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Morphological changes with decreasing relative humidity (RH) of supersaturated sea-salt aerosol droplets on a quartz substrate
were observed using a high-speed video-camera. Stable gypsum (CaSO, - 2H,0) or the metastable hemihydrate (CaSQO, - 0.5H,0)
were precipitated as the RH decreased. The dynamic process of crystal growth under steady-state humidity was studied by con-
trolling the RH; the metastable hemihydrate was precipitated at 70.5%—77.1% RH, and the apparent crystal growth rate was be-
tween 1.42 and 2.33 pm®s. Stable gypsum was formed at 80.7%-82.2% RH, and the apparent crystal growth rate was between

0.70 and 0.81 pm/s.
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Supersaturated aerosols are common in nature. The achieve-
ment of a supersaturated state is considered to be the result
of the suppression of both homogeneous and heterogeneous
nucleations in aerosols with tiny volumes [1]. The crystalli-
zation dynamics of supersaturated aerosols and the for-
mation of a metastable solid-phase are basic problems in
crystal growth and atmospheric science. In the supersatu-
rated state, the crystallization of aerosol droplets is mainly
affected by kinetic factors, resulting in metastable solids
instead of thermodynamically stable ones [2—4]. There have
been few experimental investigations of the nucleation
mechanisms of supersaturated aerosols and the kinetics of
crystal growth because of a lack of effective methods. Re-
cently, Ciobanu et al. [5] analyzed the distribution of the
initial growth sites of ammonium sulfate crystals using a
high-speed video-camera and found that the vicinity of the
liquid/vapor interface, rather than the droplet, is the pre-
ferred nucleation site. Hindmarsh et al. [6] observed surface
and volume nucleation phenomena in undercooled sucrose
solution droplets with a high-speed video-camera and ana-
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lyzed the surface nucleation mechanism.

Sea-salt aerosols (SSAs), which are an important com-
ponent of marine aerosols, are produced predominantly by
bubble bursting and the formation of spume droplets as a
result of the action of the wind on the ocean. Although
SSAs have been found to precipitate stable gypsum or the
metastable hemihydrate in the high-humidity range [7], the
formation conditions of CaSO,-0.5H,O or CaSO,-2H,O
crystals are unclear, especially with regard to their growth
kinetics; the growth kinetics is important in understanding
the phase-separation process as well as the nucleation of
NaCl crystals [8].

High-speed photography is one of the most effective
methods for the investigation of instantaneous processes.
The combination of a high-speed video-camera and an optical
microscope can give a time resolution of 2 us and a spatial
resolution of 1 um [9]. In this paper, we study the morpho-
logical changes with decreasing relative humidity (RH) of
supersaturated SSA droplets to investigate the nucleation
mechanism and kinetics of crystal growth of SSAs. Dynamic
images of calcium sulfate crystallization are captured using
a high-speed video-camera so that the crystal growth rate
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can be calculated. Finally, kinetic equations are obtained.

1 Experimental
1.1 SSA droplets preparation

Sea-water samples were taken from the sea in Qingdao.
SSA droplets were injected onto a quartz substrate using a
syringe. The quartz substrate was then fixed to the bottom
of a chamber, and the chamber was sealed with a thin
transparent polyethylene film. The RH in the chamber was
adjusted by mixing streams of water-saturated N, and dry
N, at controlled flow rates. The RH in the chamber was
determined using a humidity temperature meter (Centertek
Center 310, Taiwan, China) with an accuracy of +2.5% in
the chamber.

1.2 High-speed photographic investigations

Figure 1 shows a schematic diagram of the experimental
setup for the high-speed photographic investigations of the
crystallization kinetics of supersaturated SSA droplets. A
combination of an optical microscope (BMX, Shanghai) and
a high-speed CMOS (Complementary Metal-Oxide-Semi-
conductor) video-camera (MS55K, MegaSpeed Corp., Ca-
nada) was used to track the morphological changes of SSA
droplets at a given RH. The high-speed CMOS camera was
set at 100 frames per second. In the initial step, high RHs
(>90%) were maintained in the chamber using a stream of
water-saturated N, at a controlled flow rate of 400 mL/min.
After equilibrium was reached, the RH was decreased in
stages by controlling the flow rates of water-saturated N,
and dry N,. As the RH decreased, the morphological changes
of the SSA droplets were recorded using the high-speed
CMOS camera. The images were used to evaluate the crystal
sizes and volume during the dynamic crystal growth process.
The measurements were made at ambient temperatures of
22-24°C.
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Figure 1 Schematic diagram of the experimental setup for the high-speed
photographic investigations of the crystallization dynamics of supersatu-
rated SSA droplets.
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2 Results and discussion

Previous studies suggested that supersaturated SSAs efflo-
resced to form a metastable hemihydrate or stable gypsum
[7]. In the present study, we focused on the morphological
changes and kinetic processes of crystal growth. Droplets of
diameter of 100-150 um on a quartz substrate were used for
high-speed photographic investigations. In the initial stage,
with a high RH (>90%), the droplets were thick and ap-
peared dark. With decreasing RH, the droplets became in-
creasingly bright as the droplets became thinner. At a steady
RH in the range 70.5%-77.1%, double-spherical crystals
were usually observed; confocal Raman spectroscopy showed
that these were the hemihydrate. When the RH decreased to
80.7%—82.2%, rod-like crystals were precipitated, and con-
focal Raman spectroscopy showed that these were gypsum.
The dynamic crystal growth process was monitored for pe-
riods of 15-120 s. The high-speed CMOS camera was set at
100 frames per second for tracking the morphological
changes. The dynamic crystal growth process was investi-
gated by analyzing the images; this will be discussed in the
following sections.

2.1 Dynamic images of calcium sulfate crystallization

The morphological changes with time (0-129 s) of a SSA
droplet in the hemihydrate precipitation stage are shown in
Figure 2(a). The humidity curve is shown at the top of
Figure 2(a). During hemihydrate crystal growth, the RH
decreases from 73.6% to 71.7%. Metastable hemihydrate
crystallization appears in the region enclosed in a black box.
If the frame before a crystal seed formed is set as the zero
moment, the crystal size reached 2 um at 6 s. Double-sphere
structures can be recognized; these are twin structures [10].
Initially, the radius of the twin grows rapidly. With increas-
ing time, the rate of increase of the radius gradually de-
creases. The radius reaches 7 um at 129 s.

The morphological changes with time (0—105 s) of the
SSA droplet in the gypsum precipitation stage are shown in
Figure 2(b). The humidity curve is shown at the top of
Figure 2(b). When the RH decreases to 82.2%, rod-like
gypsum is formed in the bottom region of the droplet
(marked with a black box). The RH is constant during the
period of gypsum growth. The frame before the appearance
of the crystal seed is set as the zero moment. The crystal
reaches 4 um at 6 s. Initially, the lengths of the rod-like
gypsum increase rapidly, but later the lengths of the crystals
increase more slowly. The length reaches 17 um at 105 s.

2.2 Kinetic equations

Figure 3 shows six sets of experimental data for the crystal
volume (V) versus time (). The crystal volumes were ob-
tained by analyzing the images using the image analysis
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Figure 2 Morphological changes with time of SSA droplets in calcium sulfate crystallization. (a) CaSO4-0.5H,O was precipitated at 73.6% RH and

(b) CaSOy - 2H,0 was precipitated at 82.2% RH.
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Figure 3 Generation of crystals from SSA droplets at different relative
humidities; plots of crystal volumes with time and linear fitting equations
(m: V=2.01z, ®: V=1.42t, A: V=2.33¢, 0: V=0.79¢, o: V=0.70¢, and A:
V=0.811).

software Image J [5]. The crystal areas can be obtained di-
rectly by selecting the image contour with the Image J
software. The crystal heights can be calculated from the
brightness contrast [11], also obtained with the Image J
software. The crystal volume can be calculated by multi-
plying the area by the height. Good linear relationships were
found between the volume of the crystal and time for the six
samples. The linear fitting equations are V=2.01z, V=1.42¢,
and V =2.33¢ for the CaSQO,-0.5H,0 crystals produced at
73.6%, 77.1%, and 70.5% RH, respectively, and V=0.79¢,
V=0.70¢, and V=0.81¢ for the CaSO,-2H,0 crystals pro-
duced at 81.8%, 82.2%, and 80.7% RH, respectively. The

volume-time data appear in two separate regions for the
hemihydrate and gypsum, as shown by the shaded areas in
Figure 3. Within the observation time, the crystal growth
rate (R=dV/dr) remains constant; the rate law of the crystal
growth is R=kp" [12,13], where £ is the growth affinity, k
is the growth rate constant, and #n is an apparent order con-
stant. For the hemihydrate,

[Ca™](SO; I[H,01 _, [Ca™ ]SO JIRH]"

f=In " — :
[Ca™],[SO} 1, [H,01% phem
For gypsum,
. [Ca®][SO; |[H,0F _ [Ca™][SO; I[RHJ
f=In =1

[Ca2+ ]eq [Soii ]eq [H2O]§q Sp.gyp
where [Ca**], [SO; ], and [H,O] are the activities of the
corresponding species. The subscript eq refers to equilibrium
conditions. Kgppem=10"%* and K, 4, = 107" are the solu-
bility products for the hemihydrate and gypsum, respec-
tively, in sea-water at 25°C [14]. The apparent order n of
gypsum growth in the presence of an electrolyte such as
NaCl is approximately 1.0 and the order of the hemihydrate
growth is about 2.0 at high relative supersaturation when
is bigger than 1 [12,13]. Table 1 summarizes the initial con-
centrations of Ca®* and SOf’ at the RHs corresponding to
hemihydrate or gypsum formation, and the calculated results.
Obviously, the hemihydrate precipitates at a lower RH,
with a faster crystal growth rate and a quicker desiccation
process, in which the RH decreases by about 2%. However,
gypsum can be observed to precipitate at higher RHs, with a
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Table 1 Experimental conditions and results
Expt. No. RH(%) Crystals Ca**(mol/L) SO (mol/L) Yii R(um®/s) k(um®/s)

1 73.6 Hemihydrate 0.135 0.372 1.95 2.01 0.53
2 77.1 Hemihydrate 0.119 0.330 1.74 1.42 0.47
3 70.5 Hemihydrate 0.147 0.406 2.11 2.33 0.53
4 81.8 Gypsum 0.098 0.272 2.56 0.79 0.31
5 82.2 Gypsum 0.097 0.267 2.52 0.70 0.28
6 80.7 Gypsum 0.103 0.285 2.62 0.81 0.31

slower crystal growth rate and a slower desiccation process,
in which the RH remains constant during the crystallization.
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