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Abstract. The well established technique of gas chromatog-
raphy is used to investigate interactions of sulfur dioxide with
a crystalline ice film in a fused silica wide bore column. Peak
shape analysis of SO, chromatograms measured in the tem-
perature range 205-265 K is applied to extract parameters de-
scribing a combination of three processes: (i) physisorption
of SO, at the surface, (ii) dissociative reaction with water
and (iii) slow uptake into bulk ice. Process (ii) is described
by a dissociative Langmuir isotherm. The pertinent mono-
layer saturation capacity is found to increase with tempera-
ture. The impact of process (iii) on SO, peak retention time
is found to be negligible under our experimental conditions.

By analyzing binary chromatograms of hydrophobic n-
hexane and hydrophilic acetone, the premelt surface layer
is investigated in the temperature range 221-263 K, possi-
bly giving rise to irregular adsorption. Both temperature de-
pendencies fit simple van’t Hoff equations as expected for
process (i), implying that irregular adsorption of acetone is
negligible in the investigated temperature range. Adsorption
enthalpies of —45 +5 and —23+£2kJmol ™~ are obtained for
acetone and n-hexane.

The motivation of our study was to assess the vertical dis-
placement of SO, and acetone in the wake of aircraft by ad-
sorption on ice particles and their subsequent sedimentation.
Our results suggest that this transport mechanism is negligi-
ble.

1 Introduction

Adsorption of SO; on ice surfaces is of interest in the chem-
istry and physics of the troposphere and stratosphere. In par-
ticular, large ice particles in contrails have been shown by
lidar soundings to settle fairly rapidly (Schumann, 1994).
This gave rise to speculations that sedimentation of ice par-
ticles provides a significant mechanism for the vertical dis-
placement of SO, and possibly other adsorbing trace gases,
particularly in the upper troposphere. An analogous mecha-
nism has been addressed for the absorption and desorption
of SO; in raindrops falling through the plume of a power
station (Walcek and Pruppacher, 1983). Therefore, Langen-
berg (1997) investigated the adsorption of the water-soluble
aircraft exhaust ingredients SO and acetone on ice over a
wide temperature range. The data were interpreted in terms
of a simple Langmuir model: SO; is weakly adsorbed at the
normal ice surface and much more strongly adsorbed at ac-
tive surface sites. Huthwelker et al. (2006) and Crowley et al.
(2010) found that the results of Langenberg were in disagree-
ment with the work of Clegg and Abbatt (2001) and other
investigators: in contrast to these studies, Langenberg’s anal-
ysis implied a classical temperature dependence, i.e., more
SO, being adsorbed at lower temperatures. In addition, the
surface coverage derived from the data of Langenberg (1997)
is about an order of magnitude lower than implied by the data
of Clegg and Abbatt (2001). Therefore, we have reanalyzed
the experiments of Langenberg (1997) using more sophisti-
cated linear and nonlinear regression techniques using R (R
Core Team, 2016). The experimental results and their reanal-
ysis are published in the peer-reviewed literature for the first
time.
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The interaction of SO, with ice can be separated into fast
and much slower components, as summarized by Huthwelker
et al. (2006), Abbatt (2003) and Crowley et al. (2010). In the
works of Chu et al. (2000) and Clegg and Abbatt (2001) the
fast interaction was investigated. Both used low pressure flow
tubes interfaced with a mass spectrometer to measure SO».
The former studied vapor-deposited ice coatings, while the
latter used ice that was prepared by freezing a liquid water
film. The experiments of Chu et al. (2000) were performed
under non-equilibrium conditions on a timescale < 10 ms,
revealing an initial uptake coefficient of y = 107> for SO,
at 191 K.

Clegg and Abbatt (2001) measured adsorption/desorption
bursts of SO, on ice in the range 213-238 K using SO, par-
tial pressures between 10™> and 1073 Pa in helium. They
could show that the equilibrium amount of SO, adsorbed
on ice was scaled with the square root of its partial pressure
above the surface. They concluded that the square root de-
pendence results from fast dissociative adsorption of SO, at
the ice surface:

SO, +2H,0 = H30" +HSO;5 . (R1)

Experiments on timescales that are orders of magnitude
longer, utilizing packed ice columns in the temperature range
213-270K (Clapsaddle and Lamb, 1989; Sommerfeld and
Lamb, 1986; Conklin et al., 1993; Conklin and Bales, 1993),
have revealed that SO; is eventually incorporated in ice and
partially oxidized to HSO4. The uptake rate increases with
temperature and with a dependence that is less than linear on
the SO, partial pressure. The experimental data were reana-
lyzed and interpreted by Huthwelker et al. (2001) in terms of
SO, diffusing into an internal reservoir. For various reasons
the packed column experiments were not suitable to study
fast reversible adsorption on ice.

A long-standing issue in studies of gas—ice surface interac-
tions is the possible involvement of a premelt layer (Bartels-
Rausch et al., 2014). It is now well established that an ex-
tended quasi-liquid layer exists at the surface of pure water
ice at temperatures of a few kelvins below the melting point
(Dash et al., 2006).

We employed a chromatographic technique to study ad-
sorption of SO;: ice was deposited as the stationary phase
as a thin film of 2-8 um thickness in a fused silica wide
bore column (diameter 2r =530 um =+ 10 %, length 10 m).
Adsorption on the ice surface was studied by injecting small
amounts of the trace gas under study spiked with a non-
adsorbing tracer into the column. Due to adsorption, the trace
gas was retained for the adjusted retention time #, relative to
the non-adsorbing tracer. Therefore, the inert tracer and the
trace gas under study were separated and two peaks appear
at the column outlet, where they were detected by a suitable
detector. The #,, value was obtained from the peak maxima.

The slope of the adsorption isotherm was determined by
the peak maxima method of gas chromatography (Huber and
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Figure 1. Expanded view of the box used for the coating proce-
dure. Inside the box the air is recirculated by a fan (Micronel) to
avoid temperature gradients. The temperature is monitored with two
Pt100 sensors mounted at the top and bottom of the box.

Gerritse, 1971): from ¢, and the column void time 7, the ca-
pacity ratio K’ was measured as a function of partial pressure
p of the trace gas under investigation. When using a capillary
column with cylindrical geometry, k' is related to the slope
of the isotherm by

k,=t_n=(%)=2RT(8_q)’ (1)
to ong r ap

where £ is calculated from the column dimensions, the car-
rier gas mass flow rate and the column head pressure; see
e.g., Langenberg et al. (1998) and Giddings (1991). It fol-
lows from Eq. (1) that if the isotherm is convex (like the
Langmuir adsorption isotherm), the slope of which contin-
uously decreases with increasing concentration, segments of
the peak with high concentrations move faster through the
column than at low concentrations. Therefore, the resulting
chromatographic peak exhibits tailing.

2 Experimental

Langenberg and Schurath (1999) already described the coat-
ing procedure in detail: a constant volume flow of air (p = 1-
2 bar) was bubbled through a water reservoir at room temper-
ature and admitted into the column maintained at 205-220 K.
At the same time the column was slowly drawn through a
pinhole into a cold box by a rotating aluminum drum inside
the box which was driven by a stepping motor; see Fig. 1. The
box was cooled by a recirculating thermostat (Lauda RLS
6) with a useful temperature range 7 > 205 K regulated to
+1 K. The end of the fused silica column which was fixed to
the aluminum drum was connected to a Teflon tube which
was led out of the box through the axis of the aluminum
cylinder. By slowly drawing the column into the cold box,
the water vapor condensed and froze. If the winding speed v
and the water vapor mass flow n1(H,O) into the column are
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held constant, the theoretical film thickness / of a compact
ice layer is given by

i (Ho0)

= 27rup(H20)’ @

where p(H>O) is the ice density. In this way ice films of 2—
8 um thickness and ca. 8 m length could be prepared.

After finishing the coating procedure, the ice-coated col-
umn was operated like an ordinary gas chromatography col-
umn, with synthetic air as the carrier gas. The flow rate was
varied by means of a flow controller (ASM 10-100 sccm),
while the column head pressure was monitored with a pres-
sure transducer. The carrier gas from the flow controller was
humidified using a precolumn filled with water saturated sil-
ica gel that was mounted inside the same cold box.

Although the carrier gas was humidified to match the va-
por pressure over ice inside the cold box, the ice film slowly
but unavoidably is degraded by sublimation due to carrier gas
decompression along the length of the column. Since the car-
rier gas was pre-humidified to 100 % relative humidity with
respect to ice at each experimental temperature, the net evap-
oration rate from the ice surface is zero at the column head,
but increases along the column. The rate of ice film thickness
degradation £ is given by

EZW(L 1),

- — 3
2nrl Po  Di )

where p; is the column head pressure, p, the pressure at the
column exit, / the length of the coated part of the column,
i the carrier gas mass flow and Vi =2 x 107> m? mol~!
the molar volume of water ice. At 265K, p; =2bar,
Po = lbar,n =7.85x 1079 mols™! (= 100 sccm) yields h=
0.7 umh~!. Vapor pressure p(H,O) over ice is taken from
Wexler (1977).

Some experiments were carried out using aged ice films:
after column preparation, the carrier gas was interrupted and
the column was kept at 265 K overnight.

Void fused silica columns (SGE) are commercially avail-
able either with a pristine silica surface or with a methylsilyl-
deactivated surface. Pristine silica surfaces are less hy-
drophobic than methylsilyl-deactivated silica surfaces. Wet-
ting of the two column types was investigated by contact
angle measurements using the capillary rise method (Bar-
tle et al., 1981; Ogden and McNair, 1986). For non-wettable
surfaces, the contact angle is ¥ > 90° and for wettable sur-
faces it is ¥ < 90°. For the untreated column ¢ =63 £ 1°
and for the methylsilyl-deactivated column ¢ = 11141° was
found. To remove ionic impurities, the columns were rinsed
with Milli-Q water prior to each coating procedure. The
experiments were performed, using methylsilyl-deactivated
columns unless otherwise indicated. We expected that us-
ing the methylsilyl-deactivated columns, interactions of the
trace gas with the uncoated part of the column could be mini-
mized. After each coating procedure, series of concentration-
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dependent chromatograms at two or three constant tempera-
tures were recorded. The temperature was increased in steps
of about 15K, keeping the column for 1h at each new tem-
perature to achieve thermal equilibrium. In our studies of
SO, adsorption the peak partial pressure was in the range
p = 0.001-1 Pa at the column exit.

10-500 pl dilute mixtures of the compound under study
and an appropriate inert tracer were injected with a
gastight syringe. Mixtures of SO, (& 220 ppmv) and SFg
(= 50 ppmv) as a tracer in air were used. A modified Bendix
flame photometric sulfur monitor (Farwell and Barinaga,
1986) was utilized. For the hydrocarbon experiments, a mix-
ture of acetone (180 ppmv) and methane (55 ppmv) or n-
hexane (120 ppmv) and methane (55 ppmv) in air was in-
jected in the column. They were monitored using a Carlo
Erba flame ionization detector (FID), whereby methane was
used as a non-adsorbable tracer. The detector signal was am-
plified by a Keithley microvoltmeter and recorded by a com-
puter.

Due to experimental constraints, about 1 m of the column
inside the box remained uncoated. In order to exclude arti-
facts from this ice-free section, the adsorption of SO, in a
totally ice-free column was also investigated. The obtained
k" values ranged from 0.35 to 0.45 at 219 K and from 0.15 to
0.25 at 234 K. At T > 248 K SO, and SFg¢ could no longer
be separated. Thus, interference by the 1 m ice-free column
may be neglected for the lower concentration range of the
isotherm.

3 Results
3.1 Adsorption of SO,

For low concentrations the retention times of SO, are
strongly dependent on the amount of SO, injected. The peaks
exhibit strong tailing, even at low p(SO,); see Fig. 2a.

For further analysis, the peak maximum method (Huber
and Gerritse, 1971) is applied to determine (dg/dp) as a
function of p: it is assumed that Eq. (1) applies to the peak
maximum, an assumption which is verified afterwards by the
peak shape calculation; see discussion.

The most simplistic model for adsorption is Henry’s ad-
sorption isotherm: the surface concentration ¢ as a function
of the gas partial pressure p is given by

q = Kup “4)
([Ky] =molm~2Pa~1). After applying Eq. (1), we arrive at
_2RT

r

k/

K. &)

If adsorption of a compound is properly described by
Henry’s adsorption isotherm, the adjusted retention times
should be independent of p(SO;) and thus of the amount of
adsorbing gas injected in our experiments. This is obviously
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Table 1. Nonlinear fit of the experimental data with the humidified carrier gas and 4 > 4 um to different models. The binary variable v

denotes if the column was aged (v = 1) or not (v = 0).

Model Model parameters P Residual
standard error
Temkin + Henry ¢=(a1+axT)(1+a3v) 0.1977
Eq. (8) a;=—-09=%1) x 107 molm™2 <0.01
ap = (4.840.5) x 107! molm—2K~! <0.01
a3 =0.6+0.2 <0.01
Ky = (1.11£0.08) x 108 molm™2Pa~!  <0.01
Langmuir + Henry Ky, =ajexp(ay/T) 0.2066
Eq. (11) gs = az(1 +aqv)
a;=0©+13)x 10710 molm=2Ppa~! 0.49
a=(5+0.4) x 103K <0.01
az = (1.10+0.08) x 10~8 molm—2 <0.01
as=09+02 < 0.01
Ky = (1.60£0.08) x 10 83molm—2Pa~! <0.01
Langmuir (dissociation) + Henry  gg = ajexp(ay/T)(1 +azv) 0.1938
Eq. (17) a; = (5£3) x 107 molm—2 0.02
ay=—(1340.1) x 103 K <0.01
a3 =0.6+0.2 <0.01
K Ky=7£5) x 10" mol2m—*4Pa! 0.1
Ky = (1.35£0.01) x 1078 molm™2Pa~! <0.01

X(SO,) / ppm

Adjusted retention time / [s]

X(SOy) / ppm

20 30 40

Adjusted retention time / [s]

Figure 2. (a) Chromatograms from injection of various amounts of a SFg /SO, mixture at 247K and 2um ice film thickness.
(b) Simulated SO, chromatograms using the Temkin isotherm with ¢ =4.3 x 1072 molm™2, K1 =10"%molm 2Pa~! and Ky =
2.8x 107 molm—2Pa—! using 100 cells in an axial direction. Dashed lines: simulation without absorption/diffusion into the solid phase.

Solid lines: simulation including diffusion into the solid phase with H =50 and Dg =2 x 10~

Bm2s-t using 30 cells in a radial direction.

The dotted lines are calculated with Eq. (1). They represent the locations of the experimental peak maxima.

only the case for high p(SO,). However, strong peak tailing
is observed, indicating a saturation effect. Using the observed
k'~ 0.2, Eq. (5) is used to calculate a tentative Ky = 1.5 x
108 molm—2Pa~!. At p(SO,) = 1 Pa at peak maximum, a
surface concentration of ¢(SO,) = 1.5 x 1078 molm~2 is ob-
tained using Eq. (4). Clegg and Abbatt (2001) estimated that

Atmos. Chem. Phys., 18, 7527-7537, 2018

about 5 x 10 cm~2 = 8.3 x 10~° mol m~2 molecules of the
size of SO, can be packed on the surface next to each other.
Therefore, surface coverage of the normal ice surface is only
6 = 0.2 %. Thus, it can be excluded that the normal ice sur-
face is saturated with SO, and that SO,—SO, interactions

www.atmos-chem-phys.net/18/7527/2018/
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Figure 3. Double logarithmic plot of k¥’ vs. p(SO5) at peak maximum for experiments with ice film thickness & > 4 um and without ice
aging. (a) Fit with Temkin adsorption isotherm according to Eq. (8). (b) Fit with simple Langmuir model (dashed lines) according to Eq. (11)
and with the dissociative Langmuir model (solid curves) according to Eq. (17).

come into effect. The observed peak tailing must have an-
other cause like adsorption at active sites.

For lower p(SO;) an additional stronger adsorption mech-
anism comes into play which yields a k' o« p~! dependency
in the limit p(SO;) — 0; see Fig. 3. In the low partial pres-
sure range, it is found that k” increases with increasing tem-
perature. An isotherm explaining the kX’ o< p~! dependence is
the Temkin isotherm

K
q =c1n(%”), ©6)

([KT] =mol m~—2 Pa~1); see Sect. S1 in the Supplement. The
Temkin isotherm assumes that the Gibbs free enthalpy of ad-
sorption decreases linearly with increasing coverage. Insert-
ing the derivative of Eq. (6) in Eq. (1) yields the prevailing
pressure dependence in the limit p — 0:

2RT ¢
r p ’

Together with the weaker physisorption described by Henry’s
adsorption isotherm of Eq. (5), it follows that

. 2RT (¢
K = (— + KH) . (8)
ro\p

Note that only the model parameter ¢ of the Temkin isotherm
can be determined from concentration-dependent k¥’ mea-
surements. This is because the second model parameter Kt
is arbitrarily removed by differentiation of Eq. (6). The lin-
ear relationship of &’ vs. 1/p is used to study the relation-
ship between film thickness, temperature, pre-humidification
and column aging, which are treated as independent vari-
ables by multiple linear regression using data from 336 chro-
matograms. Since the retention times at lower concentrations

k' =

@)
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are difficult to obtain due to considerable peak broadening,
the obtained k’ values are weighted with 1/k" in the linear
regression.

The results indicate that k¥’ significantly increases with in-
creasing temperature (P < 0.01), column aging (P < 0.01)
and ice film thickness (P = 0.03). Therefore, further analy-
sis is confined to a subset of 249 experiments with ice film
thickness 7 > 4 um. All these experiments were performed
using a pre-humidified carrier gas.

In this subset, k’ significantly increases with temperature
(P < 0.01) and column aging (P < 0.01) but not with ice
film thickness (P =0.81). A linear dependency on ¢ from
T and column aging is formulated; see Table 1. Next, the fit
parameters are determined by nonlinear regression of the log-
scaled data; see Fig. 3a. The residuals of the fit are normally
distributed (Shapiro—Wilk normality test; P = 0.19).

Langenberg (1997) applied a Langmuir adsorption model
for the chemisorption in addition to a Henry’s adsorption
isotherm for weak physisorption: the ice surface is assumed
to be a solid surface composed of series of active sites capa-
ble of binding SO,. The Langmuir isotherm is defined by the
expression

_4q _ _ (Ki/gs)p
gs 1+ (KL/qs)p

([Kr] =mol m~—2 Pa’l), where ¢gs is the monolayer satu-
ration capacity. For K1, a van’t Hoff-like temperature de-
pendency was assumed. For low p where (Kp/gqs)p < 1
the Langmuir model simplifies to the Henry’s adsorption
isotherm ¢ =~ K1 p. By applying Eq. (1) to the Langmuir
model of Eq. (9), we form

_2RT  Kig}
r (KLp+gs)?

)

/

(10)
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and by adding Henry’s law adsorption isotherm arithmetic
expression for independent weak physisorption one obtains

2 RT K1 g2
K = Sl (11)
r (KLp+gs)

When fitting this model to the log-scaled data, the dashed
lines in Fig. 3b are obtained with the model parameters listed
in Table 1. From these model parameters, an apparent adsorp-
tion enthalpy of AH, = —(41 £3) kJ mol~! is estimated. As
can be seen in Fig. 3b, the fit is quite good at lower tempera-
tures but fails at higher temperatures. When comparing the fit
to those of the Temkin model, it is obvious that the Langmuir
model is not appropriate.

Clegg and Abbatt (2001) proposed a model for the adsorp-
tion of SO, where SO, interacts with the ice surface by hy-
drolyzing, as it does when being dissolved in liquid water.
The equilibrium of the first dissociation step of SO, in water
(see Reaction R1) is described by

_ q(H:01)q(HSO;3)
" 4(S0y)

On neutral ice, where ¢(HSO5) = q(H30™), the surface
concentration of Syy is given by

q(Siv) = ¢q(HSO3)+¢(SO2) (13)
= VKnKup+ Kup. (14)

Together with Eq. (1), we arrive at

2RT (1 [KyK
K = (— H2T +KH). (15)
r 2 p

This model yields a dependence on k’ & p~!/? in the low
concentration regime, but not for our data which were ob-
tained at much higher concentrations than those used by
Clegg and Abbatt (2001).

In cases where an adsorbing molecule dissociates upon
adsorption the Langmuir isotherm takes a modified form
(Crowley et al., 2010; Huthwelker et al., 2006):

12)

KuKpip

2
q
in:—s (16)

qs 1+ /KHKZIIP.
4s

With Eq. (1) and adding the Henry adsorption term, it follows
that

KuKi1
i 2 RT qs

r 2
2\/KHK211P(\/KHK211P+1)
qs qs

Model parameters KKy and gs are determined by non-
linear regression. No temperature dependency on KgKyj is

+kul. an
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found. The dependency gs on temperature is formulated by
a van’t Hoff-like expression; see Table 1. In addition, gg is
about 60 % larger for aged ice. However, the residuals of the
fit are not normally distributed (Shapiro—Wilk normality test;
P =0.04).

Due to strong scatter, we are not able to find a signif-
icant temperature trend for Ky describing the physisorp-
tion of SO;. To explore the temperature dependency on
Ky, temperature-dependent measurements of k' were per-
formed using higher concentrations with a partial pressure
of around p(SO,) = 1 Pa at the recorded peak maximum. In
addition, the experimental setup was changed: instead of us-
ing the methylsilyl-deactivated column, an untreated fused
silica column was used. We assumed that due to better wet-
tability, ice deposition on the untreated silica surface results
in a better surface coverage than in methylsilyl-deactivated
columns. Furthermore, the coating procedure in these sub-
sets of experiments was modified to minimize the length of
the uncoated part of the column inside the cold box: after
preparing the coating as described above, the cold box was
opened and the uncoated tail of the column was manually
drawn out of the box though a pinhole. This reduced the
length of the uncoated tail in the cold box to about 30 cm.
For further stabilization of the ice surface, the column was
maintained for 3 h at 256 K after the coating procedure. After
keeping the column at 207 K overnight, the chromatographic
experiments were performed the next day. The ice film thick-
ness was 6.5 um. To find evidence for anomalous adsorption
behavior of SO, caused by the formation of a quasi-liquid
layer when approaching the melting point of water ice, the
SFg / SOy chromatograms where measured up to 267 K. If
a surface premelt layer acted like a supercooled liquid wa-
ter film, SO, might dissolve in the layer, therefore enhancing
the capacity ratio k" and therefore Ky when approaching the
melting point. However, with one exception where the col-
umn erroneously had not been rinsed before with Milli-Q
water and dried with synthetic air to remove soluble impu-
rities, mainly NO3 ions, SFg and SO, peaks could not be
separated at temperatures > 232 K. This implies that our re-
sults obtained with the untreated column are unaffected by
a quasi-liquid layer at higher p(SO;), where k' is nearly
independent of p(SO;). The results indicate that the domi-
nant adsorption at higher p(SO,) which was investigated in
our experiments is physisorption on the dry surface. In those
cases where the measured peaks of SFg and SO, overlap, the
true peak maxima were determined by fitting two exponential
modified Gauss functions to the overlapping peaks (Felinger,
1994). Afterwards the peak maximum time of each peak was
determined by a linear search algorithm. Ky at p — oo is
determined as an intercept by linear regression of k' vs. p~!
using Eq. (8).

In Fig. 4 the Henry’s law adsorption constant In Ky ob-
tained for ice-coated methylsilyl-deactivated columns and an
ice-coated untreated column is plotted against 1/ 7. With the

www.atmos-chem-phys.net/18/7527/2018/
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Figure 4. Ky as a function of T for experiments using an untreated
column and methylsilyl-deactivated columns coated with aged ice.
Experiments conducted with the same prepared column are marked
by the same color.

van’t Hoff equation,

AH,

IHKH =1HK](_)IO— ﬁ’

(18)
no reasonable fit is possible for the experiments performed
with methylsilyl-deactivated columns. Even in the case of
the untreated column, the values of Ky systematically de-
viate from the van’t Hoff plot regression line. Whereas Ky
is weakly dependent on temperature using the methylsilyl-
deactivated fused silica column, Ky decreases more strongly
with temperature than when using an untreated fused sil-
ica column. A possible explanation for this might be that at
higher temperatures formation of a quasi-liquid layer occurs
at the interface of ice with the methylsilyl-deactivated fused
silica surface.

3.2 Adsorption of acetone and n-hexane

To explore the possible impact of a quasi-liquid layer,
the adsorption of acetone and n-hexane on an ice-coated
methylsilyl-deactivated column was investigated in the tem-
perature range 211-265 K. These compounds were selected
because they are comparable in vapor pressure over a wide
temperature range but differ in water solubility: n-hexane is
insoluble in water, whereas acetone is miscible with water.
Methane was used as an inert tracer. Figure 5 shows the chro-
matograms obtained using a methylsilyl-deactivated column
coated with an ice film of 7.1 pm thickness. From left to right,
the recorded peaks are from methane, n-hexane, and acetone.
At peak maximum, the trace gas concentration ranged from
0.1 to 1.5 Pa for n-hexane and from 0.1 to 0.4 Pa for acetone.
The n-hexane peaks are nearly symmetrical and the reten-
tion times are independent of the amounts injected, whereas
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Figure 5. Chromatograms of a mixture of methane, n-hexane and
acetone at different temperatures. The flow rate is 10 sccm. Methane
is used as a non-adsorbable tracer.
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Figure 6. Van’t Hoff plot of In Ky vs. inverse temperature for
adsorption of acetone and n-hexane on ice using a methylsilyl-
deactivated fused silica column. The solid lines are fits of the data
to Eq. (18), used to derive adsorption enthalpies. Van’t Hoff plots of
acetone from Bartels-Rausch et al. (2004a, b) and Bartels-Rausch
et al. (2005) and recommended values from Crowley et al. (2010)
extrapolated from lower temperatures to the temperature range in-
vestigated are shown for comparison.

the acetone peaks show some tailing with slightly increasing
retention times with decreasing injection amounts, indicat-
ing that the slope of the isotherm is nonlinear. The adsorp-
tion of acetone on ice is described by a Langmuir adsorption
isotherm according to Eq. (9); see the review by Crowley
et al. (2010). Equation (10) is reorganized into a linear rela-
tion of 1/v/k’ vs. p:

2RT KL 1

. (19)
rk’ qgs VKL
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Table 2. Adsorption isotherm of n-hexane and acetone on ice

In AHy

(K /1 molm=2Pa~!)  (kimol~!)

n-hexane —28.3+0.9 —23+2
acetone —37.6+2.5 —45+5

K1, of acetone is determined after linear regression from the
intercept. For n-hexane, mean values of the retention times
are determined for different injection amounts at one tem-
perature. Ky of n-hexane is calculated using Eq. (5). The en-
thalpies of adsorption are determined using Eq. (18) by linear
regression; see Fig. 6 and Table 2.

After obtaining the values of Ky, the surface coverage of
n-hexane and acetone can be estimated at the lowest temper-
ature investigated. Winkler et al. (2002) reported an adsorp-
tion capacity of 4.5x 10~% mol m~2 for acetone on ice. For n-
hexane 6 ~ 5 % at 1.5Pa at 211 K and for acetone 6 = 13 %
at 0.4 Pa and 224K are obtained for the largest concentra-
tions observed at peak maximum. Therefore, it is concluded
that the peak tailing of the acetone peaks is caused by partial
saturation. Thus, it is justified to use Eq. (19) for extrapola-
tion of K1, for p — 0. However, additional causes for peak
tailing like slow uptake may exist.

4 Discussion
4.1 Consistency of the peak maxima method

The consistency of the peak maxima method is checked
by theoretical peak shape calculations using the R pack-
age ReacTran (Soetaert and Meysman, 2012); see Supple-
ment Sect. S2 and Fig. 2b. When comparing locations of
experimental peak maxima with peak maxima predicted by
Eq. (1), it can be seen that at higher concentrations, the peak
maxima are shifted towards longer retention times. As stated
by Joensson and Loevkvist (1987), for Langmuir-like ad-
sorption isotherms the accuracy of the peak maxima method
is best for low to moderate concentrations. Hence, in case of
nonlinear adsorption, the isotherm determined by the peak
maxima method at higher concentration has to be regarded
as the upper limit.

Slow uptake of SO, by diffusion into the ice surface is
included into the 2-D model; see Fig. 2b. When taking dif-
fusion into the ice surface into account, the peak maxima
are shifted on the curve of Eq. (1) to higher retention times.
In addition, the peak maxima are smaller and tailing is en-
hanced. As can bee seen from the simulation without includ-
ing slow uptake (1-D model), Eq. (1) is nearly the envelope
of the tails of the simulated peaks. This is used by the peak
profile method (Huber and Gerritse, 1971) to determine the
slope of the isotherm from a single peak tail. But, due to slow
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uptake into the surface, this method is not applicable for SO,
on ice.

4.2 Comparison with literature
4.2.1 Adsorption of SO,

The reanalysis of our experimental data reveals that the sim-
ple Langmuir adsorption isotherm is not suitable for the
description of adsorption of SO, on ice. Only considering
our data, either the Temkin model or the dissociative Lang-
muir model are more appropriate. When taking the results of
Clegg and Abbatt (2001) and the chemical nature of SO, into
account, we conclude that the adsorption is best described
by the dissociative Langmuir model of Eq. (16) combined
with simple physisorption described by Henry’s adsorption
isotherm. The experiments of Clegg and Abbatt (2001) were
performed at lower SO, concentrations; thus saturation ef-
fects were not observed. SO reaction with ice and dissoci-
ation is also supported by the study of Jagoda-Cwiklik et al.
(2008) who investigated SO, adsorbates on the surface of ice
nanoparticles at 128 K by FTIR spectroscopy: like in aque-
ous solutions, an HSO3_ ion was found.

Crowley et al. (2010) reported a value of K;1 Ky = 1.3 X
1073 mol> m~* Pa~! based on the data of Clegg and Abbatt
(2001) for the model of Eq. (14) at 228 K. This value lies
within the error limits of our value of K;; Ky = (7%5) x
10~ mol>m~*Pa~!. A limitation of our study is that the
experiments were performed at rather high SO, concentra-
tions. This makes the determination of K;; Ky rather diffi-
cult, as can bee seen by a value of P = 0.1 for this fit param-
eter; see Table 1. Therefore, we are not able to find a temper-
ature trend for K;; Ky. This is in contrast to the observation
of Clegg and Abbatt (2001) who found less uptake at lower
temperatures.

The monolayer saturation capacity gs of the disso-
ciative Langmuir model describes the maximal adsorbed
amount of SO, in one monolayer. Our values range
from 9 x 10" molm™2 =5 x 10" ecm™2 at 205K to 4 x
1078 molm=2 =2 x 10'>cm~2 at 265K; see Table 1. Tak-
ing 5 x 10" cm~2 (Clegg and Abbatt, 2001) for the adsorp-
tion capacity of the normal ice surface as reference, disso-
ciative adsorption of SO, must occur on active sites repre-
senting 0.1-0.5 % of the total surface. This result may be ex-
plained by surface premelting. At temperatures close to the
melting point the ice surface may be regarded as a quasi-
liquid layer where the hexagonal oxygen lattice is completely
distorted. At temperatures below =~ 260 K the oxygen lattice
is distorted by point defects and the hydrogen bond network
is distorted. Either vacancies in the outer bilayer predicted
by molecular dynamics simulations (Bishop et al., 2009; Ri-
ikonen et al., 2014) or hydronium, hydroxide, and the Bjer-
rum L and D defects predicted by density functional theory
calculations (Watkins et al., 2010) prevailing at the surface
come into question as active sites for dissociative adsorp-
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tion. D-defects at the surface, bearing a positive charge, pos-
sibly could attract HSOj ions at the surface. Watkins et al.
(2010) found by density functional calculation that surface
D-defects form with a very small energy penalty of 0.06 eV.
An activation energy of 11kJmol~! =0.11 eV for the forma-
tion of an active site can be derived from the model parameter
ap, describing the temperature dependency on gs. Surpris-
ingly for the hypothetical case of T — oo K the saturation
capacity approaches a limit of gs = 3 x 10'* cm™2.

One unanticipated finding is that gg is larger for aged ice.
A possible explanation for this might be that surface defects
are more prevalent on the surface of aged ice. Another possi-
ble explanation for this is that the ice surface in our capillary
columns increases during aging: shortly after preparation of
the column, the inner wall is covered with individually frozen
drops of water. During aging, the interstitial ice-free surface
of the column is eventually covered with ice by desublima-
tion from the frozen drops.

Besides the aging effect, other reasons for poor repro-
ducibility of the properties of ice surfaces must exist.
Whereas the reproducibility of the chromatograms of one
column at one temperature is good, the reproducibility of ex-
periments of two prepared columns is rather bad. There are
several possible explanations for this result: the properties of
the ice surface are also affected by the underlying surface
properties of the fused silica column, which may influence
cristallinity and surface defects.

4.2.2 Adsorption of acetone and n-hexane

In recent years, several studies concerning the adsorption of
acetone on ice have been published; see the review of Crow-
ley et al. (2010) and references therein. However, all these
studies only covered the temperature range of 140-228 K. In
this review, the results are summarized as an expression for
the van’t Hoff equation for Henry’s law adsorption isotherm
using Eq. (18). When extrapolating these expressions to the
higher temperature range of our experiment, it is found that
the isotherms of Bartels-Rausch et al. (2004a, b) and Bartels-
Rausch et al. (2005) are closest to our measured values of
Henry’s adsorption isotherm constant; see Fig. 6. In the first
study, breakthrough curves were measured using a column
packed with ice beads, and in the second study, an ice-coated-
wall flow tube was used. Bartels-Rausch et al. (2004a) and
Bartels-Rausch et al. (2005) obtained an adsorption enthalpy
of —52+2 and —46+3 kI mol™!, respectively. Our value
of —4545kJmol ™! is slightly lower but complies with the
error limits.

Bartels-Rausch et al. (2004a) determined the surface
area available for adsorption by a Brunauer—-Emmett—Teller
(BET) analysis of methane adsorption isotherms. Bartels-
Rausch et al. (2005) prepared the ice surface by slowly freez-
ing water at the inner surface of a Pyrex flow tube. They as-
sume that the ice surface corresponds to the geometric inner
surface of the tube. Thus, in both experiments the surface of
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ice adsorbents is regarded as being known. These results sug-
gest that within experimental uncertainty, the real ice surface
in our column corresponds approximately to the geometric
inner surface of the ice-coated part of the column, due to the
consistency of our data concerning the adsorption of acetone
with these studies. The temperature trend of the isotherms
of Bartels-Rausch et al. (2004a) and Bartels-Rausch et al.
(2005) extrapolates to higher temperatures up to 265 K. No
visible change caused by a quasi-liquid layer is found in the
temperature trend.

For n-hexane on pure ice, the enthalpy of adsorption has
not been measured yet. Hoff et al. (1995) reported AH, =
—37.3+1.3kImol~! for the adsorption on ice-coated Chro-
mosorb P in the temperature range 263-273 K, which is
much higher than our value of —234-2 kJ mol~'. For adsorp-
tion of n-hexane on liquid water, —28 kJ mol~! was deter-
mined by Hartkopf and Karger (1973) at 286 K.

4.3 Atmospheric implications

The adsorbed fraction of a trace gas in a contrail or cirrus

cloud with ice surface area density o is given by
N, RT

H_on g (20)
Ng p

In the case of Henry’s adsorption isotherm of Eq. (4), we can
write

N,

— =0 RT Ky. (21)
Ng

In the case of the model of Eq. (14) and of the dissociative
Langmuir model of Eq. (16), we arrive at

Ny Knk
S ~g RTJR2H (22)
Ng p

at low concentrations where physisorption of SO, by lin-
ear Henry’s adsorption isotherm can be neglected. For cir-
rus clouds, values of o = 0.003m™~! were reported and for
contrails, values of o =0.003 —0.012m~! were reported
by Schroeder et al. (2000). In an aircraft plume, SO, con-
centrations of > 5 x 108 cm™3 were observed by Schumann
et al. (1998). At 205 K the adsorbed fraction calculated with
Eq. (22) is about 1073 for o = 0.003 m~!. For acetone the
adsorbed fraction according to Eq. (21) is about 10™* at
205 K. These findings suggest that adsorption of SO, and
acetone on ice particles in the plume of an aircraft and sub-
sequent vertical transport by particle sedimentation is negli-
gible.

Sokolov and Abbatt (2002) estimated an upper limit for the
surface density of o = 0.1 m™! for tropospheric ice clouds.
Here, the adsorbed fraction of SO, is about 0.3 at the same
SO, concentration as above. Therefore, we conclude that in-
teraction of SO, with ice is only important in very dense ice
clouds.
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5 Conclusions

Gas chromatography with water-ice-coated fused silica
columns is a screening tool that is well suited to study-
ing the adsorption of trace gases with weak or medium ad-
sorption in the range k' = 0.1 — 100 (K =8 x 107° — 8 x
10~ molm~2Pa~!). By using a humidified carrier gas, the
experiments can be performed at temperatures close below
the melting point. Except the special low temperature coat-
ing box, only standard equipment for gas chromatography is
required.

The interaction of SO, with ice surfaces in the temperature
range 205-265K is described by a dissociative Langmuir
model in conjunction with weaker physisorption described
by Henry’s adsorption isotherm. No temperature trend for
the adsorption equilibrium constant is found for the dissocia-
tive adsorption process. The monolayer saturation capacity
for dissociative adsorption increases with increasing temper-
ature and ice aging. Adsorption occurs on active sites repre-
senting 0.1-0.5 % of the total surface. These findings support
the existence of surface premelting.

Slow uptake into the ice surface is evidenced by peak tail-
ing in addition to tailing arising from the nonlinear isotherm.

The possible interference of the underlying bare or
methylsilyl-deactivated column surface with the ice surface
cannot be ruled out. Further work is required to find evi-
dence as to whether ice films on untreated fused silica sur-
faces or on methylsilyl-deactivated fused silica surfaces are
more likely to resemble the surface of atmospheric ice parti-
cles.
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