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The uptake dynamics of HCI by single sulfuric acid microdroplets under stratospheric conditions is investigated.
The droplets are typically 3970 um in diameter and weakly charged so that they can be stored in an
electrodynamic trap. The gas uptake of the droplets is monitored either by measuring their size by angle
resolved Mie- scattering patterns or by electrostatic balancing of the droplets in the trap. At low temperatures
and high sulfuric acid concentratioit (< 190 K for 48 wt % HSO, andT < 195 K for 56 wt % HSQ,,
respectively), liquid-phase diffusion inside the droplet is the rate-limiting step in the overall uptake process.
In this regime, the diffusion coefficienB™ of HCI in supercooled sulfuric acid solutions are found to increase
strongly with temperature and,8 concentration. The results are discussed with respect to diffusion models
that have been proposed recently. In contrast, at higher temperatures and lower sulfuric acid concentrations
(30—40 wt % HSO,, 185-207 K) gas-phase diffusion with subsequent accommodation/dissolution at the
liquid surface determines the observed uptake velocity. A new method to deduce accommodation coefficients
o is proposed.

I. Introduction on the substrate and its microphysical stafEhe resulting
S . products are Gland HOCI, which are rapidly photolyzed after
Hydrogen chloride is a stratospheric trace gas that plays @ sunrise in polar spring. The photolysis yields efficiently atomic

key role in the heterogeneous chlorine chemistry of polar chlorine which subsequently triggers catalytic ozone destruction
stratospheric clouds (PSC). PSCs are considered to be respon= q ytngg y

4
sible for the temporal destruction of the Antarctic polar ozone cycles: ) » o
layer in springtime via chlorine activationit is now well It was pointed out recenththat conditions with incomplete

established that stratospheric chlorine is efficiently stored in the chlorine activation on a mesoscale (see for example ref 5)
reservoir species HCl and CIONOThis compound can be ~ 'équire the exact knowledge of reaction rates in order to model

activated via the reactions-B (for a review on PSC chemistry the chemical processes occurring in str_ato.spheric .particles.
see for example ref 2). However, crucial parameters such as liquid diffusion and

accommodation coefficients are still difficult to measure with

CIONO, + HCl particle Cl, + HNO, 1) standart_:l laboratory approaches at stratosph§r|c tempe@tEPr_es.
The first step of the heterogeneous reactions 1 and 3 is the
particle uptake of HCI by the particles. In this paper, we present results
CIONO, + H,O0——HOCI + HNO, 2 from a detailed study of the HCI uptake by supercooled sulfuric
' acid solution droplets using the technique of electrodynamic
HOCI + HC) 2aricte Cl, + H,0 (3) particle levitation. This method has become a powerful approach

for investigations on physicochemical properties of aerosol

The reactions take place either on the surface or in the bulk of Particles (for a recent review see ref 11). The use of levitated
stratospheric particles. These are mainly background aerosolsparticles avoids possible influences from the walls of the
consisting of supercooled liquid sulfuric acid, and PSCs which '€cipient or substrates. This is of special advantage if super-
are formed al < 195 K. The rates of the reactions-3 depend ~ cooled or supersaturated solutions are investigated. Additionally,
this approach allows to quantify the uptake dynamics of gas-
*To whom correspondence should be addressed. Electronic mail: Phase molecules into the liquid phase by monitoring the time-
Ieis]:ner@physik.fu-berlin.de ‘ ) dependent optical properties of the levitated particle. In contrast,
Present address: DAMAp Observatoire de Paris-Meudon, UMR 8588 previous work made use of Knudsen célti;r,oplet traing and
du CNRS, 5 place Jules Jannsen, F-92195 Meudon Cedex, France. 0 .
coated flow tubed? where the HCI uptake was monitored as a

* Present address: Institutrf@hysikalische und Theoretische Chemie, ’ ) )
Freie UniversitaBerlin, Takustrasse 3, 14195 Berlin, Germany. depletion of the reactant in the gas phase. Hence, in these
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. .. Figure 3. Schematic view of the trap assembly: (a) electrodynamic
Figure 1. Relevant transport processes for the gas uptake of a liquid trap, (b) copper enclosure, (c) climate chamber, (d) insulation chamber,
droplet. (e) heated droplet injector, (f) cooled bottom flange, (g) cooled top

flange.
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polarized light is imaged on the upper part of the CCD camera.
The elastic light scattering patterns are digitized with a
programmable frame grabber as indicated in Figure 2.

The vertical position of the droplet is permanently monitored
by a CCD line in order to keep growing or evaporating droplets
constantly at the same location. This is accomplished by
adjusting a DC voltagdJpc that is applied to the end-cap
electrodes of the trap. This voltage compensates the gravitational
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trap force on the droplet and is related to its mass-to-charge ratio
m/q as
He/Ne -
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Figure 2. Optical and electrical setup of the droplet trap. o} 0z

experiments wall effects are more difficult to exclude. Various Here,g is the acceleration of gravitys is the distance between
processes that are involved in the uptake of a gas-phase moleculg, o end-cap electrodes, ahds a factor that accounts for their
into the liquid phase are illustrated in Figure 1. After being nonplanar geometry. The m/q value is also used to adjust
transported toward the droplet, the molecule becomes accom- ermanently the AC voltage of the ring-shaped electrode
modated on the surface. This process may be described by &,::4/ging to the stability conditions for levitation.
mass accommodation coefficient being the fraction of To realize stratospheric conditions, the trap is mounted inside
sticking molecules”, while le is the fraction of molecules 5 ¢jimate chamber. A schematic view of the setup is given in
being reflected to the gas phase after impinging on the surface.Figure 3. The trap (Figure 3a) is enclosed inside a copper
The subsequent fate o_f an adsorbed molecule is either solva‘[ior\nousmg (Figure 3b) which ensures a homogeneous temperature
or desorption. The kinetics of the former process may be , e across the trap. The trap assembly is located inside the
summarized by_the solvation CF’eﬁ'C'%'V- Thg overall_phase climate chamber (Figure 3c), where the atmospheric composi-
passage behgwor of 'th entermg molecules is described by the;qng ang temperatures of interest are realized. A vacuum vessel
accommodation coefficient, which corresponds to the product g, e 34) provides thermal insulation for the whole setup.
of the coefficienta’ and ysoy. Finally, the solvated molecule Within the climate chamber, a temperature gradient is
dlffuseg n the !IQUId bU|k'. . , . maintained by applying a higher cooling power to the bottom
In. principle, I|ght.sc'atte.r|ng experiments on single levitated flange (Figure 3f) than to the top flange (Figure 3g) of the
particles allow to distinguish between these sgbseqtﬂent StePSchamber. The water partial pressure inside the trap is then given
In this paper we quantify liquid diffusion coefficienl" of by the vapor pressure of ice at the temperature of the bottom
HCl in supercooled E5Q solutions and propose a method to flange. This allows to control the humidity inside the trap

measure accommodation coefficients. The meastédare independently from the trap temperature. If the temperature
compared to various diffusion models (for a survey see ref 12). gradient is zero, the relative humidity (RH) in the trap with
respect to ice is 100%, whereas large temperature gradients
correspond to low RH. The temperature of the trap adjusts itself
The experimental setup has been described earlier in détail. roughly at the average between the temperatures at (f) and (g)
Briefly, it consists of a standard electrodynamic trap with and is continuously monitored with a precision of abei@t.2
hyperbolic electrode¥! Figure 2 shows a schematic view of K.
the trap together with the components that are used for Single sulfuric acid solution droplets are injected directly into
positioning of the droplets and detection of elastic light the cold atmosphere using a modified version of a commercially
scattering. The microdroplet is illuminated by a linearly polar- available piezo-driven droplet generator (Figure 3e). The droplet
ized helium/neon laser operating at= 632.8 nm. Angle- temperature equilibrates instantaneously with the temperature
resolved light-scattering of the droplet is recorded using a CCD within the trap chamber. The time scales of this process are
camera. Two polarization filters are located right in front of estimated to be of the order of a few millisecor&&>16
the camera such that the light polarized parallel to the scattering The gas phase of the climate-chamber leaks through a 20
plane is imaged on the lower part, whereas the perpendicularum nozzle into the evacuated outer chamber yielding there a

Il. Experiment
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) ) . . . . Figure 5. Comparison of uptake curves obtained from three different
Figure 4. T_otal light scattering intensity from a 48 wt % sulfuric acid experimental methods: (i) hollow diamonds, analysis of the angular
droplet during the HCI uptake. distribution of the scattered light; (ii) hollow circles, balance voltage
measurements; (iii) full squares, values from the analysis of MDRs.
pressure of approximately I1®mbar. The nozzle is located near  For details see text.
the ionization region of a quadrupole mass spectrometer (QMS,
Stanford RGA 200) which records the relative composition of
the atmosphere of the trap chamber.

A No/HCI mixture (0.11% HCI) is prepared manometrically

(iii) The DC voltageUpc that is applied to the end-caps of
the Paul trap is a linear function of the droplet mass (eq 4) and
provides an independent measure of the relative mass change

by using calibrated piezo-resistive capacitor instruments (Kis- of th_e droplt_at during_the gas uptake. Thi_s_ method, however,
fer). It is admitted to the trap chamber at a total pressure of requires a high stgplllty of.the.droplet position |n.the center of
200.mbar which corresponds to an HCl partial pressure betweenthe trap, a condition which is not aI_ways fulfilled at low
104 and 10° bar. The flow through the inner chamber is temperature, reduced pressure, and high gas flux.

) . The three methods outlined above are compared in Figure 5.
controlled by a servo driven valve. It has to be kept very low

- . " . The data were recorded during the HCI uptake of a sulfuric
G .10 en#/s) in order to keep th.e droplets position undisturbed acid droplet that contained initially 48 wt %,H0,. The analysis
during the gas uptake experiments. However, under these

e ; = of the angular resolved scattering patterns corresponds to the
ggnmdeltlggz trz?xlt_l'fr:g rgai)s\,vsg?r;ﬁ;f Ellfjg%is&ﬁzﬂ_c)\?v6():grf]gi]§ons hollow diamonds, assuming constant density during the gas
where it is calibrated. This indicates that HCI entering the trap uptake. The validity of this assumption is evidenced by the good

chamber is partially adsorbed on the walls of the recipient and agreement with the curve that is obtained frblic measure-

. S ments (hollow circles in Figure 5). The solid squares show the
the Paul trap. The'consequences O.f this uncertainty in Fhe HC uptake curve calculated from MDR analysis, assuming a
partial pressure will be addressed in the following section.

) ) o constant change in diameter between the resonances. Figure 5
When HCl is present in the gas phase, the injected dropletjnicates that this approach leads to an uptake velocity which
s;arts growing instantaneously until !t sz_aturates with HCI. The is too large compared to the other methods. This is likely an
diameterd, the massn, and the refractive indemof the droplet i gication for the fact that the refractive index does not change
can be determined during the uptake process by three alternativey, 5 |inear way with time. Nevertheless, we use this method in
methods: our data evaluation since it does not require a stable droplet
(i) The experimentally recorded, angular-resolved patterns of position. The diffusion coefficients obtained from the analysis
elastically scattered light are fitted using Mie theéfyThis of MDRs have then be corrected by an empirical factor of 0.6.
procedure is described in refs 13 and 18. It yields the diameter These are believed to be accurate within 30%.
and index of refraction of the droplet as a function of time.  The influence of the droplet charge on the uptake kinetics is
However, this procedure is time-consuming when it is applied investigated by varying the amount and polarity of the droplet
to the evaluation of each camera frame since they are recordectharge within 1 order of magnitude. It is assumed that all excess
at a repetition rate of 25 Hz. Furthermore, experimental charges are located on the surface so that possible influences
conditions at low temperatures are not always stable enough toon gas/liquid interactions may be anticipated. However, no
evaluate the angular resolved scattering patterns with sufficientinfluence on the HCI uptake velocity is found, even if the
precision. polarity of the droplet charge is inverted. Especially the latter
(ii) A faster way to measure the HCI uptake is the evaluation finding leads to the conclusion that the surface charge density
of the morphology-dependent resonances (MDRs). These shargloes not affect the gas/liquid interaction within the experimental
maxima in light scattering occur upon illumination with a error limits.
constant wavelength when a droplet changes its diameter and/ The observed changes in diameter and refractive index can
or its refractive index (cf. Figure 4). In the cases of HCl uptake be attributed to HCI uptake only when other processes, such as
by sulfuric acid solutions, one expects that both the refractive the uptake or evaporation of water, appear on a much longer
index and the diameter will change. The occurrence of an MDR time scale. As the gas-phase diffusion coefficients are similar
corresponds to a constant change in diameter, if the index of for H,O and HCI, this implies that the partial pressure of water
refractionn is constant or changes linearly with the droplet has to be kept far below the partial pressure of HCI. We
diameter. The absolute change in diameter can be obtained bytherefore operated the trap at low humidity by applying a large
evaluating angular resolved scattering patterns using the full temperature gradient across the climate chamber, as discussed
Mie analysis (see above). However, during the uptake process,above. Under these conditions, sulfuric acid droplets in an inert
the concentration of HCI within droplet is no longer homoge- atmosphere reach an equilibrium concentration of about 70 wt
neous, leading to a time-dependent and non-uniform index of % within about 1 h. This corresponds to a water partial pressure
refraction. in the chamber below 103 bar. The uptake experiments were
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then performed at an HCI partial pressure of about®Xiar to
ensure that HCI uptake is the dominant channel for the mass
change of the droplets. c
o
B 2
lll. Results and Discussion €~
]
A. Uptake Dynamics. Figure 1 indicates that the transport ] g
processes that occur during the gas uptake can be divided into 8] E,
three steps: (i) diffusion through the gas phase, (i) phase 23
passage at the droplet surface (accommodation and solvation), 32
and (iii) liquid diffusion inside the droplet. The slowest of these
transport processes forms a bottleneck for the HCI uptake and . . . , .
limits the growth rate of the droplet. The first two steps of the 0 20 40 60 80 100
uptake, i.e., gas-phase diffusion and surface hindrance, may be time/ s
described by eq 51° Figure 6. HCI uptake curves for three different8S0, concentrations
atT = 189 K.
li
danC| — 3D;:C| (poo _ pvap) (5) 70 T T T T T T
dt kTrﬁ HCl HCI N
€ °r gas uptake limited by
. ~ liquid phase diffusion
with é ol
tici = Dhcl (1 + 4DPS/ o D To) (6) g ol
Here dh'l./dt denotes the growth rate in terms of the molecu- % sof gas uplake imited by
lar number density of HCl inside the droplet ands the initial P p/g
droplet radiusDj,, is an “effective diffusion constant” intro- wf { . A
170 180 190 200 210 220

duced in refs 2 and 20. It comprises gas-phase diffusion and
the phase passagb{y, (eq 6) is the diffusion coefficient of
HCl in the gas phase. The temfi, is the HCI partial pressure

at infinite distance from the droplet amgi, the HCI vapor
pressure of the droplet which depends on the amount of HCl temperature off =189 K. The HCI concentration is given

that is already dissolved. Finally.ci is the mean thermal  yg|ative to its saturation value for better comparison. The shapes

temperature / K

Figure 7. Experimentally observed regions of different uptake
dynamics as a function of temperature angs8, concentration.

velocity of the HCl in the gas phase. o . of these uptake curves show a smooth transition from the gas-
Equations 5 and 6 can be derived by combining Fick’s 2nd phase diffusion or phase-passage-limited case to the liquid-
law of diffusion and the HertzKnudsen equatioft. It is valid diffusion-limited case. For 30 wt % sulfuric acid, the increase

for Knudsen numbers Kre 1, which is the case in the present  of Hcl molecule number density is almost linear with time.

experiments. In the beginning of every uptake measurementrhe curves show saturation when the droplet approaches
Vi

Phc > Pug since there is no HCI dissolved in the droplet.  hermodynamic equilibriu % = p in eq 5). For 56 wt %
Thus, an uptake process which is dominated by gas phasegyfyric acid, the entire shape of the uptake curve is well
diffusion and/or surface hindrance can be revealed by an initially gescribed by eq 7, whereas the 40 wt %8By uptake curve
linear increase of the molecular number density with time, since represents an intermediate between the two different uptake
the term on the right-hand side of eq 5 is constant if one neglects gynamics. The change in uptake dynamics is due to the

small changes imy. The accommodation coefficient can be temperature dependence of the viscosity of aqueoiSOH

determined form the observed uptake velocitDifg andpic solutions. At high viscosity, corresponding to low temperature

are known. and high sulfuric acid concentration, the uptake process is
If the uptake process is controlled by liquid-phase diffusion |imited by liquid-phase diffusion. In contrast, at low viscosity

inside the droplet, the temporal behavior mf-, follows a i.e., high temperature and low sulfuric acid concentration, the

multiexponential growth curve. It is then described by eq 7, process is dominated by gas-phase diffusion and/or the phase
which is the solution of Ficks 2nd law of diffusion for spherical passage. This is summarized in Figure 7, where the two distinct

geometry® regions are shown as a function of temperature and concentra-
i ) tion. These two regimes are analyzed in sections B and C.
i 6 21 DHcNZﬂ The gas uptake is measured until saturation is reached, to
L @ =nul1-—Y —exg— ——t @) i l itti is i
e ( Hel 5 5 deduce directyD" by fitting eq 7 to our data. It is important
7 Ay o to note that only the relative increasl§.,(t)/n’ of the HCI

concentration has to be known in order to determilé.
Here,n}{] is the molecular number density of HCI beneath the Therefore, any uncertainty in the HCI partial pressure in the
surface, Bf., is the diffusion coefficient of HCI in the liquid, trap chamber does not affect the determinatioP'f The D'
and ﬁ','j‘c,(t) is the molecular number density of HCI, averaged value is measured directly in the present experiments, which is
over the droplet volume. In contrast to the conditions that are different from experiments in coated wall flow tubes where
described by eq 5, one expects thgk,(t) exhibits an infinite  usually the product ob" andH*, the effective Henry constant,
slope at time zero. is determined. Independent measurements*afre then needed

The present results suggest that both cases are observedn order to obtairD'd.

Figure 6 shows the relative time-dependent increase of HClI B. Liquid-Phase Diffusion. Figure 8 shows HCI uptake
concentration for three different 80, concentrations at a  curves of 48 wt % HSO, recorded at four different tempera-
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35 was attributed to structure building of the solvent molecules. It
is assumed that the motion of a molecule, diffusing through
different structural domains, will not depend as strongly on the
viscosity of the solvent as predicted from the StokEmstein
relation. Therefore, for viscous solvents a dependence of the
form

30

D" = cTy* 9)

HCI concentration / 10%' cm®

has been suggested where the const@nésd q are specific
for a given solute and solvent (e.g., polar or nonpétajhdq
X ) , L , , varies between 0.5 and 1. This was promoted by measurements
0 100 200 300 400 500 600 of Hiss and Cussle® who suggested) = 2/3 for organic

time /s solvents if the viscosity exceeds 5 cP, Fujara e€falyho
Figure 8. Measured increase of HCl molecular number density inside determinedq = 0.75 for self-diffusion in orthoterphenyl at
48 wt % HSO, droplets at different temperatures. The symbols temperatures close to the glass transition, and Langenberg et
correspond to the appearance of Mie resonances during the HCI uptakeaL’zg who foundq = 0.88 for several atmospheric trace gases

107 in sulfuric acid solutions al = 203—243 K, respectively.

Another empirical correlation between diffusion coefficient
L 1 and viscosity is given by Hayduk and Minh&s°They propose
f,; 10} for a solute A dissolved in an aqueous solution B the following
s dependence:
10'F R
g T S Djs = 1.25x 1078(\/;0.19_ 0.292)TH52)058Wa-112) (1)
S 10°f
g gof Here,Va, given in units of créymol, is the molar volume of the
£ solute A at its normal boiling temperature. It accounts for the
oy . dependence of the diffusion coefficient on the size of the
L' S diffusing molecules. Viscosity data of supercoolegsy/H,0O
{72 174 18 178 160 182 16 185 18 190 162 194 108 108 200 solutions are reported in the literatt#eThe analytic expression
temperature /K for the temperature dependence of the viscogiycan be used
Figure 9. Measured liquid diffusion constants at two differenSa, for extrapolation down t@ < 200 K. On this basis we calculate

concentrations (a) 48 wt % and (b) 56 wt % as a function of temperature. D% of HCI according to the three models mentioned above. In
Dashed lines: Theoretical calculations for the same concentrations usingrFigure 9a and 9b, the dashed lines represent the cubic cell model
the cubic cell model from ref 34 assuming that" @ the diffusing (CCM) 3 which is Stokes Einstein type (eq 8) and which was
species. Solid line: Hayduk/Minhas parameter-free model from ref 31. used éarlier bv Luo et &2 The CCM describes the overall
Dotted lineD" = CT/3°8 with C from ref 6. For details see text. y ' . .
temperature trend of the present data but lies consistently about

tures. Each measurement was carried out at a constant HCR factor of 6 below the experimental values. Thus, the Stokes
partial pressure of 1.2 104 bar. The symbols correspond to E|nste|n relation can only fit our results if an unrealistically
the occurrence of Mie resonances (see Figure 4). The solid linesSmall diameter of the solute is assumed. Howgver,"the CCM
are fits to the experimental data using eq 7 witli and e was successfully used by Klassen ef ab. describeDyy; at

as the only free parameters. As one expects, the uptake veIocitW'gher temperatures. They note that this approach does not work
decreases with falling temperature. Figure 9 shows the experi-S0 Well for HBr. . _

mental liquid diffusion constants of HCI in8Qy/H.0 droplets The solid lines in Figure 9 were calculated according to eq
in the 174-194 K temperature regime (full squares, Figure 9a; 10 With Va = 30.8 cnt/moP“. Taking into account that this

48 wt % H,SOs, Figure 9b: 56 wt % HSOs). The good model contains no adjustable parameter, it represents the

agreement between experiment and fit allows to oldBérwith experimental data remarkably well. The dotted lines in Figure
high accuracy. Similar curves were obtained for 56 wt % H 9 have been obtained from eq 9. H&e= 7.8 cnt cP/sK from
SO, solution droplets in a temperature range betw&en 180 ref 6 was used, and was the only adjustable parameter. We
and 193 K. obtain good agreement with the experimental resultsyfer

In atmospheric modelin®' is usually derived from liquid 0.83.2;I'his compares well with previous results of Langenberg
viscosity data (see for example ref 22). The most widely known €t al*® who foundq = 0.88 for the diffusion of several trace

dependence betwe®i? andy is the Stokes Einstein relation ~ 9ases in HSQ, solutions at slightly higher temperatures.
Recently, diffusion constants of HCI in,HO, solutions at

D" = CTly ®) higher temperatures have been measured by KlassehEhait
results are included in Figure 10 together with our data and the
Various empirical parameterizatidd®f the constan€ in eq 8 curves from eq 10 for the 43O, concentrations used in both

have been made as a function of the effective length scales ofexperiments. Though both experiments use different experi-
solute and solvent. These models assume that a relatively largenental techniques to determil{, and span a large temper-
molecule diffuses in a solvent of comparably small or at least ature range, they are described by the model of Hayduk and
similarly sized molecules. In highly viscous solvents, however, Minhas without the need for any adjustable parameter. Using
one may question if this assumption is still valid. In the present Va of HBr from ref 34, the same model also gives good
work, it is rather a small solute molecule, diffusing in a solvent agreement witrD';,qBr from ref 6 (not shown in Figure 10).

of larger molecules. A breakdown of the StokéSnstein Conversely, an extrapolation of our fit using eq 9 (dotted
relation in highly viscous liquids has been observeditf and lines in Figure 9) to higher temperatures does not agree well
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D* from the experimental data for every droplet, accommodation
coefficientsa. can be determined using eqs 5 and 6. The HCI
gas-phase diffusion coefficient can be estimated according to
refs 11 and 20. We find accommodation coefficients of the order
of 1072 (30—40 wt % HSO,, T = 185-207 K), thus being
significantly lower than those reported in ref 9b.
Experimentally, there is evidence for HCI depletion in the
gas mixture when the MHCI mixture enters the trap chamber
(cf. section 1l). This effect is presumably responsible for a
difference in HCI partial pressure between a location close to
the droplet and the location where it is actually measured by
F — . . —— the QMS. Therefore, we assume that, in our experimaid,
o 10 200 20 Mo 20 20500 close to the droplet is lower than the value obtained from the
T /K calibrated QMS signal. This would lead tovalues that are
Figure 10. Liquid diffusion constants for k80, solutions as a function too low. To overcome the systematic error in the determination

of temperature (solid squares 48 wt % and circles 56 wt %, this work). f o dditional work is in proar tom | ¢
Open circles and squares: Measured liquid diffusion constants for two Of Prci» @ onal work 1S In progress to easqﬂf%l close to

different HSQ; concentrations (30 wt % and 60 wt %) from ref 6. the droplet by spectroscopic approaches.
Lines: theoretical calculations using the Hayduk/Minhas parameter-

free modet’. Solid line: 60 wt % HSO,. Dashed line: 56 wt % K IV. Conclusion

SQ,. Dotted line: 48 wt % HSQ,. Dash dotted line: 30 wt % $0Q..

1E-5 o

1E-6

1E-7 o

D / cm¥s

1E-8 o

1E-9 4

The HCI uptake dynamics of supercooled sulfuric acid
! " ! " J solution droplets has been investigated using the technique of
16x10" . single-particle levitation. The gas uptake dynamics is observed
—E— | as a function of temperature, sulfuric acid concentration, and
1.2x10" i the gas phase partial pressure of HCI. The kinetics depends
strongly on the viscosity of thed30, solution. At stratospheric
temperatures, the uptake dynamics change from the phase-
passage-limited to the liquid-diffusion-limited case with increas-
ing viscosity of the droplet.
= 4010 R Diffusion constants of HCl inside a supercoolegS, have
been determined by analyzing the experimental uptake curves
00 . : . : . with the Ficks 2nd law of diffusion for spherical geometry. The
o 4 8 12 16 20 24 measurements have been carried out at temperatures between
HC! partial pressure (arb. units) 180 and 194 K for 56 wt. % kB8O, and between 174 and 190
Figure 11. Initial uptake velocity of 40 wt % sulfuric acid as a function K for 48 wt % H,SO; solutions. The results confirm that, in
of the relative HCI partial pressure outside the trap chamber as measuredhe case of small solutes such as HCI diffusing through a liquid
by a quadrupole mass spectrometer. environment of larger molecules, the diffusion coefficient is no
. . . longer inversely proportional to the viscosity of the solution.
with the data reported in ref 6. Nevertheless, this can be gyian0ating diffusion data with Stokeginstein type models
ra}t|ona}||zed by a smopth transition from eq 9 to the Stekes stratospheric temperatures will yield diffusion constants that
Einstein relation with increasing temperature. ) are too low. The parameter-free model of Hayduk and Mifthas
~ €. Accommodation Kinetics. The accommodation coef-  renresents both our data @i and the data of Klassen etél.
ficient o can be determined under conditions where liquid remarkably well. This good accordance suggests, that extrapola-
diffusion plays no role in the uptake process by using €qs 5 tjon of viscosity data using the equation proposed in ref 32 yields
and 6 (cf. Figure 7). We measured the uptake velocity of good results down to 174 K. We further note that the relation
numerous droplets as a function of the HCI partial pressure atp — C/n°8 can be applied for the diffusion of HCI in
constant temperature in order to verify the validity of eq 5. The supercooled sulfuric acid solutions below 200 K.
dn{d./dt value is determined by gvaluatlng only the first8 In regimes, where gas-phase diffusion with subsequent
MDR resonances of the droplet in order to be sure pfjat~ accommodation/dissolution at the liquid surface limits the uptake
(Phci — Phc- Theprig value is assumed to be a linear function (3040 wt % H,SQy, 183-207 K), a linear dependence between
of the HCI* mass signal atwz = 36 that is recorded by the  uptake velocity and HCI partial pressumc is observed
quadropole mass spectrometer. Siecshould not vary with indicating that the uptake is governed by diffusion and
the HCI partial pressure, aé-dn';lqc,/dt Versus pyg plot is subsequent surface accommodation. The obtained uptake veloci-
expected to exhibit a linear behavior that should also contain ties can be further analyz&dto deduce accommodation
the origin, as shown in Figure 11. We plnﬁtdn';f‘c,/dt against coefficients. However, demixing of the gas mixture at low
the HCIt signal, since the initial droplet radius is slightly temperatures inside the reaction chamber has likely obstructed
different for each measurement. Each data point in Figure 11 the quantitative evaluation of the uptake curves. Nevertheless,
corresponds to an uptake measurement of a single droplet. Wewe propose this method after suitable improvementp.ef
note that in the regime where the phase passage limits the uptakeneasurements close to the droplet, to deternsinef strato-
rate (Figure 7), the expected linear relationship is always spherically relevant trace gases such as HE@ CIONQ on
observed. This proofs, that the transport of HCI toward the supercooled solutions.
droplet is indeed governed by gas phase diffusion. Right after
droplet injection, the gas phase around the droplet becomes Acknowledgment. The authors thank T. Koop, S. Meilinger,
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