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Abstract. Experiments on the title compounds have been
performed using a multidiagnostic stirred-flow reactor (SFR)
in which the gas phase as well as the condensed phase has
been simultaneously investigated under stratospheric temper-
atures in the range 175-200 K. Wall interactions of the ti-
tle compounds have been taken into account using Langmuir
adsorption isotherms in order to close the mass balance be-
tween deposited and desorbed (recovered) compounds. Thin
solid films at 1 pm typical thickness have been used as a
proxy for atmospheric ice particles and have been deposited
on a Si window of the cryostat, with the optical element be-
ing the only cold point in the deposition chamber. Fourier
transform infrared (FTIR) absorption spectroscopy in trans-
mission as well as partial and total pressure measurement us-
ing residual gas mass spectrometry (MS) and sensitive pres-
sure gauges have been employed in order to monitor growth
and evaporation processes as a function of temperature using
both pulsed and continuous gas admission and monitoring
under SFR conditions. Thin solid H,O ice films were used
as the starting point throughout, with the initial spontaneous
formation of o-NAT (nitric acid trihydrate) followed by the
gradual transformation of «- to B-NAT at 7' > 185 K. Nitric
acid dihydrate (NAD) was spontaneously formed at some-
what larger partial pressures of HNO3 deposited on pure
H>O ice. In contrast to published reports, the formation of
«-NAT proceeded without prior formation of an amorphous
HNOj / H>O layer and always resulted in B-NAT. For «- and
B-NAT, the temperature-dependent accommodation coeffi-
cient «(H>0) and «(HNO3), the evaporation flux Jey(H20)
and J.y(HNO3) and the resulting saturation vapor pressure
Peq(H0) and Peq(HNO3) were measured and compared to

binary phase diagrams of HNO3 / H>O in order to afford a
thermochemical check of the kinetic parameters. The result-
ing kinetic and thermodynamic parameters of activation en-
ergies for evaporation (Eey) and standard heats of evapora-
tion A HY, of H,0 and HNOjs for a- and B-NAT, respectively,
led to an estimate for the relative standard enthalpy differ-
ence between a- and B-NAT of —6.0 +20kJ mol~! in favor
of B-NAT, as expected, despite a significantly larger value of
Eey for HNO3 in «-NAT. This in turn implies a substantial
activation energy for HNO3 accommodation in - compared
to B-NAT where E,..(HNO3) is essentially zero. The kinetic
(a(HC), Jey(HCI)) and thermodynamic (Peq(HCI)) parame-
ters of HCI-doped «- and B-NAT have been determined un-
der the assumption that HCI adsorption did not significantly
affect «(H>0) and «(HNO3) as well as the evaporation flux
Jev(H20). Jey(HCI) and Pq(HCI) on both - and B-NAT are
larger than the corresponding values for HNOs3 across the in-
vestigated temperature range but significantly smaller than
the values for pure H,O ice at T < 200 K.

1 Introduction

Heterogeneous processes taking place on ice clouds in the
upper troposphere (UT) or on polar stratospheric clouds
(PSCs) in the lower stratosphere (LS) have, for a long time,
been recognized as one of the major ozone-depleting mech-
anisms (Solomon et al., 1986). PSCs consist of either par-
ticles of crystalline nitric acid trihydrate (NAT) (type Ia),
ternary HpSO4 / HNO3 / H2O supercooled solutions (type
Ib) or pure H>O ice (type II) (Zondlo et al., 2000), and are
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formed during the polar winter season when temperatures are
sufficiently low in order to allow HoO supersaturation that
ultimately leads to cloud formation in the dry stratosphere
subsequent to ice nucleation (Peter, 1997).

Ozone is depleted during the Arctic and Antarctic
spring season after unreactive chlorine reservoir compounds,
CIONO;, and HCI, are converted into molecular chlorine
and rapidly photolyze into active atomic chlorine during
the spring season (Solomon, 1990). The presence of PSCs
enables heterogeneous chemical reactions such as Reac-
tion (R1), which represents one of the most efficient strato-
spheric heterogeneous reactions (Friedl et al., 1986; Molina
et al., 1985; Molina et al., 1987):

CIONO; (g) + HCI (s) — Cly(g) + HNOs (s) . (R1)

Reaction (R1) is orders of magnitude faster than the cor-
responding homogeneous gas-phase process (Molina et al.,
1985), and the most important chlorine-activating reactions
in the polar stratosphere are reported in Reactions (R2)—(R4):

X+03—> XO0+0, (R2)
X04+0—> X+0, (R3)
net: O3 +0 — Oy + 0y, (R4)

where X is H, OH, NO, Cl or Br leading to HO,, NO,, ClO,
and BrO, catalytic cycles, respectively.

Reaction (R1) increases the concentration of HNOj3 in
the condensed phase, and when PSC particles become suf-
ficiently large they fall out of the stratosphere (Fahey et al.,
2001), which inhibits Reaction (R5):

CIO+NO; +M — CIONO; + M, (RS5)

and prevents formation of reservoir species with longer at-
mospheric residence times.

The study of HNOj interaction with ice in the temper-
ature and pressure ranges typical of the UT/LS is crucial
in order to understand the denitrification process initiated
by Reaction (R1) and its effectiveness in the overall ozone
destruction mechanism. To this end, many research groups
(Voigt et al., 2000, 2005; Fahey et al., 2001; Schreiner et al.,
2003; Gao et al., 2004; Hopfner et al., 2006) have studied
the composition of PSCs using both in situ and remote sens-
ing techniques both in the Arctic as well as above Antarctica.
A balloon-borne experiment at first detected non-crystalline
HNO3 hydrates (Schreiner et al., 1999); later both balloon-
borne (Voigt et al., 2000; Schreiner et al., 2003) and aircraft
campaigns (Voigt et al., 2005) obtained unambiguous proof
of the presence of crystalline HNO3 hydrates (NAT) at alti-
tudes between 18 and 24 km in the Arctic. The presence of
B-NAT, through the identification of type Ia PSCs, has been
unambiguously confirmed by Hopfner et al. (2006) using the
MIPAS instrument on a satellite platform by comparison of
measured limb-emission spectra of polar stratospheric clouds
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with measured optical constants in the region of the symmet-
ric NO3 peak at v, =820cm™!.

The existence of several crystalline hydrates of nitric acid
has been confirmed for several years. Hanson and Mauers-
berger (1988) have identified two stable hydrates, namely,
nitric acid monohydrate (NAM, HNOs+ H>O) and nitric
acid trihydrate (NAT, HNO3+ 3H,0), the latter of which is
thought to be of atmospheric importance. Several distinct
crystalline hydrates of HNO3 have been found by Ritzhaupt
and Devlin (1991) in their work examining the infrared ab-
sorption spectrum of thin film samples. By depositing the
equilibrium vapors of aqueous HNO3 solutions of different
concentrations at 293 K, they observed nitric acid dihydrate
(NAD, HNO3+ 2H;0), NAM and NAT. Ji and Petit have
performed an extensive investigation on the thermochemical
properties of NAD (Ji and Petit, 1993).

Tolbert and coworkers have also reported infrared absorp-
tion spectra of NAM, NAD and NAT in a series of stud-
ies. Tolbert and Middlebrook (1990) have co-condensed cal-
ibrated mixtures of HoO / HNOj3 vapors onto a cryostat and
assigned the absorption spectra of the growing thin films
to nitric acid hydrates (NAM, NAD or NAT) according to
the ratio of the dosing gases. Koehler et al. (1992) have
observed the Fourier transform infrared (FTIR) absorption
spectra in transmission of nitric acid hydrate thin films, and
measured their composition using temperature-programmed
desorption (TPD). They confirmed the previously assigned
spectra of NAD and NAM. They were also the first to ob-
serve two distinct structures of NAT: a low-temperature and
metastable structure called «-NAT, whose structure has re-
cently been elucidated (Weiss et al., 2016), and a thermody-
namically stable high-temperature structure named B-NAT.
Middlebrook et al. (1992) observed that NAD consistently
converts to S-NAT when exposed to HyO partial pressures
typical of the stratosphere, and therefore proposed that NAD
is also metastable under stratospheric conditions.

Several other groups have investigated the structure of
nitric acid hydrates and published absorption spectra of
both @-NAT and B-NAT in the mid-IR range, using graz-
ing incidence reflection absorption IR spectroscopy (RAIRS)
(Zondlo et al., 1998, 2000; Ortega et al., 2003, 2006; Herrero
et al., 2006; Escribano et al., 2007) and FTIR in transmission
(Tso and Leu, 1996; Martin-Llorente et al., 2006; Ortega et
al., 2000).

Compared to the molecular properties of the nitric acid
hydrates, knowledge of the kinetic parameters of trace gases
interacting with HNOs3 hydrates is scarce. Middlebrook et
al. (1992) have used time-dependent FTIR monitoring of the
optical density of growing NAT films during deposition to
measure the uptake of H,O and HNO3 on NAT. They re-
ported a value of ynar(HNO3) > 0.4 for HNO3 net uptake
(y)onNAT at T = 197 K, whereas 2.0 x 1073 < ynat(H20)
< 1.0 x 1072 is reported for H>O. The range measured for
yNaT(H20) corresponds to the HNO3 pressure used during
the deposition. Using evaporation experiments in a slow-flow
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reactor, Biermann et al. (1998) measured the accommoda-
tion coefficient of H,O on B-NAT substrates, ag.NaT(H20),
from the thickness of the substrate measured using FTIR ab-
sorption. They found no temperature dependence, reporting
lower limiting values of ag.NnaT(H20) = (2.2-6.0) x 102 in
the range 192-202 K.

Delval and Rossi (2005) have used a multidiagnostic flow
reactor, similar to the one used in this work, coupled with a
quartz crystal microbalance (QCMB) for the measurement
of the evaporation rate of HyO from «-NAT and B-NAT
thin films. They reported a positive temperature dependence
of aq-NaAT(H20) and a negative temperature dependence of
ag.NAT(H20) in the range 179-208 K.

Hanson (1992) also measured the uptake coefficient of
HNO3; on NAT using a cold coated-wall flow tube with
HNO3 deposited on ice condensed on the cold flow tube
walls and reported ynaT(HNO3) > 0.3. A rapid uptake was
observed, which decreased as the surface coverage or dose
of HNO3 increased. Furthermore, the observed steady-state
partial pressure of HNOj3 over the ice substrate is about a fac-
tor of 5 higher than the HNOj3 vapor pressure over NAT, and
thus indicates that no hydrate was actually formed during the
experiments. Therefore, the observed uptake has most likely
to be attributed to uptake on other cold surfaces in the flow
reactor.

Reinhardt et al. (2003) reported ynaT(HNO3) =0.165 in
the temperature range 160 to 170 K. They used a slow flow
reaction cell coupled with DRIFTS (diffuse reflectance in-
frared Fourier transform spectroscopy) for the detection of
adsorbed species and downstream FTIR for the detection of
gas-phase HNO3.

In the investigation of the properties of binary chemical
systems, the behavior of the simple single-component sys-
tems is an important stepping stone. Hynes et al. (2002) ob-
served continuous uptake of HNO3 on water-ice films be-
low 215 K and time-dependent uptake above 215 K, with the
maximum uptake yice(HNO3) decreasing from 0.03 at 215K
down to 0.006 at 235 K. They also observed that the uptake of
HCl at 218 K on ice surfaces previously dosed with HNOj is
reversible. Furthermore, the adsorption of HNOj3 on ice sur-
faces that contained previously adsorbed HCI indicates that
HCl is displaced from surface sites by HNOs3.

In this work, the results for the kinetics of HO and HNO3
gas interacting with spectroscopically characterized HNOj3
hydrates will be presented. The independent measurement
of the absolute rate of evaporation Re, [molecs™! cm™3]
and the accommodation coefficient « of HyO and HNOj3
on «- and B-NAT substrates is performed using a combina-
tion of steady-state and real-time pulsed-valve (PV) exper-
iments. Results on the kinetics of the ternary system HCI
on HNOj3 hydrates will also be presented. All experiments
reported in this work have been performed using a multi-
diagnostic stirred flow reactor (SFR) in the molecular flow
regime, which has been described in detail before (Chiesa
and Rossi, 2013; Iannarelli and Rossi, 2014). In addition, all
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Figure 1. Schematic drawing of the reactor used in this work. The
diagnostic tools are highlighted in red, and important parameters
are listed in Tables 1 and 2. The ice film is deposited on both sides
of the 17 diameter Si window (black vertical symbol hanging from
cryostat inside reaction vessel).

experiments have been performed under strict mass balance
control by considering how many molecules of HNO3, HCl
and H>O were present in the gas vs. the condensed phase
(including the vessel walls) at any given time. These exper-
iments have been described by Iannarelli and Rossi (2015).
Most importantly, the consistency of the accommodation and
evaporation kinetics has been checked using the method of
thermochemical kinetics (Benson, 1976) by calculating the
equilibrium vapor pressure and comparing it with values of
published phase diagrams. In addition, the present work is
the first to present absolute rates of evaporation of all in-
volved constituents (H,O, HNO3, HCI), thus enabling pre-
dictions on evaporative lifetimes of ice particles under atmo-
spheric conditions.

2 Experimental apparatus and methodology
2.1 Experimental apparatus and growth protocols

Figure 1 shows a diagram of the reactor used in this work
with the experimental diagnostic tools, and Table 1 reports
its characteristic parameters. Briefly, it consists of a low-
pressure stainless steel reactor, which may be used under
static (all valves closed) or stirred flow (gate valve closed,
leak valves open) conditions. We use absolute total pressure

Atmos. Chem. Phys., 16, 11937-11960, 2016
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Table 1. Characteristic parameters of the stirred-flow reactor (SFR) used.

Reactor volume (upper chamber)

MS (lower) chamber

Reactor internal surface

H»O calibrated volume — inlet line
HNOj calibrated volume — inlet line

Si support area (one side)

Surface to volume ratio

Reactor wall temperature

Conversion of evaporation rate and flux

VR = 2036 cm’

Vs = 1750 cm?

Sw = 1885 cm?

Viwater = 62 em?

Vacid =20cm?

Agj = 0.99 cm?

2Agi/VR =0.9725 x 10~*cm ™!
Tw =315K
Rev‘VRZZ'ASi‘JeV

HNO;3 H,O HClI

Base peak signal MS [m/z] 46 18 36

MS calibration factor CX [molec™! s A] 453x107%  6.65x 1072 130 x 10725

Escape rate constant:

kS = €S/ L (small orifice) [s '] 0.0913 0.1710 0.1213
0.4331 0.8102 0.5729

kM. =cM /L (both orifices) [s~!]

Gas-surface collision frequency at 315 K, one side [s~1]:*

_ c . _ [8RT As; 3.95 7.39 5.22
w=qy-Asi=\/ 5T
* M inkg; Agj in m2, Vin m3; R =8.314JK ! mol~!. “One side” corresponds to front or rear side of Si window. In order to calculate the accommodation

coefficient « using Eq. (3), we have used 2w as the total collision frequency for both sides of the Si window.

measurement and calibrated residual gas mass spectrome-
try (MS) to monitor the gas-phase and FTIR spectroscopy
in transmission for the condensed phase. Thin solid films of
up to 2 um thickness are grown on a temperature-controlled
Si substrate, and an average of eight scans are recorded at
4cm™! resolution in the spectral range 700—4000cm ™! at a
typical total scan time of 45-60 s.

The 1in. Si window is the only cold spot in the reactor ex-
posed to admitted gases, and therefore the only place where
gas condensation occurs. This allows the establishment of a
1 : 1 correspondence between the thin film composition and
the changes in the gas partial pressures in the reactor. Exper-
imental proof of mass balance has previously been reported
for this setup (Delval et al., 2003; Chiesa and Rossi, 2013;
Iannarelli and Rossi, 2014, 2015).

The introduction of HNOj3 in the system forced us to
slightly modify the inlet system used previously (Iannarelli
and Rossi, 2014) in order to take into account the fact that
HNOj3 is an extremely “sticky” molecule that interacts with
the internal surfaces of the reservoir vessel of the inlet system
as well as with the reactor walls of the SFR (Friedel et al.,
1959; Iannarelli and Rossi, 2015). We therefore minimized
the volume of the admission system and only retained the
absolutely necessary total pressure gauge for measuring the
absolute inlet flow rate (molecule s~1).

Similarly to the case of HCl and H,O (Iannarelli and
Rossi, 2014), we have described the HNOj3 interaction with
the reactor walls using a Langmuir adsorption isotherm, and
determined the concentration of HNO3 in the ice sample after
calibration of HNOj following the methodology described in
Iannarelli and Rossi (2015). Table 2 reports the values of the
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fit parameters of the Langmuir adsorption isotherms for all
the gases interacting with the stainless steel (SS304) internal
surfaces of the SFR. Binary combinations of HNO3 / H,O
and HCI / H>O have been used to describe the interaction of
the acidic probe gas with the vessel walls in the presence of
H,O vapor.

The protocol for the growth of «-NAT, B-NAT and
NAD thin films has also been described in Iannarelli and
Rossi (2015). Briefly, the protocol for either hydrate always
starts with the growth of pure ice: the chamber is backfilled
under SFR conditions with water vapor at flow rates between
5 x 10" and 10'® molec s~!, corresponding to a partial pres-
sure of HO, p(H,0) between 4.7 and 9.4 x 10~* Torr (both
apertures open), with the Si substrate held at temperature in
the range 167 to 175 K. The pure ice film grows on both
sides of the Si substrate to a thickness of typically 1 pm un-
til the H,O flow is halted (Iannarelli and Rossi, 2014). The
temperature of the support is then set to the value used for
the growth of the desired HNO3 hydrate at a typical rate of
+0.3Kmin~!.

The growth protocols for «-NAT and NAD are similar and
start after the deposition of a pure ice film: the tempera-
ture of the Si substrate is held in the range 180 to 185K
for a-NAT and at 168 K for NAD. The sample is exposed
for approximately 10 min at SFR conditions to HNO3 va-
por at flow rates in the range 3 to 7 x 10'* molecule s~! for
a-NAT and 9 x 10" molecule s~! for NAD. The typical to-
tal dose of HNO3 admitted into the reactor is 2 to 3 x 1017
and 4 x 10'7 molecules for a-NAT and NAD, respectively,
with almost all of it adsorbed onto the ice film. In both
cases, we observe the formation of a new phase after ap-
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Table 2. Fit parameters of the Langmuir adsorption isotherms for H,O, HNO3 and HCl interaction with the internal stainless steel (SS304)

surfaces of the SFR.
Adsorbed gas KL, NtoT NMAX [o 2%
(additional gas)? [x 10~ 141b [x 1017]¢ [x 1014d [x 1076]¢
H,0 3.18+£0.38 7.03 £0.42 3.73+£0.22 6.19+£0.08
H,0 4.67+0.39 8.38+£0.29 4.45+0.15 -
(HCL, Fy, =8 x 1014
HNO;3 1.10£0.16 93411 4946 2.92+0.10
HNO3 1.61 £0.40 76+ 15 40+ 8 -
(Hy0, Fyy =2-3 x 1019)
HNO3 1.28 £0.17 84+8 4544 -
(average values)
HCI 437 +£21 5.06 £0.06 2.68 £0.03 16.94+0.3
HCI 63.1+£4.9 4.85+0.07 2.57+£0.04 -
(Hy0, Fyy =6 x 101)
HCl 64.6+6.3 3.79 £0.09 2.01 £0.04 -

(H,0, Fy, =3 x 1019)

@ Fjn is the flow rate of the additional gas in molec s~1.b Ky is the Langmuir adsorption equilibrium constant in cm? molec™1. NoT is the total number of
adsorbed molecules onto the internal surfaces; the saturation value for the total internal surface (1885 cm?) of SFR is reported. 4 NMAX is the adsorption site density

in moleccm™2. ¢ ay is the reactor wall accommodation coefficient.

proximately 5 min of exposure as shown in the change of the
FTIR absorption spectrum. The present experimental con-
ditions seem to show that no nucleation barrier is present
for «-NAT and NAD growth, in agreement with previous
works (Hanson, 1992; Middlebrook et al., 1992; Biermann et
al., 1998). In contrast, Zondlo et al. (2000) have shown that
crystalline growth occurs via an intermediate stage of super-
cooled H,O / HNO3 liquid forming over ice. After exposure
the temperature of the substrate is set to the desired value for
the kinetic experiments on «-NAT or NAD as a substrate.

The protocol for the growth of B-NAT is different com-
pared to NAD and «-NAT hydrates as it only starts after the
growth of an «-NAT film. After the HNO3; flow has been
halted, the «-NAT/ice system is set to static conditions and
the temperature increased to 195 K. During the temperature
increase, the o-NAT film converts to S-NAT as shown by
means of FTIR spectroscopy (Koehler et al., 1992; lannarelli
and Rossi, 2015), and once the conversion is completed the
temperature is set to the desired value to start the kinetic
experiments using B-NAT as substrate. Typical growth pro-
tocols under mass balance control showing both the FTIR
transmission as well as the corresponding MS signals of
HNOj as a function of deposition time have been published
previously (Iannarelli and Rossi, 2015).

In all samples used for this work, we never have a pure
HNO3 hydrate because we always operate under conditions
of excess or comparable amounts of pure ice. Excess ice has
been shown to have a stabilizing effect on both «-NAT and
B-NAT (Weiss et al., 2016), and in all our experiments the
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presence of excess ice has been confirmed by FTIR spectra
(Iannarelli and Rossi, 2015).

2.2 Experimental methodology

The experimental methodology used in this work is an ex-
tension of the methodology reported in Iannarelli and Rossi
(2014), in which the combination of real-time pulsed-valve
and steady-state experiments allowed the independent mea-
surement of the rate of evaporation R., [molec g1 cm_3]
and the accommodation coefficient @ of HCl and H,O on
crystalline and amorphous HCI hydrates.

For each gas X (X =H;0, HNO3, HC]) admitted into the
reactor in the presence of ice, the following flow balance
equation holds at steady state:

Fin(X) +Fdes(X) +Fev(X)
= FSS (X) +Fads,w (X) +Fads,ice (X) (1)

All terms in Eq. (1) are flow rates in molecs™! with the
terms from left to right corresponding to molecules admit-
ted into the reactor (Fj,), molecules desorbing from the reac-
tor walls (Fges), molecules evaporating from the ice surface
(Fey), molecules effusing through the leak valve into the MS
chamber (Fss), molecules adsorbing onto the reactor walls
(Fads,w) and molecules adsorbing onto the ice film (Fags,ice)-

Under the assumption that the adsorption onto the walls
may be described as a Langmuir-type adsorption, Eq. (1) may
be expressed as follows for a gas X:

Atmos. Chem. Phys., 16, 11937-11960, 2016
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V- Rin (X) + N1OT * Kkdes,w (X) - 0 + V - Rey (X) =

aw (X)-c
=V Rss(X)+ Sy ———— (1 —0) [Xlss )
im (X) - €
S - W[ Xlss

where V is the reactor volume in cm?, R;y(X) the rate of
molecules X admitted into the chamber in molecs™! em™3,
Nror the total number of molecules X adsorbed on the reac-
tor walls, kges w(X) the desorption rate constant from the re-
actor walls in s—1, @ the fractional surface coverage in terms
of a molecular monolayer, Rey(X) the rate of evaporation of
X from the ice in molecs™ cm™3, Rgs(X) the rate of effu-
sion through the leak valve in molec stem™3, Sw and Sfiim
the surfaces of the reactor walls and the thin film in cm?,
ow(X) and afim(X) the accommodation coefficients of X
on the walls and on the thin film, [X]ss the concentration
at steady state in moleccm™ and ¢ the mean thermal ve-
locity of a molecule in cms™!, respectively. The mathemat-
ical derivation of Eq. (2) may be found in Supplement B of
Tannarelli and Rossi (2014).

Pulsed-valve (PV) experiments and Langmuir adsorption
isotherms have been used in order to measure kgesw(X)
and o (X) (Iannarelli and Rossi, 2014), leaving only two
unknown parameters in Eq. (2): Rey(X) and afim(X). The
Langmuir adsorption isotherms are shown in Fig. S1 of Sup-
plement A, whereas the parameters for the best fit are re-
ported in Table 2.

In the case of HyO, once the selected substrate has been
grown according to the protocol briefly described above, the
film is set to a chosen temperature. After steady-state con-
ditions are established, a series of H,O pulses is admitted
into the reactor. The exponential decay of the MS signal at
m/z 18 (kg) is given by the sum of the measured ke, the ad-
sorption rate constant on the walls (k) and the adsorption
rate constant (k) onto the ice, namely kg = kesc + kw + ke,
in the aftermath of a pulse. The accommodation coefficient
ofim(H20) may then be calculated according to Eq. (3):

ke (H20)

afm(H20) = ©(H,0)’

(3)
where w(H,O) is the calculated gas-surface collision fre-
quency in s~! and is reported in Table 1.

The steady-state MS signal established before the pulse se-
ries represents the calibrated flow rate of molecules effusing
through the leak valve, Fss(H>0), in Eq. (1) and may be used
to calculate the concentration at steady-state [ X ]ss according
to Eq. (4):

Fss (X)

[X]ss = e )V

“

where kesc (X) is the effusion rate constant of gas X out of the
reactor in s~! (see Table 1). Finally, [ X]ss is used to calculate
Rey(X) using Eq. (2).
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Subsequently, the film is set to a higher temperature,
Fss(H70) is recorded, and a series of H,O pulses is applied
to the same ice sample. This experimental protocol has been
repeated for each measured point in the temperature interval
of interest.

Under the present experimental conditions, PV experi-
ments of HNOj3 leading to transient supersaturation of HNO3
are hampered by excessive pulse broadening, most probably
owing to the strong adsorption of HNO3 on ice and the stain-
less steel vessel walls that makes the observation and inter-
pretation of a HNO3 pulse difficult for low doses in the pres-
ence of ice. In this case the advantage of the PV technique as
a real-time method of observation is lost.

Therefore, in order to measure the kinetics of HNO3 gas
in the presence of «-NAT, B-NAT and NAD ice films, we
have used the two-orifice method first described by Pratte et
al. (2006). It has been modified to take into account the inter-
action of HNOs3 with the internal walls of the SFR. The two-
orifice method has also been used to measure the kinetics
of HyO on HNO3 hydrates in order to compare these results
with the results of PV experiments for H,O.

The two-orifice (TO) method allows the separation of the
rate of evaporation Rey(X) and the condensation rate con-
stant k.(X) of a gas X by choosing two different escape ori-
fices and measuring the corresponding value of concentration
[X]ss at steady state of gas X inside the reactor. By alter-
natively opening the small orifice (S) and both orifices (M)
(see Fig. 1), two steady-state equations hold for a probe gas
X that are reported in Egs. (5) and (6), taking into account
the interaction with the reactor walls:

Rev(X) + 21T Lo (X0 = (ke (X) + S (X))
X1+ kWLVX) (1-0) - [X]3s (5)

Rev(X) + 2T Lo (X) -0 = (ke (X) + KM (X))
.[X]§§+kw‘(/x) C(1—0)-[X]%, (6)

where the superscripts indicate small orifice only (S) or both
orifices (M) open, respectively.
The kinetic parameters Rey(X) and k.(X) are calculated
from Egs. (7) and (8) as follows:
k() = K0 XI55 — ke (X) - [Xs
’ (X155 — (X1
—kw(X)-(1—-6) @)
R (X) = (kM (X) — kg (X)) - [ X1 - X186
- (X155 — (X1

. kdes,w(X) -0. (8)

_ Ntor

This method leads to larger uncertainties for both Ry (X)
and k.(X) compared to the combined PV and steady-state
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method used before. The reason lies in the fact that two
similarly large numbers, namely [X ]gs and [X ]ISMS’ are sub-
tracted in the denominators of equations Eqgs. (7) and (8),
leading to a small and therefore uncertain value of k.(X) and
Rey(X). In other words, the noise in the signal from the MS is
such that the two data sets for the small orifice and both ori-
fices open are sometimes insufficiently linearly independent
of each other within experimental uncertainty.

We also used the combination of real-time PV and steady-
state experiments using HCl as a probe gas, and applied the
experimental method described previously in order to mea-
sure the kinetics of HCl, Rey(HCI) and «(HCI), in the pres-
ence of ¢-NAT and B-NAT ice films.

Once the kinetics Rey(X) and k.(X) have been measured
using the combination of PV and steady-state experiments
(H,0, HCI) or the two-orifice method (HNOj3, H>O), we may
calculate the equilibrium vapor pressure Peq(X) for each gas
according to Eq. (9):

Rey(X) RT
ke(X)  Na’

Peq(X) = )

where R is the molar gas constant in cm?3 Torr K~ mol !,
T the temperature of the thin film in K and No Avogadro’s
constant in molec mol 1.

3 Results
3.1 Crystalline o-NAT thin films

The kinetic results for the heterogeneous interaction of H,O
and HNOj3; with «-NAT and NAD thin films obtained in PV
and TO experiments are displayed in Fig. 2. Full symbols
represent PV experiments: full red circles correspond to ex-
periments on «-NAT substrates, and full green squares to
experiments on NAD substrates. Empty symbols represent
TO experiments with red circles representing H,O and black
triangles HNOj3 results. Pure ice experiments are displayed
as inverse blue triangles for comparison purposes. The cal-
culated relative error for PV experiments is 30 %, whereas
for TO experiments we estimate a relative error of 60 %.
We refrain at this point from showing raw data (FTIR ab-
sorption spectra and MS data as a function of time) because
representative samples have been shown by Iannarelli and
Rossi (2015) for - and B-NAT. We will defer the presenta-
tion of raw data on the interaction of HCI on «- and S-NAT
to Sect. 3.3 below.

Figure 2a shows the measured accommodation coeffi-
cients ay_NaT(X), (X =H0, HNO3), as a function of
temperature. o,-NaT(H20) in PV experiments (full red cir-
cles) decreases as a function of temperature in the range
167-188.5K, varying from 0.08 at 167K to 3.1 x 1073 at
188.5 K, which is a factor of 30 lower than aj..(H>O) on
pure ice at the same temperature. The scatter in the data is
not an artifact and is due to the sample-to-sample variability
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Figure 2. Synopsis of kinetic results for ¢-NAT and NAD using
H5O as a probe gas in PV experiments and H,O and HNOj3 in two-
orifice (TO) experiments. Full symbols represent PV experiments,
and empty symbols represent TO experiments. The different sym-
bols are coded in panel (b). The calculated relative error for PV
experiments is 30 %, whereas for TO experiments we estimate a
relative error of 60 %. Examples of the amplitude of the errors are
reported for selected points. The black line shows results from Marti
and Mauersberger (1993) with Rey(H7O) of pure ice calculated for
the system in use using o = 1.

of the crystalline samples we use and the randomness of the
crystalline nucleation process. The variability may be in sur-
face composition, morphology and smoothness as shown in
previous studies (McNeill et al., 2007; Iannarelli and Rossi,
2014).

-NAT(H20) in TO experiments (empty red circles) yields
different results. For temperatures lower than 185K, it is
equal to ay-NAT(H20) on o-NAT in PV experiments within
experimental error. For temperatures higher than 185K,
oq-NAT(H20) increases as a function of temperature in con-
trast to results of PV experiments (full red circles) varying
from 8 x 1073 at 183K to 0.08 at 193.5K, being equal to
aice(H20) on pure ice within experimental error at the high-
est temperature. This result compares favorably with the re-
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sults of Delval and Rossi (2005), which showed a positive
temperature dependence of oy.NAT(H20) in the temperature
range 182-207 K. anap(H20) in PV experiments (full green
squares) is equal within experimental error to ¢«y-NAT(H20).

ao-NAT(HNO3) (black empty triangles) increases as a
function of temperature in the measured temperature range
from a value of approximately 0.005 at 181K to a value of
0.13 at 188 K. The narrow temperature range follows from
the high uncertainties of the two-orifice method at low tem-
peratures and the increasingly rapid conversion of a-NAT to
B-NAT at high temperatures. These values are lower by a fac-
tor of 2 to 40 compared to the preferred values indicated by
the JUPAC Subcommittee on Gas Kinetic Data Evaluation
(Crowley et al., 2010).

Figure 2b shows results for the rate of evaporation Rey(X)
in molecs™' ¢cm™3 as a function of temperature. The same
symbols as for panel (a) are used. Rey(H20) on o-NAT in PV
experiments is lower by a factor of 2 compared to Rey(H20)
on pure ice at temperatures lower than 175 K. For temper-
atures higher than 175K, Rey(H20) on «-NAT is lower on
average by up to a factor of 50 compared to Rey(H;O) on
pure ice. This result is very different compared to the previ-
ously studied case of the binary system HCI amorphous and
crystalline hexahydrate using the same apparatus (Iannarelli
and Rossi, 2014), where the evaporation of H,O takes place
at a rate characteristic of pure ice despite the presence of ad-
sorbed HCI on the ice, and is in agreement with the findings
of Delval and Rossi (2005).

Rey(H20) on o-NAT measured using the TO method is
equal within experimental error to R.,(H,O) obtained in PV
experiments. Rey(H20) on NAD is equal to within exper-
imental error to Rey(HO) on «-NAT. The full black line
shows the rate of evaporation of pure water for the system
in use, calculated from literature results of the equilibrium
vapor pressure (Marti and Mauersberger, 1993) using o = 1,
whereas the dashed black line represents extrapolated val-
ues of R, (H>0) for temperatures lower than 173 K using the
expression provided by Mauersberger and coworkers (Marti
and Mauersberger, 1993; Mauersberger and Krankowsky,
2003).

Figure 2c shows the results for Peq(X) in Torr calculated
according to Eq. (9) for both HyO and HNO3 as a function
of temperature. The same symbols as in panels (a) and (b)
are used. Peq(H20) of a-NAT calculated from the kinetic
parameters measured in PV experiments is lower by a fac-
tor of approximately 3 compared to Peq(H2O) on pure ice at
temperatures higher than 180 K. For temperatures lower than
180K, Peq(H20) of a-NAT is close to Peq(H2O) of pure ice
because the present samples are water-rich (Molina, 1994),
with a HNO3 mole fraction of less than 10 %.

Peq(H20) of a-NAT calculated from the results of TO
experiments is lower by up to a factor of 10 compared to
Peq(H0) of pure ice in the temperature range 180-193.5 K.
At temperatures lower than 180K, Peq(H20) of o-NAT
from TO experiments is equal within experimental error to
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Peq(H20) of a-NAT in PV experiments. Peq(HNO3) of a-
NAT is lower by a factor of 1000 in the temperature range
181-188 K compared to Peq(H,O) on pure ice.

The values obtained for the equilibrium vapor pressure
have been compared with the HNO3 / H,O phase diagram
constructed by McElroy et al. (1986), Hamill et al. (1988)
and Molina (1994). Figure 3 shows the results for «-NAT and
metastable NAD films, PV and TO experiments. The solid
lines represent the coexistence conditions for two phases,
and the dashed lines represent vapor pressures of liquids with
composition given as % (w/w) of HNOs3. The shaded rectan-
gular area represents typical polar stratospheric conditions.
The slope m of the coexistence lines depends on the dif-
ference of the enthalpies of sublimation of the two acid hy-
drate species, namely NAM and NAT, according to Eq. (10)
(Wooldridge et al., 1995):

AHisubl _ Angbl
m=—1 ~"2 (10)
(n1 —n2)R

where AHIS“bl and AHZS”b1 are the enthalpies of sublima-
tion of the acid hydrates in kImol~!, n; and n, the num-
ber of water molecules of the respective hydrate and R is
the gas constant in Jmol~! K~!. The slope of the ice / NAT
coexistence line is calculated from Wooldridge et al. (1995)
as Mice/NAT = (50.9kJ mol_l)/R and for NAT/NAM as
mNaT/NAM = (55.9kImol~1)/R.

All o-NAT experiments lie in the existence area of nitric
acid trihydrate, as expected. On the other hand, «-NAT un-
der polar stratospheric conditions (shaded rectangular area)
is unstable and starts to convert into the stable 8-NAT phase
(Koehler et al., 1992). The small number of «-NAT samples
we reported in the shaded gray area is further confirmation of
results reported in the literature because lower temperatures
are needed to slow down the conversion of @ to §-NAT. NAD
samples are expected to lie closer to the monohydrate region,
given their composition close to the HO: HNO3 =2 : 1 sto-
ichiometry (Iannarelli and Rossi, 2015). Nevertheless, the
pure ice phase is still dominant in the present samples and
all samples are water-rich (Molina, 1994) with a HNO3 mole
fraction of less than 10 % even in NAD films.

3.2 Crystalline -NAT thin films

The results for S-NAT thin films obtained in PV and TO ex-
periments are displayed in Fig. 4. Full and empty red squares
represent PV and TO experiments, respectively, with red
squares representing H,O and black triangles HNOj3 results.
Pure ice experiments are displayed as inverse blue triangles
for comparison.

The largest uncertainty in our experiment is that of the flow
rate introduced into the reactor, which is assigned a relative
error of 25 %. The flow rate measurement affects the cali-
bration of the MS and therefore the measurement of all the
concentrations in the reactor (Eq. 4). Therefore, we estimate
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Figure 3. Binary phase diagram of the HNO3 / H>O system reconstructed from McElroy et al. (1986), Hamill et al. (1988) and Molina
(1994). The full symbols represent calculated values of Peq(HO) for «-NAT and NAD using the kinetic data of PV experiments. Empty
circles represent calculated values of Peq(H,O) for o-NAT using the kinetic data of two-orifice (TO) experiments. The solid lines represent
the coexistence conditions for two phases, and the dashed lines represent vapor pressures of liquids with composition given as % (w/w) of
HNOj3. The shaded gray area represents polar stratospheric conditions.

a global relative error of 30 % for PV experiments and dou-
ble this uncertainty for TO experiments because Egs. (7) and
(8) imply a difference of two large numbers in many cases, as
discussed above. We therefore assign a global 60 % relative
error to results obtained in TO experiments.

Figure 4a shows the measured og.NaT(X) as a function
of temperature: ag.NaT(H20) resulting from PV experiments
(full red squares) is scattered similar to agg(HCl) on crys-
talline HCI hexahydrate (Iannarelli and Rossi, 2014) up to
a factor of 10 for results at the same temperature. We may
interpret this result akin to the HCI hexahydrate case where
the scatter may be caused by the variability of the surface
composition, the morphology or the smoothness of the ice
surface (McNeill et al., 2007). Similar results have recently
been presented by Moussa et al. (2013) regarding the nitric-
acid-induced surface disorder on ice. In any case, all results
show that ag.naT(H20) is at least a factor of 10 lower than
tice(H20) on pure ice in the temperature range 182-200 K.

ag-.NaT(H20) in TO experiments (empty red squares), on
the other hand, increases as a function of temperature in the
temperature range 182—198 K varying from 0.013 at 182K to
approximately 0.1 at 198 K, being equal at the highest tem-
perature to «jc.(H2O) on pure ice within experimental error.
This result is in contrast to Delval and Rossi (2005), who re-
port a negative temperature dependence of ag.naT(H20) in
the temperature range 182-207 K. A possible reason for the
different behavior of PV and TO experiments may be intrin-
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sic to the nature of PV experiments: the ice surface is exposed
to a series of pulses of H>O, and the free sites may be satu-
rated before the introduction of each consecutive pulse. We
suspect this to be the reason for the discrepancy between PV
and TO experiments, and we will consider the results of TO
experiments as the preferred values of this work despite the
larger experimental scatter.

Like ag.NaT(H20), the values of ag.Nar(HNO3) (black
empty triangles) increase as a function of temperature in the
measured temperature range from a value of approximately
0.015 at 182K to a value of 0.08 at 195.5 K. However, the
values have a large estimated uncertainty. These values are
lower by a factor of 2 to 10 compared to the preferred values
indicated by the [IUPAC Subcommittee on Gas Kinetic Data
Evaluation (Crowley et al., 2010) in the temperature range
190 to 200 K.

Figure 4b shows results for R, (X) in molec sTlem3asa
function of temperature. The same symbols as in panel (a) are
used. Rey(H20) on B-NAT in PV experiments is lower by a
factor of 50 compared to R.,(H2O) on pure ice in the temper-
ature range 182-200K. As in the case of o-NAT, this result
is very different compared to the case of HCI hydrates stud-
ied before using the same apparatus (Iannarelli and Rossi,
2013) where the evaporation of H,O is not influenced by the
presence of adsorbed HCl on the ice and takes place at a rate
characteristic of pure ice for all HCI concentrations used.

3
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Figure 4. Synopsis of kinetic results for S-NAT using H,O as a
probe gas in PV experiments and H, O and HNO3 in two-orifice ex-
periments. Full symbols represent PV experiments, and empty sym-
bols represent TO experiments. The different symbols are coded in
panel (b). The calculated relative error for PV experiments is 30 %,
whereas for TO experiments we estimate a relative error of 60 %.
Examples of the amplitude of the errors are reported for selected
points. The green line shows results from Marti and Mauersberger
(1993).

Rey(H>0) on B-NAT measured using the TO method is
close to Rey(H,O) obtained in PV experiments, the former
being approximately a factor of 2 higher. R.,(HNO3) on 8-
NAT increases in the temperature range 182-195.5K with
a steeper slope compared to R.,(H>O), the former being
smaller by approximately a factor of 1000 at 182K and 50
at 196 K compared to R.y(H,O) of S-NAT. It varies from
2 x 103 at 182K to 8.5 x 10° molecs™! cm™ at 195.5K.

Figure 4c shows the results for Peq(X) in Torr calculated
according to Eq. (9) for both H>O and HNO3 as a function
of temperature. The same symbols as in panels (a) and (b)
are used. Peq(H0) of B-NAT calculated from the results of
TO experiments is lower by up to a factor of 10 in the mid-
dle of the covered T range compared to Peq(H20) of pure
ice in the temperature range 182—-195.5K. Peq(H20) of B-
NAT calculated from the kinetic parameters measured in PV
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agrees with TO experiments within experimental uncertainty.
Saturation effects in PV experiments will affect both the ac-
commodation («) and evaporation (Jey) process to the same
extent such that Peq should be invariant to the chosen experi-
mental procedure (PV or TO). However, there is a noticeable
scatter in Peq(H20) for B-NAT on display in Fig. 4c, which
presumably reflects the range of different compositions of the
binary HNO3 / H,O system. According to Gibb’s phase rule
we have three phases and two components, which leads to a
single degree of freedom for the system. At constant temper-
ature different HNO3 / H,O mixing ratios will lead to dif-
ferent values of Peq(H2O) if we stay on an isotherm. This
corresponds to a vertical cut in the binary phase diagram for
B-NAT in Fig. 5. It shows that we expect Peq(H20) values
within a factor of 10 or so for the experimental points that
“fill” the NAT phase diagram more or less homogeneously
within the used T range.

In addition, Fig. 5 shows that the majority of points are in
the rectangular shaded area representing polar stratospheric
conditions: B-NAT is the stable phase under these conditions,
and our results agree well with the literature (McElroy et
al., 1986; Hamill et al., 1988; Molina, 1994; Koehler et al.,
1992). A more complete manner to display the binary phase
diagram is presented in Fig. S5 (Supplement). It shows both
the HNO3 and H,O partial pressures in one single plot close
to selected isotherms marked by straight intersecting dashed
lines. It is immediately apparent that both HNO3 and H,O
partial pressures are comparable to upper tropospheric/lower
stratospheric values.

3.3 HCI Kinetics on «-NAT and S-NAT thin films

As already mentioned, we used a combination of real-time
PV and steady-state experiments using HCl as probing gas in
order to measure the kinetics of HCI interacting with «-NAT
and B-NAT ice films. Figure 6 displays raw data from repet-
itive pulsed dosing of HCI onto an a-NAT/ice substrate as a
function of elapsed time. The lower panel displays the MS
signals of HCl (red, m /e 36), H>O (blue, m /e 18) and HNOj3
(black, m/e 46), respectively, and the individual pulses, of
which there were 12, are identifiable by sharp peaks on
top of the red columns. Each pulse corresponds to (4-5) x
10 molecule resulting in a total HC1 dose of approximately
3 x 10'7 molecules. This is the dose effectively administered
to the a-NAT when the fraction of HCI going to the vessel
walls and escaping the SFR has been subtracted. This dose
approximately corresponds to 1000 molecular monolayers of
HCI adsorbed onto the substrate.

The temperature of the cryostat is displayed as the green
trace in the lower panel, and with every T increase the MS
steady-state levels of HCl, HO and HNOj3 increase con-
comitantly. (During the pulsed admission of HCI, the MS
levels of HNO3 and H,O are subject to artifacts owing to
rapid switching.)
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Figure 5. Binary phase diagram of the HNO3 / H>O system reconstructed from McElroy et al. (1986), Hamill et al. (1988), and Molina
(1994). The full symbols represent calculated values of Peq(HyO) for B-NAT using the kinetic data of PV experiments. Empty circles
represent calculated values of Peq(HO) using the kinetic data of TO (Two-Orifice) experiments. The solid lines represent the coexistence
conditions for two phases and the dashed lines represent vapor pressures of liquids with composition given as % (w/w) of HNOj3. The shaded

gray area represents polar stratospheric conditions.

Table 3. Peak Positions in cm ™! in the mid-IR of HNOj3 and HNO3 / HCI hydrates?.

o-NAT / HCl B-NAT / HC1 a-NAT/ice B-NAT/ice HC1/H,0 am

this work this work Tannarelli and Tannarelli and Iannarelli and
Rossi (2015) Rossi (2015) Rossi (2014)

3430 (sh) 3360 3430 3377 3360

3354 (sh) 32270 3233b 3233b 3236P

3233b

17674 1850¢ 1760¢ 1850¢ 1730¢

1828%4, 1625-1560°4 1639¢

1375 1378 1385 1378

1328 1339 1339

1196 1198

4 Values in italics indicate significant changes in the spectrum upon addition of HCI to - or B-NAT. b The vibration on the third entry

invariably corresponds to v3 (antisymmetric stretch) H-O-H in H,O ice. ©

Broadband. The estimated uncertainty in the peak position is +7.5

compared to the usual +2 em™1. 4 With increasing HCI content, broadband at 1767 em™! splits into two bands at 1828 and

1525-1650cm™ 1.

Turning to the upper panel of Fig. 6 we display a series of
FTIR transmission spectra from 700 to 4000 cm ™! at specific
times during the repetitive pulsing experiment, which are in-
dicated in the lower panel by a series of color-coded “spl”
and continuing going from red to purple. The principal peak
positions have been collected in Table 3 and will be discussed
below in terms of changes in the “pure” a-NAT/ice absorp-
tion spectra owing to the presence of increasing adsorbed
HCI. The enlarged IR spectral range in the upper panel of
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Fig. 6 displays the effect of the HCI adsorption particularly
well by showing a non-monotonic sequence of IR absorp-
tion peaks not present in the “pure” reference spectra from
Tannarelli and Rossi (2015). The raw MS data from the lower
panel of Fig. 6 have been used to calculate the kinetic and
thermodynamic data displayed in Fig. 8.

Figure 7 displays raw data from repetitive pulsed dosing of
HCl onto a B-NAT /ice substrate in analogy to Fig. 6. The 11
individual pulses corresponded to (6-7) x 10'® molecule per

Atmos. Chem. Phys., 16, 11937-11960, 2016
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Figure 6. Repetitive PV (pulsed-valve) deposition experiment of
HCI on an «-NAT/ice substrate under SFR conditions followed by
MS (lower panel) and FTIR transmission across the thin film (up-
per panel) as a function of time. In the lower panel the temperature
is displayed as the green trace; the red MS signal represents HCl
at m /e 36 amu with the pulsed forcing recognizable as single peaks
(12) on top of the red columns. The individual HCI doses corre-
spond to approximately (4-5) x 10'6 molecule per pulse, resulting
in a total dose of 3 x 10!7 molecules. The blue and black traces rep-
resent the response of HyO (m /e 18 amu) and HNO3 (m /e 46 amu)
as a function of time (temperature) and HCI forcing. The upper trace
displays FTIR transmission spectra at selected times indicated in the
lower panel through color coding. The principal peak positions are
listed in Table 3, and the changes are discussed in the text.

pulse, resulting in a total HC1 dose of approximately 4 x 10'7
molecules, which amounts to 1300 molecular monolayers or
so. Like in Fig. 6 the upper panel displays a series of color-
coded FTIR absorption spectra in transmission with the prin-
cipal peak positions collected in Table 3. As for Fig. 6 the
MS steady-state levels at the different temperatures will be
used to derive the kinetic and thermodynamic data of Fig. 9
as a function of temperature.

In addition, Fig. S6 presents an enlarged graph for the non-
exponential decay of a HCI pulse interacting with both -
and B-NAT on a 30s timescale, consisting of a fast and a
slowly decaying portion. The evaluation of such pulsed ad-
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Figure 7. Repetitive PV (pulsed-valve) deposition experiment of
HCI on an B-NAT/ice substrate under SFR conditions followed by
MS (lower panel) and FTIR transmission across the thin film (up-
per panel) as a function of time. In the lower panel the temperature
is displayed as the green trace; the red MS signal represents HCI
at m /e 36 amu with the pulsed forcing recognizable as single peaks
(11) on top of the red columns. The individual HCI doses corre-
spond to approximately (6-7) x 1016 molecule per pulse resulting
in a total dose of 4 x 10!7 molecules. The blue and black traces rep-
resent the response of HyO (m /e 18 amu) and HNO3 (m /e 46 amu)
as a function of time (temperature) and HCI forcing. The upper trace
displays FTIR transmission spectra at selected times indicated in the
lower panel through color coding. The principal peak positions are
listed in Table 3, and the changes are discussed in the text.

mission MS signals has been presented in the past (Iannarelli
and Rossi, 2014, their supplement), and the present analysis
and fitting of the HC1 MS signals follows the same scheme.

A look at Table 3 should provide an answer as to whether
or not there is an identifiable spectral fingerprint of HCI ad-
sorbed on «-or B-NAT in the FTIR absorption spectrum of
the combined «- or B-NAT / HCl system displayed in Figs. 6
and 7.

The first column of Table 3 reveals the spectral finger-
print of HCI for «-NAT / HCI in terms of additional peaks
(in italics) that are not present in the reference spectrum
(pure «-NAT) recorded using the identical instrument and

www.atmos-chem-phys.net/16/11937/2016/



R. Iannarelli and M. J. Rossi: Trace gases on «- and S-NAT

21 a-NAT
0.15 Ve VoW vy
63 ¢ Qv o 4
4] ‘ A
. oy ©
— Lit. (*)
0-01_5 v Pureice
°3 @ HNO;
1 @ HC
21 A HNOj(pure o-NAT)
0.001
1014_ / v
w Y%
1013 _ ot - vV v
- w
o 10" - -
._g 10" - N (b)
— 10 ¢ $ o & *
g 107 . og?
€ 10 ¢ s
10° 1 ﬁfﬁ
102
10° 7
10° 1
— 10"
g 10°4 -
& _ - (c)
8 10_6_ - S : ‘: *
|:.g 7 |
S
o |
107 T T T T T T ' I ' \
160 170 180 190 200 210
T[K]

Figure 8. Synopsis of kinetic results for «-NAT using HCI as a
probe gas in PV experiments. The symbols used are coded in the up-
per panel. The calculated relative error for PV experiments is 30 %.
The black line shows results from Marti and Mauersberger (1993).

presented in the third column. There seem to be two spectral
regions where the presence of HCI may be apparent, namely
in the 1618—1644 cm™~! region corresponding to the broad
bending vibration of the proton-ordered waters of hydration
(Ritzhaupt and Devlin, 1991; Martin-Llorente et al., 2006),
and more importantly, the band at 1328 cm™! that overlaps
with the 1339 cm™! vibration, the latter of which does not
change with increasing HCI dose.

The series of FTIR absorption spectra displayed in Fig. 6
shows the non-monotonous change of intensity at this tran-
sition (1328 cm™1): spl (red), sp2 (yellow) and sp3 (green)
display the growth of a shoulder to the red of the 1375 cm™!
peak; sp4 (turquoise), sp5 (blue) and sp6 (purple) show the
separate peak in its decline (1328 cm™!) owing to evapora-
tion of HCI together with NAT.

For B-NAT the analogous situation is displayed in the sec-
ond and fourth column of Table 3 and Fig. 7. Here the pres-
ence of HCI is more discrete within the FTIR absorption
spectrum of B-NAT as Table 3 suggests the well-separated
peak to the blue of the 3227 cm™! ice peak at 3360 cm™!
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Figure 9. Synopsis of kinetic results for S-NAT using HCI as a
probe gas in PV experiments. The symbols used are coded in the up-
per panel. The calculated relative error for PV experiments is 30 %.
The black line shows results from Marti and Mauersberger (1993).

to be a HCI tracer as it looks very similar to the HCl / H,O
system (lannarelli and Rossi, 2014; Chiesa and Rossi, 2013).
The peaks identified to appear in the FTIR spectrum upon
HCI adsorption may be found in the fifth column of Ta-
ble 3, which displays the principal IR peaks in the reference
HCI / H,O system, except the 1200 cm™! vibration found in
column 1 and 2 whose origin remains unclear.

In order to restrain the number of independent measure-
ments on this ternary system to a practical level we had to
make some assumptions and/or simplifications in order to
measure the unknown parameters of Eq. (2) for each gas
used. Specifically, we made the following reasonable as-
sumptions, both for «¢-NAT and B-NAT substrates, which
have been experimentally verified in laboratory experiments:

— Rey(H20) on NAT remains unchanged in the presence
of HCI;

— anaT(H20) remains unchanged in the presence of HCI;
— anaT(HNO3) remains unchanged in the presence of

HCL

Atmos. Chem. Phys., 16, 11937-11960, 2016
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Under these assumptions, no additional measurements of the
heterogeneous kinetics of H,O in the presence of HCI have
been performed. We have measured the steady-state flow
Fss(HNO3) before each HCI pulse series and used previ-
ously measured o .NAT(HNO3) and ag.NnaT(HNO3) from TO
experiments on «-NAT and B-NAT phases in order to cal-
culate Rey(HNO3) and Peq(HNOj3) according to Egs. (8)
and (9) in HCI-PV experiments as well. As a net result
we measure or calculate the following kinetic parameters
for «-NAT and B-NAT substrates: Rey(HCI), anaT(HCI) and
R.y(HNO3) in the presence of HCL

Figure 8 displays the results of HCI-PV experiments on a-
NAT substrates. Full red diamonds represent the results for
HCI, whereas full black circles represent HNOs3 results using
ou-NAT(HNO3) from TO experiments and Fss(HNO3) from
HCI-PV experiments. Empty black triangles represent results
for HNOj3 in TO experiments reported from Fig. 2 for com-
parison.

Figure 8a displays the measured oy.NaT(X) as a func-
tion of temperature. ay-NaT(HCI) (full red diamonds) slightly
decreases as a function of temperature in the range 177.5—
199.5K, being equal to ajce(H20) on pure ice at low tem-
peratures and lower by a factor of 4 at 7 =199.5K. The
decrease seems to be significant. Values of oy.NAT(HNO3)
measured in TO experiments in the absence of HCI are re-
ported as empty black triangles in agreement with the third
above-listed assumption. We used these values in order to
calculate Rey(HNO3) and Peq(HNOj3) in the presence of
HCL

Figure 8b shows results for Rey (X) in molec sTlem3asa
function of temperature. The same symbols as in panel (a) are
used. Rey(HCI) on a-NAT slightly increases as a function of
temperature, but is lower by a factor of 1000 in the measured
temperature range 177.5-199.5 K compared to Rey(H20) on
pure ice. Rey(HNO3) increases as a function of temperature,
varying from 1 x 108 at 181K to 9 x 10° molecs™! cm™3
at 189 K. The presence of HCI does not have any effect
on the rate of evaporation of HNO3 from «-NAT films: we
observe no increase of Fy(HNO3) following HCI pulses,
and R.y(HNO3) in the presence of adsorbed HCI molecules
(full black circles) is identical within experimental error to
Rey(HNO3) of o-NAT films free of adsorbed HCI (empty
black triangles). However, this result is contingent upon the
assumptions listed before, namely «,-NaT(HNO3) being in-
dependent of the presence or absence of HCI.

Figure 8c shows the results for Peq(X) in Torr calculated
according to Eq. (9) for both HCI and HNO3 as a function
of temperature. The same symbols as in panel (a) and (b) are
used. Peq(HCI) for HCI-doped a-NAT is lower by a factor
of approximately 100 compared to Peq(H20) on pure ice in
the measured temperature range. A comparison with the re-
sults of Peq(HCI) of crystalline HCI hexahydrate and amor-
phous HC1 / H,O mixtures calculated using the same experi-
mental methodology (Iannarelli and Rossi, 2014) shows that
Peq(HCI) of HCl-doped o-NAT is lower by a factor of ap-

3
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proximately 10 compared to Peq(HCI) of crystalline hexahy-
drate in the overlapping temperature range (177.5-193.5 K).

Peq(HCI) of amorphous HCI / H,O mixtures is higher by
a factor of 20 compared to Peq(HCI) of HCI-doped o-NAT
at low temperatures (177.5 K) with the difference being con-
stant or slightly decreasing at high temperatures (199.5 K),
where Peq(HCI) of the amorphous mixture is only a factor of
4 higher than Peq(HCI) of a-NAT.

Peq(HNO3) on HCl-doped «-NAT films is equal within
experimental error to Peq(HNO3) of a-NAT films free of
adsorbed HCI. It is lower by a factor of 1000 compared to
Peq(H20) on pure ice in the measured temperature range
177.5-199.5K.

Figure 9a (symbols have the same meaning as in Fig. 8)
shows the measured values of ag.nar(X) as a function
of temperature. ag.NaT(HCI) slightly decreases as a func-
tion of temperature in the range 177-201 K, varying from
0.025 at 177K to 0.016 at 201 K, which may or may not
be significant. As for the case of «-NAT, we assume that
ag.NaT(HNO3) (empty black triangles) equals the measured
values of ag.naT(HNO3) on HCl-free B-NAT in two-orifice
experiments whose results are displayed in Fig. 4a.

Figure 9b shows results for the Rey(X) in molec s~lem™
as a function of temperature. The same symbols as in panel
(a) are used. Rey(HCl) on B-NAT is equal at higher tempera-
ture within experimental uncertainty to Re,(HCI) on o-NAT
and is lower by a factor of 1000 in the temperature range
177-201 K compared to Rey(H>0) on pure ice. Rey(HNO3)
on HCl-doped B-NAT films, being equal within experimental
error to Rey(HNO3) of undoped B-NAT films, indicates that
adsorbed HCIl molecules seem to have no effect on the rate
of evaporation of HNO3 from S-NAT films in the presence
of HCl as well, at least in the given T range.

Figure 9¢ shows the results for Peq(X) in Torr calculated
according to Eq. (9) for both HCI and HNO3 as a function
of temperature. The same symbols as in panel (a) and (b)
are used. Peq(HCI) of HCl-doped B-NAT is lower by a fac-
tor of approximately 100 compared to Peq(H20) on pure
ice. Peq(HCI) of HCl-doped B-NAT is identical within ex-
perimental uncertainty to Peq(HCI) of HCI-doped a-NAT in
the measured temperature range 177-201 K, and the same
observations are valid when comparing Peq(HCI) of crys-
talline HCI hexahydrate with amorphous HCl / H,O mix-
tures (Iannarelli and Rossi, 2014).

3

4 Discussion

In this work we have been able to grow HNO3 hydrates at
temperatures relevant to the stratosphere with tight control on
the deposition conditions, whose details have been published
by Iannarelli and Rossi (2015) as far as the mass balance
is concerned. Spontaneous crystallization of «-NAT film on
pure ice has been observed upon HNO3 deposition. Under
the present conditions S-NAT was never observed to crys-
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Figure 10. Arrhenius plot of Jey(HyO) for a-NAT. Full and empty
red circles represent results of PV and TO experiments, respectively.
Data are taken from Fig. 2b, and the equations for the linear fits may
be found in the text.

tallize directly upon HNO3 deposition but was always ob-
tained as the stable form after conversion of a-NAT films.
Temperatures higher than 185K are necessary for the con-
version to occur on the timescale of the experiments we have
performed.

oq-NAT(H20) shows two distinct temperature-dependent
regimes. At temperatures lower than 180-185 K it decreases
as a function of temperature reaching a minimum of approx-
imately 0.003 at 185K as displayed in Fig. 2a. For tempera-
tures higher than 185K, ay-NaT(H20) increases as a func-
tion of temperature, being equal to ajce(H20O) on pure ice
and ag.NaT(H20) at 193.5 K. An Arrhenius representation of
the evaporative flux Jey(H20O) (see Table 1) on a-NAT shows
two distinct regimes of temperature dependence as well. Fig-
ure 10 reports the results for PV and TO experiments as full
and empty red circles, respectively. We keep the two data
sets separated for clarity, but the results of PV and TO exper-
iments are indistinguishable within experimental uncertainty
in the measured temperature range.

Equations (11) and (12) present the two-parameter rep-
resentations of the Arrhenius lines for J.,(H2O) displayed
in Fig. 10. Equations (11) and (12) represent the solid and
dashed red lines, respectively, with R = 8.314JK~! mol~!
used throughout:

181K < T < 193.5K : log Jey (H20) [moleccm—2 s_l]

(753 £ 9.9) x 103
= (359 +28)— 11
(35.9 8 2.303RT (i

167K < T < 181K : log Jey (H20) [moleccm_zs_l]

3.5 +4.2)x 103
— 51 412)—" ) x 107 (12)
2303 RT
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Table 4 reports a synopsis of the kinetic (Jey) as well as the
thermodynamic (Peq) parameters calculated for all experi-
ments of the present work.

The considerable scatter in the kinetic data, reflected in
the significant uncertainties of Eqs. (11) and (12), may be
explained by the variability of the surface composition of the
film as well as the surface roughness and surface disorder
of the ice substrates, in analogy to the HCI case (Iannarelli
and Rossi, 2014). For HCI the scatter in the kinetic data was
thought to be due to the stochastic nature of crystal growth
of hexahydrate films compared to amorphous mixtures of
HCI / H;O0 of similar composition, and does not represent a
lack of reproducibility.

Moussa et al. (2013) have observed variations of up to
a factor of 10 of the HNOj3 vapor pressure of “smooth”
ice samples exposed to HNO3 as a result of induced sur-
face disorder. The exposure of the present samples to re-
peated high H,O supersaturation during PV experiments
may lead to surface increased disorder due to liquefac-
tion and/or reconstruction. In the high temperature regime
we calculate an activation energy for H,O evaporation
Eey(H,0) = (75.3£9.9)kImol~!, and in the low temper-
ature regimes almost no temperature dependence is observed
with an activation energy for HyO evaporation of E.,(H,0)
= (3.5+4.2)kJmol .

The discontinuity in the Arrhenius representation of ki-
netic parameters has already been observed in pure ice as
reported by Chaix et al. (1998), Delval et al. (2003), Del-
val and Rossi (2004) and Pratte et al. (2006). The tempera-
tures at which the discontinuity occurs are higher in previous
work: Delval et al. (2003) reported a discontinuity at approx-
imately 208 K in their work on H,O evaporation from HCI-
and HBr-doped ice substrates. In a quartz crystal microbal-
ance study of H,O evaporation from pure ice, the change in
slope is reported at 193 £ 2 K (Delval and Rossi, 2004) com-
parable with the temperature of 188 £ 2 K reported by Pratte
et al. (2006) in their work on the kinetics of H,O evaporation
and condensation on different types of ice.

No clear explanation for this break has yet been advanced.
The discontinuity may be an indication of the formation of
a new disordered structure similar to the quasi-liquid layer
induced by HCI as proposed by McNeill et al. (2006). The
observation of the break in pure ice samples as well, however,
strongly suggests that the onset of a quasi-liquid layer may
be independent of the presence of HCI and that the history
and evolution of the sample play a role in the arrangement of
the structure, similarly to the case of the presence of cubic
ice at high temperature in common hexagonal ice that finally
turned out to be a perturbed hexagonal ice structure (Kuhs et
al., 2012).

In the case of B-NAT we have good agreement between PV
(dotted line) and TO (solid line) experiments of Peq(H20) as
shown in the van’t Hoff representation displayed in Fig. 11.

As already mentioned, the ice surface is exposed to a se-
ries of pulses of H,O during PV experiments. The free sites
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Table 4. Synopsis of thermodynamic (Peq) and kinetic (Jey) parameters of the Arrhenius and van’t Hoff representation of data from Figs. 2,

4,8 and 9.
ng Ptl,jq
Eey A AHY, AS/R
Sample Gas Exp.
a-NAT H,O0 TO 75.3+99 359+£28 703+14.1 152+4.0
PV 35+42 15.1+1.2 56.5+£5.1 11.8£1.5
HNO3; TO 178.0+£274 623+7.8 128.6+424 29.3+12.0
HC1 PV 783+192 348+53 784%114 157+32
B-NAT H,O TO 77.0£4.9 36.0£13 767177 16.7£4.9
PV 52.1+£24 28.7£0.7 755%11.1 16.7£3.0
HNO3; TO 102.0+8.6 40.6+24 96.5+12.0 19.8£3.3
HC1 PV 56.7+4.6 28.6+1.3 69.6 5.8 133+1.6
4 For gas X, R = 8314JK ! mol~1: log Jev (X) [moleccm_2 s_l] =A- g%é }?OT} .
b For gas X, R = 8.314JK 'mol~!: log Peq (X) [Torr] = ATS — %.
. (76.7 £ 17.7) x 103
- 13)
2.303 RT
7 F-NAT - H,0 PV :log Peq (H20) [Torr] = (16.7 £ 3.0)
= 75.5 + 11.1) x 103
8] - ¢ ) (14)
N 2.303RT
T o The enthalpies of evaporation of H»O on S-NAT
£ films calculated for the two measurement techniques
£ o are AH? 1o (H,0)=(76.7+17.7)kImol~! for TO and
AHY, by (H,0) =(755+ 11.1)kImol™" for PV experi-
A ments, respectively. The results show good agreement be-
tween the two experimental techniques despite the ex-
127 perimental scatter. The average value of AHY (H,0) =
(76.1 £ 14.4) kI mol~! is slightly higher, as expected, but not
'13;'9 & il & & i o e significantly different compared to «-NAT films. Figure S2

1000/T [K]

Figure 11. van‘t Hoff plot of Peq(H»O) for B-NAT data displayed
in Fig. 4c. Full and empty red squares represent results of PV and
TO experiments, respectively. The equations for the linear fits may
be found in the text.

may be saturated before the introduction of each consecutive
pulse resulting in the discrepancy between PV and TO ex-
periments. We therefore believe that the results from PV ex-
periments are more precise but less accurate owing to partial
surface saturation, whereas the TO experiments are less pre-
cise but more accurate. We chose the latter as the preferred
values of this work despite the larger scatter in the data com-
pared to the PV experiments.

Equations (13) and (14) report the best linear fit for TO and
PV experiments on B-NAT displayed in Fig. 11, respectively:

TO (preferred) : log Peq (H20) [Torr] = (16.7 & 4.9)

Atmos. Chem. Phys., 16, 11937-11960, 2016

of Supplement C displays a van’t Hoff plot for «-NAT with
AHY (H,0) =(70.34 14.1) and (56.5+5.1)kJmol~! for
TO and PV experiments, respectively. Both values are iden-
tical within experimental uncertainty whose average yields
AHY (H,0) =(63.4+9.6)kImol~! and which leads to a
standard enthalpy of formation slightly larger than that for
B-NAT, as expected.

However, we do not have good agreement between TO and
PV experiments for the kinetic parameters of S-NAT: a dis-
crepancy is observed in the results of the two measurement
techniques regarding Rey(H20O) and «(H,O) for 8-NAT. Fig-
ure 4 already shows a discrepancy in a(H>O) (full and empty
red squares in panel a) with the results of TO experiments be-
ing larger by a factor of approximately 5 at 185 K, increasing
to a factor of 100 at 200 K compared to PV experimental re-
sults across the whole temperature range. The same qualita-
tive trend, albeit to a smaller extent, is observed for Re,(H>O)
(Fig. 4b), and the Arrhenius representation of Jey(H2O) on
B-NAT clearly shows the discrepancy between the different

measurement techniques.
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Figure 12. Arrhenius plot of Jey(H,O) for B-NAT data displayed
in Fig. 4b. Full and empty red squares represent results of PV and
TO experiments, respectively. The equations for the linear fits may
be found in the text.

The two-parameter representations of the Arrhenius lines
displayed in Fig. 12 for B-NAT are reported in Egs. (15) and
(16) for TO (solid line) and PV (dotted line) experiments,
respectively:

TO (preferred) : log Jey (H20) [molec em 2T 1] =

77.0 + 4.9) x 10°
(36.0 £ 1.3) — ) X (15)
2303RT

PV :log Jey (H20) [molec cm™? s*]] =

(52.1 £+ 2.4) x 103
(28.7 £ 0.7) — PV. (16)
2.303RT

Contrary to the case of «-NAT, no discontinuity in
Jev(H20) has been observed in the Arrhenius plot of S-NAT
displayed in Fig. 12. We attribute the discrepancy between
PV and TO experiments to the fact that the former may be
subject to partial saturation of uptake and evaporation in the
aftermath of transient supersaturation (PV). A look at the
results of a,NaT(H20) in Fig. 2a reveals that the results
of the TO measurement technique agree well with the PV
technique in the overlapping temperature range. However,
this plot displays a “hole” of a factor of 20 centered in the
neighborhood of 7' = 18043 K with respect to the values
at the fringes of the temperature interval. There are indica-
tions that PV experiments on «-NAT substrates may yield
lower values of a.NaT(H20) at high temperatures in excess
of approximately 182 K (Fig. 2a), similarly to the results for
ag.NaT(H20) for a B-NAT film (Fig. 4a). This might be an
indication that PV experiments are very sensitive to the inter-
facial nature of the sample. In other words, transient super-
saturation (PV) and “passive” steady-state (TO) experiments
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may address different properties of the gas-condensed sur-
face interface. This is the first time such a large discrepancy
between two kinetic measurements techniques has been ob-
served. As expected, thermodynamic results are not affected
for reasons of microscopic reversibility because both forward
(a(H0)) and reverse reactions (Jey(H»0)) are affected to the
same extent, which cancels out for the calculation of the val-
ues of thermodynamic parameters.

Figure S3 of Supplement C shows the results of PV exper-
iments using H>O as a probe gas on «-NAT and B-NAT sub-
strates. Red and black circles represent the decay of series
of two pulses on «- and B-NAT, respectively, with the first
and second pulse labeled accordingly. In the case of «-NAT
films (red circles), the decay of the second pulses is equal to
within 20-30 % of the decay of the initial pulses, and only
in a few cases at temperatures higher than 180K is the de-
cay of the second pulse significantly slower than the initial
pulse. In the case of B-NAT films, the decay of second pulses
is consistently slower than the decay of first pulses in most
cases. This indicates that the surface of 8-NAT films exposed
to a transient supersaturation of HyO vapor is more prone to
saturation compared to o-NAT.

As mentioned before, we consider the results of TO ex-
periments preferred for B-NAT this work despite its larger
uncertainty. The enthalpies of evaporation AH&’ o H20) =

(76.74 17.7)kImol~! and the activation energy for evap-
oration Eey(H,0) = (77.0+4.9)kImol~! are equal to
within experimental uncertainties. We calculate an ac-
tivation energy of accommodation for HyO on B-NAT
0f Eqee(H20) = Eey(Hy0) —AHY, 1 (H20) = 0. Therefore,
no activation energy is required for the accommodation pro-
cess of HyO on B-NAT, which is an expected experimental
outcome. In contrast, the activation energy for H,O accom-
modation on «-NAT is computed as E,..(H20) = E¢y(H20)
—AHQ, aerage (H20) =75.3-63.4 =11.9 kI mol~" when us-
ing a value averaged over the PV and TO experiment of
63.4kJmol~! for AHQ, , erage (H20). This small, but possi-
bly significant positive activation energy is consistent with
the positive temperature dependence of oy-NaT(H2O) dis-
played in Fig. 2a for the TO experiment at 7 > 182 K, which
is in the high T range.

Rey(H20) on both «-NAT and B-NAT is smaller com-
pared to Rey(H20) on pure ice. This is in agreement with
the results of Tolbert and Middlebrook (1990), Middlebrook
et al. (1996), Warshawsky et al. (1999) and Delval and
Rossi (2005), who showed that ice coated with a number of
molecular layers of NAT evaporates H,O at a slower rate than
pure ice. On the other hand, our results are in contrast with
the findings of Biermann et al. (1998), who report that no sig-
nificant decrease of the H,O evaporation rate was observed
in HNOj3-doped ice films. The discrepancy may possibly be
caused by the high total pressure of 0.85 mbar in their reac-
tor compared to all other competitive studies cited above that
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use high-vacuum chambers with total pressures lower by typ-
ically a factor of 500 or more.

It is very likely that the experiments performed by Bier-
mann et al. (1998) were not sensitive to changes in evap-
oration rates despite the fact that both the HNO3 and H,O
concentrations used as well as the thickness of the accumu-
lated NAT layers in their no. 5 experiment were of the same
magnitude as in the competing studies. A hint to that effect is
the unexpected time dependence of the ice evaporation rate
in Biermann et al. (1998), which shows an induction time of
30 min as opposed to the expected linear decrease from the
beginning of evaporation (see below). We are unable to at-
tribute the source of the measured H>O vapor in the presence
of two H>O-containing solid phases in our chemical system,
namely pure H>O ice and NAT. We restate that the partial
pressures at constant temperature are controlled by the (rel-
ative) composition of the system in agreement with the sin-
gle degree of freedom resulting from Gibb’s phase rule and
the data displayed in the binary HNO3 / H>O phase diagrams
displayed in Figs. 3, 5 and SS5.

Delval and Rossi (2005) report that the initial evaporation
of H>O in their experiments was always that of pure ice and
that R.y(H2O) gradually decreases with the evaporation of
excess HoO and the increase in the average HNO3 mole frac-
tion. They refer to this difference as the “high and low evap-
oration rate” regime of H,O. Our observation is somewhat
different compared to Delval and Rossi (2005): R.,(H>O) on
a-NAT and B-NAT is smaller compared to Rey(H20) on pure
ice over the whole temperature range and for all samples. The
reason lies in the fact that the average mole fraction of HNO3
of the present samples is higher by at least a factor of 10 com-
pared to the one used by Delval and Rossi (2005). Therefore
all our samples are in the “low evaporation rate” regime of
H»0, and our results compare well with the results of Delval
and Rossi (2005) once they evaporate excess HoO and reach
the “low evaporation rate” regime.

Figure 13 displays both the Arrhenius plots of J.,(HNO3)
(a) and the van’t Hoff plots of Peq(HNO3) (b) for the inter-
action of HNO3 with «- and 8-NAT films. We would like to
briefly remind the reader that only TO experiments were pos-
sible for HNO3 experiments because no sharp pulses could
be generated with pure HNOj3, presumably owing to the ten-
dency of nitric acid to stick to the inner surfaces, mainly on
stainless (austenitic) steel. This has been verified by measur-
ing the Langmuir adsorption on that same surface (Fig. S1,
Table 2). The following equations define the corresponding
straight lines based on the present measurements. For a-NAT
(Egs. 17 and 18) and B-NAT (Egs. 19 and 20) films, we find
the following results:

«-NAT : log Joy (HNO3) [molec cm™? s_l]

(178.0 + 27.4) x 10°
= (623 +17.8)— 17
( ) 2.303RT a7

log Peq (HNOg3) [Torr]
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Figure 13. Arrhenius plot of Jey(HNO3) (a) and van’t Hoff plot
of Peq(HNO3) (b) for a-NAT (Fig. 2b and c) and B-NAT (Fig. 4b
and c) resulting from TO experiments. Full black circles and empty
black squares represent the interaction of HNO3 with «- and S-NAT
films, respectively. The equations for the fitting lines may be found
in the text.

(128.6 £ 42.4) x 10°
= (29.3 + 12.0) — 1
(29.3 0 2.303RT (18)

B-NAT : log Jey (HNO3) [molec cm™2 s_l]

(102.0 + 8.6) x 103

= (40.6 £ 2.4) — 19)
2.303RT
log Peq (HNOg3) [Torr]
(96.5 + 12.0) x 10°
=(19.8 + 3.3) — . (20)
2.303RT

We calculate an activation energy for HNO3 evap-
oration on «-NAT and B-NAT of E.(HNO3)=
(178.0 £ 27.4) kI mol ! and Eoy(HNO3) =
(102.04+8.6)kImol~!, respectively. These values are
higher compared to E.,(HCl) = (87.0% 17)kJ mol ™!, the
activation energy for HCI evaporation on hexahydrate. This
result is within expectation given the higher hydrogen bond
energy of HNO3 compared to HCI with H,O.
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Similar to the case of HO, no activation en-
ergy for accommodation of HNO3 on B-NAT is
required since the evaporation activation energy
Eoy(HNO3) = (102.0+8.6)kJmol~!' and the enthalpy
of evaporation AHeOV (HNO3) = (96.5+12.0)kJmol™!
are equal within experimental uncertainty. In con-
trast, a substantial activation energy of HNO3; mass
accommodation of 49.4kImol~! is calculated from
Eqcc(HNO3) = Ey(HNO3) — AHQ, 15 (HNO3) = 178.0-
128.6 =49.9kI mol~!, which may have to do with the fact
that «-NAT is metastable owing to its unstable H,O crystal
structure (Weiss et al., 2016).

The thermodynamic parameters obtained above, namely
AHY (H,0) and A HY, (HNO3) for both a- and B-NAT, may
now be used to estimate the relative stability of o- vs. §-
NAT as follows. The evaporation / condensation equilibrium
for both forms of NAT may be represented in Eq. (21) where
Y AHYS, =3AHY (H,0) + AHS, (HNOs) in agreement with
the relevant stoichiometry:

(XAH?) : HNO; - 3H,0(s) = 3H,0(g) + HNO3(g). (21)

For a- and B-NAT we obtain SAHSY and TAHS?
equal to 318.8 and 324.8kJmol~!, respectively, when we
use the average of the TO and PV experiment for H,O and
the TO value listed above for HNOs3 evaporation. Specif-
ically, we have used (63.4+9.6) and (76.1+14.4) for
H,0O evaporation and (128.6 =42.2) and (96.5 +12.0) for
HNO3 evaporation for «- and §-NAT, respectively, as dis-
played above. Finally, we arrive at the difference AHSV’D‘ —

YAHSP = —6.0+20.0kJ mol~!, which shows that S-NAT
is marginally more stable than «-NAT. This is true despite
the fact that the standard heat of evaporation for HNO3 in o-
NAT (A HeoV (HNOg)) is significantly larger than for 8-NAT
by 32.1kJmol~!, which may be expressed by the fact that
the calculated “affinity” of HNO3 towards ice in the o-NAT
is larger than for B-NAT as claimed by Weiss et al. (2016).
However, this fact only addresses the behavior of HNOj3
without taking into consideration the partial stability of the
H>0 network in the total crystal structure. In view of the
large uncertainty, mainly brought about by the TO experi-
ment, we regard this result as an estimate to the true standard
enthalpy difference between a- and S-NAT.

The results of HCI kinetic measurements displayed in
Figs. 8 and 9 show that R.,(HCI) is always higher than
Rey(HNO3), with the latter being equal regardless of the
presence of absorbed HC] molecules in the condensed phase.
Hynes et al. (2002) observed that HCl uptake on HNOj3
dosed ice was always nearly reversible in their experiments,
in contrast to HCI uptake on clean ice. Although the same
HNO3 dosed ice surface has been dosed repeatedly at dif-
ferent HCI concentrations by Hynes et al. (2002), the degree
of reversibility was found to be unaffected by previous ex-
periments. In contrast, we never observed such reversibil-
ity. In our experiments, HC] always remained on the sur-
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face, evaporating at a rate only slightly faster than HNO3
both for &-NAT and S-NAT and similarly to Re,(HCI) of
crystalline hexahydrate (Iannarelli and Rossi, 2014). How-
ever, a possible influence of the temperature cannot be ex-
cluded at this time, as the experiments performed by Hynes
et al. (2002) have been performed at distinctly higher tem-
peratures, namely in the range 210-235 K, compared to the
experiments discussed here.

Similar behavior has been observed by Kuhs et al. (2012)
with respect to the presence of cubic ice or “ice I.” in com-
mon hexagonal ice Iy. I is expected to be the prevalent
ice phase at temperatures relevant to atmospheric process-
ing on thermodynamic grounds. Apparent formation of I.
has been observed over a wide temperature range, and evi-
dence pointed towards the fact that the resulting phase is not
pure cubic ice but instead is composed of disordered cubic
and hexagonal stacking sequences. Kuhs et al. (2012) stud-
ied the extent and relevance of the stacking disorder using
both neutron as well as X-ray diffraction as indicators of the
“cubicity” of vapor-deposited ice at temperatures from 175
to 240 K and could simply not find proof for the formation of
cubic ice I, under atmospheric conditions.

Kuhs et al. (2012) discovered that even at temperatures as
high as 210K, the fraction of cubic sequences in vapor de-
posited ice is still approximately 40 %. The rate of decrease
in cubicity depends on the temperature, being very slow at
temperatures lower than 180 K and increasingly rapid at tem-
peratures higher than 185 K. Furthermore, even at high tem-
peratures the complete transformation into pure ice I, was
never observed, with a few percent of cubic stacking se-
quences still remaining in the ice, even after several hours
at 210K, and disappeared only upon heating to 240 K. In
addition, the combination of neutron and X-ray diffraction
experiments of Kuhs et al. (2012) cannot distinguish the dif-
ference between the bulk and the interface, whereas our mea-
surement techniques, in particular PV experiments, are very
sensitive to the nature and properties of the sample interface.

In light of these results we speculate that the presence of
two hydrates of HNO3, namely o-NAT and B-NAT, may de-
pend on the cubicity or stack disorder of the ice upon which
the NAT grows. HNOj3 adsorbed on cubic ice /. tends to form
a-NAT crystalline structures, which upon heating converts to
B-NAT while the ice loses part of its cubicity. The tempera-
ture at which the conversion from «-NAT to 8-NAT is accel-
erated, T = 185K, is the same temperature Kuhs et al. (2012)
report as the temperature at which the rate of decrease in cu-
bicity increases. Our hypothesis is that the formation of a-
NAT or B-NAT may highly depend on the environment in
which the NAT phase grows and on the presence of high or
low fractions of ..

Figure 14 displays both the Arrhenius plots of Jey(HCI) (a)
and the van’t Hoff plots of Peq(HCI) (b) for the interaction of
HCI1 with «-NAT and B-NAT films. As for the case of HNO3,
only TO experiments were performed with HCI as a probe
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Figure 14. Arrhenius plot of Jey(HCI) (a) and van’t Hoff plot of
Peq(HCI) (b) for a-NAT (Fig. 8b and c) and B-NAT (Fig. 9b and c¢)
resulting from PV experiments. Full red circles and black triangles
represent the interaction of HCI with «- and B-NAT films, respec-
tively. The equations for the fitting lines may be found in the text.

gas. Full red circles and black triangles represent the interac-
tion of HCI with «- and B-NAT films, respectively.

The following equations define the corresponding straight
lines resulting from the present measurements. For o-NAT
(Egs. 22 and 23) and B-NAT films (Eqs. 24 and 25) we find
the following results:

a-NAT : log Jey (HCI) [molec cem 27! ]
(78.3 £ 19.2) x 10°

=(34.8+5.3)— (22)
2.303RT
log Peq (HCI) [Torr]
(78.4 + 11.4) x 103
= (15.7+3.2)— (23)

2.303RT
B-NAT : log Joy (HCI) [molec cm ™ 2s” 1]

(56.7 + 4.6) x 103
= (28.6 + 1.3) — 24
( ) 2.303RT @49

log Peq (HCI) [Torr]
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69.6 + 5.8) x 103
— (1334 1.6) -\ ) <107 25)
2303RT

Despite the considerable scatter of the data displayed in
Fig. 14 it may be pointed out that the enthalpy of HCI evapo-
ration is identical for a- and B-NAT within the stated experi-
mental uncertainty; we compare A HO,(HCI) of 78.4 £ 11.4
and 69.6+5.8kJmol~! for a- and B-NAT (Egs. 23 and
25). On the other hand, we have equality, perhaps fortu-
itously, between E¢y(HCIl) and AHéJV(HCl) for «-NAT fol-
lowing Egs. (22) and (23), which leads to the conclusion that
HCI accommodation on «-NAT is not an activated process
with essentially zero activation energy similar to the situation
for HNO3 interacting with S-NAT. On the other hand, this
type of argument would lead to a negative activation energy
for HCI accommodation on 8-NAT because the enthalpy of
evaporation of HCI from S-NAT is smaller than E.,(HCI)
from B-NAT.

However, the kinetic data of Joy(HCI) for 8-NAT may be
affected by saturation of HCl uptake because experiments
have been performed using the PV admission. This situa-
tion may be similar to the kinetic results of Je,(H,O) for 8-
NAT displayed in Fig. 12 that shows a significantly smaller
value for E.,(H20) in PV vs. TO experiments (52.1 vs.
75.5kI mol~!; see also Table 4), whereas the saturation ef-
fect seems not to affect the kinetic data for «-NAT. The
anomalously large experimental uncertainty for HNO3 TO
experiments on o-NAT displayed in Table 4 certainly has to
do with the restricted temperature interval over which we
were able to monitor «-NAT before it converted to S-NAT.
This may be seen in the synoptic overview of the van’t Hoff
plots for HNOj3 interacting with NAT displayed in Fig. S4
of Supplement D. This restricted T range is also visible in
Fig. 13a for Joy(HNO3) from o-NAT.

5 Atmospheric implications and conclusion

In this study we have confirmed that exposure of ice films to
HNO3 vapor pressures at temperatures found in the strato-
sphere leads to formation of NAT hydrates.

Of the two known forms of NAT, namely «-NAT and S-
NAT, the latter is the thermodynamically stable one, whereas
metastable «-NAT is likely to be of lesser importance in the
heterogeneous processes at UT/LS atmospherically relevant
conditions.

Rey(H20) on «-NAT and B-NAT films is very different
compared to the case of HCl/ice where the evaporation of
H,O is not influenced by the presence of adsorbed HCl on the
ice and takes place at a rate characteristic of pure ice. This has
important implications on the lifetime of atmospheric ice par-
ticles. Ice particles with adsorbed HNO3 forming NAT have
longer lifetimes compared to ice particles with adsorbed HCI,
being amorphous or crystalline HClI-6H,O. In light of our
results we raise the question as to whether HCl-containing
ice particles are of significant atmospheric relevance as sub-
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Table 5. Atmospheric lifetimes of various 20 um diameter ice particles at 190 K calculated using the measured absolute rate of HyO evapo-

ration of corresponding ice particles®.

Molecular Evaporation flux Jey(M) Lifetime Dopant dose/ML
system (molecule cm™2 s_l) 6/h (molecular monolayer)
H,0 2.1 x 1016 2.6 pure
HCl /H,0 5.1x 101 10.9 <3ML
1.4 x 1015 39.7 23ML
HBr/H,0 2.1x 1015 26.5 <3ML
«-NAT, /H,O 1.8 x 1013 23.1 pure
B-NAT/H,0 6.0 x 10 69.4 pure

* Conditions: T = 190 K, RH = 80 %, a corresponds to experimentally measured interlayer distance (XRD), @ = 2.5 and 3.35 A for
H,0, HCI-, HBr-H, O and NAT, resp., r = 10 um ice particle, ML for HNO3, HCI, HyO is 6 x 1014, 3 x 1014, 1 x 1015, respectively.

strates for heterogeneous reactions due to their reduced life-
times and concurrent reduced opportunities to enable hetero-
geneous atmospheric reactions such as Reaction (R1).

Jey(H20) on a-NAT presents a discontinuity at 185 K akin
to that observed in pure ice by Delval and Rossi (2004) and
Pratte et al. (2006). The resulting Arrhenius representation at
high temperatures larger than 181 =2 K is

log Jey (H20) [molec cm 25! ]

(75.3 + 9.9) x 103

— (359 + 2.8) —
2303 RT

(26)

Jey(H20) on B-NAT shows two values depending on the
measurement techniques as a result of the propensity of the
PV experiment to saturate the gas-condensate interface. TO
experiments are less precise but more accurate owing to the
fact that they are less prone to saturation compared to PV ex-
periments. Therefore, we report results of TO experiments as
preferred values, whereas we rule out kinetic PV results ow-
ing to possible saturation problems and note in passing that
B-NAT is apparently more prone to saturation than «-NAT.
The Arrhenius representation for the preferred TO results is

TO experiments : log Jey (H20) [molec cm™? s_l]

(77.0 £ 4.9) x 10°
2.303RT

HCI kinetic measurements on «-NAT and B-NAT indi-
cate that HCl does not displace a significant number of
HNO3 molecules from the ice surface upon deposition,
but rather that HCl and HNO3; do not strongly interact
with each other in the condensed phase and that HCI
evaporates faster. This observation is also supported by
the slower rates of evaporation and the correspondingly
higher values of the HNO;3 evaporation activation energy
on a-NAT and B-NAT, E.,(HNO3)=(178.0£27.4) and
(102.0 £ 8.6) kI mol~! (see Table 4), respectively, compared
to the activation energy for HCI evaporation on HCI1-6H; O,
Eoy(HCl) = (87.04 17)kImol~!. This is also consistent

= (36.0 £ 1.3) —

27)
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with a larger calculated interaction energy of HNO3; with
H>O (affinity) in «-NAT compared to B-NAT (Weiss et al.,
2016) despite the fact that AHfO («-NAT) is less stable by
6.0 £20kJ mol~! compared to -NAT.

A look at Table 5 reveals evaporative lifetimes of various
ice particles with respect to H,O evaporation. Equations (26)
and (27) present the rudiments of a very simple layer-by-
layer molecular model used to estimate evaporation lifetimes
(Bor) at atmospheric conditions (Alcala-Jornod et al., 2002;
Chiesa and Rossi, 2013):

brot = (r/a)Nur /Iy
JRH — jmax(| _ RH/100),

(28)
(29)

with r, a, RH and Ny, being the radius of the ice particle,
shell thickness, relative humidity in % and the number of
molecules cm 2 corresponding to one monolayer. JRH and
J2¥ are the evaporation fluxes of H,O at RH and RH=0,
the latter corresponding to the maximum value of Jey, which
we calculate following Eqgs. (2) or (8). The salient feature
of this simple evaporation model is the linear rate of change
of the radius or diameter of the particle, a well and widely
known fact in aerosol physics in which the shrinking or grow-
ing size (diameter) of an aerosol particle is linear with time
if the rate of evaporation is zero order, that is, independent of
a concentration term.

Table 5 lists the evaporation life times that are not de-
fined in terms of an e-folding time when dealing with first-
order processes. In this example the lifetime is the time
span between the cradle and death of the particle; this
means from a given diameter 2r and “death” at 2r =0.
The chosen atmospheric conditions correspond to 190K,
RH =80%, a =2.5 A for HyO and 3.35 A for all other sys-
tems, » = 10 um and estimated values 6 x 104, 3 x 10'* and
1 x 10" molec cm™2 for Ny, of HNO3, HCI and H,O. It is
immediately apparent that there is a large variation of 6 val-
ues for atmospherically relevant conditions, which goes into
the direction of increasing opportunities for heterogeneous
interaction with atmospheric trace gases, even for pure ice
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(PSC type II). Table 5 is concerned with the most volatile
component, namely H,O.

If we now turn our attention to the least volatile compo-
nent such as HNOj3 in 8-NAT we obtain 6ot = 5.1 and 33.9d
for 0 and 85 % HNO3 atmospheric saturation, the former be-
ing the maximum possible evaporation rate for 0 % HNOj3
saturation. The other boundary conditions are 190K, polar
upper tropospheric conditions at 11 km altitude (226.3 mb at
210K), 1ppb HNO3, 10ppm H»O corresponding to 85 %
HNOj saturation. This goes to show that laboratory exper-
iments on gas-condensed phase exchange of lower volatility
components in atmospheric hydrates are fraught with com-
plications. It follows as a corollary that HCI, but especially
HNOj3 contamination of H>O ice, is bound to persist for all
practical atmospheric conditions.

Finally, it is useful to view the outcome of a recent labo-
ratory experiment dealing with the binary HNO3 / H,O sys-
tem monitored using a cryogenic mirror hygrometer (CMH)
(Gao et al., 2016) in light of the present kinetic results. In the
basic experimental setup, the behavior of the sample CMH
exposed to a combined low pressure H,O / HNO3 flow is
compared to the response of a reference CMH that is lo-
cated upstream of the HNO3 source and exposed to the H,O
flow alone, and has been described in detail by Thornberry
et al. (2011). Any increase in scattering of the incident mon-
itoring laser beam owing to growth of the polycrystalline ice
deposit will be counterbalanced by heating of the mirror to
bring back the optical detector signal to a predetermined set
point. The typical experimental sequence in Gao et al. (2016)
starts by establishing pure ice frost layers on both CMH mir-
rors at a stable mixing ratio of < 10 ppm after which a con-
tinuous flow of HNO3 was added such that the flow past the
sample CMH contained 80—100 ppb HNO3.

After typically 1 h, the gradual buildup of a NAT layer on
the CMH was accompanied by a temperature increase of the
sample CMH to settle around the saturation temperature Ty
of NAT at the chosen H,O and HNOs3 flow rate. An increase
of the HyO flow from 6 to 80 ppm led to ice growth on both
mirrors accompanied by an increase of Ty, of NAT adjust-
ing to the new H,O flow rate. Suddenly, the HNO3 flow was
shut off which first led to a rapidly decreasing MS signal
for HNOj3 but ended up in an above background signal cor-
responding to 0.5 to 1.0 ppb HNO3. The temperature of the
sample CMH continued to decrease below Ty, of pure ice
monitored by the reference CMH, suggesting that Peq(H20)
of the condensate had become larger than that of pure ice.
This solid state on the sample CMH was called “second con-
densate”. The low level of HNOs3 continued to react to repet-
itive increases (CMH heating) and decreases (CMH cooling)
of the H>O flow in a reproducible manner, all the while stay-
ing below the level corresponding to Ty, of pure ice on the
reference CMH. These repetitive HyO on—off sequences pro-
vided additional evidence of the continued evaporation of
HNO;3 from the condensate. The response of HNO;3 leav-
ing the condensate undersaturated with respect to NAT is at
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first sight certainly unexpected based on the results displayed
in Figs. 2b and 4b. However, if one considers the relatively
high mirror temperatures ranging between 207 and 213K,
between which the second condensate was cycled by way of
changing the H>O flows, it suddenly becomes conceivable
that Rey(HNO3) becomes equal to Rey(H20) in that tem-
perature range. Linear extrapolation of the absolute rates of
evaporation hints at similar magnitude for temperatures ex-
ceeding 210K B-NAT (Fig. 4). For a-NAT the temperature
at which the evaporation rates of HyO and HNO3; become
equal is even below 200 K owing to a steeper 7' dependence
of Rey(HNO3) in o-NAT (Fig. 2 and Table 4). We conclude
that the observed dynamics of the experiment performed by
Gao et al. (2016) is entirely consistent with the kinetic re-
sults of the present study. However, the results of the Gao et
al. (2016) laboratory experiment would certainly be different
at lower temperatures more representative of the UT/LS.

6 Data availability

Detailed data on the presented results are available in
Diss. ETH Ziirich, no. 21791, 2014, doi:10.3929/ethz-a-
010220598.

In case further additional information is required about
the published data, please contact the first author at ric-
cardo.iannarelli @epfl.ch.

The Supplement related to this article is available online
at doi:10.5194/acp-16-11937-2016-supplement.
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