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F Abstract 

Ambient aerosols frequently contain la rge  proportions of hygroscopic in- 

organic salts suck a s  su l f a t e s  and n i t r a t e s ,  which may induce adverse health 

effectsupon inhalatson. 

a humid environment; tliefr deposition along tlie respiratory tract wil lneces-  

s a r i l y  depend upon the s i z e  change resu l t ing  from water vapor condensation. 

This paper discusses the deliquescent 

and the par t ic le  s i z e  change as a function of re la t ive  humidity. Experimental 

r e su l t s  are presented fo r  the  growth of mixed chlorides ( N a C l - E l l ,  mixed sul- 

fates (H2S04-(NE4)2S64) and mixed (lT€14)2S04-NE4N03 aerosol systems. It is 

shown that the  behavior of the mixed salt aerosols in  a moist atmosphere can be 

predicted from phase diagrams and per t inent  thermodynamic properties of the  bulk 

solutions. 

humidities is also investigated experimentally. 

aerosol, there is a threshold humidity below which the  solut ion droplets will 

quickly evaporate t o  become crystalline part ic les .  The information is useful  

in the  select ion of a su i tab le  h ~ d i f i c a t i o n  procedure t o  generate test aerosols 

The inhaled salt par t ic les  are invariably exposed to  

properties of pure and mixed salt aerosols 

The evaporation of a saline droplet  in an atmosphere of decreasing 

For each deliquescent salt 



INTRODUCTION 
t 

Ambient aerosols. frequently contain large proportions of hygroscopic in- 

organic salts such as chlorides, sulfates, and nftrates ,  which may induce ad- 

verse health effects when fahaled. Thus, in exposure s t u d i e s  employing animal 

o r  human subjects, test aerosols are routinely generated from sa l ine  solutions 

of known composition and the ohemred physiological effects are often correlated 

192 not only with t h e  chemical nature, the dosage, but wfth tfre par t i c l e  size 

of the test aerosol as w e l l .  Since in most cases the nebulized test aerosol is 

mixed with a carrier gas before entering the test c-er where the relative hu- 

midity may o r  may not be regulated, the particle size is subject t o  change as a 

resu l t  of water vapor condensation ur  evaporation. 

scopic properties of salt aerosols, therefore, is essentiid in estimating par- 

ticle s ize  var ia t ions 

A lulowledge of the hygto- 

under e i ther  dry o r  humid conditions. 

More important, however, is the fact that  inhaled salt particles are always 

exposed to  an environment of high humidity in the respiratory tract, where the  

‘particles often deposit. Mlburn, et a la3  have considered the  effect  of particle 

rehydration on the  retention of hygroscopfc dusts in the human lungs. 

cluded that, f o r  NaCl particles of in i t ia l  dry diameter less than 2 vm, rehy- 

They con- 
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' THEXMoDYNAT!fIC CONSIDERATUINS 

Deliquescence P rope r t i e s  

Most of the m r g a n i c  salts &Ut t€ie properties of deliquescence upon 

The phase transition from a solid particle t o  a saline exposure to  moisture. 

d rople t  occurs rather suddenly when the relative M d i t y  reaches a specific 

value corresponding to  the  water ac tsv t ty  of the  saturated solution. 

t i v i t y  data necessary for determining aerosol  deliquescence properties are 

usually available in tbe  l i t e r a t u r e  for  aqueous solutions of s ing le  electrolytes. 

The theory of droplet growth for single-component s a l t  a e r o s ~ l s ~ ~ ~ ~ ~ ~ ~  has been 

w e l l  established 011 the basis  of thermodynamics. 

Water ac- 
4 

It is r e l a t ive ly  sfmple, there- 

fore ,  t o  calculate the size of a saline droplet  in equilibrium with the water 

vapor of the surrounding air. 

modynamic propert ies  such as water vapor a c t i v i t y ,  solution density,  and surface 

tension as a function of droplet  composition and temperature. 

i8 usually available only fo r  d i lu t e  e l ec t ro ly t e   solution^.^*^ 

The calculation, however, requires extensive ther- 

Such information 

On the other hand, the  growth of a mixed-salt aerosol -is- complicated by 

the  f ac t  that, dependent upon its i n i t i a l  composition, a salt p a r t i c l e  may pass 

through several  regions of multi-phase equilibria before its complete disso- 

l u t ion  t o  form a homogeneous solution droplet .  

ations'' hatre shown that t h  

salt aerosol in a moist atmosphere can be  understood w i t h  reference to  the phase 

Recent thennodynamic consider- 

ticomponent system of interest. Stage-wise phase transfor- 

h is often expected and t he  deliquescence htrmidity can be 

Consider, for exampl 
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3 
Letovicite, (lTI$)&SO 1 , is a &sed salt composed of 0.75 mole fraction of 

ammonium sulfate and 0.25 mle fract ion of sulfuric acid. 

atmospheric particulates 6as occas$onally- Been otisemed and identified by Brosset 

et  using xiap diffraction tecftrzfques. Referring t o  the  solubi l i ty  dia- 

gram shown in Fig. l for  the 50-(NE4)2S04-%S04 system, letovicite in its crys- 

4 2  

Its presence in 

t a l l i n e  state has chemical composition represented by point B on the diagonal 

line. 

Upon exposure t o  an increasing r e l a t i v e  humidity, a solid l e tov ic i te  par- 

t icle would take up w a t e r  with its composition changing along the  L ine  BO. 

ever, since the pa r t f c l e  must first pass through the three-phase coexistence 

region indicated by A+B+k, i n  which only ope degree of freedom is allowed by 

the  phase rule ,  nothing w i l l  then happen u n t i l  the relative humidity reaches a 

value of 69.3% corresponding t o  the water ac t iv i ty  of the eutanic p o h t  E as 

How- 

r 
shown i n  the diagram. 

and a l l  other mixed (N€i4)2S04-H2S04 aerosols having i n i t i a l  compqsition between 

pure ammonium sulfate and le tovic i te  as represented by the  line segment AB. A t  

this deliquescence humidity, the dry salt par t ic le  suddently transforms into a 

par t i a l ly  dissolved solution droplet, thus marking the onset of growth. 

ond marked growth will occur a t  72% r.h. when the line BO crosses the so lub i l i t y  

line EE1, anti a l l  of the remainhg so l id  dissolves in the  solution at  t h i s  

This is the  first-deliquescence point for l e tov ic i te  

A sec- 

Figure 2 shows the gro 

(m4) 38 CSO4) 2, 

for su l f a t e  a 

01 grow con- 

aerosol displays tinuously and smoothly w i t  

the  deliquescence propert of SOWth. The 

( N H 4 )  3H(S04) aerosol s 
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D 
The XH4HS04 aerosol, although being a mixed salt, is expected t o  behave like 

a single-component salt aerosol since its grouth path goes through the second 

eutonic point E as shown in the' p k k e  dagram in Fig, 1, The growth cume 

for  the  - B O 4  bas been verified &erimenta11y.12 Tfie deliquescePce prop- 

erties for  the mixed sulfate  aerosols have been determined. 

Equilibrium S ize  of Saline Droplets 

2 

13 

11 It has Been shown that f o r  a solution droplet containing nonvolatile 

multicomponent electrolytes, the equation 

P1 23,o (1) 
En 0 = e"ylxl + - 

P l  me 

is quite general and a p p l i e s t o  both s ingle  and multicomponent systems as long 

as the  solution properties are determined for  the system. Equation (1) relates 

the  equilibrium radius re of a droplet  of composition xl (mole fraction) t o  the  

re la t ive  humidity, H - pl/pi, and the aolutfnn properties such as the activity 

coefficient yl, p a r t i a l  molar volume GI, and surface tension a. Here the sub- 

s c r i p t  1 refers  t o  the solvent, i.e,, water ia the present case. For droplets 

of radius larger  than 4 0.05 pm, t h e  contribution of the  second term on the  right- 

hand sfde of Equation (1) is small and one may relate t h e  composition of the  drop- 

I 

let directly t o  vapor pres- 

tu re  T. The calcula 

concentration range 

f te  dflution. Such 

t e lec t ro ly te  solut 

ge in par t ic le  size a t  a 
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5 '  

Here, d and p are, respectively, the diameter and density of a droplet con- 

taining W2% bp' sat of salt, and d 0 and p, axe, respectively, the diameter and 

density of the dry. salt parttcle. The calculation, of course, requires den- 

s€ty data as a functron of compodtion. TKe follovliag te la t ionship l4  may be 

used t o  estimate t h e  density of a s o l u t b n  droplet a t  cumposit€on W 2. 

where p1 is the density of pure water and p 2  is the hypothetical density of 

of the  solutes. 

and composition of t h e  saturated solution and taken t o  be independent of com- 

position. 

The f sc to r  a-p1/p2) may be evaluated from t h e  known density 

Such a procedure has been demonstratedu to  be quite adequate for 
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i and characterization of t h e  apparatus. have been described in d e t a i l  elsewhere. 

&%efly, salt aerosulsuere  generated ET kbEtling nitrogen gas through a coarse 

g lass  frit fIDmersed in an aqueous solution of known composition. 

stream was dried and passed tfirougli an e lec t ros ta t ic  separator where charged 

p a r t k l e s  were sorted according t o  their electrical mobility. 

fraction, usually e&€6ftkzg a logno&al particle-size d is t r ibu t ion  with a geo- 

metric standard deviation ranging from 1.07 t o  1.14 was selected and extracted 

from the separator. 

The aerosol 

A d i s t tnc t  size 

Figure 3 shows the electron micrograph of a she-selected le tovic i te  aero- 

The size dis t r ibu t ion  shown sol sample collected on a 0.4 pm Fluropore f i l t e r .  

with the electron micrograph was obtained with a C a r l  Zeiss Par t ic le  S i z e  Analyzer. 

Since the pa r t i c l e  concentration was  typically about 10 particles/cm3 in the  grouth 

chamber, a long sampling time was required t o  co l l ec t  enough par t ic les  on the fil- 

ter f o r  e lectron microscopic exmination. Ix t h i s  par t icu lar  case, a six-hour 

sampliug time was used, during which period some fluctuation o f  the  operating con- 

di t ions for t he  aerosol generation system was unavoidable. This might have con- 
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E 
A composite of three oscilloscope t racings for a l e t o d c i t e  aerosol grown 

The dry salt aerosol has a m e d i a a  a t  dffferent hrtmidff€es is.showa i n  Fig. 4. 

diameter of 0.67 pm. gradually raised t o  the  deliquescence 

point of 69.3% r-h., t h e r e  w a s  a sudden sKift of the peak posit ion from channel 

NO. 100 t o  U7 with only a s m a l l  increment of relative F ~ u m i d P ~ ,  thus marking 

the onset of particle growth. From the  pa r t i c l e  s i ze  change before and after 

exposure to  moisture, aerosol growth by water vapor condensation was  obtained 

as a function of relative humidity. 

RESULTS AND DISCUSSION 

Deliquescence Properties and Droplet Growth 

As the  bumfditr 

Inorganic s a l t  aerosols composed of either single component o r  combinations. 

of NaCl ,  El, (Nflg)2S04, H2S04, and NH4N03 were investigated a t  2S°C in the  con- 

tinuous-flow apparatus. The size of the  initial dry aerosals used in the  in- 

vestigation ranged from 0.4 t o  0.9 pm i n  median diiuneter. 

at  which phase transformation took place was determined f o r  each aerosol, and 

the subsequent droplet  growth was  measured as a function of relative humidity. 

the case of mixed-sulfate aerosols, the observed deliquescence properties w e r e  

further substantiated by vapor pressure measurements made in  a separate study. 

The r e l a t ive  humidity 

In 

16 

The growth curves fo r  two mixed-sulfate aerosols showing the  typical stage- 

characteristics predicted from thermodynamic considerations are given 

The observed deliquescence point a t  69.0*0.5X r.h. is in  good agree- i n  Fig. 5. 

ent with the water ac t iv i ty  a t  the eutonic composition. 

-10- 
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Table L. Deliquescence Properties of Some Salt 

Aerosols a t  25OC 

Aeroso 1 Compos €t ion Deliquescence fIumid i t y  

NaCl  
KC1 

75.7 
84.3 
73.8 
79.5 
69.0 

39.0 
56.4 

The deliquescence humidities of some environmentally important aerosols 

investigated in our laboratory are given kr Table I. 

aerosol was also investigated, however, no deliquescence point was experimentally 

The growth of the  NH4N03 

established for  this salt  aerosol. As indicated by t he  da t a  shown in Fig. 6 ,  

the  ?.?H4N03 aerosol already became qui te  hygroscopic a t  4 302 r.h., and the phase 

t ransi t ion at  the predicted deliquescence p o h t  of 62% r.h. was not observed 

with certainty. 

at  56.4% r.h. fo r  a ntixed salt  aerosol contaiPing 45% by w t  NH4N03 a d  55% by 

wt 

of the  system. 

in Fig. 6, follows the  theoretical  curve rather closely a t  r e l a t ive  humidities 

In coutrast, a de f in i t e  phase t ransi t ion was observed t o  occur 

@H4)2S04t in agreement with th 

The measured droplet growth for the NH4NOs aerosol, as shown 

aline aerosol is 

mixed w i t h  dry carrier gas, a s i tua t ion  of ten in manJr exposure 
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' f ac i l i t i e s .  

pend upon the t r a n s i t  time 8pd the relatfve humidity f i n a l l y  reached in t he  

mixfng process. 

The particle-size d is t r ibu t ion  of the nebulized aerosol will de- 
- 

Eqpations (I) and C2) are equally applicable t o  the case of 

decreasing relative humidity for calculating the ultimate s i z e  of a saline drop- 

let, provided that equilibrium prevails at the f i n a l  relative humidity. 

rea l i ty ,  however, it is very common for  a saline aerosol t o  exhibit the so-called 

In . 

'*hysteresis" phenomenon, which is typically i l l u s t r a t ed  by the (NH4)2S04 aerosol 

as shown i n  Fig. 7. 

The measured growth of cNHq)2S04 aerosols with increasing relative humid- 

ity is shown by the  f i l l e d  points  in Fig. 7. 

7 9 . X  r.h. and subsequent droplet  growth are seen t o  agree with theoret ical  pre- 

The deliquescence properties a t  

dictions. 

when the relative humidity was gradually decreased. 

The open circles represent experimentally determined size changes 

The droplet size follows 

the growth curve very closely un t i l  the deliquescence point is reached. A fur- 

ther decrease in humidity does not usually resu l t  in an abrupt reduction i n  

particle size by crystal l izat ion of the salt content as might be expected. Ln- 

stead, a continuous and gradual reduction in  size takes place as a r e s u l t  of 

the droplet becoming supersaturated. These "hysteresis" phenomena are w e l l  

known for  many inorganic salt solutions and have been observed by other in- 

vestigators. 6s17 In fact ,  "hysteresis" is responsible fo r  the often noted lin- 

smogs18 b e l w  the humidities a t  which they first appeared. 

When crystal l izat ion does o 

- the l inger ing '  

there appears 

of-magnitude shorter than a t  s l i gh t ly  this fact 

-1s- 
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' with N a C l ,  El, and .mixed NaCL-RCI aerosols the reciprocal of lingering time, 

cal led t ransi t ion rate, rS plotted in Fig. 8 vs the relative humidity a t  which . 

the crystal l izat ion occurs. 

t o  occur about a specific humidity. 

reproducible in our m e r i m e n t s  and compare f a i r l y  w e l l  with the  otservations 

by On: et d.6, who employed salt aerosols in the s i ze  range of 0.01 to  0.1 wn 

in radius. Table I1 gives the c rys ta l l iza t ion  humidities for a few s a l t  aero- 

fa each.case, a sharp rise in t r ans i t i on  rate is noted 

These c rys ta l l iza t ion  humidities are qui te  

sols. 

Table 11. Crystall ization Humidities of Salt  Aerosols 

Aerosol Composition This Work Reference 6 

N a C 1  43 42 
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Fig, 8 Crystallization of S a l t  Aerosols 
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W i l l  quickly evaporate t o  become c rys t a l l i ne  particles. 

l iza t ion  humidity is generally much lower than the deliquescence humidity of 

The threshold crystal-  

the given salt aerosol. 

a sui table  humidificatioa procedure t o  generate test aerosols for exposure 

The information should provide a basis  for selecting 

studies . 
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