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Abstract

An atmospheric pressure chemical ionization mass spectrometer (APCI-MS) has been developed to investigate the ads
tion properties of atmospheric trace gases on ice using a chromatographic method.

The APCI-MS system is presented and discussed as an analytical technique to monitor the gas-phase concentratiol
trace species by proton transfer reaction and ligand switching reactions involving protonated water clusters as reagent io
The chromatographic method used relies on temperature-dependent retention time measurements of trace gases witt
column packed with ice or snow. The adsorption enthalpy of a trace\d4gs is readily obtained from its retention time as
function of temperature. The study of the adsorption enthalpy of acetone on ice is chosen due to its recent importance to |
atmospheric chemistry community. The measukét}gson a packed column filled with ice spheres (408 < & < 500m)

(—54.4 + 7.6 kImol?, 25) and on a packed column filled with aged snows6.0 & 2.8 kJ mol?, 2) are in agreement

with the literature values obtained using other analytical techniques, i.e., low pressure ice-coated wall flow tube reactors a
volumetric methods. The possibility for the APCI-MS to meastiké,gs0f acetone with different ice surfaces, atvéti 545 Of

other species of atmospheric interest, is also discussed.

© 2003 Elsevier Science B.V. All rights reserved.
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1. Introduction (LPCI) is commonly used for real time detection of
atmospheric trace species, using either posifRie
Chemical ionization mass spectrometry (CIMS) or negativg3,4] ion—molecule reactions. Usually, se-
has found wide applications in atmospheric science lected primary ions are produced and thermalized (by
because CIMS is characterized by its high selectivity collisions with the buffer gas) in an external ion source
and sensitivity compared to electron impact (El) ion- and then mixed in a flow tube reactor (Cl region) at a
ization method$§1]. Low pressure chemical ionization  pressure of the order of 1 torr to form product ions that
specifically identify the desired atmospheric trace gas

* Corresponding author. Tek+41-56-310-4019; (Cl reagent). In the last decade, atmospheric pressure
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chemical ionization mass spectrometers (APCI-MS
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thorsten.bartels-rausch@psi.ch (T. Bartels-Rausch), have. also been Qeveloped for atmospheric chemistry
markus.ammann@psi.ch (M. Ammann). studies. The primary ions are generally produced
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within a DC point-to-plane discharge (representing been of great interest to the atmospheric chemistry
the ClI region) with the ambient air flowing through it. community and further measurements to validate its
The primary ions produced in the ambient atmosphere existing value are desirable. In the upper troposphere,
are often limited to H(H20), [5] and Q™ (H20), and under dry conditions @@ < 100 ppm), the pho-
[6,7]. tolysis of acetone is suggested to be the main source
We chose to develop an APCI-MS system to in- of HO,, dominating the source from the reaction of
vestigate the interaction of atmospheric trace gases atO(*D) +H,0 [9]. Source and mainly sinks of acetone
ppbv level with surfaces of atmospheric relevance rep- need to be quantified in order to simulate the concen-
resented either by airborne particles (sea-salts, min-tration of the main atmospheric oxidants (FHOPar-
eral dust), deposited particles on the inner surface of atitioning to cirrus clouds is suggested to be one of the
flow tube or particles packed in a column (ice spheres, acetone sinks. Thus, the acetone mixing ratio between
snow). The main interest is that, by opposition to the gas and the solid phase needs to be determined
LPCI where the ionization takes place in a flow tube and can only be evaluated by the accurate knowledge
after a pressure drop, APCI occurs without pressure of its adsorption enthalpy.
change and wall interaction. Thus, the equilibrium In this paper, we describe (i) the APCI-MS sys-
between the particle and the gas phase (mainly for tem and the analytical method used to monitor the
investigations with airborne particle) and additional gas-phase concentration of acetone, (ii) the chromato-
surface reactions are avoided. APCI also offers higher graphic method applied for the measurement of the
sensitivity than LPCI due to the absence of dilution of adsorption enthalpy of acetone on ice and snow, and
the CI reagent by pressure drop and by mixing with (iii) the results obtained which validate our experi-
the primary ions. In addition, under a laboratory con- mental approach for adsorption enthalpies measure-
trol environment where the buffer gas and the primary ment of atmospheric trace gases on ice surfaces in
ions precursor can be well defined, the production of general.
selective primary ions can be achieved in APCI like
in LPCI.
We also developed a chromatographic technique 2. The APCI-MS
similar to the set-up described in Bartels-Rausch et
al. [8] to measure the adsorption enthalpyHag9 The instrument consists of an atmospheric pres-
of atmospheric compounds on ice. This technique is sure chemical ionization (APCI) ion source and a
straight forward since\Hagsis directly derived from  quadrupole mass spectrometer housed in a two-stage
the measurement of the retention time of the species differentially pumped vacuum chambéig. 1).
of atmospheric interest within a packed column, filled
with ice spheres or snow, as a function of the temper- 2.1. The APCI region
ature. The great advantage of this technique is that the
determination ofAHag4s does not require the knowl- The APCIl ion source is a corona dischargey( 1).
edge of extra parameters such as the gas-phase conN, buffer gas (quality 99.999%), containing the CI
centration, the surface area of ice, and the maximum reagent (acetone), is carried by a 500 mL miflow
surface coverage of the adsorbate, which are usuallythrough the discharge. In the corona discharge region,
needed to deriveAHags from other analytical tech-  a rapid sequence of ion—molecule reactions occurs to
niques (low pressure coated wall flow tube reactors form a series of protonated water molecular clusters
or volumetric methods). AlsoAHa4sis measured at  of the type H (H,O), due to the presence of trace
atmospheric pressure. amounts of HO in the buffer gas. These clusters
We studied the adsorption enthalpy of acetone on serve as the primary ions for the ionization of the
ice, since the determination of its value has recently atmospheric Cl reagent (acetone) in the APCI region
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Fig. 1. The atmospheric pressure chemical ionization mass spectrometer (APCI-MS).

(reaction 1). The APCI region (around 1cm long) is of 10%ons1). This behavior is generally true for
located between the needle tip and the aperture of thechemical ionization processes with trace species at

sampling skimmer of the mass spectrometer. the ppbv level. The ion distribution observedriy. 2
is representative of all our experimental conditions
H* (H20), + acetone where 8ppbv of acetone diluted in,Ns flowing

— HT(H20),_1(acetong+ H,0, n>1 (1) through the ice column and through the APCI region.
The main primary ions observed are€ fH,0),—4. In

The corona discharge takes place between the tippresence of the Cl reagent, acetone, the main prod-
of a tungsten needle and the end of an electrically uct ions observed are HH»0)o—(CH3COCHs). To
grounded 10-mm inlet diameter stainless steel tube improve statistics, the intensities of the ions shown
maintained at an electric potential af4 to +5kV in Fig. 2 are integrated within a period of 10s (equal
relative to ground. A discharge current of approxi- to 10 mass scans). Viggiano et 0] have shown
mately 10uA is provided by the high-voltage power  that the water clusters HH20), (n = 2, 3, and 4)
supply (Fug Elektronik, model HCN 35-12500). The react at a similar rate constard (vith acetone (from
needle and the stainless steel tube are independently? x 102 to 2.5 x 10~% cm®s I molecule’!; 300 K),
moveable relative to the front aperture leading to the j.e., slightly lower than the reaction of *H{H,0)
first vacuum chamber of the MS system (i.e., along with acetone, i.e., 8 x 10~2cm®s I molecule® [2].
the axis of APCI region). The position of the needle Thus, the reactions of all clustersTéH,0), with
tip is optimized (usually around 1mm further to- acetone can be considered as a unique reaction (1)
wards the MS than the end of the stainless steel tube)where Egs. (2) and (3)can be applied, despite the
as to maximize the water clusters ion flux fops) fact that water clusters are progressively formed in
measured by the mass spectrometer. the APCI region.

Y [H*(CH3COCHg)(H20),-1]

RA = 2
> [H* (H20),]+ >_[H T (CH3COCHs) (H20),,1] @

lon—molecule reactions occur in pseudo first-order ga — 1 _ g *[CH3COCH]«
kinetics, where the CIl reagent (acetone) is the ex- ~ k[CHsCOCHy]z, forRA < 0.1 3)

cess species (flux of ®molecules? assuming a
mixing ratio of 8 ppbv in the APCI ion source) com- RA is the rate of advancement of reaction (1) and is
pared to the Fi(H,0), primary ions (maximum flux  used to monitor the concentration of acetone. The RA
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Fig. 2. PTR-MS of acetone at atmospheric pressure. The numbers on top of each column represent thenvialuthefprimary reagent

ions HF(H20), (empty column) and for the product ions"(CH3COCH;)(H20),_1 (filled column). This ion distribution is obtained

from an experiment performed according to the protocol describeSlention 2.1 where an acetone mixing ratio of 8 ppbv is flowing
continuously through a snow-packed column (Jungfraujoch sample, April 2002) held at a temperature of 213 K. The spectrum is obtained
when equilibrium is reached for the acetone gas-phase concentration after being retained in the column. The water vapor pressure in the
buffer gas and in the column is around 0.01 torr.

value is 0.02 when 8 ppbv of acetone diluted i ill for the reaction of all K (H,0), with acetone, the cal-
flowing through the ice column and through the APCI culated RA (0.03) expressed &g). (3)is consistent
region. Up to an acetone concentration of 40 ppbv, with the one measured under our experiment condi-
the RA is small enough<0.1), that the acetone con- tions (0.02).
centration is proportional to the RA calculated (see
Section 3.Zor the acetone concentration calibration). 2.2. The sampling and the MS regions

The observed RA value of 0.02 is consistent with the
one calculated from an estimation of the reaction time  The quadrupole mass spectrometer (ABB Extrel,
of the ions in the APCI region and the rate constant Merlin) is equipped with a cross beam deflector ion-
of the ion—molecule reactions &q. (1) The velocity izer yielding (i) a compact vacuum system with ef-
(vions) of the primary ions H(H,0), in the APCl ion ficient pumping, and (ii) a significant signal-to-noise
source given b¥eq. (4)is about 150 ms! assuming (i) ratio improvement compared to on-line quadrupole
an axial field E) of 5x 103V cm~1 between the tip of ~ systems as described by PedHe?,13] At a pressure
the needle and the aperture of the sampling skimmer, of 760 torr in the CI region, the intermediate vacuum
and (ii) an ion mobility k) for the primary ions similar ~ chamber and the quadrupole mass filter chamber are
to the one of H (H,0) which is 3.0crds~1 vV —1[11]. at pressures of roughly 18 and 10°torr, respec-
tively. These two vacuum stages are pumped by a
16-cm i.d. turbo molecular pump (Pfeifer TMU 521,
The residence time, and thus the reaction time, of the 520 L min~1) and a 10-cm i.d. turbo molecular pump
ions (r) in the APCI region is obtained fromgns. Us- (Pfeifer TMU 261, 210 L min'?), respectively, backed
ing a reaction distance of 1 cm, a reaction ting d¢f by the same mechanical pump (Pfeifer MVP 035-2).
7x107°s (~0.1 ms) is obtained. This is much shorter lons and gases enter into the intermediate vacuum
than the calculated residence time of the carrier gas chamber through a 4@m diameter aperture held by
(~0.15) in the APCI region. If we assume an average the APCI skimmer cone with a potential af45V.
rate coefficientK) of 2.5 x 10~°cm®s I molecule? lons are focussed by two lenses constructed from

Vions = K E (4)



C. Guimbaud et al./International Journal of Mass Spectrometry 226 (2003) 279-290 283

cylindrical stainless steel mesh and are then directed resolution of 8 e\{13]. In both systems, the dispersion
to the rear vacuum chamber housing the quadrupolein kinetic energy is attributed to collisions with gas
mass filter through a second aperture of @a@diam- molecules after the skimmer cone, and does not orig-
eter. The distance between the orifice of the skimmer inate from a dispersion within the ion source region.
cone and the second stage aperture is approximatelylndeed, Pedddi 3] have shown that the ions emanat-
5cm. The two intermediate lenses and the plate of the ing from the LPCI glow discharge ion source present
second stage aperture are held at a potential 313, a narrow range of kinetic energy distribution (1.3 eV).
—200, and+-5V, respectively. With our APCI system, the kinetic energy distribu-

Once the ions pass through the second stage apertion should be narrower due to the higher collision
ture, they are focussed by a set of lenses and thenfrequency in the CI region; ions would have reached
deflected by a 90angle. The deflector is a small thermal kinetic and internal energies when sampled.
guadrupole acting as a kinetic energy filter (and not a However, with the APCI system, more collisions are
mass filter), reducing the dispersion in kinetic energy expected to occur in the first pumping stage (pres-
of the ions lons are injected into this quadrupole de- sure around 10 times higher compared to the LPCI
flector perpendicular to the pole axis. Opposite pairs system) implying higher ion losses and a wider dis-
of rods are electrically connected to a DC voltage of tribution of the ions kinetic energy after acceleration
opposing polarities (but no ac voltage is applied). The across the first pumping stage. We also noticed that op-
potential difference between the inner (negative polar- timum APCI-MS sensitivity required (i) a difference
ity) and the outer (positive polarity) rods determines of potential of 37V between the sampling skimmer
the kinetic energy band pass. These potentials are setand the second aperture, and (ii) a difference of po-
to —155 and+85V, respectively. Then, the ions are tential of 47 V between the sampling skimmer and the
mass filtered (2-300 amu mass range) by a &6 pole bias of the MS quadrupole filter, whereas those
gle off-axis quadrupole. The ions cross the axis of differences are only of 25 and 10V, respectively, for
the quadrupole mass filter with a pole-bias set to 0V the LPCI system. Thus, for the APCI system a higher
and are then drawn to a conversion dynode biased ataxial electrostatic field is required to transmit ions to
—5kV. There, the ions produce secondary electrons the quadrupole filter.
which are pushed into the funnel of the electron mul-
tiplier by the high electric field between them (3 kV).
The detector operates in pulse counting mode.

Peddef13] (ABB Extrel) designed the lens system 31 The derjvation of the adsorption enthalpy
of the two vacuum chambers in our MS. However,
the potential settings of the lens system were opti- In this section, we describe how the adsorp-
mized using an external point-to-plate glow discharge tion enthalpy of acetone (or any other non-reactive,
ion source (1.3torr) where an argon plasma was pro- non-diffusive, and non-dissociative atmospheric com-
duced. We will now briefly discuss the main differ- pound) on ice can be derived directly by measuring
ences between the potential settings of our APCI-MS the retention time of acetone within a column packed
and those of the LPCI system developed by Pedder. with ice as a function of the ice temperature.

With the APCI-MS, a difference of potential of At low concentrations, the transport of a gas species
250-300V between the pairs of rods of the quadrupole along a chromatographic column is given By. (5)
deflector is required to reach the optimum sensitivity. whereu is the linear velocity at the column temper-
This implies that the kinetic energy resolution is ap- ature and; is the partition coefficient of the species
proximately 13 eM13]. With the LPCI system, a po-  between the two phases of the systé&n. (6)defines
tential difference of 100V is wide enough to reach the k; as the ratio between the total number of adsorbed
optimum sensitivity, corresponding to a kinetic energy (n?9) and gaseous nf29) species. The partition

3. The chromatographic method
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coefficient,k; can be related to a standard adsorption KO (EIR _ 1) vA ZEétR (10)
equilibrium constant k) asEq. (7) wherev is the l aV. laV

volume of the gas phase,ls the surface area of ice, Under our experimental conditions, the tetny /)ir
andA andV are the respective standard surface area in Ed. (10) is much greater than 1, considering
and volume (see Bartels-Rausch et[8]. for more  the characteristics of the column (s8ection 3.2,
details). K is related to the adsorption enthalpy the flow rate of the buffer gas through the column
AHags (3 morl) and the standard entroppS3. (500 mL mirt) and the measured retention time of
(JK~tmol~2) by Eq. (8) whereRis the universal gas several minutes to several hours, depending on the ice

constant (8.314JK mol1) and T (K) the temper-  t€mperature. By combining the simplified expression

ature in the ice column. of Eq. (10)with Eq. (8) Eg. (11)is obtained.
dZ u —1 AHads 1 ASOd v A u
— = In(tr) = — - s _In(-——-
a1tk ™MSD ®) () R (T>+ R aVi
nads (11)
ki=—— (6) .
n9 3.2. Experimental setup and protocol for the
retention time measurement
vA
=ki—— @)
aV

Fig. 3shows the experimental setup and the proto-
—RTIn(Kg) = AHads— T ASg4e (8) col for retention time measurement of acetone in the
ice column. A 70-cm long column with 6 mm i.d. is
filled with ice spheres (diameter range 400—p0d) or

with snow sampled nearby Jungfraujoch (Switzerland,
April 2002) previously kept in a cold room at 250 K.
The ice spheres are produced by rapidly freezing drops
of milli-Q water in liquid nitrogen8]. Before packing

the column, the spheres were sieved with calibrated
sieves. The column is tempered at 255K to crystallize
the ice spheres for several hours. Then, the column is

Using these thermodynamic relationshigsiags of
acetone in the ice column can be obtained from mea-
suring the retention time of acetone as a function of the
ice temperature. Since no gradient of temperature is
measured along the columiag. (5)can be expressed
asEq. (9) wherel is the length of ice in the column
andtr the retention time of acetone within the ice col-
umn. By combiningegs. (7) and (Q)Kg is then given

by Eq. (10) introduced in a cooled jacket where the temperature
i . u 9) can be varied from 200 to 240K. The flow through
rR 14k the ice column and through the CI regiony(huffer,

NO (100 ppmv /N,)
Corona discharge

1 mL/ min Oven: 303 K Ice column H+(Acet H.D
ﬂ 200Kto2a0K ' (Ace °"e1( 20,
N, : 49 mL / min Acetone =m{{ . —a /n-;g

permeation L + \

tube v S -
4 ports Shortcut Sampling

Valve A cone

Adjust r.h.
200 Kto 240 K

N, : 50 mL / min N, : 450 mL / min

Fig. 3. Schematic of the experimental setup (acetone OFF).
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quality 99.999%) is set to 500 mL mif. All gas flows
are monitored with calibrated mass flow controllers
(Brooks).

Calibration of the acetone concentration is con-
ducted using a permeation tube (VICI, DYNACAL),
housed inside a thermostated oven (VICI DYNACAL-
IBRATOR, Model 190) maintained at 303 1K.
The acetone permeation rate is certified to be
12nmolmin! (£25%, I). The permeation rates

285

within the complete systeni{g. 3) and the measure-
ment of the sum of the pre- and the post-column re-
tention timetr(ends). To measurg(ends), the ice
column is physically shortcut. To provide accurate
residence times, a non-sticky tracer (NO) is added
with acetone and is monitored at the end of the ice
column by a chemiluminescence NO analyzer (ECO
PHYSICS, Model CLD77AM). The moment when the
increase of the NO signal is observed (which follows

measured by weight change measurements over a 2the one-fourth turn of the 4-port valve drawnHig. 3)

months period showed an emission rate 05(01.7,
1s) nmolmim®. N, (quality 99.999%) is continu-
ously drawn at a flow rate of 50 mL il through the

serves as the reference time to measure the retention
timestr(tot) andtr(ends). Thus, retention times are
always corrected for the retention time of the buffer

permeation source oven, providing a constant output gas in the column.

flow of acetone. Using a 4-port valve setup, the total

The buffer gas is pre-humidified by flowing it over

flow through the ice column and through the Cl re- an ice water trap at the temperature of the ice col-
gion remains constant whether acetone is introduced umn in order to avoid co-condensation of water and
(acetone ON), or not (acetone OFF). Also, good time acetone in the ice column or evaporation of the ice.
resolution is obtained for the transition ON/OFF. An Also, the water mixing ratio in the buffer gas is simi-
acetone mixing ratio of (8 +2.3) ppbv or an acetone lar to the one present in the APCI region whether the
concentration of (D + 0.6) x 10X molecule cnt® column is shortcut or not. This implies that the distri-
is present in the ice column and in the APCI region, bution of the primary ions (water clusters) and the RA
assuming an emission rate of %% 1.7) nmol mirr L. observed is independent of the presence of the ice col-
The uncertainty of the acetone concentration de- umn when an equal flux of acetone is introduced into
pends mainly on the uncertainty of the permeation the APCI region. Thus, the mass balance or losses of
rate value and is estimated to #20% (1v) for con- acetone within the column can be evaluated. Indeed,
centrations 10 times or more higher than the detec- the rate of advancement RA for the ion—molecule

tion limit. The detection limit for acetone is defined
as Ipank’K whereopank is the standard deviation of

reactions remains equal whether the acetone is in-
troduced through the column (when a steady-state

the acetone blank signal (expressed by the RA value) output flux of acetone is reached) or the column is

andK is the calibration sensitivityK (RA ppbv-1) is

shortcut.

derived from the slope of the linear regression mea-
sured between the rate of advancement (RA) and the

acetone concentration present in the column and in the4. Results and discussions: the adsorption

APCI region. The acetone concentration is varied by
dividing the acetone output flow from the oven. The
detection limit for acetone (0.3 ppbv) depends largely
on the level of the chemical background and its vari-
ability (0.4 & 0.1 ppbv, bpjank).

In view of the significant retention time of acetone
on PFA tubes and in the walls of the APCI ion source
inlet (~2.5min), the retention time of acetone in the
ice columntg is derived from the difference between
the measurement of the total retention tirpgtot)

enthalpy of acetone on ice

The retention time series presentedFiy. 4 are
representative of the two extreme experimental con-
ditions, low and high temperatures, with very long
and very short residence times, respectively. The in-
crease/decrease of NO observed at the end of the
ice column are consecutive to the acetone introduc-
tion/removal through the ice column. The retention
times in adsorption modég(tot)ags andtr(ends)qys
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Fig. 4. Time series of the acetone RA in presence of a column packed with ice sphergsn(40@ < 500um) at 243K (thick dots

in the upper panel) and at 213K (thick dots in the lower panel) and, in absence of the ice column (thin dots in the upper panel); time
series of the NO concentration (full lines). At the ice temperature of 243K, the total acetone residence time dhé®tyes not much

higher than the one observed when the ice column is shafends) (upper panel). This implies a higher uncertainty on the calculated
residence time within the ice columir(= tr(tot) — tr(ends)) compared to lower ice temperature. At the ice temperature of 213K (lower
panel),tr(ends) becomes negligible comparedtggtot).

are given by the delay measured between the half of the NO and acetone signals. A symmetric behavior
height of the maximum NO concentration observed is observed for the adsorption and desorption time
at the end of the ice column and the half height of the series of acetone.

maximum acetone concentration observed by mass Fig. 5 presents plots of Ing) vs. inverse tem-
spectrometry in the increasing part of the NO and perature derived from the calculated residence time
acetone signals, respectively. In desorption mode, within the ice column,;rg = rr(tot) — tr(ends,
tr(tot)ges and tr(endsyes are given by the delay as shown previously irFig. 4 The columns were
measured between the half height of the NO and ace- packed with ice spheres (40fn < & < 500um)
tone concentrations observed in the decreasing partand with a snow sample (Jungfraujoch, April 2002).
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The two packed columns are well characterized (inlet Fig. 5 shows that there is statistically no difference
diameter: 0.6 cm; lengths: 76 and 66 cm; weight: 9.7 between the adsorption enthalpy measured with ice

and 7.5¢; BET surface areas: 186 and 206gnt

spheres £54.4 + 7.6, 20)kJmol! and that with

[14,15], for the ice spheres and the snow-packed the snow sample{56.0 & 2.8, 2r) kJmoll. Some
column, respectively). For the ice spheres, the BET representative error bars are shown. They represent
surface area is in agreement with the geometric sur- overestimated uncertainties in the temperature of the

face area calculated (121-250¢g7?) considering a
radius range of 400-5Q0m and a density range of

ice column along th& axis (1 K for the snow column
experiments and 2K for ice column experiments)

0.6-0.99. Since there is not any statistical difference and on the retention timig calculated from the time
between the observed adsorption and the desorptionseries (presented iRig. 4) along theY axis (305s).

residence timesHig. 4), the data presented IFig. 5

The temperature regulation of the cooling system was

include both sets of residence times. The adsorption indeed less stable during the ice spheres experiments.

enthalpy of acetoneAHaq9 for the ice spheres and
for the snow are derived from the slope of each lin-
ear regression presented fig. 5 and according to
Eq. (11) since the correlation coefficief® for the

That explains the higher uncertainty on tiddH;qs
measured for the ice spheres than for the snow. The
similar AHa4s measured for the ice spheres and the
snow could be explained by the similar BET surface

ice spheres and for the snow data are 0.90 and 0.99,0f the ice spheres and of the snow. It is worth noting

respectively. This result implies thatHgs is inde-

that aged snow was used which could have a surface

pendent of the equilibrium surface coverage under structure similar to that of the ice spheres. Indeed,

our experimental conditions (see end of this section).

! | T ! ¥ /
3 [ AH,ge(snow): - (56.0 + 2.8) kJ mol!, 20 1
4 = -
£
E
. 3 _
°
g ™ Slope =- AHads / R
it \
I - S W )
bl
c
8
e 1 _
£ |
6 AH,4(ice): - (54.4 £7.6) kJ mol!, 2¢
Ak -
| | 1 |
0.0040 0.0042 00044 0.0046 0.0048 0.0050
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Fig. 5. Plot of In€r) vs. inverse temperature from columns packed
with ice spheres (filled circles and dashed line) and with snow
(empty triangles and plain line).

molecular dynamics calculation for a perfectly or-
dered ice surfacg¢l6] and ab initio calculation for
disordered ice surfacfl7] suggest that defects on
the ice surface have an effect on the calculated ad-
sorption enthalpy of acetone on ice. High&Hygs
values for disordered ice surfaces are expected. This
could be the case for polycrystalline structures such
as fresh snow. However, a more precise study of the
adsorption properties of acetone with different kinds
of well characterized ice surfaces is beyond the scope
of this paper and will be investigated in more detail
by Bartels-Rausch et dl18].

Under our experimental conditions, the equilibrium
surface coverageN) varies from 56 x 1010 to 1.1 x
103 molecule cn?, depending on the residence time
of acetone measured within the columns (minimum
of 0.8 min at 243K and 161 min at 205K). The total
ice equilibrium surface coveragedfS molecule) is
derived from the retention times measured in the ice
columns using relations (9) and (®.is derived from
Eq. (12)wherem (g) is the weight of the ice and
(cm?g~1) is the BET surface area of the ice.

nads

N =— (moleculecm?) (12)
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Fig. 6. Surface coveragdN) as a function of temperaturd)(for the ice spheres (triangles) and the snow (circles). Each data points are
issued from the averaged retention times measured in adsorption and desorption modes at the same temperature. The surface coverage
measured by Domi&nand Rey-Hanot (full line) and Peybésnet al. (crosses) are also presented. The partial pressure of adienad

is 8 x 1074 Pa, corresponding to a mixing ratio of 8 ppbv.

Fig. 6 presents the equilibrium surface coverabeal- value agrees with the one ofelx 104 molecule cn?
culated for the ices spheres and the snow. Our surfacemeasured at 193K by Peybernés et [@0] and
coverage data are slightly above the ones derived byby Dominé and Rey-Hanofl9]. Thus, our AHggs
Dominé and Rey-Hanot as a function of temperature is measured at low fractional coverage0@% <
[19] and the one measured by Peybernés ef24l. 0 < 4%, 6 = NI/Nmay assuming aNmax value
The reason of this discrepancy is that our surface cov- of 2.7 x 10 molecule cnt2. The previous authors
erage data are upper limit values since we assumed a19—-21] have also confirmed that under this low frac-
minimum volume of air present in the column, equiv- tional coverage rang&dHygsmeasured on ice surfaces
alent to a dense packing of spheres (also applied for is independent of the equilibrium surface coveraije
snow). It is worth to mention that the total ice equi- Our AHggs are in agreement with the one derived
librium surface coveragen®s can also be simply  within the same9 and temperature range by Dom-
represented by the number of molecules of acetoneiné and Rey-Hanot«55 + 7)kJmol ! (0.03% <
trapped before being detected at the end of the col- 6 < 7%; 193K < T < 213K) using a volumet-
umn, i.e., calculated from the product or the residence ric method[19]. However, ourAHggs is statistically
time (tr) with the input flux of acetone. This approach higher than the one derived by Winkler et §.1]
leads to very similar equilibrium surface coverage  (—46 + 7)kJmot® (0.003% < 6 < 4%; 198K <
(6.1 x 10% and 12 x 10" moleculecm? at 243 and T < 218K) and by Peybernés et 4R0] (—44 +
205K, respectively). 5)kJmol?! (190K < T < 220K) using both a low
Using the Langmuir isotherms obtained on ice film pressure ice coated wall flow tube reactor. The differ-
surfaces, the one monolayer maximum surface cover- ence between the two sets of data might be due to dif-
age (Nmay) is estimated to be.Zx 10* molecule cn? ferent models used to deriveHqgs i.€., the partition
by Winkler et al.[21] at 198 K. The authors have coefficient model (this work, Dominé and Rey-Hanot
shown that\max does not display any significant trend  [19]) and the Langmuir adsorption isotherms model
with temperature between 198 and 223 K. TNjgax (Winkler et al.[21], Peybernés et aJ20]). An influ-
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ence of the type of ice used is unlikely the reason of H*(H,0), are reliable chemical ionization schemes
this difference since these three authors produced theirto monitor most of oxygenated volatile organic com-
ice surface in an identical way. pounds (OVOCs), since OVOCs have higher proton
affinity than HO.
It is worth to note that the APCI ion source design
5. Conclusion and outlook described in this paper presents also great opportuni-
ties for other research applications in our laboratory.
The APCI-MS system coupled with the new chro- Indeed, the strong axial field present in the APCI re-
matographic method has been used to measure the adgion (5kV cnt1) provides the advantage that gases
sorption enthalpiesAHag9 of acetone on ice surfaces issued from surface interaction in a packed column
by simply determining the retention time within a col- (such as acetone with ice) or from surface/bulk reac-
umn packed with ice and snow as a function of tem- tion in flow tube experiments (such as Hjl@ith air-
perature. The measured standard adsorption enthalpyborne sea-salt particld80]) can be fed directly into
on ice and snow is in agreement with that found at the CI region without encountering any further sur-
similar equilibrium surface coverage by other authors faces. These gases can be introduced directly with a
using ice films and other analytical approaches. 90° angle to the axis of the APCI region whereas pri-
Experiments are under way to compare the ad- mary ions produced in the discharge region are still
sorption and desorption properties of acetone on ice carried efficiently across the axis of the APCI region
spheres, on single mono-crystals (no grain bound- by the strong axial electrostatic field. No loss of sen-
aries), and on representative surfaces of atmosphericsitivity has been observed for acetone under this ex-
relevance such as fresh snow, firn, and ice from perimental configuration.
glaciers, where partition coefficients need to be evalu-
ated. Indeed, the interpretation of the paleo-atmosphe-
ric archives from ice core composition (which allows Acknowledgements
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