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The uptake dynamics of HCl by single sulfuric acid microdroplets under stratospheric conditions is investigated.
The droplets are typically 30-70 µm 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 concentration (T < 190 K for 48 wt % H2SO4 andT < 195 K for 56 wt % H2SO4,
respectively), liquid-phase diffusion inside the droplet is the rate-limiting step in the overall uptake process.
In this regime, the diffusion coefficientsDliq of HCl in supercooled sulfuric acid solutions are found to increase
strongly with temperature and H2O 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 % H2SO4, 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
R is proposed.

I. Introduction

Hydrogen chloride is a stratospheric trace gas that plays a
key role in the heterogeneous chlorine chemistry of polar
stratospheric clouds (PSC). PSCs are considered to be respon-
sible for the temporal destruction of the Antarctic polar ozone
layer in springtime via chlorine activation.1 It is now well
established that stratospheric chlorine is efficiently stored in the
reservoir species HCl and ClONO2. This compound can be
activated via the reactions 1-3 (for a review on PSC chemistry
see for example ref 2).

The reactions take place either on the surface or in the bulk of
stratospheric particles. These are mainly background aerosols,
consisting of supercooled liquid sulfuric acid, and PSCs which
are formed atT < 195 K. The rates of the reactions 1-3 depend

on the substrate and its microphysical state.3 The resulting
products are Cl2 and HOCl, which are rapidly photolyzed after
sunrise in polar spring. The photolysis yields efficiently atomic
chlorine which subsequently triggers catalytic ozone destruction
cycles.4

It was pointed out recently2 that conditions with incomplete
chlorine activation on a mesoscale (see for example ref 5)
require the exact knowledge of reaction rates in order to model
the chemical processes occurring in stratospheric particles.
However, crucial parameters such as liquid diffusion and
accommodation coefficients are still difficult to measure with
standard laboratory approaches at stratospheric temperatures.6-10

The first step of the heterogeneous reactions 1 and 3 is the
uptake of HCl by the particles. In this paper, we present results
from a detailed study of the HCl uptake by supercooled sulfuric
acid solution droplets using the technique of electrodynamic
particle levitation. This method has become a powerful approach
for investigations on physicochemical properties of aerosol
particles (for a recent review see ref 11). The use of levitated
particles avoids possible influences from the walls of the
recipient or substrates. This is of special advantage if super-
cooled or supersaturated solutions are investigated. Additionally,
this approach allows to quantify the uptake dynamics of gas-
phase molecules into the liquid phase by monitoring the time-
dependent optical properties of the levitated particle. In contrast,
previous work made use of Knudsen cells,8 droplet trains,9 and
coated flow tubes,10 where the HCl uptake was monitored as a
depletion of the reactant in the gas phase. Hence, in these
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experiments wall effects are more difficult to exclude. Various
processes that are involved in the uptake of a gas-phase molecule
into the liquid phase are illustrated in Figure 1. After being
transported toward the droplet, the molecule becomes accom-
modated on the surface. This process may be described by a
mass accommodation coefficientR′ being the fraction of
“sticking molecules”, while 1-R′ is the fraction of molecules
being reflected to the gas phase after impinging on the surface.
The subsequent fate of an adsorbed molecule is either solvation
or desorption. The kinetics of the former process may be
summarized by the solvation coefficientγsolv. The overall phase
passage behavior of the entering molecules is described by the
accommodation coefficientR, which corresponds to the product
of the coefficientR′ and γsolv. Finally, the solvated molecule
diffuses in the liquid bulk.

In principle, light scattering experiments on single levitated
particles allow to distinguish between these subsequent steps.
In this paper we quantify liquid diffusion coefficientsDliq of
HCl in supercooled H2SO4 solutions and propose a method to
measure accommodation coefficients. The measuredDliq are
compared to various diffusion models (for a survey see ref 12).

II. Experiment

The experimental setup has been described earlier in detail.13

Briefly, it consists of a standard electrodynamic trap with
hyperbolic electrodes.14 Figure 2 shows a schematic view of
the trap together with the components that are used for
positioning of the droplets and detection of elastic light
scattering. The microdroplet is illuminated by a linearly polar-
ized helium/neon laser operating atλ ) 632.8 nm. Angle-
resolved light-scattering of the droplet is recorded using a CCD
camera. Two polarization filters are located right in front of
the camera such that the light polarized parallel to the scattering
plane is imaged on the lower part, whereas the perpendicular

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 voltageUDC that is applied to the end-cap
electrodes of the trap. This voltage compensates the gravitational
force on the droplet and is related to its mass-to-charge ratio
m/q as

Here,g is the acceleration of gravity,z0 is the distance between
the end-cap electrodes, andb is a factor that accounts for their
nonplanar geometry. The m/q value is also used to adjust
permanently the AC voltage of the ring-shaped electrode
according to the stability conditions for levitation.

To realize stratospheric conditions, the trap is mounted inside
a climate chamber. A schematic view of the setup is given in
Figure 3. The trap (Figure 3a) is enclosed inside a copper
housing (Figure 3b) which ensures a homogeneous temperature
profile across the trap. The trap assembly is located inside the
climate chamber (Figure 3c), where the atmospheric composi-
tions and temperatures of interest are realized. A vacuum vessel
(Figure 3d) provides thermal insulation for the whole setup.

Within the climate chamber, a temperature gradient is
maintained by applying a higher cooling power to the bottom
flange (Figure 3f) than to the top flange (Figure 3g) of the
chamber. The water partial pressure inside the trap is then given
by the vapor pressure of ice at the temperature of the bottom
flange. This allows to control the humidity inside the trap
independently from the trap temperature. If the temperature
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
roughly at the average between the temperatures at (f) and (g)
and is continuously monitored with a precision of about(0.2
K.

Single sulfuric acid solution droplets are injected directly into
the cold atmosphere using a modified version of a commercially
available piezo-driven droplet generator (Figure 3e). The droplet
temperature equilibrates instantaneously with the temperature
within the trap chamber. The time scales of this process are
estimated to be of the order of a few milliseconds.13,15,16

The gas phase of the climate-chamber leaks through a 20
µm nozzle into the evacuated outer chamber yielding there a

Figure 1. Relevant transport processes for the gas uptake of a liquid
droplet.

Figure 2. Optical and electrical setup of the droplet trap.

Figure 3. Schematic view of the trap assembly: (a) electrodynamic
trap, (b) copper enclosure, (c) climate chamber, (d) insulation chamber,
(e) heated droplet injector, (f) cooled bottom flange, (g) cooled top
flange.
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pressure of approximately 10-4 mbar. The nozzle is located near
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 N2/HCl mixture (0.1-1% HCl) is prepared manometrically
by using calibrated piezo-resistive capacitor instruments (Kis-
tler). It is admitted to the trap chamber at a total pressure of
200 mbar, which corresponds to an HCl partial pressure between
10-4 and 10-5 bar. The flow through the inner chamber is
controlled by a servo driven valve. It has to be kept very low
(5-10 cm3/s) in order to keep the droplets position undisturbed
during the gas uptake experiments. However, under these
conditions the HCl+ mass signal of the QMS (m/z ) 36) of the
same gas mixture is lower than under high flow conditions,
where it is calibrated. This indicates that HCl entering the trap
chamber is partially adsorbed on the walls of the recipient and
the Paul trap. The consequences of this uncertainty in the HCl
partial pressure will be addressed in the following section.

When HCl is present in the gas phase, the injected droplet
starts growing instantaneously until it saturates with HCl. The
diameterd, the massm, and the refractive indexn of the droplet
can be determined during the uptake process by three alternative
methods:

(i) The experimentally recorded, angular-resolved patterns of
elastically scattered light are fitted using Mie theory.17 This
procedure is described in refs 13 and 18. It yields the diameter
and index of refraction of the droplet as a function of time.
However, this procedure is time-consuming when it is applied
to the evaluation of each camera frame since they are recorded
at a repetition rate of 25 Hz. Furthermore, experimental
conditions at low temperatures are not always stable enough to
evaluate the angular resolved scattering patterns with sufficient
precision.

(ii) A faster way to measure the HCl uptake is the evaluation
of the morphology-dependent resonances (MDRs). These sharp
maxima in light scattering occur upon illumination with a
constant wavelength when a droplet changes its diameter and/
or its refractive index (cf. Figure 4). In the cases of HCl uptake
by sulfuric acid solutions, one expects that both the refractive
index and the diameter will change. The occurrence of an MDR
corresponds to a constant change in diameter, if the index of
refraction n is constant or changes linearly with the droplet
diameter. The absolute change in diameter can be obtained by
evaluating angular resolved scattering patterns using the full
Mie analysis (see above). However, during the uptake process,
the concentration of HCl within droplet is no longer homoge-
neous, leading to a time-dependent and non-uniform index of
refraction.

(iii) The DC voltageUDC 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
of the droplet during the gas uptake. This method, however,
requires a high stability of the droplet position in the center of
the trap, a condition which is not always fulfilled at low
temperature, reduced pressure, and high gas flux.

The three methods outlined above are compared in Figure 5.
The data were recorded during the HCl uptake of a sulfuric
acid droplet that contained initially 48 wt % H2SO4. The analysis
of the angular resolved scattering patterns corresponds to the
hollow diamonds, assuming constant density during the gas
uptake. The validity of this assumption is evidenced by the good
agreement with the curve that is obtained fromUDC measure-
ments (hollow circles in Figure 5). The solid squares show the
uptake curve calculated from MDR analysis, assuming a
constant change in diameter between the resonances. Figure 5
indicates that this approach leads to an uptake velocity which
is too large compared to the other methods. This is likely an
indication for the fact that the refractive index does not change
in a linear way with time. Nevertheless, we use this method in
our data evaluation since it does not require a stable droplet
position. The diffusion coefficients obtained from the analysis
of MDRs have then be corrected by an empirical factor of 0.6.
These are believed to be accurate within 30%.

The influence of the droplet charge on the uptake kinetics is
investigated by varying the amount and polarity of the droplet
charge within 1 order of magnitude. It is assumed that all excess
charges are located on the surface so that possible influences
on gas/liquid interactions may be anticipated. However, no
influence on the HCl uptake velocity is found, even if the
polarity of the droplet charge is inverted. Especially the latter
finding leads to the conclusion that the surface charge density
does not affect the gas/liquid interaction within the experimental
error limits.

The observed changes in diameter and refractive index can
be attributed to HCl uptake only when other processes, such as
the uptake or evaporation of water, appear on a much longer
time scale. As the gas-phase diffusion coefficients are similar
for H2O and HCl, this implies that the partial pressure of water
has to be kept far below the partial pressure of HCl. We
therefore operated the trap at low humidity by applying a large
temperature gradient across the climate chamber, as discussed
above. Under these conditions, sulfuric acid droplets in an inert
atmosphere reach an equilibrium concentration of about 70 wt
% within about 1 h. This corresponds to a water partial pressure
in the chamber below 10-7 bar. The uptake experiments were

Figure 4. Total light scattering intensity from a 48 wt % sulfuric acid
droplet during the HCl uptake.

Figure 5. Comparison of uptake curves obtained from three different
experimental methods: (i) hollow diamonds, analysis of the angular
distribution of the scattered light; (ii) hollow circles, balance voltage
measurements; (iii) full squares, values from the analysis of MDRs.
For details see text.
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then performed at an HCl partial pressure of about 10-5 bar to
ensure that HCl uptake is the dominant channel for the mass
change of the droplets.

III. Results and Discussion

A. Uptake Dynamics.Figure 1 indicates that the transport
processes that occur during the gas uptake can be divided into
three steps: (i) diffusion through the gas phase, (ii) phase
passage at the droplet surface (accommodation and solvation),
and (iii) liquid diffusion inside the droplet. The slowest of these
transport processes forms a bottleneck for the HCl uptake and
limits the growth rate of the droplet. The first two steps of the
uptake, i.e., gas-phase diffusion and surface hindrance, may be
described by eq 5:2,19

with

Here dnHCl
liq /dt denotes the growth rate in terms of the molecu-

lar number density of HCl inside the droplet andr0 is the initial
droplet radius.DHCl

/ is an “effective diffusion constant” intro-
duced in refs 2 and 20. It comprises gas-phase diffusion and
the phase passage.DHCl

gas (eq 6) is the diffusion coefficient of
HCl in the gas phase. The termpHCl

∞ is the HCl partial pressure
at infinite distance from the droplet andpHCl

vap the HCl vapor
pressure of the droplet which depends on the amount of HCl
that is already dissolved. FinallyVjHCl is the mean thermal
velocity of the HCl in the gas phase.

Equations 5 and 6 can be derived by combining Fick’s 2nd
law of diffusion and the Hertz-Knudsen equation.21 It is valid
for Knudsen numbers Kn, 1, which is the case in the present
experiments. In the beginning of every uptake measurement
pHCl

∞ . pHCl
vap since there is no HCl dissolved in the droplet.

Thus, an uptake process which is dominated by gas phase
diffusion and/or surface hindrance can be revealed by an initially
linear increase of the molecular number density with time, since
the term on the right-hand side of eq 5 is constant if one neglects
small changes inr0. The accommodation coefficientR can be
determined form the observed uptake velocity ifDHCl

gas andpHCl
∞

are known.
If the uptake process is controlled by liquid-phase diffusion

inside the droplet, the temporal behavior ofnjHCl
liq follows a

multiexponential growth curve. It is then described by eq 7,
which is the solution of Ficks 2nd law of diffusion for spherical
geometry15

Here,nHCl
surf is the molecular number density of HCl beneath the

surface, DHCl
liq is the diffusion coefficient of HCl in the liquid,

andnjHCl
liq (t) is the molecular number density of HCl, averaged

over the droplet volume. In contrast to the conditions that are
described by eq 5, one expects thatnjHCl

liq (t) exhibits an infinite
slope at time zero.

The present results suggest that both cases are observed:
Figure 6 shows the relative time-dependent increase of HCl
concentration for three different H2SO4 concentrations at a

temperature ofT )189 K. The HCl concentration is given
relative to its saturation value for better comparison. The shapes
of these uptake curves show a smooth transition from the gas-
phase diffusion or phase-passage-limited case to the liquid-
diffusion-limited case. For 30 wt % sulfuric acid, the increase
of HCl molecule number density is almost linear with time.
The curves show saturation when the droplet approaches
thermodynamic equilibrium (pHCl

vap ) pHCl
∞ in eq 5). For 56 wt %

sulfuric acid, the entire shape of the uptake curve is well
described by eq 7, whereas the 40 wt % H2SO4 uptake curve
represents an intermediate between the two different uptake
dynamics. The change in uptake dynamics is due to the
temperature dependence of the viscosity of aqueous H2SO4

solutions. At high viscosity, corresponding to low temperature
and high sulfuric acid concentration, the uptake process is
limited by liquid-phase diffusion. In contrast, at low viscosity
i.e., high temperature and low sulfuric acid concentration, the
process is dominated by gas-phase diffusion and/or the phase
passage. This is summarized in Figure 7, where the two distinct
regions are shown as a function of temperature and concentra-
tion. These two regimes are analyzed in sections B and C.

The gas uptake is measured until saturation is reached, to
deduce directlyDliq by fitting eq 7 to our data. It is important
to note that only the relative increasenjHCl

liq (t)/nHCl
surf of the HCl

concentration has to be known in order to determineDliq.
Therefore, any uncertainty in the HCl partial pressure in the
trap chamber does not affect the determination ofDliq. TheDliq

value is measured directly in the present experiments, which is
different from experiments in coated wall flow tubes where
usually the product ofDliq andH*, the effective Henry constant,
is determined. Independent measurements ofH* are then needed
in order to obtainDliq.

B. Liquid-Phase Diffusion. Figure 8 shows HCl uptake
curves of 48 wt % H2SO4 recorded at four different tempera-

Figure 6. HCl uptake curves for three different H2SO4 concentrations
at T ) 189 K.

Figure 7. Experimentally observed regions of different uptake
dynamics as a function of temperature and H2SO4 concentration.

dnHCl
liq

dt
)

3DHCl
/

kTr0
2

(pHCl
∞ - pHCl

vap) (5)

DHCl
/ ) DHCl

gas/(1 + 4DHCl
gas/R VjHCl r0) (6)

njHCl
liq (t) ) nHCl

surf [1 -
6

π2
∑
y)1

∞ 1

y2
exp(-

DHCl
liq y2π2

r0
2

t)] (7)
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tures. Each measurement was carried out at a constant HCl
partial pressure of 1.2× 10-4 bar. The symbols correspond to
the occurrence of Mie resonances (see Figure 4). The solid lines
are fits to the experimental data using eq 7 withDliq andnHCl

surf

as the only free parameters. As one expects, the uptake velocity
decreases with falling temperature. Figure 9 shows the experi-
mental liquid diffusion constants of HCl in H2SO4/H2O droplets
in the 174-194 K temperature regime (full squares, Figure 9a:
48 wt % H2SO4, Figure 9b: 56 wt % H2SO4). The good
agreement between experiment and fit allows to obtainDliq with
high accuracy. Similar curves were obtained for 56 wt % H2-
SO4 solution droplets in a temperature range betweenT ) 180
and 193 K.

In atmospheric modelingDliq is usually derived from liquid
viscosity data (see for example ref 22). The most widely known
dependence betweenDliq andη is the Stokes-Einstein relation

Various empirical parameterizations12 of the constantC in eq 8
have been made as a function of the effective length scales of
solute and solvent. These models assume that a relatively large
molecule diffuses in a solvent of comparably small or at least
similarly sized molecules. In highly viscous solvents, however,
one may question if this assumption is still valid. In the present
work, it is rather a small solute molecule, diffusing in a solvent
of larger molecules. A breakdown of the Stokes-Einstein
relation in highly viscous liquids has been observed in23-28 and

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 Stokes-Einstein
relation. Therefore, for viscous solvents a dependence of the
form

has been suggested where the constantsC and q are specific
for a given solute and solvent (e.g., polar or nonpolar)12 andq
varies between 0.5 and 1. This was promoted by measurements
of Hiss and Cussler,25 who suggestedq ) 2/3 for organic
solvents if the viscosity exceeds 5 cP, Fujara et al.,26 who
determinedq ) 0.75 for self-diffusion in orthoterphenyl at
temperatures close to the glass transition, and Langenberg et
al.,29 who foundq ) 0.88 for several atmospheric trace gases
in sulfuric acid solutions atT ) 203-243 K, respectively.

Another empirical correlation between diffusion coefficient
and viscosity is given by Hayduk and Minhas.12,30They propose
for a solute A dissolved in an aqueous solution B the following
dependence:

Here,VA, given in units of cm3/mol, is the molar volume of the
solute A at its normal boiling temperature. It accounts for the
dependence of the diffusion coefficient on the size of the
diffusing molecules. Viscosity data of supercooled H2SO4/H2O
solutions are reported in the literature.31 The analytic expression
for the temperature dependence of the viscosityη32 can be used
for extrapolation down toT < 200 K. On this basis we calculate
Dliq of HCl according to the three models mentioned above. In
Figure 9a and 9b, the dashed lines represent the cubic cell model
(CCM),33 which is Stokes-Einstein type (eq 8) and which was
used earlier by Luo et al.22 The CCM describes the overall
temperature trend of the present data but lies consistently about
a factor of 6 below the experimental values. Thus, the Stokes-
Einstein relation can only fit our results if an unrealistically
small diameter of the solute is assumed. However, the CCM
was successfully used by Klassen et al.6 to describeDHCl

liq at
higher temperatures. They note that this approach does not work
so well for HBr.

The solid lines in Figure 9 were calculated according to eq
10 with VA ) 30.8 cm3/mol34. Taking into account that this
model contains no adjustable parameter, it represents the
experimental data remarkably well. The dotted lines in Figure
9 have been obtained from eq 9. HereC ) 7.8 cm2 cP/sK from
ref 6 was used, andq was the only adjustable parameter. We
obtain good agreement with the experimental results forq )
0.83. This compares well with previous results of Langenberg
et al.29 who foundq ) 0.88 for the diffusion of several trace
gases in H2SO4 solutions at slightly higher temperatures.

Recently, diffusion constants of HCl in H2SO4 solutions at
higher temperatures have been measured by Klassen et al.6 Their
results are included in Figure 10 together with our data and the
curves from eq 10 for the H2SO4 concentrations used in both
experiments. Though both experiments use different experi-
mental techniques to determineDHCl

liq and span a large temper-
ature range, they are described by the model of Hayduk and
Minhas without the need for any adjustable parameter. Using
VA of HBr from ref 34, the same model also gives good
agreement withDHBr

liq from ref 6 (not shown in Figure 10).
Conversely, an extrapolation of our fit using eq 9 (dotted

lines in Figure 9) to higher temperatures does not agree well

Figure 8. Measured increase of HCl molecular number density inside
48 wt % H2SO4 droplets at different temperatures. The symbols
correspond to the appearance of Mie resonances during the HCl uptake.

Figure 9. Measured liquid diffusion constants at two different H2SO4

concentrations (a) 48 wt % and (b) 56 wt % as a function of temperature.
Dashed lines: Theoretical calculations for the same concentrations using
the cubic cell model from ref 34 assuming that Cl- is the diffusing
species. Solid line: Hayduk/Minhas parameter-free model from ref 31.
Dotted lineDliq ) CT/η0.83 with C from ref 6. For details see text.

Dliq ) CT/η (8)

Dliq ) CT/ηq (9)

DAB ) 1.25× 10-8(VA
-0.19 - 0.292)T1.52 η(9.58/VA-1.12) (10)
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with the data reported in ref 6. Nevertheless, this can be
rationalized by a smooth transition from eq 9 to the Stokes-
Einstein relation with increasing temperature.

C. Accommodation Kinetics. The accommodation coef-
ficient R can be determined under conditions where liquid
diffusion plays no role in the uptake process by using eqs 5
and 6 (cf. Figure 7). We measured the uptake velocity of
numerous droplets as a function of the HCl partial pressure at
constant temperature in order to verify the validity of eq 5. The
dnHCl

liq /dt value is determined by evaluating only the first 3-4
MDR resonances of the droplet in order to be sure thatpHCl

∞ ≈
(pHCl

∞ - pHCl
vap). ThepHCl

∞ value is assumed to be a linear function
of the HCl+ mass signal atm/z ) 36 that is recorded by the
quadropole mass spectrometer. SinceR should not vary with
the HCl partial pressure, ar0

2‚dnHCl
liq /dt versus pHCl

∞ plot is
expected to exhibit a linear behavior that should also contain
the origin, as shown in Figure 11. We plotr0

2‚dnHCl
liq /dt against

the HCl+ signal, since the initial droplet radius is slightly
different for each measurement. Each data point in Figure 11
corresponds to an uptake measurement of a single droplet. We
note that in the regime where the phase passage limits the uptake
rate (Figure 7), the expected linear relationship is always
observed. This proofs, that the transport of HCl toward the
droplet is indeed governed by gas phase diffusion. Right after
droplet injection, the gas phase around the droplet becomes
radially HCl depleted and a steady-state pressure profile is
established in the microsecond time regime.19 By calculating

D* from the experimental data for every droplet, accommodation
coefficientsR can be determined using eqs 5 and 6. The HCl
gas-phase diffusion coefficient can be estimated according to
refs 11 and 20. We find accommodation coefficients of the order
of 10-2 (30-40 wt % H2SO4, T ) 185-207 K), thus being
significantly lower than those reported in ref 9b.

Experimentally, there is evidence for HCl depletion in the
gas mixture when the N2/HCl mixture enters the trap chamber
(cf. section II). This effect is presumably responsible for a
difference in HCl partial pressure between a location close to
the droplet and the location where it is actually measured by
the QMS. Therefore, we assume that, in our experiment,pHCl

close to the droplet is lower than the value obtained from the
calibrated QMS signal. This would lead toR values that are
too low. To overcome the systematic error in the determination
of pHCl

∞ , additional work is in progress to measurepHCl
∞ close to

the droplet by spectroscopic approaches.

IV. Conclusion

The HCl uptake dynamics of supercooled sulfuric acid
solution droplets has been investigated using the technique of
single-particle levitation. The gas uptake dynamics is observed
as a function of temperature, sulfuric acid concentration, and
the gas phase partial pressure of HCl. The kinetics depends
strongly on the viscosity of the H2SO4 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.

Diffusion constants of HCl inside a supercooled H2SO4 have
been determined by analyzing the experimental uptake curves
with the Ficks 2nd law of diffusion for spherical geometry. The
measurements have been carried out at temperatures between
180 and 194 K for 56 wt. % H2SO4 and between 174 and 190
K for 48 wt % H2SO4 solutions. The results confirm that, in
the case of small solutes such as HCl diffusing through a liquid
environment of larger molecules, the diffusion coefficient is no
longer inversely proportional to the viscosity of the solution.
Extrapolating diffusion data with Stokes-Einstein type models
to stratospheric temperatures will yield diffusion constants that
are too low. The parameter-free model of Hayduk and Minhas30

represents both our data onDliq and the data of Klassen et al.6

remarkably well. This good accordance suggests, that extrapola-
tion of viscosity data using the equation proposed in ref 32 yields
good results down to 174 K. We further note that the relation
D ) C/η0.83 can be applied for the diffusion of HCl in
supercooled sulfuric acid solutions below 200 K.

In regimes, where gas-phase diffusion with subsequent
accommodation/dissolution at the liquid surface limits the uptake
(30-40 wt % H2SO4, 183-207 K), a linear dependence between
uptake velocity and HCl partial pressurepHCl is observed
indicating that the uptake is governed by diffusion and
subsequent surface accommodation. The obtained uptake veloci-
ties can be further analyzed20 to deduce accommodation
coefficients. However, demixing of the gas mixture at low
temperatures inside the reaction chamber has likely obstructed
the quantitative evaluation of the uptake curves. Nevertheless,
we propose this method after suitable improvements ofpHCl

measurements close to the droplet, to determineR of strato-
spherically relevant trace gases such as HNO3 and ClONO2 on
supercooled solutions.
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Figure 11. Initial uptake velocity of 40 wt % sulfuric acid as a function
of the relative HCl partial pressure outside the trap chamber as measured
by a quadrupole mass spectrometer.
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