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Abstract. The ice nucleation characteristics of montmoril- 1 Introduction

lonite mineral dust aerosols with and without exposure to

ammonia gas were measured at different atmospheric temAtmospheric aerosols are important for the direct climate
peratures and relative humidities with a continuous flow dif- forcing due to their effects on scattering and absorption
fusion chamber. The montmorillonite particles were exposedof solar radiation (Ramaswamy, 2001). Aerosol particles
to pure (100%) and diluted ammonia gas (25 ppm) at roomcan modify the radiative properties of clouds by acting as
temperature in a stainless steel chamber. There was no signiéloud condensation nuclei (CCN) and ice nuclei (IN) (Ra-
icant change in the mineral dust particle size distribution duemanathan et al., 2001; Pruppacher and Klett, 1997; Twomey,
to the ammonia gas exposure. 100% pure ammonia gas expa974). Understanding atmospheric ice formation processes
sure enhanced the ice nucleating fraction of montmorilloniteis important in predicting precipitation and cloud radiative
mineral dust particles 3 to 8 times at 90% relative humidity properties, both major concerns related to the uncertainties
with respect to water (RHw) and 5 to 8 times at 100% RHw in contemporary climate change (Bailey and Hallett, 2002;
for 120 min exposure time compared to unexposed montmot.ohmann et al., 2000). Ice particle formation in the atmo-
rillonite within our experimental conditions. The percent- sphere is usually inefficient since there are relatively few
ages of active ice nuclei were 2 to 8 times higher at 90%natural ice nuclei especially at temperatures abe2&°C
RHw and 2 to 7 times higher at 100% RHw in 25 ppm ammo- (e.g. Schaller and Fukuta, 1979). Heterogeneous ice nucle-
nia exposed montmorillonite compared to unexposed montation involving atmospheric aerosols is the first step in the
morillonite. All montmorillonite particles are more efficient formation of ice crystals in supercooled liquid water clouds
as ice nuclei with increasing relative humidities and decreas{Hobbs, 1974). This paper presents experimental results
ing temperatures. The activation temperature of montmoril-where the ice nucleation occurs either in the deposition or
lonite exposed to 100% pure ammonia wasd&igher than  condensation freezing mode.

for unexposed montmorillonite particles at 90% RHw. In  Heterogeneous ice nucleation in the atmosphere with nat-
the 25 ppm ammonia exposed montmorillonite experimentsyra| dust particles were reported in recent field studies (e.g.
the activation temperature was’Dwarmer than unexposed pemott et al., 2003; Sassen et al., 2003; Sassen, 2005). At-
montmorillonite at 90% RHw. Degassing does not reversemospheric dust aerosols can contribute to ice nucleation at
the ice nucleating ability of ammonia exposed montmoril- |arge distances from the source (Demott et al., 2003). Labo-
lonite mineral dust particles suggesting that the ammonia isatory studies have also indicated good ice nucleating prop-
Chemica”y bound to the montmori”onite particle. ThIS iS the erties associated W|th some types of dust aeroso's in the at-
first experimental evidence that ammonia gas exposed moninosphere (Isono et al., 1959; Field et al., 2006; Kanji and
morillonite mineral dust particles can enhance its activationappatt, 2006; Knopf and Koop, 2006), especially clay min-
as ice nuclei and that the activation can occur at temperaturesyg|s (Zuberi et al., 2002; Roberts and Hallett, 1968) and
warmer than —10C where natural atmospheric ice nuclei are many of the metal oxide components of dust (Hung et al.,
very scarce. 2003). Kanji and Abbatt (2006) studied the ice nucleation
of mineral dusts and n-hexane soot particles in the deposi-
tion nucleation mode. The deposition mode was found to
Correspondence toA. Salam be efficient for ice formation on mineral dust particles, but
(asalam@mathstat.dal.ca) not so efficient for the n-hexane soot particles (Kanji and
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Abbatt, 2006). However, montmorillonite is frequently used into the chamber with occasional stirring so that ammonia

as a surrogate for atmospheric dust particles in laboratorngexposure would be uniform on the dust particles for different

experiments because it is considered one of the main comexposure times varying from 0 to 2.5h for 100% ammonia

ponents of ice nucleating tropospheric mineral dust in theand from 0 to 70 h for 25 ppm ammonia.

submicron range (Lohmann and Diehl, 2006; Schaller and

Fukuta, 1979; Kumai, 1961; Kumai and Francis, 1962). In2.2 Degassing experiment

studies with a continuous flow diffusion chamber of mont-

morillonite (Salam et al., 2006) and in a large cloud chamberAmmonia exposed montmorillonite mineral dust particles

of Sahara, Asian and Arizona test dustdMer et al., 2006), were degassed at room temperature under a vacuum pressure

it was found that these mineral dust particles act as effectiveof 1.3x 10~* atmospheres. About 2.0 g of ammonia exposed

ice nuclei in deposition and condensation nucleation modesmontmorillonite dust particles were placed in an aluminum
Chemical and physical interactions can take place betweegontainer which was placed into a vacuum jar and maintained

atmospheric trace gases and aerosol particles which may p@&t vacuum for about 24 h. The degassed montmorillonite was

tentially change their ice activation properties (Dymarska etused in FT-IR analyses and also for ice nucleation experi-

al., 2006; Dontsova et al., 2005; Umann et al., 2005; Rus-sments.

sell, 1965). Ammonia is one such trace gas that is produced

mainly from anthropogenic sources. In a recent study the in2.3 Aerosol surface characteristics

teraction of mineral dust particles with gaseous nitric acid,

sulfur dioxide and ozone were investigated (Umann et al.,The Fourier transform infrared spectra (FT-IR) using the

2005). Gaseous nitric acid and ozone were adsorbed on thgotassium bromide (KBr) pressed disk technique (e.g.

mineral dust surface, whereas no interaction was observefdgloza and Malhotra, 1989) was conducted using a Bruker

between sulfur dioxide and mineral dust aerosols (UmanrFT-IR spectrometer (Model Vector 22). About 1.0 mg min-

et al., 2005). Knopf and Koop (2006) also studied the het-eral dust and 100 mg KBr were weighted and ground in

erogeneous ice nucleation behavior of pure and sulfuric acichn agate mortar prior to pellet making under a load of

coated Arizona test dust (ATD) particles. Pure and sulfu-1.0x10%kg of pressure for 2min. The pellet was trans-

ric acid coated ATD particles nucleated ice at considerablyferred into the sample holder and the FT-IR spectra were

lower relative humidities than required for homogeneous icemeasured at room temperature over a wave number range of

nucleation in liquid aerosols, but no significant difference 500-4000 cmt.

was observed in the ice nucleation ability between pure and

sulfuric acid coated ATD particles (Knopf and Koop, 2006). 2.4 Aerosol generation and impaction

Dymarska et al. (2006) studied the ice nucleation of soot

that was exposed to ozone and found no significant effeciThe montmorillonite mineral dust particles were placed into

of ozone. However, the ice nucleating behavior of mineralthe aerosol generator of the CFDC. The aerosol generator is

dust aerosols due to exposure to ammonia gas has not beem airtight reservoir with a vibrating membrane at its base

studied until now. (Salam et al., 2006). The reservoir consists of an aluminum
In this paper we study the ice nucleation characteristics ofcontainer with a thin, conductive Mylar bottom. The My-

ammonia exposed versus non-exposed montmorillonite mintar bottom is held in place with an aluminum collar with

eral dust aerosols at temperatures betwe8tC and—35°C ~ an o-ring seal, and is vibrated using a 40 W¢Agpeaker.

at different relative humidity conditions with the Continuous The speaker is driven at 5V using a square wave generator

Flow Diffusion Chamber (CFDC) at Dalhousie University, at 1000Hz. The aerosol particles levitated by the genera-

Canada. tor were introduced to the flow entering the diffusion cham-

ber. Before entering the chamber the aerosol particles passed
through an inertial impactor (Salam et al., 2006; Marple and

2 Experimental methods Willeke, 1976) to remove particles5u m allowing only
montmorillonite mineral dust particles=5u m to enter the
2.1 Aerosol aging CFDC.

A stainless steel cylindrical chamber (45 cm long with a di- 2.5 Continuous Flow Diffusion Chamber (CFDC) System
ameter of 20 cm) was used to hold the mineral dust particles

while being aged in the presence of ammonia gas. AboufThe ice nucleation experiments were carried out with the
five grams of montmorillonite K10 (Sigma-Aldrich, Powder) Dalhousie University CFDC (Salam et al., 2006). The CFDC
mineral dust particles were placed into the bottom of the(Fig. 1) is a vertically oriented flow chamber consisting of
cylindrical chamber for each aging session. Ammonia gagwo concentric circular copper cylinders. The length of the
(100% pure, or 25 ppm diluted inJ\gas), with a pressure chamber is 161 cm, the top 123 cm is cooled while the bot-
of 0.5 atmospheres at room temperature was allowed to pagem 38 cm has no active cooling. The region without cooling
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Fig. 1. Schematic Diagram of the Continuous Flow Diffusion Chamber (CFDC) at Dalhousie University, Canada. Arrows indicate the airflow
in the CFDC system. EWLDT = External Water Level Detection Tube, WT = Water Tank, WP = Water Pump, DR = Drierite holder, F =
Inline Filter, FM = Flow Meter, PD = Pulse Dampeners, AP = Air Pump, IM = Impactor, and HD = Computer Hard Disk.

is needed to evaporate any water droplets that might have p&.6 Detection of ice crystals

tentially formed and could be misinterpreted as ice crystals

by the particle counter at the exit of the CFDC. The annular

gap between the two cylinders, in which the ice crystals grow,Aerosol particles<5 um in diameter produced by the aerosol

is 0.45 cm and this results in a Reynolds Number of about 209€enerator were injected into the center of the gap near the lo-
indicative of laminar flow in the annulus gap. Prior to each cation of the maximum supersaturation. Ice crystals were
experiment the annulus gap of the chamber was flooded witi@ctivated, grew in the chamber while being carried by the
water for about 2's in order to freeze a thin film of ice on the air stream and were identified with a MetOne (Model 278B)
inside walls. During the experiment the two walls are held optical particle counter at the outlet of the CFDC (Salam et
at two different temperatures at ice saturation which by theal., 2006). The flow rate of the MetOne particle counter is
diffusion of heat and water vapor creates a steady-state supe#-83 L/min, which is exactly same as our chamber flow (sum
saturation with respect to ice near the center of the annulu§f aerosol flow and two sheath flows). The MetOne particle
gap through which the aerosols are carried and, if activatedcounter can measure particles with sizes from 0.3 tp20

will grow by water vapor deposition to ice crystals. The air Using 6 size bins (0.3-0.5, 0.5-0.7, 0.7-1, 1-2, 2-5 and 5-
stream containing the aerosols is surrounded by two clea?Oum). In this study we used the 5—20n size bin for the
sheath air streams, which confine the aerosols to the center d§€ crystal number concentrations measurements. An aero-
the annulus gap where the ice supersaturation conditions exdynamic particle sizer (APS), TSI 3321 was used to verify
ist. Typical operating conditions of the chamber are temper-the accuracy of MetOne particle counter (Model 278B). The
atures betweer-2°C and —45°C; temperature differences total number concentrations of montmorillonite mineral dust
between the two walls of'@ to 20°C; supersaturation with particles when measured with both MetOne and APS, agreed
respect to water (SSw)30% to+10%; supersaturation with within 5% of the number concentration for the same size
respect to ice (SSi) 0% t®50%; total air flow 2.83 liters per ~ range. Since the impactor at the input to the CFDC nearly re-
min (Ipm) and the residence time for the aerosol particles inmoves all aerosol particles5 .m (a noise level of 0.03% re-
the actively cooled portion of the chamber is 20's. Furthermains as shown below) we can assume, after performing the

details of the CFDC can be found in Salam et al. (2006). quality controls described in the next subsection, that all par-
ticles >5 um detected by the MetOne are ice crystals. The

detected ice nuclei fraction (KG/APS.s5) was calculated
from the ratio of the total number of ice crystal$ um de-
tected by the MetOne during the growth experiment.dC
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10000.00 £ tween aerosol and ice particles below and so we had to
; o Before Aging use particles greater thanun as the criterion for ice parti-
®  After Aging cles. Hence we are unable to report the total ice nucleation
— - =Noise Level rate, but rather report the ice nucleation percentage based on
the ratio of ice crystals that grew to sizes beyondto the
----- e - — - - pre-nucleation particle concentration.

Ij To rule out the possibility of hygroscopic growth by
the aerosol particles within the CFDC it was checked
whether montmorillonite adsorbed enough water vapor to
grow >5um. The test was done by setting the temperature
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i3 of both ice-covered walls of the chamber+@°C. The rel-
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000 L— e e oy atively warm temperature of2°C was chosen to get very
0 1 10 1o Close to water saturation conditions (98.1% RHw) in the
Aerodynamic Diameter (1m) chamber. The detected ice crystal fraction ($APS_5)

was only 0.04% at the outlet of the chamber, which is within
Fig. 2. Aerosol particle size distributions of montmorillonite min-  the noise level as determined by the blank as well as the
eral dust beforg and after aging with ammonig gasas measured witgry experiments. Blank experiments were carried out with
an Aerodynamic Particle Sizer (TSI 3321) exiting the aerosol gen-y5 montmorillonite aerosol particles input into the cham-

eration of the CFDC. The dashed line indicates the noise level of t_heber. Dry experiments were carried out with montmorillonite
measurements determined from the average number concentrations

o Co ; aerosol particles passing through the CFDC flows but there
of blank (no montmorillonite particle input into the chamber flow) . . .
and dry (montmorillonite particle input in the chamber flow but no WaS. no ice CO"’,‘tmg on the chamb.er walls. We aL’T‘;o carried
ice coating on the chamber walls) experiments. The vertical barfut Ice _nUC|eat|0n expenmentg using water vapor instead of
are the error bars equal to the standard deviation of the 20 sampledMmonia to age the montmorillonite dust aerosols. The per-
(duration of each sample is 60's). centage of the detected ice nuclei of montmorillonite dust
aerosols due to the exposure to water vapor for 24 h instead of
ammonia gas was 1.02% at 90% RHw-a0°C. However,
to the average of the total number of aerosol partielBgm the percentages of detected ice nuclei of water vapor exposed
(APS_5) measured before and after each ice nucleation exmontmorillonite were similar to that of the pure montmoril-

periment. lonite, which indicates that water vapor exposure alone has
no significant effect on the ice nucleation ability of the mont-
2.7 Quality control of the CFDC measurements morillonite dust aerosol particles.

All experiments used filtered and dried air for both the sheath

and aerosol flows. An ULPA air filter preceded by a HEPA 3 Results and discussion

air filter removed 99.97% of the ambient aerose®1.m.

The air streams were dried down to a dew pointaf3*C 3.1 Aerosol size distributions

with anhydrous calcium sulfate Drierite (W. A. Hammond

Drierite Co). To check the presence of any ice particle ar-The initial size distributions of the mineral dust aerosol par-

tifacts both blank and dry experiments were conducted. Inticles before injection into the CFDC were determined with

a blank experiment no aerosol particles are input into thean aerodynamic particle sizer (APS), Model TSI 3321 (Peters

chamber flow but the chamber walls are coated with ice. Inand Leith, 2003) both with and without ammonia exposure

a dry experiment aerosol particles are input into the chambe(Fig. 2). The TSI APS is widely used for aerosol measure-

but there is no ice coating on the chamber walls. Before runments and provides accurate size distributions (Peters and

ning any blank experiment we passed dried and filtered aitLeith, 2003). The size range of the APS is from 0.5 tq.20

into the CFDC for about eight hours to remove all particlesin diameter. The resolution of the APS is 0,0 at 1.0um

that may have remained inside the system from the previousliameter and 0.083m at 10um diameter. The particles size

experiment. distributions were measured after the impactor system with
We used the total aerosol particle number concentrationg size cut off of 5um. Due to the fixed design of the im-

<5um (APS.5) before and after the ice nucleation exper- pactor, it is not possible to measure the size distribution be-

iments in the calculation of the percentage of ice activationfore and after the impactor. However, the size distribution

because it was not possible to measure the input aerosol nuneurve shows the variation of aerodynamic diameter versus

ber concentrations during the actual ice nucleation experinumber concentration (dN/dlogpbetween 0.5 and 20m

ment. This is not a problem because of the high reproducibil{Fig. 2). The total number concentration of aerosol particles

ity (£5%) that was obtainable for the input aerosol number<5um in diameter that are input into the CFDC is almost

concentration. Moreover, we are unable to differentiate bethe same (about 1.685L.0% cm~3) for both ammonia-exposed
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and non-exposed montmorillonite. Only 0.03% of all parti-
cles (3.2 cr®) were found to be-5 m, which is below the
noise level as shown in Fig. 2. The noise level was deter-
mined from particle artifacts measured during the blank and
dry experiments described in Sect. 2.7.
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3.2 Fourier Transform Infrared (FT-IR) analysis
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The spectra of montmorillonite, ammonia exposed montmo-
rillonite and degassed (after ammonia exposure) montmoril-
lonite mineral dust particles at room temperature are given in

_ i g g g g g g g
Fig. 3. The FT-IR spectrum of pure montmorillonite is shown ¥ i a a o = N
Wavenumber cm

in Fig. 3a. It shows the typical absorption bands of mont-
morillonite (Farmer, 1974), for example Al-OH-AIl (Ogloza
and Malhotra, 1989) stretching at 3625th OH (Ogloza
and Malhotra, 1989; Russell, 1965) stretching of water at
3434cnt! and Si-O (Ogloza and Malhotra, 1989; Russell,
1965) bending at 1059 cnd. However, there is a broad peak
at the band position of about 3220Thin Figs. 3b and
3c, which is very weak for pure montmorillonite (Fig. 3a).
Hydroxyl and amino groups show characteristic absorption
bands (Coates, 2000; Ogloza and Malhotra, 1989) in the re-
gion from 3650 to 3200 cmt. Therefore the weak peak at

Transmittance [%]

k the weak peak a T S
3220cn+ in the case of pure montmorillonite (Fig. 3a) is § g § § g S :
most likely an extended peak of the hydroxyl groups. In Wavenumber e’

Figs. 3b and 3c, the N-H stretching of the ammonia molecule
result in a more pronounced peak at 3220¢m There is
another small IR signature peak for ammonium at around 100
1400 cnt? in Figs. 3b and 3c, which is also less dominate
in Fig. 3a. Thus, the similarity of the peak positions be-
tween ammonia exposed and degassed montmorillonite min-
eral dust indicates the retention of ammonia into the mont-
morillonite interlayer space and/or that ammonia is adsorbed
chemically (Russell, 1965).
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3.3 Ice nucleation experiments with varying exposure
times
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Ice nucleation experiments of aged montmorillonite dust par-

t!CIeS were performed by var)ging the ammoni_a ga_s eXposur%ig. 3. The Fourier transform infrared (FT-IR) spectra of pure mont-
times from 0 to 2.5h for 100% pure ammonia (Fig. 4 top), morillonite 3a, ammonia exposed montmorillonite 3b, degassed (af-

and 0 to 70h for 25ppm ammonia (Fig. 4 bottom) before ter ammonia exposure) montmorillonite 3¢ with Bruker FTIR in-
injecting them into the CFDC at 100% and 90% relative hu- struments, Model Vector 22. The absorption band at 3220'cm

midities at a temperature ef20°C. About 0.7% of the 100%  suggests chemi-adsorbed ammonia indicated by the dashed circle
pure ammonia aged montmorillonite particles were detectedn Figs. 3b and 3c.

as ice nuclei at 90% RHw, and 2.7% at 100% RHw with

only one min of ammonia gas exposure. In contrast, only

about 0.4% and 0.7% of the non-aged montmorillonite par-tion increases below 20 h exposure time and then attains a
ticles were detected as ice nuclei at 90% RHw and 100%saturation level with increasing exposure times. The higher
RHw, respectively (Fig. 4 top). The percentage of detectedractions of activation in the case of aged montmorillonite at
aged montmorillonite as ice nuclei increases with the expo-100% RHw in Fig. 4 are caused by either condensation freez-
sure times up to 2h and then reaches a saturation level ahg or enhanced deposition nucleation. It should be pointed
about 1.5% at 90% RHw and at about 7.8% at 100% RHwout that our percentages of ice activation may be underesti-
(Fig. 4 top). In the case of 25 ppm ammonia exposed montimated since we are unable to detect ice crystaigem exit-
morillonite (Fig. 4 bottom), the detected ice nuclei (%) frac- ing the CFDC.

www.atmos-chem-phys.net/7/3923/2007/ Atmos. Chem. Phys., 7, 39332007
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Fig. 5. Percentage of detected fraction of ice nuclei (as defined
10.0

in Fig. 4) versus temperaturé@) of montmorillonite mineral dust
particle exposed to 100% pure or 25 ppm ammonia gas and with-
0| A90% RHw (110% RH) out ammonia gas exposure at 90% and 100% relative humidity with

' respect to water (RHw) (corresponding relative humidities with re-
spect to ice have given in Table 1). The exposure time was 2h
6.0 for 100% pure ammonia and 18 h for 25 ppm ammonia. The verti-
cal bars are the error bars equal to the standard deviation of the 15
measurements conducted at each temperature.

4 100% RHw (122% RHi)

Detected Fraction of Ice Nuclei (%)

4.0
.
201 * A ammonia gas at 90% and 100% RHw is shown in Fig. 5. The
fraction of montmorillonite dust particles that act as ice nu-
)¢ : A cleiincreased 3 to 8 times due to exposure to 100% ammonia
00 o 1‘5 ‘ ‘ 6‘0 s gas at 90% RHw, and 5 to 8 times at 100% RHw within the

E><po3§)ure Time (ﬁgurs) temperature range ef15°C and—35°C (Table 1). All mont-
morillonite aerosol particles are more efficient as ice nuclei
Fig. 4. Percentage of detected fraction of ice nuclei versus 100%with increasing relative humidities and decreasing tempera-
pure (top) and 25ppm (bottom) ammonia gas exposure time oftures (Fig. 5).

montmorillonite mineral dust particles at 100% and 90% rela- The activation temperature is defined as the warmest tem-
tive humidity with respect to water (RHw) (corresponding rela- perature at which the detected fraction of ice crystaf:m

tive humidities with respect to ice are 110% and 122%, respec-g at |east 1% of the average of the total number of montmo-

tively) at —20°C. The percentage of detectgd fraction of ice nuclei rillonite aerosol particles<5um before and after each ice
(IC.5/APS_5) was calculated from the ratio of the total number

of ice crystals>5um (IC-s) to the average of the total number of _nugleation experiment. This gctivation temperature criterion
aerosol particles<5 um (APS_5) before and after of each ice nu- is tightly .related to our expe-nm(.anta-l setup and c.are should
cleation experiments. Results at 0 min exposure time stem from th®€ €xercised when comparing it with other studies. How-
non-aged experiments. ever, ice nucleation activity was observed at a temperature
of —5°C and—15°C for the 100% ammonia aged montmo-
rillonite mineral dust at 100% and 90% RHw, respectively
3.4 Ice nucleation experiments with varying temperatures (Table 2), whereas the ice nucleation activity for pure mont-
morillonite mineral dust aerosol particles was observed at
3.4.1 With 100% pure ammonia gas temperatures of 20°C at 100% RHw and of30°C at 90%
RHw (Table 2). This is a significant finding since natural ice
In this series of experiments the 100% pure ammonia exnuclei that are active at temperatures warmer tha@*C are
posure time was fixed at 2h at each temperature. The aivery scarce (e.g. Schaller and Fukuta, 1979). This is the first
temperature was varied betwee°C and—35°C at 90 to ~ experimental evidence that ammonia gas exposure to mont-
100% RHw in 3C temperature intervals. There was a set of morillonite mineral dust particles can raise the heterogeneous
15 experiments at each temperature including blank and dryc€ nucleation activation temperature to warmer thdit*C.
experiments. The detected ice nuclei fraction.@@\PS_s),
expressed as a percentage, versus temperature for montmo-
rillonite mineral dust aerosols with and without exposure to

Atmos. Chem. Phys., 7, 3923931, 2007 www.atmos-chem-phys.net/7/3923/2007/
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Table 1. Enhancement of ice nucleation due to the exposure of montmorillonite mineral dust particles to 100% pure and 25 ppm ammonia
at 90% and 100% relative humidity with respect water (RHw) at different temperatures. Equatifs@l11.21 (273.15/T0206 exp

(6790.66 (1/273.15-1/T)) and €T)=611.21 exp (L/R, (1/273.15-1/T)) were used for the calculation of saturation vapor pressure with
respect to water (¢ and ice (¢). These two equations were derived from the Clausius-Clapeyron equation (Rogers and Yau, 1989). Where,
ey is the saturation vapor pressure with respect to water, T is the temperatisréesaturation vapor pressure with respect to igas the

latent heat of sublimation, and,Rs the gas constant for water vapor. We compared the above two equations with the valu@&/afler,

1976) and g (Waxler, 1977) in Table 2.1. of Rogers and Yau (1989) and found a maximum deviation of about 0.2% be#@&€rand

0°C.

TemperaturedC) Corresponding relative humid- Enhancement factor for ice nucleation
ity with respect to ice (RHi) in (aged montmorillonite/ non aged montmorillonite)
percentage (%)

For 100% pure ammonia 25 ppm ammonia
100% RHw 90% RHw 100% RHw 90% RHw 100% RHw  90% RHw
-15 116 104 5 3 2 2
-20 122 110 8 5 4 3
=25 128 115 8 6 5 4
-30 136 121 8 5 - -
-35 143 127 8 8 7 8

3.4.2 With 25 ppm diluted ammonia gas Table 2. The activation temperature of pure (100%) ammonia ex-

. ) o ) posed montmorillonite, 25 ppm ammonia exposed montmorillonite,
Ice nucleation experiments of montmorillonite mineral dust and non-exposed (pure) montmorillonite mineral dust particles at

particles were also carried out with 25 ppm ammonia gas atl00% and 90% relative humidity with respect to water (RHw).
temperatures between5°C and—35°C at 90% and 100%

RHw with an 18h exposure time (Fig. 5). The concen- Montmorillonite mineral dust ~ Activation temperature) at

trat?on of the G!ilut_ed .a}mmonia_ used in these series of.ex- aerosol particles 100% RHW 90% RHwW
periments is still significantly higher than the concentration _
of atmospheric ammonia in polluted regions (e.g. Godish, 100% ammonia exposed =5 —15
2003). Our experimental setup prevented further dilution of 22PPm ammonia exposed —15 —20

Non exposed (pure) -20 -30

the gas. However the effect of the ammonia gas on ice nucle-
ation will also be determined by the exposure time which can
be longer in the atmosphere and help to compensate for the

lower concentrations found in the real atmosphere. The fracinterlayer space (e.g. Dontsova et al., 2005; Russell, 1965;
tion of montmorillonite dust particles detected as ice nucleiMortland et al., 1963). A likely scenario is that ammonia
increased 2 to 7 times at 100% RHw and 2 to 8 times at 90%molecules replace water in the interlayer space of montmo-
RHw due to the modification of the montmorillonite dust sur- rillonite in an atmosphere of ammonia (Russell, 1965). In
face by 25ppm ammonia from temperatures-af5°C to the current study the FT-IR measurements suggest that the
—35°C (Table 1). Our study shows enhanced ice nucleatiorammonia is chemically adsorbed in the montmorillonite. It
of montmorillonite dust particles aged with 25 ppm ammo- is possible that the addition of ammonia enables liquid water
nia gas exposure, which is 3 orders of magnitad®und in uptake so that ammonia-aged montmorillonite mineral dust
highly polluted situations (e.g. Godish, 2003). aerosols are activated in condensation freezing mode first,

The activation temperature of 25 ppm ammonia exposedind followed by deposition mode, which enhanced the het-
montmorillonite mineral dust aerosols wad5°C at 100%  erogeneous ice nucleation ability of ammonia gas exposed
RHw (Table 2); whereas the activation temperature of un-montmorillonite mineral dust aerosol particles.
exposed montmorillonite was-20°C at 100% RHw (Ta-
ble 2). The activation temperature of 25 ppm ammonia ex-3.5 Ice nucleation experiments using degassed montmoril-
posed montmorillonite was $@ warmer than non exposed lonite
montmorillonite at 90% RHw (Table 2).

Some possible mechanisms for the ammonia adsorptiofThe ice nucleation experiments using degassed montmoril-
or retention on the montmaorillonite surface include coordi- lonite (after 1200% ammonia exposure for 24 h) were carried
nation of ammonia to the exchangeable cations, formation obut in the CFDC system and compared to 100% ammonia
ammonium cations, hydrogen bonding of pt$ the mont-  exposed montmorillonite for the same duration without de-
morillonite surface and trapping of NHmolecules in the gassing. The experimental conditions for this comparison
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