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Atmospheric Pressure Coated-Wall Flow-Tube Study of Acetone Adsorption on Ice
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An atmospheric pressure variant of the coated-wall flow-tube technique in combination with a Monte Carlo
simulation is presented. In a performance test of simple first-order wall loss, the Monte Carlo simulation,
which uses a simplified model of transport in laminar flow, reproduced results of an analytical solution of the
transport equations in a flow tube. This technique was then used to investigate the reversible adsorption of
acetone on ice films between 203 and 223 K and a surface coverage of below 5% of a formal monolayer.
Simulation of the experimental uptake traces allowed retrieving an adsorption enthat@p ef 3 kJ mol?

for acetone on ice, which is in good agreement with other static and flow-tube methods. For the experimental
conditions adopted here, the transport of acetone molecules along the ice film is governed by equilibrium
thermodynamics. Therefore, the surface accommodation coeffiSgrind the preexponential factag, for

the activated desorption cannot be independently determined. These two main microphysical parameters
describing partitioning can rather be estimated through their relation to the adsorption entropy. A first estimate
for S of acetone on ice in the range of 0.66@.043 is given.

Introduction cell.:3 Yet, the significant vapor pressure of ice limits the use
There is strong evidence, both from field measureniextd of Knudsen cells in this context to studies at temperatures below

laboratory experimensthat ice and snow surfaces modify the 2Pout 200 K. The molecular diffusion tube, in which the gas-
atmospheric composition and consequently play a role in many Phase molecules travel along a tube under molecular flow
atmospheric processes such as ozone depletion in the stratoconditions, aIonv; tracking the fate of the molecules after a large
spheré® ozone and hydroxide radical budget in the upper Number of collisions. Consequently, slow uptake kinetics and
tropospherd snowpack chemistry in the Arctiéand associated ~ Surface residence times can be nicely addressed at pressures
processes such as halogen release associated with ozone anthere the mean free path of the molecules in the gas phase is
mercury depletion evenfs significantly larger than the tube dimensions. A higher vapor
Acetone is of interest in atmospheric chemistry, because it pressure of ice can be accommodated in the coated-wall
is an important radical (H source in the upper troposphére  flow-tube technique operating typically in the range ef5D
and a key player in the radical chemistry in the polar snowpack. Torr. The disadvantage of the higher pressure is the growing
Acetone is next to formaldehyde, an important intermediate in limitation of transport to the tube wall by gas-phase diffusion
the atmospheric oxidation of organic compounds above snow, which limits kinetic investigations to slow uptake processes.
and both are important sources of [j@hich largely determine  Nevertheless, this technique has been successfully used for a
the lifetime of trace gases in the near-surface polaf &. number of reactive and nonreactive heterogeneous systems,
concentration, for which diurnal cycles have been observed in including warmer ice under tropospheric conditiéfis Also,
the near-surface polar air, is affected by local chemistry, the the relative ease with which reasonably well-defined ice films
exchange of acetone with the snowpack, and also Iong-rangemay be introduced may be worthwhile being noted for this
transport processés:? _ _ method. A variation is the chromatography-type flow tubes, in
A major goal of laboratory research related to these issues is\ynich ice is used in the form of a “packed bed” rather than a
to quantify the various basic physiochemical parameters deter-,.. film, allowing the exposure of ice even in the form of

mining the uptake and reaction kinetics on ice surfaces. During natural snow sampl&s223Lor proxies of snow at any temper-

the past 20 years or so, a number of methods have been . . S .
developed for this purpose, such as the Knudsenlef, ature of interest. Retrieval of kinetic parameters is hampered

molecular diffusion tub coated-wall flow tub&7® and by complex mixing/advection to the surface, and as in the flow

packed bed/chromatography-type experiméit¥ Due to the tube, 0 nly S.IOW ProCcesses With. time scales mUCh. slowgr than
absence of collisions of molecules in the gas phase, the Knudse he mixing time within the packing can be can be investigated
cell allows a very accurate determination of the flux of .|net|cally. In both the coated-wall flow tube and the packed

molecules to a well-defined surface, especially for fast uptake /¢€ bed, equilibrium partitioning can be nicely measured, even
kinetics. Many key experiments to elucidate processes on icein the presence of gas-phase diffusive limitations, simply by

of stratospheric relevance have been performed in the Knudserintegration of the total loss to the solid phase. Slow processes,
such as diffusion into the bulk, can be retrieved with experiments
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Here, we present a slightly different approach to investigate Relation between Adsorption Kinetics and
the nonreactive and nondiffusive partitioning of atmospheric Thermodynamics
trace gases between ice and air at low surface coverage, by using
a coated-wall flow tube with its well-defined laminar flow
profile to record frontal chromatograms at atmospheric pressure
as typically used in chromatography-type flow tubes. In some
aspects, this is a high-pressure extension of the molecular
d|ffu3|9n fube, where only straight trajectories between encoun- where the adsorbed species do not react on the surface and where
ters W'.th the wall occur. Since the 1970s, bath methods (_vacuu_m diffusion into the bulk is negligible, the adsorption of a gas-
and high pressure) have also been used extensively in radio-

hemistrv (o d b i f radioisot : h phase molecule on the surface is described by the surface
chemistry 1o SGGSCI'I € Separation of radioISOtopes In gas Chro-a.commodation coefficient (dimensionless quantityfy is
matography?>

defined as the probability that an impinging molecule is not
While the total uptake in a flow tube can be measured by scattered from the surface on a time scale of picoseconds but

integrating the breakthrough curve, the interpretation of the |oses its translational degree of freedom and kinetic energy. It

experimentally observed uptake kinetics requires some treatmentas also been termed the sticking coefficient, trapping prob-

of the gas-phase transport in the flow tube. The key problem, apility, or adsorption coefficient. Note th& is not the mass

when evaluating experiments in a tubular flow reactor, is the accommodation coefficient, which has been used with different

correct coupling of the basic processes governing transport alongdefinitions in the literature. When applied to uptake into liquids,

the tube, i.e., adsorption to the surface, desorption from the mass accommodation involves also solvation of the adsorbed

surface, diffusion, and transport in the laminar flow. Several molecule at a liquid surfac¥.Note thatS and the term mass

approaches, using different approximations, have been madeaccommodation coefficient have not been consistently used in

to tackle this problerd’~%3 To model high uptake onto the tube  previous studies about uptake processes onSgallows the

surface, it was assumed that the gas-phase concentration at thgefinition of an adsorption rate constaks,(in m s%), by the

tube walls vanishe¥. The tube wall can also be described by flux of molecules to the surface with the mean thermal velocity,

the resistor boundary condition. Here, the flux to the tube wall & (m s71), as

is given by the difference of a desorbing and an adsorbing

flux.4445The third approach is to assume a first-order reaction S&

at the tube wall but no desorbing flux back to the gas phase ke = 4 @)

from the tube walls in various geometrt@g24647Such solutions

are often directed to specific geometries and boundary conditions The adsorbed molecule can then thermally desorb back to

and usually involve a series expansion or iterative procedures,the gas phase, for which the first-order rate constants™1),

such as the frequently used FORTRAN routine by Brown to in its most simple form can be given by the frequency with

treat first-order loss processes on wéfls. which the adsorbed molecules vibrate on the surfages),
Using a statistical approach, Ze4® tackled this complex  the adsorption enthalp\Hags(J mol™), the gas constani (J

problem using a Monte Carlo model, which takes advantage of K~* mol™), and the temperaturd, (K)®°.

In this section, we introduce the basic parameters describing
adsorption to ice and their relation to thermodynamics, as we
use them further in this work. They are consistent with our
previous, more extensive descripttdand the literature cited
therein. Assuming a simple Langmuir-type adsorption process,

analytical solutions developed to describe the transport in a flow 1
tube. We have extended this model to the question of atmo- ky=% (2)
spheric trace gasice interactions, including a parametrization v
of the adsorption and desorption processes appropriate in this P =1, o AHagdRT 3)

context® and of diffusion and transport in laminar flot# This
is to our knowledge the first approach in which the diffusion in

th h f th - tal setup i licitly treated When the concentration of surface-adsorbed moleculs, [
€ gas phase ot the experimental Setup IS explicitly treated. 5 00yjeg per /), is in equilibrium with the gas-phase

Rectegt ap|||ofr|oacthebseéo sl?ulgte thelg)ahnspog of tcrjacelgasss "Loncentration in the immediate vicinity of the surfack]gk
coated-wall flow tu or knudsen celisnave been develope (molecules per /), the rate of adsorption can be equated to

fqr th? molecular flow regime and cc_nnsequently do not treat the rate of desorption, which leads to the well-known Langmuir
diffusion processes. Also, the theoretical framework presented equilibrium
here allows the assessment of necessary simulation parameters
based on previous independent measurements. In previous kX, {1 — 6y) =k by[sites] (4)

. g X X
works, these parameters have frequently been chosen arbi-
trarily.*® While in principle the simulation problem posed here where [sites] denotes the maximum number of adsorption sites

could also be solved by a numerical solution of the continuum (per n?) and 6y is the fractional surface coverage, defined by
problem, the Monte Carlo simulation is faster and, most g, = [X]J[sites]. For a low coverage, i.e., if  Ox ~ 1, the

importantly, much easier to handle, which makes the imple- gas-liquid partitioning is calculated from eq 4

mentation of extensions for further processes in the condensed

phase straightforward. Oy _ K
The acetoneice interaction has been studied previous- [X]gs_ kqsites]

ly29-3L51-53 dye to its pronounced relevance in the atmosphere.

The aim of this paper is to show the validity of using a coated- This equation defines the Langmuir constakt,(mq). For

wall flow tube at ambient pressure and the data evaluation energetic calculations, the pressyme= 1 atm is generally

method based on the Monte Carlo model. Thus, previously chosen as standard state for a molecule in the gas phase in

published studies allow direct comparison and verification of atmospheric chemistry. An equivalent standard state can be

our technique and the new modeling approach. Additionally, derived for the adsorbate as suggested by Kemball and Ritleal.

differences between previous studies call to further constrain The principal idea behind this standard state is to fill an ideal

the error limits of the parameters describing this interaction. gas with the molar volum® = 2.24 x 10* cm?® and with the

=K (5)
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pressurgr, = 1 atm into a thin layer of thicknessy = 6 A,
which represents the adsorbed state. In this layer, the gas covers A

the areaA = V/dg = 3.7 x 10! cn?, corresponding to the
surface concentration oK[so = Na/A.
The pressure in this thin layer ig. = [X]A/VRT This
pressure change leads to a change in the Gibbs free energy of o -
0 { -

the adsorbateG,, relative to the gas phas€y, given byG, =
RTIn(p./po). Adding the free energy for the adsorbatirface sl

interaction, AG%gs to G, we obtain the free energy of the o
adsorbateGs. Using the equilibrium conditiolss = Gy and

converting the pressures to concentrations, we find

AG®
DA _ ex;{—ads) =K' (6)
v~ ) o
and define the standard adsorption equilibrium const&pt )Q ' \
Equation 7 readily relates the adsorption enthalihlags (J
mol1), and standard entroppySags (J K™ mol™?), to K% by
using the thermodynamic relatidd = H — TS Flow tube wall
— RTIn Kpo = AH 4~ TAS)adS @) Figure 1. (A) lllustration of the transport process in the coated-wall

flow tube. The first encounter with the wall is kinetically limited by
diffusion across the laminar flow profile; once a molecule is within a
mean free path distance from the wall, it undergoes repeated adsorp-
tion—desorption cycles without significant transport along the tube;

Furthermore, comparison of eq 7 with the definition of the
Langmuir constanK (eq 5) yields a relation betweef and

KOP only a few molecules can diffuse back into the flow tube, where the
gas flows faster and the molecules make rare long jumps. (B) Probability
=k \_/ 1 (8) density distributions for displacements fter desorption from the wall.
P Alsites] In the present parametrization, the small displacements (marked in gray)

are replaced by a random number of hops at the same position, while
In conclusion,K andK? describe the thermodynamics of the the remainder is approximated by a new distribution of long jumps
gas surface partitioning. It is noteworthy that the producgof after desorption from the wall. In the present parametrization, small
andz, can be related tdS,gs Combining egs +3 and 5-9 displacements (marke_o_l in gray) are simglated by a ra_n_dom_ nu_mb_er of
and rearranging allows expressing the entropy change ashops at the same position, while the tail in the probability distribution
function of the product ofy and 7. models the long jumps.

SETA place, and (iii) long jumps until the next encounter with the
AL = Rln( ) (9) wall, as shown in Figure 1.
acs av The first encounter of a gas-phase molecule with the wall is

Hence, the partitioning and its temperature dependence of amodeled using the first-order approximation of the known
’ P 9 P P solution of the diffusion-controlled flux to the walls in a

species between the gas phase and a surface can be descrlb% lindrical laminar flow tube&” Equation 10 gives the first term

ng'f,fe;ﬁgtnzeﬂtje?f :/lviniglr?i'sgTﬁeChggiéfQZﬁgfs zgg of the exponential probability density function of the random
the aésﬁthalpyAH y P 0 distancel(in m) that the molecules are transported in the carrier
ads gas stream before they encounter the wall for the first time.

Here, 71 (M) is the average distance (eq 11), whBrém? s™1)
is the diffusion coefficient and@) (m3 s™1) is the carrier gas

In this section, we describe the basic concept of the Monte volume flow rate. The invariable eigenvalfie= 3.65 and the
Carlo model to calculate the transport in the laminar flow of a preexponential coefficient = 0.82 are taken from of the first
cylindrical flow tube. We have developed a slight modification term of Gormley and Kennedy’s continuum solutfan.
of a Monte Carlo model as originally suggested by &/
The central idea of the Zva model is to parametrize the pi(1) :gexp—lli;l (10)
microscopic processes of desorption from the surface and the 1 71
random walk of an individual molecule through the gas phase
to the next adsorption on the surface by a three-step process as 71, = QIpnD (1))
follows (Figure 1). Desorption is followed by a random flight
of one mean free path in length. Most desorbing molecules will At the average distandg, the molecule adsorbs for the first
hit the wall again after only a few collisions with gas-phase time at the wall and experiences a random number of adsorp-
molecules. As the gas velocity of the laminar carrier gas flow tion—desorption cycles without being significantly transported
close to the wall is vanishingly small and diffusion occurs in by the carrier gas stream, which flows very slowly at the tube
any direction, the molecule does not significantly change its walls. The time that the molecule spends with this hopping is
position. It rather undergoes hopping in place in such repeatedgiven by the product of the adsorption time per evénin(s,
adsorption-desorption cycles. Only a small fraction of mol- eq 3), the mean number of successful adsorptions of an
ecules will diffuse far enough into the laminar flow to be carried individual molecule per unit length segment of a cylindrical
over a significant distance along the tube. Therefore, the tube ¢ in m~1, eq 12), and the average length of the long jumps
macroscopic random walk of individual molecules consists of (77 in m, eq 14)* Equation 12 expresses by the surface
(i) the first encounter with the wall, (ii) the time of hopping in accommodation coefficieng, the radius of the flow tube,

Monte Carlo Simulation of Transport in Laminar Flow
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to MS Ice coated flow tube 4 port valve The acetone trace gas was dosed to a bulRdw of which 50
= (203 K to 223 K) /xﬁ mL/min were fed into the coated-wall flow tube to yield a
— : .
_ < concentration of 13 ppb acetone in the gas flow through the
—1 Y3/ - - g
r'y tube. The main gas flows were humidified to match the vapor
250 pressure of ice at the temperature of the experiment to avoid
Adjust r.h. > ol / min net evaporation of or rimming on the ice surface. The ice surface
203 K to 223 K was prepared by slowly freezing water at the inner surface of
N,: 270 ml/ min[— ——————————] the Pyrex tube. For this, the Pyrex tube was cleaned with 5%
N, :1500 ml / min P aqueous HF solution, followed by thorough rinsing with Milli-Q
N,: 30ml/min > emno water. Finally, the tube was wetted with Milli-Q water and
permeation tube . . .
N, : 100 ml / min quickly placed into a jacket at 258 K. The tube was rotated
N,: 50 ml/ min > until a thin, hardly visible ice film froze within a few minutés.

. . . The tube was than cooled to the desired temperature of 203,
Figure 2. Experimental setup consisting of a coated-wall flow tube at -~ -
atmospheric pressure, an acetone permeation source, and a ma 08, 213, or 223 K. To ens_ure reprodumbl_llty, experiments were
spectrometer to monitor the acetone concentration with time. Note that fepeated 2, 1, 5, or 2 times at the different temperatures,
the humidified carrier gas stream through the column was constant, respectively. A particular ice coating was used for a maximum
whether acetone was turned on or off. of three measurements. The arrival of acetone after passage
through the coated-wall flow tube is monitored by feeding the
the volume flow rateQ, the gas constanR, the temperature,  gaq directly into the chemical ionization (CI) region of the mass

T, and the mass of a mol&. spectrometer, where water cluster ions from a corona discharge
act as Cl reagents. The entire flow system up to the ClI region
v = &(rIQ)v (27RT/M) (12) in the MS was made of perfluoro-alkoxy copolymer (PFA

] ] ] ] Teflon) tubing so that faster response times could be achieved
Assuming a first-order desorption process, the time a molecule than in the study by Guimbaud etZIThe mass spectrometer
spends hopping in these repeated adsorptiesorption cycles  monjtored the acetone-proton clustef(8HsCOCH) with mvz
is given by eq 13. Thereif,andi denote the average adsorption  — 59 and water-proton cluster #H,0)s with m/z = 55.
time and average jump length, respectively, anand the Monitoring these two major proton clusters rather than the
individual adsorption times and jump lengths chosen randomly. complete cluster spectrum as in the study by Guimbaud®t al.
1 B resulted in an improved overall signal-to-noise ratio. The ratio
p,(ven) = by exp "™ (13) of the H(CH3COCHs) and H"(H,0)s signals was confirmed
n to be proportional to the acetone concentration.

Summarizing the many individual encounters with the wall ~ Monte Carlo Simulation. The simulations were run in Maple
in the probability density, is the central idea of the model to  version 9.0 and took approximately 10 min each for 1000 and
enhance the calculation speed of the model. The average jump3 h for 10 000 molecules on a Macintosh G4 550 and yielded
length along the flow tube of molecules that leave the layer a concentration profile with time under the given experimental
close to the wall and diffuse into the laminar carrier gas flow conditions. In a single run, the time that each molecule needs
(7 in m, eq 14) and the associated probability density function to pass the coated-wall flow tube (retention time) was deter-
(eq 15) have been derived, based on the proposed probabilitymined by repeating the basic steps of the random walk described
distribution for displacements (Figure 1B) and on the exact above (hopping at one position, long jumps) until the molecule
solution of a chromatographic zone profffeThis profile takes reached the end of the tube. The resulting distribution of
into account axial diffusion and a nonuniform velocity profile retention times was then converted into a histogram, representing
in the flow tube. the experimentally derived uptake traces. For this, the time the
molecule spends hopping at one position and the length of the

. ar’D (nr?IQ) long jumps were chosen randomly from the corresponding
ﬂ—T‘*‘ 11- 16m probability density functionsp, and ps (eqs 13 and 15),
5 5 respectively. The length of the jump to reach the wall for the
6 (7erIQ) Q (14) first time behind the entrance of the tube was chosen randomly
(r?IQ) + v#| |\247D from the distribution provided in eq 10. The room-temperature

value of the diffusion coefficient of acetone in, N0.11 cn?

) = 1 exp " (15) s 1) was taken from AndrussdV. The exponent of the tem-

Pall i P perature dependence was set to 1.75 (Results and Discussion).
) . The times needed to travel the lengths of the jumps were

Experimental Section calculated based on the average flow velocity. To defikkgs

Flow Tube. The interaction of acetone with ice surfaces was Simulations were repeated with varyirtHags for a specific
investigated using a coated-wall flow tube at atmospheric choice ofASus(Results and Discussion) while the other input
pressure combined with an atmospheric pressure chemicalP@rameters were fixed to meet the experimental conditions, until
ionization mass spectrometer (MS) described previdésly the gained histogram fit the experimental uptake curve.
(Figure 2). To test the performance of the Monte Carlo simulation, a

The coated-wall flow tube consisted of a 72-cm-long, 0.6- modified simulation code was used in which all parameters
cm-inner-diameter Pyrex tube inserted into a glass jacket keptcontrolling transport and diffusion in laminar flow were as in
at temperatures between 223 and 203 K. The pressure in thethe original code but which contained an irreversible adsorption
flow tube was kept at ambient pressure, typically 960 mbar. step, in which the residence time in the adsorbed state was set
Under the experimental conditions reported here, no significant to infinity. In this case, each successful collision with the surface
temperature gradient<(l K) was detected along the column. (i.e., with a certain probabilit$) led to the loss of the molecule
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Figure 3. Performance test of the Monte Carlo simulation used in Figure 4. Measured mass spectrometer signals of acetone concentration
this study. The loss of a species from the gas phase along the flow at the outlet of the ice-coated-wall flow tube as a function of time at
tube at atmospheric pressure assuming an irreversible loss at the wall213 K. The acetone was switched on at time 0, switched off at 60 min,
Comparison of the Monte Carlo model (symbols) and CKD solution and switched on again at about 90 min.

(lines, see text) for different surface accommodation coefficieits,

to establish equilibrium. When the acetone in the carrier gas is
from the gas phase, and the position where this occurred wasturned off, the decay of the signal can be observed until the
recorded for each molecule. We believe that this provides a goodacetone is completely removed from the surface. Within the
test of the simulation features in the regime of combined experimental error, the integrated areas above and under the
diffusion and first-order loss to the tube wall. For this case, adsorption and desorption profiles, respectively, are identical,
also analytical solutions of the diffusion equation for a laminar implying that the uptake of acetone on the ice is fully reversible
cylindrical flow tube including a first-order loss process at the within the time scale and precision of this experiment. The
surface are available in the literature. We compared our resultssymmetry of both profiles is also an indication that diffusion

with the solution derived by Cooney, Kim, and Da¥iffurther of acetone into the ice does not occur within the time scale and
referred to as CKD solution). The CKD solution has originally - sensitivity of the experiment, which is in agreement with the
been used for a similar purpose by Murphy and Fafieynd previous studies on this system as cited above. Therefore, the

for this study, we have used an implementation described in profiles describe the uptake of acetone to ice until the rate of

our recent flow-tube study’ It describes the loss of gas-phase adsorption and desorption match at equilibrium and no net
molecules to the walls of a cylindrical laminar flow tube as a yptake is observed.

function of the surface accommodation coefficiesi, at the

wall Figure 5 shows experimental and simulated profiles at

different temperatures. For plots A and C, those two experi-
mental traces were selected that exhibited the lowest and highest
retention times from all experiments available at that temper-

Figure 3 shows the results of the performance test of the ature, respectively. Note that the length of the ice film was equal
Monte Carlo simulation, for a range of uptake coefficients, N all experiments. Th_|s should indicate the vgrlablllty observed
which were simulated by variation of the surface accommoda- @mong different ice films compared to the difference between
tion coefficientS, and by assuming a very low desorption rate €xperiment and simulation or compared to the effect of changes
to mimic irreversible uptake. The solid lines were obtained using in the driving variables on the simulation outcome. The freedom
the CKD solution. The comparison was made at room temper- in choosing the fundamental parameters was first constrained
ature to avoid any discrepancy in handling temperature- Py taking the experimentally observed standard adsorption
dependent quantities. The Monte Carlo and the analytical entropy of—101 J mof K~ 3! to fix the product ofS andro
solutions agree remarkably well in view of the simple way the t0 4.3 x 1075 s, according to eq N S,4shas been retrieved
Monte Carlo simulation parametrizes the combined transport from a temperature series of packed bed experiments as reported
and diffusion along the tube. The chromatographic zone profile previously$* Then, the profiles were adjusted to the experi-
used to derive eq 14 also takes into account axial diffusion. On mental data by varyindHags The profiles with values faAHags
the basis of this comparison, we are very confident that of —46.48 and—46.91 kJ mot* at 203 K are shown in Figure
individual trajectories for the case of reversible adsorption 5A (solid lines),—45.99 kJ mot* at 208 K (Figure 5B);-46.11
(where successful adsorptions are followed by desorption andand —46.66 kJ mot! at 213 K (Figure 5C), and-46.66 kJ
further hops and jumps) are very well-represented in the model, mol~! at 223 K (Figure 5D). Typical characteristics of trajec-
especially in the range that is affected by both adsorption kinetics tories in the simulations were as follows (for 208 K). The
and diffusion. number of collisions along the tube was 2410* cm™?; the

Figure 4 shows a breakthrough curve of acetone on ice at aaverage length of long jumps was 0.6 cm; the average number
temperature of 213 K. Initially, a steady flow of carrier gas is of hops at one position was about 122; the average residence
passed through the flow tube, which gives rise to stable MS time (with respect to a single desorption event) was, for example,
signals of H(H,0); clusters at/z = 55 (not shown). At time 0.18 s at 208 K assuminyHagsof —46 J moit andzg of 5 x
t = 0, the acetone was turned on and started to interact with 1012 (see below). Apart from the surface residence titnef.
the ice surface. Until approximately 40 min when the gas-phase eq 3), these quantities are only weakly temperature-dependent.
concentration at the tube’s exit reached a stable value, thisThe temperature-dependent position of the signal rise is mainly
interaction led to a net accumulation of acetone on the surfacedriven by the surface residence time.

Results and Discussion
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Figure 5. Breakthrough curves of acetone as measured with the mass spectrometer at different temperatures (squares). Note tlkeaglsanging
scale in part A at 203 K, B at 208 K, C at 213 K, and D at 223 K. At 213 and 203 K, several experiments were conducted, and the two extreme
profile curves are plotted to determine the influence of experimental scatter on the adsorption enthalpy. The simulations that best fittédehésexper

are also plotted (black lines). The influence of the adsorption enthalpy is illustrated in part B, where a simulated profile with change in ibe adsorpt
enthalpy of—0.5 kJ mof? (dotted line) and+-0.5 kJ mot? (dashed line) are shown. In part C, the dotted and dashed lines result from simulations
where the probability density functions gfand of vty were varied. See text for details.

As evident from Figure 5 (solid lines), the simulations could AS,qs simultaneously leads to a significant change in the
easily be adjusted to the experimental data by udityqs as profile’s position and to a small change in the slope, resulting
the only free variable (keeping andz, fixed and using 101 J in a very small scatter oAH,4s driven by the variance in the
mol~1 K~ for the entropy). In general, the rising signal profiles experimental profiles. The dashed lines in Figure 5B indicate
are well-reproduced, and also the temperature-dependent posithe simulation results wheAHaq4s of —46 kJ mot?! was set
tion is well-simulated with consistenf\H.qs values. This higher or lower by 500 J mot. Therefore, the overall error in
indicates that, analogous to the conclusions drawn from other determiningAHagsfrom adjusting the simulation to the experi-
experimental methods applied to the aceteige interaction, mental data is mainly driven by variations from experiment to
the adsorption and desorption processes are reasonably wellexperiment shown in Figures 5A and 5C rather than by degrees
parametrized within the framework used here. It further suggestsof freedom in adjusting the individual simulation. In a similar
an adsorption mechanism controlled by hydrogen bonds of way, to determine the influence &fS,4s the simulations shown
uniform strength and indicates that the assumptions of Lang- in Figure 5D were rerun with values afS,gschanged by about
muir-type adsorption and laminar flow correctly describe the 3 J K1 mol™! up and down from 101 J ® mol~ (corre-
processes in the flow tube. Yet, Figure 5 also indicates that atsponding 10 x 70 = 6 x 10715 s and 3 x 1071 s,
lower temperatures the shape of the experimental curve wasrespectively), while keepingHagsconstant. When these simula-
slightly steeper than the simulated one and vice versa for thetions with changed\S,4swere readjusted to the experimental
higher temperatures. In the following, we will first discuss the data by changing\Hag4s the shape of this simulation did not
parameters that influence simultaneously the shape and positiordiffer significantly from the original one (solid line) as expected
of the simulated curve. Second, we discuss some parameterdased on the relatioAGlgs = AHags — TAS g5 Therefore,
that might explain the slight derivation between the experimental the error in theAH,gs values is strongly linked to the error of
and simulated curve shapes. the entropy value (or to that && and 7). The experimental

The key variables that determine the shape and position of eIfor associated witthS’qs for acetone on ice is 16 J md
the simulated profiles are (1) the variatile@nd the product of ~ K™%,3*which then results in a variation €3 kJ mol™ in AHags

vTij or equivalentlyAG%gs and (2) the accepted probability It is interesting to note that, while the model reproduces the
density function ofy andvzy. In this work, AG%g4s has been profiles well, there is a small systematic deviation between
expressed in terms of the dependent varialMlldggsand AS,qs model and experiment. At lower temperatures, the experimental

Figures 5A-C illustrate that a small change &xH,4sat constant slopes are steeper than the model, while this is the other way
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around at higher temperatures. When considering how to AS,4swas taken here from an independent study but could
improve the simulation’s outcome regarding the slope of the in principle also be estimated from simultaneously simulating
curve at different temperatures, the first parameter that comesthe breakthrough curves at different temperatures. In any case,
to one’s mind is the temperature dependence of the diffusion if 7o andAS,¢sare known, ther® can be estimated from eq 9.
coefficient. After all, the choice of the temperature dependence Taking the experimentally determined valueAf,gs= —101

of the diffusion coefficient used in this work was somewhat =+ 16 J K1 mol~tand an estimated rangeaf= 1 x 10712to
arbitrary. However, when the exponent therein rather drastically 1 x 10713 2562633 range for§, from 0.004 to 0.043 can be
changed between 1.5 and 2.0, the maximum acceptable ¥ange, suggested. This is to our knowledge the first estimatgdor

no change in the shape and no relevant change in the positionacetone on ice. It is important to point out that this rang&of

of the profiles were obtained (simulations not shown). The only is just a rough estimate, as there has been some discussion on
way to get steeper profiles as observed at 203 K was by the validity to describe the preexponential factor in eq 3 by a
artificially narrowing the probability density functions gfand arbitrarily chosen phonon frequengyNote that the Monte

vty. The two dashed lines in Figure 5C were obtained by Carlo simulation presented here is free of this assumption
replacing one of the two probability distributions by the average aboutzo.

values? and/#7, respectively, and keeping all other parameters ~ When the data presented here are reanalyzed using a van't
constant. This drastic narrowing did not change the position of Hoff plot of the standard equilibrium constant (i.e., ()

the turnover point of the simulated profiles but shows that the versus IT as described in our previous wotk,i.e., by

width of the distributions has quite a significant effect on the @application of eq 16, an adsorption enthalpy is obtained from
kinetics of a profile. The width of the distributions is either the slope of a regression line. This analysis of the data set with
related to the transport processes in the gas phase (in the cas#is independent method that is frequently used in packed bed
of ) or to the adsorption and desorption process (in the case€xperiments serves to identify the influence that gas-phase
of 7). A narrower distribution of the jump lengths could indicate  diffusion has on the experimental result. Note that the Monte
a distortion of the laminar flow profile toward plug flow, ~Carlo model parametrized gas-phase diffusion, while eq 16
eventually induced by small scale eddies near the wall due to @nalysis neglects it. At low coverage?, can also be deduced

a not perfectly smooth ice surface. However, we do not believe from the retention timet{) according to eq 16 whertg, is the

that the conditions for laminar flow do change significantly as Carrier gas holdup time;<is the retention time of acetone in

a function of temperature. Also, any other systematic errors in the flow system before and after the colurafy is the surface
describing the transport in the gas phase, such as the interplayf€@ to volume ratio in the column, aA is the standard

of the laminar flow profile and the gas-phase diffusion should Volume and surface area.

not depend on temperature. Thus, the observed temperature-

dependent deviation between experiment and model is most o &=t —th A
probably due to the iceacetone interaction. For example, the Ky = Tt av
nature of adsorption processes critically depends on the available
number of hydrogen bonds, which has been shown to change
with temperature at temperatures as low as 20% Ksing
surface-sensitive nonlinear optics techniques. This would then
lead to a temperature dependencer@in our simple model
behind eqgs 2 and 3 and subsequently affect the distribution of
thet values. Furthermore, a small deviation from the first-order
desorption behavior could also have an impact on the width of
this distribution. Also, the adsorptierdesorption process may
occur _at adsorption s_it_es that diff_er in the adsorption strength. which a value of-87 J K- molt is obtained from the intercept
Th_e h'g.h water moplllty on t_he ice _surface_ensures that the of the linear regression and which is in fair agreement to our
unl_fo_rmlty of adsorpp_on sites is sa_tlsﬁe_d at high temperatures. previous result of-101 + 16 J KX mol~L, Recent work by
This is one of the critical assumptions in the Langmuir model. o e al.. however, giveASag = —51 4 12 J K-L mol-!
Yet, as the temperature gets lower, the ice surface becomes MOrey; the adsorption of acetone on i€eln this latter study, the

inid 25,61-63 i i i - . L.
rigid, and this assumption might be less well-obeyed. joq \yas generated by depositing water molecules from the gas

Thus, one might speculate that the temperature-dependent,aqse- thus the deviating results might in part be due to different
deviation between the simulation outcome and the experimental,ncertainties in the determination of the surface area of the ice

results could be related to the temperature-dependent change§geq in both experiments.

of the ice surface structure. Apart from serving as a test of this type of flow tube analysis
The parametrization of the Monte Carlo simulations depends at atmospheric pressure, this study also provides andiHeds
only on the product oty and S, which is also linked to the  value of acetone on ice of46 + 3 kJ mol?, which is in
value of the entropy change (eq 9), and there is no indication reasonable agreement with all other studies of this interaction
from the experiments showing an independent response of thereported so far at temperatures typical for the upper troposphere
breakthrough to either afy or S. According to the simplified  and at low surface coverag@){ Domineand Rey-Hanot? —55
picture of transport in the flow tube, which formed the basis of + 7 kJ mol? (0.03%<6 < 7%; 193 K< T < 213 K); Bartels-
our simulations, this constraint is also given by the fact that Rausch et aB! —52 + 2 kJ mol™* (0.1% <6 < 6%; 193 K<
both the time a molecule spends hopping as well as the meanT < 223 K); Winkler et al2° —46 & 7 kJ mol? (0.003%< 6
jump length are dependent on the productt@ind . This < 4%; 198 K< T < 218 K); Peyberng3® —494 7 kJ mof?!
seems then to be an inherent feature of all laminar flow-tube (0.2% <6 < 100%; 193 K< T < 223 K). It is worth noting
techniques where the forward velocity close to the wall is small that the studies by Domirend Rey-Hanot, Peybemmewinkler,
and the number of collisions is very large, making it virtually and this work were conducted with ice samples prepared
impossible to independently determingand . following exactly the same protocol, and thus differences in

(16)

m

This analysis, for which,, was set to 97 s antf¥sto 5 s,
yields AHags of —52 kJ mot™. While this analysis can only
serve as rough estimate due to the limited number of measure-
ments at different temperatures and consequently low quality
of the regression line, the reasonable agreement of both results
might imply that diffusion in the gas phase plays only a minor
role in the retention of acetone in the coated-wall flow tube at
atmospheric pressure. This conclusion also holdaf&gs for
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the ice surface structure should be negligible. Consequently, The Monte Carlo model is very simple to use and efficient
the span of experimentally derivetH,gsfrom —46 to —55 kJ with respect to CPU-time usage compared to other numeric
mol~! might not be attributed to a deviating number of surface continuum methods. It also does not depend on a rather arbitrary
defects or similar surface structure features. Following the result choice of the preexponential factor describing the desorption
of our previous study, acetone adsorption on aged or annealedkinetics, as frequently done in similar studies. We have argued
ice or snow samples does not significantly respond to ice that these parameters can rather be derived iy that
freezing protocol or temperature histéit is also interesting has been determined in independent experiments. It can be easily
to note that the coated-wall flow-tube experiments by Winkler, extended to include further processes on the surface or in the
Peyberns, and this work with a very similar geometric setup gas phase.
yield a closer agreement of the resultindd.qs compared to
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