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Purpose. To use a single particle levitation technique to investigate
the equilibrium water sorption characteristics in both the evaporation
and growth of four respiratory drugs at 37°C: atropine sulfate (AS),
isoproterenol hydrochloride (IPHC) and isoproterenol hemisulfate
(IPHS) and disodium cromoglycate (DSCG).
Methods. The equilibrium water content was measured as a function
of relative humidity (RH) by a single particle levitation technique
using an electrodynamic balance (EDB). The change of water content
was determined by the voltage required to balance the weight of the
levitated particle electrostatically. The water activities of bulk
samples were also measured. Growth ratios were determined and
compared with values in the literature.
Results. Crystallization or deliquescence was not observed for AS,
IPHC and IPHS. The hysteresis in the water cycle was not observed
for any of the drugs. At RH ∼ 0%, AS particles still contain about 5%
water but IPHC and IPHS particles do not contain any residual water.
The aerodynamic growth ratio from RH 0% to 99.5% is 2.60, 2.86,
2.42 and 1.26 for AS, IPHC, IPHS and DSCG, respectively. Super-
saturated droplets of IPHC and IPHS are expected to exist in the am-
bient conditions. DSCG is in a solid state in the RH range of 10–90%.
Conclusions. It is expected that some aerosolized drugs of low solu-
bility may experience supersaturation before they enter the human
body and this could exert a significant influence both on particle loss
before inhalation and on the deposition of the drugs in the lungs. The
EDB is a convenient and reliable tool for studying the hygroscopic
properties of pharmaceutical aerosols, especially for supersaturated
solutions.
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INTRODUCTION

The use of aerosolized drugs via the respiratory route has
been demonstrated to be an effective method of treating re-
spiratory diseases (1). The hygroscopic property of pharma-
ceutical aerosols is an important parameter in the administra-
tion (2). Following the definition used in the aerosol science
community, aerosols are strictly defined as airborne particles,
in the form of either solid particles or liquid droplets in this
paper. Most therapeutic aerosols are hygroscopic in nature.
Other drugs, though non-hygroscopic themselves, are usually
administered in normal saline solutions, which are hygro-
scopic. A hygroscopic solid particle becomes a liquid particle,
i.e., a droplet, when it absorbs a sufficient amount of water to
form a solution. Respiratory aerosols grow soon after they
enter the warm and humid respiratory tract at a temperature
of 37°C and RH of up to 99.5%. Growth affects the aerosols’
size, density, and shape, and hence their deposition in the
lungs, which is crucial to the therapeutic outcome of drugs.

In recent years, the single particle levitation technique
using an electrodynamic balance (EDB) has been demon-
strated to be a valuable method for studying hygroscopic
properties of atmospheric aerosols. It is also well suited for
studying pharmaceutical aerosols, as demonstrated by Chan
et al. (3). In essence, this technique enables the study of
growth (and evaporation) of an individual levitated particle.
The single particle levitation technique has a few advantages
over the conventional approaches of gravimetric measure-
ment of water sorption using bulk solutions (4,5) and size
distribution measurements (6). For example, the mass change
in a particle can be monitored continuously, thus providing
unambiguous in situ characterization of the aerosol. Super-
saturated droplets can be studied since heterogeneous nucle-
ation is suppressed when a droplet is levitated without con-
tacting any foreign surface. Although supersaturated droplets
do not exist in human airways because of the high RH of
airways, they may exist before the generated aerosols enter
human airways, especially for drugs of low solubilities which
become saturated at high RH (e.g. RH 4 95%). Despite its
potential EDB has seen limited use in the study of the water
sorption characteristics of pharmaceutical aerosols. Chan et
al. (3) measured the water activities of two common pharma-
ceutical excipients, NaCl and disodium fluorescein (DF) using
an EDB. However, the EDB is not suitable for studying the
hygroscopic properties at RH > 90% because the droplets will
grow to a size too large to be levitated. Bulk measurements at
high RH are needed to complement the single particle mea-
surements at low RH.

In this paper, we utilize the single particle technique to
study the water sorption of four respiratory drugs: atropine
sulfate (AS), isoproterenol hydrochloride (IPHC), isoproter-
enol hemisulfate (IPHS) and disodium cromoglycate
(DSCG). They can be used in aerosol form via oral or nasal
inhalation (7–9). Water activities of bulk samples were also
measured. The objective of the present study was to demon-
strate the capability of the EDB to serve as a convenient and
reliable tool for estimating the supersaturation level of aero-
solized drug droplets, since this has an important factor af-
fecting their deposition in the lungs. Although the size of the
particles we studied (∼ 10 microns in diameter) is much larger
than that of pharmaceutical aerosols in practice, the water
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ABBREVIATIONS: aw, water activity; GRA, aerodynamic growth
ratio; a, thermal diffusivity of air (cm2s−1); ap, thermal diffusivity of
the particle (cm2s−1); c, total molar concentration (mol cm−3); C0,
balance calibration constant; cp, molar density of the particle; Dl

diffusivity of solute in the droplet (cm2s−1); Dg, diffusivity of solvent
vapor in air (cm2s−1); g, gravitational constant; mfs, mass fraction of
water-free solute; r, particle density; R, gas constant; q, charge on a
particle; Rp, particle radius; xA`

, molar fraction of solvent vapors far
from the droplet; Xs-25, saturated molar fraction of solute in water at
25°C; Xs-37, saturated molar fraction of solute at 37°C; DSf, entropy
change associated with fusion; Tm, melting point in K; V, balancing
voltage with air flow at time t; V85, balancing voltage at RH 4 85%;
V0, final balancing voltage in dry air with RH of about 5%; Vdc,
balancing DC voltage without air flow; Z0, distance between top and
bottom electrodes.
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sorption equilibrium data we obtained in this study are ap-
plicable to particles of all sizes.

MATERIALS AND METHODS

An EDB, designed and fabricated by our group, was
used to investigate the equilibrium relationship between con-
centration of selected respiratory drugs and ambient RH.
Bulk dilute (0.1–0.5 mol kg−1) aqueous solution of the species
studied was introduced into a piezoelectric droplet generator
(Uni-Photon Inc., NY., USA, Model 201), which emitted
droplets of about 20 mm in diameter. The droplets were then
charged by induction before they fell into the EDB. A single
particle was then levitated and equilibrated to RH 4 85% in
the EDB by evaporation of water. The particle, illuminated
by a He-Ne laser, was observed with a microscope. In general,
a particle can exist as an aqueous droplet or a solid particle at
RH 4 85%, depending on the species studied. In this study,
all the species exist as aqueous droplets except DSCG. To
determine the water sorption characteristics of the particle,
the RH in the EDB was then changed.

Figure 1 shows the design of the EDB used in this study.
It is identical to that used by Chan et al. (3). The EDB basi-
cally consists of two DC electrodes and a ring of an AC elec-
trode. A charged particle inside the EDB experiences an elec-
trostatic force due to the DC field, a time varying force due to
the AC field, gravitational force, and any drag force due to
relative movement with the ambient air. Because of the iner-
tia of the particle, any particle off the center of the balance
will experience a force, which on an AC cycle average, points
to the center of the balance. When the electrostatic force due
to the DC balances the weight and the drag force of the
particle, the particle can be held stationary. When there is no
air flow, the electrostatic force will be equal to the weight of
the particle,

m =
C0q

gZ0
Vdc (1)

Effectively, the EDB serves as a highly sensitive gravimetric
balance, with the mass (m) of the stationary droplet being
proportional to the applied balancing DC voltage (Vdc). Any
mass change of a levitated particle with the change of RH will
result in the change of the balancing DC voltage. The mass
fraction of solute of the particle (mfs 4 mass of solute / mass
of (solute + water)) can be determined by measuring the ratio
of Vdc to that of the same particle at a reference state of
known composition. There are two possible reference states

for known compositions: high RH where the equilibrium
composition is known, or a water-free dry particle at RH 4
0%. The former would be a good reference state if water
activity (aw) vs composition data were available (10). Unfor-
tunately, the solubility of the drugs we studied is so low that
there is no overlap between the available bulk data (at high
RH) and the single particle data (at low RH). Hence, the
latter reference state of a water-free dry particle at RH 4 0%
was used. However, levitated particles may not always form
anhydrous particles at RH 4 0%, even for binary solutions
(11). The validity of the assumption of water-free particle at
RH 4 0% was evaluated. It should be noted that there has
been no reported effect of charges on the aw of droplets stud-
ied using an EDB.

The mfs of a particle equilibrated as a function of RH
was determined. The RH of the feed to the EDB was changed
by varying the mixing ratio of a stream of dry air to a satu-
rated stream after passing through a water bubbler. Air flow
for controlling RH in the EDB was momentarily stopped
when the balancing voltage was measured. The RH was de-
termined by a dew-point hygrometer (EG&G DewPrime
model 2000), and ambient temperature was measured with a
digital thermocouple.

When a particle is equilibrated with its ambient environ-
ment, its aw is related to RH by aw 4 RH/100. So in this paper
aw and RH will be used interchangeably. Usually several par-
ticles were studied for each drug. Since our particles studied
are in the order of 10 mm in diameter, the correction of vapor
pressure due to curvature, i.e. the Kelvin effect, can be ig-
nored in this study. Measurement at each aw (or RH) typically
takes about 40 minutes. The experimental details can also be
found in Chan et al. (3).

The water activities of bulk solutions were measured by
an AquaLab instrument (Model, 3TE, Decagon devices,
USA), which measures the dew-point of the vapor phase in
equilibrium with a bulk solution of known concentration in a
sealed chamber. The AquaLab water activity meter has an
accuracy of within 0.003 in aw. The materials used in our study
were obtained from Sigma Chemical Co. and were used as
received without further purification. Because some of these
chemicals are hygroscopic and may contain water under am-
bient conditions, the water content of the solid samples was
determined by thermogravimetric analysis (TGA) (TA In-
strument, DSC 2910, USA) before the samples were used for
the bulk aw measurement.

It is useful to know the saturation concentration of the
drugs so that the existence of supersaturated solutions can
be confirmed. Since the solubility data of the drugs at 37°C
(Xs-37) are not available, they were estimated using the equa-
tion (12,13):

log
Xs−25

Xs−37
=

DSfTm

R S 25 − 37
298.15 ? 313.15D (2)

where DSf is assumed to be 13 cal/mol-°C, an average value
for organics (13).

RESULTS AND DISCUSSION

Time Required to Achieve Equilibrium

In studying the water sorption and evaporation of phar-
maceuticals, it is imperative to distinguish equilibrium andFig. 1. A temperature controlled electrodynamic balance (EDB).
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mass transfer limited measurements. Equilibrium measure-
ments are size-invariant when the Kelvin effect is ignored. On
the other hand, mass transfer limited measurements would
show particle size dependence. In fact, a distinct advantage of
using a single particle in a water sorption experiment is the
shorter response time of an individual particle than bulk
sample particles to changes in ambient RH. Therefore equi-
librium measurements can be made in a much shorter time.

Liang and Chan (15) compared the time scales of asso-
ciated heat and mass transfer processes of evaporation of
droplets in an EDB, upon a step change in the RH of the feed
to the EDB. These time scales are listed in Table 1. Although
the time scale of the change in the RH inside the EDB, which
is the rate limiting step in particle growth and evaporation,
varies depending on the residence time in the EDB, it is in
general much longer than the time scales for other processes
and it is short compared to the hours or even days required
for a bulk water sorption experiment.

Figure 2 shows the results of drying experiments in which
the RH of the stream to the EDB is changed from RH 4 85%
to RH 4 5%. The relative voltage change, the F factor, is
defined as F 4 (V85-V)/(V85-V0). It is can be seen that AS,
IPHC, IPHS and DSCG all attain their final values, i.e., the
equilibrium values, within 40 minutes. In the following dis-
cussion, the water cycle, i.e., equilibrium water sorption data
during both evaporation and growth is presented in the form
of the mfs as a function of aw (4RH/100), shown in Figure
3–6. The saturation points at 37°C calculated by Equation (2)
are also included in the figures. The bulk data and the EDB
data are presented and compared with available data from
literature.

Atropine Sulfate (AS)

Figure 3 shows the water cycle of AS, including the mea-
surements of single droplets and bulk measurements. Also
shown is the water cycle of NaCl at 37°C. The descriptions of

“evap” and “cond” represent data measured during evapora-
tion and condensation, respectively. When RH decreases
from a high value (e.g. 90%), an aqueous NaCl droplet loses
water and its mfs increases gradually until an RH of 45% is
reached when the droplet effloresces and crystallizes to form
an anhydrous particle of mfs 4 1. When RH increases from
a low value (e.g. RH 4 10%), the anhydrous particle remains
dry until an RH of 75% is attained when it abruptly absorbs
water and becomes a droplet. This sudden change of state
from a solid particle to a droplet at a particular RH as RH
increases is called deliquescence. The deliquescence RH
(DRH) is identical to the RH that is in equilibrium with a
saturated solution (mfs 4 0.266) at 37°C. Between RH4
75% and 45%, a NaCl particle exists as a supersaturated
droplet when RH decreases but exists as a solid particle when
RH increases. Such hysteresis is a common characteristic of
many deliquescent salts (11).

Unlike NaCl, the AS particle neither crystallizes nor deli-
quesces. It continuously absorbs and desorbs water at increas-
ing and decreasing RH, respectively. We found that the mfs
calculated from the raw balancing voltage data are discordant
with our measured bulk data if an anhydrous salt was as-
sumed at RH 4 0%. On the other hand, the presence of 5
wt% residual water in the particle at RH 4 0% gives results
that best follow the trend of the bulk data. A similar obser-
vation has been made for disodium fluorescein (DF) at 37°C

Fig. 3. Water activity data of atropine sulfate (AS) at 37°C compared
with NaCl.

Table 1. Comparison of Characteristic Times of Processes Involved
in the Evaporation of a R 4 10 mm Droplet

Processes
Characteristic time

definitiona
Characteristic time

(second)

1. Change of RH inside
the EDB

Lb

u

120

2. Vapor diffusion in air Rp
2

Dg

1.0 × 10−5

3. Particle growth cpRp
2

DgXA`C

0.54

4. Liquid diffusion in a
droplet

Rp
2

D1

0.10

5. Heat conduction in air Rp
2

a

1.2 × 10−5

6. Heat conduction in a
droplet

Rb
2

ap

1.0 × 10−3

a See Abbreviations for details (Seinfeld (14)).
b Liang and Chan (15).

Fig. 2. Relative mass change of AS, IPHC, IPHS, DSCG and H2SO4

as a function of time at 37°C (from 85% to 5%).
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by Chan et al. (3). DF contains 20% water by mass when the
RH decreases to 10%. Because of the absence of an abrupt
increase of mfs which is indicative of crystallization, it appears
that crystallization, if it occurs, occurs at a very low RH and
results in the evaporation of little water and a negligible
change in mfs. At RH 4 0%, the extrapolated mfs corre-
sponds to a di-hydrate of AS, instead of the monohydrate
specified by the manufacturer. No information of the most
thermodynamically stable state in bulk study is available in
literature. We cannot disgard the possibility that AS crystal-
lizes at RH <5%.

Isoproterenol Hydrochloride (IPHC)

Figure 4 shows the water cycle of IPHC, including the
single particle and bulk measurements. Like AS, the levitated
IPHC particle neither crystallizes nor deliquesces. Again, hys-
teresis was not observed in the water cycle. An IPHC particle
gradually loses water as RH decreases and finally achieves a
water-free state without crystallization. In this case, assump-
tion of a 100% water-free particle is valid. Our bulk measure-
ments and the single particle measurements at high RH are
consistent with measurements made by Gonda et al. (9). Al-
though AS and IPHC show similar water sorption character-
istics, IHPC is much less soluble in water than AS and there-

fore has a wider range of RH for which supersaturated drop-
lets can exist. Since the aw of solution is in general not a strong
function of temperature (16), we can use Figure 4 to predict
the behaviors of these particles at ambient temperatures. At
25°C, the saturation concentration of IPHC corresponds to
mfs 4 0.25 (17) which has a aw of 0.975. Hence, droplets in an
ambient environment of RH < 97% will be supersaturated
solutions. To generate aerosols from solutions, for example
by using a nebulizer, particles need to travel in an ambient
environment with an RH that is likely below 97% before they
would be humidified in the human airways. Hence, supersatu-
rated droplets instead of anhydrous crystallized particles of
IPHC may be formed. The aerosols generated from a nebu-
lizer may deposit on the internal walls of the delivery tubing,
within a spacer if applicable, and even in the nasal region
before they grow and become subsaturated solution droplets.
Since particle deposition depends on aerodynamic diameter,
supersaturated droplets will have a larger particle loss than
smaller anhydrous crystallized particles. Furthermore, since
we did not observe deliquescence in the water cycle, modeling
of drug particle growth in the respiratory system may not
need to incorporate deliquescence. It is interesting to note
that IPHC has a low solubility in bulk samples but can attain
a very high supersaturation in levitated droplets.

Isoproterenol Hemisulfate (IPHS)

Figure 5 shows that the single particle measurements,
bulk measurements and the data from Gonda et al. (9) follow
the same trend. Again, crystallization or deliquescence was
not observed for the levitated particles. As RH decreases, the
particle loses water until finally reaching an anhydrous state
at RH 4 0%. The assumption of a water-free particle is valid.
Like IPHC, IPHS is slightly soluble and has a mfs of 0.2 (17)
at the solubility limit at 25°C. Using the aw data shown in
Figure 5, an aerosol droplet of IPHS will be supersaturated at
RH < 99%. Hence, supersaturated droplets of IPHS are ex-
pected to exist in ambient conditions after nebulization.

Disodium Cromoglycate (DSCG)

The water sorption characteristics of DSCG are very dif-
ferent from the other three drugs. After a droplet is intro-
duced into the EDB, it quickly loses water and becomes a
solid even at RH 4 85%. For AS, IPHC and IPHC particles,

Fig. 4. Water activity data of isoproterenol hydrochloride (IPHC) at
37°C.

Fig. 5. Water activity data of isoproterenol hemisulfate (IPHS) at
37°C.

Fig. 6. Water activity data of disodium cromoglycate (DSCG) at
37°C.
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the light scattering signal at a fixed angle does not change
dramatically unless the particles change size, indicating that
these particles are in the form of homogeneous droplets.
However, the light scattering signal of DSCG particles is ran-
dom even at RH 4 85% because of the particle rotation,
indicating the formation of a solid phase in the particle.

Using a “quartz spring” balance, Cox et al. (18) found
that the amount of water absorbed in the lattice of DSCG
crystals is roughly proportional to the ambient RH up to 90%
at 20°C, and that many forms of DSCG hydrate can exist at
any given RH. In general, our measurements at 37°C are
consistent with the measurements at 20°C taken by Cox et al.,
as shown in Figure 6. Although it is a solid particle, DSCG
absorbs water continuously and reversibly without crystalli-
zation and deliquescence. Cox et al. (18) observed hysteresis
in their measurements but they acknowledged that it might be
due to mass transfer limitation. The levitated particle appears
to be water-free at RH 4 0%. The mfs is inversely propor-
tional to RH in the range we studied. DSCG particles absorb
12 water molecules per DSCG molecule between RH of 0%
to 90% at 37°C. The crystalline unit cell of DSCG can expand
to accommodate up to about nine molecules of water (18). At
RH > 93% more water is absorbed and a mesophase emerges,
consistent with the phase composition diagram reported by
Cox et al. (18). A few researchers (19,20) have reported dif-
ferent states of hydration of levitated particles of other spe-
cies in an EDB.

Growth Ratio

Using the mfs at RH1 and RH2 the aerodynamic growth
ratio (GRA) can be estimated by the equation:

GRA =
Rp,2

Rp,1
?Îr2

r1
= Smfs1

mfs2
D1/3 Sr2

r1
D1/6

(3)

as presented by Chan et al. (3). Rp is the particle radius and
r is the particle density. The density r of a particle is esti-
mated from r 4 Sriomfsi, where rio and mfsi are the density
of water or solute and the corresponding mass fraction in
solution respectively (9,21). Since there is no data available in
the literature for AS, the density of AS was estimated from r
4 Sriomfsi and density measurements taken with the mass-
volume method at 22°C. As shown in Table 2, the calculated

results of IPHC, IPHS and DSCG at 37°C are consistent with
those reported by Gonda et al. (9), Hiller (8) and Hickey (4).
However, the GRA of AS is about 15% larger than that re-
ported by Ferron et al. (22). In their calculation of the growth
ratio, Ferron et al. assumed unity density of AS although
typical organic species have a density of 0.9–1.5 g cm−3. How-
ever the error in density cannot lead to the relatively large
difference in the growth ratio because of the weak depen-
dence of GRA on r in Eq. (3). We note that the calculated
GRA is very sensitive to the choice of RH2 since mfs is very
sensitive to a high RH. For example, the growth ratio would
be 2.32, which is close to Ferron et al.’s estimation if RH2 4
99.4% and density 4 1.33 were used. Water activity data of
supersaturated solutions were not reported in the literature
cited above.

CONCLUSIONS

We have investigated the hygroscopic properties of four
aerosolized drugs: AS, IPHC, IPHS and DSCG, at 37°C by
using an EDB in air environment with well-controlled RH
(5∼93%). Neither crystallization nor deliquescence exist in
the water cycle of AS, IPHC, and IPHS. DSCG is in a solid
state in the RH range of 10–90%. At RH 4 0%, AS still
contains about 5% water (di-hydrate) but IPHC and IPHS do
not possess any residual water. DSCG appears to be water-
free at RH 4 0%. The aerodynamic growth ratio from an RH
of 0% to 99.5% is 2.60, 2.86, 2.42 and 1.26 for AS, IPHC,
IPHS and DSCG, respectively. Supersaturated droplets of
IPHC and IPHS are expected to exist in ambient conditions.
The level of such supersaturation (which represents the driv-
ing force for particle growth) will likely influence the extent
and rate of the deposition of these drugs in the lungs.

ACKNOWLEDGMENTS

This work was supported by a Hong Kong Research
Grant Council Earmarked Grant (HKUST 6121/97P).

REFERENCES

1. F. Moren, M. B. Dolovich, M. T. Newhouse, and S. P. Newman.
Aerosols in Medicine: Principles, Diagnosis and Therapy (2nd

Rev. Ed.), Elsevier, New York, 1993.
2. A. J. Hickey and T. B. Martonen. Behavior of hygroscopic phar-

maceutical aerosols and the influence of hydrophobic additivities.
Pharm. Res. 10:1–7 (1993).

3. C. K. Chan, C. S. Kwok, and A. H. L. Chow. Study of hygroscopic
properties of aqueous mixtures of disodium fluorescein and so-
dium chloride using an electrodynamic balance. Pharm. Res. 14:
1171–1175 (1997).

4. A. J. Hickey, I. Gonda, W. J. Irwin, and F. J. T. Fildes. Effect of
hydrophobic coating on the behavior of a hygroscopic aerosol
powder in an environment of controlled temperature and relative
humidity. J. Pharm. Sci. 79:1009–1014 (1990).

5. L. C. Li, J. Parasrampuria, R. Levans, and K.G. Van Scoik. A
study of the moisture-uptake kinetics of a hygroscopic pharma-
ceutical power. Drug Dev. Ind. Pharm. 20:2079–2090 (1994).

6. F. C. Hiller. Health implications of hygroscopic particle growth in
the human respiratory tract. J. Aerosol Medicine 4:1–23 (1991).

7. D. A. Hussar. Modell’s drugs in current use and new drugs,
Springer publishing company, New York, 1994.

8. F. C. Hiller, M. K. Mazumder, J. D. Wilson, and R. C. Bone.
Effect of low and high relative humidity on metered-dose bron-
chodilator solution and powder aerosols. J. Pharm. Sci. 69:334–
337 (1980).

9. I. Gonda, J. B.Kayes, C. V. Groom, and F. J. T. Fildes. Charac-
terisation of hygroscopic inhalation aerosols. In N. G. Stanley-

Table 2. Aerodynamic Growth Ratio (GRA) for AS, IPHC, IPHS,
and DSCG

Species
RH1

(%)
RH2

(%) GRA
a

GRA from
literature

AS 0 99.5 2.60 2.24b

IPHC 0 99.5 2.86 2.85c

IPHS 0 99.5 2.42 2.37c

IPHS 17 96 1.26 1.13 ± 0.24d

DSCG 0 99.5 2.13 2.12c

DF 20 97 1.52e 1.45 ± 0.18f

a Based on the Equation (3).
b Ferron et al. (22).
c Gonda et al. (9).
d Hiller et al. (6)
e Chan et al. (3).
f Hickey et al. (4).

Peng, Chow, and Chan1108



Wood and T. Allen (eds.), Particle Size Analysis, Wiley Heyden
Ltd., 1981, pp.31–43.

10. C. K. Chan, R. C. Flagan, and J. H. Seinfeld. Water activities of
NH4NO3/(NH4)2SO4 solutions. Atmos. Environ. 16:1661–1673
(1992).

11. M. D. Cohen, R. C. Flagan, and J. H. Seinfeld. Studies of con-
centrated electrolyte solutions using the electrodynamic balance,
1. Water activities for single-electrolyte solutions. J. Phys. Chem.
91:4563–4574(1987).

12. D. J. W. Grant and T. Higuchi. Solubility Behavior of Organic
Compounds, (Techniques of Chemistry, Volume XXI), John
Wiley & Sons, New York, 1990.

13. W. J. Lyman, W. F. Reehl, and D. H. Rosenblatt. Handbook of
Chemical Property Estimation Methods, American Chemical So-
ciety, Washington DC, 1990.

14. J. H. Seinfeld. Atmospheric Chemistry and Physics of Air Pollu-
tion, John Wiley & Sons, New York, 1986, pp.328.

15. Z. Liang and C. K. Chan. A fast technique for measuring water
activity of atmospheric aerosols. Aerosol Sci. Tech. 26:255–268
(1997).

16. F. J. Millero. Effects of pressure and temperature on activity

coefficients. In R. M. Pytokowiz (ed.), Activity Coefficients in
Electrolyte Solutions, Vol. 2, CRC, Noca Raton, FL, 1979, pp.63–
151.

17. M. Windholz, et al. (eds.), An Encyclopedia of Chemicals, Drugs,
and Biologicals, The Merck Index, 10th Ed., Merck & Co., Inc.,
Rahway, N.J., 1983.

18. J. S. G. Cox, G. D. Woodard, and W. C. McCrone. Solid-state
chemistry of cromolyn sodium (disodium cromoglycate). J.
Pharm. Sci. 60:1458–1465 (1971).

19. I. N. Tang, K. H. Fung, D. G. Imre, and H. R. Munkelwitz. Phase
transformation and metastability of hygroscopic microparticles.
Aerosol. Sci. Tech. 23:443–453 (1995).

20. C. A. Kurtz and C. B. Richardson. Measurement of phase
changes in a microscopic lithium iodide particle levitated water
vapor. Chemical Physics Letters 109:190–194 (1984).

21. J. A. Dean. Lange’s Handbook of Chemistry, 14th ed., McGraw-
Hill, Inc., 1992.

22. G. A. Ferron, G. Oberdorster and R. Henneberg. Estimation of
the deposition of aerosolized drugs in the human respiratory tract
due to hygroscopic growth. J. Aerosol Medicine 2: 271–284
(1989).

Hygroscopic Properties of Selected Pharmaceutical Aerosols 1109


