Available online at www.sciencedirect.com

SOIENCECJDIRECT’3 ATMOSPHERIC
ENVIRONMENT

www.elsevier.com/locate/atmosenv

ELSEVIER Atmospheric Environment 40 (2006) 5476—5485

Uptake of gaseous aromatic hydrocarbons by
non-growing ice crystals

Elke Fries**, Werner Haunold®, Wolfgang Jaeschke®, Ines Hoog®,
Subir K. Mitra®, Stephan Borrmann®©

*Institut fiir Atmosphire und Umwelt, J.W. Goethe-Universitit Frankfurt am Main, AG Atmosphdrische Umweltforschung,
Georg-Voigt-Str. 14, D-60325 Frankfurt, Germany
®Institut fiir Physik der Atmosphire, J.G.-Universitit, Becherweg 21, 55099 Mainz, Germany
“Max-Planck Institut fiir Chemie, Abt. Luftchemie, 55020 Mainz, Germany

Received 14 September 2005; received in revised form 20 March 2006; accepted 24 March 2006

Abstract

Laboratory studies were performed in a walk-in cold chamber to investigate the uptake of aromatic hydrocarbons by
non-growing ice crystals at —20 °C. Dendritic ice crystals were grown by vapor deposition and exposed to organic gases
(benzene, toluene, ethylbenzene, m/p-xylene, o-xylene, n-propylbenzene, 4-ethyltoluene, 1,3,5-trimethylbenzene, tert-
butylbenzene, 1,2,4-trimethylbenzene, and 1,2,3-trimethylbenzene) at gas-phase concentrations between 2.8 and
33.1 pgm~>. During all exposure experiments, the gas/air stream was maintained at ice saturation to avoid ice crystal
growth or evaporation. An analytical method comprising of solid-phase-micro-extraction followed by gas chromato-
graphy/mass spectrometry (SPME/GC-MS) was applied, which allows detection of organic compounds in melted ice at
0.025ng gic!. The SPME/GC-MS method was an appropriate tool to determine the uptake of organic compounds by ice
crystals at the applied gas-phase concentrations. However, it was not possible to detect any of the test substances in ice
samples after exposure. No adsorption could be detected by increasing gas-phase concentrations. Neither increasing
exposure time nor lowering flow rate of the carrier gas caused detectable adsorption effects of aromatic compounds on ice.
Our results indicate that adsorption of aromatic hydrocarbons is either insignificant or highly reversible at —20 °C. These
findings are consistent with reversible adsorption processes reported already for many oxygenated organic compounds like
alcohols, acids, and aldehydes. Although the specific surface area of dendritic ice crystals is large, the results of our study
demonstrate that gas uptake by ice surfaces is negligible for the removal of aromatic hydrocarbons in the atmosphere. This
is an indication that the occurrence of aromatic hydrocarbons in precipitation cannot be explained by surface adsorption.
There must be another accumulation process leading to concentrations of aromatic hydrocarbons found in field studies
which is still unknown.
© 2006 Elsevier Ltd. All rights reserved.
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detected in air at higher altitudes due to vertical
transport processes (Prévot et al., 2000; Karl et al.,
2001; Li et al., 2005). Those compounds are mainly
emitted from automobile traffic and solvents to the
atmosphere (Brocco et al.,, 1997). Emissions of
aircraft exhaust also contain aromatic hydrocar-
bons from unburnt fuel (Slemr et al., 2001). BTEX
have been also measured in rain and snow at a wide
concentration range of low ppt to low ppb levels
(Ligocki et al., 1985; Czuczwa et al., 1988). The wet
removal of organic chemicals, which depends on the
properties of the compound and the type of
precipitation, has been reviewed by Scott (1981)
and Eisenreich et al. (1981). These authors have
proposed that wet removal of gaseous organic
compounds is an equilibrium process between the
gas and the aqueous phases and follows Henry’s
law (H). However, snow contains concentrations
of aromatic hydrocarbons which require air con-
centrations higher than those usually measured
(Czuczwa et al., 1988). An uptake of organic gases
by the surfaces of ice crystals could be possible
explanation for the underestimation of concentra-
tions of organic compounds in rain and snow.
Vapor adsorption depends strongly on the specific
surface of the sorbent (Pennell et al., 1992). The
adsorption equilibrium can be described by an
adsorption coefficient K (Goss, 1993) as follows:

_ {mg of substance/surface area of sorbent (cm?))
{mg of substance/volume of gas phase (cm3)} ~

(1)

Knowledge on the interactions between ice
crystals in tropospheric ice clouds and contrails
and between inorganic and organic gases are
important for interpretation of chemical reactions,
precipitation formation, global transport mechan-
isms, and climate change. Deshler et al. (1994)
found ice particles with radii 2-5pum at tempera-
tures several degrees above the stratospheric ice
frost point. These field observations could be
explained by a surface film of nitric acid trihydrate
(NAT), which may kinetically hinder the evapora-
tion of ice (Peter et al., 1994; Biermann et al., 1998).
Organic pollutants from the exhaust of jet engines
decrease evaporation rates of ice crystals implying
an increase in the lifetime of polluted ice clouds
(Diehl and Mitra, 1998).

Many previous laboratory studies have investi-
gated adsorption of different organic compounds
like alcohols, acids, aldehydes and various hydro-

carbons on ice surfaces using coated wall flow tubes
(Abbatt et al., 1992; Winkler et al., 2002; Bartels-
Rausch et al., 2005), Knudson flow reactors (Caloz
et al., 1997, Hudson et al., 2002), or inverse gas
chromatography (Goss, 1993; Hoff et al., 1995;
Roth et al., 2004). Many of these studies have dealt
with adsorption in terms of the free energy behavior
of the adsorbate as a function of its distance from
the solvent surface. At temperatures around 0°C,
similar adsorption enthalpies for ice and water have
been observed for non-polar organic compounds
like n-alkanes, chlorbenzenes, xylenes, and furans
(Orem and Adamson, 1969; Goss, 1993; Hoff et al.,
1995). There are also many theoretical studies
calculating interactions between water molecules
of ice surfaces and organic molecules (Allouche,
1999; Picaud and Hoang, 2000; Compoint et al.,
2002; Lei and Wania, 2004). However, the under-
standing of the relevant processes is not as complete
as for the adsorption of organic compounds on
aerosol particles (Pankow, 1987), soil (Nguyen et
al., 2005), or minerals (Goss and Eisenreich, 1996).
Due to the great variability of temperature, relative
humidity, ice surface area, gas partial pressures,
aerosol number concentration, and composition in
ice clouds, in-situ determination of the partitioning
of organics between the gas and the ice phase is
rather difficult. The collective influence of the
pollutants must be also regarded considering the
high variety of organic molecules with different
physical and chemical properties in the atmosphere.

The uptake of chemicals by ice mainly depends on
the shape (Keyser and Leu, 1993). Schaff and
Roberts (1998) reported different interactions of
organic compounds with amorphous and crystalline
ice surfaces, based on differences in the density of
free surface OH groups, surface area porosity, and
permeability.

Based on previous experiments on the uptake of
inorganic compounds by dendritic ice crystals
(Mitra et al., 1990; Diehl et al., 1995, 1998) in this
paper, a new experimental method is presented to
evaluate the importance of the uptake of organic
compounds by non-growing dendritic ice crystals.
Inside a walk-in cold chamber (WCC), ice crystals
were exposed to different aromatic hydrocarbons
(benzene, toluene, ecthylbenzene, m/p-xylene, o-
xylene, n-propylbenzene, 4-ethyltoluene, 1,3,5-tri-
methylbenzene (1,3,5-TMB), tert-butylbenzene,
1,2,4 trimethylbenzene (1,2,4-TMB), and 1,2,3-
trimethylbenzene (1,2,3-TMB)) at different gas-
phase concentrations, flow rates of the carrier gas,
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and exposure times. The uptake of the organic gases
was quantified by detecting these compounds in
melted ice crystals after exposure by a sensitive
method composed of solid-phase-micro-extraction
(SPME) followed by gas chromatography/mass
spectrometry (GC/MS).

2. Experimental methods
2.1. Ice crystal growth

Dendritic ice crystals were grown in a diffusion
chamber. The growth procedure is illustrated in
Fig. 1. The top of a glass aquarium (0.25m x
0.40m x 0.25m) was covered with an aluminum-
extruded heatsink (0.5 SA DIN1748, Fischer,
Germany), which provides a heat exchanger and a
sample substrate. The aquarium was filled to a level
of 2cm with deionized water and placed into a
2m x 2m WCC. The WCC temperature was main-
tained at —20 °C. The water was kept constantly at
+15°C by covering the bottom of the aquarium
with a heater mat (a). To increase heat exchange,
the diffusion chamber was put below a fan inside
the WCC. Dendritic ice crystals were deposited
from water vapor onto the extruded heatsinks (b).
The growth time was 20h. Afterwards, the ice
crystals were removed from the diffusion chamber

aluminium extruded heatsink

T water vapor T

deionized water (+15 °C)

(a)

and placed on nine stainless-steel screen inserts
0.10m in diameter (c). The stainless-steel mesh of
the screen inserts had a grid size of 0.0014 m. Each
insert was covered with approximately 3g of ice
crystals in one layer. All screen inserts were placed
in a (self-constructed) stainless-steel flow reactor,
which measured 0.40m in length and 0.10m in
diameter (d, e).

2.2. Experimental setup

Six exposure experiments were performed in the
WCC under the conditions of atmospheric pressure
and a temperature of —20 °C. The gas flow diagram
outside and inside the WCC is shown in Fig. 2.
Ambient air served as a carrier gas and was pumped
with 50Lmin~" into a Teflon tube through a
cleaning device equipped with two activated carbon
filters and one Teflon filter. By means of this
cleaning device, organic compounds and aerosol
particles were removed to avoid background con-
tamination. After passing the cleaning device, only
N,, O,, CO,, and H,O were assumed to be present
in air. The removal efficiency of the cleaning device
was determined by analyzing BTEX before and
after passing through the cleaning device. During
one separate experiment, the total particle concen-
tration of the carrier gas was measured by a

Fig. 1. Crystal growth procedure and placement of artificial ice crystals in the flow reactor (a: crystal growth; b, c: ice crystal harvesting; d,

e: flow reactor).
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Fig. 2. Experimental setup and gas flow diagram of exposure experiments in a walk-in cold chamber at —20 °C.

condensation particle counter (model TSI 3022).
After passing the cleaning device, all particles were
removed from the carrier gas. During the exposure
experiments, the TSI was removed to avoid
contamination of the system with butanol vapor.
Prior to the addition of organic gases, the carrier
gas stream was cooled to —15°C by passing it
through a cryostat outside the WCC (see Fig. 2).
Moisture was removed by a cold trap (glass loop) to
saturate the carrier gas with respect to ice at —15 °C.
Entering the WCC, the temperature of the air
stream was lowered to —20°C. To keep the air
stream saturated at —20°C, the air was passed
through 20m of a helical flexible aluminum vent
duct (System 300AC, Lindab Germany) with a
diameter of 0.05m (see Fig. 2). Moisture was
removed by retaining the formed tiny ice crystals
in the aluminum vent duct. In addition, supercooled
droplets were removed with an aluminum frit
located 0.30 m upstream of the flow reactor (see
Fig. 2). At a distance of 0.20 m, a gaseous mixture of
aromatic hydrocarbons (BTEX, n-propylbenzene,
4-ethyltoluene, 1,3,5-TMB, tert-butylbenzene, 1,2,4-

TMB, 1,2,3-TMB) was added to the saturated
carrier stream through a heated pipe (+15°C) to
avoid condensation and crystallization of the
organic gases. The flow velocities of the gas
standard mixture were adjusted by a mass flow
controller and were 12.5, 25, and 50 Lmin~!. The
ambient air/gas mixture entered the flow reactor
through an interface of 0.05m in diameter. With
Reynolds numbers around 900, the gas flow inside
the reactor was assumed to be laminar.

2.3. Gas standard preparation

The parent aromatic hydrocarbon mixture was
prepared gravimetrically by mixing 180puL of
BTEX, n-propylbenzene, 4-ethyltoluene, 1,3,5-
TMB, tert-butylbenzene, 1,2,4-TMB, and 1,2,3-
TMB. The most important physical and chemical
parameters of these compounds are shown in
Table 1. With water solubility below 1780mgL™"
and vapor pressures higher than 0.23kPa, the
compounds have low polarities and high volatili-
ties. All certified chemicals were purchased from
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Table 1

Physical and chemical parameters of selected aromatic hydrocarbons

MW (gmol ™) Sat +25°C (mgL™") P at +25°C (kPa) H at +25°C cgus/Cater
Benzene 78 1780 12.60 0.22
Toluene 92 526 3.80 0.27
Ethylbenzene 106 169 1.30 0.32
m/p-xylene 106 161 1.10 0.29
o-xylene 106 178 0.90 0.21
n-propylbenzene 120 52 0.45 0.43
4-ethyltoluene 120 95 0.40 0.20
1,3,5-TMB 120 48 0.33 0.36
Tert-butylbenzene 134 30 0.29 0.54
1,2,4-TMB 120 57 0.27 0.25
1,2,3-TMB 120 72 0.23 0.16

MW = molecular weight, S = water solubility, P = vapor pressure, H = Henry Law constant.

Sigma-Aldrich at the highest purity of 99.9%.
Parent aromatic mixture (25uL) was mixed with
high-purity synthetic air to form the daughter gas
standard in a gas cylinder with a volume of 10 L at a
nominal pressure of 0.01 kPa. The resulting gas-
phase concentrations in the daughter gas mixture
(ungm™) were: 1.8 (benzene), 1.3 (toluene), 1.1
(ethylbenzene), 1.9 (m/p-xylene), 1.0 (o-xylene), 0.7
(n-propylbenzene), 0.7 (4-ethyltoluene), 0.7 (1,3,5-
TMB), 0.6 (tert-butylbenzene), 0.8 (1,2,4-TMB),
and 0.8 (1,2,3-TMB).

2.4. Gas-phase analysis

During all exposure experiments, concentrations
of aromatics in the gas phase were measured at the
inlet and the outlet of the flow reactor (see Fig. 2).
The gas/air mixture was pumped with approxi-
mately 10Lmin~" through glass sampling tubes
packed with activated charcoal (Dréger) for 1 h. A
sampling tube consisted of two layers: one sampling
layer and one following layer. During sampling,
aromatic hydrocarbons were adsorbed by the
sampling layer. The following layer ensured that
the adsorption capacity of the sampling layer did
not exceed the breakthrough volume. After approxi-
mately 1h, sampling tubes were removed. In the
laboratory, analytes were desorbed from the sam-
pling layer by adding 750 uL of carbon disulfide
(CS,) (Sigma-Aldrich, 99.9%). Stock solution
(25uL) of 1-chlorooctane (200 mg L™ in methanol)
was added as an internal standard (IS). Samples
were extracted in an ultrasonic bath for 10min.
One-microliter aliquot of each CS, extract was
manually injected into the GC-injector using a split

mode of 1:10. The injector temperature was kept at
260°C. The GC (Thermoquest CE Instruments
Trace GC2000Series) was supplied with a 60m
DB-624 capillary column (Agilent Technologies)
with an ID of 0.32mm and a film thickness of
1.8 um. Helium served as carrier gas. The column
flow was set at I mLmin~'. The GC oven tempera-
ture was first held at 50 °C for 2 min, then increased
to 190°C at a rate of 10°Cmin~" and finally held
for 20min at the final temperature. Data acquisi-
tion, processing, and instrument control were
performed using Excalibur software (Thermoquest).
Detection of the analytes was performed by a
Thermoquest Finnigan Voyager MS in the electron
impact positive ion and full scan mode (scan range
50-600). Quantification was accomplished by ex-
ternal standard calibration. For this purpose, five
sampling tubes with activated charcoal were spiked
with 50, 25, 10, 5, and 1 uL of a standard mixture of
aromatic hydrocarbons (100mgL~" in methanol).
The detection limit was 0.25ngm > for all aromatic
compounds with relative standard deviations be-
tween 5% and 15%. In addition, six sampling tubes
were analyzed without addition of a standard to
determine background concentrations of aromatic
hydrocarbons. Mean background concentration
was 0.255pgm™ for toluene, 0.029pgm™ for
ethylbenzene, 0.048pgm™ for m/p-xylene, and
0.022ngm > for o-xylene. The SD values of the
blanks varied between 0.0004 and 0.023 pgm™>. For
benzene, n-propylbenzene, 1,3,5-TMB, 1,2,3-TMB,
4-ethyltoluene, and 1,2,4-TMB, no background
concentrations were detected during gas-phase
analysis. Background concentrations during gas-
phase analysis resulted mainly from CS, and must
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be subtracted from the concentrations measured in
inlet and outlet samples.

2.5. Ice phase analysis

After each exposure experiment, ice crystals were
removed manually from each screen insert and filled
into separate glass vials sealed up with an alumi-
num-coated septum (Supelco). The ice sample
volumes varied between 2.1 and 4.2 g. Subsequently,
samples were transported to the laboratory and
melted immediately before analyis. Five microliter
of 1-brom-2-chlorethane (200mgL~" in water) was
added as an IS to each sample. Concentrations of
aromatic hydrocarbons in melted ice were deter-
mined by a sensitive method based on SPME
followed by GC/MS (Achten et al., 2001). The
HS-SPME apparatus consists of a 100 pm poly-
dimethylsiloxane (PDMS) coating on 1cm of fiber
mounted on the syringe needle of the fiber holder
(Supelco). Before starting the extraction, the fiber
was drawn into the needle of the syringe, and the
needle was used to penetrate the septum of the
sealed vials. The fiber was then introduced into
the headspace of the analyzed sample by depressing
the plunger. The temperature of the analyte solution
was kept constantly at + 35 °C by putting the vial in
a water quench filled up with 3cm of water. The
sample holder was connected to a cryostat main-
tained at + 5 °C. Samples were stirred at §90-900 re-
vmin~' during analysis. Once adsorbed, VOCs were
thermally desorbed from the fiber coating by
inserting the fiber immediately into the GC injector
kept at 260 °C using the splitless mode. The fiber
remained in the injector for 10min. After this
reconditioning time, all compounds were removed
from the fiber. The GC (Thermoquest CE Instru-

Table 2

ments Trace GC2000 Series) was equipped with a
60m DB-624 capillary column (Agilent Technolo-
gies) with an ID of 0.32 mm and a film thickness of
1.8 um. Helium served as the carrier gas. The
column flow was set at ImLmin~'. The GC oven
temperature program was as follows: 50°C for
2 min, then heating at 10-190 °C, and finally 20 min
at 190 °C. Data acquisition, processing, and instru-
ment control were performed using Excalibur soft-
ware (Thermoquest). Detection of the analytes was
accomplished by a Thermoquest Finnigan Voyager
mass spectrometer in the electron ionization positive
ion and full scan mode (scan range 50-600). The
detection limits were defined at a signal-to-noise
ratio of 10:1.

3. Results and discussion

The gas-phase concentrations during exposure
experiments were measured at the inlet and the
outlet of the flow reactor. BTEX concentrations
measured in the gas phase at the outlet and the inlet
of the flow reactor are shown in Table 2. Concen-
trations of gaseous organic compounds during
experiments were between 2.8 and 33.1pgm™.
The concentrations of all organic gases during
experiments were in similar range of aromatic
hydrocarbons occurring under environmental con-
ditions in ambient air. The removal efficiency of the
cleaning device was tested by sampling outside
air before and after passing through the
cleaning device. In Fig. 3, air concentrations of
BTEX, 1,3,5-TMB, and 1,2,3-TMB before and
after passing the cleaning device and resulting
removal efficiencies are shown. Concentrations in
ambient air without activated charcoal filters
were 0.5ugm™ (benzene), 0.8ugm™ (toluene),

Experimental conditions and gas phase concentrations of aromatic hydrocarbons (ugm~>) during exposure experiments 1-6

No. Twce Exposure Flow rate of ¢y Coas tOluene in/  Cgus Cgas M/P- Cgas 0-Xylene
(§©) time (min)  the carrier benzene out (ngm~3) ethylbenzene xylene in/out in/out
gas (ms™ ) in/out in/out (ngm™) (ugm™)
(ngm™) (ngm™)
1 —20 60 0.10 7.4/6.1 4.4/4.3 3.0/2.8 5.3/5.0 2.4/2.3
2 -20 60 0.10 15.6/14.4 12.5/10.6 10.1/8.9 17.5/15.3 7.9/7.1
3 -20 60 0.10 33.1/30.0 31.3/27.5 27.0/24.6 24.0/22.1 24.3/22.7
4 -20 60 0.05 13.3/10.1 9.4/9.0 6.2 /5.9 54 /5.1 5.5/5.0
5 -20 120 0.05 24.7/20.0 20.0/16.5 15.0/10.9 12.7/9.8 12.4/9.4
6 -20 180 0.05 27.7/22.8 23.0/21.2 16.9/15.6 14.7/14.0 14.2/13.3

No. = number of experiment, Twcc = chamber temperature, ¢ = concentration.
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Fig. 3. Concentrations of selected aromatic hydrocarbons in
ambient and cleaned air used as carrier gas for the exposure
experiments and removal efficiencies of the cleaning device.

0.7pgm™> (ethylbenzene), 1.5ugm™ (m/p-xylene),
1.1pgm ™ (o-xylene), 0.2ugm™> (1,3,5-TMB), and
0.5pgm > (1,2,3-TMB). After passing the cleaning
device, concentrations decreased to 0.1 pgm™2 (ethyl-
benzene), 0.4pgm™ (m/p-xylene), and 0.1 pgm™
(o-xylene). Benzene, toluene, 1,3,5-TMB, and 1,2,3-
TMB were not detected in ambient air after passing
the cleaning device. The corresponding removing
efficiencies of the cleaning device for aromatic
hydrocarbons varied between 76% and 100%.

To verify the applicability of the SPME/GC-MS
method for determination of the uptake of organic
compounds on ice surfaces, detection limits of
the analytical method are discussed concerning the
work of Goss (1993). The author determined the
adsorption behavior of organic compounds by
retention of the test substances on a GC-column
filled with ice. He estimated an averaged relative
gas-phase concentration of the substances in the
column between 107> and 107> Assuming a surface
area of ice at 500cm? g™, he measured an adsorp-
tion coefficient (K) of 0.0027 cm for m-xylene on ice
at —15°C. According to this K value, we calculated
the expected concentrations of the tested com-
pounds in ice by Eq. (1) at the minimum and
maximum gas-phase concentration used during our
experiments of 2.8 and 33.1 pgm >, respectively. By
normalizing the concentrations in ice using a specific
surface area of 500cm?g™' estimated by Goss
(1993), the expected concentrations of the tested
compounds in ice are in the range of 0.004—
0.045ng gied. Since our exposure experiments were
performed with dendritic ice crystals, the specific
area of Fassnacht et al. (1999) of 1820cm’g~"' is
assumed to be more adequate. Using this specific
surface area, expected concentrations in ice are

W

between 0.015 and 0.164 ng gice. The detection limit
of the SPME/GC-MS method was 0.025ng gice for
ethylbenzene, m/p-xylene, o-xylene, 1,3,5-TMB,
1,2,4-TMB, and 1,2,3-TMB, 0.125ng gi;el for
toluene, and 0.500 ng gice for benzene. The expected
values of aromatic hydrocarbons in ice are mostly
above the detection limits of the analytical method,
except for benzene. This demonstrates that the
SPME/GC-MS method is an appropriate tool to
measure the uptake of organic compounds under
our experimental conditions.

Ice crystals grown in the diffusion chamber were
checked for background contamination. The mean
background concentrations of aromatic hydrocar-
bons in blanks were 0.5nggel for benzene,
2.7ng giee for toluene, 0.4nggi. for ethylbenzene,
1.3nggicd for m/p-xylene, 0.1 nggie for o-xylene,
0.02nggil for n-propylbenzene, 1,3,5-TMB and
1,2,3-TMB, and 0.04 ng g for 4-ethyltoluene and
1,2,4-TMB. The SD values of the blanks varied
between 0.006 and 0.189ngge.. In Table 1 the
physical parameters of the compounds are summar-
ized. The standard deviations showed a positive
correlation with vapor pressures of the compounds.
High vapor pressures of the compounds favor
analytical losses during SPME-fiber transfer to the
GC-injector resulting in lower reproducibility of the
analytical method. Background concentrations dur-
ing ice analysis resulted from laboratory air and IS
addition and must be subtracted from the concen-
trations measured in ice samples.

The experimental conditions of the six exposure
experiments are summarized in Table 2. During all
experiments, the temperature of the WCC was kept
at —20°C. In experiments 1, 2 and 3, gas-phase
concentrations of aromatic hydrocarbons varied
between 2.8 and 33.1pugm . Exposure time and
flow rate of the ambient air stream was 60 min and
0.10ms~ ', respectively. At all gas-phase concentra-
tions, it was not possible to detect aromatic
compounds in ice after background subtraction.
This indicates lower values of K than the minimum
detectable values given by the detection limits of the
analytical method. Therefore, exposure time was
enhanced from 60 to 120 min and finally to 180 min
during experiments 4, 5 and 6. Gas-phase concen-
trations of aromatics were between 5.9 and
27.7pugm™>. Simultaneously, the flow rate was
lowered to 0.05ms™' to enhance reaction time (see
Table 2). Again, it was not possible to detect
significant concentrations of aromatic hydrocar-
bons in ice above detection limits which indicates
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values of K below the minimum detectable values.
However, the method is applicable to detect
adsorption of organic compounds in the extent
reported by Goss (1993), it was not possible to
detect any of the test compounds in ice samples after
exposure. Neither increasing exposure time nor
lowering the flow rate caused a detectable adsorp-
tion effect of aromatics in ice. Our results indicate
that adsorption of non-polar aromatic hydrocar-
bons is either insignificant or highly reversible. The
experimental conditions of the crystal growth
environment were similar to conditions of the upper
troposphere. So, our results are an indication that
surface adsorption of organic compounds by ice is
not a relevant process in the upper troposphere.
However, concentrations of test substances in the
gas phase were higher at the inlet than at the outlet
of the flow reactor. Due to the absence of
compounds in ice, the concentration decrease in
the gas phase must be attributed to an imprecise
determination of different sample volumes during
air/gas sampling.

The results of the present study are in fair
agreement with previous conclusions for the ad-
sorption of some oxygenated organic molecules on
ice surfaces at lower temperatures. For tempera-
tures between —73 and —33°C, the uptake of
methanol, acetone, and formaldehyde on an ice-
coated flow tube was insignificant and fully
reversible (Winkler et al., 2002). Hudson et al.
(2002)  determined small surface coverage
(10" moleculescm ™ for methanol and acetone
and <35 x 10” moleculescm ™ for acetaldehyde) at
—63°C, a negative temperature dependence, and a
high adsorption reversibility. The results of our
study do not indicate any positive correlation of
adsorption with molecular weight or partial pres-
sure as has been reported for oxygenated organic
species like alcohols, acids, and aldehydes (Sokolov
and Abbatt, 2002; Winkler et al., 2002; Dominé and
Rey-Hanot, 2002; Hudson et al. 2002). The absence
of adsorption even in spite of the high specific
surface area of the artificial dendritic ice crystals can
be explained with the low polarity of aromatic
hydrocarbons. For these compounds, adsorption
processes could only be due to weak physio-
sorption processes which have been reported to be
highly reversible (Schaff and Roberts, 1998). Iijiama
et al. (1999) observed no removal of toluene by
snow crystals due to low toluene polarity.

On the surface of pure ice, the presence of a
quasi-liquid layer has been well known for decades

(for review see Dash et al, 1995). At high partial gas
pressures, the quasi-liquid layer is expected to
continuously thicken with time, allowing additional
gas to be dissolved, which promotes further melting.
Surface melting induced by higher partial pressures
of HCI and HNOj; (Diehl et al., 1995, 1998; Lee
et al., 1999). There is evidence in the literature for
dissociation of HCl and HNOj in the liquid-like ice
surface, which explains why higher amounts adsorb
than can be predicted. (Mitra et al., 1990; Kroes and
Clary, 1992; Diehl et al., 1995; Zondlo et al., 1996).
In our exposure experiments, the gas-phase con-
centrations were in the lower ppb range where the
solid phase of ice must be thermodynamically
stable. An enhanced uptake of aromatics due to
melting processes at the ice surface could not be
observed. Diffusion of HNOj into the ice crystal has
also been observed to some extent (Diehl et al.,
1995; Thibert and Dominé, 1998). The chemical and
physical parameters of organic aromatic com-
pounds do not favor dissociation and diffusion
processes on ice surfaces.

4. Conclusions

We performed laboratory studies to investigate
the uptake of aromatic hydrocarbons by dendritic
ice surfaces at low gas-phase concentrations. The
selected compounds constitute a representative
group of volatile organic compounds with low
water solubility. SPME/GC-MS is an appropriate
tool to determine adsorption coefficients of the
organic compounds by measuring those compounds
in melted ice. Our uptake experiments demonstrate
no importance of surface adsorption on ice for
organic gases. The high specific surface area of
dendritic ice crystals does not favor surface adsorp-
tion of organic compounds on ice. One possible
explanation could be high reversibility of adsorp-
tion due to high vapor pressure and low water
solubility. These findings are contrary to the results
for inorganic compounds reported previously. Due
to our results, effects of adsorption on ice surfaces
on atmospheric transport processes and precipita-
tion chemistry must be estimated to be very low for
volatile organic compounds. It can be concluded
that below-cloud scavenging of aromatic hydrocar-
bons by falling snowflakes at equilibrium conditions
can be neglected for volatile organic compounds
with lower water solubility. Adsorption is not the
relevant uptake process responsible for the occur-
rence of such compounds in rain and snow. We
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suggest further laboratory experiments to simulate
adequately heterogeneous processes under ambient
atmospheric conditions. In-cloud scavenging may
be a possible removal process and laboratory
experiments with growing ice crystals are recom-
mended.
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