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ABSTRACT

ARTICLE HISTORY

The hygroscopic properties of KBr, KCl, and KI nanoparticles having diameters from 8 to 60 nm were
measured using a tandem Differential Mobility Analyzer. In all cases, the deliquescence and
efﬂorescence relative humidity values increased with decreasing particle diameter. The associated
growth factors also decreased with decreasing particle diameter, in agreement with predictions by
€hler theory. Overall, the theoretically predicted growth factors agreed well with the
Ko
measurements, i.e., within §3% uncertainty. For KCl particles having sizes down to 15 nm, however,
a dynamic shape factor of 1.08, corresponding to non-spherical crystalline particles prior
deliquescence, was inferred for agreement between measurements and theory. By comparison, KBr
and KI within the same size range warranted shape factors of unity, equivalent to a sphere. These
results contribute to an understanding of nanosize behavior widely relevant to material sciences as
well as atmospheric aerosol particles over the oceans.
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1. Introduction
Inorganic salt particles suspended in the atmosphere
can exist in either the solid or the aqueous-solution
state depending on whether they have been exposed
to low or high relative humidity (RH) conditions
(Tang and Munkelwitz 1994; Martin 2000; Wise et al.
2005). The points in RH space where the transition
from solids to aqueous solutions take place (i.e., the
deliquescence RH; DRH) or vice versa (i.e., the efﬂorescence RH; ERH) can differ substantially, leading to
a hysteresis effect (Martin 2000; Topping 2008; Biskos
et al. 2006a; Mifﬂin et al. 2009). At RH values
between DRH and ERH, the particles can be either
solid or aqueous depending on their RH history
(Wexler and Seinfeld 1991). In the aqueous state, the
water content of the particles can be predicted by
K€
ohler theory (K€ohler 1936), which takes into
account the water vapor pressure reduction over a
concentrated solution droplet (i.e., Raoult’s law) and
the water vapor pressure increase due to high curvature of the droplet (i.e., the Kelvin effect). As a result
of the Kelvin effect, the water uptake of the aqueous

droplets is reduced as particle size decreases below
50 nm (K€ohler 1936; Seinfeld and Pandis 2006; Pruppacher and Klett 1997), which in turn affects the size
of the resulting droplets.
Since the pioneering work of K€ohler (K€ohler 1936)
in the 1930’s, many studies have investigated the
hygroscopic behavior of pure inorganic aerosol particles having diameters greater than 100 nm using
electrodynamic balances (Tang and Munkelwitz 1977;
1993; Zhang and Chan 2002; Tang et al. 1997) and
mobility analysis (Tang et al. 1997; Tang and Munkelwitz 1977; Tang 1996). Particles in the nanosize
regime (i.e., particles having diameters <100 nm) can
exhibit altered physical properties compared to larger
particles (Anastasio and Martin 2001). For RH <
DRH, the Gibbs free energy of the crystalline salt particles is lower than that of the aqueous-vapor system
(Seinfeld and Pandis 2006), and thus the particles
remain solid. Deliquescence is a thermodynamically
driven process that occurs at the RH corresponding
to the solubility of the salt. When crystalline
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inorganic salt particles are exposed to RH  DRH,
they spontaneously take up water to form aqueous
droplets and thus promptly increase their diameter.
Experiments have been designed to study these
effects in the nanosize regime. The DRH of sub-50-nm
NaCl particles, for example, was shown to increase
with decreasing particle size as a result of the higher
contribution of surface energy to the total free energy
of the gas-particle system (Biskos et al. 2006a). Rather
than thermodynamics, the efﬂorescence of aqueous
salts is the result of homogeneous nucleation (Seinfeld
and Pandis 2006). The nucleation rate is inversely proportional to the concentration of ions in the droplet
and thus scales to the third power of its size (i.e., to its
volume). As a result of the Kelvin effect, the required
RH for maintaining a small enough droplet within
which nucleation of the soluble species can initiate
(i.e., the ERH) increases when size decreases below
approximately 50 nm (Martin 2000; Gao et al. 2006;
2007; Hameri et al. 2000). This understanding, however, remains in need of theory development because
even as NaCl particles follow this behaviour (Biskos
et al. 2006a), (NH4)2SO4 particles do not
(Biskos et al. 2006b). Further observations of other test
compounds are needed for greater generalization of
the understanding of DRH and ERH behaviour of
nano-sized salt particles.
In regard to which systems to prioritize in these
additional studies, particles that occur in the atmospheric environment typically are internal mixtures of
a number of compounds. Over oceans, for example,
sea salt particles consist of NaC, Mg2C, KC, Cl¡,
SO42¡, Br¡, and I¡ with magnesium and potassium
being minor but important components (Seinfeld and
Pandis 2006; Kelly and Wexler 2006). Potassium
compounds are also associated with biomass burning
aerosols (Liu et al. 2000). The hygroscopic properties
of common atmospheric nanoparticles (i.e., NaCl and
(NH4)2SO4) having diameters smaller than 50 nm
have systematically been studied by Hameri et al.
(2000; 2001) and later by Biskos et al. (2006a,b,c) and
Gao et al. (2006, 2007). Pure letovicite particles as
well as mixtures of letovicite and ammonium bisulfate, having diameters ranging from 15 to 60 nm
have also been studied by Mifﬂin et al. (2009).
Herein, we report new measurements of the DRH,
ERH, and hygroscopic growth factors of potassiumhalide particles (namely, KBr, KCl, and KI) having
diameters from 8 to 60 nm. The ﬁndings ﬁll a missing gap in the literature and expand the existing
knowledge on the hygroscopic behavior of inorganic
salt nanoparticles, thereby helping us understand their
role in the atmosphere.

2. Methodology
2.1. Experimental
2.1.1. Generation of aerosol particles
The vaporization-condensation technique was used to
generate all the salt nanoparticles for the needs of this
study. The advantage of this technique is that it generates
particles of very high purity (Biskos et al. 2006a,c; Scheibel and Porstendorfer 1983), in part because no solvent
is required. To synthesize the particles, high-purity
(>99.5%) granular salts were placed within a quartz tube
inserted in a Thermolyne (Model 21100) tube furnace.
Ultrapure N2 was passed continuously through the tube,
which was maintained at high temperatures. Salt vapors
produced by the high temperatures were carried by the
N2 ﬂow downstream the furnace where they were cooled
down to room temperature thereby forming nanoparticles by nucleation. By adjusting the temperature of the
furnace from 500 to 700 C, we could produce polydisperse aerosol particles having mean diameters that varied
from ca. 10 to 45 nm.
Particles produced by vaporization-condensation are
typically highly agglomerated (Flagan and Lunden 1995).
A pre-conditioning stage was therefore used to restructure the agglomerates into compact particles before measuring their hygroscopic behavior (Martin 2000; Biskos
et al. 2006a,c; Scheibel and Porstendorfer 1983; Flagan
and Lunden 1995). To do so, the dry aerosol (RH < 5%)
exiting the tube furnace was passed through a Naﬁon conditioner submerged in water (NCW; Perma Pure Model
MD-110) to increase the RH of the aerosol ﬂow above
95%. Subsequently, the RH of the aerosol was decreased
to values below 5% by passing it through a Naﬁon conditioner operated with an RH-adjustable air sheath ﬂow
(NCA). The RH history of the conditioned polydisperse
aerosol was therefore 5% ! 95% ! 5%. In all cases, the
RH was determined with sensors (Omega Model
HX93AV) having an accuracy of §2.5%.
2.1.2. Measurements of particle hygroscopicity
A tandem nano-differential mobility analyzer (TnDMA)
(Rader and McMurry 1986) system was used to investigate the hygroscopic properties of the potassium-halide
aerosol particles. Details of the apparatus are provided
in Biskos et al. (2006a,c). In brief, the pre-conditioned
particles generated by the vaporization-condensation
method were passed through a 210Po bipolar charger and
a ﬁrst differential mobility analyzer (DMA-1; TSI 3085).
DMA-1, was used to select monodisperse particles,
which were then exposed to one of two RH proﬁles,
depending on whether deliquescence- or efﬂorescencemode experiments were conducted. For the deliquescence-mode experiments, the RH of the aerosol ﬂowing
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downstream of DMA-1 was stepwise increased using an
NCA at X% RH before entering a second DMA (DMA2). The RH history of the monodisperse sample in these
experiments was therefore 5% ! X%. For the efﬂorescence-mode experiments, we used an NCW and an
NCA in series. The NCW was used to increase the RH of
the monodisperse sample downstream of DMA-1 to values >95%, whereas the NCA that followed decreased the
RH of the sample in a stepwise manner. The RH history
of the monodisperse sample downstream of DMA-1 in
this case was 5% ! 95% ! X%. The mobility distribution of the particles exiting the humidiﬁcation system
was measured by DMA-2 and an ultraﬁne CPC. The
sheath and the aerosol ﬂow in both DMAs were 3 and
0.3 lpm, respectively. In order to ensure that the size of
the particles does not change between the RH conditioner and DMA-2, the aerosol ﬂow RH (RHa ) and the
sheath ﬂow RH (RHs ) in DMA-2 were continuously
measured during the experiments (Biskos et al. 2006b)
and their difference was kept <3% (Hameri et al. 2000;
Biskos et al. 2006b; Bezantakos et al. 2016). The system
was calibrated regularly using 60-nm NaCl particles,
which have a well-understood hygroscopic behavior
(Biskos 2006c), while the majority of the measurements
were conducted two times to ensure consistency.
2.1.3 Data analysis
A modiﬁed version of the TDMAﬁt algorithm
(Stolzenburg and McMurry 1988) was used to determine the hygroscopic growth factors of the particles
from the hygroscopic TnDMA measurements. The
algorithm compensates for differences in the conditions within the experimental setup. More speciﬁcally,
it corrects the measurements for discrepancies in the
measured electrical mobility of the particles by the
two DMAs that result from differences in temperature
and pressure. The algorithm uses the Levenberg
Marquardt least squares algorithm (Marquardt 1963;
Markwardt 2010) to ﬁt Gaussian-shaped transfer
functions to the measured response of the system.
The ﬁtted parameters are (1) the particle penetration
through the system, (2) the growth factor of the
particles due to their water uptake, and (3) the ﬂow
conditions in the two DMAs. To locate the peak
positions and the associated particle-number concentrations that give the best ﬁt to the measurements,
the algorithm employs a search routine with a
number of convergence criteria and constraints. The
best solution is reached when a chi-squared function
of the ﬁt residual changes by less than 0.1% and each
of the ﬁtted parameters deviates by less than 10% of
its respective estimated uncertainty (Stolzenburg and
McMurry 1988).
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2.2. Theoretical
The mobility diameter growth factor g measured by
the hygroscopic TnDMA is deﬁned as (Biskos et al.
2006c):
gðRHÞ D

dm ðRHÞ
;
dm;dry

[1]

where dm;dry and dm ðRHÞ are the mobility diameters of
the particles at the dry state (i.e., selected by DMA-1 at
<5% RH) and at elevated RH, respectively.
The measured growth factors are compared with predictions that consider the Kelvin effect and the possible
change in particle shape from non-spherical (dry solid
particles) to spherical (aqueous-solution droplets). The
predicted growth factor can be expressed as follows:
!1=3


Cc λ; dve;dry
100rs


x
;
gðRHÞ D
wt raq ðwt Þ
Cc λ; dm;dry

[2]

where rs and x are the density and the shape correction
factor of the dry particles, wt and raq ðwt Þ are the water
content (weight percent) and the density of the aqueoussolution droplets, and dve;dry is the volume equivalent
diameter of the dry particles. Cc in Equation (2) is the
Cunningham slip correction factor given by:



λ
d
2:34 C 1:05exp ¡ 0:39
;
Cc ðλ; dÞ D 1 C
d
λ

[3]

where λ is the mean free path of the carrier gas, and d the
diameter of the particles. Using Equations (2)—(7) we
predict the hygroscopic growth of the particles, which
can then be compared with the measurements (i.e.,
Equation (1)).
The particle water content is related to RH through
the water activity aw. For particles having diameters
larger than 100 nm, RH D 100 aw . Particles in the nanosize regime are affected by the curvature and thus by the
surface tension of the droplets. The dependence of the
water activity to the RH of the particles in this case is
given by:


4Mw s aq ðwt Þ
;
RH D 100 aw exp
RTrw dve ðRHÞ

[4]

where rw and Mw are the density and molar mass of
water, R is the universal gas constant, and T is the temperature. s aq is the surface tension of the aqueous droplet
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given by:
s aq D ða C b£mÞ£10 ¡ 3 :

[5]

Here m is molality, whereas a and b are material-speciﬁc parameters the values of which for the compounds used in this study are given in Table 1. The
water content wt is related to the water activity of the
system as follows:
aw D Ci C

X
Ci wit :

[6]

The polynomial constants in Equation (6) for all salts
investigated in this study are provided in Table 1. The
density of the aqueous-solution droplets in Equation (2)
can be predicted by the polynomial:
raq D A0 C

X
Ai wit ;

[7]

where A0 and Ai are constants (cf. Table 1 and associated
references).

3. Results and discussion
Figure 1 shows the measured and predicted hygroscopic
growth curves of KBr nanoparticles during deliquescenceand efﬂorescence-mode experiments. Deliquescence of
the largest particles (dm;dry D 60 nm) occurs between 72.4
and 78.1% RH, whereas efﬂorescence occurs between 55.3
and 56.2% RH (Table 2). The DRH and ERH values are
estimated as the middle point of these ranges, i.e., 75.3 and
55.8%, respectively, which are within §3% agreement with
observations made for large particles and bulk KBr
reported in the literature (Martin 2000). Both the DRH
and ERH mean values increase monotonically (from 75.3

to 89.7% and from 55.5 to 63.6% RH, respectively) as particle diameter decreases (Figure 1 and Table 2). Best ﬁts of
the DRH and ERH as a function of dry particle diameter
for the range 8 to 60 nm are DRHðdm Þ D 111:30dm¡ 0:97 C
75:30 and ERHðdm Þ D 74:94dm¡ 0:89 C 55:50. The particle
size distributions measured by DMA-2 when the RH was
around the DRH and ERH can exhibit either two narrow
distinct peaks (one corresponding to the solid particle state
and the other to the aqueous particle state, with the latter
including particles that have grown substantially from
their dry/solid counterparts), or a broadened peak that
includes particle populations in the two different states,
with the aqueous particles growing marginally compared to those in the solid state (Figures S1–S4). For
the 60-nm KBr particles in the deliquescence-mode
experiments, for instance, the recorded mobility distributions are almost identical (i.e., they have the same
mean and standard deviation) when the particles are
exposed to RH conditions ranging from ca. 8 to 70%.
When the RH increases further, the size distributions
are slightly shifted to larger particle diameters and
become broader. In the efﬂorescence-mode experiments, on the other hand, the mobility distribution
scans for the 60-nm KBr particles are bimodal when
the RH is between 56 and 58%, i.e., near the ERH
(Figure S1). For RH values higher than the ERH, the
mobility distributions of the monodisperse particles are
unimodal, albeit broadened, as discussed above. The
observation of bimodal distributions can be attributed
to inhomogeneities along the experimental setup. Such
inhomogeneities can be caused by small differences in
the temperature (ca. §0.5 C during all measurements),
and consequently the RH, within the Naﬁon tube
humidity exchanger and DMA-2, causing some of the
particles to experience slightly different RH conditions
compared to the rest (Bezantakos et al. 2016).

Table 1. Density of the dry particles rs ðkg m ¡ 3 Þ, as well as density of droplet raq ðkg m ¡ 3 Þ, water activity aw and surface tension
s aq ðN m ¡ 1 Þ of the solution droplets.
Salt
KBr

KCl

KI

Density of the dry
particles rs ðkg m ¡ 3 Þ
2750
[Perry and Green 1997]

1987
[Hutchison 1944]

3130
[Perry and Green 1997]

Density of droplet
raq ðKg m ¡ 3 Þ [Forsythe 2003]

Water activity aw
[Robison and Stokes 2002]

Surface Tension
s aq ðN m ¡ 1 Þ

A0 D 1000
A1 D 6:7054
A2 D 0:0597
A3 D ¡ 1:0559 x 10 ¡ 4
A4 D 2:7455 x 10 ¡ 6
A0 D 995
A1 D 7:5
A2 D ¡ 8:0 x 10 ¡ 2
A3 D 2:667x 10 ¡ 3

C0 D 0:9999
C1 D ¡ 0:0027
C2 D ¡ 2:2336 x 10 ¡ 5
C3 D ¡ 4:6610 x 10 ¡ 7
C4 D ¡ 5:3239 x 10 ¡ 9
C0 D 0:9999
C1 D ¡ 0:0043
C2 D ¡ 2:5015 x 10 ¡ 5
C3 D ¡ 1:5253 x 10 ¡ 6
C4 D 4:2756 x 10 ¡ 9
C0 D 0:9999
C1 D ¡ 0:0020
C2 D ¡ 1:5577x 10 ¡ 5
C3 D ¡ 4:1034 x 10 ¡ 7
C4 D ¡ 2:5447x 10 ¡ 9

a D 68:573
b D 3:7522

A0 D 1001:1
A1 D 6:5929
A2 D 0:0898
A3 D ¡ 8:0703x 10 ¡ 4
A4 D 1:438 x 10 ¡ 5

[Shah et al. 2013]
a D 104
b D 11:714
[Shah et al. 2013]
a D 72:792
b D 1:1074
[Ali et al. 2009]
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Deliquescence Mode
Efflorescence Mode
Model with χ = 1.00
Model with χ = 0.96
Model with χ = 1.06

1.8
1.6
1.4
1.2

dm,dry = 60 nm

1.0
dm,dry = 30 nm

1.8

Mobility Diameter Growth Factor (g)

1.6
1.4
1.2
1.0
1.8

dm,dry = 10 nm

1.6
1.4
1.2
1.0
1.8

dm,dry = 8 nm

1.6
1.4
1.2
1.0
50

60

70
80
Relative Humidity (%)

90

Figure 1. Mobility-diameter growth factors of KBr nanoparticles.
Experimental growth factors are shown by the data points: circles
correspond to measurements recorded during deliquescencemode experiments, and squares during efﬂorescence-mode
experiments. In both cases the particles were generated by the
vaporization-condensation technique. Lines show the growth factors of the theoretical model, including the Kelvin effect and a
shape correction factor. Models are evaluated for 10 < wt < 80%.

The residence time of the particles in the humidiﬁer is
signiﬁcantly longer (of the order of 1.2 s) compared to
the time needed for the phase transition (of the order of

5

a few ns; Raoux et al. 2007). Given that the composition
of the particles is also uniform, any observed bimodal
growth factor distributions can only be explained by RH
inhomogeneities in the system (Hameri et al. 2000; Russel and Ming 2002; Tang et al. 1986). Similar behavior
was observed for the smaller KBr particles investigated
in our study, with bimodal distributions being more
often observed as the particle diameter decreased, especially in the efﬂorescence-mode measurements (Figures
S2-S4).
The hygroscopic growth factor of KBr nanoparticles
at 75% RH decreases from 1.57 to 1.43 as particle diameter reduces from 60 to 10 nm. For the largest particles
investigated here (i.e., 60 and 30 nm in diameter), their
dry diameter does not change with increasing RH up to
ca. 65%. The small particle growth observed at RH values
between ca. 65% and the DRH can be attributed to
adsorption of water onto the surfaces of the crystalline
particles. As particle size decreases, the apparent growth
due to water adsorption is observed at even lower RH
values (i.e., ca. 50%) due to the ability of the TnDMA to
resolve particle growth corresponding to even one
monolayer of adsorbed water in that range. Similar
observations are reported for (NH4)2SO4 and for NaCl
particles in other works (Hameri et al. 2000; FinlaysonPitts and Hemminger 2000; Wise et al. 2008; Ghosal and
Hemminger 1999).
Agreement between measurements and theoretical
prediction of the hygroscopic growth of KBr nanoparticles is within experimental uncertainty. It should be
noted here that the experimental uncertainty in sizing
particles using DMAs, and therefore of the estimated
growth factors by the TnDMA measurements, is of the
order of §3% (Kinney et al. 1991). This uncertainty is
illustrated by the shaded areas around the model predictions in Figures 1–3. Uncertainties introduced by the
accuracy of the RH sensors (which is §2.5% as stated
above) have only marginal contribution in the agreement
between measurements and predictions. For the 60- and
30-nm particles, the theoretical predictions are systematically lower compared to the measurements, requiring a
shape factor x of 0.96 to remove the offset. For the 8-nm
particles, on the other hand, the theory slightly over-predicts the observations, requiring a shape factor x of 1.06
to get a good agreement between prediction and measurements. When these shape-factor corrections are taken
into account, the agreement between predictions and
measurements is within §1%. Although this improvement indicates that the solid particles may be slightly
non-spherical, and that the shape factor of the dry particles can increase non-linearly with decreasing size, differences of this order can also be attributed to the
accuracy of the measurements and uncertainty in the

77.5-81.1

79.7-80.9
80.7-81.7
—
86.9-89.6

89.7-91.1
79.9-82.0a

40 nm

30 nm
20 nm
15 nm
10 nm

8 nm
Bulk

90.4
81.0

88.3

80.3
81.2

79.3

75.3

DRH mean

55.3
—
56.2
57.9
60.0
57.8–59.7
58.0-62.1
62.6-65.0
61.0 –
67.6
—
52.0b

ERH range

c

b

Martin (2000); Cohen et al. (1987).
Martin (2000); Zhang and Chan (2002).
Cohen et al. (1987); Freney et al. (2009).
d
Tang et al. (1986). n.t.o.: no transition observed.

a

72.4-78.1

60 nm

DRH range

KBr

58.8
60.1
63.8
64.3

59.0

55.8

ERH mean

n.t.o.
85 § 1c
84.3d

—
n.t.o.

—
82.6
90.8
—

—
79.6-85.5
90.5-91.2
—

1.52
1.54
1.36
1.43

—

—
81.9

DRH mean

DRH range

80.8-82.9

1.56

1.57

g (75%)

—
56 § 1c
53.0d

—
52.6 – 61.8
n.t.o.
—

51.4-60.7

—

ERH range

KCl

—

—
57.2
n.t.o.
—

56.1

—

ERH mean

Table 2. Deliquescence and efﬂorescence RH values and growth factors at 75% RH of KBr, KCl, and KI nanoparticles.

—

—
1.33
1.25
—

1.44

—

g (75%)

n.t.o.

54.6-64.4
57.1-63.9
58.4-64.9
—

—

53.6-64.3

DRH range

n.t.o.

59.5
60.5
61.7
—

59.0

DRH mean

—

41.9-55.6
43.1-57.1
48.6-63.7
—

—

40.6-49.9

ERH range

KI

—

48.7
50.1
56.1
—

45.3

ERH mean

—

1.46
1.45
1.4
—

—

1.53

g (75%)
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parameters of the theoretical model (e.g., density, surface
tension; Hameri et al. 2000, 2001).
Figure 2 shows measured and predicted hygroscopic
growth curves for KCl particles during deliquescenceand efﬂorescence-mode measurements. The DRH mean
values increased from 81.9 to 90.8% as particle size
decreased from 40 to 15 nm (Table 2). In this particle
size range we observed a gradual increase in the growth
factors prior to deliquescence, while the corresponding

Deliquescence Mode
Efflorescence Mode
Model with χ = 1.00
Model with χ = 1.08
Model with χ = 0.92

1.8
1.6
1.4
1.2

dm,dry = 40 nm

1.0
1.8

Mobility Diameter Growth Factor (g)

1.6
1.4
1.2
dm,dry = 20 nm

1.0
dm,dry = 15 nm

1.8
1.6
1.4
1.2
1.0

dm,dry = 8 nm

1.8
1.6
1.4
1.2
1.0
50

60

70
80
Relative Humidity (%)

90

Figure 2. As in Figure 1, but for KCl nanoparticles. Models are
evaluated for 10 < wt < 75%.
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size distributions were either unimodal and wide or narrower and bimodal (Figures S5-S7). For the 40-nm particles before the DRH point, particle water uptake results
in a growth factor of ca. 1.2. The peak of the recorded
particle size distributions during the deliquescence-mode
experiments (Figure S5) is initially shifted to the right at
RH < 80%, becoming bimodal with a smaller peak at ca.
50 nm and a second peak at ca. 60 nm when RH is
increased to ca. 81% corresponding to the fully deliquesced particles. At RH > 81% the ﬁrst peak disappears
whereas the second peak gradually shifts to larger particle sizes. Best ﬁts of the DRH and ERH as a function of
dry particle diameter for the range 15 to 60 nm are
DRHðdm Þ D 44:36dm¡ 0:96 C 81:00.
The mean ERH values of the KCl particles increases
from 56.1 to 57.2% as the particle size decreases from 40
to 20 nm (Table 2). At RH values §15% of the reported
mean ERH the measurements show either broad unimodal distributions, or bimodal size distributions having
two distinguishable peaks. In both cases, two populations
can co-exist in those samples: a population of solid particles and a population of aqueous droplets. As described
above, these observations can be attributed to inhomogeneities of the RH in the experimental setup. KCl particles
smaller than 20 nm, did not exhibit any apparent efﬂorescence (cf. Figure S7 in the online supplementary
information).
The hygroscopic growth of the KCl particles at 75%
RH decreases from 1.47 to 1.21 with decreasing size
(Table 2). For particles having sizes 15 nm, the theoretical calculations over-predict the observations when not
considering any shape correction factor (i.e., x D 1.00).
The over-prediction varies between 2 and 6%, whereas if
we use a shape factor correction x of 1.08 for the dry particles (i.e., corresponding to slightly non-spherical particles) the majority of the data agree with the
observations within 3%. It should be noted here that for
the 15-nm particles, the slope of the measurements is
slightly higher compared to that of the predictions. This,
however, can be attributed either to uncertainties in the
RH measurements, especially at RH values >95%, or to
the difﬁculty of distinguishing between core-shell particles (KCl crystals coated with water) and fully dissolved
droplets due to the small growth factors of the latter at
RH values below ca. 70%.
The difﬁculty to distinguish between crystalline particles coated with water and solution droplets is more
evident in the experiments with the 8-nm KCl particles.
Here we observed a gradual increase of the growth factor
with increasing RH, without a clear phase transition
from the solid particle to aqueous-solution droplet. The
measured mobility distributions were signiﬁcantly wider
for RH values >55% (Figure S8), indicating the existence
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of a second, though not distinguishable, peak. It should
be noted that in this size range, water adsorption onto
the particles prior deliquescence can cause an increase in
particle size of the order of a nanometer, yielding a
growth factor in the range of that observed here. Considering also that the growth of the 8-nm KCl particles is
not as high as that of the KI particles discussed above,
distinguishing between completely deliquesced (i.e., solution droplets) and coated (solid particles with a few
adsorbed monolayers of water) with the current system
is challenging. By estimating the growth factors using the
mean size of the broadened size distributions, the measurements can be ﬁtted by the theoretical model when a
shape factor correction of 0.92 is used. Such a correction
may suggest that the dry particles are slightly non-spherical but more streamlined compared to the spherical
droplets. This interpretation, however, is rather unlikely,
and thus the shape factor correction can only provide an
estimate of the contribution of other experimental uncertainties associated to these measurements.
The measured and predicted hygroscopic growth
curves for the KI nanoparticles are shown in Figure 3.
The mean DRH in this case increases from 59.0 to 61.7%
(Table 2) as the particle size decreases from 60 to 15 nm.
In a similar manner, the ERH mean values increase from
45.3 to 56.1% as particle size decreases in the same range.
In a similar manner with the previously described measurements for KBr and the KCl nanoparticles, the size distributions recorded by DMA-2 and the CPC during
deliquescence-mode experiments are bimodal just prior
deliquescence, while they become unimodal and broader
near the DRH point for the other particle diameters
studied here (Figure S9–S12). The small diameter
increase (g < 1.1) prior deliquescence of all particle sizes
having diameter 15 nm can be attributed to water
adsorption. During the efﬂorescence-mode measurements, all the recorded size distributions using KI particles in this size range remain unimodal and become
signiﬁcantly wider near the ERH. Best ﬁts of the DRH
and ERH as a function of dry particle diameter for the
range 15 to 60 nm are DRHðdm Þ D 4:37£104 dm¡ 3:54 C 59
and ERHðdm Þ D 3879:80dm¡ 2:18 C 45:30.
Contrary to the KI particles having diameters larger
than 15 nm that exhibit a clear phase transition
during deliquescence- and efﬂorescence-mode experiments, the 8-nm KI particles exhibit a gradual increase of
the growth factor over the entire range of RHs, while the
associated size distributions remain unimodal with insigniﬁcant change of their standard deviation (Figure S12).
The lack of any clear phase transition from the solid to
the aqueous particles, however, cannot exclude that the
particles do not become droplets past a speciﬁc RH value.
Solution droplets may exist in some of the measurements
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Figure 3. As in Figure 1, but for KI nanoparticles. Models are evaluated for 10 < wt < 75%.

but they may have too small sizes for the TnDMA to distinguish from those of water-coated crystalline particles
prior to deliquescence.
The growth factors of the KI nanoparticles at 75% RH
decrease from 1.53 to 1.30 as the particle mobility diameter decreases from 60 to 15 nm. Experimental data and
theoretical predictions that do not consider any shape
correction factor (i.e., x D 1.00) for particles in this size
range agree within §3% at RH values larger than ca. 75%.
The discrepancy between measurements and predictions
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is larger at lower RHs, but this can still be explained by
uncertainties in the measurements and/or of the parameters used in the theoretical model. The deliquescencemode measurements with the 8-nm KI particles, on the
other hand, deviate signiﬁcantly from the theoretical predictions. In this case, the theoretical model predictions ﬁt
the measurements only when we apply a shape correction
factor of 1.38, suggesting that the shape of the dry 8-nm
particles is non-spherical. Although this possibility cannot be excluded, it is more likely that the discrepancy
between measurements and predictions observed here
can be the result of the particles not deliquescing within
the RH range investigated here (up to 92%).

4. Conclusions
Measurements of the hygroscopic behavior of three
potassium halide salt nanoparticles, namely KBr, KCl
and KI, are reported in this article. All salts studied here
exhibit a behavior similar to that observed previously for
NaCl nanoparticles (Flagan and Lunden 1995; Rader and
McMurry 1986). The deliquescence and the efﬂorescence
RH values increase while the associated growth factors
decrease as the particle size reduces below 50 nm.
The data for KBr nanoparticles having sizes in the
entire range investigated here (i.e., from 8 to 60 nm)
showed clearly resolved deliquescence. Deliquescence was
also well resolved for KCl and KI nanoparticles for particles having diameters 15 nm. Efﬂorescence of those
particles was also clearly resolved, although the population
of the smaller particles exhibited a simultaneous phase
transition compared to their larger counterparts. For KCl
and KI particles having diameters of 8 nm, growth factors
were sufﬁciently small that the resulting droplets after deliquescence could not be distinguished from water-coated
crystalline particle prior to deliquescence.
The growth factors for all salt nanoparticles investigated in this work decrease progressively as dry particle
decreases. With the exception of the 8-nm KI particles,
all observations agree, within expected uncertainties,
with theoretical predictions. By including corrections
that take into account changes of the shape of the particles when these are in the dry crystalline (non-spherical
particles having a shape factor 6¼ 1) or the solution droplet (spherical particles having a unity shape factor) phase,
agreement between measurements and predictions was
further improved.
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