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To gain quantitative understanding of the “stickiness” of a molecule on a given surface, we have developed
a new diffusion tube method that allows us to measure changes in the surface residence times of unreactive
as well as reactive adsorbants on solid substrates in real time. The experiment involves sending a pulse of
molecules through a tube coated internally with a material of interest. The arrival time of the pulse is recorded
using a mass spectrometer, which is mounted at the tube exit in a high vacuum chamber. Since the number
of wall collisions under molecular flow conditions is determined only by the tube geometry, the surface
residence time can be calculated on a per collision basis. A Monte Carlo simulation, based on the assumption
that the molecules are reflected upon collision with a cosine directional distribution, is used to model
experimental results. In this study we have measured the surface residence times of two reactive,
atmospherically relevant molecules, CIN&ad CIONQ, on sea-salt aerosol mimics (NaCl, KBr). We found

an upper limit of 0.02 ms for the interaction of CIN@ith KBr and a surface residence time of Gt70.2

ms for CIONQ on NacCl at uptake coefficients of = 0.0002 and 0.1, respectively.

Introduction CINO, + KBr — BrNO, + KCI (1)

Traditionally, heterogeneous interactions at the sejjds CIONG, + NaCl— Cl, + NaNG, (2)
interface have been characterized in terms of reaction prob-
abilities () or accommodation coefficientst, which can be The gaseous products BrN@nd Ch photolyze readily upon
measured in Knudsen cells operating under molecular flow solar irradiation, generating Br and Cl radicals. The latter may
conditions or in laminar flow tube reactors at pressures of a react further with hydrocarbons, initiating a chain of oxidation
few Torr=6 Although these techniques have been applied to processes in a fashion similar to the OH radical, whereas
atmospheric reactions with considerable success, very little canbromine radicals may catalyze chlorine recycling and contribute
be learned on the length of time a gas molecule resides on theto the sudden tropospheric ozone loss phenoméhofihe
surface before either reaction or desorption occurs. This is reaction probabilities for reactions 1 and 2 at room temperature
mainly due to the fact that these methods routinely employ have been measured to result jn= 2 x 10# and 0.1,
steady-state conditions integrating the recorded signal over timerespectively:*1®> These experiments also suggested that nitryl
thereby losing any real-time information of their measurement. chloride and chlorine nitrate may have significantly different
However, the surface residence time is a parameter fundamentaburface residence times on alkali halides despite their similar
to the understanding of gasurface interactions, which could —molecular structure.
provide additional insight into possible heterogeneous reaction  The primary aim of this study was to develop and to apply
mechanisms, highlighting for instance the role of pore diffusion, & new technique that enables the first real-time surface residence
the type of bonding involved, etc., particularly where poorly time measurement of adsorbed gases on unreactive as well as
characterized atmospheric substrates, such as soot, sea-salt, é¢active surfaces. We have previously shown that the surface
ice, are involved:11 residence time measurement in unreactive cases is reasonably
straightforwardt® For reactive cases the interpretation of data

ill be based on a simple model of precursor,{Mto reactive
adsorption of a gas molecule gM

Heterogeneous chemistry of halogen-containing atmospheric
trace gases on sea-salt aerosols has been shown to play a cruci
role in the marine boundary layer as it may cause changes in
the oxidative capacity of the troposphéfeWe have therefore K v
looked at potentially relevant reactions of CI@roduced via M(g) = M(ads)— products 3)
the heterogeneous reaction 0@ on NaCl, and CION@ a o
abundant reservoir for active chlorine in the stratosphere, which e |ifetime ) on the surface is given by the inverse of the

is formed in the gas phase in the presence of.N@ither desorption rate constant plus the heterogeneous loss constant
compound can interact with alkali halide surfaces provided by (1/(k_1 + K)). In this paper we will present four different
sea-spray aerosols: scenarios for gassurface interactions: (i) nonreactive nonsticky
systems, such as rare gases on Teflon, (ii) nonreactive sticky
*To whom correspondence should be addressed. systems, such as water on Pyrex, (iii) reactive but nonsticky
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The number of molecules or atoms per pulse was estimated from
the observed pressure drop on the basis of the ideal gas law.
Typically, pulses were of millisecond duration corresponding
Calibrated Volume to approximately (0.210) x 10* molecules injected per pulse.
[l [] Arrival time traces, recorded by mass spectrometer, were
Gas Tnlet” g g Pulsed Valves displayed and averaged over several pulses using a 500 MHz
oscilloscope (Hewlett-Packard, model 54610B) and then trans-
R ferred to a personal Pentium Il computer for kinetic analysis.
eferenceTube ' .
(Teflon) All experiments were carried out at room temperature.
The arrival time Griva), defined as the inverse of the decay
constantk) of the time-dependent MS signal, is determined by
fitting the measured signal to a single-exponential decay

Reactive Tube ..
(Salt)

Gate Valve | PC function.
‘ tarrival =1k (4)
[ Scope Since the experiment operates under molecular flow conditions,
. p p . . .

Detection i.e., the mean free path of the injected gas molecules is larger

Chamber than the characteristic tube dimensions, the number of gas

gas collisions is negligible. Hence, the number of collisions

Turbomolecular Rotary inside the reactor tubez] only depends on the mass and
Pump Pump temperature of the gas injected and on the geometry of the

‘ — — ~ tube!®® The average surface residence time can therefore be
Figure 1. Schematic diagram of the molecular diffusion tube experi- calculated directly by comparing the arrival time of an interac-
ment. tive, but nonreactive, gasurface reaction system kfc,) to

) ) ) that of an ideal, that is, noninteractive, systenkidd).
systems, such as CIN®OnN KBr, and (iv) reactive sticky systems,

such as CION@on NaCl. (MUksticky) — (1Kigea)
tsurf= Z (5)

Experimental Section

The experiment involves sending a pulse of molecules through N Practice, a Teflon tube serves as a reference for the
a cylindrical reaction tube coated internally with a material of Measurement dégea, Which has been corrobated by trajectory

interest, e.g., KBr or NaCl. A second tube coated with Teflon calculations where the ga_sgrface intera_ction has been s_et to
in order to minimize surface interaction serves as a reference.2€r0- The number of collisions on the inner tube wallpi¢
A gas inlet system is mounted at one end of the two tubes and@/S0 computed numerically by a Monte Carlo simulation, which
a stainless steel detection chamber at the other end. TheWill be described in some detail in the following section.
detection chamber is equipped with a quadrupole mass spec- .
trometer (Balzers QMS 125200 amu), which measures the Monte Carlo Calulations
arrival time of the pulse of molecules. It can be isolated from  Monte Carlo trajectory calculations were employed to provide
the reactor tubes by a pneumatically operated 6 in. gate valvea direct comparison with experimental resdftg? The simula-
(VAT, Series 10). To obtain molecular flow conditions, the tion used in this study is based on a Monte Carlo model that
system is pumped by a turbomolecular pump (Leybold, 369 dm has been developed previously in our laboratory to investigate
s™1) backed by a rotary pump (Leybold, TRIVAC 16B) reaching the relationship of gas dynamics and the reactor geometry of
a base pressure of less thank110-8 mbar without bakeout.  Knudsen cell§. Using the average molecular velocity, the
The vacuum pressure is measured by a hot cathode ionizationprogram calculates the trajectories of individual molecules
gauge (Varian 580 Nude Bayard-Albert type). A schematic injected into a given reactor tube geometry on the assumption
diagram of the experimental setup is shown in Figure 1. that the molecules are reflected with a cosine directional
Standard Pyrex glass tubes served as reactor cylinders, whictdistribution upon collision with the wall surfagé?? A brief
were thoroughly cleaned before use by rinsing with solvents account of the derivation of the algorithm including that for a
and a 10% solution of HF in water. The reactive coating was uniform or cog distribution can be found in the Appendix.
applied by spraying a saturated solution of KBr or NacCl in The reactor geometry is modeled by a narrow and a wide
methanol into the preheated tube (14D), which resulted in cylinder in series, representing the diffusion tube and the
the condensation of a thin, uniform salt layer. Teflon-coating detection chamber, respectively. Real tube dimensions are used
was carried out in similar fashion using a FEP polymer for the diffusion cylinder whereas the detection chamber, which
dispersion (DuPont)! To ensure uniform coating for long is 11 dn? in volume and contains several blanked off ports, is
tubes, multiple sections of 30 cm length were assembled into aapproximated by a straight cylinder of 12 cm in diameter and
single tube. Connections between tube sections were madel00 cm in length. These dimensions resulted in the best
using greaseless Rotulex joints based on Viton elastomers. Tubeagreement between simulation and experiment if molecules were
dimensions were typically-22 cm in diameter and ranged from  injected directly into the chamber and the resulting time-
20 to 120 cm in length. dependent MS signal was recorded. The pulsed valve is
Gases were injected from a calibrated volume (ca. 68) cm simulated by a point source located at the geometrical center
across a pulsed solenoid valve (General Valve Corporation, of the injection plate of the diffusion tube. Individual trajec-
Series 9) along the cylinder axis of the tube. The calibrated tories are followed by the calculation until the molecule exits
volume, part of a grease-free gas-handling line, was equippedfrom the detection chamber across the pump flange. The total
with a capacitance manometer (MKS Baratror;10 mbar). time of a trajectory is saved in a histogram before the next
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Figure 2. Verification of the algorithm: comparison of the experi-
mentally observed MS signal for noninteractive Molecules passing
through a 1.05x 100 cm tube Z = 14 000) with Monte Carlo
histrograms based on a uniform, cosine and cédiitribution.
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Figure 3. Density of the internal wall collisions along the tube
expressed as the integral number of collisions per unit area fll/cm

TABLE 1: Tube Parameters

dicm) Im) ACM  Zwd  Zenamnd 1K (ms)
molecule is injected. The resulting probability distribution may 2 120 377 5700 130 37.0
then be compared directly to the experimentally observed MS 2 90 283 3250 130 21.6
trace without making use of any adjustable parameter. ; 28 182 1;‘38 11338 150'3

Figure 2 illustrates the verification of the algorithm for the 2 25 79 280 130 55
case of a pulse of inert Nmolecules passing through a 1.85 2 20 63 180 130 5.3

100 cm Pyrex tube: excellent agreement is observed for the
experimental MS trace (s = 0.25 s) with the Monte Carlo
histogram based on a cosine directional distributiok.{l~

0.26 s). The less directed, uniform or totally random distribution 70
leads to an overestimation of the escape rate constaqtiE/ 65%
0.08 s) whereas the cosfrdistribution, which is more directed
toward the surface normal, results in an underestimation (1/
keos2 = 0.46 s) as the molecules become “stuck” in the tube
owing to larger probability of undergoing wall collisions. The
statistical error of these measurements is of the order of 10%.
It should be noted that we have verified the algorithm further
by using different tube geometri€ésand by reproducing
literature values reported for transmission probabilities through
tubes and orifice§.

To model nonideal gases, that is, gases interacting with the
wall in a nonreactive manner, an arbitrary surface residence time
could be added on a per collision basis. A reaction probability
per collision, simulating irreversible heterogeneous loss at the
wall surface for reactive gases, may also be introduced. All Figure 4. Mass spectrometric signals of a pulse ofCHmolecules
Monte Carlo programs were written in Fortran and ran on a (m/e = 18) after passage through a 1x2100 cm tube Z = 10 000)
Pentium personal computer. Typically, “0L.0f trajectories ~ Made of (a) Teflon (PTFE) and (b) Pyrex glass.
were calculated, taking from a few minutes to more than a day
depending on the reactor tube dimensions and the molecularsaturation effects are therefore most likely to occur near the

mass of the injected molecule as well as surface residence timePulsed valve, particularly in long and narrow tubes. Table 1.
and reaction probability. summarizes the characteristic parameters of the tubes used in

Other than simulating experimental results, the Monte Carlo tNiS Study.
approach gives insight into a number of fundamental statistical
parameters, such as the average number of collsions in the tub
and, more importantly, the integrated collision density, i.e., the  Nonreactive Systems.The high sensitivity of the molecular
total number of collisions per unit surface area. The collisions diffusion tube experiment to gasurface interactions is dem-
are by no means distributed evenly along the tube, but the onstrated graphically in Figure 4. It shows a typical, delayed
density drops linearly from a maximum value near the injection arrival of water vapor passing through a “sticky” Pyrex tube
point to almost zero at the tube exit as demonstrated in Figure(1.2 x 100 cm) compared to an inert Teflon tube. It is
3. The collision frequency, i.e., the number of collisions per characterized by a longer rise time and slower exponential decay
unit time, remains the same, however. This may be rationalized of the mass spectrometric signal compared to the noninteracting
most easily by the fact that a molecule near the tube end iscase. According to eq 5, which is based on an accommodation
more likely to find the exit than a molecule that is located near coefficient of unity, the late arrival observed for water on Pyrex
the injection point. It therefore spends less time in the area corresponds to an average surface residence time of 0.84 ms at
near the exit than a molecule close to the injection point. Any ambient temperature. The yield ob® molecules leaving the

a Average number of collisions as calculated by the Monte Carlo
simulation.? Arrival time normalized to 1 amu.
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TABLE 2: Experimental Results for CINO, on Teflon and
94 B Ideal Gases on KBr
A @® H,Oon Teflon surface  tube (cm) m/e  noin (x10Y%)  NOow (%)  1/k(S)
o A H,0 on Pyrex Teflon ~ 2x 60 46 05 REF 0.092
% L Teflon 2x 60 46 1 REF 0.088
o i Teflon 2x 60 46 2.5 REF 0.090
E 1 Teflon 2x 60 49 0.5 REF 0.094
< %81 Teflon 2x 60 49 1 REF 0.097
§ 1 Teflon 2x 60 49 2.5 REF 0.093
< 0.4 KBr 2 x 60 46 0.5 36.6 0.074
1 KBr 2 x 60 46 1 375 0.073
0.2 KBr 2x60 46 2.5 45.5 0.074
. KBr 2 x 60 49 1 34.8 0.072
0.0 s — I KBr 2x60 49 2.5 26.7 0.078
0 2 4 6 8 10 12 KBr 2 x 60 49 5 36.2 0.072
Square Root of Mass Teflon 2x90 46 0.5 REF 0.194
Figure 5. Calibration plot showing the experimental arrival times of ~ Teflon 2x90 46 1 REF 0.197
a number of ideal gases (He, Ne;,Mr, and Sk) in a 1.2x 100 cm Teflon ~ 2x90 46 2.5 REF 0.204
tube. The plot also includes the arrival times for water on Teflon as %282 gx 38 ig 2-5 SEE 82132
ell as on Pyrex glass. X :
W yrex g Teflon ~ 2x90 49 25 REF  0.208
Teflon 2x 90 49 5 REF 0.193
tube is 100%; i.e., irreversible loss ok@ at the surface does  Teflon 2x90 49 10 REF 0.199
not occur. The yield, or surviving fraction, is determined simply KB 2x90 46 0.5 153 0.139
. . . KBr 2 x 90 46 1 24.6 0.127
by comparing the integrals of the two MS signals. However, g, 2%90 49 1 20.8 0.130
dramatic changes in the adsorption kinetics of water on Pyrex kpgy 2% 90 49 25 26.7 0.127
are observed if doses higher thamx 110> molecules per pulse KBr 2x90 49 5 27.3 0.130
are injected into the 1.% 100 cm tube. As we have shown  Teflon 2% 120 46 05 REF 0.334
previouslyi® the measured decay signals are no longer single Teflon 2x 120 46 1 REF 0.332
exponential but consist of a fast initial decay, which becomes Teflon ~ 2x 120 49 0.5 REF 0.327
more pronounced at higher doses, followed by a long “tail’, Teflon ~ 2x120 49 1 REF 0.385
which is largely independent of the dose injected. This is a Jefon  2x120 49 5 REF 0.351
i on of ranid ion of a limited ber of | Teflon  2x120 49 10 REF 0.357
manifestation of rapid saturation of a limited number of strongly g, 2% 120 46 1 145 0.180
interacting surfaces sites at high exposure. Once these siteskpy 2x 120 49 5 17.8 0.136
are occupied, remaining molecules only find less interactive KBr 2x120 49 10 23.6 0.135

,S'tes’, l.e., sites VY'th Shorterlsurfgce residence t'm,es' Wh'Ch a2 The mean values of the yields for each tube geometry are listed in

invariably results in faster arrival times. The long tail, which T5pje 4.

corresponds to the low-dose limit shown in Figure 4, may

therefore be interpreted in terms of the desorption of water 0-51

molecules from the most strongly interacting surface sites. The _

fact that Pyrex may have a significant amount of water adsorbed & 0.4

to was first demonstrated by Langmuir over 80 years %go.
Whether or not a molecule actually behaves like a rare gas

can easily be verified by measuring the arrival times of several

rare gases and plotting the values versus the square root of thei

respective molecular masses. Since the arrival time scales with

the inverse of the molecular velocity and thus with the square

root of the molecular mass/M), any deviation of I from a

linear relationship of arrival time vg'M indicates a gassurface

interaction'® Figure 5 shows such a calibration plot for a 1.2

x 100 cm tube. The arrival time measured for water vapor on : . . . . . . . .

Teflon (0.25s) scales well with the values observed for nonin- 02 00 02 04 06 08 10 12 14 16 18

teracting rare gases whereas the arrival time measured for the Time [s]

water/Pyrex system at the low dose limit is more than an order Figure 6. Mass spectrometric signalsiie = 49) of a pulse of CIN@

of magnitude larger (8.6 s). Ideal gas behavior on Teflon was molecules after passage through & 20 cm tube Z = 3250) coated

also found for other potentially “sticky” gases, such as,NO With Teflon or KBr.

and HCI, confirming the inherent properties of Teflon as a highly

inert material. Hence, we use Teflon-coated tubes for all studied, indicating little or no interference from primary and

0.3

0.2 1/kTeﬂon =0.19s

0.1+
1k =013 s

Normalised MS-Signal (AMP x1

reference measurements. secondary products, such as BriNéhd NG, which also have
Reactive, Nonsticky SystemsAs a first reactive systemwe  mass signals atve = 4615
have studied the interaction of CINQvith KBr (reaction 1) Figure 6 shows a characteristic, time-dependent MS signal

using three different tube geometried £ 1480, 3250, and of a pulse of CIN@ molecules effusing out of a 2 90 cm
5700) and doses ranging from 0.5 to £010* molecules per tube internally coated with KBr. The arrival time kltorre-
pulse. Mass spectrometric signals were recorded following the sponds to 0.13 s, which is actuaBjorterthan that measured
ion peaks of the CIN and NQ* fragments atwe = 49 and using the Teflon reference (0.2 s). On the basis of the integrals
46, respectively. As shown in Table 2, the agreement betweenunder the two signals, the faster arrival time of CINQeracting

the two signals was generally good for all doses and geometrieswith KBr is accompanied by a reduction of the surviving fraction
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TABLE 3: Arrival Times for CINO , Resulting from Monte
Carlo Trajectories

100 |

90 4 | —®—2x20cm
mass  tube (cm) y tsurf (MS) yield (%) 1k (s) 80| —®—2x25¢cm N ad

81  2x60 0 0 100 0.098 ool // ' /
X : 701 | —w—2x860cm /“ /0

0
81 2x 60 0.0003 0 67.8 0.080 o | [ =x=2x1200m / / f
81 2% 60 0.001 0 35.2 0.061 f i
40 /

0 ¥
81 2% 90 0.0001 0 70.6 0.153 1 /// / ///
81 2% 90 0.0003 0 46.7 0.116 20 % p
0 2
0
0
0
0

Surviving Fraction [%]

81 2% 60 0.0001 84.4 0.089 60| —#—2x90 cm

81 2% 90 0 100 0.194

81 2x 90 0.001 15.9 0.068 10 / v//
O

81 2x 120 0 100 0.333 A S
56.5 0.215 1 0.1 001 1E-3 1E-4 1E-5
30.8 0.147
7.1 0.078

81 2x 120 0.0001
81 2x 120 0.0003

Gamma
81 2x 120 0.001

Figure 7. Calibration plot, based on the Monte Carlo method, relating
the surviving fraction of the molecule to the reaction probability.
of the injected CIN@molecules to 22.9- 7.6%. Similar results
were obtained for the % 60 and 2x 120 cm tube. For the in the yield decreasing significantly with increasing tube length.
former the effect was less pronounced as we observed anFor example, the yield of CINOmolecules exiting a % 120
average drop in the arrival time from 0.09 s (Teflon) to 0.07 s cm tube aty values of 0.0001, 0.0003, and 0.001 drops from
(KBr, 36.2 £ 9.5% yield), whereas for the latter the changes 57% to 31% and 7%, respectively.

were considerably more significant with a decrease from 0.35  Ajthough the results displayed in Table 3 have been calculated
s (Teflon) to 0.14 s (KBr, 18.7 4.2% yield). No dose  for CINO, (mass 81), the yield/reaction probability relationship

dependence was observed so that saturation effects may bgs in fact inherent to the tube geometry, i.e., independent of the
excluded. A complete list of all experimental data is presented 1,355 of the molecule injected. To be able to relate any

in Table 2. , , measured yield for a given tube geometry to the corresponding
From these results it becomes clear that surface residenceggction probability, we have performed the Monte Carlo

time analysis for reactive systems, based on the Teflon reference;y1ation systematically over a rangejofialues for each tube
signal alone, is insufficient. Equation 4 isonly valid ifthe gas 54 constructed a calibration plot as shown in Figure 7.

surfacg intlera.ction i§ temporary and the adsorption fully Typically, a 50% yield is obtained for #/= Z, where 1j
reversible, i.e. if there is no permanent heterogeneous wall l0SS. jaqrines the average number of collsions that lead to a reactive
It is imperative to have a closed mass balance for eq 4 10 be ay e event and is the average number of collisions for a
applicable. Reactive systems therefore pose a new challengeparticular tube geometry. If /becomes smaller than the

since kinetic analysis is no longer trivia]: irreversible uptake oo racteristic value df, the surviving fraction asymptotically
of the reactant molecule on the coated diffusion tube walls may drops to zero whereas it approaches 100% fpn/alues larger

lead to an apparent Ry value shorter than Bihea owing to hanZz. According to this plot, the reaction probability of CINO
the additional heterogeneous loss process. This permanen n KBr is of the order of 0.001 for each of the three tubes.

removal dt’e to hetszrogeneous reactivity may thereforg CoUN"This is approximately a factor of 5 larger than the value found
teract the “delaying” effect of the molecular surface residence . : . -
in previous Knudsen cell experimenfs. Presumably, this

time on the arrival time. To determine the extent of either . - . .
discrepancy may in part be due to the relatively large error in

process, a reliable measurement of the reaction probability is ;
) ; ; : . our mass balance (Table 4) but also because a certain number
required, which can be achieved by using either mass balance

; - “of collisions may occur on internal surfaces of the salt layer,

arguments or results of uptake measurements obtained in hich Id lead t timati f th i b-
Knudsen cells. The arrival time signal for a surviving fraction which would ead 1o an overestimation of thé reaction pro
of nonsticky, albeit reactive, molecules may then be calculated ability. For the Monte Car!o calculations we therefore.use the
using the Monte Carlo simulation, which serves as areference.Value ofy = 0'0002_ ob_talned by Knudsen cell studies and
Any deviation from the measured signal is then attributed to correcte.d for pore diffusioff. o
the surface residence time, which is fitted until good agreement ~ The time-dependent mass spectrometric signal of GINO
between the calculated and measured traces is obtained. propagating across a 2 90 cm tube coated with KBr and

A modeling study has been carried out in order to demonstrate various Monte Carlo fits are shown in Figure 8. The best
the effects of a given reaction probability on the arrival time as agreement between experiment and calculation is observed for
well as on the surviving fraction for different tube geometries. the MC histogram based onjavalue of 2 x 10~ without
The results are listed in tabular form in Table 3. The trajectories adding an additional surface residence time. The histogram
were calculated for mass 81, facilitating direct comparison of nicely retraces the rise time as well as the exponential decay of
the calculated arrival times to the experimentally observed the observed MS signal. If a surface residence time as small
signals for CINQ. It immediately becomes obvious that the as 200 or even 50s is added, the agreement becomes worse:
larger the reaction probability for a given tube the larger the the maximum of the arrival time histogram is shifted to longer
deviation form the “ideal” I arrival time value ¥ = 0, or times, and the exponential decay becomes slower. Using the 2
Teflon reference). For a 2 90 cm tube the arrival time of ~ x 120 tube, which is the most sensitive to weak-gaisrface
CINO; drops from 0.09 ayy = 0.0001 to 0.08 and 0.06 s on interactions owing to the highest number of collisions, we have
increasing the reaction probability by a factor of 3 each time. determined an upper limit of the surface residence time of 20
This phenomenon is even more pronounced for longer tubes asus. In other words, the CINgon KBr behaves like a reactive,
the number of wall collisions increases exponentially with the but nonsticky gas. A summary of the surface residence time
tube length. Hence, molecules with a given reaction probability measurements including uncertainties for all the reactor geom-
are less likely to exit the longer tubes, which is in turn reflected etries used is presented in Table 4.
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TABLE 4: Summary of Combined CINO, Results

tube (cm) z surface n@.(x 109 N0 out (%0) 1Kk (s) y tsurt(Ms)
2 x 60 1480 Teflon 0.52.5 REF 0.092t 0.01
2 x 60 1480 KBr 0.55 36.2+9.5 0.074+ 0.08 2x 107 <0.04
2x90 3250 Teflon 0.510 REF 0.20H 0.02
2x90 3250 KBr 0.5-5 229+ 7.6 0.131+0.02 2x 107 < 0.03
2 x 120 5700 Teflon 0.510 REF 0.348t 0.04
2 x 120 5700 KBr 10 18.7+£ 4.2 0.150+0.03 2x 107 <0.02
J TABLE 5: Experimental Results for CIONO , on Teflon and
1.0 ——MS Trace on NacCl
1 @{u i~ MC Fit: y=2x10", 1, =0 ms surface tube (cm) m/e nE(x 109  noow(%)  1k(s)
% ~@—MC Fit: y=2x10%1_,=0.05ms Teflon  2x 20 51 1 REF 0.021
g —d—MC Fit: y=2x10",t_,=0.2ms Teflon  2x20 46 0.5 REF 0.023
# %% > Teflon  2x 20 46 1 REF 0.023
3 Teflon 2x 20 46 1 REF 0.022
% 0.4+ Teflon 2x 20 46 25 REF 0.023
E Teflon 2x 20 46 10 REF 0.023
202 NaCl 2x 20 51 1 10.2 0.031
“] NaCl 2x 20 46 0.5 6.2 0.050
NacCl 2x 20 46 1 35 0.052
0.0 p ’ S NaCl 2x 20 46 1 5.8 0.046
- - NaCl 2x20 46 25 45 0.047
02 00 02 04 06 08 10 12 14 16 18 NaCl 2% 20 46 16 51 0.050
Time [s] NaCl 2x20 46 10 6.4 0.048
NaCl 2x 20 46 16 7.1 0.047
Figure 8. Monte Carlo fits for CINQ propagating through a 2 90 NaCl zi 20 46 10 16.0 0.031
cm tube Z = 3250) coated with KBr. NacCl 2% 20 46 10 19.8 0.026
Reactive, Sticky Systems.A similar series of experiments ie]t:on gx gg 3(15 i EEE 8-8%2
was carried out for CION@on NaCl. However, owing to the NZc?In Zi o5 16 1 58 0.046
considerably higher reaction probability € 0.1), much shorter NaCl 2% 25 46 25 57 0.044
diffusion tubes had to be used in order to ensure a surviving NacCl 2x 25 51 1 14.1 0.040
fraction of molecules large enough to be measured. Tube NacCl 2x 25 51 1 17.7 0.046
geometries therefore ranged fromx220 cm € = 180) to 2x NaCl 2x25 51 2.5 318 0.044
30 cm ¢ = 390), and doses were typically of the order of-(1 Teflon 2x 30 46 1 REF 0.038
10) x 10' molecules per pulse. Mass spectrometric signals Teflon ~ 2x30 51 1 REF 0.033
were recorded following the signals ate = 51 and 46 NaCl 2x 30 46 1 4.2 0.057
’ NaCl 2x 30 51 1 8.9 0.059

corresponding to the CilOand NQ* fragments, respectively.
Any discrepancies between the 51 and 46 signals are largely *Repeated exposure of a NaCl coating to high doses of CIONO
due to the fact that a small amount CION@ecomposes by 704
reacting with residual bO adsorbed on the reactor walls 65 ]
producing HOCI, which itself exhibits a strong signahale =

51. Hence, most measurements were takerm/at46. The
contribution of the potential trace impurity nitric acid to the
m/e = 46 signal is thought to be neglible on the basis of
reference experiments we have carried out. A single NaCl
coating could be used for several experiments if low doses of
CIONG;, were injected. A complete list of all experimental data
is shown in Table 5.

The experimental MS signals of a pulse of CION@olecules
passing through a 2 20 cm tube coated with Teflon or NaCl 5]
are shown in Figure 9. On the basis of the difference of the 0 gy
two integrals, only 5.0+ 2.4% of the injected CION® B o o T e oa
molecules survive thg collisions in the NaCl coated tube owing
to the large reaction probability (= 0.1) obtained in Knudsen ) o
cell experimentd? As outlined above, rapid heterogeneous wall Figure 9. Mass spectrometric signaisie = 46) of a pu_lse of CION®
loss usually results in a faster decay constant. However, thevrci?llqe.‘;‘élffsna;e{\lg‘éslsage through & 20 cm tube Z = 280) coated
arrival time actually measured for CION©On NaCl (0.049+ '

0.005 s) is longer than that for CIONG@nteracting with Teflon

(0.023+ 0.003 s). This clearly suggests a significant surface approximately 5.0% to 19.8%. Presumably, this is due to the
residence time, which, from a purely kinetic point of view, formation NaNQ@ on the surface, which is unreactive toward
counteracts and even overcompensates the “accelerating” effecCIONO, and decreases the gesurface interaction. The
of the reactive uptake on the arrival time. At high doses, i.e., majority of experiments was therefore carried out in the low-
repeated exposure of the NaCl surface to pulses df 10 exposure regime.

molecules, we observed a shortening of the arrival time from  The Monte Carlo results for CIONGire summarized in Table
0.049+ 0.005 s to 0.026t 0.003 s, which was accompanied 6. The arrival times calculated for the Teflon reference signals
by an increase of the surviving fraction of molecules from (y = 0, t,+ = 0) for each of the three tube geometries appear

Teflon
-~ NaCl (Signal x 20)

60
55
50 4
5]
404
35
304
25 ]
20
15
10 ]

K =0.023s

Teflon

1K, =0.044 s

NaCi

Normalised MS-Signal (AMP x10°®)

Time [s]
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TABLE 6: Arrival Times for CIONO , Resulting from 4000
Monte Carlo Trajectories a500.] ‘s B—y=01t, =0ms
mass tube (cm) y tsurf (MS) yield (%) 1k (s) 1 i\ ey =0.1,1,,=0.5ms
97 20 0 0 100 0.052 e I 1 wEe =04t =1ms
97 20 0.1 0 1.3 0.045 € 25004 , —¥—y=01t,=2ms
97 20 0.1 0.5 1.3 0.046 & |
97 20 0.1 1 1.3 0.050 B, 2000
97 20 0.1 2 1.3 0.054 @ 1
97 20 0.05 0 3.8 0.048 5 1500
97 20 0.05 0.5 3.8 0.049 8 1
97 20 0.05 1 3.8 0.056 £ 197
97 20 0.05 2 3.8 0.072 5004
97 25 0 0 100 0.054
97 25 0.1 0 0.64 0.049 oW
97 25 0.1 0.5 0.64 0.048
97 25 0.1 1 0.64 0.055 Time [s]
97 25 0.1 2 0.64 0.063 . . .
Figure 10. Monte Carlo histograms for CIONOnolecules undergoing

97 30 0 0 100 0.058 reactive uptake in a % 20 cm tube Z = 280).
97 30 0.1 0 0.37 0.047
97 30 0.1 0.5 0.37 0.057 124
97 30 0.1 1 0.37 0.070
97 30 0.1 2 0.37 0.081 — MS Trace

. okl MC Fit: y=0.1,t =0.2ms
to be larger by a factor of 2 compared to the corresponding i MC Fit: 1=01 ts””=07ms
experimental values, whereas the yields for reactive uptake & *°7 &— MG Fit: Y=01't5“”: 12 ms

" * 01 Csurf h

calculated in the simulation appear to be systematically lower
(Table 5). This discrepancy strongly suggests a partial decom-
position of the highly reactive CIONOmolecules in the
reference tube, presumably on imperfections in the Teflon
coating or on the stainless steel walls of the detection chamber.z , |
A reference yield of less than 100% would inevitably lead to |

0.0

0.6

0.4+

Normalised Signat

an overestimation of the yield of the reactive uptake studied in
the reaction tube, which in turn would lead to too low a reaction

probability using the calibration plot shown in Figure 7. We © oo 0.1 02 03 04
have therefore used the Knudsen cell valueraf 0.1 in the Time [s]
Monte Carlo fits'® Figure 11. Monte Carlo fits for CIONQ propagating though a 2

Monte Carlo histograms for CIONGOnolecules with various 20 cm tube Z = 280) coated with NaCl.
surface residence times undergoing reactive uptake Q.1)
ina 2x 20 cm tube Z = 280) are shown Figure 10. Unlike
the simulations shown in Figure 8 for the reactive uptake of at the large amplifications needed to detect the low yield of
CINO,, which exhibit a smooth rise and decay signal, the surviving CIONGQ molecules. The complicated shape of the
calculated signals for CIONQare characterized by a strong detection chamber may also contribute to a spread of arrival
initial spike, followed by a second, broader and less intense times larger than that calculated by the simulation. Hence, we
peak that trails off in a single-exponential decay. The position only fit the second maximum and exponential decay of the
of the initial spike remains relatively constant over the range Monte Carlo histogram to the observed MS signal, as it
of surface residence times studied, whereas the second maximuneorresponds to the fraction of molecules for which the arrival
is strongly dependent on the surface residence added as it shiftsime is governed by the surface residence time.
to longer arrival times at longer surface residence times. The Figure 11 shows various Monte Carlo fits for a pulse of
integral remains the same since it is determined by the reactionCIONO, molecules passing through ax220 cm tube coated
probability. Analysis of individual trajectories in the Monte with NaCl. The Monte Carlo histograms were calculated for a
Carlo simulation shows that the initial peak corresponds to reaction probability ofy = 0.1 using a surface residence time
molecules that undergo very few or no collisions at all in the of 0.2, 0.7, and 1.2 ms to demonstrate the accuracy of the fit.
tube so that the arrival time is principally determined by the The best agreement was observedtfgr = 0.7 ms with an
molecular trajectory and not by the surface residence time. error limit of £0.2 ms. The calculated portion of the rise of
Although this phenomon plays an integral part in relation to the signal was omitted for reasons of clarity. We have
the signal rise time in general, the high intensity and clear confirmed the results of the 2 20 cm tube using a % 25
distinction from the subsequent decay curve in this case is and 2x 30 cm tube, measuring a surface residence time of 1.0
related to the extremely low probability of molecules undergoing + 0.4 and 1.2+ 0.5 ms, respectively. A summary of all results
many collisions and then exiting the tube: on average every is listed in Table 7. For the highly reactive chlorine nitrate on
10th collision leads to irreversible uptake whereas typically 280 NaCl, the statistical error increases with tube length due to a
collisions are needed to find the tube exit. The observed smaller signal-to-noise ratio caused by the lower number of
histogram therefore primarily consists of molecular trajectories molecules leaving the tube. In fact, we were unable to measure
having undergone of the order of 10 or less collisions, i.e., an the surface residence time of CIONOn KBr because of the
initial spike, which carries little information on the surface even larger reactivityy( = 0.3). It should be noted that the
residence time. The reason this artifact does not show up inuncertainty of the measurement may also increase if the tube is
the experimentally measured MS signal is most likely due to too short since there are insufficient wall collisions to differenti-
the finite response time of the mass spectrometer, particularly ate the signal obtained in the coated tube from the reference
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TABLE 7: Summary of Combined CIONO, Results

tube (cm) z surface NG, (x 10%) NnO. out (%) 1Kk (s) y tsurt (MS)
2x 20 180 Teflon 110 REF 0.023t 0.002
2x 20 180 KBr 110 5.0+ 2.6 0.049+ 0.005 0.1 0.4 0.2
2 x 25 280 Teflon 25 REF 0.02°# 0.003
2x 25 280 KBr 125 5.8+ 2.7 0.044+ 0.005 0.1 1.0:0.4
2x 30 390 Teflon 1 REF 0.03% 0.004
2x 30 390 KBr 1 4.2+ 2.4 0.057+ 0.006 0.1 1.2-0.5

TABLE 8: Relevant Equations for Different Directional Distribution Functions

distribution uniform cosine cosife
1d-DDF I=1odQ | =1pcos6 dQ I =1pcog 6 dQ

3d-DDF | =27R? 1y sin 6 dg | = 272R? 1o cosO sin O dg | = 27R? 1o cog 6 sin 6 dg
Fa F=1-cosf F=sirt o F=1-cos6

algorithm 0 = arccos(RNUM) 6 = arcsing/RNUM) 6 = arccos(3/RNUM)

a Fraction of all molecules emitted for all angles less or equdl.to

signal. We are currently building a second apparatus with a wherel is the molecular flow through the differential solid angle
smaller detection chamber in order to increase our sensitity dQ, lo the flux in the direction of the surface normal, afthe
further when using short tubes and highly reactive systems. angle of d2 to the surface normal. To find the desired three-

dimensional distribution function of molecular emission (3d-
Conclusion DDF) we use

The primary aim of this study was to develop and apply a dQ = Rd0 Rsin6 dg (A2)
novel technique that enables the first real-time surface residence
time measurement of adsorbates on unreactive as well as reactivand integrate from 0 tos2 resulting in
substrates. We have presented four different scenarios for the
diffusion of gases through tubes: (i) ideal gases, (ii) sticky but | = 27R% 1, cos6 sin 6 do (A3)
unreactive gases, such as@on Pyrex, (iii) nonsticky but
reactive gases, such as C|b|@"| KBr, and (IV) Sticky reactive The fraction F) of all molecules emitted for all angles less or
gases, such as CION®@n NaCl. For unreactive gases, the €equal tod is obtained by integrating eq A3 from 0 thand
surface residence can be measured analytically whereas modeldividing by the total number of molecules emitted:
ing is required for reactive systems. Our results show that the )
surface residence time of the highly reactive CIQNG NacCl F = sin’6 (Ad)
(y = 0.1;tsus = 0.7 ms) is at least 30 times larger than that of
the much less reactive CIN®N KBr (y = 2 x 1074 tous <
30 us), which is presumably due to a strong €°+*CIONO,
interaction. This clearly suggests that long surface residence

Hence, the appropriate equation for relating the afigie the
random number (RNUM) selected over the interval [0, 1] is
given by

times pertaining to sticky molecules may be related to high 0 = arcsin (\/RNUM) (A5)
uptake probabilities.
Although the case of CIONOmay also serve to highlight The derivations of the three-dimensional uniform and c@sine

the inherent limitations of the technique for the study of very directional distributions are carried out accordingly. The
reactive molecules, we have shown that the molecular diffusion relevant equations are summarized in Table 8.

tube is a poweful tool to measure surface residence times, A second random number, evenly distributed over the interval
particularly where unreactive and slowly reacting systems ( [0, 27], is required to find the orientation within the emission

< 0.01) are concerned. This novel technique may therefore becone described by eq Al. Once the two angles are selected the
employed on a routine basis along with Knudsen cells and flow next impact location due to wall collision may be calculated
tubes in order to determine the extent of any heterogeneoususing the average molecular velocit) (

interaction at the gassolid interface.
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