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Abstract. In this laboratory study, D ice flmsof 1to2pum 1 Introduction
thickness have been used as surrogates for ice particles at
atmospherically relevant conditions in a stirred flow reactorAfter the discovery of the ozone hole over Antarctica, the
(SFR) to measure the kinetics of evaporation and condensdmportance of heterogeneous chemistry on frozen surfaces
tion of HCl and HO on crystalline and amorphous HCI hy- had started to be recognized (Solomon et al., 1986) as well
drates. A multidiagnostic approach has been employed usings the role of polar stratospheric clouds (PSCs) as substrates
Fourier transform infrared spectroscopy (FTIR) absorptionon Whose surfaces heterogeneous reactions may take place.
in transmission to monitor the condensed phase and residual PSCs are formed in the stratosphere during polar night
gas mass spectrometry (MS) for the gas phase. An averag&hen the temperatures drop to as low as 183K to al-
stoichiometric ratio of HO : HCl=5.84 0.7 has been mea- low for cloud formation even in the dry stratosphere (Pe-
sured for HCk 6H,0, and a mass balance ratio between HClter, 1997). PSCs are classified according to their composi-
adsorbed onto ice and the quantity of HCl measured usingion, consisting either of crystalline NAT (type la), ternary
FTIR absorption §in — Nesc— Nadd/Nerir =1.18+ 0.12 has  H2SOs/HNO3/H20 supercooled solution (type Ib) or pure
been obtained. The rate of evaporatiBa,(HCI) for crys- ~ H20 ice (type Il) (Zondlo et al., 2000).
talline HCI hexahydrate (HGI6H,O) films and amorphous Heterogeneous reactions occurring on PSCs convert the
HCI/H,O mixtures has been found to be lower by a fac- major unreactive chlorine reservoir compounds, CIGNO
tor of 10 to 250 compared t&e,(H20) in the overlapping and HCI, into molecular chlorine, which is rapidly photol-
temperature range 175 to 190 K. Variations of the accommoysed into atomic chlorine. Reaction (R1) is the most im-
dation coefficientx(HCI) on pure HCk6H,0 up to a fac-  portant chlorine-activating reaction in the polar stratosphere
tor of 10 at nominally identical conditions have been ob- because it converts two moles of unreactive chlorine com-
served. The kineticsx( Rey) are thermochemically consis- Pounds into two moles of atomic chlorine after photolysis
tent with the corresponding equilibrium vapour pressure. Inin an efficient heterogeneous reaction (Seinfeld and Pandis,
addition, we propose an extension of the HChOphase di-  2006):
agram of crystalline HCI6H,O based on the analysis of de-
convoluted FTIR spectra of samples outside its known exis-CIONOZ(g) +HCI(S) — Cla(g) + HNOs(9). (R1)
tence area. A brief evaluation of the atmospheric importanceReaction (R1) belongs to one of the fastest stratospheric re-
of both condensed phases — amorphous HG3ldnd crys-  actions (Friedl et al, 1986; Molina et al., 1985, 1987), orders
talline HCI. 6H,0 — is performed in favour of the amorphous of magnitude faster than the corresponding homogeneous gas
phase. phase process (Molina et al., 1985). The @leased into the
gas phase from Reaction (R1) rapidly photolyses into free Cl
atoms, which then establish a rapid cycle af d@struction.
Furthermore, Reaction (R1) also leads to the overall removal
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of nitrogen oxides from the gas phase, trapping HNCthe had a larger HCI vapour pressure, thus increased reactiv-
ice and thus facilitating @ destruction through a catalytic ity compared to crystalline HGI6H,O under similar ex-

cycle as reported in Reactions (R2)—(R4): perimental conditions (Chiesa and Rossi, 2013). This in-
creased reactivity of an amorphous phase is consistent with
X+ 03— XO+ 0, (R2)  the conclusions that a “disordered” HCI46 ice structure

was more reactive in terms of Reaction (R1) compared to a

“non-disordered” ice structure (McNeill et al., 2006).

net: O3+ 0O — Oy+0,, (R4) The main focus of this study is, however, the heteroge-
neous kinetics of KO and HCI interacting with crystalline

where X is H, OH, NO, ClI or Br leading to HONOx, ClOy HCI hexahydrate and amorphous HCI/® phases, which

and BrQ, catalytic cycles, respectively. have, to our knowledge, not been studied in detail before.

The understanding of the interaction of HCI with ice is The majority of studies focus on the HCI interaction with
crucial in order to determine the availability of HCI at the ice in terms of the total uptake on pure ice films (Abbatt et
gas—ice condensed phase interface for Reaction (R1) to efil., 1992; Hanson and Ravishankara, 1992; Chu et al., 1993;
fectively happen. To this purpose, the HCl-ice system hadHuthwelker et al., 2004) and only briefly (if not at all) men-
been extensively studied over the years by means of diftion an uptake coefficient or an accommodation coefficient
ferent techniques. Laminar flow tubes and Knudsen reace of HCI on ice in the range 0.1 to 0.3. Others have studied
tors are among the most widely used devices when couplethe interaction of HCI with ice films in terms of its effects on
with diagnostic techniques such as ellipsometry (McNeill etthe morphology (Sadtchenko et al., 2000) and on the disorder
al., 2006), Fourier transform infrared spectroscopy (FTIR)and roughness of the substrate surface (McNeill et al., 2007).
in transmission (Ritzhaupt and Devlin, 1991; Koehler et al., Hynes et al. (2001) repogt(HCIl)=0.1 at 205K with a
1993; Delzeit et al., 1993) and reflection—absorption infraredsubstantial decrease as the temperature increases with no de-
spectroscopy (RAIRS) (Banham et al, 1996; Graham andbendence ornPyc), Whereas Flickiger et al. (1998) found
Roberts, 1997). Two crystalline hydrates have been found ay (HCI) in the range from 0.34 to 0.22 in the temperature
temperatures that may be relevant for the upper troposphenange 190 to 210K on pure ice with a negative temperature
and lower stratosphere, the hexahydrate (FH8H,0) and  dependence, which has been explained using a two-precursor
the trihydrate (HC} 3H,0). Moreover, amorphous mixtures model (Flickiger and Rossi, 2003). Given the nature of the
of variable HO : HCI ratios, may well be relevant at strato- experiments, namely laminar flow tubes and Knudsen reac-
spheric conditions. tors, neither is able to identify the nature of the substrate as

The phase diagram of the HCI /B system constructed they have no means of investigating the condensed phase un-
by Molina and coworkers (Molina, 1994; Wooldridge et der the relevant conditions of the uptake experiment. Using a
al, 1995) indicates that the HCI trihydrate requires HCI stirred flow reactor similar to the one used in this work, Del-
concentrations much higher than found in the stratosphereal et al. (2003) provided & value ranging from 0.05 to 0.01
([HCI]=1-3 ppb; Carslaw et al., 1997) and therefore has noin the temperature range 200 to 235 K and are able to identify
atmospheric relevance. On the other hand, HCI hexahydratéhe nature of the substrate by means of FTIR in transmission.
may nucleate at HCI concentrations of atmospheric relevance In this work we expand on the results of Delval et
but at temperatures lower than normally found during polaral. (2003) by measuring the uptake kinetics of HCI and
nights such that its atmospheric relevance has been que$t,O on HCI-doped ice substrates whose phase identities are
tioned as well (Koehler et al, 1993; McNeill et al., 2007; known, namely HCI hexahydrate or an amorphous HGIOH
Chiesa and Rossi, 2013). It thus appears that only bulk amomnixture, in the temperature range 170-205 K. Using the up-
phous HCI/HO mixtures have atmospheric relevance attake data of several independent experimental series, we
long atmospheric residence times which are in addition morghen obtain the kinetics of the two “elementary” processes,
reactive than the crystalline phase HEH,O as far as Re- namely the mass accommodation coefficiefX) and the
action (R1) is concerned (McNeill et al., 2006). corresponding evaporation rakg,(X) for X=H>0 and HCI.

In this study we focused our attention on the HCI hex- Regarding the definition of terms, we would like to refer to
ahydrate phase (HH) as well as on amorphous mixturesAmmann et al. (2013). We also discuss the effect of surface
(amHCl) using HCI concentrations comparable to HCI hex- disorder on«, and we propose a revision of the phase di-
ahydrate in order to compare its behaviour under typicalagram of the binary HCI/bD system based on the results
stratospheric conditions of ] =2-6 ppm and [HCI]=1- obtained for the HCI hexahydrate substrates.
3ppb (Carslaw et al., 1997). Our results are in agreement In order to achieve this, we have modified and adapted the
with previous studies in showing that the irreversible conver-reactor used by Delval et al. (2003, 2005) and Chiesa and
sion of HCI hexahydrate into an amorphousl6H,O /HCI Rossi (2013) as well as described the HCI angDHnter-
mixture was observed at temperatures higher than 190 Kaction with the reactor walls using a Langmuir adsorption
(Graham and Roberts, 1997; Sadtchenko et al., 2000; Chiesaotherm for both HO and HCI, both separately and in the
and Rossi, 2013) and that the amorphous HGIOHbhase  presence of each other, in order to resolve the difficulties in

XO+0— X +0, (R3)
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Table 1. Characteristic parameters of the used stirred flow reactor (SFR).

Reactor volume (upper chamber) 2036%cm
MS (lower) chamber 1750 ¢
Reactor internal surface (estimated) 188%cm
HCI calibrated volume — inlet line 62 cin

H>O calibrated volume —inlet line 44ch

Si support area (one side) sA=0.99 cnf
Reactor wall temperature Tw=315K

Gas—surface (ice sample) collision frequency.39s1 (H,0)
1
at 315K, one sidewice=4Y . Agj=,/8RT. 52257 (HCI)

% g-la

Escape rate constaht Cs = 0.0408+ 0.0004 (small orifice)

kgSFC: Cy - /]-5[ S_l, Y=S,L,S+L CL =0.161+4+0.002 (large orifice) -
CsyL = 0.194+0.003 (smalk- large orifice)

Calculated orifice area An(S) = 0.023 (small orifice)

Ap= kesc- 2L cm? (effective diameter of 1.71 cm)

Ap(L) = 0.090 (large orifice)
(effective diameter of 3.38cm)
Ap(S+ L) =0.108 (small + large orifice)
(effective diameter of 3.71 cm)

Reactor wall accommodation coefficient(X)© (6.1940.08)x 106 (H,0)
(1.69+0.03)x 10~ (HCI)

aMin kg; Asgj in m2; v in m3 (S| system)w for SFR walls ) is 1885/0.99 = 1904 times larger thape.
b |dentical value okescunder dynamic pumping conditions; M in g.
¢ kdes,w(X) may be calculated from the Langmuir equilibrium const&ptand Nto1(X) (Table 2).

the quantitative determination of HCI adsorption onto the ice3 Experimental methodology

substrate in transient supersaturation experiments.
The stirred-flow reactor (SFR) is characterized by a large in-

ternal surface compared to the Si substrate surface (Table 1).

2 Experimental apparatus The SFR is a reaction vessel operated under conditions of
) ) ] rapid molecular stirring in relation to the gas residence time.

The results presented in this paper have been obtained Ugy e tg the small ratio between these areas, it is inevitable that

ing a modified version of a multid_iagnostic reactor describedatmospheric trace gases admitted during the experiments in-
elsewhere (Delval etal., 2003). Figure 1 presents a scheme b4t with the stainless steel chamber walls. In order to de-

the modified reactor, and Table 1 reports its characteristic pag.ripe the interaction of O and HCI vapour with the low

rameters. Briefly, the improvements are the following: (a) in- temperature ice films and the chamber walls, the following
troduction of a pulsed solenoid valve enabling pulsed dosing;-heme has been applied:

of gases — this yields the opportunity to measure the accom-

modation coefficient in real time; (b) use of a fast residual HCI(@) = HCI(c) (R5)
gas MS instrument (Prisma Plus™) enabling the measurek:(HCI), Rey(HCI)

ment of fast limiting uptake kinetics up to the gas—solid col- (rate of condensation on and rate of evaporation from ice
lision frequencyw; (c) introduction of an additional larger HCI(g) — escape (R6)
orifice size offering the possibility of changing the gas resi- I)

dence time; and (d) improvement of the temperature controfgsscape rate of HCI across reactor orifice

resulting it 0.5 K deviation across the temperature range.

Supplement A presents pertinent details of the hardware conkCl(g) = HCl(ad9 (R7)
figuration in addition to Fig. 1 and Table 1. ke (HCI). Ry (HCI)

(rate of adsorption on and rate of desorption from
reactor wall

H20(g) = H20(c) (R8)

kc(HZO), Rev(HZO)_ . .
(rate of condensation on and rate of evaporation from ice
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H,O(g) — escape (R9) To Pump
kes(H20) o Liquid N2
(rate of escape of D across reactor orifige
Electrical Cartridge
Pulsed Heater
Solenoid Valve

H>0O(g) = HoO(adg (R10)

kw(H20), Ry (H20) % | o
w 2 i W 2 onfinuous
(rate of adsorption on and rate of desorption from Inlets
reactor wall$ |;r“5”“ R

Detector

o
Large

Leak Valve

where kc(HCI) and kc(H20) are the condensation rate |emr
constants on ice in 8 for HCl and HO, Rey(HCI) ]

and Re(H20) the evaporation rates from the ice in Small
Leak Valve

molecstcm=3, kw(HCI) andky(H20) the adsorption rate
constants onto the reactor wallg,(HCI) and Ry (H20)
the desorption rates from the walls in moledsm—3 and
kesdHCI) and kesdH20) the effusion rate constants out of
the reactor in 1, respectively.

The aim of this study is to separate the rate of evapora-
tion Rey and the accommodation coefficienon ice for both
gases, HCl and }0, in order to obtain the kinetics of evapo-
ration and condensation. Both kinetic parameters are subse-
guently combined to obtain the corresponding HCl an®H  Figure 1. Schematic drawing of the reactor used in this work. The
equilibrium vapour pressures that may be compared to lit-diagnostic tools are highlighted in red, and important parameters are
erature measurements. This approach is known as therm(ﬂsted in Table 1. The ice film is deposited on both sides of the 1
chemical kinetics where thermodynamic parameters are usegfameter Si window (black vertical symbol hanging from cryostat
as thermodynamic constraints for the measured kinetics. ~ nSide reaction vessel).

For a gas X (HCI, HO), the following flow balance equa-
tion holds in the presence of ice at steady state:

1" Si window
——— 2" NaCl windows

7] 6" Gate Valve[[T

N7ot the total number of molecules X adsorbed onto the
Fin(X) + Fged X) + Fey(X) (1) reactor walls,kgesw(X) the desorption rate constant from
= Fss(X) 4 Fadsw(X) + Fadsice(X), the reactor walls ins!, ¢ the fractional surface coverage in
terms of a molecular monolayekey the rate of evaporation
where all terms are flow rates in molecis In particular,Fi, of X from the ice in molecs! cm3, Rgsthe rate of effusion
is the chosen flow rate of molecules admitted in the reactorthrough the leak valve in molecscm=3, S, and S the
F4es the flow rate of molecules desorbing from the reactor surfaces of the reactor walls and the ice film irfcm, and
walls, Fey the flow rate of molecules evaporating from the «ice the accommodation coefficients of X on the walls and
ice surface Fssthe flow rate of molecules effusing through on the ice film and the mean thermal velocity of a molecule
the leak valve into the MS chambaéf,gsw the flow rate of  incm s1, respectively.
molecules adsorbing onto the reactor walls g the In order to measure the four unknown parameters in
flow rate of molecules adsorbing onto the ice film. Eqg. (2), namelykdesw Rev, aw and aice, @ three-pronged
We assume that the adsorption onto the walls can be destrategy has been adopted: first, pulsed valve experiments
scribed as a Langmuir-type adsorption, and under this aswith the cryostat at ambient temperature (no ice) have been
sumption, Eg. (1) may be expressed as follows (see Supplessed in order to measueg, for HCl and HO. Second, the
ment B for the mathematical derivation) for a gas X (HCI, Langmuir adsorption isotherms at ambient temperature for

H>0): the interaction of HCI and D with the reactor walls in the
absence of ice have been measured /aidw has been ob-
V- Rin(X) + N1oT - kdesw(X) - 6 + V- Rev(X) (2)  tained. Finally, a combination of pulsed valve and steady-
aw(X)-¢ state experiments has been used in order to meagdrand
=V Rss(X) + Sw- T(l_ 0)-[X] Rev, respectively, for both HCI and #D. The details of the
aice(X) - different steps follow below. We emphasize that the combi-
+ Sice - —a (X1, nation of a real-time (pulsed valve, PV) experiment with a

steady-state flow experiment results in data of superior qual-
where V is the reactor volume in cfn Rin the rate of ity compared to the combination of two steady-state flow ex-
molecules X admitted in the chamber in moledsm2, periments owing to the difference of two large numbers in
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the latter case. Therefore, we have used the combination afespond to pulses of #0 and HCI molecules, respectively
PV/steady-state flow throughout this study because the oriin the absence of ice. Series of pulses at different doses have
fice sizes are not of sufficiently different size in order to af- been used to determine the accommodation coefficigpts

ford stable numerics in the evaluation of rate data. which are related to the adsorption rate constants as follows:
3.1 Pulsed valve experiments at room K
temperature o= ()
W

PV experiments are experiments where a transient supersagherewy is the calculated gas—surface collision frequency

uration of gas is created in the reactor by admitting a shorin s~* scaled to the internal walls of the SFR and given in

pulse of molecules in the range #610'” molecules per Table 1.

pulse. The admitted dose depends on the stagnant pressureThe accommodation coefficient of,8 on the walls is

of the reservoir as well as the pulse duration. In order to dew(H20) = (6.19+0.08)x 107° and is roughly 4 orders of

termine the number of molecules admitted with each pulsemagnitude smaller than the measutgg(H20) at temper-

the dose dependence has been calibrated usingfbess ~ atures in the range 170 to 200K, namedye(H20) ~ 0.1

admitted gas, yielding a typical dose of 580 molecules  (See below). Since the ratio between the internal wall and the

per millisecond duration of the pulse per Torr of pressure inice surface area is approximately 1000, we consider the in-

the gas reservoir. The upper limit of #nolecules pulse! ternal walls as an active surface that can act as a source or a

leads to an upper limiting transient pressure of approximatelysink for H,O vapour, depending on its partial pressure. The

5mTorr which still corresponds to molecular flow condi- contribution of the walls is even more important for HCI:

tions. the accommodation coefficient of HCI vapour on the walls is
With the cryostat at ambient temperature, PV experimentstw(HCI) = (1.6940.03)x 10~°, only a factor of 70 smaller

may be used to measure the uptake of HCl ap@ldnto the  than the lowest value afice(HCI)= 1.2x 10~2 correspond-

reactor walls. In the aftermath of a calibrated pulse of knowning to the worst case scenario for HCI (Table 1).

dose, the exponential decay of the mass spectrometer (M

signal at mass:/z 18 or 36 &q) is given by the sum of the

measured effusionk§s) and adsorption rate constarity]

on the reactor walls, nameky = kesc+ kw (Flickiger et al.,

1998). In this work, we assumed that the adsorption onto the walls

The measured acquisition frequency of the : . . .
. . m ri Langmuir rption. Under thi -
Prisma™control unit, expressed as the number of data ay be described as a Langmuir adsorption. Under this as

) . : sumption, the coverage of the surface walls a function of
points recorded per second, is approximately 3 stoo . .
. the concentration of the gas X (HCIB) as follows:

small to measure decay rate constants in the range 2.5—

0.2s! or higher. Therefore, in all PV experiments we have B([X]) = K [X]

used a PrismaPlus™control unit, which has an acquisition T 14+ K[X)

frequency of 2503!per data point. If we take seven points 3 I ) L
in order to define a decay curve, we obtain an upper limit’herekL (cnmmolec™) is the Langmuir constant, which is

for the measurement of a decay rate constant of 35tsigh the equilibrium constant for the adsorption process, namely

enough to measure the largest rate constants we expeckL ZkC(X)/ReV(X)’ wherekc(X) is the condensation rate
These rate constants may in principle go up all the way toconstant in s'. When steady-state conditions are estab-
equalw in case the uptake coefficient were unity. Owing lished, the concentration of a gas X (X3@, HCI) in the
to the small sample area in the present SFR, it becomeSFR reactor is given by Eq. (5):
possible to experimentally measure potentially very large F
. > : ss(X)

uptake or accommodation coefficients which would not be[X]g=————.
possible in Knudsen or fast laminar flow reactors owing to kesdX) -V
much larger values ab. The dose admitted with each pulse In order to obtain the coverage we introduce a controlled
has been calibrated using a non-reactive gas and measuriripw of a gas X into the chamber at SFR conditions and wait
the total number of molecules admitted in the aftermath offor steady state to be established by monitoring the effusion
a pulse as a function of the pulse duration and the reservoiflow using the MS. For non-interactive gases, the timescale to
backing pressure by time-integrating the calibrated MSreach steady-state conditions is given by the residence time
signal that itself was calibrated using a steady-state flowr, = ke‘slc Any decrease beyonqg has been attributed to the
of the same gas coupled to a measurement of the pressurate of adsorption of gas molecules onto the walls of the re-
decrease with time in a calibrated volume. actor, according te, = (kesc+ kw) L.

Figure S1 in the Suppelement shows an example of pulses Figure S2 in the Supplement shows the results of an exper-
admitted into the reactor: the dark blue and red curves coriment performed using HCl vapour: the grey curve represents

S ) L
3).2 Langmuir adsorption isotherms for H,O and
HCI on stainless-steel reactor walls at room
temperature

4

®)
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n-steps of increasing flows of HCI effusing from the reactor 109 3

as measured by the calibrated MS, corresponding to increas 0.9 gﬁ %ﬁ"

ing HCI flows introduced into the reactor chamber. The red 0.8 i

shaded area represents the difference between the hypothet ;| fl ?gi
tr

cal effusion flowFesc hype COrresponding to a non-interactive 0.6 3 %ﬁﬂ
case with no adsorption of 2 or HCI onto the walls, and 0.5 - i%ﬁ

the measured flowWesc meadOr each j-th time interval. As e o W g

mentioned above, we attribute this difference to the rate of %47 8¢ m% T

adsorption of gas molecules onto the reactor walls. Under 037 . -~ =

this assumption, for each time intervathe red shaded area 0.24 ;“*ﬁs

in Fig. S2 in the Supplement is the total number of molecules  0.14 «
adsorbed onto the reactor walls, which may be calculated ac- o0+ ‘ i

- T T T T T

cording to Eq. (6); 0.0 1.0 2.0 3.0 4.0 5.0 6.0 7.0x10"
-3

[X]gs [molec-cm 7]

N (X)=/ Feschypo(t) — F 41))-dt, (6)
adsw ( esahvpo escmea ) Figure 2. Wall coverage as a function of HCI andb8 concentra-

. . 1 j tion interacting with the reactor walls according to Langmuir using
With Fesc hypo@Nd Fesc,meadn molecs™ and Nyyq,,(X), the  gata of the type displayed in Fig. S2 in the Supplement. The red
cumulative number of molecules X adsorbed at egg¢h  sympols represent the interaction of purg@Hand the green sym-
time interval, respectively. The total cumulative number of pols the interaction of KO in the presence of an additional HCI
molecules of gas X adsorbed onto the wwﬁsw isthesum  flow Fi,(HCI) =8 x 1014 molec s'1 admitted into the reactor. Sim-
ilarly, the black symbols represent the interaction of pure HCI, the
blue symbols the interaction of HCI in the presence of an additional
H0 flow Fin(H20) = (3-6)x 10t°molec s1 admitted into the re-
actor. The parameters of the fitting curves may be found in Table 2.

of all Ngd ~(X) and a function of the steady-state concentra-
tion of the gas X (HCI, KHHO) and may be expressed in terms
of a Langmuir constant as follows:

N%(OT KL [X]

7
1+ K [X] '’ %

New (XD =
< ) The black triangles represent the interaction of pure HCI,
where N7y is the total maximum number of molecules X e piue triangles the interaction of HCI in the presence of an
that can be adsorbed on the total internal surface of the SFRqitional HO flow admitted into the reactor. For HCI we
vessel. We calculated the coverage as a function of concenygopted a similar approach but the results are different: in the

tration as expressed in Eq. (4) as the ratio betweégn , and presence of additional D flow, the HCI coverage is lower,

N%<OTZ in contrast to the previous case. In the following discussion
X we will attempt an interpretation of this difference.

0(IX])= aQSW. (8) NTot represents the total maximum number of molecules
Nior that can be adsorbed onto the stainless-steel surface.

For HO, in the presence of HCI, it corresponds to

Nmax (HCI) =4.45x 10 molec cnr?, approximately 45 %

of a formal monolayer coverage of B on ice (1

— Pure gas systenonly one selected gas was introduced ML (H,0) =1 x 105 molec cn2), whereas for pure HCI it
into the reactor (HCI or KO). corresponds tdVyax (H20) = 2.68x 10 molec cnt2.

The number of molecules in a formal monolayer (ML) of

— Binary systemthe main gas has been introduced into | b X q7 bulk densit o th
the reactor together with a constant flow of the other HC! may be estimated from bulk densities using the expres-

. . . = 2/3 -
gas in order to simulate the planned experiments at low>'oN ML ('ONA,/M)  wherep, Na and M are the bu!k den
temperatures, sity, Avogadro’s number and molar mass, respectively. The

densityp = 1.490 kg "1 for pure liquid HCI atT = —85°C
Figure 2 shows the results for the construction of a LangmuifCRC Handbook) yields a value for one ML of 8.53.0'4
adsorption isotherm in terms of the wall coveragebtained  molec cnt2. The Matheson Gas Data Bogirovides a den-
from Eqg. (8) for HCI and HO interacting with the stainless- sjty of p = 0.879kg? for liquid HCI at 7 =10°C and
steel walls at 315K as a function of gas concentration ac-p =32 atm, from which a value for one ML of 6:010%
cording to Eq. (5). molec cnT2 may be calculated. This last value has been used
The red circles represent experiments with a pus®©H i the present work given the temperature of the reactor in-
flow admitted into the reactor, and the green circles repreternal surfacesK, = 42°C) comparable to the entry given in

The experiments were performed under two different condi-
tions:

sent experiments where an additional constant flaW= the Matheson Gas Data BooRhe maximum HCI coverage
8x 10 molecs™ of HCI was introduced into the reactor in the present systenViuax = 2.68 x 101 molec cnm2) ob-
together with the variable #D flow. tained from the Langmuir isotherm at saturation corresponds
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therefore to approximately 45 % of a formal monolayer cov- (HH) substrate taking note of the large disparity of the MS
erage of HCI on stainless steel. We also report that, on icesignal for HCl and HO. H,O flow rate with a series of pulses
a formal monolayer of HCI has been measured by Hensorat temperatures of 176 and 181.5K is shown in blue on the
et al. (2004) as 2.3 10" moleccnt? using BET analy-  right axis of Fig. S3 in the Supplement. The red curve on the
sis, which compares well with our measurementNafax left axis represents the corresponding HCI flow rate at the
and points to a coverage of approximately 1 formal mono-same temperatures. At 176 K, the correspondent flow rates
layer of HCI on the system internal surfaces on the basis obf H,O and HCI are measured. Subsequently, for technical
2.3x 10" molec cn? of HCI for a monolayer coverage on reasons, only the #D signal atm/z 18 is recorded, and a
ice. However, the consensus value for HCI coverage on an icseries of three B pulses is admitted into the reactor. From
film is closer to 2.7 10 molec cnT? (Chiesa and Rossi, the pulse decay rafe, aice(H20) may be calculated accord-
2013). ing to Eq. (10). As the temperature is increased to 181.5K,
For a gas X, the Langmuir equilibrium constant is a func- both masses:/z 18 and 36 are again recorded. When steady
tion of the accommodation coefficiem§, (X) and the desorp-  state is established for the new target temperature, a new se-
tion rate constantgesw(X) (s™1) according to Eq. (9) (see ries of HO pulses is admitted. The steady-state flow before
Supplement B, Eq. S11): the pulse series represerfigs(H20) in Eq. (1), and it may
be used to calculat®e,(H20) from Eg. (2). This protocol
has been applied using HH and amHCI as substrates as well
as alternating KO and HCI as probing gases using a series
of pulses at temperatures in the range 167 to 203 K. The or-
where Sy is the internal surface incfrand Ntot the to-  ange curve in Fig. S1 in the Supplement shows an example
tal number of adsorption sites on the surface for moleculeof HCI pulses over ice, compared to a pulse (red curve) in the
X. The fitting parameters of the Langmuir isotherms provide absence of ice.
K and Ntot for the present experimental system, whereas With the separation aRey andeice for both HCI and HO,
aw(X) has been measured directly from the real-time PV ob-we may calculate the equilibrium vapour pressBgg(X) for
servation as reported in Sect. 3.1 thus allowing the calculaeach gas, corrected according to Eq. (S2) in the Supplement,

ZSW'UW(X)'C/4

KL ,
N o7 - kdesw (X)

(9)

tion of kges w(X). as follows:
i Rev(X) RT
3.3 Pulsed valve and steady-state experiments at Peg(X) = ev(X) | - (11)
low temperatures ke(X)  Na

As mentioned above, a combination of PV and steady-stat&vhereR is the molar gas constant in éiorr K~ mol~%, 7
experiments has been used to meamﬂ@and Rev, respec- the temperature of the thin film in K arNA the AVOgadrO
tively, for both HCI and HO interacting with the thin ice constantin molec mof'. In our current setup only one gas at
film. After the growth of the selected substrate according to@ time can be used for PV experiments. When the ice film is
the protocols reported above, the thin film is set to a chosergXposed to a transient supersaturation gOHindoice(H20)
temperature. When steady-state conditions are establishe@Nd Fss(H20) are measured, we may calculatg,(H20),

a series of three gas (HCI,»B) pulses at intervals of ap- Whereas only’sg(HCI) can be measured, as shown in Fig. S3
proximately 60 s is admitted into the reactor. Similarly to PV in the Supplement.

at room temperature, the exponential decay of the MS sig- The flow Fsg(HCI) may still be used to calculaté:(HCI)

nal atm/z 18 or 36 {q) is given by the sum of the mea- in H20-PV experiments when coupled widze(HCI) mea-
suredkese the adsorption rate constant on the wallg)(  sured in HCI-PV experiments according to Egs. (2) and (11).
and the adsorption rate constaktd) onto the ice, namely Similarly, when the ice film is exposed to an HCI pulse,
kg = kesc+ kw + kice, in the aftermath of a pu|se_ We then bOthOéice(HCD andFss(HCl) are measured in order to calcu-
calculate the accommodation coefficiento(X) of a gas X  late Peg(HCI) and only Fsg(H20) is obtained Fsg(H20) is
(X=HCI, H,0) onto the ice substrates according to Eq. (10)then coupled withxice(H20) from HO-PV experiments in

with wice given in Table 1: order to calculatePeg(H20) in HCI-PV experiments.
k.

ice= I.Ce' (10) 4 Results
Wice

The steady-state MS signal established before the pulse séa the following section the results obtained applying

ries represents the flow rate of molecules effusing through théhe method described above will be presented. As men-
leak valveFsg(X) in Eq. (1) and it may be used to calculate tioned before, once the selected substrate, amHCI or HH,
Rev(X) from Eq. (2). Figure S3 in the Supplement shows anhas been grown according to the corresponding protocol
example of the combined PV and steady-state experimentand characterized using its FTIR absorption spectrum (see
for H20 pulses as a function of time on an HCI hexahydratebelow), the film is set to a chosen temperature. When
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steady-state conditions are established, the correspondini 27 1
flows Fss(H20) and Fss(HCI) are recorded. Subsequently,

the series of gas X (HCI, D) pulses are admitted into 0.1
the reactor, from whiclyice(X) may be calculated accord-
ing to Eq. (10). The film is then set to a higher temperature, ®
Fsg(H20) andFss(HCI) are recorded and the series of pulses
repeated on the same ice sample. The cumulative dose on th
ice sample has been measured as the difference between tt
admitted dose and the number of molecules effused from the
reactor in the aftermath of each pulse. This experimental pro- 10 7 oy
tocol has been repeated for each measured point in the tem 13 //v_'.,vc""I
perature interval of interest and repeated for both series of-— o™
gas, HCl and HO, pulses. 2~ 10 At

:" Il’!:
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4.1 Amorphous HCI/H20 mixture thin films

The results for amHCI are reported in Fig. 3. Figure 3a shows 3
the measuredice(X), X =(H20, HCI), as a function of tem- 10
peraturecice(H20) on pure ice (inverse blue triangles) varies — Lit. (%
from 0.12 at 175K to 0.054 at 203 l&jce(H20) on amHCI 10° 4 : fluge -
(red circles) decreases as a function of temperature, bein u A HC
equal toujce(H20) on pure ice within experimental error in

the range 175-185K and lower by approximately 20% at
temperatures higher than 185K. Coloured triangles repre-* .
sent results fowice(HCI) on amHCI, where the colour scale
gives the accumulated dose of HCI on the HCI-doped ice 107
film after each pulsexice(HCI) is equal within experimen- 160 170 180 190 200 210
tal error toajce(H20) on pure ice up to 180K and lower by T

a factor of approximately 2 above 180 K. Consistent with theFigure 3. Synopsis of kinetic results for amHCI using @, HCl as

experimental protocol, the ice samples are increasingly €Nz prohe gas. The symbols used are explained in the text. The cal-
riched in HCI as the temperature increases. Fresh ice samyjated relative error fo is 10%. The relative errors calculated
ples have been exposed to HCI pulses at temperatures @r Re\(HCI) and Peq(HCI) are 30 %, whereas faRey(H20) and
194 and 200K, andice(HCI) is higher by a factor of 1.5  Peq(H20) they are 25%. Examples of the amplitude of the errors
and 1.25 compared to aged samples, respectively. This reare reported for selected points. The green line shows results from
sult compares favourably with the observation of Fliickiger Marti and Mauersberger (1993). The colour scale shows the cumu-
et al. (1998), who have noticed a dose dependence of the kiative adsorbed dose after HCl pulsed gas admission.
netics of HCI adsorption on pure ice exposed to transient su-
persaturation.

Figure 3b shows results fakey in molecslcm 3 as a  temperatures lower than 173 K using the expression provided
function of temperature. Inverse blue triangles repregept by Marti and Mauersberger (1993).
of pure ice, red circles $D and black triangles HCI results, Figure 3c shows the results f@% in Torr calculated ac-
respectively.Rey(HCI) is significantly different, lower by a cording to Eq. (11) for both yD and HCI. The same sym-
factor of 10 in the temperature range 175-185 K and lower bybols as in Fig. 3b are use®eq(HCI) of amHCl is lower by
up to a factor of 100 at temperatures higher than 185 K com-a factor of 100 at temperatures higher than 185K compared
pared toRe(H20), which is equal taRey(H20) of pure ice  to Peg(H20) of amHCI, which is equal within experimental
across the temperature range 175-205 K. This result furtheuncertainty toPeq(H2O) of pure ice. At temperatures lower
confirms the finding of Delval et al. (2003) that the evapora-than 185 K,Peg(HCI) of amHCl is still lower thanPeq(H20)
tion of H,O, despite the presence of adsorbed HCI onto theof amHCI but only by a factor of 10, less so than at higher
ice substrate, takes place at a rate characteristic of pure icemperatures. The solid and dashed green lines represent the
in a H,O-enriched substrate, which is at a low HCI content vapour pressure of water as in Fig. 3b.
of the condensed phase. The full green line shows the rate The values obtained for the equilibrium vapour pressure
of evaporation of pure water for the system in use calculatechave been compared with the HCI#®& phase diagram con-
from literature results of equilibrium vapour pressure (Marti structed by Molina and coworkers (Abbatt, 1992; Molina,
and Mauersberger, 1993) usiag= 1, whereas the dashed 1994; Wooldridge, 1995). Figure 4 shows the results for
green line represents extrapolated valueskgf(H2O) for amHClI films, which all lie within the existence area of HH.

I

eq(X) [Torr]
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. . . a probe gas. The symbols used are explained in the text. The cal-
Figure 4. Binary phase diagram of the HCI/® sy.stem_ recon- _culated relative error fow is 10 %. The relative errors calculated
structe(_j from Molina and cowquers (Abbatt, 1992; Molina, 1994; for Rev(HCI) and Peq(HCI) are 30%, whereas faRey(H20) and
Wooldridge, 1995). The full trlanglles.represent calculated vaIuesPeq(Hzo) they are 25%. Examples of the amplitude of the errors
Of. Peqg(HCI) for amHCI usmg.the Kinetic da_lta of the_present work. are reported for selected points. The green line shows results from
Different colours represent different experiment series. Marti and Mauersberger (1993). The colour scale shows the cumu-

lative adsorbed dose after HCI pulsed gas admission.

This is expected since the cumulative dose admitted into the

reactor chamber is tf;e same used during the HH growth progyre range. Furthermore, each series of three pulses spaced
tocol, namely 5 0131 molecules of HCI compared to ap- py yynically 60 to 90 s always showed a decreasads(HCI)
proximately 4x 10™®molecules of HO, correspondingto an  paqyeen the first and the last pulse. Similar results have

average mole fractiopci = 0.111. been shown previously in the literature (McNeill et al., 2007)
42 Crystalline hexahydrate films where the scatter has been explglned in terms of th_e m_orphol-
ogy or the smoothness of the ice surface. We will discuss

The results for HH are reported in Fig. 5. Figure 5a shows!heSe results further in the discussion section. N
Figure 5b shows results for th&., in molecs~cm~ as

the measured;ce(X) as a function of temperature. Inverse )
blue triangles representc.e(H20) on pure ice, as shown in a functlpn of temperatureRev(HCI) on HH, represented by
Fig. 3. aice(H20) on HH (red circles) decreases a function black triangles, is lower by a factor of 100 across the tem-
of temperature and is lower by a factor of approximately P€rature range 165-193K comparedRg,(H20) on HH,

1.5 thanaice(H20) on pure ice at temperatures higher than Which, being equal tRe\(H20) on pure ice within exper-
185K. Coloured triangles represent resultsdgs(HCI) on |menta! error, indicates that the presence of crystalline HH
HH, with the colour scale showing the cumulative dose of 0N the ice substrate does not substantially affect the evapora-
HCl on the HCI-doped ice filmuice(HCI) shows larger scat- tion of H2 0O, Whic;h is that of pure ice, in a manner similar to
ter compared to amHCI with a variation up to a factor of 10 @MHCI as described before.

for results at the same temperature across the full temper-
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4.3 FTIR spectra of hexahydrate

The FTIR spectrum of hexahydrate is known from the litera-
ture (Ritzhaupt and Devlin, 1991; Koehler et al., 1993; Toon
et al., 1994; Graham and Roberts, 1997). For each point in
Fig. 6, a corresponding spectrum of the thin film has been

collected. All spectra corresponding to experiments lying in
3 - the HH existence region are a mixture of pure ice and HH
film as they have the spectroscopic signature of hexahydrate
phase, namely the two additional peaks in the OH stretch-
ing region at 3426 and 3366 crh and the sharp peak at
-5 1635cnT?!, corresponding to the bending vibration of the
proton ordered waters of hydration. Likewise, the spectra
corresponding to experiments lying outside the known pub-
lished HH existence region appear to be a combination of
pure ice and pure HH. In order to clearly indicate the pres-
. ence of HH as well as the HH to ice mixing ratio for these
. L experiments, we deconvoluted all experimental spectra. We
assume that the measured composite spectrum is a super-
position of the spectra of pure ice and pure HH following
Graham and Roberts (1997), and we proceeded as follows in
order to deconvolute the absorption spectrum: the sharp IR
peak at 1635 cm! is an unambiguous marker of HH. There-
fore, the optical density at this peak can be used as a marker
of the amount of HH present in the ice film. We scaled the
optical density at 1635 cmit of an independently recorded
spectrum of pure HH to that of the spectrum of interest. The
scaled spectrum is that of the pure HH component, and we
obtain the pure ice component from the measured composite
Figure 6. Binary phase diagram of the HCIA® system. The  spectrum after subtraction.
empty triangles represent calculated valuegg{HCI) for HH us- Figure S4 in the Supplement shows an example of the de-
ing the kinetic data for adsorption and desorption of the preseniconyolution: the green spectrum is the recorded spectrum,
work. Different colours represent different experiment series. which is the superposition of pure HH and purgQice; the
red spectrum is the measured spectrum of pure HH scaled
to the measured amplitude of the IR absorption peak at
1635 cn1!. The blue spectrum corresponds to the difference
of the green and the red spectrum. It is obvious that the mea-
sured spectrum is that of a film where pure ice and pure HH
pared toPeq(H0) of HH. The scatter oPeg(HCI), being of coexist. The procedure dtztles not take into account possible
; L2 small shifts of up tat 2 cn+ of the pure component spec-
the same magnitude as the scattar;gf(HCI), may likewise .
. T o trum in the presence of the other component, commensurate
be explained by a variation in the substrate composition as .
; L . with the absolute wavelength accuracy of the FTIR spectrom-
well as by an increase in its roughness or inhomogeneous, . : . )
eter in the current configuratiog=(1 cm-).
nature due to the exposure to HCI pulses. . .
. . . Figure 7 shows the HCI/$D phase diagram and the FTIR
Figure 6 shows the phase diagram of the results obtained . . .
o S . Spectra of a few experiments outside the known HH existence
for HH films: most of the results lie in the HH existence re- .
. . S . area, labelled accordingly. Each spectrum panel shows the
gion, as expected, but there is a significant number of points :
: . . . measured FTIR spectrum in the same colour as the vapour
lying outside the HH existence area. In order to determine . .
. . ressure plotted in the bottom left panel as well as its de-
whether or not this result pertains to the hexahydrate phaseo L .
- : - convolution into a pure ice component (blue spectrum) and a
we took advantage of the multidiagnostic capabilities of the )
. ure HH component (red spectrum). This procedure has been
apparatus and focused our attention to the condensed phage : . . .
; : applied to all experiments outside the known HH existence
using the corresponding FTIR spectrum for each of the ex- .
eriments in question area. For all cases the same conclusion has been reached,
P q ' namely that all measureB.(HCI) results in Fig. 6 indeed
pertain to binary HH—ice films of various composition.

107 3

Py [Torr]

10

et Y v
ice FEN

=10

5.0
1000/T [K ']

Figure 5c shows the results f@q in Torr calculated ac-
cording to Eqg. (11) for both FD and HCI. Peg(H20) of HH
is equal toPeq(H20) of pure ice within experimental error,
whereasPeq(HCI) of HH is lower by a factor of 4 to 15 com-
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Figure 7. Selected measured FTIR spectra with their deconvolution into pure ice (blue) and pure HH (red) component. The measured FTIR
absorption spectra are coloured according to where they fit into the binary HOl pHase diagram.

Table 2. Fit parameters for BO and HCl interaction with internal stainless steel surfaces (SS304) of the reactor.

*
KL
[cm3 molec ]

NtoT
[molec]

Nmax

[molec cni?]

H»0O adsorption

H»0O adsorption with HCI flow
(Fin = 8 x 10" molecs1)
HCI adsorption

HCI adsorption with HO flow
(Fin = 6 x 10" molecs1)
HCI adsorption with HO flow

(3.180.38)x 10~ 14
(4.67+0.39)x 10~ 14

(4.320.21)x 10712
(6.31+0.49)x 10713

(6.46+0.63)x 10713

(7.03+0.42)x 1017
(8.38+0.29)x 107

(5.06=0.06)x 1017
(4.85+0.07)x 107

(3.7940.09)x 1017

(3.73+0.22)x 1014
(4.45+0.15)x 10

(2.68+0.03)x 1014
(2.57+0.04)x 10

(2.01+0.04)x 1014

(Fin = 3x 10 molecs1)

* K| is the Langmuir adsorption equilibrium constant.

5 Discussion

5.1 Langmuir adsorption isotherms

In order to describe the adsorption of HCI and@onto

exposure reduces the HCI coverage. i@easingtrend of
H>0 adsorption in going from the pure case tgCHin the
presence of HCI (going from red to green in Fig. 2) means
that HO will unselectively adsorb on both surface sites as
well as on already adsorbed HCIo8 is able to adsorb both

the reactor internal surface, we used Langmuir adsorptioron already adsorbed HCI as well as on free surface sites. In

isotherms to fit the measurement of HCI| angdHsurface

contrast, thedecreasingtrend of HCI adsorption in going

coverage. As shown in Fig. 2, the presence of an HCI flowfrom pure HCI to HCI in the presence of;® (going from
during H,O steady-state experiments (green circles) presumblack to blue in Fig. 2) may be interpreted as a displacement

ably enhances the capability o8 to adsorb onto the walls,
whereas the presence of an additionaOHlow during HCI

www.atmos-chem-phys.net/14/5183/2014/

process: HO displaces already adsorbed HCI, thereby reduc-
ing the adsorption capacity of HCI in the presence gOH
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This result seems in some way to be contradictory to the val-K| . Nyq(X) is calculated using a mass balance argument as
ues of the Langmuir constantg Klisplayed in Table 2. The the differenceVyn(X) = Nin(X) — (NaddX) + NesdX)).
obtained HO and HCI adsorption data are sufficient for the  We may also calculat¥rir(X) in the case of HCI as fol-
interpretation of HCI kinetics in the present work; however, lows: using the measured optical density at 1635tmnd
they only lead to a speculative interpretation of the HCI andthe known IR cross section at the same frequency, namely
H,0O adsorption data for the moment. We will refrain from a o =(6.54+1.9)x 10-1%cn? (Chiesa and Rossi, 2013), the
molecular interpretation until additional data on this systemnumber of HCI molecules in the condensed phase may be

have been obtained. calculated according to Eq. (12):

Langmuir isotherms are not the only isotherms used 1635
to describe surface adsorption. For instance, Deitz andy___ o)) — In(10) - OD Ag (12)
Turner (1970) used conventional Type Il physical adsorption o ’

isotherms to describe the adsorption of water on the walls O(Nhere OD is the optical density in absorbance units,the
a glass—Kovar stainless steel vacuum system in the pressute. (one side) of the silicon film support ands thé IR
range from 0.2 to 5 Torr. Type Il isotherms are also known

L bsorption cross section at 1635chrespectively. Making
asBET (Brunz_iuer—Emmetthel!er) adsorption |_sotherms ancﬁse of the multidiagnostic capabilities of the system, we may
allow for multilayer adsorption in contrast to simple Lang-

therefore establish a mass balance of molecules in the con-

muir theory (Qregg and Sing, 1982). They conqlude that the ensed phase betwedfn(HCI) and Nerir(HC). Table 3
water adsorption strongly depends on the materials and neecfi%ts the contributing terms as well as the comparison be-
to be determined for each apparatus. On the other hand, elef\/'veenNHH(HCI) and Nemir(HC)

trochemical quartz crystal microbalance measurements have Similarly, for H,O, the number of molecules of in the

been used to determine the adsorption of fission producté ;
ondensed phas#, H»0), may be calculated accordin
(caesium and iodide) in their ionic form on the surface of P FTR(H20) y N g

: 4 ) . . to Eq. (13):
stainless steel and zirconium (Répanszki et al., 2007). The a- (13)
authors conclude that a Langmuir-type isotherm is able to de- In(10) - OD3233
scribe the adsorption, where the saturation values corresponiFTir(H20) = —————— - 4si. (13)

to surface monolayers.

Furthermore, Langmuir adsorption models have also beemwheres = (8.04 0.8) x 10~ 19¢cn? (Chiesa and Rossi, 2013)
successfully used to describe sub-monolayer adsorption aif the IR absorption cross section of pure ice at 3233tm
organics (Winkler et al., 2002; von Hessberg et al., 2008) Equations (12) and (13) may be used to determine the sto-
as well as inorganics on ice (Pouvesle et al., 2010). Reichiometry of the condensed phase. Upon formation of HH
cently, experiments monitoring the density of adsorbed aceduring exposure of HCI, the peak intensity at 3233 ¢rde-
tone molecules on ice using a combination of X-ray pho-creases. The decrease in OD may be used to calculate the
toemission spectroscopy (XPS) and near-edge X-ray absorpiumber of O molecules that are used to construct the new
tion spectroscopy (NEXAFS) have been performed where reerystalline HCI. 6H,O phase. The number of available®l
sults have been expressed in terms of Langmuir adsorptiois given by the total number of ¥ in the pure ice film
isotherms (Starr et al., 2011). before HCI exposure and calculated according to Eq. (13).
After the HCI exposure to the ice film had been halted, the
deconvolution procedure described in Sect. 4.3 has been ap-
plied to the composite spectrum of the film at steady-state
conditions. The resulting spectrum for the excess water (blue
When introduced into the SFR at low temperatures in thespectrum in Fig. S4 in the Supplement) is then used to calcu-
presence of ice, a molecule of X may follow one of three dif- late the number of pure #0 in the sample that are not asso-
ferent pathways: it may effuse out of the reactor through theciated with HCI, according to Eq. (13). The number of HCI
leak valve; it may be adsorbed onto the walls of the reactormolecules in the sample, nameNerr(HCI), is calculated
or it may condense onto the low temperature ice. Namely, ifaccording to Eq. (12).

Nin(X) is the number of molecules introduced into the reac- Equivalently, the same information &1 r(HCI) may be

tor, we haveNin(X) = NesdX) + NagdX) + Nun(X), where  obtained in the following procedure and is callgdy (H20).
NesdX) is the number of molecules of X that effuse out of the The decrease in OD at 3233 th A(OD), yields the differ-
chamber,NagdX) the molecules adsorbed onto the internal ence betweetVpure(H20), the number of HO molecules in
walls of the reactor and/yy(X) is the number of molecules the initially pure ice film, an@Vice(H20), the number of KO

in the condensed ice phase. molecules in excess pure ice of the doped sample that is not

Nin(X) is measured by means of the pressure drop in a caliinvolved in forming crystalline HH absorbing at 3233 cth
brated volumeNesd X) corresponds to the integral over time the frequency of pure ice absorption(OD) leads to the
of the calibrated MS signal anilgd{X) may be calculated number of HO molecules that have been used to construct
according to Eq. (7) using the measured equilibrium constanthe HH phase, namelywyn(H20), according to Eq. (13)

5.2 Mass balance and stoichiometry
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Table 3. Mass balance and stoichiometry for selected experiments on HCI crystalline hexahydrates.

HCI
Exp Nin(HCI) NesdHCI) NagHCI) NuH(HCI) NeTIR(HCI)
[molec] x 107 [molec] x 1017 [molec] x 1016 [molec] x 1017 [molec] x 107
1 5.19+0.26 1.18+0.06 6.73£0.34 3.34+0.17 2.94+ 0.86
2 6.00+0.30 1.28+0.06 9.99+ 0.50 3.72£0.19 3.2 0.96
3 6.09+0.30 1.19+0.06 7.78+0.39 4.12+0.21 3.14+0.92
4 5.48+0.49 1.04+0.05 6.31+0.32 3.81£0.19 2.92+0.85
5 4,79+ 0.24 0.79£0.04 8.95+0.45 3.1 0.16 3.05£0.89
H-O
Exp NpurdH20) Nice(H20) N (H20) REy SPH
[molec] x 108 [molec] x 1018 [molec] x 108
1 4.89+0.24 3.16+0.16 1.73+:0.09 1.14 5.89
2 4.78+0.24 2.68+0.13 2.10£0.11 1.14 6.42
3 5.03+0.25 3.14#0.16 1.86+ 0.09 1.31 5.93
4 4.72+0.24 3.42£0.17 1.31+0.07 1.30 4.47
5 3.77+0.19 1.82+0.09 1.95+0.10 1.02 6.39

2The mass balance ratRyn (HCI) is given by Ny (HCI) / Nerir(HCI).

b The average stoichiometric ratig;§ = Ny (H20) / Nerir(HCI) is 5.80+ 0.70 taking into account all experiments. Excluding the outlier of 4.47 leads to an
average ratio of 6.14 0.29.

and Table 3. Finally, the rati®&qq = Nyn(H20) / Nemir(HCI) and we, therefore, propose extending the existence area of
reveals the stoichiometry of the crystalline film leading to HCI . 6H>,O by modifying the HCI/HO phase diagram to
H>0:HCI=6: 1 reported in Table 3. include the present results, as shown in Fig. 8 by the shaded
Table 3 shows results for all experiments per- area. We preserve the slope of the coexistence line of hexahy-
formed. In all cases the HCI mass balance ratiodrate and trihydrate as calculated by Wooldridge et al. (1995)
RuyH = Nyy(HCD / Nemir(HCI)  and  the  stoichiometric  and simply apply a parallel displacement of the phase bound-
ratio S4yn = Nyn(H20) / Nemir(HCI) of the condensed phase ary whose slope depends on the stoichiometry of the two hy-
have been calculated at the end of the HH growth protocoldrates and their enthalpies of sublimation.
once steady-state conditions had been reached and beforeFigure 9a shows the phase diagram as a function of the
PV dosing experiments began. The HCI mass balance ratiequilibrium vapour pressureBeq(H20) and Peg(HCI), re-
yields an average value of 1.480.12. The wall-adsorbed constructed from Hanson and Mauersberger (1990). The
molecules account for about 12 to 19 % of the total numberempty triangles represent the calculated valueBgfH»>O)
of molecules let into the reactor and for about 22 to 30 %and Peg(HCI) for HH using the kinetic results for adsorption
of the number of molecules adsorbed onto the ice. Thesand desorption obtained from the present work, according to
results show that particular caution has to be exercised irEq. (11). The proposed extension of the HH existence area is
the description of the gas—wall interaction in the SFR duerepresented as well. The quadruple points remain and are not
to the importance it has in the processes involved. Theaffected by the additional data. Figure 9b shows an example
measured stoichiometric ratio yields an average value obf two experiments as a time series when the temperature of
5.8+ 0.7, in agreement with the expected value of 6.00the ice substrate is increased in the range 167 to 197 K. Both
for HCI.6H,0. If we regard experiment 4 as an outlier experiments have been performed as described in Sect. 3.3.
because it is barely inside ther 2nterval, we obtain an Before describing the two experiments represented by red
average value for the stoichiometry of the crystalline phaseand purple lines (Fig. 9b), it is important to understand the
of 6.2+0.3, remarkably close to the expected theoreticalbehaviour of a sample in a simpler case. We will follow

value considering the experimental uncertainty. the black dotted line labelled “180K” in Fig. 9a, which
represents the isotherm at temperatdte 180 K. Along
5.3 HCI/H,0 phase diagram this line, Peg(HCI) may be increased up to approximately

2.5x 10~/ Torr with no detectable change mM(H20). The
As described in Sect. 4.3, the deconvolution procedure showsample behaves as pure ice even in the presence of small
in Fig. 7 leads to observable HCI hexahydrate concentraamounts of HCI. When the phase boundary line is reached,
tions for all experiments conducted outside the known HHthe phase changes from “ice” to HH. Any further increase of
existence area. They all pertain to binary HH—ice films,
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Figure 8. Phase diagram of the HCI /3@ system. The shaded area

is the proposed extension of the HH existence area according to the
results of the present work. The quadruple points (black dots) have
been preserved. Figure 9. Phase diagram of the HCI 4@ system reconstructed
from Hanson and Mauersberger, 1990. The empty coloured trian-
gles represent calculated valuesRag(HCI) and Peg(H20) for HH

using the kinetic results for adsorption and desorption g®tand

HCI of the present work, according to Eq. (11). Different colours
represent different experiment series. The shaded area is the pro-

Log Py,o [torr]

Peq(HCI) corresponds to a decreaseRaf(H20) as expected
for a binary system at equilibrium following Gibbs—Duhem

law, Eq. (14):

H,0 posed extension of the HH existence area according to the results of
dpnel = ——=— - dun,0, (14) the present work with both quadruple points presery@pTwo dif-

HCl ferent experiment series where the temporal evolution of the sample

wherennc) andnn,o are the number of moles of HCl and is discussed. Details may be found in the text.

H20, anddunc) and dun,o the change in chemical poten-

tial, respectively. A variation in the chemical potential of a
component (HCI) in the condensed phase corresponds to thequilibrium. The experiments shown as red and purple lines

inverse variation of the chemical potential of the other com-in Fig. 9b describe the evolution of the substrate when the
ponent (HO) in proportion to the stoichiometric ratio of the partial pressure of water is controlled by the introduction of
two components. A large variation dfeg(HCI) is allowed  an external HO flow Fin(H20) into the reactor.
along an isotherm compared to a much smaller variation of First we will discuss the experiment marked in red sym-
Peg(H20). bols in Fig. 9b. Point 1 is the first measurement taken at
As HCl increases along the isotheriig(H20) decreases 171 K. Subsequently, the temperature is increased to point
until the boundary line between hexahydrate and trihydrate i (175 K) while no external flow of D is introduced. Nev-
reached and the phase changes again. The slope is less steegiheless, a substantial decreas@dg(HClI) is observed, not
reflecting the change of stoichiometry in the new solid phaseonly during this particular experiment but also for all exper-
A change in temperature leads to deviations from this simpléments reported in Fig. 9a. As explained above, a decrease
case, and the substrate may follow different paths to reaclin Peq(HCI) corresponds to an increase Biy(H20), which
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implies the presence of a flow of;®. The water is intro-  Gibbs’ phase rule, we have F=€P +2=2-3+2=1, where
duced into the reactor involuntarily across numerous smallF is the number of degrees of freedom, C the number of com-
air leaks owing to the presence of elastomeric seals (Vitorponents, namely $0 and HCI, and P the number of phases
O-rings), which add up so as to become non-negligible atof the system at equilibrium, namely the binary condensate,
these low partial pressures of8. The typical HO leak rate  the pure ice and the gas phase. The degree of freedom of
of the reactor against the atmosphere has been checked regur system corresponds to the composition of the substrate,
ularly over time and found to be (5-18)10% TorrlsLin namely the mole ratio between pure ice and the HH film.
every hardware configuration used. This corresponds to aEven though the growth protocol has been applied consis-
air flow rate of (1.6-3.2x 10"*molec s1. Taking a typ- tently to all experiments, the approach to the temperatures of
ical HoO vapour content of 3% in laboratory air at ambi- interest and the exposure to transient supersaturation of gases
ent temperature, we arrive at @@l partial pressure of (4.3— during PV experiments, which all contribute to the “history”
8.6)x 10~ Torr in the SFR without turning on the external of the film, may lead to a different composition of the thin
H>O flow. This corresponds to the equilibrium vapour pres-film at the same experimental temperature, which may ex-
sure over pure ice at 155 to 165 K, which means that 165 K igplain — at least in part — the scattera§e(HCI) as a function

the lower limit beyond which we cannot perform ice experi- of temperature. The decreasexf(HCI) in the aftermath of
ments under controlled conditions. Consistent with this facta pulse may also be explained as a variation of the composi-
is our observation of an increase of the thickness of the icdion of the interface, specifically the change from gHrich

film due to deposition of KO onto the ice at temperatures ice film before the first pulse of HCI to a more@-deficient

lower than 175K. ice film when the third HCI pulse is admitted due to evapo-
From point 2 to point 3 (180K), the temperature is in- ration of HLbO and accumulation of HCI.
creased and only a small increaseAg(H20) is observed aice(H20), on the other hand, does not present any scatter,

compared to a large increase Rfy(HCI). Between point 3  and this may be due to the fact that the average molecular en-
and point 4,Fi5(H20) is introduced into the reactor at con- vironment for BO is constant owing to its single-component
stant temperature. As a consequerg(HCI) decreases nature. In order to evaluate the ratio between pure HH and
along the isotherm following the increase Bf((H,O) as  pure HO ice, we have made use of the multidiagnostic ca-
expected according to Gibbs—Duhem law, Eq. (14). Bothpabilities of the present system. We have selected experi-
the temperature andi,(H>O) are increased from point 4 ments in five temperature ranges, and for each experiment we
to point 7 such thafi,(H20) is kept approximately at.D- have determined the number of HH molecules using Eq. (12),
Fey(H20) at any temperature. After the measurement at pointand similarly the number of molecules ob8 according to
7, Fin(H20) is halted and the system immediately respondsEq. (13).
to the variation 0fPeq(H20) by increasingPeq(HCI) follow- The mole fractionyn,o0 of HO in each HH film may
ing the isotherm af" =190 K, according to Gibbs—Duhem be calculated as the ratio of the number of moles ¢OH
law, Eq. (14). molecules to the total number of moles:

The experiment marked in purple symbols in Fig. 9b is

. L . NFTIR

performed in a similar way as above (red symbols) with the _ H,0 (15)
difference that the external flow,(H2O) is a factor of 2 XHz0 NET}DR+NEE|R'
lower with respect to the “red” experiment. From point 1 to ?
point 2, we observe a drop ifeq(HCI) due to background Figure 10 shows the results obtained for the selected exper-
H>0 flow, and at point &in(H20) is introduced into the re-  iments. Peg(HCI) is reported as coloured circles, whereas
actor. A lowerFi,(H20) leads to highePeq(HCI) compared  «(HCI) is presented as coloured triangles according to the
to the “red” experiment as is evident from points 7, 8 and 9temperature range. Temperature seems to have only a mod-
that explore the hitherto unexplored space of the HCI hex-est effect, whereas the history of the sample seems to have
ahydrate phase diagram marked as shaded area in Fig. 9. Atlarger impact on the film composition of every individual
point 10 the flow Fin(H20) is increased to approximately sample.

0.2. Fey(H20) with a corresponding increase &tq(H20) Peq(HCI) increases as the concentration of HCl in the film
and decrease dfeg(HCI) along the isotherm, once again ac- increases, as expected, according to the change in chemical
cording to Gibbs—Duhem law, Eq. (14). potential in the binary systenx.(HCI) decreases as excess
H,O evaporates, and the concentration of HCI increases ac-
5.4 a(HCI) scatter and HCI hexahydrate composition cordingly because the fasten® evaporation compared to

HCI leads to a situation where decreasing amounts £ H
Figure 5 shows the kinetic results for HH substrate experi-are available in the condensate to accommodate the HCI
ments. Variations in the kinetic and thermodynamic parame-smolecules in the gas phase that hit the ice surface.
ters up to a factor of 10 for points at the same temperatures At high HCI concentration and OD at 3233 ctlower
occur. The substrate is a binary system composed of a bulkhan 0.15 absorbance units, which is when the film thickness
pure ice film with a thinner HH film on top of it. Accordingto is less than 0.15 um, we observe a decreasR.gH20) as
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06 065 07 075 08 0857 09 095 1 tion of its structure. It may be that many previous laboratory
; ; ; _— i | investigations may have to be reevaluated in that respect.

4
4 Aoy

2 A o4 AT
BRI

g 0.014 (@ N — 5.5 Composition of amorphous phase
S 4 e " ;
2| & To160170K In order to provide an estimate of the composition of the
0.001- 3 11375k amHCI substrates, we compared the present spectra with the
A Tolasser . ones from Xueref and Dominé (2003). In their work the au-
T s o : thors grew doped ice films by co-condensation of gaseous
£ 10 & mixtures HCI/HO of 5: 1, 1: 10, 1: 50 and 1: 200 compo-
g 10° ) , sition at 190 K. The condensation of the Bmixture leads to
o5 et a solid that resembles HERH,O where partial crystalliza-
107 ‘ ‘ . . | tion takes place, whereas the condensation of gaseous mix-
31 4 6:1 91 191 tures of HCI: BO ratios of 1. 10, 1: 50 and 1 200 leads
%o to the formation of non-crystalline solids whenever there is

Figure 10. Peg(HCI) anda(HCI) as a function of mole fraction of excess HO. In particular, the 110 gaseous mixture leads

H-O in HH film. The bottom and top axes indicate the®: HCl ra- .to a Solll_d of Conr;].‘ljosrl]tlon' In thedra'nzge: 2to1:4 regard-
tio and the HO weight percentage in the film, respectively. Colours ing HCI: H,0, while the 1: 50 and 1 200 gaseous mixtures

identify different temperature ranges, and the broken lines just serv@0th lead to solids of composition in the range4ito 1: 6.
to guide the eye. Coloured arrows indicate an example of pairs of The above authors reason that, due to the excess of HCI

data points. incorporation in the co-condensation processOrand HCI

are not in thermodynamic equilibrium. This may lead to the

formation of a supersaturated homogenous solid solution of

HCl in ice or a solid solution of HCI in ice. This may be fol-
well as an increase aRey(HCI) in agreement with Chiesa lowed by diffusion to the surface of the excess HCI and its
and Rossi (2013) and Delval et al. (2003). This is an indica-subsequent escape into the gas phase, bringing the solution
tion of a phase change, namely the conversion of HH into arinto thermodynamic equilibrium. Xueref and Dominé (2003)
amorphous mixture of higher HCI :4@ ratio. invoke the slightly larger HCl/ice accommodation coeffi-

Nevertheless, the composition of the HH film cannot com-cienta(HCI) compared tax(H20) on pure ice as the reason

pletely explain the scatter in the values @fHCI) and  of HCI enrichment in the condensed phase. While this goes
Peg(HCI) such as displayed in Fig. 5. McNeill et al. (2007) into the right direction, we think that this explanation is by
have observed variations up to a factor of 3 for the HCI par-far insufficient to rationalize the large observed enrichment
tial pressure of smooth ice samples exposed to HCI vapoufactors in laboratory studies as well as in field observations
after HH formation, and they have explained these variationn snow and ice composition. In light of the present results,
in terms of surface roughness and surface disorder of the iceve provide an additional interpretation as follows: the higher
substrates. The scatter in our results may also be due in paRe(H20) compared taRe(HCI) leads to rapid evaporation
to surface morphology variations or inhomogeneities of theof water from the forming ice sample that is 2 orders of mag-
film surface of each sample. The ice sample is repeatediyitude larger than HCI, as shown in Fig. 3. This large differ-
exposed to a high supersaturation of HCI during PV exper-ence betweerReq(H20) and Re(HCI) effectively explains
iments, and this may lead to surface liquefaction and/or rethe large enrichment of HCI in the condensed phase (ice) de-
construction coupled to concentration changes of the surfacepite the large atmospheric abundance e©OH/apour over
components compared to bulk composition in comparison tadHCI extending over several orders of magnitude. The fact
the explanation given given by McNeill et al. (2007). In addi- that the present results have been obtained at temperatures
tion, the pioneering and superb work of Kuhs et al. (2012) onmuch lower than typical snow sampling data does not change
the structure of ice in terms of stacking faults of hexagonalthe conclusions because the ratio of the HCIl an@®Hvap-
ice |y masquerading as “cubic” ice has to be considered oration rates changes only little from 190 to 250 K.
when investigating chemical reactions involving the evapo- In the present case we grew amHCI film by expos-
ration and condensation ofB in pure and doped ices. Asa ing a pure ice film of thickness in the range 1 to 2um
consequence every reaction on and within ice, including thg3 to 6x 10 molecules) to a total dose of approximately
present thin ice films, has to be evaluated in terms of the “nat3 x 10" molecules of HCI at 175 K. Our samples are there-
ural” (i.e. spontaneous) conversion of “cubic "ice to its ther- fore a superposition of a bulk pure ice film with an amHCI
modynamically stable counterpayt IAs a result, one cannot film on top of it. As the abundance ofJ® decreases in the
be sure that laboratory-grown ice samples exclusively confilm, the spectroscopic characteristics of the film change as
sist of pure stable ice lor a mixture mimicking the unstable, well, as presented in Fig. 11, where the temporal evolution
but more reactive phase, lwithout prior in-depth investiga- of an amHCI film is shown under SFR conditions. A pure ice

Atmos. Chem. Phys., 14, 5183%204 2014 www.atmos-chem-phys.net/14/5183/2014/



R. lannarelli and M. J. Rossi: The HCI/H20 phase diagram revisited 5199

1.6+ 0.25+

1.44 0.20

1.2 0.15
3 1.0 E) O\
S, S, 0.104 ' ///\\ \
> > o] A\
G 084 §7 i h

S 0.054 / \
8 8 F N A
= 0.6+ = N
8 2 0.00 S /\
=3 b= Y — PR
8 0.4+ & o \*\mf\ N
-0.05 - PRl TN
0.2
-0.10
0.0 == [P
T T T T T T '01 5 T T T T T T
4000 3500 3000 2500 2000 1500 1000 4000 3500 3000 2500 2000 1500 1000
Wavenumber [cm71] Wavenumber [cm-1]

Figure 11. Evolution of amHCI film: the spectrum of a pure ice Figure 12.Comparison of FTIR spectra of amHCI films. Our exper-
film is represented in black, and the conversion of an amHCI fromimentally measured spectra are shown in colours according to tem-
a HpO-rich film (purple spectrum) to an amorphous HCl—ice film perature, whereas the dashed spectra correspond to samples made
(red spectrum) while pumping under SFR is displayed in colour. by condensing HCI/ KO gaseous mixtures of ratios 200 (black

The spectra are colour-coded as a function of temperature in théine) and 1: 50 (grey line) at 190K of Xueref and Dominé (2003).
range 175 to 200K, with each spectrum corresponding to a tem-The temperature of the ice sample ranges between 187 and 200K
perature increase of roughly 3 K. All spectra from blue to red havewith each spectrum measured in the aftermath of the first pulse in a
been measured in the aftermath of the first pulse in a series of corseries of PV experiments at temperature intervals of roughly 3 K.
secutive PV experiments. A constant flow of HCI has been used in

going from black (pure ice) to purple.

5.6 Kinetic and thermodynamic aspects of HCI/BO

film (black spectrum) at 175K is exposed to a flow of HCI of phase diagram

1 x 10 molec s'* for roughly 10 min. Upon halting the HCI
flow, the following spectral changes (purple spectrum) ap-
pear: a drastic decrease of the peak amplitude at 3233 cm

The progress that the present work represents over a sim-

ilar recent investigation into the HE6H,O vs. the amor-

as well as an increasing shoulder at 3400¢rand a broad phous HCI/HO phase lies n the thermochemlcal plos_ure of
the measured accommodation and evaporation kinetics of X

band at 1700cm" owing to the deposition of HCI. When in the presence of pure ice with the measured partial pres-

deposmon is halted, the desweq temperature for PV experl—sure of species X of the binary system X =HCl®i In
ments is set. The spectrum continues to change even afterthoether words, independent measurements of batt) and
halt of the HCI flow, showing a further decrease of the peak at ' P

3233 cm! (blue spectrum) in the aftermath of the first pulse Rey(X) lead to the equilibrium vapour pressubgq(X) given

of an HCI PV series at 175K. As the temperature increasest,) Zl::s \::Eflie:ég()ér?d(fa(%hw%?azld?sg%ﬁunggpm(’% bf?o(r:T?m-
from 175 to 200 K, more excessB evaporates and the film P P y ai(

loses the characteristic peak of pure ice at 3233%and other sources. This comparison in an overdetermined system

X . is an excellent test of the self-consistency of the kinetic with
converts to a complete amorphous HCbhmixture film as : .
. ; ._the corresponding thermochemical parameters. At least for
shown by the red spectrum, albeit at lower amplitude owing

. H>0 Figs. 3a and 5a provide good examples of the thermo-
to evaporation of HCl and 0. chemical consistency of the present data, both for pure ice
In Fig. 12 we have compared the complete amHCI films y P ' b

from Fig. 11 in the temperature range 187 to 200K with (Marti and Mauersberger, 1993) as well as for H6H,0

the spectra recorded by Xueref and Dominé (2003). We onlyand amHCI/HO whose equilibrium vapour pressures are

considered the spectra for the HCI4®l gaseous mixtures of close to the ones for pure ice (Hanson and Mauersberger,

ratios 1: 200 (black line) and 150 (grey line) as these are 1990).

. Figure 13a and b display both an Arrhenius plot of
the spectra that come closest to the expected composition o . (HCI) and van't Hoff plot of Peg(HCI) for the interaction

the present samples. Indeed, this is the case since all spe&—c HCI with amHCI/H,O in comparison with results of an

tra are fairly similar. It therefore appears that all the present”_ .

. earlier Knudsen flow reactor study at steady-state address-
samples, once the excesg®ihas evaporated, are in the com- ing a slightly different region of the HCI/40 phase dia-
position range 14 to 1: 6 of HCI: H2O. 9 gntly 9 P

gram, namely the HCI/}D liquid—ice coexistence region
(Flickiger et al., 1998; Chiesa and Rossi, 2013). The follow-
ing equations define the corresponding straight lines based
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T K] log Peg(HCD[Torr] (17)
210 200 190 180
e o GRS G = (4.55+ 0.39) — (35.76 & 1.38) x 103 / (2.303- RT)
B
34.5 1 A T
sao . | logJev(HChcm 2571 (18)
S 335 i = (20.62 £ 0.29) — (22.11 + 1.09) x 103/(2.303. RT)
£ : |
% 33.0 - :A& u -
§> . . Aiaa " i logPeq(HCI) [Torr] (19)
z ‘?\\A“\ “ =(1.92+ 0.29) — (27.05+ 1.11) x 10°’/(2.303- RT).
32.0 A _A A —
A . A
31.5 = A~fA - Jev(HCI) for amHCI/H0 (red triangles) resulting from the
A present work is a factor of 2.6 smaller than for HCI adsorbed
31.0 on ice either in the HCI/ KO liquid phase or the yD—ice
0.5 ——t . . . . coexistence line as displayed by green squares in Fig. 13a.
Jev(HCI) values for both of these slightly different areas of
-11.01 B ® = the phase diagram have been found to be identical (Flick-
115 ﬂ“*‘\‘ i iger et al., 1998). The kinetic results indicate that the slopes
A 1 A, N of both straight lines displayed in Fig. 13a corresponding to
T 1204 “\4 - the activation energy for HCI evaporation are identical within
E s } A B the given uncertainties, namely 24716 (this work, Eq. 16)
e R | A‘ and 22.H-1.1kJI mot? (Fliickiger et al., 1998, Eq. 18). Al-
=4 A . .. . .
£ .13.04 Vs = though the evaporation process is identical in both cases,
135 A | it suggests that some structural or compositional parame-
e A‘A‘A‘A ters such as the abundance ofCHon the surface must
-14.0 - A Fa L be different in both cases, thus accounting for the signifi-
A cant difference in the absolute valuesfg§(HCI), Egs. (16)
-14.546 4,8 5|O sz 5'4 5'6 o vs. (18). The corresponding equilibrium vapour pressures
' ' ' T ' ' Pe(HCI) = Rey(HCI)/(HCI), Egs. (17) and (19), are in
1000/T [K ']

agreement with the published phase diagram (Molina, 1994)

Figure 13. Arthenius plot of Jey(HCI) (A) and van't Hoff plot of and point to a slightly higher value of the present data for
Peq(HCI) (B). Red triangles represent the results for the interaction@mHCI/ HO (AHJ(HCl) =35.8+ 1.4 kI mot™!) compared
of HCl with amHCI/ H,O down to T = 175K (this study) and green  to the Fliickiger datafH3,(HCI) = 27.1+ 1.1 kJ mot ) per-
squares the results from a Knudsen flow reactor study addressintfining to the HCI/HO liquid—ice coexistence line. Naively,
the HCI/ HO liquid—ice coexistence region (Fliickiger etal., 1998). one may think that the slightly higher value afHe,(HCI)
The equations for the fitting lines may be found in the text. of the present work suggests a slightly lower HCI concentra-
tion, i.e. slightly more diluted solution of the amHCI 48 of
the present work compared to the Fluckiger data on the basis
of the data on HCI standard heats of solutim-Qoln(HCI))
given in Wagman et al. (1982).

However, one would expect a slightly larger absolute value
for AH2  (HCI) for the HCI/HO liquid—ice coexistence

on the presenty(/S =1028.3 cm) as well as literature mea-
surements (Fluckiger et al., 1998;/S=122.0cm) taking
note of the conversion of evaporation rate and flux, namely,

soln

— — 1 —1 i
Rev-V=Jey: A and R =8.314.JKmol™". The best linear . line compared to amHCI/$D. The caveat is that the ther-
fit for the present measurements has been calculated usin - . . 0
X . . odynamic interpretation of the slopes in termsAdflg,, is
the iterative Levenberg—Marquardt least orthogonal distance . : L .
. S . not feasible because the coexistence line is the end point of
method, which minimizes the orthogonal distance of each

point from the line of best fit. For the amHCI 48 region a family of different HCI isoconcentration lines of the lig-

(Egs. 16 and 17) and ice—liquid coexistence line (Egs. 18 anél“d d_omam at different tempgratures. Howeyer, a thermody-
19), we find the following results: hamic value may be determined from the difference of acti-

vation energies for the evaporations(EEq. 18) and accom-
modation (B¢ rate of HCI on ice measured by Fluckiger et
logJey(HCI) [cm™2s71] (16) al. (1998) and is calculated asH3, = AHgoln(HCI) =22.11

— (~7.53)=29.64kImol! (Fluckiger et al., 1998). This

=(2011+0.46) — (21.73+ 1.63 x 103/(2'303' RT) value is slightly larger than that given in Eq. (19).
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TIK] temperature range covered in that work. Considering these
200 195 190 15 180 175 170 165 differences the agreement between both data sets is seen to
| I be very good so that we conclude that the rate-limiting step
] . in the decay of HCI6H,0 is HCI evaporation, akin to the
33.0 \\ r conclusions by Chiesa and Rossi (2013). This agreement be-

3404 i

tween both methods is quite satisfying given the fact that

] Chiesa and Rossi followed the destruction of the condensed

31.0 - phase, whereas the present work is conducted by observing
: I the behaviour of the gas phase in the presence of BB40.

32.0

In(Je,) [molec - em?.s]

300 i A closer look at the data of Fig. 14 reveals that the ob-
29.0- A L served positivel’ dependence of HCI evaporation may turn
1 e into a negativeT dependence fof < 172+ 2K, which
28.07 . i is the limit between the stable and metastable domain of
o o o O O o HCI . 6H,0 (Chiesa and Rossi, 2013). It is possible that the
1000/T [K] limit of thermodynamic stability is in some way connected

] ] ] to the turnover in th@ dependence of the rate of HCI evap-
Figure 14. Arrhenius plot ofJey(HCI) for HCI . 6H,0. Red trian- oration Rey(HCI) of HCI - 6H,0

gles represent the results of this study and blue squares the results . :
of Chiesa and Rossi (2013) obtained from the decay of crystalline tHower:/er.’ V\./etare t[aq_lgly IeaVIng'the tgmtperatﬂze:lra.nge of
HCI .6H,0. The equations for the linear fits may be found in the atmospheric interest. The comparison betwegfHEl) in

text. HCI.6H,0 of approximately 87.8-17.0kJ mot? follow-
ing Eq. (14) has to be contrasted with the standard heat of
sublimation of HCI calculated by Wooldridge et al. (1995) of
This value closely corresponds t&H, of a 1:  65.8kJmot! at 200K according to Reaction (R28), which,
1=HCI:HO concentrated aqueous solution ending up onhowever, doesiot correspond to the usual definition of the
the ice-liquid coexistence line of the HCI£B phase di-  standard heat of sublimation of a compound becaus@ H
agram (Wagman et al., 1982). When addressing the |iq-staysin the condensed phase:
uid domain of the phase diagram, Flickiger obtained
Eev identical to the above value to.& measured as HCI.6H,O(s) — HCI(g) + 6H20O(S). (R11)
—12.97kImot? such thatAHS(HCI) = AHS,(HCI) =
22.11 — (—12.97)=35.08kIJmof' was obtained, which This leads to an activation energyadof HCI insertion
compares favourably with the exponential term of Eq. (11),or adsorption, the inverse process of Reaction (R11), of
namelyAHS (HCI) = 35.76+ 1.38 kI mot L. Eaqg=(87+17) — 65.8=21.2-17.0kIJmot?, a decidedly
Figure 14 presents an Arrhenius plot &f,(HCI) of the positive activation energy in contrast to most other adsorp-
crystalline phase over an extended temperature range thaion processes presented in this work. This peculiarity of
greatly exceeds the range covered by Chiesa and Rossin intrinsic positive activation energy for the inverse pro-
(2013) in their work on the decay of HC6H,O by follow- cess has already been mentioned by Chiesa and Rossi (2013)
ing the IR absorption specific to the metastable hydrate atind may have to do with the high value of activation energy
3426 cnl. Equation (20) presents the two-parameter rep-Ee(HCI) out of the crystalline environment of HE6H,O.
resentation of the Arrhenius line/g,(HCI)) for crystalline In contrast, the corresponding activation energy fér the
HCI . 6H,0, and Eq. (21) recalls the Arrhenius line of Chiesa case of the amorphous liquid is calculated ag-E21.7—

and Rossi (2013) using V/A=1506.4 cm: 35.8=—14.1 kJmot ! using Egs. (16) and (17), which is ex-
o1 pected behaviour for this type of process.
log/ev(HCh [em™7s™7] = (38.02 & 4.82) (20) Finally, a comparison between the absolute value &f E
— (87.03 £ 16.96) x 1(9/(2_303. RT) of the amHCI/ RO (Eq. 16) and HCI6H,0O (Eq. 20) may
be considered. It is intuitively clear that HCI, which is sur-
log &, (HCh [cm™2s™] (21)  rounded by HO molecules in a crystalline, albeit metastable
— (36.31+ 1.65) — (80.83 + 6.01) x 103/(2.303. RT). hydrate shell may be more difficult to evaporate than HCI, ei-

ther dissolved in a solution or adsorbed as a non-crystalline,
A look at Fig. 14 reveals considerable scatter of the data ofwvhich is in amorphous phase. It is important to realize that
the Arrhenius plot, which covers a fairly substantial tempera-the “border areas” of the “ice” solid phase containing HCI
ture range compared to the Chiesa and Rossi (2013) data. Thege in a disordered state (McNeill et al., 2006) and there-
possible reasons for this scatter have been discussed abovefore do not offer a crystalline environment to HCI, at least
the context of the kinetic parameters of HBH,O. Thisis  at the interface. This means that the phase transition from
reflected in the significant uncertainties of Eq. (20) comparedhe metastable crystalline (HO&6H2O) to a stable phase
to the work of Chiesa and Rossi (2013) despite the narron(amHCI/HO in both the “ice” and crystalline HGI6H,O
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phase domain) of constant composition will lead to an accelboth for HCI and HO interacting with crystalline HH and
eration of Jey(HCI) in contrast to the situation of the equi- amorphous HCI/KHO; (2) true multidiagnostic experiment
librium vapour pressures displayed in Fig. 13a. It is satisfy-addressing gas phase and condensed phase under identical
ing that kinetic, thermodynamic and structural properties ofreaction conditions (using FTIR absorption in transmission,
the relevant portions of the HCI/4® phase diagram con- we followed the gas-phase kinetics of both HCI arngDHo-

vey a unified physical picture based on diverse experimentafjether with the changes in the corresponding FTIR absorp-
methods as used by McNeill et al. (2006) and the present kition spectra of the condensed phase); (3) spectral deconvo-
netic/thermodynamic multidiagnostic investigations. Finally, lution of composite IR absorption spectra in terms of the
we should point out that the question regarding the elec-concentration or mole fraction of HCI and,8 such that
trolytic dissociation of adsorbed HCI —that is, the prevalenceeach measured point in the HCI4@8 phase diagram corre-

of ionic (H3O™CI™) vs. molecular adsorption of adsorbed sponded to a composite yet deconvoluted IR absorption spec-
HCI — has been answered in a convincing way by Parent atrum.

al. (2011), at least for temperatures up to 115K using FTIR The obtained kinetics of the forward (accommodation)
absorption in grazing incidence. It seems that, at temperaand reverse (evaporation) experiments are consistent with the
tures typical of the UT/LS, HCl exclusively occurs in its ionic measured and/or previously known equilibrium vapour pres-

form. sures. Among the most important experimental results that
have been obtained under the constraint of thermochemical
5.7 Atmospheric implications kinetics, we cite (a) HCl accommodation and evaporation ki-

netics are significantly slower than for,8 in the covered
In this study we have confirmed the findings of Chiesa ettemperature range, both for HBH,O and the amorphous
al. (2013) that the structure of ice films (amorphous, poly- mixture of HCI/ HO. This explains the persistence of HClin
crystalline, };) doped with HCI is irrelevant for the nucle- the condensed phase even under evaporation conditions. The
ation and growth of HCI6H,O. Furthermore, in agreement phase transition from crystalline HO6H,O to the amor-
with previous studies (Ritzhaupt and Devlin, 1991; Koehler phous HCI/HO phase was controlled by the rate-limiting
et al., 1993; Henson et al., 2004; Chiesa and Rossi, 2013)ktep of HCI rather than O evaporation; (b) the kinetics
we have found that HGIGH,O requires an HCl supersatura- of HCI evaporation during the HGBH,O decay measured
tion of the order of 10 or higher and temperatufes 173K over an extended temperature range closely corresponded to
to nucleate. Exposure of ice films to HCI at temperaturesprevious experiments in which the decay of the optical den-
higher than 173 K invariably led to the formation of an amor- sity of the crystalline HCl 6H,O was recorded, albeit over
phous HCI/HO phase. The crystalline HE6H,O has al-  a restricted temperature range; (c) as a result of using the
ways been observed to convert to amorphous HGOHt  present multidiagnostic approach, we have obtained an ex-
temperature§’ > 193 K under SFR conditions. On the other tension of the phase diagram in the existence area of crys-
hand, the conversion of amorphous samples into crystallinealline HCI. 6H,O. However, this extension leaves the two
HCI . 6H,0 has never been observed under all explored exknown quadruple points from previous work unchanged, as
perimental conditions. expected.
On the basis of these observations, we conclude that the
nucleation of HCI 6H,0 is unlikely to occur under atmo-
spheric conditions relevant for UT/LS, where the tempera-The Supplement related to this article is available online
tures are rarely less than 180 K. Furthermore, the high nucleat doi:10.5194/acp-14-5183-2014-supplement
ation barrier for HCI 6H,O may be the reason for its kinetic
instability leading to the inability of evaporating HCI to re-
generate crystalline HGBH20O when it condenses back at AcknowledgementsThe authors would like to acknowledge the
atmospheric temperatures. The amorphous H@GOlghase  unfailing and generous support of this work over the years by
is likely to be the relevant phase in the processes involvinghe Swiss National Science Foundation (SNSF) in the framework
HCl at UT/LS atmospherically relevant conditions. of projects 200020_125204 and 200020_144431/1. Moreover,
we sincerely thank Alwin Frei for his support and patience over
the years during which the experiment was located in his laboratory.

6 Conclusions Edited by: T. Bartels-Rausch

In this work we have gone one step further compared to our
recent work on the same subject using a stirred flow reactor
(Chiesa and Rossi, 2013). The improvements may be sum-
marized as follows: (1) combination of steady-state and tran-
sient supersaturation experiments in order to measure mi-
croscopic rates of evaporatiaRey and accommodation,
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