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ABSTRACT

The hygroscopic properties of inorganic salt particles, including (NH4),SO,, NaCl, Na,SO, and NaNO;, are investigated
using a self-assembled hygroscopic tandem differential mobility analyzer (H-TDMA) system. The iso-GF (growth factor)
curves are derived to illustrate the effects of the initial particle size (Do) and relative humidity (RH) on the GFs. For those
salt particles of 100 nm, the GFs measured agreed well with their theoretical Kohler curves. In the size range of 20-200
nm, the GFs of (NH4),SO,, NaCl and Na,SO, particles all continuously decrease with D, increasing below the
deliquescence RH (DRH). However, when RH is higher than the DRH, the GFs of those salts aerosols increase with D,
throughout the investigated size range. Similar increase trend of GFs with Dy is also observed for NaNO; aerosols though
they do not exhibit the abrupt deliquescence behavior. From iso-GF curves, it can be clearly observed that the GFs of
(NH4),S04, NaCl and Na,SO, particles all increase with the RH while the values decrease with D, below DRH. And
above DRH, the GFs are more sensitive to Dy for particles smaller than 60 nm, while the GFs are more sensitive to RH for
particles larger than 80 nm. For NaNO; aerosols, the iso-GF curves indicate the size-effect becomes more prominent on
their hygroscopicity as the RH increases. The iso-GF curves provide a lucid and explicit insight into the hygroscopic
growth of salts particles. Through iso-GF curves, we can clearly elucidate the major factor that affects the ultimate particle

diameter at ambient atmosphere.
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INTRODUCTION

The hygroscopic growth of aerosol particles are of current
interest due to their effects on light scattering and absorption
properties of particles which thereby affect the air quality,
visibility, Earth’s radiation and the climate (Charlson ef al.,
1992; IPCC, 2007). On a global basis, sulfates, nitrates and
chlorides contribute the largest to the mass budget of fine
atmospheric particles (IPCC, 2007; Li et al., 2009; Shen et
al., 2009). These inorganic salt aerosols are hygroscopic by
nature, thus their size, phase and subsequently the optical
properties would be strongly influenced by the ambient
relative humidity (RH). Based on recent studies, the effect of
sulfate particles on the annual-average global direct radiative
forcing, arising from the fluctuation of atmospheric particles
between aqueous and solid state, is estimated up to as much
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as 24% (Martin et al., 2004; Wang et al., 2008a, 2008b).
Thus, close attention has been paid to study the hygroscopic
properties of these inorganic salts.

Hygroscopic tandem differential mobility analyzer
(H-TDMA) is a common approach to study the hygroscopic
properties and phase transitions of atmospheric particles (Liu
et al., 1978). Through H-TDMA, primarily hygroscopic
growth factors (GFs) are measured, and information about
particle phase and phase transitions can be inferred as a
derived quantity. Previous works on determining the
deliquescence transitions and water content of single salt
particles, including sulfates ((NH4),SO,), chlorides (NaCl)
and nitrates (NaNO;, Ca(NO;),, Mg(NO;),), are mainly
concentrated on that of initial diameter of 100 nm (Cruz et
al., 2002; Gysel et al., 2002; Gibson ef al., 2006). In general,
those sulfates and chlorides particles exhibit pronounced
deliquescence behavior in humid air, i.e. their phases remain
unchanged until RH reaches the deliquescence RH (DRH),
from which they deliquesce abruptly to form a saturated
solution droplet by water vapor condensation (Gysel et al.,
2002). Otherwise, those nitrates particles which are highly
hygroscopic, always gain their water content smoothly at
ambient conditions (Gibson et al., 2006). Recently, initial



256 Hu et al., Aerosol and Air Quality Research, 10: 255-264, 2010

particle sizes for hygroscopicity studies have been developed
to a wide-size-scale, ranged mainly from 6 to 200 nm. The
hygroscopic properties of salts particles are revealed to be
initial particle size dependent. Biskos et al. (2006) found
from the hygroscopic properties of 6 to 60 nm NaCl particles
that the GFs steadily decreased with decreasing dry particle
size below approximately 40 nm at the RH above
deliquescence point. Such size-dependent hygroscopic
properties of NaCl particles are also demonstrated by Park et
al. (2009). Moreover, Russel et al. (2002) proved the similar
size-dependent hygroscopic properties of NaCl particles
through model calculations. However, the size-dependent
hygroscopic properties varied a lot from various chemical
species. For atomizer-generated KCI, MgCl, and CaCl,
particles, their GFs are independent from particle size, while
distinct size-effect on GFs for atomizer-generated
(NH,4),S0O, particles is observed by Park ez al. (2009).

Although some efforts have been made to investigate the
size-effect of salts particles on hygroscopic properties, still
some chemical species being ubiquitous in aerosol particles
(such as NaNO; and Na,SO,) are not taken into
consideration. Moreover, since both the size-effect and RH
may giantly impact on the GFs, it will be of significance to
distinguish the dominant factor from size-effect and RH. To
our knowledge, it is still less details till now to distinguish
the impact of size-effect and RH on the GF of inorganic
acrosols. To consider the impact of size-effect and RH
synchronous will provide a new insight into visibility
degradation and air quality improvement under ambient
atmospheric condition.

In this paper, the hygroscopic properties of several salts
particles, (NH,),SO,4, NaCl, Na,SO4 and NaNOj; included,
are investigated using H-TDMA technique. And the iso-GF
curves are put forward to differentiate the impact of
size-effect and RH.

EXPERIMENTAL PROCEDURE

The experimental setup consists of an aerosol generator
and a set of H-TDMA system (Fig. 1). The setup has been
described in detail in a previous paper (Ye et al., 2009).
Herein, a brief description of the experimental procedure is
presented. Aerosol particles, produced by the aerosol
generator (Model 3076, TSI Inc., USA), are firstly dried to a
low RH (RH < 5%) and then fed into the first differential
mobility analyzer (DMA-1). Through DMA-1, particles of a
certain “dry” size are selected. Afterward, the
size-selected-particles are exposed to a controlled humid
environment, i.e. a multitube Nafion humidifier (Models
PD-70T-24ss, Perma Pure Inc.) where RH is regulated in the
range of 5% to 90%. Then, a new particle size distribution is
measured by the second DMA (DMA-2) with combination
of a Condensation Particle Counter (CPC, Model 3771, TSI
Inc., USA). And hygroscopic GFs (Dp/Dy), defined as the
ratio of the humidified (Dp) and dry particle mobility
diameter (D), could be deduced. In this system, to avoid
unwanted particle dehydration or further hygroscopic growth
in DMA-2, the RH is monitored both on the inlet and outlet
of DMA-2 with RH modules (Model HMM22D Module,

Vaisala Inc.) to make sure the RH difference between the
humidified sample and the humidified DMA-2 sheath gas
flow is within 1% RH (throughout all the RH range). Both
the DMA-1 and DMA-2 are operated with N, as sheath gas
in 6.5 LPM, and with sample in 1.0 LPM. The particle size
mainly covered the range of 10—400 nm. The accuracy of all
DMAs is tested using the standard PSL particles, and the test
experiment of H-TDMA system is described in detail
elsewhere (Ye et al., 2009).

In this study, the elevated-RH is selected as 20%, 30%,
40%, 50%, 60%, 70%, 80%, 82%, 84%, 86% and D, is
selected as 20, 40, 60, 80, 100, 120, 140, 160, 180, 200 nm,
respectively. Meantime, to better ascertain the DRH of
(NH4),SO, and NaCl aerosols, the GFs of 100 nm
(NH4),SO, at 78% RH and 100 nm NaCl at 73%, 75%, 78%
RH are also measured. For accuracy, each experiment is
repeated 5 times at least.

RESULTS AND DISCUSSION

Hygroscopic Growth of Dy =100 nm (NH ),S0,, NaCl,
Na,;S0, and NaNO; Aerosols

Firstly, experiments with (NHy),SO, are performed to test
the H-TDMA system. The hygroscopic properties of
(NH,),SO, have been well understood and characterized by
several different techniques (Tang and Munkelwitz, 1993,
1994; Tang et al., 1995; Cziczo et al., 1997; Onasch et al.,
1999; Gysel et al., 2002), and thus making it an ideal system
to test the H-TDMA system. Fig. 2(al) presents a series of
Gaussian fits to the measured size distributions of 100 nm
(NH4),SO, aerosols as a function of RH. The fits have been
normalized to the peak concentration. It shows that there is
no shift in diameter until the DRH is reached, at which point
there is a distinct and abrupt increase in size of the particles
as the particles undergo a solid to liquid phase transition. Fig.
2(bl) displays the measured hygroscopic growth curve of
100 nm (NH,4),SO, aerosols. A good agreement is observed
between the measured GFs and the theoretical Kohler curves
(derived from AIM model). And the measured DRH appears
at 80 + 2% RH, also in good agreement with values reported
previously (Tang and Munkelwitz, 1993; Onasch et al., 1999;
Gysel et al., 2002).

The hygroscopic behavior of D=100 nm NaCl, Na,SO,
and NaNO; aerosols are displayed in Fig. 2(a2—a4). Fig.
2(a2) shows that NaCl aerosols have a deliquescence point
like (NH4),SO, and occur at 75 + 2% RH at 25°C, agree well
with the values reported previously (Tang and Munkelwitz,
1993). Moreover, as the measured hygroscopic growth curve
of NaCl aerosols shows in Fig. 2(b2), good agreement is also
observed between the GFs and theoretical hygroscopic curve.
For Na,SO, aerosols, as can be seen from Fig. 2(a3),
crystalline Na,SO4 particles remain unchanged until RH
reaches the DRH. Then, they deliquesce spontaneously to
form a saturated solution droplet by water vapor
condensation, gain about 1.7 times its initial diameter. After
that, the droplets continue to grow as RH further increases.
The hygroscopic properties of Na,SO, aerosols have been
examined previously with several different techniques and
are expected to deliquescence at 84% RH at 25°C



Hu et al., Aerosol and Air Quality Research, 10: 255-264, 2010 257

Po — 6.5L/min N>

ow conroller

dry air—m

DMA-1

1l
=i
oI
[
=]

filter

deionized water

=

deionized water

6.5L/min N

control valve
flow controller

T

control valve
e e

%T

DMA-2

6.5L/min

orifice

threé=way
valve

i
o
=]
=)
K
g
=
=

6.5L/min @IP)

orifice

Fig. 1. Schematic diagram of the H-TDMA system.

(Tang and Munkelwitz, 1994). As Fig. 2(b3) displays, the
measured DRH of Na,SO, aerosols appeared at 82 + 2%
RH, a little lower than the wvalues expected. Such
discrepancy may be caused by the slight temperature
fluctuates during the experiment where the temperature
increase will lead to the decrease of DRH (Tang and
Munkelwitz, 1993).

As Fig. 2(a4) presents, unlike (NH,),SO,, the NaNO;
aerosols do not exhibit the deliquescence phenomenon and
show continuous growing with RH increasing in this
experiment. Literature data (Tang and Munkelwitz, 1994)
reported a hysteresis effect of NaNO; particles at 25°C
with a DRH of 74.5%, and an ERH between 30% and
0.05%. The minimum RH in this experiment (about 5%
after the diffusion dryer) is obviously not low enough for
the spontaneous crystallization of the NaNO; particles.
Thus, NaNO; aerosols do not completely dry out even at
5% RH. Because of the missing crystallization, the NaNO;
aerosols in the DMA-1 have a diameter larger than the
volume equivalent diameter of the solute NaNOs. Thus, the
particle diameter measured in the DMA-1 (RH = 5%)
should be divided by the theoretical GF at this RH (1.02 at
25°C and 5% RH) to deduce the real diameter Dy (98 nm)
of dry NaNOj; aerosols. Fig. 2(b4) displays the measured
GFs curve and it agrees well with the theoretical
hygroscopic growth curve.

Size-effect on the Growth Factor

(NHy),SO,4, NaCl and Na,SO, aerosols all exhibit
pronounced deliquescence behavior, and their growth factors
as a function of D, are demonstrated in Fig. 3. As can be

seen, below DRH, the GFs of those salt aerosols all
continuously decrease with Dy increasing in the range from
20 to 200 nm at given RH, and the smallest particles show
the highest growth factor. Take (NH4),SO, aerosols for
instance, the GFs decrease from 1.05 for 20 nm aerosols to
1.03 for 200 nm aerosols at 70% RH. However, the
theoretical GFs of those inorganic salt particles should be
1.00 below DRH. This interesting finding can be explained
from two aspects. On the one hand, the small particle growth
just below the DRH is probably caused by water adsorption
on particle surface. Several studies (Dia et al, 1997;
Romakkaniemi et al., 2001) have testified that the salt
surfaces are actually adsorbed by water even though the
ambient RH was far below its deliquescence point. On the
other hand, although the adsorption of water vapor on small
particles is more difficult than that on large particles due to
the curvature effect, the relative increment (expressed by
GFs) of small particles is still higher than large particles as a
result of their high surface to volume ratio. In addition, it is
noteworthy that the GF-Size curves gradually lift up with
increasing of RH. Probably higher RH that means more
moisture in the atmosphere leads the particles to adsorb
more water vapor on particle surface.

When RH is higher than the deliquescence point, the
GFs of those salts aerosols increase with D, throughout the
investigated size range. Further analyses reveal the GFs
increase pronouncedly for particles in the range of 20—100
nm, and the increase trend relatively slows down for
particles in the range of 100-200 nm. As Fig. 3(b1) shows,
the GFs increase from 1.52 for 20 nm (NH,4),SO, aerosols
to 1.61 for 100 nm aerosols at 86% RH, corresponding to
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Fig. 2. Hygroscopic growth of Dy = 100 nm: (al) (NH4),SO,, (a2) NaCl, (a3) Na,SO,4 (a4) NaNO; as a function of RH.
The distributions displayed by Gaussian fitting and normalized to the peak concentration. The growth factor of Dy = 100
nm: (b1l) (NHy),SO,, (b2) NaCl, (b3) Na,SO,, (b4) NaNO; as a function of increasing (\/) RH. The solid line represents
the theoretical deliquescence curve as calculated from Kéhler theory.
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0.09 GF increment, while it only increases by 0.02 for
acrosols from 100 to 200 nm. Moreover, the diameter
increments (Table 1) are corresponded to 10.3, 60.9 and
125.3 nm for those (NH,),SO, aerosols of 20, 100 and 200

nm, respectively. It indicates that the large particles are
hygroscopic vulnerably and gaining water easier. This might
be caused by the fact that larger particles contain relatively
more solute than smaller ones.
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Table 1. The diameter increment of (NH,4),SO,4, NaCl, Na,SO, and NaNOs aerosols at different RH conditions.

g;lr%ilgael D,-Dy value (nm)
Compounds Diameter

Dy (hm) 20% 30% 40% 50% 60% 70% 80% 82% 84% 86%
20 0.5 0.5 0.5 0.7 0.8 1.1 8.6 9.0 9.5 10.3
40 1.0 1.1 1.2 1.3 1.5 1.9 19.0 19.9 20.6 21.8
60 1.4 1.5 1.6 1.7 2.0 2.5 29.8 30.7 31.9 34.7
80 1.7 1.9 2.0 2.1 24 3.0 40.5 42.6 433 47.0
(NH,4),SO, 100 1.8 2.2 2.1 2.5 2.7 3.3 49.9 53.1 55.2 60.9
(DRH=80%) 120 2.0 2.4 2.3 2.9 3.1 3.5 61.0 64.3 66.9 73.5
140 2.1 2.6 2.6 3.1 33 4.1 72.2 76.0 78.8 86.6
160 2.2 2.8 2.8 3.3 3.5 4.6 82.3 87.4 90.3 98.5
180 2.1 2.8 2.7 33 3.7 5.0 91.1 98.6 101.6 1119
200 1.8 2.9 2.6 33 4.1 5.5 103.5 1106 1139 1253
20 0.4 0.4 0.7 0.8 1.1 1.9 18.6 20.0 21.0 22.5
40 0.7 0.5 0.8 1.0 1.3 3.2 39.6 433 45.4 48.1
60 1.0 0.8 1.0 1.3 1.5 4.2 62.0 65.6 69.2 75.1
80 1.4 1.2 1.3 1.6 1.7 52 84.0 88.6 93.1 100.4
NaCl 100 1.5 1.5 1.6 1.8 1.8 5.9 1054 1105 116.7 125.8
(DRH = 75%) 120 1.6 1.7 1.7 1.7 1.9 5.9 1272 1340 1425 150.8
140 1.7 1.9 1.9 1.7 1.9 6.6 147.8 1558 168.1 175.0
160 1.8 2.0 2.1 1.5 1.8 7.3 169.4 178.5 1943 203.7

180 1.7 2.2 2.3 1.2 1.6 7.5 191.1 2032 - -

200 1.6 2.1 2.3 0.5 1.5 7.9 — — — —
20 0.6 0.6 0.7 0.7 0.8 0.9 1.3 12.1 13.5 14.1
40 1.4 1.5 1.5 1.4 1.1 1.1 1.8 26.3 28.3 30.7
60 2.2 2.3 2.0 1.8 1.5 1.2 2.3 39.9 43.5 47.3
80 3.0 3.0 2.3 1.9 1.5 1.0 2.7 53.4 58.2 61.7
Na,SO4 100 3.6 3.5 2.5 1.6 1.1 0.8 3.1 66.8 72.7 78.3
(DRH = 84%) 120 4.2 4.1 2.7 1.2 0.6 0.3 3.5 79.9 86.3 96.2
140 4.8 4.6 32 1.2 0.3 0.2 2.8 92.7 99.3 1126
160 5.3 5.1 3.6 1.5 0.1 0.0 3.3 106.0 117.8 1294
180 5.8 5.6 4.1 1.8 0.1 0.0 2.0 120.1  136.1 1455
200 6.2 5.9 4.4 2.2 0.2 0.1 1.0 136.1 156.6 164.5
19.6 2 3 3.5 4.6 5.6 7.5 9.9 10.5 11.7 12.8
39.2 4.2 6.4 7.5 10 12.4 16.9 23.1 24.7 27.3 30.6
58.8 6.5 9.4 11.5 15.1 19 26 36.1 38.9 434 48.6
78.4 8.5 12.5 15.6 20.4 25.5 349 48.9 53 60.5 65.5
(N;\I(?lieori/ed 98 10.3 15.3 18.9 25.5 31.5 43.2 61.3 66.5 76.3 83.4
DRH) 117.6 12 18.2 22.5 30.3 38.8 52.1 73.6 80.3 92.8  100.9
137.3 13.7 21 26.4 35.1 453 60.6 85.4 953 1034 1189
156.9 154 23.6 30.2 40.1 51.9 69.1 99.8 108.1 1187 1379
176.5 17.2 26.3 33.7 44 58.5 77 113.8 1229 1352 1614
196.1 18.7 28.6 37.2 48.5 65.5 852 127.6 1397 151.1 1749

Our results consist with the size-dependent hygroscopicity ~ diameter and RH at equilibrium is given by:
reported in the previous works (Gysel et al., 2002; Biskos et
al., 2006; Park et al., 2009). Kelvin effect is supposed to be  prr _ a,Cy, = a,, exp( 4Vw°'soz/V) )

the major reason caused the size-dependent GFs. The growth
of aqueous droplets in humid air is commonly described by
Kohler theory (Kohler, 1936; Gysel et al, 2002;
Kreidenweis et al., 2005). At equilibrium, the RH is the ratio
of the vapor pressure over a solution droplet to the saturation
vapor pressure of water. The relationship between droplet

RTD,

where a,, is the water activity, Cy, is the Kelvin correction
factor, v,, is the partial molar volume of water, o, is the
surface tension of the solution at the composition of the
droplet, R is the universal gas constant, 7 is the



Hu et al., Aerosol and Air Quality Research, 10: 175-184, 2010

temperature and D, is the equilibrium diameter. The
Kohler equation states that the RH equals the water activity
for a plane solution surface, and that for curved surfaces
such as aerosol particles, the water activity is always
smaller than the ambient RH. The Kelvin factor therefore
causes the hygroscopic growth to decrease with decreasing
dry size for particles of identical composition.
Water-soluble aerosol particles grow by condensation of
water vapor simply because the water activity of the
aqueous solution strives to equilibrate to the RH in the
surrounding air in accordance with the Kohler equation.

Among the salts investigated, the abrupt deliquescence
behavior do not occurred for the NaNOs aerosols. Like the
hygroscopic growth behaviors of (NH4),SO4, NaCl and
Na,SO, above DRH, similar increase trends of GFs with
particle size are also observed for NaNO; aerosols (Fig. 4).
Throughout the entire RH scope, the GFs keep increasing
markedly until Dy reaches 100 nm, and the increase trend
of the GFs slows down as the particles further increasing.
At 60% and 86% RH, the GFs increase from 1.28 and 1.65
for Dy = 20 nm particles to 1.32 and 1.85 for Dy = 100 nm
particles, and ultimately the values increase to 1.33 and
1.89 for Dy = 200 nm NaNOj aerosols, respectively.

Size and Relative Humidity Effects on the Growth Factor

The GFs of aerosols are influenced markedly not only by
their chemical composition, but also by the initial particle
size and ambient RH. To distinguish the dominant impact
on GFs from size-effect and RH, iso-GF curves with Dg
and RH as the coordinates are put forward and the
corresponding curves of (NH4),SO,, NaCl and Na,SO,
acrosols are illustrated in Fig. 5. Below DRH, the GFs
increase with RH while they decrease with D,. It indicates
RH plays a dominant role to augment the particle diameter
at ambient atmosphere. Above DRH, the GFs are more
sensitive to particle size for particles smaller than 60 nm,
while the GFs are more sensitive to RH for particles larger
than 80 nm. For NaNOj; aerosols (Fig. 6), at 80% < RH <
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86%, the GFs are easier to increase with D, for particles
smaller than 60 nm, while they are easier to increase with
RH for particles larger than 80 nm. However, at 20% < RH
< 70%, it is noted that the GFs are more sensitive to the
RH than to D, even though the particles are smaller than 60
nm. It indicates that the size-effect of NaNO; aerosols on
their hygroscopicity becomes more and more prominent as
the RH increases.

CONCLUSION

Based on the hygroscopicity investigation of (NH4),SO,,
NaCl, Na,SO, and NaNOj; aerosols, the size-effect is found
on the GFs of Na,SO; and NaNO; aerosols besides
(NH4),SO, and NacCl aerosols (Gysel et al., 2002; Biskos et
al., 2006; Park et al., 2009). Nevertheless, much more
studies are needed to explore the size-dependent
hygroscopicity of other compounds being ubiquitous in
atmospheric aerosols and to elucidate the mechanisms
causing such size-effect. As is observed in our studies, The
GFs and ultimate particle size are strongly influenced by
Dy. And they will subsequently affect the optical properties
of particles which will further impact on Earth’s radiation
and the climate. In this paper, the iso-GF curves are
proposed for the first time. Such iso-GF curves provide a
lucid and explicit insight into the hygroscopic growth of
salts particles. Through iso-GF curves, we can clearly
determine the major factor that affects the ultimate particle
diameter at ambient atmosphere. Then, it will be of
significance to improve the visibility and air quality by
controlling the dominant factor impact on aerosol
hygroscopicity.
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Fig. 5. The relationship among growth factor, RH and particle diameter of: (al) (NHy),SO,, (a2) NaCl, (a3) Na,SO,
particles at the RH below deliquescence point; (bl) (NH4),SO,, (b2) NaCl, (b3) Na,SO, particles at the RH above
deliquescence point.
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Fig. 6. The relationship among growth factor, RH and particle diameter of NaNOj; particles: (a) 20% < RH < 70%, (b)
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