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Abstract. Chemical processes occurring on snow and icesurfaces are thought to be responsible for the activation and
surfaces play an important role in controlling the oxidative release of reactive halogen species to the gas phase (Simpson
capacity of the overlying atmosphere. However, efforts toet al., 2007; Abbatt et al., 2012). Although the importance of
gain a better, mechanistic understanding of such processesow and ice as (photo)chemical reactors is now recognized,
are impeded by our poor understanding of the chemical naa molecular-level understanding of chemical reactions occur-
ture of the air-ice interface. Here we use glancing-anglering on these substrates is still lacking. This is due, in part, to
laser induced fluorescence in conjunction with harmine — aan inadequate characterization of the surfaces on which air-
surface-active, pH-sensitive fluorescent dye — to investigatéce chemical processes occur. As a result, and in lieu of a bet-
how the nature of the ice, whether frozen freshwater, salt water option, aqueous-phase physical-chemical mechanisms are
ter or seawater, influences pH changes at the surface. Deften used to interpret or model heterogeneous chemistry oc-
position of HCI(g) leads to a very different pH response atcurring on snow and ice substrates (Bock and Jacobi, 2010).
the frozen freshwater surface than at the frozen salt water Accordingly, in keeping with the pH-sensitivity of their
surface indicating that these two surfaces present differenliquid phase counterparts, many reactions occurring on ice
chemical environments. Importantly, the sea ice surface isare thought to be pH-sensitive. For example, a key reaction
buffered against pH changes arising from deposition of gagor bromine activation is the heterogeneous oxidation of sea
phase species. These results have important implications fagalt bromide by hypobromous acid:

understanding pH-sensitive processes occurring at the air-ice _ n
boundary, such as bromine activation. HOBr + Br~ + H™ — Brz + H20 (R1)

The heterogeneous ozonation of bromide leads to the for-
mation of OBr which is in equilibrium with HOBr. Reac-
tion (R1), which consumes one reactive bromine species but
produces two (leading to the ‘bromine explosion’) is acid-
i ) _catalyzed in the aqueous phase (Fickert et al., 1999). Based
Natur_al ice and Show were once C(_)nS|dered to be Che_m'bn this pH-dependence, it has been thought (Fan and Jacob,
cally inert, but a growing body of evidence shows that air- 1992; Morin et al., 2008) that the medium on which bromine

ice chemical interactions can significantly influence the Com'explosion chemistry occurs should achieve a low enough pH
position of the overlying atmosphere (Domine and Shepsonfor this reaction to proceed at an appreciable rate. Similarly,

2002; Grannas et al., 2007; Abbatt et al., 2012). For examplethe photolytic release of HONO from the snowpack (via Re-

the photolysis of snowpack nitrate has been shown to lead tQ tions R2 or R3 followed by Reaction R4) is thought to be
upward fluxes of N@Q (=NO +NG,) and HONO (Grannas proton mediated:

et al., 2007; Honrath et al., 2002; Dibb et al., 2002; Zhou et
al., 2001) and heterogeneous reactions occurring on sea id¢O; + hv — NO; + ocp) (R2)

1 Introduction
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10066 S. N. Wren and D. J. Donaldso: pH at frozen saltwater surfaces

NO3 + oép) — NO; + Oz (R3) the total alkalinity of the brine drops, significantly reducing
the buffering potential, and allowing acid deposition to lower
NO; + H* — HONO (R4) the pH. However, if ikaite (CaC§6H,0) is the form to pre-

cipitate (at~268 K), the total alkalinity of the brine does not
However, some recent kinetic and photochemical measuredrop below its initial value. Recent field studies in both the
ments indicate that reactions occurring at the air-ice interfaceArctic (Dieckmann et al., 2010) and Antarctic (Dieckmann
are not well represented by parameters measured at the aiet al., 2008) have shown that it is ikaite, and not calcite, that
aqueous interface (Kahan et al., 2010b, ¢; Kahan and Donaldsrecipitates in freezing seawater brine.
son, 2010). A better understanding of the pH-sensitivities of In the present study, we use glancing-angle laser-induced
ice surface processes such as bromine activation and snoviluorescence (LIF)(Wren and Donaldson, 2012) to address
pack HONO production is needed. Clearly, this in turn re-two questions concerning pH at the air-ice interface. First,
quires a better knowledge of the local pH where the key reacdoes the nature of the interfacial layer (QLL vs. brine layer)
tions occur. This is difficult to obtain experimentally because affect pH changes at the surface caused by the deposition of
surface pH measurement techniques are lacking, and the bulias phase acid? Wren and Donaldson (2012) showed clear
pH measured upon melting of a sample may not be the samevidence for different pH behaviour following acid deposi-
as that present at the air-ice interface. tion at the frozen vs. liquid freshwater surfaces. And second,
Our ability to measure, predict, or even define, propertiesis there a change in the buffering capacity of seawater at the
such as pH at the ice surface is complicated by the presencair-ice interface upon freezing? Answering these questions
of a disordered interfacial layer there. At temperatures as lowwill provide further insights into the environmental air-ice
as~240K, arelatively pure ice surface is covered by what isinterface and help to constrain models of chemical reactions
commonly referred to as the quasi-liquid layer (QLL): a dis- there.
ordered layer some tens of nanometres thick that has proper-
ties intermediate to that of liquid water and bulk ice (Kahan
et al., 2007; Wei et al., 2002; Li and Somorjai, 2007). The 2 Experimental methods
surface of snow grains within a relatively “clean” snowpack
may be covered by such a genuine QLL. The thickness oR.1 Experiment overview
the liquid-like region is temperature dependent and also in-
creases with increasing concentration of impurities, such agdhree types of frozen surface were investigated in this study:
salts or acids, (Cho et al., 2002; Doppenschmidt and Buttfrozen freshwater (i.e., deionized water), frozen salt water
2000; McNeill et al., 2006), until the system enters a regime(0.5 M NaCl in deionized water) and frozen “0.5 M” artificial
in which a liquid brine layer coexists with pure ice, in ac- seawater (“Instant Ocef dissolved in deionized water).
cordance with multi-component phase equilibria (Kuo et al., Glancing-angle laser-induced fluorescence (LIF) was used in
2011; Koop et al., 2000). Trace acids (e.g., HNGICI or conjunction with a surface-active fluorescent pH indicator
H>SQy) in the atmosphere can be deposited to the snowpacko study pH at these frozen surfaces. Surface-selectivity is
or seaice surface, potentially altering the local pH there. Cur-achieved through the use of a laser beam which impinges the
rently it is not known how the nature of the interfacial layer sample surface at a very shallow, glancing angl8% from
(QLL vs. brine layer) affects the surface pH following depo- the surface normal). This technique, which has been used ex-
sition of trace atmospheric acids. tensively for the study of atmospheric interfaces (Clifford
Critically, it is also not known how or whether the uptake and Donaldson, 2007; Clifford et al., 2007; Mmereki and
of trace acids affects local pH at sea ice surfaces. Seawatddonaldson, 2002; Kahan et al., 2010a), has been shown to
with pH ~8.3 is naturally buffered against pH changes by be sensitive to the upper100 monolayers~50 nm) of an
the carbonate system (i.e., dissolved,CBCO;, and CC§‘ aqueous surface (Kahan et al., 2007). In the present experi-
in equilibrium with atmospheric C§). It is important to de-  ments, we also expect to be probing a narrow interfacial re-
termine whether this buffering is maintained at the frozengion because (a) of the known aqueous phase surface activity
surface since seawater is generally thought to be too alkaef the pH indicator (Clifford and Donaldson, 2007); (b) of the
line to activate bromine via the acid-catalyzed mechanismfact that this class of compounds is thought to be excluded
shown above (R1). Sander et al. (2006) first proposed thato and self-aggregate at the air-ice interface (following ex-
the precipitation of carbonate during the freezing of seawa-clusion during freezing or deposition from the gas phase)
ter could lead to a reduced buffering capacity in the brine,(Heger et al., 2005; Liyana-Arachchi et al., 2011; Kahan and
allowing the pH to drop following acid deposition, thereby Donaldson, 2007) and (c) we are investigating changes due
triggering “bromine explosion” chemistry. However, Morin to deposition of gas phase species to the surface. Here we
et al. (2008), using improved thermodynamic parametersused harmine (7-methoxy-1-methyl-9H-pyrido[3,4-b]indole)
showed that the identity of the calcium carbonate polymorph- a surface-active fluorescent dye whose absorption and flu-
influences the total alkalinity (and thus the pH) of the brine. orescence properties depend on pH (Dias et al., 1996; Balon
In their model, when calcite (CaGPprecipitates at-271 K et al., 1993) — as the pH indicator. This technique was first
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developed for the frozen freshwater surface and has beedeionized water (100mL). The “0.5 M” seawater solu-
described in greater detail in Wren and Donaldson (Wrention was prepared volumetrically by dissolving the same
and Donaldson, 2012). In the present study we extend thignass of Instant Oce$h (Spectrum Brands) in 18 f
method to the study of frozen salt water and frozen sea wadeionized water (100 mL). The composition of the artifi-
ter surfaces. Harmine is particularly suited to this applicationcijal sea salt as reported by Langer et al. (1997) is predom-
since its fluorescence is not readily quenched in the highefnantly: chloride (47.53 wt %), sodium (26.45 wt %), sulfate
ionic strength environments presented by the salt solutions. (6.41 wt %), magnesium (3.19wt %), calcium (1.00 wt %),
potassium (0.952 wt %), bicarbonate (0.356 wt%) and bro-
2.2 Apparatus mide (0.16 wt %). Samples were prepared by spreading 4 mL
of solution onto a stainless steel plate resting on the chamber
The experimental apparatus consisted of a Teflon reactiofigor: the resulting samples had a surface area-8tn?.
chamber outfitted with 2” diameter quartz windows to allow Prior to Samp|e introduction, the chamber was purged with
the laser beam to enter and exit. Side ports allowed gaseg dry N, flow at 0.5 SLPM (Linde, Grade 4.8). Ice samples

to be introduced and ventilated from the chamber. A ||qU|d were frozen from the bottom_up under the dry flow with
light guide was suspended from the top of the chamber anghe floor of the chamber cooled to 263 K.

samples were placed on a piece of stainless steel shimstock
resting on its copper floor below the liquid light guide. The 2.4 Bulk pH measurements
temperature of the coolant flowing through copper coils be-
neath the floor was controlled such that the sample temperarhe bulk pH of the experimental solutions was measured us-
ture was~263 K. ing a commercial pH electrode (Orion Model 520 A) which
Fluorescence at the sample surface was induced using thgas calibrated daily using a three-point calibration (pH 4.01,
frequency-doubled output of an optical parametric oscillator7.00, 10.00). For simplicity, in the text we use the term “ini-
(OPO) (10 Hz~0.4 mJ per pulse) pumped by the frequency- tial pH” to refer to the bulk, pre-freezing solution pH. The
tripled output of a Nd:YAG laser. The laser beam impinged freshwater and salt water solutions were initially slightly
the surface at-85° from the surface normal. Fluorescence acidic (pH ~5.9), as governed by equilibrium with atmo-
was collected by the liquid light guide and imaged onto the spheric CQ while the seawater solution had an initial pH
entrance slit of a 1/4 m monochromator. The emission wasf ~8.1. Initial sample pH was occasionally adjusted using
detected and amplified by a photomultiplier tube and thenNaOH(aq) (prepared from ACP Chemicals, min 97.0 %) or
read out by a digital oscilloscope averaging the fluorescenceiCl(aq) (prepared from Fisher Scientific, 36.5-38.0%). In
decay profile over 64 laser shots. A LabView program run-some cases the final pH of the melted samples was also mea-
ning on a PC sampled a 5 ns time slice from the fluorescenceured using the commercial pH electrode. To do this, the
decay. frozen sample was removed from the chamber immediately
Glancing-angle harmine excitation spectra were acquirechfter the experiment, separated from the stainless steel shim-
by monitoring fluorescence at430nm (near the cation stock, and allowed to meltin a covered beaker. The final bulk

emission maximum) while scanning the excitation wave-pH was obtained in order to gain a rough sense of the total
length in 5nm steps from 260 nm-355nm. The excitationacid or base uptake.

spectra were normalized to 1 at an excitation wavelength of

320nm. Figure la shows examples of spectra acquired i2.5 Introduction of HCI(g) or NH 3(g)

this way. During experiments where the pH was monitored

during deposition of gas-phase species, the ratio of the fluopH decreases at the frozen freshwater vs. frozen salt water
rescence intensities measured following excitation at 290 nnsurface were studied following the deposition of gas phase

and 320 nm (the harmine 290/320 ratio) was recorded (videHClI to the surface. In these experiments, the initial sample

infra). pH was adjusted to be 9. Samples were frozen and then
glancing-angle LIF was used to obtain the harmine 290/320
2.3 Sample preparation ratio. A stable 290/320 ratio was obtained under a 0.5 SLPM

N2(g) flow. This ratio was then followed as a function of

A stock 2.5x 107> M harmine solution was prepared vol- time under a 0.5 SLPM flow of 100 ppmv HCI(g) in(d).
umetrically by dissolving harmine (Aldrich, 98 %) in 18 The same conditions were used in our previous study (Wren
mS2 deionized water. Experimental solutions containing 1.0and Donaldson, 2012), where we calculated th&t10 %

x 107" M harmine were prepared fresh daily by diluting of the total HCI flowed through the chamber was taken up
the stock solution in deionized water (the freshwater sam+y the frozen samples. High gas-phase concentrations were
ples), 0.5MNaCl (the salt water samples) or “0.5 M” In- used in order to obtain an observable response in our exper-
stant Oceaf (the seawater samples). The 0.5M NacCl so- iments over a reasonable period of time. HCl-induced disor-
lution was prepared volumetrically by dissolving sodium dering at the surface is a concern and the HCl-water phase
chloride crystals (ACP Chemicals, min 99.0%) in 18m diagram (Molina, 1994) does indicate that at equilibrium a
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liquid phase should be present for HCI vapour pressures uset” 2.5 4
in the experiments. However, although very slight surface 5
melting may occur in these experiments, based on measure< 20 |
ments of acridine’s fluorescence lifetime (Wren and Donald-
son, 2012) which differ for liquid and frozen environments,
we do not believe a liquid layer forms under our conditions.
A similar approach was used to investigate pH increases

1.0 Ca )
: : S N4 % \\’“\
experiments, the initial salt water pH was adjusted to bring 5 05 | e NN

it close to the seawater pH-8.1) and the artificial seawa-
ter pH was not adjusted (pH8.1). Gas phase ammonia was
delivered to the chamber by passing a 50 SCCM flow of dry
N2(g) through a round-bottom flask containing a 12.75 wt %
NH3z(aq) solution kept at 253 K. Because the solution froze,
we cannot properly calculate an ammonia partial pressure
from the parameters of Clegg and Brimblecombe (1989).
Had the solution remained liquid, the ammonia partial pres- ®
sure is estimated to be70 Pa 20
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3 Results and discussion

3.1 Harmine as a pH indicator at the frozen salt water
surface

®
Ca . @
1 ’A:.o.o"

290 nm /320 nm Intensity Ratio

>p>

In the ground state, the pyridinic nitrogen on neutral harmine
can accept a proton to form a cation (with reported pK.7

at 298K (Balon et al., 1993)). Both the neutral and cationic H g B 1% i
forms absorb in the UV with absorption maxima~&00 nm
and~320 nm for the neutral and cationic forms, respectively.
Following excitation in the UV, the harmine cation fluo- Fig. 1. (&) Harmine excitation spectra acquired at the frozen fresh-
resces strongly at400 nm while neutral harmine fluoresces Water surface (red traces) and at the frozen salt water (0.5 M NaCl)
more weakly at-350 nm. Previously (Wren and Donaldson, surface (green traces) for strongly bgsic pre-freezing498 (solid
2012), we showed that for the frozen freshwater surface, th&/ces) and near-neutral pre-freezing pH (dashed traces). Spec-
shape of harmine’s excitation spectrum (i.e., the spectrurﬁra were collected by scanning the excitation wavelength in 5nm

. . . steps while monitoring harmine fluorescence~d30 nm.(b) The
obtained by monitoring harmine fluorescence~a30 nm harmine 290/320 intensity ratio measured at the frozen freshwater

while s<_:an_ning the Qxcitation Wavelength_ over the neutralg, tace (red circles) and at the frozen salt water (0.5 M NaCl) sur-
and cationic absorptions) reflects the relative abundances Gfice (green triangles) as a function of pre-freezing pH. Initial pre-
the two Species. This is illustrated in Flg 1la, which ShOWSfreezing pH was adjusted with NaOH(aq) or HCI(aq) and measured
harmine excitation spectra acquired at the frozen freshwatewith a commercial pH electrode.

surface: as the initial solution pH is increased from neutral

(dashed red line) to strongly basic (solid red line), the peak

maximum shifts from~320 nm to~290 nm. In this study Previously (Wren and Donaldson, 2012) we reported that
we used harmine to study frozen salt water/sea water surthe ratio of harmine’s fluorescence intensity following ex-
faces for the first time. Also shown on Fig. 1a are harminecitation at 290 nm to that following excitation at 320 nm
excitation spectra acquired at the frozen salt water surfac¢hereinafter the harmine 290/320 ratio) provides a useful pa-
for near-neutral (dashed green line) and strongly basic (solidameter for studying pH at the frozen freshwater surface.
green line) initial pH’s. Figure la illustrates that the exci- The harmine 290/320 ratios are plotted as a function of pre-
tation spectra acquired at the frozen salt water surface ar&eezing pH for frozen freshwater and frozen salt water sam-
similar to those acquired at the frozen freshwater surface foples in Fig. 1b. The pre-freezing pH of each sample was
similar initial pH values. In particular, the locations of the adjusted with either HCI(aq) or NaOH(aq) as required. Fig-
neutral and cation absorptions are not influenced by the difure 1b shows that the harmine 290/320 ratio obtained at the
ferent environments presented by the frozen salt water vsice surface using glancing-angle LIF (a) increases monotoni-
frozen fresh water surfaces (e.g., by higher ionic strength orcally with an increase in pH for pre-freezing pH value8.5;
greater liquid layer fraction at the air-ice interface). and (b) is the same at the frozen freshwater vs. frozen salt

Pre-freezing pH
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Fig. 2. Harmine fluorescence intensity (in arbitrary units) measured ~ 0.6 1 & A
at 430 nm following excitation at 320 nm plotted as a function of
time relative to the freezing of a freshwater sample (red circles, left

axis), salt water (0.5 M NaCl) sample (green triangles, inner right 4 45 5 kA 75
axis) and artificial seawater sample (blue squares, outer right axis). Time (min)
Fig. 3. The harmine 290/320 intensity ratio measured at the
water surface. The good agreement gives us confidence thébzen freshwater surface (red circles) and at the frozen salt wa-
harmine can be similarly used to study pH changes at theer (0.5 M NaCl) surface (green triangles) as a function of time. The
frozen salt water surface. dashed line indicates the time=£ 0) at which a 0.5 SLPM flow
As reported in Wren and Donaldson (2012), and illustratedof 100 ppm of HCI in ¥ was introduced to the chamber. The pre-
by the red symbols in Fig. 2, the freezing of freshwater sam-réézing pH of the samples was adjusted with NaOH(aq) to a pH
ples is accompanied by a marked decrease in the harmine f|L%,:9'|8' TTegn"?_" mfel:]ed p'l" ofthe freSh"I"ater Sampsle wasand the
orescence intensity (by50 % or more). We have noted such inal melted pH of the salt water sample was pi.5.
fluorescence quenching previously, for other probe com-

pounds present at frozen interfaces (Wren and Donaldson, ) . ]
2012). However, as illustrated by the blue and green Symbo|§reshwater, the high harmine 290/320 ratio measured at the

in Fig. 2, freezing salt water and seawater samples does né&nd of the experiment is not consistent with the low pH mea-
result in a decrease in overall fluorescence intensity. IndeedgUréd upon melting the sample. Since (a) the solubility of
a slight increase in harmine fluorescence intensityq %) is HCI in single crystal ice is low (Hanson and Mauersberger,
observed upon freezing. The lack of quenching on the frozen-990) and (b) the diffusion of HCI within single crystal ice

salt water surface is suggestive of a more liquid-like environ-has been shown to be very slow (Thibert and Domine, 1997),

ment there, in accord with thermodynamic models (Koop etit is unlikely that the deposited HCl is incorporated into the
al., 2000). bulk ice matrix. We have previously suggested (Wren and

Donaldson, 2012) that the deposited HCI may migrate away
3.2 pH changes at the frozen freshwater vs. frozen salt ~ from the ice surface along grain boundaries in the ice. Migra-
water surface tion of HCI along grain boundaries has also been inferred in
other studies (Wolff et al., 1989; Molina et al., 1987). An-
First we report on changes in surface pH due to the depoether possibility may be that HCI remains in a molecular
sition of gas-phase HCI to frozen freshwater vs. frozen saltform at the surface. A few groups have shown that molecular
water surfaces. Figure 3 shows the harmine 290/320 ratio aand ionic HCI can coexist on ice surfaces at very low temper-
a function of time relative to the introduction of HCI(g). The atures & 150 K)(Delzeit et al., 1993; Kang et al., 2000; Park
results obtained at the frozen freshwater surface are showand Kang, 2005; Parent and Laffon, 2005). However, it is not
as red circles and at the frozen salt water surface as greewell known how the decreased water availability in the QLL
triangles. The initial pH of both samples wa® and the fi-  may affect dissolution and dissociation of HCI there.
nal melted pH of the samples was3. Although a similar In contrast to the frozen freshwater result, the green sym-
amount of HCI(g) was delivered to each sample ibuk bols in Fig. 3 illustrate that when HCI(g) is deposited to the
sense, the pH response at thaface as inferred from the  frozen salt water surface the harmine 290/320 ratio decreases
harmine 290/320 ratio, was very different. much more rapidly, indicating a lowering in surface pH (c.f.
The red symbols in Fig. 3 show that deposition of HCI(g) Fig. 1b). This is consistent with acid dissolution at a liquid
to the frozen freshwater surface results in a very slow (or no)rine surface, which is expected thermodynamically to be
decrease in the harmine 290/320 ratio, which we interprefpresent for the frozen salt solution and which is also inferred
as a very slow decrease in the surface pH. The same resuitom the fluorescence intensity results presented above.
— obtained using acridine as a pH indicator — is reported in Several studies point to the presence of brine layers at the
Wren and Donaldson (2012) where the possible reasons argurface of frozen salt solutions. Koop et al. (2000) showed
discussed in detail. In the case of HCI(g) deposition to frozenthat frozen NaCl and NaBr mixtures would be partially liquid
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10070 S. N. Wren and D. J. Donaldso: pH at frozen saltwater surfaces

down to~230K. Cho et al. (2002) used NMR line widthsto  Figure 4 shows the harmine 290/320 ratio measured at the
show that a liquid brine coexists with solid ice for salt solu- frozen salt water surface (green symbols) and at the frozen
tions at sub-eutectic temperatures. They found that the sysseawater surface (blue symbols), as a function of time rela-
tem could be well described using an equilibrium thermody-tive to the introduction of NK(g). First, it should be noted
namic approach. Using their formulation for the liquid brine that the harmine 290/320 ratio measured at the frozen sea-
fraction, which is based on freezing-point depression, we eswater surface prior to Nk{(g) deposition is consistent with
timate a total liquid brine fraction on the order of10% a surface pH~8.1 (i.e., unchanged with respect to the pre-
for a 0.5 M NacCl solution at 263 K. For a4 mL sample, freezing pH). This result is consistent with a previous study
with surface area-6 cn?, this translates to a maximum brine in which we demonstrated that freezing of water samples
thickness of roughly 60 pum, assuming all the liquid is presentdoped with trace amounts of acid or base leaves the surface
exclusively at the air-ice interface (although the samples inpH largely unchanged with respect to the pre-freezing pH
this study did not have the visual appearance of being ‘wet’).(Wren and Donaldson, 2012). However, since harmine’s use-
Noting that this represents an extreme upper limit to the brindulness as a pH indicator is limited to the pH 8-10 region,
layer thickness, the fact that the frozen salt water surface rea large acidification of the surface upon freezing would be
sponds to the deposition of HCI(g) as if it were a liquid is not impossible to detect.
necessarily surprising. By contrast, a pure ice surface near Deposition of NH(g) to the frozen salt water surface gives
the freezing temperature, is thought to be covered by a QLLrise to an increase in the harmine 290/320 ratio, indicative of
which is much thinner (10s of nm)(Li and Somorjai, 2007). an increase in surface pH. This result is expected given the
As noted above, the properties of this interface are often quit®bservations reported above which indicated that the frozen
different from those of a true liquid surface. salt water surface is covered by a brine layer which behaves
Recently, Kahan et al. (2010a) studied the kinetics ofmuch like a liquid surface. The final melted pH of the salt
harmine photolysis at the frozen freshwater surface vswater sample was- 10 and the high final 290/320 ratio re-
frozen salt water surface and found that at pre-freezing salflects this strongly basic pH. However, under the same ex-
concentrations greater than 0.1 M, the photolysis kineticsperimental conditions, the harmine 290/320 ratio increases
were well described by the aqueous-surface kinetics but amuch more slowly, if at all, at the frozen seawater surface.
the ‘pure’ ice surface the photolysis rate was significantly The molality of the salt in the seawater solution was the same
enhanced over its liquid value. Such a rate enhancement hass that of the salt water solution and thus at the experimen-
also been observed for other aromatics (Kahan and Donaldal temperature of 263 K, the liquid layer fractions of the two
son, 2007). The authors concluded that by increasing the saltubstrates should have been very similar. As with freezing
concentration, the brine fraction at the surface was increasetlaCl solutions, there was no decrease in fluorescence in-
until the frozen salt water surface behaved like a true lig-tensity on freezing of seawater (see Fig. 2), consistent with
uid solution. Together with the present results, these resultsur interpretation of a more liquid-like layer on both higher
indicate that (a) the frozen freshwater and frozen salt wateionic strength substrates. The difference in the pH response is
surfaces are fundamentally different and that (b) the frozertherefore not explained by a difference in liquid layer fraction
salt water surface provides a chemical environment muctas it was for the freshwater ice. Rather, the results suggest
like that of a liquid surface, consistent with its greater pre-that the frozen seawater surface is resistant to pH changes,
dicted liquid fraction. likely due to the brine present at the interface maintaining its
buffering capacity.
3.3 pH changes at the frozen salt water vs. frozen

seawater surface
4 Atmospheric implications

Now we address the question of whether the frozen seawater
surface is buffered against pH changes. Because the senddue to the high salinity of seawater (ca. 30%30g of
tivity of harmine towards pH changes is greatest in the pHsalt per kg of solution), at temperatures above the eutectic,
8-10 region (as shown in F|g ]_b)’ in these experiments Wéhe frozen surfaces on which halide activation Chemistry is
monitored increases in surface pH due to the deposition ofXpected to occur (sea ice, frost flowers, saline snow etc.)
gas-phase Ng{g). The initial pH of the salt water solution are thought to be wetted by a liquid brine layer (Abbatt
was adjusted using NaOH(aq) to bring it close to the initial €t al., 2012). Depending on the processes that accompany
pH of the artificial seawater~8.1). The experimental ap- freezing, brine salinities may exceed 100 %o(e.g., on frost
proach was the same as that described above except that flpwers)(Alvarez-Aviles et al., 2008). On the other hand, the
this case NH(g) was introduced to the chamber. The exper- surface of snow grains within a relatively ‘clean’ snowpack
iment was also performed on room temperature liquid saltmay be covered by a more genuine QLL. The present work
water and seawater samples; as expected, buffering by liqui#as shown that deposition of trace atmospheric acids to dif-
seawater was observed in these experiments. ferent frozen substrates may affect the surface pH quite dif-
ferently.
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20 1 study which shows that precipitation of ikaite does not lead
v to a reduction in total brine alkalinity (Morin et al., 2008).
v Given that brine alkalinity may not be reduced upon freez-
ing, the “low pH requirement” of bromine activation may be
VoV oV overstated.
w ° Indeed, as mentioned briefly above, laboratory studies of
v o@ooo bromide activation on frozen surfaces (by oxidants HOBI,
OH and Q) indicate that although the chemistry is acceler-
v %QO ated at low pH, it is still operative at neutral or even basic pH
LI 3 values. For example, Adams et al. (2002) studied the uptake
v Y vv. N J and reaction of HOBr on frozen NaCl/NaBr and found that
el ® %o OV BOO. the product yields were independent of pre-freezing pH be-
02 . ; ; ; ; , tween pH 4-10. Sjostedt and Abbatt (2008) studied the het-
=0 20 0 & 18 2 20 erogeneous oxidation of frozen salt solutions by OH(g) and
Time /min found that halogens were released from neutral samples, al-

Fig. 4. The harmine 290/320 intensity ratio measured at the frozenthough to a lesser extent than from acidic samples. Finally,
salt water surface (green symbols) and at the frozen artificial seawaOldridge and Abbatt (2011) and Wren et al. (2010) have also
ter (blue symbols) surface as a function of time. The dashed line inobserved evidence for bromine release due to the heteroge-
dicates the timer(= 0) at which a 50 sccm flow of pNpassing over  neous ozonation of frozen salt solutions at ambient pH. Thus,
a 12.75wt% NHOH(aq) solution held at 253 K was introduced there is a growing consensus that low pH may not be a strong
to the chamber. The pre-freezing pH of the salt water samples wagriterion for halogen activation (Abbatt et al., 2012). Gaining
adjusted with NaOH(aq) to a pH8.1, to be the same as the equi- 3 petter understanding of surface parameters such as pH will

librium pre-freezing pH of the seawater samples. The final meltedy,q|5 15 elucidate the mechanism and the important substrate
pH of the salt water samples wasl0 while the final melted pH of characteristics of bromine activation.

the seawater samples wadl0. The different shapes of the symbols
represent two separate trials.

0.8 +

290 nm/320 nm Intensity Ratio

0.6

5 Conclusion

In summary, we studied pH changes at frozen freshwa-
. . . - .7~ ter, frozen salt water and frozen seawater surfaces using a
tion of the pH at surfaces important for bromine activation. " .
X . . i . . " surface-sensitive spectroscopic approach. At the frozen salt
As mentioned in the introduction, a key reaction for bromine . o
activation (Reaction R1), is acid-catalyzed in the aqueousw.alter surface, changes in surface PH dl.Jeto the depos!tlon of
' either HCI(g) or NH(g) could be rationalized on the basis of

Eggffni(l::r:li;tsezi zl., ;glg\?v).pi:)isidhgg tg]ézr:et?]létzrr?te?gg% brine layer at the air-ice interface which behaved like a true

and Jacob, 1992; Morin et al., 2008) that the medium onIIquId Ia_1y¢r. Chapges n F.)H gt the frozen freshwfa\ter surfa,ce
: . . ! were distinctly different, indicating that when a ‘true QLL
which bromine explosion chemistry occurs must have a low_ . . oo :
exists, it may not be appropriate to describe it as a cold, lig-

pH for this reaction to proceed at an appreciable rate. De_uid layer. In the cryosphere, impurity levels and temperature
spite this expectation, a few laboratory studies have show yer. yosp , IMp P

that the heterogeneous ozonation of frozen seawater (Oum Zttwo factors which should affect the liquid-layer fraction) can

al., 1998)or frozen saltwater solutions (Oldridge and Abbatt,vary widely, so care should be taken in ascribing a univer-

2011; Wren et al., 2010) still leads to bromine production atSal surface pH. We also show, for the.flrst time experimen-
. tally, that the frozen seawater surface is buffered against pH
ambient (neutral) pH.

) . changes. This work has significant implications for under-

The various surfaces which have been proposed for ; . : .
) L . ) . . standing and interpreting pH-dependent processes occurring

bromine activation chemistry — first-year sea ice, brines on” . A ) . .

: : on ice surfaces, such as “bromine explosion” chemistry.

sea ice, frost flowers, saline snow and sea-salt aerosol — de-

rive their salinity from seawater, which is naturally alkaline.

The results presented above indicate that the frozen seawat@tynowledgementsThe authors thank NSERC for funding. SNW

surface (a) likely maintains its slightly basic pH and (b) is thanks NSERC for the award of a PGS-D scholarship.

resistant to changes in surface pH due to deposition of gas

phase species. These results strongly suggest that the buffegdited by: R. McLaren

ing capacity at the sea-ice interface is maintained upon freez-

ing. This observed buffering at the frozen sea water surface

is consistent with field studies which show that ikaite is the

dominant form of carbonate to precipitate from freezing sea-

water (Dieckmann et al., 2008, 2010) and also a modelling

Of particular interest to the air-ice community is the ques-
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