significant levels of $O
density, N, of ~200 cnt3 for an RH of 10% and an [Sfof are expected to be present in a particle charger. Specifically,

3 ppbv. Upon the addition of several tens of ppmv proparfes( residence time within the charging region should be minimized,
h), these particles were greatly reduced, presumably throughand if possible, the addition of an appropriate OH scavenger to
scavenging of OH radicals. While propane was present, SO the sample flow should be considered.
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Kelvin effect dictates that p#D over these small particles is about 2%

greater than the bulk pH,O values. Therefore, the J@-content of the
particles will be slightly depressed and the values in column 2 in Tables 1
and 2 are a slight underestimate of thgSiy-content of the particles. The
underestimate increases with RH: deviation from column 2 valuedi8

wt % at low RH to+1.6 wt % at RH= 0.9. This also influences thesX
factor in column 6: the calculated decrease gnX6 ~6% for RH=0.9.

This effect is well within the uncertainties quoted for the surface area of
the particles. Finally, this effect uponsXis expected to mitigate a possible
bias due to the assumption of instantaneous drying of the particles within
the DMA.



