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288 M. E. WISE ET AL.

FIG. 6. Images of NaCl particles as the RH was raised and held at 73%. The

particles were located at opposite sides of the sample grid and show that water

uptake on the surfaces of the particles was independent of electron dosage (i.e.,

the particle shown in image a was exposed to the electron beam for significantly

longer than the particle shown in image b). The particles were prepared using

the bubbler method and were deposited on an ultra-thin carbon film with a

holey-carbon support film.

uptake as that observed for the larger NaCl particles generated

by the bubbler (i.e., Figure 1) and by atomization (i.e., Figure 2).

Since the same effect was produced independent of the method

of particle generation, we do not believe significant amounts of

impurities were introduced into our particles during generation.

This belief notwithstanding, to test if measurable contami-

nants were present in the NaCl particles during interaction with

water vapor in the ETEM, we performed EDS measurements on

freshly deposited NaCl particles using the Philips CM200 TEM

(Figure 9a). These measurements confirmed that representative

particles contained Na and Cl. A small carbon peak also appeared

in the EDS spectrum, presumably from the carbon substrate on

the TEM grid. EDS measurements of NaCl particles made after

exposure to water vapor in the ETEM (Figure 9b) did not in-

dicate the presence of detectable amounts of other elements or

organic impurities. Therefore, we conclude that contamination

does not explain our observations.

EDS measurements of the NaCl particles show that the Cl

signal from the particles is significantly reduced after exposure

to water vapor. In section 3.5 we discussed the mechanism by

FIG. 7. (a) NaCl particles generated using the bubbler method at 74% RH.

(b) ∼40 nm NaCl particles generated using the VCAG method at 75% RH. All

particles were imaged on an ultra-thin carbon film with a holey-carbon support

film.

which sites on the NaCl particle surface, if damaged by the

electron beam, can act as reactive centers, causing dissociation

of water molecules and production of OH−. Although we do

not believe the effect of the electron beam is the cause of water

uptake prior to deliquescence since the observations of water

uptake have no correlation to the extent of beam exposure, this

reaction provides a possible explanation for the reduction of the

Cl signal measured by EDS after the NaCl particles are exposed

to water vapor in the ETEM. If HCl(g) is liberated from the

surface of the NaCl particle, it will be pumped away by the

TEM. However, the vapor pressure of NaOH(s) is negligible at

room temperature. Therefore, if NaOH occurs on the surface of

the particles, an O signal should be present in the EDS spectrum

(Figure 9b). If O is present in the particle shown in Figure 9b,

it is below the detection limit. This finding lends more credence

to our belief that the electron beam is not the cause of water

uptake.

3.8. Observations of Water Uptake by Other Alkali
Halide Particles Prior to Deliquescence

We observed water uptake by other alkali halide particles

below their respective DRH values. For example, when NaBr

particles were exposed to 47% RH (Figure 10, top row), water

surrounded the solid NaBr cores. As the RH was increased to

48% the particles deliquesced. Similarly, significant water up-

take was associated with CsCl particles at 64 % RH (Figure 10,

bottom row). When the RH was increased to 68%, the particles

deliquesced.

3.9. The Phase Rule: Derivation

The conventional Gibbs phase rule requires that a NaCl parti-

cle in a NaCl/H2O binary system exists at a particular RH value

and temperature as either a solid or a solution droplet, except for

precisely at the deliquescence relative humidity (Gibbs 1906;

Martin 2000; Jensen 2001). The ETEM images of the present

study, however, show that solid and liquid are simultaneously

present in substantive amounts from 70 to 75% RH. In this sec-

tion, we derive the phase rule for our experimental geometry. In

section 3.10, we find that it theoretically allows for our observa-

tions. In section 3.11, we consider how the lever rule informs us

about the possibility of detecting solid and liquid phase simul-

taneously across a 5% RH range.

The phase rule is a statement of constraints on equilibrium. In

a system described by n components in i phases, the definition

of equilibrium requires homogeneity of chemical potential of a

species among all phases, meaning that µ1a = µ2a = · · · = µia

for species a, and we can therefore just write µa. The designation

µ1a refers to the chemical potential of component a in phase 1.

Chemical potential µ1a can be calculated provided that all other

terms are known, i.e., µa = µ1a = f1(µb, µc, . . . , µn; T ,P).

This relationship is analogous to calculating the concentration

of a species from the concentrations of all other species and an

equilibrium constant among them.
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WATER UPTAKE BY NaCl PARTICLES PRIOR TO DELIQUESCENCE 289

FIG. 8. ∼40 nm NaCl particles as the RH was increased past the deliquescence point. The thin arrows highlight water uptake prior to full deliquescence. The

particles were prepared using the VCAG method and were deposited on an ultra-thin carbon film with a holey-carbon support film.

The relation µa = f1(µb, µc, . . . , µn; T , P) corresponds to 1

equation and n + 2 variables. There is one such equation for each

phase present (i.e., µa = f2(µb, µc, . . . , µn; T , P), µa = f3(µb,

µc,. . . , µn; T , P), and so forth), providing a total of i equations.

For a uniquely defined algebraic system, we must balance the

number of equations with the number of variables: i = n+ 2. For

an initially underdetermined algebraic system corresponding to

FIG. 9. Images of NaCl particles selected to determine the possible presence of contamination. The corresponding EDS spectra were obtained at the locations

denoted with an “X.” The particles were prepared using a TSI atomizer and were deposited on a lacey-carbon film (no Formvar).

the case of too few defined variables (i.e., n + 2 − i > 0), we

may arbitrarily choose values of the excess (n + 2 − i) variables

to obtain a determined system. We represent this result, which

is the conventional Gibbs phase rule, by F = n − i + 2, where

F is called the number of degrees of freedom.

The implicit assumption of the above derivation is uniform

temperature and pressure among all subsystems, as indicated by
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290 M. E. WISE ET AL.

FIG. 10. Images of NaBr particles (top row) and a CsCl particle (bottom row) as the RH was increased past the deliquescence point of 48% for the NaBr particles

and 68% for the CsCl particle. Thin arrows highlight particle rounding and water uptake prior to the DRH. The particles were prepared on a flat carbon film (with

Formvar) and were generated using a TSI atomizer.

the absence of subscripts on T and P . Macroscopically small

phases, however, necessarily have curvature and are therefore

under different pressures. The Laplace-Young relation provides

the relationship between surface curvature and pressure (Koenig

1950). The chemical potential terms then must be written as:

µa = f1(µb, µc, . . . , µn; T , P1) = f2(µb, µc, . . . , µn; T ,

P2) = · · · = fi(µb, µc, . . . , µn; T , Pi). The subscript i on

pressure indicates that each subsystem has its own pressure, the

value of which depends on system size and surface tension. This

system of equations has i equations and n + i + 1 variables,

requiring that the values of (n + 1) variables be declared (i.e.,

degrees of freedom) for a full determination. The phase rule for

heterogeneous subsystem pressures is then: F = n + 1.

3.10. The Phase Rule: Examples

The example of pure water as a system of 1 component can be

considered. Cases A–C of Figure 11 are shown for the condition

of uniform pressure corresponding to large subsystems, corre-

sponding to the phase rule of F = n − i + 2. Case A shows that

temperature and pressure of water vapor may be independently

adjusted when no other phases are present. Case B shows that

when liquid and its vapor are present in equilibrium, temperature

uniquely defines the system (i.e., F = 1). Case C shows that the

co-presence of water vapor, liquid, and solid uniquely defines

both temperature and pressure (i.e., the triple point). Cases D–F

are shown for subsystems of different pressures, corresponding

to macroscopically small systems having surface curvature and

obeying the phase rule of F = n +1. Case D collapses to case A

since the system and subsystem pressure are identical in the case

of one phase and one component. Case E shows that there are

two degrees of freedom. Unlike case B, in case E at a specified

temperature, pressure remains a free parameter. This result ap-

pears quantitatively as the Kelvin effect of liquid droplets. The

pressure on the liquid phase is directly related to the diameter

of the liquid phase so that as diameter goes down the chemi-

cal potential in the liquid phase and hence in the vapor phase

goes up (i.e., higher vapor pressure). Case F shows that there

are still two degrees of freedom when vapor, liquid, and ice are

simultaneously present. Once temperature and the pressure on

the liquid phase (i.e., diameter) are specified, the pressure on the

solid phase, which is also regulated by its size, is uniquely spec-

ified. Ice and liquid water co-exist at equilibrium across a range

of temperatures, although the size of the ice phase is dictated by

the size of the liquid phase.

Figure 12 shows the two-component NaCl and H2O system

for the cases of uniform pressure throughout the system com-

pared to subsystems at different pressures (i.e., different sizes).
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WATER UPTAKE BY NaCl PARTICLES PRIOR TO DELIQUESCENCE 291

FIG. 11. Illustration of degrees of freedom for (A–C) a system having a common pressure and (D–F) a system for which subsystem pressure are heterogeneous.

The Gibbs phase rule of F = n − i + 2 specifies the degrees of freedom for a system under common pressure, where n is the number of chemical components and

i is the number of phases. The modified phase rule of F = n+ 1 holds for subsystems of different pressures. In panels A–F, F is evaluated for n = 1.
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292 M. E. WISE ET AL.

FIG. 12. Illustration of degrees of freedom for a two-component system of NaCl and H2O having (A–B) a common pressure and (C–D) subsystems of different

pressures. Within the thermodynamic system, the water vapor, the aqueous solution, the particle, and the interfaces (including the particle/substrate interface)

exchange both mass (practically speaking, H2O in the vapor, H2O and NaCl in the solution, and NaCl in the particle) and joules (chemical potential in vapor,

solution, and particle and interfacial energies of substrate/particle, solution/particle, solution/vapor, and possibly vapor/particle).

In the case of a uniform-pressure, two-phase system (case A),

there are two degrees of freedom (F = n − i + 2 = 2), such as

temperature and the chemical potential of water vapor (i.e., rela-

tive humidity). The three-phase system (case B) has one degree

of freedom. Once temperature is specified, all other factors are

constrained. Therefore, the simultaneous presence of NaCl(s),

NaCl(aq), and H2O vapor at a given temperate uniquely specifies

the chemical potential of water, corresponding to the deliques-

cence relative humidity.

Figure 12 also shows cases for two-phase (case C) and three-

phase (case D) systems having different subsystem pressures, for

which F = n +1 holds. Case C and D therefore both have three

degrees of freedom since n = 2. Case C represents the simulta-

neous presence of NaCl(aq) and H2O vapor, such as in the study

of the hygroscopic growth factor of aqueous NaCl nanoparticles

within a tandem differential mobility analyzer (TDMA) (Biskos

et al. 2006b, 2006c). In this setup, the three degrees of freedom

are (1) the temperature, (2) the chemical potential of gas-phase

water (i.e., relative humidity), and (3) subsystem size (i.e., dry

particle radius). As RH changes in the TDMA measurement,

the aqueous particle size is uniquely defined by the values of

1, 2, and 3. Case D represents the simultaneous presence of

NaCl(s), NaCl(aq), and H2O vapor, such as in the ETEM observa-

tions. Of the three degrees of freedom, temperature exhausts one.

The second is taken by P1, which is adjusted during the course

of the ETEM observation as the water partial pressure in the
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WATER UPTAKE BY NaCl PARTICLES PRIOR TO DELIQUESCENCE 293

environmental cell (thereby setting the chemical potential of

H2O). The system size (i.e., dry particle mass) is the third de-

gree of freedom.

3.11. The Lever Rule

For case D of Figure 12, the mass partitioning of total NaCl

between NaCl(s) and NaCl(aq) (i.e., the lever rule of this system) is

uniquely defined once the three degrees of freedom are taken. An

important caveat, however, is whether or not NaCl(s) and NaCl(aq)

will simultaneously have adequate masses to be detectable over

a range of relative humidity beyond experimental fluctuation.

For example, if the lever rule essentially runs from one endpoint

to the next within 0.1% RH, then the phases will not be detected

to coexist except with the most precise instrumentation. Numer-

ous results in the literature, for example, suggest the absence of

a detectable NaCl(aq) co-phase for free floating aerosol particles,

at least within typical RH control of 1% (Biskos et al. 2006b,

2006c). However, if the phases coexist across a range of 2% RH

or greater, they will be detected by most common experimental

procedures. For the substrate-supported particle in the ETEM

observations, the phases are observed to reversibly co-exist over

a 5% RH range. These differences for aerosol compared to sup-

ported particles indicate different regimes for the lever rule in the

two geometries. The quantitative terms affecting the RH gamut

of the lever rule (for conditions described by the phase rule of

F = n + 1) are the surface tensions and sizes of the involved

phases, including, in the present case, both NaCl(s) and NaCl(aq).

The observations therefore suggest a significant role of the sam-

ple/substrate interface as an energy term so that phases coexist

over a perceptible range in the present experiments. For the ob-

served RH gamut of 70 to 75% RH, an effect on the order of

1.04 is required, which is an order of magnitude smaller than

the Kelvin effect on the hygroscopic growth factor observed for

nanoparticles (Biskos et al. 2006a, 2006c).

We examined NaCl particles supported on several different

types of TEM substrates to see if we could detect differences in

water uptake. The support films included three different types

of carbon films and a silicon monoxide film. We show the hy-

groscopic behavior of NaCl particles supported by an ultra-thin

carbon film with a holey-carbon support film and a lacey-carbon

support film (no Formvar) in Figures 1 and 2, respectively. We

show the hygroscopic behavior of other alkali halide particles

on flat carbon films (with Formvar) in Figure 10. Although not

illustrated in this manuscript, NaCl particles on silicon monox-

ide films also exhibited water uptake prior to deliquescence. No

matter the type of support film, a significant amount of water was

associated with the NaCl particles at approximately the same RH

values. In this sense, our observations of water uptake prior to

deliquescence are general across all substrates. In a finer sense,

in this first report we could not tell differences among the sub-

strates, possibly because our precision for RH measurement is

approximately 1% at best whereas the phenomenon we have ob-

served occurs over a range of 2 to 3% RH. If our explanation for

the observed effects is correct, future studies with finer controls

on RH or a greater variety of substrates and salts may discern

differences among substrates.

The above, for the sake of simplicity, makes no distinction

between solid and liquids in discussion of the effects of sur-

face curvature on pressure. A relationship also exists between

size and pressure for solids, although it is less precisely speci-

fied mathematically than the Laplace-Young relationship since

it depends on the nonspherical shape of the solid as well as

other factors pertaining to the resistance to flow of solids and

possibly nonisotropic stress (e.g., requiring up to 6 variables to

describe pressure). Energies for solids are difficult to obtain and

vary depending on surface preparation (hence the difference in

discussion of surface energy for solids and surface tension for

liquids). In general surface energies of solids are much higher

than for liquids, such as 5000 mJ m−2 for mineral oxides or

estimated as 400 mJ m−2 for NaCl. Therefore, effects such as

size-dependent solubility for solids are apparent for larger par-

ticle sizes than for effects such as vapor pressure increases for

liquids.

The above discussion also omits line tension and disjoin-

ing/conjoining pressure (Bergeron 1999). These factors have

been considered but ruled out in the literature as a hypothe-

sis for nonprompt phase transitions for nanoparticles (Djikaev

et al. 2001). Later experimental measurements further demon-

strated prompt transitions for nanoparticles (Biskos et al. 2006a).

Notwithstanding the absence of application to nanoparticles, the

ideas may still have applicability to the coexistence of solid and

aqueous NaCl phases across an RH range, especially when those

particles are supported on substrates such as in our experiments.

4. CONCLUSIONS

The images obtained using the ETEM provide detailed visual

information about what happens on the surfaces of alkali halide

particles as RH is increased. We find that a significant amount

of water can be reversibly associated with the surfaces of NaCl

particles at RH values as low at 70%. We hypothesize that the

liquid layer on the surfaces of the particles is an aqueous NaCl

solution. Experimental artifacts such as damage to the NaCl

surface by the electron beam and small fluctuations in RH are

not sufficient to explain the observations. A derivation of the

phase rule for our experimental geometry shows that subsystems

under heterogeneous pressures, which can be caused by different

subsystem sizes and surface energies, have additional degrees of

freedom that allow the coexistence in a binary chemical system

of three phases (i.e., gas, liquid, and solid) across a range of

water vapor pressures. Consideration of the lever rule suggests

a significant role of the sample/substrate interface as an energy

term so that aqueous and solid phases of NaCl coexist over a

perceptible range in the present experiments, in distinction to

observations of free-floating pure NaCl aerosol particles.

Aerosol particles in the atmosphere are complex mixtures of

inorganic and organic components. Many are associated with in-

soluble materials and organic compounds. In that regard, TEM

substrates may be rough surrogates of insoluble materials, and
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the results of this study may therefore be relevant to those atmo-

spheric systems.
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