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We study the efflorescence relative humidity (ERH) of particles composed of sodium chloride and sodium
sulfate. Both experimental and theoretical investigations are conducted to explore the effects of particle size
and mixing ratios between two inorganic materials on ERH. A previously developed theoretical model (Gao
et al.J. Phys. Chem. A2006, 110, 7602; ref 1) is applied as the framework to build a formulation assuming
that one salt nucleates much faster than the other, and the critical nuclei formation of the former controls the
rate of efflorescence. The predicted ERHs agree favorably with the experimental data, except for particles
containing Na2SO4 in a mole fraction of around 0.25. At this composition, our model underestimates the
ERH, indicating certain factors involved in the efflorescent processes that are overlooked in our formulation.
Relative to particles larger than 40 nm, the Kelvin effect more significantly affects particles smaller than this
size.

1. Introduction

Inorganic salts account for 25∼50% of fine aerosol mass.2

Since atmospheric particulates contain a complicated chemical
composition, understanding deliquescent and efflorescent be-
haviors of multicomponent particles is important to elucidate
their effects on air quality, visibility degradation, and climate
change.3 Deliquescent behavior of particles composed of mul-
ticomponents, such as NaCl-Na2SO4, NH4Cl-NH4NO3, NaCl-
NaNO3, and Na2SO4-(NH4)2SO4, has been investigated
experimentally4-7 and theoretically.8-11 Among these studies,
two types of deliquescence relative humidity (DRH) of the
multicomponent particles are reported: (1) the mutual deli-
quescence relative humidity (MDRH) at which solid particles
partially dissolve in the absorbed water and (2) the complete
deliquescence relative humidity (CDRH) at which particles
complete deliquescence and become homogeneous airborne
droplets. The MDRH is lower than the minimum DRH of all
components in their individual pure solutions and is independent
of the particle composition. Unlike MDRH, CDRH depends
substantially on the fractions of individual components in
mixtures.

Efflorescence of a multicomponent particle is more compli-
cated than that of a single component particle. The latter involves
only homogeneous nucleation, whereas additional heterogeneous
nucleation may occur for the former. Schlenker et al.12 reported
that ammonium bisulfate or ammonium nitrate, which cannot
crystallize in its pure solution (no efflorescence relative humidity
(ERH)), actually crystallize through heterogeneous nucleation
in a multicomponent solution after crystals of other species are
formed through homogeneous nucleation. Ge et al.13 investigated
the chemical composition of particles dried from KCl-NaCl,
KI-KCl, and (NH4)2SO4-NH4NO3 mixture solutions at dif-
ferent mole ratios using rapid single-particle mass spectrometry
(RSMS). They found that a dried multicomponent particle

consists of a pure salt surrounded by mixed salt coating, and
the core-shell arrangement depends on the salt mixing ratios.
These two studies suggest that homogeneous nucleation plays
a key role in the crystallization of a multicomponent solution.
For the ensuing heterogeneous nucleation of other salts, the
formed crystal of the first salt must be sufficiently large to act
as a heterogeneous inclusion.14 The necessity of a sufficiently
large crystal is supported by the observed decrease in ERH of
NH4NO3 when the crystal size becomes too small.15 Since both
ensuing heterogeneous nucleation and crystal growth occur
rapidly, one can assume that the formation of the critical nuclei
of the first salt controls the rate of efflorescence. Accordingly,
homogeneous nucleation theory may be promising for ERH
prediction of a particle consisting of more than one salt. This
approach has been applied to investigate how H2SO4, which
cannot crystallize, affects ERH of (NH4)2SO4.11

In this paper, we attempt to predict the ERH of binary mixed
salt particles using homogeneous nucleation theory. NaCl and
Na2SO4 were selected as tested components because (1) these
two salts exhibit distinctive ERHs, 58% RH for Na2SO4 and
48% RH for NaCl, facilitating observations of changes in
resultant ERH and (2) available experimental data of micrometer-
sized particles containing these two salts at various mixing
ratios4,6,7 provide a basis to further verify our theoretical
prediction for particles of the micrometer size. We modified
the theoretical model previously developed for a single salt
particle1 to apply to binary NaCl-Na2SO4 particles and then
present the trend in ERH of NaCl-Na2SO4 particles. ERH
measurements for NaCl-Na2SO4 particles down to 40 nm were
conducted to verify our theoretical calculations. To the best of
our knowledge, this is the first theoretical investigation on the
ERH of mixed NaCl-Na2SO4 particles with different mixing
ratios supported with experimental data.

2. Theories and ERH Prediction

To facilitate theoretical analysis, we hypothesize that the rate
of the crystallization process at ERH of a droplet of mixed NaCl
and Na2SO4 solutions is mainly controlled by homogeneous
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nucleation of one salt. This hypothesis is discussed in detail
based on comparison between theoretical prediction and ex-
perimental data in the next section. Following our prior
formulation,1 the nucleation rate at an RH is calculated by

where

is the Gibbs energy barrier, and the prefactorJ0 is estimated to
be 2.8× 1038 m-3 s-1 for NaCl and 1.7× 1038 for Na2SO4 by
applying the method of Richardson and Snyder16 and Onasch
et al.17 In eq 2,Vc is the volume of a NaCl or Na2SO4 molecule;
KBT is the thermal energy;S) a/a0 is the supersaturation ratio
betweena anda0, representing solute activity in supersaturated
and saturated mixed salt solutions, respectively; andσdrop-nuc

is the interfacial tension between a NaCl or Na2SO4 nucleus
and the supersaturated mixed salt solution. The nucleation rate
Jc at the ERH can be estimated by

where Ve is the corresponding volume of the supersaturated
droplet of the mixed salt solution, andt is the nucleation
induction time.17,18Because the actual induction time is difficult
to measure, we adopted the estimated residence time fort
according to experimental setup and flow rate for particle
efflorescence. Since the employed residence time could be
longer than the actual induction time, the predicted ERH could
be overestimated.

To determine the nucleation rate and ERH, one needs to
calculate various thermodynamic properties. Let the subscripts
w, R, and â denote water, NaCl, and Na2SO4, respectively.
Given a spherical dry particle consisting of the two salts with
mass equal toWR andWâ, we assume simple volume additiv-
ity19,20 to determine the diameterD0 and densityFdry of dry
particles using the individual crystal densities as shown in Table
1. For a droplet resulting from water uptake and salt dissolution,
we can determine the salt molalitiesmR andmâ by specifying
the water activity and using the Zdanovskii-Stokes-Robinson
(ZSR) relationship,22

wheremi,0(aw) is the molality for the corresponding single-salt
solution with the same water activityaw. Equation 4 has been
commonly employed by many researchers.5,9,10,23The correla-
tions for mi,0(aw) are given in the Appendix. The total salt
molality is hencem ) mR + mâ, and the water massWw can be

calculated from the molality and molecular weight of either salt.
The densityF of the mixed salt solution is estimated by4

whereFi is the density of the corresponding single-salt solution
with molality m. The correlations forFi are given also in the
Appendix. The growth factor defined as the diameter ratio of
wet to dry particle is

Note that sodium sulfate in a mixed-salt solution crystallizes to
anhydrous salt (Na2SO4), because a supersaturated solution
droplet under ambient conditions rarely crystallizes to the
decahydrate, Na2SO4‚10H2O.19,24

The NaCl and Na2SO4 activities in the mixed-salt solution
are calculated by

where γi is the activity coefficient of salti. According to
Bromley,25 the activity coefficient can be calculated by

where the subscripts 1, 2, and 3 represent Na+, Cl-, and SO4
2-,

respectively.zi is the absolute charge number of ion speciesi,
and Aγ is the Debye-Huckel constant equal to 0.511 kg1/2

mol-1/2 at 298.15 K. The functions in eqs 9 and 10 are given
by

with

where

is the ionic strength, andγij
0 is the mean ionic activity

coefficient of the pairi-j (binary activity coefficient) for a
solution containing onlyi and j ions at I equal to that of the

TABLE 1: Physical Properties of Na2SO4 and NaCl

parameters Na2SO4 NaCl

νc (m3) 8.8× 10-29 4.48× 10-29

Fsalt (kg/m3)a 2680 2165
Msalt (g/mol) 142.0 58.44
msaturation(mol/kg)b 1.978 6.143

a Obtained from Lide et al.21 b Calculated values according to the
solubility reported by Lide et al.21
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mixed salt solution. The binary activity coefficientγij
0 is

calculated from equations of Kusik and Meissner,26

where q is equal to 2.23 and-0.19 for NaCl and Na2SO4,
respectively.27 In order to calculate supersaturation ratioS in
eq 2, the saturation activity of each salt in the mixed salt solution
a0 is assumed to take the value for the corresponding single-
salt solution at the same temperature and pressure.28

The interfacial tension between a critical nucleus of each salt
and the supersaturated mixed salt solution (σdrop-nuc) can be
estimated using Young’s equation with the assumption of a zero
contact angle,11 namely,

At a knownm, the ionic strength of the mixed-salt solution can
be written asI ) IR + Iâ, andσdrop-air is then calculated using
the simple mixing rule:29

whereyR ) IR/I, yâ ) Iâ/I, andσi,0 is the surface tension of the
corresponding single salt solution at the sameI. In this study,
the formula of Pruppacher and Klett30 is adopted to calculate
the surface tension of a NaCl solution,

The surface tension of a Na2SO4 solution is expressed by the
formula of Li et al.,31

whereσw andVw are the surface tension and molar volume of
pure water, respectively, andNA is Avogadro’s constant. For
each salt,σnuc-air can be determined from the experimental
measured ERH for the single-salt solution and the corresponding
fitted σdrop-nuc and evaluatedσdrop-air. Accordingly, the calcu-
latedσnuc-air are found to be 0.169 N/m for Na2SO4 and 0.197
N/m for NaCl.

Taking into account the Kelvin effect, the relative humidity
is determined by

whereD is the droplet diameter,Mw and Fw the molar mass
and density of water,R the molar gas constant, andT the
absolute temperature.

To facilitate ERH prediction, we first calculateJR andJâ for
the two salts using eq 1 at various values ofaw. The ERH
determination is then conducted by an iterative method devel-
oped in our prior work to ensure identical nucleation rates
calculated from eqs 1 and 3. The flowchart is shown in Figure

1, and the prediction process starts with a randomly specified
aw (<0.7). At the givenaw, Jc, JR, andJâ are calculated to check
whether Jc equals max(JR,Jâ). If the condition is met, the
corresponding RH is ERH. Otherwise, a newaw is obtained by
interpolation. Such iteration is continued untilJc equals max-
(JR,Jâ) within tolerance. We list some of the calculated quantities
as functions of water activity for the case of a dry particle with
diameter of 1µm and the NaCl-to-Na2SO4 mole ratio of 1:1 in
Table 2.

3. Experimental Section

To measure the ERH of airborne particles composed of mixed
salts, we employed a tandem differential mobility analyzer
(TDMA) system coupled with an exposure chamber, which was
described in detail elsewhere.1 In brief, prior to generation of
airborne salt particles, the whole system was purged using
purified dry air for more than an hour. To generate particles
consisting of salt mixtures, solutions (0.1 wt % of salts) were
prepared comprising NaCl (purity>99.5%, Merck, Germany)
and Na2SO4 (purity >99%, Merck, Germany) in seven different
molar proportions of 1:3, 1:2, 1:1, 2:1, 3:1, 4:1, and 9:1, in
addition to pure NaCl (0% Na2SO4) and pure Na2SO4 (0%
NaCl). To generate monodispersed particles, aerosolized salt
particles were carried by compressed air through a neutralizer
before they entered an electrostatic classifier (3080L, TSI Inc.,
USA). For individual batch measurements, droplets in mono-
modal distribution (66-72 ( 10 nm) were introduced into the
exposure chamber in a consistent flow rate (1( 0.01 L/min)
for more than 10 min under 90% RH. Once the size distribution
of salt droplets reached a steady state, RH in the exposure
chamber was decreased by adjusting flow rates of dry air (<5%
RH), varying from 0 to 2 L/min at room temperature. RH in
the exposure tube was monitored using a thermohygrometer
(Vaisala HMH45, Finland) with a precision of(2% RH. Size
of particles exiting the exposure tube was measured using a
scanning mobility particle sizer (SMPS 3969, TSI Inc., USA),
and effloresced dry particles remained in monomodal distribu-
tion with a size range of 40-49 nm ((10 nm). Propagated errors
of our experimental data, including the standard deviation of
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Figure 1. Flowchart for the calculation procedure of ERH.
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triplicate measurements and the precision of the hygrometer,
were smaller than 2.2% RH.

To examine the accuracy of the compositions of prepared
solutions, we used ion chromatography (IC2690, Waters, USA)
to measure the mole fraction of Na2SO4 and determine the
standard deviation from three mixed solutions at a prescribed
composition. The standard NaCl and Na2SO4 solutions with
concentrations of 5, 25, 50, and 100 ppm were utilized to
establish the calibration curves.

4. Results and Discussions

Table 3 lists the experimentally obtained ERHs of mixed
NaCl-Na2SO4 particles (40-49 nm) at nine different Na2SO4

mole fractions (xâ) along with corresponding residence times
determined based on the flow rates operated in this study. With
the use of the listed residence times, the theoretically calculated
ERHs are shown in the fourth column (Table 3) incorporating
the corresponding calculated homogeneous nucleation rates for
the two salts (last two columns, Table 3). As mentioned in
section 2, since the residence times, instead of actual induction
times, are adopted in this study, the predicted ERHs may be
higher than the real values.1 As shown in Table 3, the difference
in ERH between the predicted and experimentally measured
values (the fifth column) is smaller than 1% RH except forxâ
) 0.25 with a discrepancy of 2.3% RH. Our theoretical
prediction satisfactorily delineate experimentally observed varia-
tion in ERH as shown in Figure 2, where the experimentally

measured ERH first decreases slightly withxâ, reaches a weak
minimum atxâ ) 0.1, and then increases. Interestingly,xâ )
0.1 is the eutonic composition for MDRH obtained both
experimentally6 and theoretically.8 It should be noted that solute
nucleation is a stochastic process caused by thermal fluctuation
of a supersaturated state, and therefore the induction time for a
huge number of particles represents only an average value.32

At a given RH, some particles can likely effloresce in a time
shorter than this mean value. In our experiments, such behavior
could be reflected by a small peak indicative of a smaller size
next to the major peak in the particle size distribution curve,
when RH is decreased to about 1 or 2% RH higher than the
ERH value for the majority of particles. The particle number
ratio of the major to small peak is about 9, suggesting that a
small portion of particles effloresce earlier.

To further verify our theoretical formulation, we compare
theoretically calculated ERH of mixed NaCl-Na2SO4 particles
with a dry-state diameter of 1µm to the experimentally
measured data for particles of 0.6-1.3 µm, by Lee and Chang
using gas chromatography equipped with a thermal conductivity
detector (GC-TCD).7 ERHs extracted from the results reported
by Lee and Chang (Table 4) are similar to that obtained from

TABLE 2: Calculated Physical Quantities with Varying Water Activity for the Case of a Particle with Dry Diameter of 1 µm
and the NaCl-to-Na2SO4 Mole Ratio of 1:1 (Residence Time Is 15 min)

aw F (kg/m3) σdrop-air (N/m) GF σdrop-nuc,â (N/m)a Jâ (m-3s-1) σdrop-nuc,R (N/m)b JR (m-3 s-1) RH (%)

0.801 1323.79 0.080 56 1.765 0.088 44 0 0.1159 nod 80.2
0.701 1402.31 0.084 28 1.6275 0.084 72 2.0× 10-140 0.1122 nod 70.2
0.601 1512.56 0.091 83 1.4841 0.077 17 2.7× 10-15 0.1047 nod 60.2
0.581 1540.97 0.093 72 1.4536 0.075 28 1.8× 10-3 0.1028 nod 58.2
0.571 1555.71 0.094 68 1.4385 0.074 32 1.2× 102 0.1018 0 57.2
0.561 1570.72 0.095 65 1.4237 0.073 35 1.9× 106 0.1009 0 56.2
0.559 1573.75 0.095 84 1.4208 0.073 16 1.1× 107 0.1007 0 56.0
0.555 1579.83 0.096 23 1.4150 0.072 77 3.4× 108 0.1003 0 55.6
0.553 1582.87 0.096 42 1.4121 0.072 58 1.8× 109 0.1001 0 55.4
0.541 1601.25 0.097 60 1.3952 0.071 40 1.4× 1013 0.0989 0 54.2
0.539 1604.32 0.097 79 1.3924 0.071 21 5.6× 1013 0.0987 0 54.0
0.537 1607.4 0.097 99 1.3896 0.071 01 2.1× 1014 0.0985 0 53.8
0.535c 1610.47 0.098 19 1.3869 0.070 81 7.6× 1014 0.0983 0 53.6
0.533 1613.55 0.098 39 1.3842 0.070 61 2.7× 1015 0.0981 0 53.4
0.532 1615.08 0.098 49 1.3828 0.070 51 5.0× 1015 0.0980 0 53.3
0.531 1616.62 0.098 59 1.3815 0.070 41 9.2× 1015 0.0979 0 53.2
0.521 1631.97 0.099 59 1.3683 0.069 41 2.7× 1018 0.0969 3.0× 10-185 52.2
0.501 1662.37 0.101 62 1.3433 0.0673 8 3.1× 1022 0.0949 5.4× 10-77 50.2
0.481 1691.99 0.103 71 1.3203 0.065 29 4.4× 1025 0.0928 3.8× 10-30 48.2
0.451 1734.29 0.106 91 1.2897 0.062 09 1.4× 1029 0.0896 2.1× 102 45.2

a Interfacial tension between Na2SO4 nuclei and mixed solution.b Interfacial tension between NaCl and mixed solution.c Water activity at
efflorescence point.d No nucleation rate because saturation is not reached yet.

TABLE 3: Comparison for ERH between Prediction and
Experimental Data Obtained in This Studya

xâ

residence
time (s)

experimental
ERH (%)

calculated
ERH (%) |∆ERH|b Jâ (m-3 s-1) JR (m-3 s-1)

1.00 94 60.0( 2.1 59.0 1.0 1.1× 1019

0.75 89 57.9( 2.2 57.2 0.7 1.0× 1020

0.67 86 56.6( 2.0 56.4 0.2 1.3× 1020

0.50 84 54.0( 2.1 53.9 0.1 1.0× 1020 1.7× 10-129

0.33 75 50.0( 2.0 49.3 0.7 1.8× 1020 1.3× 103

0.25 72 47.8( 2.1 45.5 2.3 1.5× 1020 8.4× 1018

0.20 73 44.9( 2.1 45.2 0.3 5.3× 1012 7.6× 1019

0.10 73 44.6( 2.0 45.4 0.8 8.0× 10-132 9.6× 1019

0.00 78 45.1( 2.2 45.7 0.6 5.5× 1019

a The calculated nucleation rates of two salts at ERH are also shown.
b The difference between experimental and calculated values.

Figure 2. Variation of ERH with the mole fraction of Na2SO4 (xâ) for
mixed NaCl-Na2SO4 particles with average dry-state diameter of 45
nm.
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our experiments (Table 3). In addition, our theoretical prediction
is in reasonable agreement with their data although the largest
discrepancy (2.5% RH) between prediction and experiment
measurements again occurred atxâ ) 0.25 (Table 4 and Figure
3). To make further comparison, we calculated for 6µm particles
with xâ ) 0.5 and obtained an ERH of 54% RH, which also
concurs with the experimental value of 53( 2% observed by
Tang.4

All the above comparisons indicate that the theoretical model
in this study is capable of predicting the ERHs of mixed NaCl-
Na2SO4 particles except for the composition aroundxâ ) 0.25.
To investigate possible reasons causing the deviation of
predicted ERH for this composition, we examine the calculated
nucleation ratesJR and Jâ for the two salts (Tables 3 and 4)
when the mixture particles effloresce. Except forxâ ) 0.25,
the nucleation rate of one salt is much higher than that of the
other; the rate ratio is at least of 7 orders of magnitude. The
nucleation of Na2SO4 greatly outpaces that of NaCl forxâ >
0.25 and vice versa forxâ < 0.25 (Tables 3 and 4). This justifies
the assumption made in our formulation that each salt undergoes
homogeneous nucleation separately at an early stage, and
successful nucleation leading to ensuing crystal growth requires
nuclei at a critical size. Since one salt nucleates and forms
critical nuclei much faster, the other salt could undergo
heterogeneous nucleation with the crystal of the first salt as a
substrate. Therefore, the formation of critical nuclei of the first
salt is the rate-controlling process for the experimentally
observed efflorescence. Accordingly, the first salt shall appear

in the core of the formed dry particle with the second salt
enriched over the surface layer.13 For the case ofxâ ) 0.25,
however, the ratio of nucleation rate of Na2SO4 to NaCl becomes
smaller than 200 (Table 4) or even down to less than 20 (Table
3). Relative to the experimental data, the noticeable underes-
timation of the predicted ERH could be justified by two possible
reasons. First, it implies that the above mentioned process may
be less than applicable to predict ERH around this composition.
A proposed scenario is as follows. When the homogeneous
nucleation rates of two salts become sufficiently close, nuclei
of one salt smaller than their critical sizes, which can form and
disappear constantly, may suffice to trigger heterogeneous
nucleation of the other salt, and vice versa. This is in contrast
to the necessity of formation of nuclei larger than the critical
size as seeds for ensuing heterogeneous nucleation, a central
assumption in our formulation. Since overcoming the energy
barrier estimated from the homogeneous nucleation is not
required, crystallization can take place at a RH higher than
predicted values obtained based on the formulation in the present
study. In this case, the effloresced dry particles could consist
of a homogeneous mixture. The second possible reason is the
inadequacy of the empirical mixing rule of activities (eq 4)
ignoring the interactions of the two solutes, which become
important at high concentrations because of the nonlinear nature
of sodium sulfate. The inaccuracy in the calculated water activity
could be significant in particular forxâ ∼ 0.25, where the ionic
strengths of the two solutes are comparable.33,34With the limited
experimental data, we attempt to estimate the range forxâ, within
which our prediction for ERH may not be as accurate. To take
into account the composition precision for prepared samples,
we used the IC method to test the prepared mixed solutions
with xâ values of 0.2, 0.25, and 0.33 (three solutions for each
of the mole fractions) and obtained the standard deviation of
0.011, 0.016, and 0.038, respectively. Hence, this range is
crudely estimated to be to be from 0.18 to 0.37.

Because our theoretical model takes into account the Kelvin
effect, the dependence of ERH on particle size is also theoreti-
cally examined. Since ERH decreases with decreasing residence
time, a constant residence time of 15 min is employed, as an
example, to calculate ERHs. Table 5 shows that ERH decreases
when particle size decreases from 1µm to 100 nm, while a
reverse trend is seen for smaller particles (<100 nm). For all
mixing ratios, the difference of ERH over particle size range
40 nm-1 µm is no more than 1.4% RH. Such a small difference
is difficult to be verified through experimental measurements,
which usually have errors of at least 2% RH. Similar to the
experimental observation of Biskos et al.,35 the ERH increase
with decreasing dry diameter starts when the particle size has
been decreased to 40 nm. The increase becomes substantial in
particular for particles smaller than 20 nm. We find that the

TABLE 4: ERH Comparison between Prediction and
Experimental Dataa of Lee and Chang7

xâ

experimental
ERH (%)b

calculated
ERH (%) |∆ERH|c Jâ (m-3 s-1) JR (m-3 s-1)

1.00 58 58.1 0.1 1.2× 1015

0.90 59 57.8 1.2 5.1× 1014

0.75 58 56.8 1.2 7.8× 1014

0.70 58 56.4 1.6 6.0× 1014

0.50 53 53.6 0.6 7.6× 1014 0
0.25 48 45.5 2.5 5.8× 1014 3.2× 1012

0.10 47 45.7 1.3 1.0× 10-269 6.8× 1014

0.00 48 46.4 1.6 4.6× 1014

a Residence time) 15 min. The calculated nucleation rates of two
salts at ERH are also shown.b Data are extracted from the figures
reported by Lee and Chang (2002).7 c Difference between experimental
and calculated values.

Figure 3. Variation of ERH with the mole fraction of Na2SO4 (xâ) for
mixed NaCl-Na2SO4 particles with dry-state diameters of 1µm and
residence time of 15 min. The experimental data are extracted from
the work of Lee and Chang.7

TABLE 5: Variation of Predicted ERH with Dry Diameter
of Mixed NaCl and Na2SO4 Particles (Residence Time Is 15
Min)

ERH (%)

particle diameter

xâ 1 µm 100 nm 40 nm 20 nm 10 nm ∆ERHa

1.00 58.1 57.8 59.2 62.0 68.7 9.5
0.90 57.8 57.6 58.8 61.7 68.3 9.5
0.75 56.8 56.6 57.9 60.7 67.2 9.3
0.50 53.6 53.5 54.6 57.2 63.2 8.6
0.10 45.7 45.3 46.0 48.0 52.6 6.6
0.00 46.4 45.7 46.5 48.1 52.3 5.8

a Difference in ERH between 10 nm and 40 nm particles, (ERH10nm

- ERH40nm).
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differences in ERH between 10 and 40 nm are more than 5.8%
RH, and the difference increases with increasing Na2SO4 mole
fraction as shown in the last column of Table 5. The greater
increase in ERH for an increased Na2SO4 fraction is attributed
to the higher water activity for Na2SO4 than for NaCl, because
the exponential factor representing the Kelvin effect in eq 24 is
comparable for Na2SO4 and NaCl at a given dry diameter from
our calculation.

Finally, we address the sensitivity of predicted ERH to
residence time and to surface tension between nuclei and air.
In principle, the nucleation induction time could be approached
experimentally by gradually reducing the residence time and
monitoring the occurrence of efflorescence at a fixed RH. This
can be done, for example, with a well designed exposure
chamber having an adjustable length. Unfortunately, the chamber
used in the present study lacks this flexibility. To examine the
sensitivity of the current model to the residence time, we choose
a 45 nm mixed particle withxâ ) 0.5 to calculate the ERH
using different values for the residence time, and the results
are shown in Table 6. It is found that the current model for
mixed Na2SO4-NaCl particles is not so sensitive to the
residence time ranging widely from 0.1 to 3600 s. The sensitivity
of predicted ERH to the surface tension between nuclei and air
(σnuc-air) is analyzed by making the surface tension deviate
slightly away from the inferredσnuc-air (0.197 and 0.169 N/m
for NaCl and Na2SO4). The results in Table 7 indicate that our
prediction is strongly sensitive toσnuc-air. Sinceσnuc-air is used
to calculateσnuc-drop, a change inσnuc-air can considerably alter
the Gibbs energy (eq 2) and then the ERH. Therefore, an
accurate experimental measurement forσnuc-air is critical for
validation of the present formulation.

5. Conclusion

Our theoretical model is built to predict the ERHs of particles
containing mixed NaCl and Na2SO4 at various molar ratios and
shows satisfactory agreement with experimental values, except
for the cases with a Na2SO4 mole fraction of around 0.25. The
general agreement supports our hypothesis that for mixed salt
particles, efflorescence is controlled by the homogeneous
nucleation of one salt, whose nucleation rate is far much higher
than that of the other. However, at mixing ratios where the
individual nucleation rates of two salts are close enough to each
other, our theoretical formulation underestimates ERH as
compared to the experimental data. For this unique case, the
attribution is twofold: (1) the hypothesized mechanism, homo-
geneous nucleation of one salt followed by heterogeneous
nucleation, cannot well describe the efflorescence process and
requires further investigation; (2) the mixing rule of activities
used is inadequate for accurate prediction. Relative to particles
larger than 40 nm, the Kelvin effect plays an important role in

the ERHs of mixed NaCl-Na2SO4 particles smaller than 40
nm and becomes substantial for sizes below 20 nm. In addition,
the higher the Na2SO4 mole fraction, the larger the increase in
ERH.
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Appendix: Empirical Equations for Molality and Density
of Pure Salt Solutions

For pure salt solutions, the salt molalities are given by

The densities are estimated by

where

Equations A2 and A4 are used by Tang,4 eq A3 is from Hämeri
et al.,36 and eq A1 is a polynomial obtained by combining the
work of Ally et al.37 and Tang et al.,38 which have all been
detailed in our earlier work.39
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