i

. ~. MASTER BNL-27094

ConE - 1404123~ -

Deliquescence Properties and Partic%e Size Change
of Hygroscopic Aerosols

Ignatius N. Tang

Department of Energy and Environment
Brookhaven National Laboratory
Upton, NY 11973

Prepared for presentation at the Symposium on Biological
Studies of Environmental Pollutants:
"Aerosol Generation and Exposure Facilities,"
Honolulu, Hawaii, April 1-6, 1979

DISCLAIMER

This book was prepared as an account of work sponsored by an agency of the United States Government., i
Neither the United States Government nor any agency thereof, nor any of their emplayees, makes any E
warranty, express or implied, or assumes any legal liability or responsibility for the accuracy, i
completeness, or usefuiness of any information, apparstus, product, of process disclosed, or |
represents that its use would not infringe privately owned rights. Reference herein to any specific ‘
commercial product, process, or service by trade name, o ise, does r
not necessarily i or imply its ion, or favoring by the United

States Goverament or any sgency thereof. The views and opinions of authors expressed herein do not
necessarily state or reflect those of the United States Government or any agency thereof.

*This reséarch was perforﬁed under the auspices of the
United States Departmeant of Energy under Comtract
B No. EY-76-C-02-0016

To appear as Chapter 7 in Generation of Aerosols: . Their Characteristics and
Facilities for Exposure Experiments. Edited by Klaus Welleke, Ann Arbor
Science Publishers, Inc. (1980) o ‘ '

ook

DISTRIBUTION OF THIS DOCUMENT 1S UNLIMITED




DISCLAIMER

This report was prepared as an account of work sponsored by an
agency of the United States Government. Neither the United States
Government nor any agency Thereof, nor any of their employees,
makes any warranty, express or implied, or assumes any legal
liability or responsibility for the accuracy, completeness, or
usefulness of any information, apparatus, product, or process
disclosed, or represents that its use would not infringe privately
owned rights. Reference herein to any specific commercial product,
process, or service by trade name, trademark, manufacturer, or
otherwise does not necessarily constitute or imply its endorsement,
recommendation, or favoring by the United States Government or any
agency thereof. The views and opinions of authors expressed herein
do not necessarily state or reflect those of the United States
Government or any agency thereof.



DISCLAIMER

Portions of this document may be illegible in
electronic image products. Images are produced
from the best available original document.



Abstract
Ambient aerosols frequen:l& contain large proportions of hygroscopic in-

organic salts such. as sulfates and nitrates, which may induce adverse health

‘effects upon inhalatfon. The inhaled salt particles are invariably exposed to

a hnmid enviromment; their deposition aleng tbekrespiratory tract will neces-
sarily depend upon the size change resulting from water vapor condensation.

This paper discusses the deliquescent properties of pure and mixed salt aerosols
and the particle size chadge as a function of relative humidity. Experimental
results are presented for the growth of mixed chlorides (NaCl-KCl)}, mixed sul-
fates (32504-(NH&)2804), and mixed (NH&)ZSQ4-NHANO3 aerosol systems. It is
shown that the behavior of the_mixed salt aerosols in a moist atmosphere cam be
predicted from phase diagrams and pertinent thermodynamic properties of the bulk
solutilons. The evaporation ef a saline droplet in an atmosphere of decreasing
humiditiesvis also investigated experimentally. For each deliquescent salt
aerosol, there is a threshold humid;ty helew which the solution droplets will

‘quickly evaporate to become crystalline particles. The information is useful

in the selection of a suitable humidification procedure to generate test aerosols

for exposure studies.




INTRODUCTION

Ambient aerosols. frequently contain large proportions of hygroscopic in-
ofganic salts such as chloridesi sulfates: and nitrates; which may induce ad-
verse heaiﬁh.effects when fnhaled. Thus, in e;posure studies employing animal
or human subjects, test aerosols are routinely-generated from saline solutions
of»known com@osition and the observed}physiological effects are often correlated
not onlf with the chemical nature, ehe dosage, but with the particle size 1,2
of the test aerosol as well.‘ Since in most cases the nebulized test aerosol is
mixed with a carrier gas before entering the test chamber where the relative hu-
midity may o:.may not be regulated, the particle size 15 subject to change as a
result of water vapor condensation or evaporation. A knowledge of the hygro-
scopic propertiesvof salt aerosols, therefore, is essential in estimating par-
ticle size variations under either dry or humid conditioms.
| More impottan:, however, is the fact that inhaled salt particles are always
~ exposed to an en#ironment of high humidityvin the respiratory tract, where the
'particles often deposit. Milburm, et a1.3 have{coosidered the effect of particle
,rehydretion on the reten;ion of hygroscopic dusts in the human lungs. They‘conr
~cluded that, for NaCl particles of initial dry diameter less than 2 ym, rehy-
‘dratiou would be most'likely to oeour in the lungs, :esulting in a significant
increase in retention. e | | | L

This paper discusses the deliquescence properties of pure and wixed salt
aerosols and the particle size change as a function-of relative humidity. Ex-
perimental tesolts of tﬁe’parﬁicle gfoweh ehetactefistics atevpreseoted for soﬁe'f
fmixed—salt aerosols of chlorides, sulfaces, and nitrates, which are of physio-

‘logical or environmental importance.




oW,

THERMODYNAMIC CONSIDERATTONS

Dgliqﬁescence Properties -

| Most of the fpmorganic salts*eihiﬁit the properties of deliquescence upon
exposure to;ﬁoisture. The pﬁaée transition from a sblid particle to a saline
droplet occurs rather suddenly when the relative humidity reaches a specific
value corresponding to the water activity of the saturated solution. Water ac-
tivity data4 necessary for determining aerosol deliquescence proper;ies are
usually available in the literature for aqueous solutions of single electrolytes.

5,6,7,8 has been

The theory of droplef growth for single~-component salt aerosols
well established on the basis df thermodynamics. It is relatively simple, there-
fore, to caiculate the size of a saline droplet in equilibrium with the water

vapor of the surrounding air. The calculation, however, reqﬁires extensive ther-

modynamic properties such'as water vipor édtivity, solution density, and surface

tension as a function of dtoplé: composition and temperature. Such information

is usually available only for dilute electrolyte solutions.4'9

On the other hand, the grcwth’of a mixed-salt aerosol~iswcompli¢ated by
the factkthat; dependent ﬁpon»its initial composition, a salt particle may pass
through éeverallregions of multi-phése‘eqﬁilibria beforevits complete disso-
lution to form a homogeneous solution dropleﬁ.' Recent thermodynamic consider-

ationslo have shown that the phase transformation and droplet growth of a mixed-:

salt aerqsoliin a moist atmosphere can be understood with reference to the phase

diagram’ofvthe‘mulcicqmponen: system of interest. Stage-wise phase transfor-
ma:ion'during growth}ié often‘expgcted and the deliquescence humidity can be
prédictéd from the thermodYnamic-prope:ties in the solid-liqﬁid_cdekiétence

' regions;_]’

Considergﬂfbr example, the growth characteristics of letovicite aerosols.




. .

Letoyicite, (Nﬂz)3E£SO4) s 1s a mixed salt composed of 0.75 mole fraction of
ammonium sulfate and 0.25 mole fraction of sulfuric acid. Its presence in
atmospheric particulates has occasionally Been observed and identified by Brosset
et al.ll using x~ray diffraction tecﬁniqueé. Referring to the solubility dia-l
gram shown in Fig. 1 for the Hzo-(Nﬂz)zsoaAHisoa_system,_letovicite in its crys-~
talline state has chemical composition represented by pdint B on the diagonal
line. |

Upon exposure to an increasing relative humidity, a solid letovicite par-

‘ ticle would take up water with its composition changing along the Line BO. How-

ever, since the particle must first pass through the three-phase coexistence
region indicated by A+B+L, in which only one degree of freedom is allowed by

the phase rule, nothing will then happen until the relative humidity reaches a

1
shown in the diagram. This 1s the first deliquescence point for letovicite

value of 69.3% corresponding to the water activity of the eutonic point E, as

and all other mixed (Naa)zso4—uzsoé aerosols having initial compqsition between
pure ammonium sulfate and letovicite as represented by the line segment AB. At
;his‘deliquescence'humidi:y, the dry salt particle suddently transforms into a

partially dissolved solution droplet, thus marking the onset of growth. A sec-

-ond marked growth will occur at 72% r.h. when;ﬁhe line BO crosses the solubility

line EE,, and all of the remaining solid dissolves in the solution at this

time, » ‘
v k»Figure 2 shows the growth curves calculated for Sulfate aetoso1s (NH&)ZSO4
Naan$04,~(una)3g(soa)2, andruzsoa-ag.zs g.,_uhi;e the stoh_aer°s°1 grovs comn
tinuously and smoothly with increasing humidity; the’(NHA)ZSOA_aerosol.displays :
the deliquescence property at 79;52 r.h. With.a_distiﬁct'onset bf growth. The

(NHA)jH(SO‘)Z aerosol shows a two-stage growth as dictated by the phase diagram.
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The N543504 aerosol, although being a mixed salt, is expected to behave like
a.single-component salt aerosol since.its.growth path. goes through. the second
‘eutonic point Ez as: shown in the phase diagram in Fig. 1. The growth curve
for the Nﬂnﬁsoa has been verified experimentally.12 The deliquescence prop-

erties for the'mixed sulfate aerosols have been determine d.13

Equilibrium Size of Saline Droplets
It has been shown11 that for a‘solution droplet containing nonvolatile
nulticomponent electrolytes, the equation
» Lnf-]; =lnyx1 —zl’-]-'f—- | . | (1)
- pl RTr,
is quite general and applies to both single and multicomponent systems as long
as the solution'properties are determined for the system. Equation (1) relates
the equilibrium radius ‘e;°f a droplet of composition Xy (mole fraction) to the
relative humidity, HE = pllp;, and the solution prooerties such as the activity
coefficient Yy partial molar volume Gi, and surface tension o. Here‘the sub-
script’l‘refers to the solnent, i;e;, water in the present case. For droplets
of radius larger than ~ 0.05 um,'the contribntion of the second term on the right-
hand‘eidehof Equation (1) is small and one may relate the-conposition of the drop-
let.directly tolthat of a bulk solntion'in equilibrium'nith:its wnter vapor pres-
sure at'tenperature T. The calculation, however, requires vapor pressure.data
for the entire concentration range extending from the solid-liquid coexistence
regions to infinite dilution. Such information is usually: not available in the
'vliterature for multicomponent electrolyte solutions.
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

lkto its equilibrium size. The following equation is obtained._

11005 \1/3 | —— - |
4 o A o |
,E-"(w ) . (2)

o 2 P
. ©




Here, d and P are, respectively, the diameter and demsity of a droplet con-
taining Héz by wt of salt, and do and P aKe, respectively, the diameter and
density of the dry salt particle. The calculation, of course, requires den-

14

sity data as a functfon of composition. Tﬁevfollowfng telationship may be

used to estimate the density of a solution droplet at composition WZ:

8
- [(1-"1 :
= — W :
e "1"‘( pz)" 2, 3)
where Py is the density of pure water and Py is the hypothetical density of

of the solutes. The factor (1-91/p2) may be evaluated from the known density
and composition of the saturated solution and taken to be independent of com-
position. Such a procedure has been denonsttatedlz to be quite adequate for
ptactical droplet growth calcuations.

In the case of a multicomponent salt particle which is only partially dis-
| solved under cettain humidity conditions, the fraction of undissolved salt may
be estimated from the solubility diagram. Referring again to Fig. 1 for the
| Hzo-(NH‘)zsda-stoa system, one observes that a nixed-sulfate particle having
initial composition denoted by point P will deliquesce at 69.3% r.h., at
which time the particle becomes partially dissolved and the fraction of undis-

solved solid is given by the ratio of the line segment ME. to AEl. -The 1liquid

1
ophase should . have a composition denoted by the eutonic poin: El’ and the solid
.phase is pure (NH )2804 as dictated by the two-phase coexistence A+L, The
solid-to-liquid ratio should be taken into consideration when making growth
",calculations. ’ | g ’

V‘EXPERIMENIAL PROCEDURE , |

| The deliquescence propetties of mixed-salt aerosols and subsequent droplet

. growth by water vapor condensation were investigated in a continuous-flow ap-

paratus at 25 Casa function of relative humidity. The design, construction,,

g, 2




and characterization of the apparatus. have been described in detail elsewhere.15

Briefly, salt aerosols were generated Ey'huohling nitrogen gas through a coarse
glass frit fmmersed in an aqneons snlution of known composition. The gerosol
stream was dried and passed'tﬁrough an electrostatic separator where charged
particles were sorted according to tﬁeir‘electrical mobility. A distinct size
fraction, usually erhiﬁiting.a lognormal particle-size distribution with a geo-
metric standard deviation ranging from 1.07 to 1.14 was selected and extracted
from the separator. | ' |

Figure 3 shows the_electron,micrograph of a size-selected letovicite aero-
sol sample collected on a 0.4 um Fluropore filter. The size distribution shown
with the electron micrograph was ootained with a Carl Zeiss Particle,Size Analyzer.
Since the~particle concentration was typically about 10 particles/cm3 in the growth
chamber, & long sampling time was required to collect enough particles on the fil-
ter for electron microscopic examination. In this particular case, a six-hour
‘sampling time was used, during which period some fluctuation of the operating con-
ditions for the aerosol‘generation system was unavoidable. This might have’coné
tributedvto}the fact that the collected aerosol sample showed a ratner large og
(1.14). Under normal experimental conditions, the ertracted aerosol is quite mono-
, disperse with good size resolution. |

The size-selected aerosol stream was mixed in a thermostated growth.chamber
'with Nz carrier gas containing a measured amount of moisture. The particle—size
| distribution after equilibration at each given relative humidity was continuously
f monitored with an optical particle counter., The output signal of the particler
:counter was preamplified, shaped, and sorted in a 100 Mhz pulse-height analyzer
and suhsequently stored in a 1024 multichannel analyzer. The data was displayed
B on the screen of an oscilloscope and later retrieved by a high-speed printer for

'processing.
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Akcamposite of three oscilloscope tracings for a letovicite aerosol grown
at different bumidfrfes: is shoun in Fig. 4. The dry salt aerosol has a median
diameter of 0.67_ﬁﬁ; As the humidity~wasjgradna11y-raised'to the deliquescence
point of 69.3% r.h., there was a sudden shift of the peak position from channel
No. 100 to 137 with only a small inérement of relative ﬁumidity; thus marking
the onset of particle growth. From the particle size change before and after
exposure to moisture, aerosol growtﬁ.by water vapor éondensacion was obtained
as a function of relaﬁive hunidity. |
RESULTS AND DISCUSSION

Deliquescence ?roperties and Droplet Growth.

Inorganic salt aerosols composed of either single component or combinations
of NaCi,»KCl, (N34)2504, E,S0,, and NH,NO, were investigated at 25°C in the con-
tinuous-flow apparatus. The size of the initial dry aerosels used in the in-
vestigation ranged from 0.4 to 0.9 ym in median diameter. rThe relative humidity
at which phase transformation took piacevwas determined for each aerosol, and
the gubseguent droplet growth was meésured as a function of relative humidity. 1In
the case of mixed-sulfate aerosols, the ohse:ved deliquescencevprpperties were
furthet-subs:antiated by vapor ptessure'measurements ﬁade in a separate study.16
The growth curves for two mixed-sulfate aerosols showing the typical stage~

wise growth characteristics predicted from chermadynamic consideracions are given

in Fig. 5. The observed deliquescence point at 69.0:t0.52 r.h. is in good agree~

~ ment with the water activity at the eutonic composition.

-10-
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Table I. Deliquescence Properties of Some Salt

Aerosols at ZSPC

Aerosol Composition Deliquescence Humidity

‘NaCl 75.7

KC1 - 84.3
NaCl-KC1 73.8
(NE,),S0, 79.5
(NE,) 4H(SO,), 69.0
NH,ESO, | | 39.0

2NE, N0, - (NE, ), SO, 56.4

The deliquescence humidities of some envirpnmen;ally important gerosols

v 1nveseigated in our laboratory are given in Table I. The growth of the N34N03
aerosol was also investigated, however. no deliquescence point was experimentally
established for this salt aerdeol. As indicated by the data shown in Fig. 6,

- the NH4N03 aerosol already became quite hygroscopic at n 302 r.h., and the phase
transition at the predicted deiiquescence point of 622 r.h. was not observed
vwith certaintj. ‘In con:rast, a definite phase transition was abserved to occur

at 56.4% r.h. for a mixed salt aerosol containing é52 by wt NH,NO and 55% by

3
wt (NH&)Zsoé’ in agreement with the behavior predicted from the phese diagram
of the syseem.' The measeredvdroplet growth for the:NH4H03'aerosol,'as ehown'

in Fig. 6, follows the theorecical curve rather closely at relative humidities
.greacer than the expected deliquescence point. | |

| Droplet Evaporacion and Crystallization

Evaporation of solvent_vater will take place when a wet saline aerosol is .

mixed with dry cetfier gas,.aisituatidﬁ often encountered with in many exposure
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, vestigators. _

facilities. The particle-size distribution of the nebulized aerosol will de-

pend upon the transit time and the relative humidity finally reached in the

‘mixing process. Equations (1) and (2) are equally applicable to the case of

decreasing relative humidity for calculating the ultimate size of aisaline drop-
let, provided that equilibrium.prevails at the final relative humidity. In -
reality, however, it is very common for a saline aerosol to exhibit the so-called
"hysteresis“ phenomenon, which is typically illustrated by the'(NHa)zso4 aerosol
as shown in Fig. 7. |

The measured growth of (NB4)2SO4 aerosols with increasing relative humid-

ity is shown by the filled points in Fig. 7. The deliquescence properties at

'79.5%Z r.h. and subsequent droplet growth are seen to agree with theoretical pre-

dictions. The open circles represent experimentally determined size changes
when the relative humidity was gradually decreased. The droplet size follows
the growth curve very closeiy until the deliquescence point 1is reached. A fur-
ther decrease in humidity does not usually result in an abrupt reduction in
particle size by crystallizatiou'of the salt content as might be expected. In-
stead, a continuous and gradual reduction in size takes place as akresult of
the droplet beceming supersaturated. These "hysteresis"‘phenomene are well
known for many inorganic salt solutions and have been observed byvethersin?

6,17 In fact, "hysteresis" is responsible for the often noted lin-

18

gering of smogs below the humidities at which they first appeared.

When crystallization does occur, i: will occur spontaneously and the par-

‘ticle size will suddenly shift to its initial dry size. Although'the 1ingering -
| time, in general, depends upon the extent of humidity lowering, ‘there appears

for each saline aerosol a specific humidity below which the lingering time is order-

,f—magnitude shorte: than at slightly higher humidities. to dempnstrete this fact

- =15-
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with NaCl, KC1, and mized NaCl-KCl aerosols the reciprocal of lingering time,
called transition rate, is plotted in Fig. 8 vs the relative humidity at which

the crystallization occurs. In each;case, a sharp rise in transition rate is noted
to occur about a specific humidity. These crystallization humidities are quite.
reproducible in our experiments and compare fairly well with the observations

by Orr et 81.6, who employed salt aerosols in the size range of 0.01 to 0.1 um

in radius. Table II gives the crystallization humidities for a few salt aero-

sols.
Table II. Crystallization Humidities of Salt Aerosols
Aerosol Composition - - This Work | Reference 6
- NaCl 43 42
RC1l 53 48
NaCl-KC1 38 -
(NE )zso4 ~ 36 | 40
CONCLUSION

Theoretical and experimental results ere'presented to shoe that the growth
of a mixed-salt aerosol by wnter'vapor condensation may go throngh several stages
of mnltiphase equilibria before its complete dissolution to form a homogeneous
solution dr0p1et. The deliquescence properties are predictable from the phase
diagram of the system of interest. The size of a saline droplet in equilibrium
with the relative humidity in the surrounding air may be calculated from the
thermodynamic properties of the bulk solutions. The increase in particle size
as a result of rehydration and condensational growth may significantly affect
vthe retention of inhaled particulates 4in the respiratory tract.

Experiments with (NE4)ZSO4 and chlorides show that for each deliquescent

«l7=
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salt aerosol ;here is a threshold humidity below which the solution droplets
will quicily evaporate to become crystalline particles. The threshold crystal-
lization humiditj is genérally much lower ﬁhan the deliquescence humidity of
the given salt aerosol. The information should prbvide a basis for selecting
a suitable humidification procedure to generate test aerosols for exposure

studies.
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