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aerosols. Such data, however, are very scarce in the literature, especially when dealing with aerosols 
composed of mixed salts as an internal mixture. 

SINGLE-PARTICLE LEVITATION EXPERIMENTS 

Numerous methods have been employed by investigators to study aerosol phase transition and 
growth in humid air. Thus, Dessensj and Twomey6 conducted deliquescence experiments with both 
artificial salt and ambient particles collected on stretched spider webs. They examined the particles 

with a microscope and noted phase eansition in humid air. 01-r et al.’ investigated the gain and 
loss of water with humidity change by measuring the change in electrical mobility for particles 
smaller than 0.1 p. Winkler and .Iunge* used a qu(artz microbalance and studied the growth of 

both artificial inorganic salt aerosols and atmospheric aerosol samples collected on the balance by 
impaction. Covert et aLy also reported aerosol growth measurements using nephelometry. Finally, 
Tanglo constructed a flow reactor with controlled temperature ‘and humidity and measured the 
particle size changes ot’ a monodispersc aerosol with an optical counter. Although these methods 
suffer from either possibIe substrate el’fects or some dilliculties in accurate particle size and relative 

humidity measurements, they have provided information for a clear undersmnding of the hydration 

behavior of hygroscopic aerosols. 
ln recent years, however, new experimental techniques have been developed for trapping a 

single micron-sized particle in a stable optical or electrical potentiaI well, These new techniques 

have made it possible to study many physicaI and chemical properties that are either unique to 
small p‘articles or otherwise inaccessible to measurement with bulk samples. An earlier review by 
Davis” documented the progress up IO 19X2. Since then, many interesting investigations have 

appeared in the IiteratUe, ln particul:u. t~i~l-In~)dy~~~u~ii~s’~~‘~ and optical properties’s,‘6 of electrolyte 
solutions at concentrations far beyond saturation thal coukl not have been achieved in the bulk, 
can now be measured with a levitated microdroplet. This is accomphshed by continuously and 
simultaneously monitoring the changes in weight and in Mie scattering patterns of a single sus- 
pended solution droplet undergoing mm~~lled growth or evaporation in a humidified atmosphere, 

thereby providing extensive data over the entire concentration region, Other interesting works on 
the physics and chemistry of microparticles have been discussed in the recent review by Davis.17 
In this section, the experimental methods used by Richiudson ‘and Kurtz’8 and Tang et aLI are 

described in some detail. 

Single particle levitation is achieved in an electrodyn‘amic balance (or quadrupole cell), whose 
design and operating principles have been described elsewhere,‘y-22 Briefly, an electrostatically 

charged particle is trapped at the null point, of the cell by an ac field imposed on a ring electrode 
surmunding the particle. The particle is bala~~ced against gravity by a dc potential, U, established 

between two endcap electrodes positioned symmetrically above and below the particle. All electrode 

surfaces are hyperboloida in shape and separated by Tellon insulators. When balanced at the null 
poinl, the particle mass, vv is given by 

(4.1) 

where q is the number of electrostatic charges canied by the particle, g the gravitational constant, 
and :<, the characteristic dimension 01’ the ~11. II l’ollows that the relative mass changes, w/w,,, 
resulting from water vapor condensation or evaporation can be measured as precisely as measure- 

ment of the dc voltage changes. U/U{,, that arc necessary for restoring the particle to the null point. 

Ht!re, the subscript, o, refers to measurements l’or the initiaJ dry salt particle. 
A schematic diagram of the apparatus is shown in Figure 4.1, The single-particle levitation cell 

is placed inside a vacuum chzunber equipped with a water jacket that can m‘aintain the cell 
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t e m p e r a t u r e  w i t h i n  2 0 . 1  “ C .  A  l i n e a r ,  v e r t i c a l l y  p o l a r i z e d  H e - N e  l a s e r  b e a m ,  e n t e r i n g  t h e  c e l l  t h r o u g h  

a  s i d e  w i n d o w ,  i l l u m i n a t e s  t h e  p a r t i c l e ,  6  t o  8  l . t m  i n  d i a m e t e r  w h e n  d r y .  T h e  p a r t i c l e  p o s i t i o n  i s  
c o n t i n u o u s l y  m o n i t o r e d  b y  a  C C D  v i d e o  c a m e r a  a n d  d i s p l a y e d  o n  a  T V  s c r e e n  f o r  p r e c i s e  n u l l  
p o i n t  b a l a n c e .  T h e  9 0 ”  s c a t t e r e d  l i g h t  i s  a l s o  c o n t i n u o u s l y  m o n i t o r e d  w i t h  a  p h o t o m u l t i p l i e r  t u b e .  

T h e  l a s e r  b e a m ,  w h i c h  i s  m e c h a n i c a l l y  c h o p p e d  a t  a  h x e d  f r e q u e n c y ,  i s  f o c u s e d  o n  t h e  p a r t i c l e  s o  
t h a t  a  l o c k - i n  a m p l i f i e r  c a n  b e  u s e d  I O  a c h i e v e  h i g h  s i g n a l - t o - n o i s e  r a t i o s  i n  t h e  M i e  s c a t t e r i n g  

m e a s u r e m e n t .  
I n i t i a l l y ,  a  f i l t e r e d  s o l u t i o n  o f  k n o w n  c o m p o s i t i o n  i s  l o a d e d  i n  a  p a r t i c l e  g u n ;  a  c h a r g e d  p a r t i c l e  

i s  i n j e c t e d  i n t o  t h e  c e l l  a n d  c a p t u r e d  i n  d r y  N z  a t  t h e  c e n t e r  o f  t h e  c e l l  b y  p r o p e r l y  m a n i p u l a t i n g  
t h e  a c  a n d  d c  v o l t a g e s  a p p l i e d  t o  t h e  e l e c t r o d e s .  T h e  s y s t e m  i s  c l o s e d  a n d  e v a c u a t e d  t o  a  p r e s s u r e  

b e I o w  l o - ’  t o r i - .  T h e  v a c u u m  i s  t h e n  v a l v e d  o f f  a n d  t h e  d c  v o l t a g e  r e y m r e d  t o  p o s i t i o n  t h e  p a r t i c l e  
a t  t h e  n u l l  p o i n t  i s  n o w  n o t e d  :LS UC,, The s y s t e m  i s  t h e n  s l o w l y  b a c k  I i l l e d  w i t h  w a t e r  v a p o r  d u r i n g  

p a r t i c l e  d e l i q u e s c e n c e  a n d  g r o w t h .  C o n v e r s e l y ,  t h e  s y s t e m  i s  g r a d u a l l y  e v a c u a t e d  d u r i n g  d r o p l e t  
e v a p o r a t i o n  a n d  e f f l o r e s c e n c e .  T h e  w a t e r  v a p o r  p r e s s u r e ,  p , ,  a n d  t h e  b a l a n c i n g  d c  v o l t a g e ,  U ,  a r e  

s i m u l t a n e o u s l y  r e c o r d e d  i n  p a i r s  d u r i n g  t h e  e n t i r e  e x p e r i m e n t .  T h u s ,  t h e  r a t i o ,  U d l _ J ,  r e p r e s e n t s  t h e  

s o l u t e  m a s s  f r a c t i o n  a n d  t h e  r a t i o ,  p , / ~ ~ ’  , ,  g i v e s  t h e  c o r r e s p o n d i n  g  w a t e r  a c t i v i t y ,  a i ,  a t  t h a t  p o i n t .  

H e r e .  P O ,  i s  t h e  v a p o r  p r e s s u r e  o f  w a t e r  a t  t h e  s y s t e m  t e m p e r a t u r e .  T h e  m e a s u r e m e n t  c a n  b e  r e p e a t e d  

s e v e r a l  t i m e s  w i t h  t h e  s L a m e  p a r t i c l e  b y  s i m p l y  r a i s i n g  t h e  w a t e r  v a p o r  p r e s s u r e  a g a i n  a n d  r e p e a t i n g  
t h e  c y c l e .  T h e  r e p r o d u c i b i l i t y  i s  b e t t e r  t h a n  ? 2 % .  

HYDRATION BEHAVIOR AND METASTABILITY 

A  d e l i y u e s c e n t  s a l t  p a r t i c l e ,  s u c h  a s  K C I ,  N a C l ,  o r  a  m i x t u r e  o f  b o t h ,  e x h i b i t s  c h a r a c t e r i s t i c  
h y d r a t i o n  b e h a v i o r  i n  h u m i d  a i r .  T y p i c a l  g r o w t h  a n d  e v a p o r a t i o n  c y c l e s  a t  2 5 ’ C  a r e  s h o w n  i n  F i g u r e  

4 . 2 .  H e r e ,  t h e  p a r t i c l e  m a s s  c h a n g e  r e s u l t i n g  f r o m  w a t e r  v a p o r  c o n d e n s a t i o n  o r  e v a p o r a t i o n  i s  
p l o t t e d  a s  a  f u n c t i o n  o f  r e l a t i v e  h u m i d i t y  ( R H ) .  T h u s ,  a s  R H  i n c r e a s e s ,  a  c r y s t a l l i n e  K C 1  p a r t i c l e  
( a s  i l l u s t r a t e d  b y  s o l i d  c u r v e s )  r e m a i n s  u n c h a n g e d  ( c u r v e  A )  u n t i l  R H  r e a c h e s  i t s  d e l i q u e s c e n c e  

p o i n t  ( R H D )  a t  8 4 . 3 %  R H .  T h e n ,  i t  d e l i y u e s c e s  s p o n t a n e o u s l y  ( c u r v e  B )  t o  f o r m  a  s a t u r a t e d  s o l u t i o n  
d r o p l e t  b y  w a t e r  v a p o r  c o n d e n s a t i o n ,  g a i n i n g  a b o u t  3 . 8  t i m e s  i t s  o r i g i n a l  w e i g h t .  T h e  d r o p l e t  

c o n t i n u e s  t o  g r o w  a s  R H  f u r t h e r  i n c r e a s e s  ~ c u r v e  ( 3 .  U p o n  d e c r e a s i n g  R H ,  t h e  s o l u t i o n  d r o p l e t  
l o s e s  w e i g h t  b y  w a t e r  e v a p o r a t i o n .  I t  r e m a i n s  a  s o l u t i o n  d r o p l e t  e v e n  b e y o n d  i t s  s a t u r a t i o n  p o i n t  
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--- Mixed-Salt (Evaporation) 

IO 0 

and becomes highly supersaturated as a metastable droplet (curve D) at RH much lower than RHD. 
Finally, efflorescence occurs at about 62% RH (curve lZ), when the droplet suddenly sheds all its 
water content and becomes a solid particle. Simiku behavior is illustrated in Figure 4.2 as dashed 
curves for an NaCl particle, which deliquesces at 7?.4% at 7S.4% RH and crystallizes at about 
48% RH. Note that, for a single-salt particle, the particle is either a solid or a droplet, but not in 
a state of partial dissolution. 

In a bulk solution, crystallization always takes place not far beyond the saturation point. This 
happens because the presence of dust particles and the container walls invariably induce heteroge- 
neous nucleation at a much earlier stage than what would be expected for homogeneous nucleation 
to occur. On the other hand, in a solution droplet where the presence of an impurity nucleus is 
rare, homogeneous nucleation norm‘ally proceeds at high supersaturations. Thus, the hysteresis 
shown in Figure 4.2 by either the KC1 or NaCl particle represents a typical behavior exhibited by 
all hygroscopic aerosol particles. The observations reported by Rood et al.z3 also revealed that in 
both urban and rural atmospheres. met&stable droplets indeed existed more than 50% of the time 
when the RH was between about 4S and 7S%. Since solution droplets tend to become highly 
supersaturated before efflorescence, the resulting solid may be in a metastable state that is not 
predicted from the bulk-phase thermodynamic eyuilibrium. In fact, some solid metastable states 
formed in hygroscopic particles may not even exist in the bulk phase.z4 It follows that the hydration 
properties of hygroscopic aerosol particles cannot always be predicted from their bulk solution 
properties. 

A case of interest is NalSOd aerosol particles. I n  bulk solutions at temperatures below 3S’C, 
sodium sulfate crystallizes with ten water molecules to form the stable solid-phase decahydrate, 
NazSOd 10Hz0.15 In suspended micropaticles, however, it is the anhydrous solid, Na$Od, that 
is formed most freyuently from the crysWization of supersaturated solution droplets. This fact is 
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FIGURE 4.3 Growth and evaporation uf a Na+QJ particle in humid environment at 25T 

established both by particle tnas measurementsL4 and by Raman spectroscopy.24 Figure 4.3 shows 
the growth (open circles) and evaporation (tilled circles) of ‘an Na1S04 particle in a humid envi- 
ronment at 2YC. The hydration behavior is qualitatively very similar to that of the KC1 or NaCl 
particle shown in Figure 4.2. Thus, as the RH increases, an anhydrous NazS04 particle deliquesces 
at 84% RII to form a saturated solution droplet containing about 13 moles Hz0 poer mole solute 
(moles H*O/mole solute). 1Jpon evaporation. the solution droplet becomes highly supersaturated 
until, tinally, crystallization occurs at about 58% RH, yielding ‘an anhydrous particle. 

At high supersaturations, the decahydrate is no longer the most stable state. The relative stability 
between anhydrous Na$04 and the decahydrate can be estimated from a consideration of the 
standard Gibb’s free energy change, AG’), of the system: 

so that, 

Na,S04(c) + lOH?O(g) = NazS04 10HzO(c), 

(4.2) 

AGo = AG;[NazS04 .lOHzO] - AG;[NazS04] - 10AGy[HIO] = -Kfln(l/pi’). 

Here, c and 8 in the parentheses refer to the crystalline state and gas phase, respectively. Taking 
the tabulatedzb AG;’ values -871.75, -303.S9, and -54.635 kcal mo-’ for NazS04 10HzO(c), 
NazS04(c), and HIO(g), respectively, we obtain a value of -21.81 kcal mol-’ for AGo, which leads 
to 19.2 torr as the equilibrium partial pressure of water vapor. or 81% RH at 25C. It follows that, 
instead ot’ the decahydrate, the anhydrous Na$O, becomes the most stable state below 81% RI-I. 
Thus, as depicted by the dashed lines shown in Figure 4.3, a solid anhydrous NazSOb particle would 
have transformed into a crystalline decahydrate particle at 81%) RH, which would then deliquesce 
at 93.6% RH, to become a saturated solution droplet containing about 38 moles HzO/mole solute, 
according to solution thermodynamics.z7 However, the observed hydration behavior of the particle, 
as shown in Figure 4.3, is quite different from what is predicted from bulk-phase thermodynamics. 

The hydration behavior of a mixed-salt particle is more complicated in that partially dissolved 
states may be present. This is illustrated again in Figure 4.2 by the growth (filled circles) and 
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evaporation ( o p e n  c i r c l e s )  o f  a  m i x e d - s a l t  p a r t i c l e  c o m p o s e d  o f  8 0 %  K C 1  ‘ a n d  2 0 %  N a C l  b y  w e i g h t .  
T h e  p a r t i c l e  w a s  o b s e r v e d  t o  d e l i q u e s c e  a t  7 2 . S %  R H ,  f o l l o w e d  b y  a  r e g i o n  w h e r e  e x c e s s  K C 1  
g r a d u a l l y  d i s s o l v e d  i n  t h e  s o l u t i o n  a s  R H  i n c r e a s e d .  T h e  p a r t i c l e  b e c a m e  a  h o m o g e n e o u s  s o l u t i o n  
d r o p l e t  a t  8 2 %  R H .  U p o n  e v a p o r a t i o n .  t h e  s o l u t i o n  d r o p l e t  w a s  o b s e r v e d  t o  c r y s t a l l i z e  a t  a b o u t  
6 1 %  R H .  F i g u r e  4 . 4  s h o w s  t h e  g r o w t h  a n d  e v a p o r a t i o n  o f  a n o t h e r  m i x e d - s a l t  p a r t i c l e  c o m p o s e d  
o f  e q u a l  a m o u n t s  o f  N a C l ,  N a I S O d ,  a n d  N a N Q .  A t  1 7 Y ’ C ,  t h e  p a r t i c l e  w a s  o b s e r v e d  t o  d e l i q u e s c e  
a t  7 2 %  R H . 1 6 J x  T h e r e  w a s  a l s o  a  r e g i o n  f o l l o w i n g  d e l i q u e s c e n c e  w h e r e  e x c e s s  s o l i d s  w e r e  g r a d u a l l y  
d i s s o l v i n g  i n  t h e  s o l u t i o n .  A t  7 4 %  R H ,  t h i s  m i x e d - s a l t  p ‘ a r t i c l e  b e c ‘ a m e  a  h o m o g e n e o u s  s o l u t i o n  
d r o p l e t ,  w h i c h  w o u l d  t h e n  g r o w  o r  e v a p o r a t e  a s  R H  w a s  i n c r e a s i n g  o r  d e c r e a s i n g ,  r e s p e c t i v e l y ,  a s  
s h o w n  i n  F i g u r e  4 . 4 .  U p o n  e v a p o r a t i o n ,  t h e  p a r t i c l e  w a s  o b s e r v e d  t o  p e r s i s t  a s  a  m e t a s t a b l e  s o l u t i o n  
d r o p l e t  a n d  f i n a l l y  c r y s t a l l i z e d  a l  a b o u t  4 S %  I U I .  T h u s ,  t h e  g e n e r a l  h y d r a t i o n  c h a r a c t e r i s t i c s  a r e  
s i m i l a r  f o r  m u l t i c o m p o n e n t  a e r o s o l  p a r t i c l e s .  

T a n g 4  h a s  c o n s i d e r e d  t h e  p h a s e  t r a n s f o r m a t i o n  ‘ a n d  d r o p l e t  g r o w t h  o f  m i x e d - s a l t  a e r o s o l s .  T h e  
p a r t i c l e  d e l i q u e s c e n c e  i s  d e t e r m i n e d  b y  t h e  w a t e r  a c t i v i t y  o f  t h e  e u t o n i c  p o i n t ,  E ,  i n  t h e  s o l u b i l i t y  
d i a g r a m ,  a s  s h o w n  i n  F i g u r e  4 . 5  f o r  t h e  K C l - N a C l - H Z 0  s y s t e m .  H e r e  w t %  N a C l  i s  p l o t t e d  v s .  
w t %  K C 1  f o r  t e r n a r y  s o l u t i o n s  c o n t a i n i n g  t h e  t w o  s a l t s  a s  s o l u t e s  ‘ a n d  H J I  a s  t h e  s o l v e n t .  T h e  s o l i d  
c u r v e s ,  A E  a n d  B E ,  s h o w n  h e r e  f o r  2 5 ° C .  a r e  s o l u b i l i t y  c u r v e s  c o n s t r u c t e d  f r o m  d a t a  t a k e n  f r o m  
S e i d e l l  a n d  L i n k e . 2 5  E a c h  p o i n t  o n  t h e  s o l u b i l i t y  c u r v e s  d e t e r m i n e s  t h e  c o m p o s i t i o n  o f  a  s a t u r a t e d  
s o l u t i o n  i n  e q u i l i b r i u m  w i t h  a  s p e c i f i c  w a t e r  a c t i v i t y .  T h u s ,  p o i n t  A  r e p r e s e n t s  t h e  s o l u b i l i t y  o f  
N a C l  a t  a  c o n c e n t r a t i o n  o f  2 6 . 4 2  w t %  a n d  a ,  o f O . 7 S 3 ,  a n d  p o i n t  B  i s  t h e  s o l u b i l i t y  o f  K C 1  a t  2 6 . 3 7  
w t %  a n d  u ,  o f  0 . 8 4 3 .  T h e  s o l u t i o n  i s  s a t u r a t e d  w i t h  N a C l  a J o n g  t h e  c u r v e  A E  a n d  w i t h  K C 1  a l o n g  
B E .  T h e  e u t o n i c  p o i n t ,  E ,  i s  t h e  c o m p o s i t i o n  ( K C l / N a C l  =  1 1 . 1 4 / 2 0 . 4 2 % )  w h e r e  b o t h  s a l t s  h a v e  
r e a c h e d  t h e i r  s o l u b i l i t y  l i m i t s  i n  t h e  s o l u t i o n  a t  t h e  g i v e n  t e m p t m t u r e .  T h i s  i s  u s u a l l y  t h e  c o m p o -  
s i t i o n  a t  w h i c h  t h e  w a t e r  a c l i v i t y  i s  t h e  l o w e s t  a m o n g  a l l  c o m p o s i t i o n s . 4 J y  I t  i s ,  t h e r e f o r e ,  t h e  
c o m p o s i t i o n  o f  t h e  s o l u t i o n  d r o p l e t  f o r m e d  w h e n  a  s o l i d  p a r t i c l e  o f  a n y  c o m p o s i t i o n  ( e . g . ,  K C l / N a C l  
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N a C l ( c ) + K C l ( c ) + s o M i o n  

W t %  K C I  

F I G U R E  4 . 5  S o l t h i l i t y  d i a g r a m  F u r  t h e  s y s t t x n  K C I - N t i C L - H z 0  a t  2 5 ° C  

=  8 ( Y 2 0 % ,  a s  r e p r e s e n t e d  b y  p o i n t  C )  t i r s t  d e l i q u e s c e s .  W e x l e r  a n d  S e i n f e l d 3 ”  h a v e  s h o w n  t h e o r e t -  
i c a l l y  t h a t  t h e  R H D  o f  o n e  e l e c t r o l y t e  i s  l o w e r e d  b y  t h e  a d d i t i o n  o f  a  s e c o n d  e l e c t r o l y t e ,  e s s e n t i a l l y  

e x p l a i n i n g  w h y  t h e  R H D  o f  a  m i x e d - s a l t  p a r t i c l e  i s  l o w e r  m a n  t h a t  o f ’  e i t h e r  s i n g l e - s a l t  p a r t i c l e s .  

E Q U I L I B R I U M  D R O P L E T  S I Z E  A N D  W A T E R  A C T I V I T Y  

T h e  e q u i l i b r i u m  b e t w e e n  ‘ a n  a q u e o u s  s a l t  s o l u t i o n  d r o p l e t  ‘ a n d  w a t e r  v a p o r  i n  h u m i d  a i r  a t  c o n s t a n t  

t e m p e r a t u r e  a n d  r e l a t i v e  h u m i d i t y  h a s  b e e n  c o n s i d e r e d  b y  m a n y  i n v e s t i g a t o r s  s i n c e  t h e  e a r l i e r  w o r k  
o f  K o e h l e r . 3 1  A  t h o r o u g h  a c c o u n t  o f  t h e  t h e r m o d y n a m i c s  o f  d r o p l e t - v a p o r  e q u i l i b r i u m  c a n  b e  f o u n d  
i n  b o o k s  b y  D u f o u r  a n d  D e f a y 3 z  a n d  b y  P r u p p a c h e r  ‘ a n d  K l e t t . j 3  F o r  a  s o l u t i o n  d r o p l e t  c o n t a i n i n g  

n o n v o l a t i l e  s o l u t e s ,  t h e  e q u a t i o n  

2 I J  C J  
i n % =  l n y , , y ,  + l  

P I  R T r  
( 4 . 3 )  

i s  q u i t e  g e n e r a l  a n d  a p p l i e s  t o  b o t h  s i n g k  a n d  m u l t i c o m p o n c n t  s y s t e m s ,  p r o v i d e d  t h a t  t h e  s o l u t i o n  
p r o p e r t i e s  a r e  d e t e r m i n e d  f o r  t h e  s y s t e m  u n d e r  c o n s i d e r a t i o n .  h ~ j 4  E q u a t i o n  ( 4 . 3 )  r e l a t e s  t h e  e q u i l i b -  
r i u m  r a d i u s  I  o f  a  d r o p l e t  o f  c o m p o s i t i o n  y ,  ( m o l e  f r a c t i o n )  t o  R H ,  m a m e l y ,  % R H  =  1 0 0  p & “ ,  
a n d  t o  t h e  s o l u t i o n  p r o p e r t i e s  s u c h  a s  t h e  a c t i v i t y  c o e f f i c i e n t  y , ,  p a r t i a l  m o l a r  v o l u m e  u , ,  a n d  s u r f a c e  
t e n s i o n  c r .  H e r e ,  t h e  s u b s c r i p t  1  r e f e r s  t o  w a t e r  a s  t h e  s o l v e n t .  p ,  i s  t h e  p ~ a r t i a l  p r e s s u r e  a n d  P I 0  t h e  
s a t u r a t i o n  v a p o r  p r e s s u r e  o f  w a t e r  a t  t e m p e r a t u r e  T  ( ‘ K ) .  R  i s  t h e  g a s  c o n s t a n t .  F o r  a  d r o p l e t  0 . 1  
p m  i n  d k a m e t e r ,  t h e  c o n t r i b u t i o n  o f  t h e  s e c o n d  t e r m  o n  t h e  r i g h t - h a n d  s i d e  o f  E q u a t i o n  ( 4 . 3 )  i s  
a b o u t  2 % .  C o n s e q u e n t l y ,  f o r  k a r g e r  d r o p l e t s ,  t h e  d r o p l e t  c o m p o s i t i o n  a g r e e s  c l o s e l y  w i t h  t h a t  o f  a  
b u l k  s o l u t i o n  i n  e q u i l i b r i u m  w i t h  i t s  w a t e r  v a p o r  a t  g i v e n  T ,  a n d  t h e  w a t e r  a c t i v i t y  o f  t h e  s o l u t i o n  
d r o p l e t  i s  s i m p l y  
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PI - %RH 
N, =Y,Y, =--$= 100 (4.4) 

The change in particle size at a given relative humidity can readily be deduced from a material 

balance on salt content before and after droplet growth to its equilibrium size. The following 

equation is obtained: 

(4.5) 

Here, d and p are, respectively, the diameter and density of a droplet containing X% by weight of 
total salts. Again, the subscript, 0, refers to the dry salt particle. It follows that, in order to calculate 

droplet growth as a function of RH. it is essential to have water activity and density data as a 

function of droplet composition. 
The simplest measurements that can be made with the single-particle levitation technique are 

water activities of electrolyte solutions over a large concentrated range, especially at high super- 

saturations that could not have btw done with bulk solutions, For highly hygroscopic inorganic 
salts such as NHaHSOh, NaHSO*, and NaNQ, the solution droplets may persist in the liquid form 
to such a degree that one solvent molecule is shared by five or six solute molecules.‘6 Such data 
are not only required in modeling the hydration behavior of atmospheric aerosols, but ASO crucial 
to testing and furthering the development of solution theories for high concentrations and multi- 

component systems. indeed, some elforts have begun to modify and extend Pitzer’s semiempirical 

thermodynamic model for relatively dilute electrolyte solutions to high concentrations.3s-37 
(NHJ2SOd is one of the most important constituents of lhe ambient aerosol. A large effort has 

been made to obtain thermodynamic and optical data for modeling computations. Thus, Richardson 

and Spann12 have made water activity measurements at room temperature with (NH&SO4 solution 
droplets levitated in a ch‘amber that can be evacuated and back-filled with water vapor. Cohen et 
aLI4 have employed an electrodynamic balance placed in a continuously ftowing gas stream at 

ambient pressures and made water activity measurements for a number of electrolytes, including 
(NH4)$Oh. The two sets of data show some discrepancies, which amount to 0.04 to 0.05 in water 
activities, or 5 to 6 wt% at high concentrations, Chan et al.3x have repeated the measurements in 

a sphericaJ void electrodynamic levitator (SVEL) and obtained results consistent with those of 
Cohen et al. The SVEL is a variation of the electrodynamic balance with the inner surfaces of the 

electrodes designed to form a spherical void? Tang and Munkelwitz16 have also made extensive 
measurements in their apparatus, which is closer in design to that of Richardson and Spann but 

butter thermostatted. Their results, together with those of previous studies, are shown in Figure 

4.6. It appears that, although the agreement among ail data sets is acceptable for aerosol growth 
computations, there is a need for more intercomparison studies to reduce the variability before the 

method can become standardized for precise thermodynamic measurements. The discrepancies 
could be due to experimental uncertainties in balancing the particle at the null point, adverse effects 

of thermat convection in the cell, and/or unavoidable measurement errors in humidity and temper- 

ature. 
Because of space limitations. as well as the specific purpose of this review, water activity and 

density are given only for a few selected inorganic salt systems, most of which (are of atmospheric 

interest. Both water activity and density are expressed in the form 01’ a polynomial in X, the solute 
wt%, namely, 

(4.6) 
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l Solution Data (Robinson & Stokes3 1970) 

o Tang & Munkelwitz, 1994a 

..... RS (Richardson 8 Spann, 1984) 

..--.-- CFS (Cohen, Flagan & Seinfeld, 1987a) 

0 10 20 30 40 50 60 70 a0 

Solute Wt% 

FIGURE 4.6 Water activities of xpws (NH4).J04 solutions tis 2SYZ. 

TA!i 
Summary of Polynomial Coefficients for 

x (%) o-7a o-97 o-la 
C, -2.7lS (-3) -3.0s (-3) -2.42 (-3) 

CZ 3.113 (-5) -2.Y4 (-S) 4.6lS (-S) 

C, -2.336(-6) A.43 (-7) -2.83 (-7) 

Cq I.412 (  -8) 

A, 5.Y2 (-3) S,87 (-3) S.66 (--3) 

‘42 -S.O36 (-6) -l.XY (-6) 2.Y6 (-6) 

*A I.024 (-X) I.763 (-7) 6.6X (-X) 

A* 

4For tis concentr~wu rage. uw =  1 ,SS7 +  x  C'J~ 

Water Activities and Densities 

Na2S04 NaHSOd NaN03 

0-40 40-67* 0-9s o-9a 

-3.SS (-3) -l.YY (-2) -4.Y8 (-3) -6.366 (-3) 

9.63 (-S) -1.92 (-S) 3.77 (-6) I.286 (A) 

-2.Y7 (-6) I.47 (A) -6.32 (-7) -3.496 (A) 

I.843 (-8) 

KS71 (-3) 7.S6 (-3) 6.Sl2 (-3) 

3.lYS (-S) 2.36 (-S) 3.02s (-S) 

2.x ( 7) 2.33 (-7) I.437 (-7) 

NaCl 

o-4a 

8.24 (-5) 

l.lS8 (-5) 

lSl8 (-S) 

7.41 (-3) 

-3.741 (-S) 

2.252 (-6) 

-2.06 (-8) 

p=OB71+ 
Iz 

A$, (4.7) 

where the polynomial coefficienLs, C, and A,, are given in Table 4.1. 

Data for mixed-salt solutions are very limited. Tang et al.‘+(1,4’ measured the water activity of 
bulk solutions of (NH4)$04/NH4HSOA (molar ratio l/l) and (NH4)$OJNH4N03 (3/1; 1/2). Spann 
and Richardson4? measured the water activity of’ (NH&jOJNHaHS04 (1.5 5 [NH4+]/[SOdz-] 5 2) 
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TABLE 4.2 
Predicted and Observed OARHD for Some Pure-Salt Particles 

S a l t  S o l u t i o n  P h a s e  P a r t i c l e  P h a s e  P r e d .  % R H D  O h s .  % R H D  

A n h y d r o u s  

A n h y d r o u s  

A n h y d r o u s  

A n h y d r o u s  

D e c a h y d r c a e  

A n h y d r o u s  

A n h y d r o u s  

T e t r a h y d r a k  

A n h y d r o u s  

A n h y d r o u s  

A n h y d r o u s  

A n h y d r o u s  

A n h y d r o u s  

A n h y d r o u s  

A n h y d r o u s  

a m o r p h o u s  

1 5 . 3  

x 4 . 3  

X O . 0  

3 9 . 7  

9 3 . G  

7 3 . 8  

6 l . X  

x 5  

7 5 . 3  *  0 . 1  

8 4 . 2  k  0 . 3  

1 9 . 9  z k  0 . 5  

4 0 . 3  2  0 . 5  

x 4 . s  *  0 . 5  

7 4 . 1  *  0 . 5  

6 1 . 2  2  O S  

6 9 . 1  2  0 . 5  

solution d r o p l e t s ,  u s i n g  t h e  e l e c t r o d y n a m i c  balance. C o h e n  e t  a l . 4 3  u s e d  t h e  e l e c t r o d y n a m i c  b a l a n c e  
t o  m e a s u r e  t h e  w a t e r  a c t i v i t y  o f  m i x e d - e l e c t r o l y t e  s o l u t i o n  d r o p l e t s  c o n t a i n i n g  N a C l / K C l ,  
N a C l / K B r ,  o r  N a C l / ( N H 4 ) $ 0 4 .  C h a n  E d  a l . 3 s  u s e d  t h e  S V E L  t o  m e a s u r e  t h e  w a t e r  a c t i v i t y  o f  s o l u t i o n  
d r o p l e t s  c o n t a i n i n g  v a r i o u s  c o m p o s i t i o n s  o f  ( N H & S O J N H 4 N 0 3 .  R e c e n t l y ,  K i m  e t  a l . 6 4  a g a i n  u s e d  
t h e  S V E L  t o  m e a s u r e  t h e  w a t e r  a c t i v i t y  o f  s o l u t i o n  d r o p l e t s  f o r  t h e  ( N H 4 ) $ 0 4 . H z S 0 4  s y s t e m .  A l l  
i n v e s t i g a t o r s  s e e m  t o  a g r e e  t h a t  t h e  s i m p l e  e m p i r i c a l  r e l a t i o n s h i p ,  k n o w n  a s  t h e  Z S R  r e l a t i o n  
( Z d a n o v s k i i , U  S t o k e s  a n d  R o b i n s o n 4 s ) ,  i s  c a p a b l e  o f  p r e d i c t i n g  w i t h  s a t i s f a c t i o n  t h e  w a t e r  a c t i v i t y  
o f  m i x e d - s a l t  s o l u t i o n s  u p  t o  h i g h  c o n c e n t r a G o n s ,  a l t h o u g h  o t h e r ,  m o r e  e l a b o r a t e  m e t h o d s  m a y  
p e r f o m  b e t t e r  a t  l o w  c o n c e n t r a t i o n s ,  

F o r  a  s e m i - i d e a l  t e r n a r y  ayueous solution conkining two electrolytes (designated 2 and 3) a t  
a  t o t a l  m o d a l i t y  m  =  n o  +  ! n 3 ,  t h e  Z S R  r e l a t i o n  

( 4 . 8 )  

h o l d s  w h e n  t h e  s o l u t i o n  i s  i n  i s o p i e s t i c  e q u i l i b r i u m  w i t h  t h e  b i n a r y  s o l u t i o n s  o f  t h e  i n d i v i d u a l  
e l e c t r o l y t e  a t  r e s p e c t i v e  m o l a l i t i e s  r n O ?  a n d  ~ ~ ~ ~ ~ 3 .  I H e r e ,  J J ?  =  ~ ~ ~ J ~ ~ z  a n d  . y 3  =  n @ n .  S e m i - i d e a l i t y  r e f e r s  
t o  t h e  c a s e  w h e r e  t h e  t w o  s o l u t e s  m a y  i n t e r a c t  w i t h  t h e  s o l v e n t  b u t  n o t  w i t h  e a c h  o t h e r .  I t  i s  a l s o  
c o n c e i v a b l e  t h a t  a  s o l u t i o n  b e h a v e s  s e m i - i d e a l l y  w h e n  t h e  s o l u t e - s o l u t e  i n t e r a c t i o n s  a r e  p r e s e n t  
b u t  c a n c e l i n g  e a c h  o t h e r .  S y s t e m s  s h o w i n g  d e p a r t u r e  f r o m  s e m i - i d e a l i t y  a r e  c o m m o n . G  F o r  s u c h  
s y s t e m s ,  a  t h i r d  t e r m ,  & v 3 ,  c a n  b e  a d d e d  t o  t h e  r i g h t - h a n d  s i d e  o f  E q u a t i o n  4 . 8 ,  w h e r e  b  i s  a n  
e m p i r i c a l l y  d e t e r m i n e d  p < a r a m e t e r  f o r  e a c h  s y s t e m .  

PARTICLE DELIQUESCENCE 

A s  d i s c u s s e d  e a r l i e r ,  t ’ o r  s i n g l e - s a l t  p a r t i c l e s  l a r g e r  t h a n  0 . 1  p m ,  t h e  d e l i q u e s c e n c e  p o i n t  c o r r e s p o n d s  
t o  t h e  s a t u r a t i o n  p o i n t  o f  t h e  b u l k  s o l u t i o n .  T h u s ,  % R H D  f o r  a  s i n g l e - s ‘ a l t  a e r o s o l  p a r t i c l e  i s ,  i n  
p r i n c i p l e ,  e q u a l  t o  l O O u , * ,  w h e r e  N  , *  i s  t h e  w a t e r  a c t i v i t y  o l ’  t h e  s a t u r a t e d  e l e c t r o l y t e  s o l u t i o n .  I n  
T a b l e  4 . 2 ,  t h e  o b s e r v e d  % R H D  o f  s o m e  i n o r g a n i c  s a l t  p a r t i c l e s  a r e  c o m p < a r e d  w i t h  p r e d i c t i o n s  f r o m  
b u l k  s o l u t i o n  d a t a ,  w h i c h  a r e  a v a i l a b l e  i n  t h e  l i t e r a t u r e  ( e . g . ,  S W  R e f e r e n c e s  4 7  a n d  4 8 ) .  N o t e  t h a t ,  
w i t h i n  e x p e r i m e n t a l  u n c e r t a i n t i e s ,  t h e  c o m p a r i s o n  i s  r e a s o n a b l y  g o o d  o n l y  f o r  t h o s e  i n o r g a n i c  s a l t s  
w h o s e  s t a b l e  c r y s t a l l i n e  p h a s e  i n  e q u i l i b r i u m  w i t h  t h e  s a t u r a t e d  s o l u t i o n  i s  i d e n t i c a l  t o  t h e  o b s e r v e d  
p a r t i c l e  p h a s e .  

F o r  a  t e r n a r y  s y s t e m  c o n s i s t i n g  o f  t w o  s a l t s  a s  s o l u t e s  ‘ a n d  w a t e r  a s  s o l v e r &  i t  i s  p o s s i b l e  t o  
c o m p u t e  t h e  w a t e r  a c t i v i t y  a t  t h e  e u m n i c  p o i n t  u s i n g  t h e  Z S R  m e t h o d .  O t h e r  e s t i m a t i o n  m e t h o d s ,  
s u c h  a s  t h o s e  b y  M e i s s n e r  a n d  K u ~ i k , ‘ ~  B r ~ m l y , ~ ‘ ~  a n d  P i t z e r i l  a r e  a l s o  a v a i l a b l e  i n  t h e  l i t e r a t u r e .  
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TABLE 4.3 

Predicted and Observed %RHD for Some Mixed-Salt Particles 

System 

Eutonic 
Pred. %RHD 

Composition Solution Phases Ohs. %RHD K-M Method ZSR Method 

2.183 A+B 12.1 * 0.3 71.7 72.1 

S.106 

NdWA) 6.90s A+B 68.0 t 0.4 6S.7 67.1 

NaCl(B) 4.161 

I.057 A. B 4H20 + B 71.3 2 0.4 76.4 76.4 

NaW.0) 

N&i(B) 

N#WU 

NaNQ(B) 

0.7ox A+B 74.2 t 0 3 7s.5 14.7 

s.s30 

0.413 A. B 2H# + B 72.2 f 0 2 74.6 74.1 

IO.28 

Stelson and Seinfeld51 used the M-K method to calculate the water activities for the 
NHdN03-(NH.JzSO~--HzO system and found a good agreement between the theoretical predictions 
and the experimental measurements of Twang et a14’ Koloutsou-Vakakis and Roods3 also presented 

a salient description of a thermodynamic model for predicting RHD for the 
(NH&SO+,-Na$O~-H20 system. They compared their %RHD predictions with held measurements 
by temperature- and humidity-controlled nephelnometry, assuming me aerosol sample to be inter- 

nally mixed. 

Table 4.3 shows the comparison ol the predicted %RHD by me M-K and ZSR methods with 
experimental measurements for a number of mixed-salt particles. II is shown that for simple mixed- 
salt systems, where no crystalline hydrates or double salts are present in the solid phases, the 

predictions are in good agreement with the measurements. However, for more complicated systems 

such as the NazS04-(NH4)$0., and the Na$04-NaN07 solutions, where the eutonic composition 
is in equilibrium with a double salt, the predicted %RHD is somewhat off. Also note that, since in 
an aerosol particle the solid phase may not be what is expected from the bulk solution, the observed 

%RHD may also be different from what is predicted 011 the basis of the bulk-solution eutonic 

composition. 

Klaue and Dannecker54Js investigated the deliyuescence properties of the double salts 2NH4N03 
(NH&SO4 (2:l) and 3NHdN03 (NH4)$04 (3:1), using a humidity-controlled X-ray diffracto- 

meter to observe changes in the crystalline phase. They concluded that %RHD for 2:l was 68% 
RHD, instead of 56.4% RH as reported by Tang.34 wliu made the measurement in a continuous- 
how aerosol apparatus. Subsequently, Tang et al.h’ reported water activity measurements for mixed- 

salt solutions of NH4NO&NH&S04 and showed that the water activity at the eutonic composition 
was 0.66, clearly indicating that the e‘arlier measurement was too low. The measurement error could 
have resulted from water adsoqition on aerosol particles due to the presence of NHdN03, which 

obscured the deliquescence point, just as what might have happened in the case of pure NHdNOj 
aerosol particles, using the continuous-how method. 

The temperature and composition dependence of the deliquescence humidity has been inves- 
tigated by Tang and Munkelwitz, ‘W Consider, for example, a solid KC1 particle surrounded by 

humid air at a temperature T. At its deliquescence humidity corresponding to a water vapor partial 

pressure ofp, au-n, the particle transforms into a droplet by condensing, on a molar basis, one mole 
of water vapor, HIO(g), onto n moles of crystalline KCl(c) to form a saturated aqueous solution 
of molality q. Assume again the diameter of the droplet to be larger than 0.1 p so that the Kelvin 
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effect due to surface tension can be ignored. The vapor-liquid equilibrium can be expressed by the 
following reactions: 

HzO(l) + n KCl(c) = KCl(aq, ms) (4.10) 

Here, the symbols in the parentheses have the following meanings: 8 denotes vapor, 1 liquid, c 
crystalline, aq aqueous solution. The heat that is released in Reaction (4.9) is the heat of conden- 
sation of water vapor, which is equal to its heat of vaporization, -AH,, The heat that is absorbed 
in Reaction (4.10) is the integral heat of solution, AHJ, which can be calculated from the heats of 
formation tabulated in standard thermodymamic tablesz6 The overall heat involved in the process 
is the sum of the two heats: 

AH = nAHs - AH”. (4.11) 

Thus, applying the Clausius-Cl~tpeyr~)l~ eyuatiou to the phase transformation, one obtains 

d 111 p, ACM” -=----T 
rtA Hhy 

(77. RT- RT? --ii-T 
(4.12) 

Since by definition, 

d ln p; _ AH” 
--- 

dT RT2 ' 

it follows that, by combining Equations 4.4, 4.12, and 4.13, one obtains 

(4.13) 

(4.14) 

Here, n is the solubility in moles of solute per mole of water, which can be found either in 
International Critical Tables4’ or in the compilation by Seidell and Linke.25 For the convenience of 
integrating Equation 4.14, n is expressed as a polynomial in 7 

n=A+BT+CT’. (4.15) 

Upon substituting n from Equation 4.1 S into Eyuation 4.14, rearranging ‘and integrating the resulting 
equation from a reference temperature, 7%, one obtains 

In 
%,RHD(T) 
%RHLl(7'*) 

=$[A[+--$)- Bin-$-C(7-7*)]. (4.16) 

Since for the most electrolyte solutions the thermodynamic properties at 25°C are well documented, 
298.2K is a convenient choice for P. 

The derivation of Equation 4.16 for a single-salt particle is straightforward. Edger and Swan?’ 
in considering the vapor pressure of s:iturxed queous solutions, used the Van’t Hoff equation 
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TABLE 4.4 

Thermodynamic and Solubility Data of Electrolyte Solutions 

Systems %RHD AHs (cd mol -I) A 6 C 

(NH@Od 79.9 2 0.5 1510 0.1149 -4.489 (4) 1.385 (-6) 

NazSOd 84.2 k 0.4 -2330 0.3754 - I.763 (-3) 2.424 (4) 

NaNO, 14.3 k 0.4 3162 0.1868 - I.677 (-3) 5.714 (4) 

NH,,N03 6l.a 3aa5 4.29a -3.623 (-2) 7.853 (-5) 

KCl a4.2 k 0.3 3665 -0.2368 1.453 (-3) -i.23a (-6) 

N&l 75.3 k 0.1 448 0.1805 -5.310 (A) 9.965 (-7) 

n West & Hull (1933) 

0 Dmgemans & Dijkgraaf (1948) 

. Tang 8 Munkelwttz (1993) 

- Equation (16) 
.-.-.-. Wexler & Seinfeld (1991) 

651. ’ , 1 1 , 1 
0 IO 20 30 40 50 

Temperature, OC 

FIGURE 4.7 Deliquescence humidities tis a function of temperature for NaN03 pwticles. 

relating the solubility to the integral heat of solution and obtained an equation ess&tially showing 
that lnu,,, is a line‘ar function ot’ n over a limited temperature increment. Recently, Wexler and 
Seinfeld3” derived a similar but simplilied equation by assuming both constant latent heat and 
constant saturation molality over a small temperature change. Thus, the derivation of Equation 4.16 
here is more rigorous, assuming only that the integral heat of solution is constant. 

Equation 4.16 shows that the effect of temperature on %RHD is predominantly governed by 
the sign and magnitude of the integral heat solution. In Table 4.4, the parameters required for 
computing %RHD by Equation 4.16 are given for a few inorganic salts of atmospheric interest. 
Figure 4.7 shows a comparison of %RHD between the bulk solution data (open symbols) and the 
single-particle measurements (filled circles) t’or the NLaN03-H&I system. A comp‘arison is also 
shown between characteristics by Equation 4.16 (solid curve) and by a simpler formula (dashed 
curve) given by Wexler and Seinfekl.“) It is apparent that, while in general the agreement between 
measuremen& and theory is good, the single-particle data show less scatter than the bulk-solution 
data and agree better with theoretical predictions. The two theoretical models also agree with each 
other in the limited temperature range 10 to 30°C, but start to show some dep<arture at other 
temperatures as a result of different assumptions used in the solubility data. 
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For mixed-salt systems, particle deliquescence is determined by the water activity at the eutonic 
point. Consider, therefore, the deliquescence of a mixed-salt particle at the eutonic composition 
represented by n2 moles of NaCl, n3 moles of KC1 and 1 mole of H20: 

H20(l) + n2NaCl(c) + n3KCl(c) = Solution. (4.17) 

Because of a lack of experimental data for multicomponent systems, me heat that is absorbed in 
Reaction 4.17 can only be estimated from the respective integral heats of solution for the binary 
solutions, NaCl-HZ0 and KCl-H20, marnely, 

AHs = n2AHs2 + n3AHs3 - AH,. (4.18) 

Here, the subscript, 1, refers to the solvent and the other subscript numbers refer to the solutes. 
The last term in Equation 4.18 accounts for me fact that AH,, the differential heat of solution due 
to the solvent, has been included in each of the two integral heats of solution and, therefore, should 
be subtracted once from tie total heat of solution. This is usually a small correction term and can 
be neglected in most cases. 

The solubilities rtI and n.3 can be obtained from the eutonic composition and expressed as a 
function of temperature, as in Equation 4.15. Sometimes, polynomials higher than the second order 
may be needed. Substituting Eyuation 4.18 into Equation 4.14, rearranging, and integrating lead 
to the final equation.56 

W 
R 

(4.19) 
1 

F 1 

Equation 4.19 was derived strictly for the case of simple two-component mixtures forming a 
single eutonic composition in saturated solutions. Further work is needed for more complex aerosol 
systems, 

Figures 4.8 and 4.9 show, respectively, the results obtained for aerosol particles containing 
various compositions of KC’-NaCl and NaNO?-NaCl. The two lines shown for the single-salt 
particles are computed from theory, using tabulated parameters given in Table 4.4. The correspond- 
ing line for mixed-salt particles is computed from Equation 4.19 and pertinent data in Table 4.5. 
It is clear that the agreement between theory and experiment is good. The slight but noticeable 
departure at either end of the theoretical line may be due to our assumption of additive heats of 
solution made in Equation 4.18. Since there is no experimental heat of solution data available for 
the multicomponent systems of’ atmospheric interest, Equation 4.19 derived on the basis of additive 
properties can still be used to provide a reasonable estimate in any ambient aerosol modeling 
studies, at teast in a limited temperature region. It is also worthwhile to point out that, for salt 
mixtures having simply solubility properties, the deliquescence humidity is governed only by the 
water activity at the eutonic composition and is thus independent of the initml dry-salt composition. 
The temperature dependence of the mixed-salt particle usually more or less follows the direction 
of the component salt whose eutonic solubility is the higher of the two. 

As discussed earlier, no simple mathematical analyzis is yet possible at the present time for 
mixed-salt particles containing more than two detiquescent salts. The deliquescence properties of 
the three-salt system, NaCl-Na2SOd-NaNO?. whose growth curve is shown in Figure 4.4, was 
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TABLE 4.5 

Thermodynamic and Soiubility Data of Aqueous Mixed-Salt Solutions 

System 

NaCl 

KC1 

NazSOa 

NaNO, 

(NH&% 

NazS% 
NaCl 

NaNO, 

NaCl 

NazSOd 

%RHD at T’ Ah< (Cal mol -I) Ai Bi G Di 

72.1 * a.3 448 

3665 

12.2 * 0.2 -2330 

3162 

71.3 * 0.4 IS10 

-2330 

68.0 * 0.4 448 

3162 

74.2 2 0.3 448 

-2330 

2.618 (-1) -9.412 (4) I.254 (-6) 

4.701 (-2) 1.394 (-4) 7.225 (-7) 

A.591 4.413 (-2) -1.407 (-4) 1.489 (-7) 

6.134 -S.847 (-2) 1.852 (-4) 1.879 (-7) 

I.977 (-2) 2.611 (-4) 

-2.187 2.343 (-2) -8.411 (-5) 1.017 (-7) 

5.957 (-1) -3.745 (-3) 9.134 (-6) -8.173 (-9) 

4.532 (-1) -4.106 (-3) 9.909 (-6) 5.552 (-10) 

-5.313 (-1) 5.477 (-3) -1.631 (-5) 1.689 (-8) 

-4.584 (-1) s.000 (-3) -1.723 (-5) 1.933 (-8) 

80 1 ! ! 4 ’ 

70- 
NaCl - Na2S04 ~ NaN03 

Temperature- “C 

FIGURE 4.10 Deliquwcenc~ humidities as a function of kmpuature for mixed N@Od-NaN03-NaCl 

particks. 

studied in the limited temperature range 12 to 33T. The results shown in Figure 4.10 indicate that, 
within experimental error, the deliyuescence humidity can be considered con&ant at 71.8 Z+Z 0.5%. 
A least-squares line drawn through the data points shows only very slightly, if any, temperature 
dependence. Because ambient aerosols are likely multicomponent systems composed of more than 
two inorganic salts, further work to elucidate the hygroscopic properties of these complex aerosols 
is needed in order to predict their transport and light-scattering behavior in a humid environment. 

SOLUTE NUCLEATION AND DROPLET EFFLORESCENCE 

The persistence of a solution drop during evaporation to high degrees of supersaturation with respect 
to the solute is typical of suspended hygroscopic aerosol particles, which are free of the presence 
of foreign substrates. While the droplet is in eyuilibrium with the surrounding water vapor, it is 
metastable with respect to the solid-phase solute. Therefore, solute nucleation is expected: the 
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higher the degree of supersaturation, the larger the nucleation rate.58 According to the classical 
nucleation theory, the net rate of embryo formation, 1, per unit volume per unit time is given by 

J = K exp(-AGC/kT), (4.20) 

where AGC is the maximum free-energy bzmier to transition to the more stable phase and k the 

Boltzmann constant. K, an undetermined kinetic factor, is either estimated from the binary collision 
frequency to the reaction rate theory5y or expressed by some complex formula derived from various 
theories as discussed by Tamara et aL60 Theoretical estimates of its value range from lW4 to lO36 
cm_3 s-l. An intermediate value that ha been commonly used is 1030 cm-3 s-l. For a given rate of 
critical nucleus formation, _I, the expected induction time, ti, before a nucleation event happens in 
a droplet of volume, Vd, is given by61 

t;=L. 
Vd.J 

(4.21) 

Substituting Equation 4.21 into Eyuation 4.20 and rearranging, one obtains 

AG? = kT ln( Vdt, K). (4.22) 

Assume that the nucleation embryos are crystallites formed by density Huctuations in the 
supersaturated solution droplet. The free-energy. barrier to nucleation of a given-size crystalline 
embryo is 

AC = Ao + VAGv, (4.23) 

where A and V are, respectively, the total interfz~cial <area and volume of the embryo, CJ is the average 
interfacial free energy based on A, and AC” is the excess free energy per unit volume of the embryo 
over that of the sohItio11. For simplicity, the embryo is usuCally assumed to be spherical in shape so 
that A and V can be expressed in term of its radius, K Other shapes consistent with the unit cells 
specific to given crystalline habits have also been considered, using an appropriately defined 
characteristic lengtb.14J*,63 

If the solute in the saturated solution is chosen 2~s the references state and the definition of the 
solute mean activities is invoked, then, AG” is given by 

vp(!RT (1 
AG,, = - - 111 --L 

M (1;’ 

(4.24) 

where u* and u** are, respectively, the solute mean activities in the supersaturated and saturated 
solutions. M is the solute molecular weight, p” is the density ot’ the crystalline phase, and v is the 
number of ions produced by the dissociation of a salt molecule, 

The critical size of the embryo colyesponding to the maximum free-energy barrier is obtained, 
in the case of a spherical embryo, by letting (JAG/&) = 0. Hence,63 

(4.25) 
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TABLE 4.6 

Properties of Nucleation Embryos in Aqueous Salt Solutions 

S a l t  
N  

(# m o l e c u l e s )  

N a C l  

KCI 

Na2S04 

NaNO> 

m  S  

( c r i t i c a l )  ( c r i t i c a l )  

1 3 . 8 *  s . 1 . 5 0  

1 3  5 2 3  

1 2 . 3 n  3 . w  

1 2 . 6 *  3 . 4 b  

1 z . s  2 . Y l  

1 7 . 5 0  2 . 5 2 a  

3 0  3 . 0 5  

1 3 . 2 0  3 . 7 1 0  

1 4  2 . 7  

7 8  2 . Y 7  

3 X O  3 , 4 5  

( e r g * : m  2 ,  ( c r i t L a l )  

1 0 4  6 . 8 1  

1 0 3  6 . 8 4  

7 0 . 4  X . 2 f l  

6 7 . Y  8 . 4 1  

6 2 . 0  X . X 1  

4 6 . 6  1 0 . 2  

5 2 . u  Y . S 5  

1 4 . 1  X  . 0 6  

6 1 . 6  8 . X 3  

6 2 . Y  8 . 7 4  

6 X . 5  X . 3 X  

3 0  

3 0  

3 8  

4 0  

4 6  

3 5  

2 Y  

2 5  

3 3  

4 5  

3 Y  

a f o o m o L e ? ‘ ?  

b  f o o t n o t e s ? ?  

and, consequemly, 

( 4 . 2 6 )  

where & is the critical supersaturation at the onset of crystallization and is given by the ratio, 
uJu**. Using the Gibbs-Duhem equation, ln ST can be calculated from the water activity measure- 
ment according to the following equation’? 

In Sk = 
f4 55.51 

J 
-----if 111 u, . (4.27) 

L’ I n  

f J l k  

Here, inu, is usually expressed as a polynomial in solute molality for the convenience of carrying 
out the integration. 

In droplet crystallization experiments, St can be measured with much higher precision than 
what would be possible in bulk solution studies. Thus, the uncertainties in 0 determination by the 
single-particle levitation experiment lie largely in estimating the product (V&K). Taking a typical 
droplet of 15 pm in diameter, an induction time about 1 s, ‘and 10”’ for K, the estimate of ln(V&K) 
is about 49, a representative value for ionic soluC)n droplets. A ch‘ange in the product by two orders 
of magnitude results in about 3% change in the value of CL whereas a 15% change in S would lead 
to about 7% change in CJ. 

In Table 4.6, the estimated interfacial energy, 0, critical embryo size, I~, and number of 
molecules, N, in the spherical embryo are given for some common inorganic salts. The calculation 
is based on the solute concentration in molality, W, a n d  supersaktration, S, measured at the onset 
of solute nucleation in droplets. It is worthwhile to note that, although for each system there are 
discrepancies in the observed critical supersamrations, the estimated embryo properties show 
reasonable agreement. In addition, the nucleation embryo properties for NaNOj, a highly hygro- 
scopic salt, do not vary much, despite the fact that the critical solute concentration may span a 
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wide range from 78 to 380 m, The inv‘ariance appears to give credence to the embryo properties 
determined from studies of homogeneous nucleation in suspended aqueous solution droplets. 
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