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Abstract. To understand and predict the role of mineral global scales (Dentener et al., 1996; Seinfeld et al., 2004;
aerosol particles processed by reactive nitrogen species in thEang et al., 2004). When transported through a polluted at-
atmosphere, the hygroscopic properties of both Ca(dO mosphere, reactive components of mineral aerosols such as
and Ca(NQ)2-containing mineral particles must be well un- calcite and dolomite can react readily with reactive nitrogen
derstood. Using a micro-Raman system, the hygroscopispecies to yield nitrate salt products (Song and Carmichael,
behaviors of micro-sized individual Ca(N® and inter-  2001; Krueger et al., 2003, 2004). The presence of CafhNO
nally mixed Ca(N@)2/CaCQ particles in both dehumidi- in aged mineral aerosols has been verified by single-particle
fying and humidifying processes were investigated system-analysis in different areas of the world (Lee et al., 2002;
atically. In addition to accurate quantification of the depen-Mamane and Gottlieb, 1992; Ro et al., 2005). Recently, it
dence of water content on relative humidity (RH), significant has been confirmed that Cag@ust particles in the atmo-
new spectroscopic evidence related to chemical structure wasphere can be converted completely to Cagi@Laskin et

also obtained to confirm the occurrence of amorphous solidal., 2005a; Sullivan et al., 2007). In comparison to carbonate
state and to better understand the phase transition processinerals, the Ca(N§), product is very soluble and should
The Ca(NQ), particles exhibit reversible behavior in the de- have very different hygroscopic behavior. Because phase and
humidifying and humidifying processes; they are in the statewater content govern the shape, size, refractive index, and
of solution droplets above 10% RH and amorphous hydrateseactivity of aerosol particles, the hygroscopic properties of
below 7% RH, and phase transition occurs at 7-10% RH. Théoth Ca(NQ), particles and Ca(N§)2-containing mineral
hygroscopic behavior of Ca(N»/CaCQ; particles is iden-  particles should be investigated in detail before evaluating the
tical to that of pure Ca(Ng), particles, suggesting a negli- effect of mineral dust particles on climate and atmospheric
gible effect of the slightly soluble CaGOnclusion on the  chemistry.

hygroscopic behavior of a /CaCQ; particles.
yo P (N QP The hygroscopic behavior of Ca(N® particles has been

investigated in laboratory studies using the electrodynamic

balance (EDB; Tang and Fung, 1997), environmental scan-
1 Introduction ning electron microscope (ESEM; Laskin et al., 2005b),

and tandem differential mobility analyzer (TDMA; Gibson
Large quantities of mineral dust particles are emitted fromet al., 2006b). Whereas the EDB measurements covered
desert and arid regions on the earth every year (Tegen dioth dehumidifying and humidifying processes, the other
al., 1996) and transported over long distances, influencingwo studies focused only on the humidifying process. Al-
the climate and atmospheric chemistry on both regional andhough all three studies agreed that deliquescence transition
of Ca(NQ), particles occurred between solution phase and
amorphous solid phase, which hat has not been observed
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Fig. 1. Schematic diagram of thi@) experimental setup ar{h) sample cell.

Liquid N,Trap ~ H,O Bubbler

and morphological features. Moreover, the deliquescencgrowth.

transition process did not show good agreement among the We used micro-Raman spectrometry as a standalone tech-
three studies. EDB measurements indicated that the partinique to investigate the hygroscopic behavior of micro-sized
cle water content increased from 10% relative humidity (RH) particles deposited on fluorinated ethylene propylene (FEP)
and reached that of the corresponding supersaturated dropletsibstrate. Both pure Ca(N® particles and internally

at 15% RH. Using ESEM, Laskin et al. (2005b) observed ini- mixed Ca(NQ@),/CaCQ; particles were studied. The parti-
tial morphological changes at 8% RH, a further volume in- cle WSR was quantified using the intensity ratio of the water
crease at 9—10% RH, and fully developed droplet formationband to the solute band, and new spectroscopic evidences re-
at 11% RH. Because only a very small change in size wadated to structural changes were provided for phase transition
measured, the TDMA study concluded that the transition oc-and phase determination. We present the hygroscopic behav-
curred close to 10% RH. ior measurements and compare them with those of previous

The investigation of the hygroscopic properties of Studies and bulk thermodynamic predictions.

Ca(NQs),-containing mineral particles has been limited
to ESEM observations. Laksin et al. (2005b) reported
that individual Ca(NQ@), particles and internally mixed
Ca(NG;)/CaCQ particles showed iplenti_ca_l morphological 2.1 Apparatus and procedures
changes from 7 to 11% RH, suggesting similar deliguescence
processes. Shi et al. (2008) observed Caf¥@ontaining  The experimental setup and sample cell are illustrated in
dust particles in the aqueous phase at 15% RH, which infjg. 1. The sample cell was designed with reference to the
creased in size with increasing humidity. There have beeneaction cell used to study the heterogeneous reactions of in-
no more systematic investigations of the hygroscopic behavgividual particles by Raman spectrometry (Chen et al., 2005)
ior of Ca(NQs)2-containing mineral dust particles, including and the flow cell used to study the deliquescence of organic
both phase transition and the RH dependence of the watejcid particles by optical microscopy (Parsons et al., 2004).
content. The lid and body of the cell were constructed of stainless
Micro-Raman spectroscopy allows in situ analyses of thesteel. A piece of round cover glass (25mm in diameter,
dynamic processes of micro-sized individual aerosol parti-0.15 mm thick) was used as the top window and was sealed to
cles and has unexplored potential in characterizing aerosdhe cell lid with high vacuum grease. The cell lid was sealed
hygroscopic behavior. The concentration dependence ofo the cell body using a fluororubber O-ring. Substrate car-
spontaneous Raman scattering allows the quantitative analying individual particles was fixed on the sample holder.
ysis of the water-to-solute molar ratio (WSR) of liquid An ideal substrate for the characterization of individual
droplets (Reid et al., 2007), at the same time, peak positiorferosol particles by micro-Raman spectrometry was consid-
of the anion Raman band is a sensitive indicator of the chemered to have a flat stable surface, lack of Raman response, tol-
ical structure of particles and hence phase transition (Wid-erance for high laser densities, and ease of particle recogni-
mann et al., 1998; Musick et al., 2000; Lee et al., 2008; Lingtion (Godoi et al., 2006). For the investigation of particle hy-
and Chan, 2008). Moreover, morphological changes can alsgroscopic behavior, the substrate should also be strongly hy-
be observed with microscope equipped to Raman spectrorrdrophobic so that heterogeneous nucleation of the droplets on
eter. It should be noted that micro-Raman spectrometry waghe substrate can be suppressed. Thus, we used 0.1 mm thick
combined with EDB in Tang and Fung's (1997) study of Teflor® FEP film (DuPont) as the substrate. Its strengths
Ca(NGs), particles, but has been used mainly to study ioninclude: (1) high chemical inertness and stability to laser
associations and hydrogen bonds in concentrated solutiomadiation; (2) strong hydrophobic properties and a very flat
rather than to characterize phase transition and hygroscopisurface after annealing; (3) relatively low Raman signals, no

2 Experimental
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overlap with the strong;-NOj band and the OH stretching The microscopic images of the particle of interest were
vibration envelope; (4) many sharp Raman lines providingalso recorded to observe phase transition and morphological
good internal standards for the spectra calibration of aerosothange. For N@treated CaCe@ particles, data for Raman
particles; and (5) high contrast to particles on it as a substrateanapping were collected over a kx12um area using a
thus facilitating microscopic observation. Of course, the FEPstep of 2um and an exposure time of 5s. The intensity of
film has some limitations: it91(CF) band at 734 cm! Raman bands at1050cnt? (v1-NO3) and ~1085cnt?
overlaps with some weak bands of salts of interest such agy,- 002 ) were mapped to investigate the relative amount
v4-NO3, which is sensitive to contact ion pairs in supersat- of each component.
urated droplets. Before use, the FEP film was annealed to a The (NH1)2S04 (99.999%; Alfa Aesar), Ca(N§,-4H,0
silicon wafer for ease of manipulation with reference to the (ACS, 99-103%; Riedel-de Ka), and CaCe (99.999%;
method of Parsons et al. (2004). The annealing process cafifa Aesar) were used without further purification. All of
significantly reduce the number of defects on the surface othe salts were ground and then dispersed on the substrate.
the FEP film. Three to six individual particles with diameters of 51

The relative humidity in the cell was regulated by the con- were selected for investigation in each experiment. During
tinuous flow of a mixture of dry and humidified2N Ultra- 3 typical experiment, the relative humidity was increased or
high-purity nitrogen (99.999%, Beijing Huilong Changhai) decreased in steps of 1-10% RH. Smaller steps were used
was first passed through a liquicbrap to remove impuri-  around phase transition points. Pre-experiments with dif-
ties such as hydrocarbons and water vapor and was then splérent equilibrium times were performed to ensure that the
into two streams; one stream was humidified by bubblingparticles could achieve the equilibrium state at each RH. All

through deionized water (18.20 cm, Milli-Q, Millipore)  of the measurements were made at ambient temperatures of
and was then mixed with the other stream. The relative huo54.0.5°C.

midity in the sample cell was varied by adjusting the ratio of
the flow rates of dry and humidifiedzNising mass flow con- 2.2 Quantification of particle WSR
trollers while maintaining a total flow rate of 200 ml/min. In-
ternally mixed Ca(N@)2/CaCQ; particles was prepared by The concentration dependence of spontaneous Raman scat-
exposing individual CaC@particles to NQ/H2O/N2 mix- tering allows the quantitative analysis of the WSR of liquid
ture, which was generated by adding the third stream of NO droplets (Reid et al., 2007). Jordanov and Zellner (2006)
(2000 ppm; Messer) at a controlled flow rate. The relativeattempted to quantify the RH dependence of WSR in lev-
humidity and temperature of the outflow from the sampleitated (NH;)2SOy particles with Raman spectroscopy, but
cell were measured using a hygrometer (HMT 100; Vaisala)were unsuccessful because of strong band distortion of
that had a measurement accuracy-df 7% RH andt-0.2°C. NHI and KO caused by the morphology-dependent reso-
Because a temperature difference between the humidity semances of spherical droplets. In contrast, the disturbance
sor and the zone of interest will cause considerable error irof morphology-dependent resonances was successfully ex-
RH measurement, the sample cell was equipped with anothesluded from our experiment by depositing particles on the
small temperature sensor (Pt100, 1/3DIN B; Heraeus) thasubstrate, rather than levitating them.
had an accuracy of-0.2°C. The distance from the temper-  We quantified the WSR of Ca(N» droplets using the ra-
ature sensor to the substrate was0 mm; thus, it was safe tio of the integrated intensity of theJ& stretching envelope
to take the measured value as the local temperature over thH@900-3800 cm?) to that ofv1-NOg over 1010-1090 cmt.
substrate. Because the absolute humidity of the gas streamor (NH4),SQO4 droplets, the stretching envelope of $H
was constant at equilibrium, the local RH over the substratepverlapped with that of KO; hence, the total intensities of
could be calculated using the known local temperature, outthese two envelopes were integrated at first, then the WSR of
flow RH, and outflow temperature. (NH4)>S0y droplets can be calculated according to:

A commercially available micro-Raman spectrometer
(LabRam HR 800; Horiba Jobin Yvon) was used. This spec- INHOH A-npo+ B “INHf A npo | 2B
trometer is equipped with a microscope (Olympus BX40), a Isufate C oo T C + C )
motorized x,y-stage, and a charge-coupled device (CCD) de- S0, S0,
tector. The sample cell was mounted on the x,y-stage. The
excitation source was an argon ion laser (Spectra Physics
operating at 514.5nm with an output power of 25 mW. A
50x/NAO0.5 long working distance objective was used. The
excitation laser was focused through the top window of the
sample cell onto the particle of interest. The backscatter-and scj— in the solution, respectively; andl, B, andC are
ing signal, after passing through 600 g/mm grating, was de-constants.
tected by the CCD. Raman spectra in the range of 100— A series of bulk solutions reaching the saturation point
4000 cnT! were obtained using an exposure time of 10s.of each salt were prepared for calibration. Because the

here Inn,0oH IS the integrated intensity of the NH and OH
tretching envelope over 2680—-3780TM/syifate iS the in-
tegrated intensity of;l—SOff over 940-1020 cmt; NH,0s
FINH andnsof‘_ are the molecular numbers ob8, NHJ,
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Fig. 2. Water-to-solute molar ratio (WSR) of (NphSOy particles

as a function of relative humidity (RH) in humidifying and dehu- Fig. 3. The relative humidity (RH) dependence (@) position and

midifying processes. (b) full-width at half-maximum (FWHM) of tha)l-SOfl_ band in
humidifying and dehumidifying process.

Ca(NQG)2 solution can readily supersaturate even in the . ) . , . .
bulk phase (Stokes and Robinson, 1948), a supersaturate |
Ca(NGs)2 bulk solution with a 4:1 molar ratio of $O: solute

was prepared by cooling the melted Ca@®&£4H,0 crys- ] (a) Ca(NO,), deposited particle
tals. The calibration curves of Ca(NR and (NH;)2SOy s
were extrapolated linearly to supersaturated concentrations |
(as shown in Fig. Al).

|| (b) Ca(NO,), solution

N ‘
| \_ug%gj‘ Ber o oo PR o

Intensity

2.3 Raman spectra treatment

The obtained Raman spectra were analyzed using Labspec
software. The)l—SOﬁ‘ Raman band centered-a878 cn®
and thev;-NO; Raman band centereda1055 cnt! were
fit to the Gaussian-Lorentz function to obtain precise values 8

(c) FEP substrate

pa

of peak position and full width at half-maximum (FWHM). 5 PR m .
CF, bend vibration of the FEP substrate at 383¢niHan- Raman Shift (cm™)

non et al., 1969) was also fit and taken as an internal calibra-

tor of peak position. Fig. 4. Raman spectra qb) Ca(NG3), particle deposited on FEP

substrate(b) Ca(NO3)» solution andc) FEP substrate.

3 Results

predicted from thermodynamics (Clegg et al., 1998). Del-
iquescence and efflorescence transitions were observed at

The hygroscopic properties of (NhpSO4 have been studied 80% RH and 37-41% RH, respectively, in good agreement
extensively and are well understood. To evaluate the perfor¥Vith Previous studies (Martin, 2000). N

mance of our experimental apparatus and approach, we first Figure 3 shows the Changes in (_a) peak posmon_a_nd (b)
studied (NH)>SO, particles. Figure 2 shows the RH de- FWHM of Ul'SOzzt_ band in dehumidifying and humidify-
pendence of the WSR of (NPLSOy in humidifying and de- ing processes. In the dehumit;iifying process,.there was only
humidifying processes. The quantified WSR of (NEBOs a slight red shift and broadening Q{—Soﬁ‘ until 37% RH,
particles droplets showed excellent agreement with that meaat which pointv1-SO;~ shifted sharply from 978 cmt to
sured by Tang and Munkelwitz (1994) using EDB and that975 cnt?, and its FWHM suddenly decreased from 11¢m

3.1 Hygroscopic properties of (NhbSOy particles

Atmos. Chem. Phys., 8, 720%215 2008 www.atmos-chem-phys.net/8/7205/2008/
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Ca(NG3),/CaCQ; particles as a function of relative humidity (RH)
in dehumidifying and humidifying processes. Fig. 6. Microscopic images of a typical Ca(Ng» particle in dehu-
midifying process.

o

o
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to 6 cnT1, corresponding to the efflorescence transition. In

the humidifying process, an abrupt blue shift and broadening Figure 5 shows the WSR of Ca(N® particles and
ofthevl—sof[ band were evident at 80% RH, corresponding Ca(NG;)2/CaCQ particles quantified by Raman spec-
to the deliquescence transition. The concurrence of phasgometry as a function of RH during dehumidifying
transitions and distinct changes in the peak position ancand humidifying process. In dehumidifying process the
FWHM of v1-SO;~ at the same RH indicate that the phase Ca(NQy), droplets evaporated following the predicted curve
transition can also be identified from the sharp shift of peakderived from isopiestic measurements with bulk solution
position and FWHM of the anion band using Raman spec-(Stokes and Robinson, 1948) above 11% RH. Greater de-
tra. Apparently, the sharp shift of peak position and the sud-creases in WSR were observed when RH was decreased from
den change in FWHM of Raman spectra provide a very clearl1% to 7%. Below 7% RH, the WSR was stable-dt with-

identification of the phase transition. out further significant changes. It indicated that phase tran-
) ) ] sition occurred at 11-7% RH. Nevertheless, calcium nitrate
3.2 The hygroscopic properties of Ca(i)@particles particles have very low WSR under conditions of low hu-

midity and hence low signal-to-noise ratio of the water en-
éelope in Raman spectra. In addition, the calibration curve
. ) extrapolated to high concentration. Thus, the sensitivity
at 1049,~1370, and 718cmi, corresponding to the in- . accuracy of the calculated WSR under conditions of low
phase symmgtrlc stretchlng_ mOdel'NO.S)’ the OUt'OT' humidity are limited. Therefore, it is impossible to conclude
phase stretching modegNO;), and the in-plane bending \hether a phase transition occurs based solely on changes in
mode ¢4-NO3), respectively (Nakamoto, 1986; Zhang et \ySR.
al., 2004). Figure 4 shows the Raman spectra of CaflO  Figure 6 presents microscopic images of a typical calcium
droplet deposited on FEP substrate, Cagi{¥Golution and pitrate particle in dehumidifying process. As shown in Fig. 6,
FEP substrate. The observed Raman spectrum of depositege Ca(NQ), droplets changed in size with decreasing RH,
Ca(NQy)2 droplet is superimposition of the Raman spectrumpyt kept spherical shape during the whole dehumidifying
of Ca(NGs)2 solution and that of FEP substrate, showing no process, even at a RH near to zero. No crystallization was
MDR disturbance. Although the Raman bands of FEP subupserved, this could be due to the reason that phase transi-
strate overlapped witts-NOj andvs-NO3 bands, they have  tion was not occurred and Ca(NR particles were in a state
no intervene to the strong -NO; band and the OH stretch-  of highly supersaturated solutions at RH lower than 7%; or a
ing vibration envelope at 2900-3800 thy which are neces-  phase transition occurs, e.g. the Ca@Qiroplets had trans-
sary in the following quantitative analysis. formed to amorphous solid particles, which have a spherical
shape like supersaturated droplets.

A free NGQ; ion has a plane structure withz)) symme-
try and has three fundamental Raman active vibration band

www.atmos-chem-phys.net/8/7205/2008/ Atmos. Chem. Phys., 8, 72052008
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and that the transition from solution to this phase occurred at
10-7% RH.

After knowing that a phase transition occurred at 10—
7% RH, the next step is to identify the phase of calcium ni-
trate particles below 7% RH. As shown in Fig. 6, calcium
- 80 nitrate particles kept spherical shape in the whole dehumid-
. 20% RH ifying process and did not have crystal morphology even
£ 3 when RH was nearly 0.0%. Besides, the hydration num-
1N ber of calcium nitrate particles below 7% RH was deter-

1 L 1 L 1 L | 1 100

| : | 60 mined as one, while Ca(Ng»-H»0 is not a stable crystal
Vi A hydrate of Ca(N@), (Frazier et al., 1964). Therefore, we
= ﬁ;/ /\ \\\7m49% RH | =y concluded that calcium nitrate particles below 7% RH should
= P % = be in amorphous solid state, rather than crystal solid state. In
2 - = the following discussion, we will use dehydration to describe

i the phase transition of calcium nitrate from droplet to amor-

/ ’ \
/o A
_,,_J MBH\_ phous solid state.

According to band component analysis (Koussinsa and

/1'\‘ Bertin, 1991), four solvated species were resolved in
e P L 16% RH [F 20 the v1-NO3 of Ca(NG)2 solution and assigned as free
/-’ ; : \ aquated ions N (ag) at 1047.6cm!, solvent-separated
Y G _10% RH |

ion pairs Nq-HZO-CazJr at 1050 cn!, contact ion pairs

S~ 7%RH| L L o 2t
NO3-Ca" at 1053 cm*, and ion aggregates (NOCa ")x

- 0% RH| at 1055cm!. The gradual blue shift 0b;-NO3 from
o0 AGE | GokD Ansm. - ADD 1049cntt at 80% RH to 1053cm* at 10% RH (Fig. 8a)

) p corresponds to an increasing proportion of more ordered

Raman Shift (cm”) species such as contact ion pairs and ion aggregates

in supersaturated solutions. Because the most ordered
Fig. 7. v1-NO3 Raman peak of Ca(N§) particles at various RH  species (Ng-Ca2+)x in calcium nitrate solution appeared
in dehumidifying process. at 1055 cml, whereas that of anhydrate nitrate appeared at
1067 cnmt! (Tang and Fung, 1997), the band maximized at
1056 cm! below 7% RH is indicative of a phase between
To find out what happened to Ca(¥@ droplets during  these species. In addition, the narrower band width below
the dehumidifying process, especially at RH lower than10% RH is an indication of nitrate ions with more fixed ori-
that of the likely phase transition point, we investigated the€ntations in microenvironments than in corresponding super-
changes in position and FWHM of the-NO3 band in the saturated solution (Zhang et al., 2004). These Raman spec-
dehumidifying process, because the symmetric stretching vitroscopic signatures also provides an evidence that during the
bration band1-NOj is sensitive to structural changes in ni- dehumidifying process, Ca(Ng» droplets had transformed
trate solution (Frost and James, 1982; James et al., 19820 amorphous hydrate particles at 10-7% RH.
Koussinsa and Bertin, 1991). Figure 7 shows theNO3 In the humidifying process, the amorphous Cag)re-
Raman band evolution in dehumidifying process. Abovemained unchanged unti7% RH, at which point its WSR
10% RH,v1-NO3 band gradually broadened and shifted to began to _increase a_ﬂd the-NO; shifted to a lower fre-
a higher frequency with decreasing RH, from 1049¢nat ~ guency with increasing FWHM. Above 10% RH, both the
70% RH to 1053 cm?! at 10% RH. From 10% RH to 7% RH, growth of the WSR and the red shift of tlﬂ@-NOg slowed
v1-NOj3 band showed a much more marked shift to a higherdown, and remarkably, the FWHM of thg-NO; begin to
frequency, from 1053 ¢t to 1056 cnm?. At the same time, ~ deécrease. These observations indicate that deliquescence of
its shape became a little narrower and asymmetric. BelonpMorphous Ca(N®); began at-7% RH and transformed to
7% RH, both position and shape of-NO; band had no solution droplets above 10% RH. Both the curve of WSR vs.
further change. These band characteristics changes in d&XH (Fig. 5) and the curves of peak position and FWHM of
humidifying process are more clearly shown in the curves ofv1-NO3 vs. RH (Fig. 8) in the humidifying process showed
v1-NOj; peak position and FWHM vs. RH in Fig. 8. Con- _exc_elle_nt agreement to those in the dehumldlf_ylng process,
comitant with WSR evolution in the dehumidifying process, |qd|cat|ng t_hat the dellques_cence and dehydration of calcium
the jump in thev;-NOj band position and FWHM at 10— nitrate particles are reversible processes.
7% RH and lack of further changes below 7% RH provided
strong evidence that a different phase occurred below 7% RH

Atmos. Chem. Phys., 8, 720%215 2008 www.atmos-chem-phys.net/8/7205/2008/



Y. J. Liu et al.: Hygroscopic properties of Ca(M)2 particles by Raman Spetra 7211

3.3 Hygroscopic properties of internally mixed

Ca(NQ)ZICaCQ particles u C:t(NOK)2 Dehumidifying @ Ca(NO_:}E:’CaCOS Dehumidifying
0 Ca(NO,), Humidifying © Ca(NO,),/CaCO, Humidifying

Although field results of completely processed CaGiar- . . . ; ; .
ticles to Ca(NQ@), particles have been reported, in most g 1056 7
cases Ca(Ng)2 and carbonate mineral components are in- 1054 4 @) i
ternally mixed (Mamane and Gottlieb, 1992; Ro et al., 2002, o %ﬁb% l
2005; Shi et al.,, 2008). To understand the hygroscopic- *ap
ity of Ca(NOz)2-containing mineral dust particles, internally ]
mixed Ca(NQ@),/CaCQ particles were prepared by expos- 1048 — 11—
ing individual CaCQ patrticles to 100 ppm N&gases for 20 v T v T - T
50 min at 37% RH, and their hygroscopic behavior was stud-
ied. The CaC@ particle was present in irregular crys-
talline form before the exposure to NMBI2O/No mixture
(Fig. 9a). The reacted CaGarticle clearly increased in
size and become round, with two distinctly different parts
(Fig. 9b). Raman mapping results further confirmed that they 12 : . . . : y
are Ca(N@); solution and CaCecrystalline core (Fig. 9c¢).
Changes in the WSR of the internally mixed

Ca(NGy)2/CaCQy particles in humidifying and dehu- iy g Relative humidity (RH) dependence (@ peak position and
midifying processes are presented in Fig. 5. The particlep) fuil width at half-maximum (FWHM) of thev3-NO5 band of
WSR was quantified using a method identical to that used foica(NO;), and Ca(N@),/CaCQ; particles in dehum|d|fy|ng and
pure Ca(NQ@)2 particles, denoted as the water-to-Ca@¥O  humidifying processes.

molar ratio. The corresponding evolution ©f-NO; band
position and FWHM is also illustrated in Fig. 8a and b.
From Figs. 5 and 8, we can easily see that the internallyfound in the curve of WSR vs. RH at 11-7% and, more im-
mixed Ca(NQ),/CaCQ particles exhibit hygroscopic portantly and obviously, in the curve of thg-NO; band
behavior identical to that of pure Ca(NR particles in both  position and width vs. RH.
humidifying and dehumidifying processes. Their Ca@y¥D Raman spectrometry is a promising technique for quan-
part is in the amorphous hydrate state below 7% RH, andifying the WSR of droplets that have insoluble inclusions.
both deliquescence and dehydration occur at 7-10% RHThe most commonly used techniques to measure particle wa-
Once in solution, the particles grow and evaporate followingter content are EDB and TDMA, which measure the total
the curve derived from isopiestic measurements with bulkmass and size of particles, respectively. However, if insoluble
solution of calcium nitrate. In conclusion, the hygroscopic inclusions are present in a droplet, the WSR or concentration
behavior of internally mixed Ca(N§,/CaCQ; particles is  of the droplet cannot be determined by EDB or TDMA if the
determined by the Ca(N§». The slightly soluble CaC®  precise mass or size of the inclusion is unknown. In contrast,
core has a negligible effect on the phase transition and RHhe presence of inclusions will not affect the quantification of
dependence of the particle WSR. droplet concentration with Raman spectrometry because the
WSR is determined directly using the relative intensity of the
solute Raman band to water Raman band. In the case of inter-
4 Discussion nally mixed Ca(NQ@)2/CaCQ; particles, the WSR was quan-
tified accurately even when the ratio of Ca(®y@to CaCQ
Compared with EDB, ESEM, and TDMA, micro-Raman was unknown. In the atmosphere, soluble salts or organic
spectrometry provides more than one way to investigate theomponents are often internally mixed with insoluble soot or
hygroscopic behavior of calcium nitrate particles. The WSRmineral components (Posfai et al., 1999; Vogt et al., 2003;
can be quantified by the relative intensity of Raman bandsRo et al., 2002, 2005). Our knowledge of the physicochem-
the morphological changes can be observed with microscop&al properties of these complicated aerosol particles is far
equipped to Raman spectrometer, and at the same time, tHfeom complete. Raman spectrometry may be a very useful
v1-NO3 band position and FWHM are sensitive to structural tool with which to investigate the hygroscopic behaviors of
changes. Although the RH dependence of particle WSR andhese complicated aerosol particles.
morphological changes are expressions of hygroscopic prop- The deliquescence process of amorphous Cajbh@ar-
erties, chemical structural changes are actually the determirticles demonstrated here can explain the morphological
ing factor. This factor is complementary and can help to gainchanges observed by ESEM (Laskin et al., 2005b) and
a more complete understanding of the hygroscopic procesagree with the deliquescence transition point identified by
As described in Sect. 3, evidence of a phase transition wa3DMA (Gibson et al., 2006b). However, our findings differ
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Fig. 9. Microscopic images of a typical CaGparticle (a) before and(b) after exposure to N®and (c) Raman mapping image after
exposure to N@. The green image represents the average intensity at 1020-1075conresponding te1-NO> , whereas the blue image

represents the average intensity at 1075—-1100%morresponding t®1-CO§_.

from those obtained by EDB (Tang and Fung, 1997), which50% RH (Fig. 5). Solid — solid phase transitions are expected
showed a higher deliquescence RH~af3% RH. The EDB  below 50% RH, including transformation from tetrahydrate
results also indicated a different behavior in dehumidifying to trihydrate at 17% RH, from trihydrate to dehydrate at
process that Ca(N£§)» droplets continued to lose water upon 11% RH, and from dehydrate to anhydrate at 9% RH. How-
system evacuation until in vacuum (0% RH) they turned intoever, instead of transforming into the tetrahydrate at 50% RH
amorphous solid particles with a WSR of 1:1. In contrast, inas expected, Ca(N{p, droplets continuously lost water un-
our study the changes in WSR andviitNO3 band position  til they were highly supersaturated at 10% RH, after which
and FWHM both indicated that dehydration occurred at 10—-they began to convert to a solid metastable phase, i.e. amor-
7% RH. Although there have been no other reports regardingphous hydrate, which was not predicted by bulk thermody-
the hygroscopic behavior of calcium nitrate particles in de-namics. Hysteresis of efflorescence is very common for mi-
humidifying process, Gibson et al. (2006b) prepared amor-croparticles and is usually explained by the absence of het-
phous calcium nitrate for hydration experiments by evapo-erogeneous nucleation (Martin, 2000). However, kinetic lim-
rating droplets in a diffusion dryer in which the RH can be itations cannot explain these observations completely. As
reduced to only several percent; their findings support ourshown in Sect. 3, the internally mixed Ca(j)e/CaCQG
observation that dehydration occurs above 0% RH. droplets transformed to amorphous particles at the same rel-
The disagreement between our results and those reporteative humidity as pure Ca(N§), particles, although there
by Tang and Fung (1997) may have been because of the difare large CaC®nuclei in these particles that can invariably
ferent equilibrium time used. The gas transport in very vis-induce heterogeneous nucleation. Further investigations are
cous particles can hinder gas—particle equilibrium. For ex-required to determine why the calcium nitrate solution on
ample, Chan et al. (2000) reported significant retardation ofdust particles does not transform to its stable tetrahydrate.
the water evaporation rate of highly concentrated Mg(SO Nevertheless, these observations indicate the very different
droplets. We performed pre-experiments to ensure that equieehavior and mechanism of phase transition in microparti-
librium could be reached at each RH. It took approximatelycles than those in bulk samples. Thus, it is inappropriate to
15 min for a Ca(NQ) particle with several micrometers in infer the phase transition behavior of Ca(jy@microparti-
diameter to attain an equilibrium state at 7-10% RH. How-cles from their bulk properties. In fact, in addition to the very
ever, the equilibrium time that is normally used in hygro- different properties of calcium nitrate particles as compared
scopic experiments is on the order of a few seconds (Chawith bulk samples, Tang et al. (1995) also reported discrep-
and Chan, 2005), which is too short for sufficient mass trans-ancies between microparticle hygroscopic behavior and bulk
fer for viscous supersaturated Ca(y@droplets. The equi- thermodynamic predictions for some other salts. The role of
librium time was not explicitly stated by Tang and Fung’s pa- atmospheric aerosol particles, therefore, cannot always be as-
per, if inadequate equilibrium time was used in their exper-sessed solely based on bulk properties. Care should be taken
iment, the observed RHs of dehydration and deliquescencwhen using bulk thermodynamic calculations to infer aerosol
would have been underestimated and overestimated, respeproperties; some experiments for the study of aerosol prop-
tively. erties using bulk samples may lead to erroneous results.
Crystallographic studies indicate that anhydrate calcium It's interesting to note that the dehydration process of
nitrate and its di-, tri-, and tetrahydrates occur as solid phase€a(NQ;)> microparticles showed no hysteresis effect when
(Frazier et al., 1964). The corresponding stable form incompared to the deliquescence process, while the efflores-
different ranges of RH has been predicted by bulk ther-cence process of microparticles in general had hysteresis
modynamics (Kelly and Wexler, 2005). The tetrahydrate effect when compared to the deliquescence process. The
is expected to be in the solid phase in equilibrium with hysteresis effect between deliquescence and efflorescence
the Ca(NQ), saturated solution with a transition point at processes is usually explained by kinetic inhibition of crit-
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ical germ nucleation in efflorescence process. However, s 24
when phase transition experiences gentler rearrangement ¢ (NH .50 ] Cao
atoms, e.g. displacive transformation (Martin, 2000), it does 0 fE | 20| ©aMNOY,
not require the formation of a critical germ, and hence is

not kinetically inhibited. The Raman spectrum of amor-
phous Ca(N@)» particles is only slightly different to that of
Ca(NQy), supersaturated droplets, suggesting they may have E
similar chemical properties. Thus, the phase transition from 5 2o
Ca(NGs)2 solution droplets to amorphous particles is proba- 2
bly not kinetically inhibited and it may explain the absence of _ ‘
hysteresis effect between the dehydration and deliquescenc | S Solion
processes of Ca(N§» microparticles. 4 1 /
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5 Conclusions and atmospheric implications H.oH/'suifate lorInirate

Our results indicate that the micro-Raman technique is &Fig. Al. Calibration curves of (NH4)2S04 and Ca(NO3)2.
powerful tool with which to investigate the hygroscopic Calibration curves for the water-to-solute molar ratio (WSR) of
behavior of individual Ca(N@, and internally mixed (NH4)2S0O4 and Ca(NQ)» droplets. The solid line shows the linear
Ca(NO;),/CaCQ particles. The RH dependence of the fit of the experimental data; the broken line shows the extrapolation
WSR was quantified accurately for Ca(b)@ particles with  © SuPersaturated concentration.

and without CaC@inclusion. Significant new spectroscopic
evidence related to chemical structure was provided to iden- . . . .
tify phase transition. Thus, the hygroscopic behavior OfW|th reactive nitrogen species. A number of laboratory stud-
Ca(ﬁ@)z particles Was cha,racterizyegd in rrrl)ore detail and ies have confirmed that the heterogeneous reaction of calcite
more reliably than had been possible previously, and the hyg‘gﬁi Egs%elzgoéflﬂtgf ;ngecg?gg Izns du?;]a:tei tgzozzk?e
groscopic properties of internally mixed Ca(plrCaCay coe?ficient is de enden? on relative r;umidit (Laski?l et al
particles were investigated systematically for the first time. P Y "

. . . 2005b; Vlasenko et al., 2006; Prince et al., 2007). When
Individual Ca(NQ), particles showed reversible behav- ; . . . .
. . e e s a calcium nitrate solution film forms, the interface where
iors in humidifying and dehumidifying process. The

. : X he h i k I hould ch f
Ca(NQy), particles were in the form of solution droplets the heterogeneous reaction takes place should change from

above 10%RH and amorphous hydrates below 7% RH_gas-solid to gas-solution-solid. However, detailed reaction

phase transitions occurred between 7—10% RH. The hygro’[nechanism and related kinetic parameters are not reported
scopic behavior of internally mixed Ca(NQ/CaCQ, arti- in literatures. Thus, systematical investigation of the reac-
clespwas fully controlled byythe Ca(Ng» and was idgntical tion mechanisms should be carried out in the future research.
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