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Condensation nucleation light scattering detection in principle works by converting the
effluent of the chromatographic separation into an aerosol and then selectively evaporat-
ing the mobile phase, leaving less volatile analytes and nonvolatile impurities as dry
aerosol particles. The dry particles produced are then exposed to an environment that is
saturated with the vapors of an organic solvéctmmonly n-butano). The blend of
aerosol particles and organic vapor is then cooled so that conditions of vapor supersatu-
ration are achieved. In principle, the vapor then condenses onto the dry particles, growing
each particldideally) from as small as a few nanometers in diameter into a droplet with
a diameter up to about 1@m. The grown droplets are then passed through a beam of
light, and the light scattered by the droplets is detected and used as the detector response.
This growth and detection step is generally carried out using commercial continuous-flow
condensation nucleus counters. In the present research, the possibility of using other
fluids than the commonly usedtbutanol is investigated. The Kelvin equation and the
Nucleation theorenfjAnisimov et al. (1978] are used to evaluate a range of fluids for
efficacy of growing small particles by condensation nucleation. Using the available ex-
perimental data on vapor nucleation, the correlations of Kelvin diamétieescritical
embryo sizesand the bulk surface tension with dielectric constants of working liquids
are found. A simple method for choosing the most efficient fluid, within a class of fluids,
for growth of small particles is suggested. © 2003 American Institute of Physics.
[DOI: 10.1063/1.1555590
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1. Introduction
1.1. Background

Condensation nucleation light scattering detection
(CNLSD; is a relatively new aerosol-based analytical sepa-
rations detection technique, which was first introduced as a
detector for high-performance liquid chromatography
(HPLC) by Allen and Koropchak1993. Among the goals of
the CNLSD project is the development of sensitive and uni-
versal detection for various analytical separation methods,
such as HPLC and capillary electrophore$ZE).

CNLSD in principle works by converting the effluent of
the chromatographic separation into an aerosol—generally
using pneumatic nebulization for liquid chromatographic and
electrospray(ES) for capillary electrophoretic separations
[see Szostekt al. (1997 ]—and then selectively evaporating
the mobile phase, leaving less volatile analytes and nonvola-
tile impurities as dry aerosol particles. The dry particles pro-
duced are then exposed to an environment that is saturated
with the vapors of an organic solvef@ommonlyn-butano).

The blend of aerosol particles and organic vapor is then
cooled so that conditions of vapor supersaturation are
achieved. In principle, the vapor then condenses onto the dry
particles (condensation nucleatipngrowing each particle
(ideally) from as small as a few nanometers in diameter into
a droplet with a diameter up to about 1&n [Agarwal and
Sem(1980]. The grown droplets are then passed through a
beam of light, and the light they scatter is detected and used
as the detector response. This growth and detection step is
generally carried out using commercial continuous-flow con-
densation nucleus countefCNCs [e.g., see McMurry
(2000 |—often referred to as condensation particle counters
(CPCg—although much of the early work was done with a
home-built detectofe.g., Allen and Koropchakl993]. The
CNC most commonly used for CNLSD is the UCPC 3025A
(TSI, St Paul, Minnesoja

This growth of nanometer-sized particles intoAr2 drop-
lets is a process with very large gains in masslQ'Y) and
light-scattering efficiency(compared to detecting the dry
particles directly without growth In analytical chemistry
terms, the limit of detectioflLOD) achieved has been as low
as 10ug-L~ ! in some cases and calibration curves have
been found to be generally linear. Two reviews of CNLSD
have been publishefKoropchaket al. (1999; Koropchak,
et al. (2000].

As a first approximation, the response of CNLSD for cap-
illary separations depends on the overlap between the detec-
tion efficiency curvg DEC) of the CNC and the particle-size
distribution (PSD of the dry aerosol particles. The size of
these dry particles is related to the initial wet droplet diam-
eter e, Nonvolatile concentratiord), and densityp) by
an equation derived from simple volume—density relation-
ships[see also Chent al. (1995]:

C 1/3
ddry= dWet( ;)
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Since the size of the particles increases with increasingnixing-type CNC[Parsons and Mavlie(2001)]. This instru-
analyte concentration, and since the detection efficiency inment was characterized by a lower size threshold for particle
creases for larger particlde.g., Kesteret al. (1991)], the  detection of about 12 nm. However, because of hardware
response becomes greater for higher concentrations. Thuspnstraints, the instrument was not optimized for small par-
the smallest analyte concentration that can be detectetitle detection, but rather for prolonging the life of the ther-
(LOD) is limited by the lower-size threshold for particle moelectric cooler modules used in the condenser. The au-
growth in the CNC(assuming that nonvolatile contaminants thors pointed out that one difficulty associated with the use
in the background are not a limiting facioiThus, if the size  of water is the prevention of rampant microbial growth in the
threshold could be lowered, smaller particles could be desystem.
tected and the sensitivity of the detector would be improved. Water has previously been studied as the condensing fluid

The advantage of lowering the size threshold for particlein various systems. Besides C. T. R. Wilson’s early wede
detection from about 3 to about 2 nm or less is illustratedwilson (1927)], examples include studies of the size-
schematically in Fig. 1. This figure shows the overlap of twoanalyzing nuclei countefLiu et al. (1984; Porstendder
detection efficiency curves, DEC-A, having a size thresholckt al. (1985] and of a noncontinuous expansion type CNC
of less than about 2 nm and DEC-B having a size threshol@iHelsper and NieRnegr985].
of about 3 nm, with two particle size distributions: PSD Afor  Some work has also been done with fluorinated hydrocar-
a lower analyte concentration and PSD B for a higher analytgons[e.g., see McDermott al. (1991)]. However, the cost
concentration. DEC-A represents the curve when using a&f continuous operation with this type of fluid is often pro-
fluid with a lower Kelvin diameter(e.g., glycerol, while  hibitive [Parsons and Mavlie¥2001)]. Glycerol has been
DEC-B represents the curve when usingutanol as the ysed as the condensing fluid in the particle growth system
condensing fluid. A CNC with DEC-A would grow and de- (PGS, which was tested for particles in the 3.9—-70 nm size
tect most of the particles in PSD A and virtually all of the range[e.g., Rebour®t al. (1996]. However, no systematic
particles in PSD B, while a CNC with DEC-Be.g., TSI study of a wide range of fluids has been found in the litera-
UCPC 3025A would grow only PSD B using-butanol va-  tyre.
por. For CNLSD detection, an ability to detect smaller and

Another illustration is given in Fig. 2, which gives a car- smaller particles generally translates into an ability to detect
toon depiction of particles of different sizes that could bejgwer and lower concentrations of analytassuming that
grown if different condensing fluids were used. For CNLSD, nonyolatile background material in the buffer or mobile
a lowering of the detection limi.OD) by almost 1 order of  phase is not a limiting factdr This is especially true for
magnitude can be predicted based on a lowered size thres —ES-CNLSD, where empirical ddslagnusson(2002]
old for particle detection from 3 to 1.5 nm, provided that jngicate that the LOD of the system is limited partly by the
nonvolatile background material is not a limiting factor. inability of the best commercially available CNCs, i.e., the

In the present research, the possibility of using other fluidsrg; ycpc 3025A, to grow and detect particles smaller than

than the commonly used-butanol is investigated. The apout 3 nm in diametdiStolzenburg and McMurry1991);
Kelvin equation and the Nucleation theorgAnisimovet al.  kesten et al. (1991)]. Thus, the sensitivity of CE—ES—

(1978] are used to evaluate a range of fluids for efficacy ofcn|sD is limited by the UCPC size threshold for particle
growing small particles by condensation nucleation. Agetection. It should be mentioned that Wiedensoleleal.
simple method for choosing the most efficient fluid, within a(1997 reported a size threshold as low as 2.0 nm for the TSI
class of fluids, for growth of small particles is devised. UCPC 3025A. However, the lower cutoff may have been
biased because of the use of differential mobility analyzers
1.2. Prior Work and Present Need (D_MAs) u_nsuitable for generat_ing monodisperse particles in
this low-size range. Too low size thresholds may have been
The key step in a condensation nucleation process is theeported due to diffusion in these DMASs, as suggested else-
increase in apparent size of a small particle by condensatiowhere[Gamero-Castanand Fernadez de la Morg2000].
of a vapor onto the particle. Continuous flow CNCs have upThese authors note further that the issue is complicated by
to this date sometimes employed ethanol, but most oftethe fact that the particles generated in DMAs are generally
n-butanol, as the condensing fluid.g., McMurry (2000].  charged, which facilitates condensation, and, in some cases
The most popular commercial CNCs, the TSI 3000-series(positive ions in dibutyl phthalate vapgrenables detection
introduced with the TSI 302PAgarwal and Seng1980], all  even of subnanometer nuclei. On the other hand, other inves-
use n-butanol. This fluid was apparently chosen because itigators have reported lower-size limits of about 3.5 nm for
absorbs less water than the initially investigated isopropanollSl's UCPC 3025 AAlofs et al. (1995 ]. With these consid-
and because its vapor pressure at near ambient temperatuegations and conflicting data in mind, the manufacturer
is suitable for growing droplets large enough for optical de-claimed lower size threshold of about 3 nm for this particle
tection. Butanol vapor diffusivity in air is also low enough so counter, supported by theoretical calculations, is taken as the
as to provide a low rate of vapor depletion to the condensetrue threshold.
wall [McMurry (2000]. Recently, water has also been used The limitation in size threshold has become increasingly
as the condensing fluid in a continuous flow modifiedimportant. For example, even if the size threshold could be
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lowered only from about 3 to 2 nm, the volume or mass of 100%
the smallest detectable particle would be reduced by three tc

four fold. This would lead to instruments with improved ca- > 80%
pabilities, extending the sensitivity of CNCs to smaller par-
ticles, which would lead to improved sensitivity in CNLSD.
It would also permit detection of smaller particles in scan-
ning mobility particle sizeSMPS systems and other sys-
tems using CNCs.

60%

40%

Detection Efficien
(‘'n "e) JoquINN sjO1Ed

20%
1.3. Organization of Paper

In Sec. 2, the current scientific background for selecting of 0%1

10
the working liquid for CNLSD is presented. The Kelvin di- Particle Diameter (nm)
ameter will be adopted as a suitable approximation for the
size of critical embryos for heterogeneous vapor nucleatiorfc- 1. The overlap of two detection efficiency curves, DEC-A having a size
; ; ; ; threshold of less than about 2 nm and DEC-B having a size threshold of
The influence of physmal ar,]d chemical properties On heteroggout 3 nm, with two particle size distributions; PSD A for a lower analyte
geneous nUC|eat|0n_ are Q|scussed, .and the pred|Ct|0nS_ ncentration PSD B for a higher analyte concentration. A CNC with
critical supersaturation using nucleation theory are considbEC-A would grow and detect most of the particles in PSD A and virtually
ered. In Sec. 3, critical vapor saturation as a limiting condi-a";g/i)he Pé}(fjt'c'es in ZSdD tB’ tWh"eta fCt’:C W'ttf_' IDE(_:*%-SB TBS'bUtCPC .
tion for the condensation growth of heterogeneous seeds F Woulc grow and detect most of the particies in »butnone o
. . . T e particles in PSD A.

discussed. Section 4 contains the description of the method
for choosing the best working fluid. Here the correlations of
Kelvin diameter with the dielectric constant and dielectric . .

most often been made in order to test and/or develop theories

constant with the bulk surface tension are introduced. Fi . . . .
. . o for vapor nucleation, for which a consistent rigorous theory
nally, the strategy for selection of the working liquid for

CNLSD is summarized in Sec. 5. applicable to gll cases has yet.to be d(_aveloped. In_ more re-

cent years, with advancement in experimental equipment, it
has become more popular to measure the vapor nucleation
2. Present Method rate in lieu of critical supersaturatide.g., Anisimovet al.
(1998]. Critical supersaturation data can often be extracted
from nucleation rate data.

It is customary to identify the condition for growth of a  The suitability or efficacy of a range of condensing fluids,
nucleus into a drop as that when this growth proceeds withfor the purpose of growing particles as small as possible, can
out an activation barrier. This corresponds to the diameter dbe evaluated by computing the Kelvin diameter based on
the critical embryo, given in the classical nucleation theorypublished critical supersaturation data for each fluid. The
(CNT) by the Kelvin diameter, and, more in general, by theKelvin diameter depends not only on the saturation ratio, but
Nucleation theorem. This diameter decreases with an inalso on surface tension, molecular weight, density, and tem-
creasing saturation ratio, but only to a point, when the satuperature. Of these properties, surface tension and density are
ration ratio reaches aritical value (the saturation ratio temperature dependent and measurements over various tem-
where one droplet per cubic centimeter and second is formegerature ranges are available in the literature for many fluids.
by homogeneous nucleation from vapahe working fluid  Up to this point, no systematic comparison of Kelvin diam-
in the UCPC will start to condense on itself, growing into eters at critical supersaturation has been published for a wide
detectable droplets, thus producing false particle counts. Afrange of fluids.
ter the critical value is reached, the number of droplets
grown by homogeneous nucleation increases exponentially
with increased supersaturation. It is this onset of homoge-
neous nucleation that puts the size-threshold for instrument:
operated withn-butanol as the condensing fluid at about 3
nm.

The critical supersaturation is different for different fluids
however [e.g., Heist and Heg1994], and homogeneous
nucleation will thus occur at different saturation ratios de-
pending on which condensing fluid is utilized. Measurement
of the critical supersaturation as a function of temperature for
various condensing fluids has been a large part of a signifi- o _ _ o
cant number of articles published since the early to mid;'G' 2. A cartoon depiction of spherical particles having diameters of 1.5,

.0, and 4.0 units, giving a visual idea of the difference in volume or mass

19705[9_-9-1 Katzet al. (1_975] through the 1980s and 1990s f the particles that could be grown and detected using fluids with different
[e.g., Dillmann and Meief199]1)]. The measurements have Kelvin diameters for nanometer sizes.

2.1. Kelvin Diameter

J. Phys. Chem. Ref. Data, Vol. 32, No. 4, 2003



VAPOR NUCLEATING CRITICAL EMBRYO PARAMETERS 1391

However, two difficulties of using the Kelvin equation for pressure in capillary-condensed cyclohexane between
calculation of the lower size threshold arise. Firstly, a fewcrossed mica cylinders have shown that major deviations
reports have found differences in detection efficiency baseffom the Kelvin equation do not occur for meniscus radii
on the origin of the condensation nuclei. Both Helsper andabove 0.5 nm, suggesting that macroscopic thermodynamics
NieRner(1985 and Porstenddter et al. (1985 found differ-  are in principle applicable to such small entit/&sher and
ences in sensitivity between sodium chloride and silver partsraelachvili(1981); Fisher(1982]. However, it was found
ticles in systems operating with water as the condensingt the same time that the situation is different for water, so
fluid. Porstendder and co-workers[Porstendder etal. that the Kelvin equation may not be applicable for low-
(1985] suggested that the solubility of sodium chloride andnanometer sized water droplets. Further, Anisimaival.
the hydrophobicity of silver played a role in the findings. (2001) used homogeneous nucleation rate data by Anisimov
Some questions about the validity of these results exist, howet al. (1998 to determine the excess energy of critical em-
ever, and even if the results are valid, no study of this effecbryos for glycerol, using a method independent from the
exists for a range of fluids, i.e., it is not established that thekelvin equation. It was found that there are only slight dif-
effect is specific to watefe.g., see Rebourst al. (1996].  ferences in surface energy using this method compared to the
Kestenet al. (1997 also found differences in detection effi- Kelvin equation.
ciency of then-butanol operated TSI UCPC 3025 for the Most measurements to check the validity of the equation
same particle materialgsilver and sodium chloride but  have been carried out in a three-phéselid—liquid—vapoy
these differences were relatively small. It is logical to believesystem(i.e., the system of Fisher and Israelachyilvhich
that the free energy barrier for condensation of a fluid onto aneans that the results obtained may be influenced by specific
particle could be lowered under certain circumstances whesolid—liquid and solid—vapor interactions, contact angles and
some kind of attraction exists between the fluid and the parsurface roughness, etc. Fenelonewal. (2001 translated
ticle, e.g., when the condensing fluid and the particle mateinto English the article of Anisimov’s grougAnisimov et al.
rial are prone to reacting with one anottierg., Magnusson (1978]. Anisimov et al. (1978 used homogeneous nucle-
et al. (1998]. Perhaps the observed differences have to dation experiments and concluded that the Kelvin equation is
with the charge state of the investigated particles. Howevewnalid with an error not higher than 12%-14% for droplets of
the available data are insufficient for establishing a good theradii below 0.7-1.0 nm.
oretical description of the phenomefa.g., see Mavliev In the common case, the droplet approximation should be
et al. (200D)]. limited by the small size of clusters because the assumption

On the other hand, close agreement with the Kelvin equathat a small cluster can keep the bulk liquid density is unre-
tion was found for condensation of water onto particles ofalistic. Computer modeling of cluster formation from polar
dioctyl phtalatgLiu et al. (1984]. Rebourset al. (1996 call molecules shows that molecules form chalifygolymers,”
the equation “Kelvin’s law” in reference to the calculation of Rein ten Woldeet al. (1999]. “As the cluster size is in-
the size threshold. The results of McDermettal. (1991  creased, the polymers become longer. But, beyond a certain
and of Stolzenburg and McMurrgl991), where the lower size, the clusters collapse to form a compact globule.” This
size threshold for growth and detection is accurately estiobservation leads to the conclusion that critical embryos are
mated using the Kelvin equation, should also be rememrepresented by molecular chains up to at least 100 molecules.
bered. It may be that some of the discrepancies observe@ne hundred or more molecules collapse to globule form
result from the same sources as the uncertainties in the dfRein ten Woldeet al. (1999]. A globule is closer to the
termination of the lower size threshold, i.e., the use ofdroplet approximation. An impression of Kelvin equation va-
DMA's unsuitable for this lower size range. However, it is lidity arises because the surface excess energy and the cluster
not the goal of this research to explain the discrepanciedensity go down simultaneously, with diminishing of the
observed by some authors, and the Kelvin equation is asluster molecule contents, even if the surface tension is re-
sumed to give an accurate estimation of the size thresholduced faster than it follows from the droplet approximation
from the standpoint of condensation onto different particlegfAnisimov et al. (2001)].
materials. In this study we compute Kelvin diameters at the critical

The second difficulty concerns the fact that the Kelvinsupersaturation as a function of temperature for 30 different
equation is based on the approximation of a spherical dropletondensing fluids. The goal or this exercise is to identify the
and that macroscopic properties, such as the bulk liquid sumost promising fluids to use in techniques based on conden-
face tension, are employed in the calculations. The validitysation nucleation processes, e.g., CNLSD, in order to grow
of using macroscopic properties to describe highly curvedand detect as small particles as possible, and thus increase
surfaces with radii of curvature approaching molecular di-the sensitivity of the detector. Another goal is to provide
mensions has been questionpelg., Everett and Haynes rational criteria for choosing the best fluid, even when e.g.,
(1973; Melrose (1966, (1972, (1989]. However, it has critical supersaturation data are unavailable.
been found that the Kelvin equation holds to extraordinarily The Kelvin diameters are calculated based on published
small radii of curvature, down to as small as one or twodata for critical supersaturations, surface tensions, molecular
molecular diameters for simple liquid®.g., see Hunter weights and densities. Kelvin diameters based on critical su-
(1987 ]. Measurements of forces of adhesion due to Laplac@ersaturation predicted by the CNT are also reported, as well
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as calculations based on the nucleation theorem. The Kelvin-butanol, the line was extrapolated slightly above the high-
diameters for different fluids are then compared and a newest data poinfup to 320 K, while data were collected up to
semiempirical method for predicting the best fluid, within a313 K). The surface tension equations and their valid tem-
class of fluids, for growing the smallest particles is devisedperature rangegvhen known are also listed in Table 1.

This method is based upon the relative dielectric constant

within the class of fluidgsee also Koropchaét al. (2000 ]. 2.4. Density

Data for methanol, and chloroform were obtained from
The International Critical Tableg1928. Data for water,

A literature review was conducted to identify data for thenn-nonane, and-butylbenzene were obtained froBelected
variation with temperature of critical supersaturation, surfacé/alues of Properties of Hydrocarbons and Related Com-
tension and density for most fluids available from the scienpounds(1965; for n-heptanen-hexane anc-octane from
tific literature. Inorganic materials except water were notLide (1994, for glycerol from Vargaftik(1975, for o-xylene
considered due to e.g., unsuitable volatility properties for usand toluene from Hales and Townse(i®72, and for etha-
in CNLSD. nol, n-butanol, n-pentanol, n-propanol, isopropanol and

The fluids for which sufficient data were found and which myristic acid from Costello and Bowdeid958. The equa-
were taken for theoretical evaluation wareonane, Freon tion for heptanoic acid was estimated as the average of those
11, n-hexane,n-octane,n-heptane, isopropanoh-pentanol, for hexanoic and octanoic acids given by Costello and
propylene glycol, n-butanol, carbon tetrachloride, Bowden(1958. The last four references give experimental
n-propanolo-xylene, ethanoln-butylbenzene, toluene, chlo- density data for a range of temperatures, and the data were fit
roform, methanol, heptanoic acid, 1,1,2,2-tetrachloroethangp third degree polynomials using the method of least
trimethylene glycol, ethylene glycol, myristic acid, decanoicsquares. Data for acetic acid were obtained from Timmer-
acid, glycerol, water, acetic acid, acetonitrile, benzonitrile,mans(1950 and data for decanoic acid were obtained from
nitromethane, and nitrobenzene. The properties of the fluid$jdunten and Maasg1929, and these data were fit to straight

2.2. Extraction and Prediction of Data

given as functions of temperature, are listed in Table 1.  lines using linear regression. The equations for ethylene gly-
col, propylene glycol, and trimethylene glycol are estimated
2.3. Surface Tension equations and were used as given by Kane and El-Shall

] . . (1996. For carbon tetrachloride, Freon 11, and 1,1,2,2-
Jasper1972 reviewed and published surface tension datatetrachloroethane, equations as given by Kettal. (1976

for a wide range of pure liquid compounds. Data from Jaspefyere used. For acetonitrile, benzonitrile, nitromethane, and
were used for ethylene glycol, trimethylene glyambylene, nitrobenzene, equations given by Wrigktal. (1993 were
toluene,n-butylbenzene, heptanoic acid, chloroform, carbon gaq.

tetrachloride, and 1,1,2,2-tetrachloroethane. Data for Extrapolation of the lines outside the ranges where the

n-heptanen-hexane,n-nonane and-octane were obtained  qata were actually collected was avoided. The valid tempera-
from Jasper and Kringl955; for n-butanol, ethanol, metha- re ranges for the density data for carbon tetrachloride,

nol, n-pentanol anch-propanol from Strey and Schmeling rreon 11, and 1,1,2,2-tetrachloroethane were not known. In
(1983; for isopropanol from Lidg1994; for glycerol from  (hege cases, it was assumed that the data are valid in the
Vargaftik (1975; for. water from Vargaftiket al.'(1981.%); for  same range as the data for critical supersaturation. The den-
Freon 11 from Heidg1973, and for decanoic acid from iy, equations and their valid temperature rangefen
Hunten and Maas$1929. For acetic acid and propylene known) are also listed in Table 1.
glycol, the equations given by Heist al. (1976 and Kane
et al. (1996, respectively, were used. For acetonitrile, ben-
zonitrile, nitromethane, and nitrobenzene, equations given by
Wright et al. (1993 were used. For myristic acid, an esti- The saturation vapor pressug, is needed in theoretical
mated equation given by Agarwal and Heid980 was estimations of the critical supersaturation ratio. Since the
used. In the cases where the authors did not provide equaaturation vapor pressure usually is a required parameter in
tions, the given data were fit to third degree polynomials, omucleation experiments, expressions for the temperature de-
to straight lines using the method of least squares. pendence of the saturation vapor pressure are usually re-
The surface tension equations are only valid within limitedported in the articles concerning the measurement of critical
temperature ranges. Extrapolation outside the range whesaipersaturation and/or nucleation rate. These equations are
data were actually collected was avoided as much as pogommonly given in the Antoine form, but sometimes in the
sible, but for chloroform, the line was extrapolated down toClausius—Clapeyron or another form.
220 K, while the equation had been fit to data collected from The equations for acetic acid;butanol, ethanol, ethylene
288 K and higher. For carbon tetrachloride, the line wagylycol, glycerol, isopropanol, methanat;propanol, propy-
extrapolated down to 260 K, while the equation had been fitene glycol and trimethylene glycol were obtained from
to data collected from 288 K and higher. For Freon 11, thevaws (1994 and forn-pentanol from Anisimo\et al. (2000.
line was extrapolated down to 220 K, while the equation hadrhe equation for water was adapted from tA@WS Indus-
been fit to data collected from 233 K and higher. Fortrial Formulation 1997 for the Thermodynamic Properties of

2.5. Saturation Vapor Pressure
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TasLE 1. Density(p), surface tensiofio), critical supersaturationS;,), and saturation vapor pressure) for the investigated fluidéreferences are given in
the texj

acetic acid

M =60.05 g mol~*

p=1.0716-1.091410 %t g-cm 2 (20-70°Q

0=29.427-0.0952t dyn-cm™ !

InS,=6.69910 7 T3-6.934 10 * T?+0.2204T—20.33(290-335 K

10g;0 Ps= 28.3756—2973.41— 7.032 log T-1.5051 10" ° T+2.1806 10" ® T2 mm Hg (290-593 K

n-butanol

M=74.122 gmol™?*

p=-5.24510°t3-2.621:10 " t>—7.269 10 * t+0.8237 gcm ° (—60-180 °Q
o=25.98-0.08181t dyn-cm ! (—35.10-39.90 °C

InS,=-2.91210"7 T%+3.059 10”4 T?—0.1147T + 15.88(230-330 K

l0g;0 ps=39.6673-4001.7T— 10.295 log T—3.2572 10 *° T+8.667210"’ T?> mm Hg (184-563 K

n-butylbenzene

M =134.212 gmol~*

p=4.43459910 ' t3—1.84652510 " t>—8.03690310 4 t+0.87632 gcm ° (—80-150 °G
0=31.28-0.102% dyn-cm * (10-100 °G

InS,=—1.041:10"° T3+ 1.089 102 T?—0.3953T +51.24(220-360 K

1090 ps=6.9808- 1577.008/T — 71.819) mm Hg

carbon tetrachloride

M=153.82 gmol !

p=1.63186-1.867.10 °t—8.91410 7 t?-2.94310 °t3 g-cm™3
o=29.49-0.1224t dyn-cm * (15-105 °Q

In§,=2.083107° T3—1.685 1072 T?+4.522T—400.4(260-280 K
l0g;0 Ps=6.9339- 1242.43/(+ 230) mm Hg

chloroform

M=119.38 gmol~*

p=1.52643-1.856310°t—0.530910 ® t>—8.81: 10 ° t* g-cm % (—53-55°Q
0=29.91-0.1295t dyn-cm ! (15-75°Q

In S,=2.496 10 ° T3—1.696 10 ° T2+ 0.3585T — 20.59(220-260 K

log;o ps=6.90328- 1163.03/(+227.4) mm Hg

decanoic acid(n-capric acid)

M=172.26 gmol ™!

p=0.91778-7.7131.10 % t g-cm° (31.9-140.1 °C
0=30.46-0.0762t dyn-cm™* (31.9-151.2°C

InS,=3.96210 7 T3-3.736 10 * T2+0.09390T — 1.757(340—430 K
l0g;o ps=7.9458-2203.2/(T — 106.4) mm Hg

ethanol

M =46.069 gmol~*

p=—1.431:10 8 t3+9.770 10 7 t>—8.706 10 * t+0.8063 gcm ° (0-200 °Q
o=23.88-0.08807t dyn-cm™ ! (—50.74-39.70 °C

In S,=—2.588 10" T3+2.620510 * T?—0.09328T + 12.089(210-300 K

10g;0 Ps= 23.8442- 2864.2T —5.0474 log T—3.7448 10 1 T+2.7361. 10" 7 T2 mm Hg (159-516 K

ethylene glycol

M =62.069 gmol~*

p=1.1347-0.1026 10 2 t—0.7094 10 °® t? g-cm 3 (7-116 °C)

0=50.21—0.0890t dyn-cm™* (20-140 °C)

In §,=3.312107 T-3.094 10 * T?+0.08932T—6.036(284—362 K

10910 ps=82.4062- 6347.2 — 25.433log T—2.3732 10 ° T+8.7476 10" ® T2 mm Hg (260—645 K

Freon 11 (CCl5F)

M=137.38 gmol !

p=2.05059-1.3427810 % T—3.8141710 ° T2+ 1.1071910 8 T-1.6276610 ** T* g-cm 3
0=21.07-0.1256t dyn-cm™* (—40-100 °Q

In S,=4.541:10 ° T3-3.040 10 2 T2+ 6.759T —497.0(215-232.5 K

glycerol

M =92.095 gmol~*

p=1267.414-0.317862—2.81038410 ° t>—2.75187810 " t% kg-m~ 2 (20-240 °Q
0=59.893310"3-1.6221710"° t—4.6191310 7 t2+5.15906 10 *° t3 N-m~* (20-150 °Q
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TasLE 1. Density(p), surface tensiofio), critical supersaturationS;), and saturation vapor pressumg) for the investigated fluidéreferences are given in
the tex}—Continued

InS,=—9.868107° T3+9.324 1072 T?—2.961T+319.5(283-331 K
InS,=—1.167.10"°% T3+ 1.308 10" 2 T?>—0.4983T +67.26(320.1-390.3 K
10010 Ps= — 62.7929- 3658.5T + 34.249log T—0.05194T +2.283 10 ° T2 mm Hg (291-723 K

n-heptane
M =100.203 gmol~*
100.20310 3

0.164691072.0.260741 (1~ T/5402
0=22.10-0.0980t dyn-cm™* (0-90 °Q
In S,=—1.825510"® T3+1.6270 10" % T2—0.4993T + 54.071(250-285 K
ps=101.325 exp(1—371.552) - exp(2.8647 2.11320410 3 T+2.25099110 ° T?) kPa

p g7 kg-m%(183-538 K

heptanoic acid

M=130.19 gmol !

p=0.9392-9.018010 % t g-cm % (20-280 °G

0=29.88-0.0848t dyn-cm ! (15-70°Q

InS,=1.12010 8 T°+1.012 10 5 T?—0.02723T +9.275(310-420 K
log;g ps=8.352-2312.4/(T—70.838) mm Hg

n-hexane
M=86.18 gmol~*
86.18'10°°

P 01406210 2-0.26355! (15507437
o=20.44-0.1022t dyn-cm * (0-60 °Q

In §,=4.8928 10 ® T3—3.4888 10" % T?+0.8020T—57.051(225-265 K
log,o ps=6.87776-1171.53/ — 48.79) mm Hg

kg-m~3(183-500 K

n-pentanol

M =88.149 gmol !

p=—4.931510"°t3+2.834010 7 t?—7.3179 10 * t+0.8276 gcm ° (—60-180 °Q
0=26.78-0.08147t dyn-cm™* (—29.63-35.05 °C

InS§,=—4.736010"7 T3+4.9890 10 4 T?>—0.1841T + 24.436(240-320 K
ps=exp(90.08-9788T —9.9-In T) mm Hg

isopropanol

M =60.09 g mol~*

p=—4.675010"°t3-5.131710 7 t>?—7.514710 * t+0.8169 gcm ° (—60-160 °Q
0=0.04445-0.789010 * T N-m ! (283-353 K

In §,=8.655110" 7 T3—6.916510 * T2+ 0.1735T—12.404(270-310 K

log;o ps=38.2363- 3551.3M—10.031log T—3.474 10 ° T+1.7367 10 ¢ T2 mm Hg (185-508 K

n-propanol

M =60.069 gmol~*

p=—1.3547.10 ® 3+ 1.320310 © t?—8.6542 10 “ t+0.8200 gcm 3 (0-220 °Q
0=25.28-0.08181t dyn-cm™ ! (—29.99-44.31 °C

InS,=-9.183110 & T3+1.1958 10 * T2~ 0.05608T +9.467(260—300 K

l0g10 ps=31.5155- 3457 — 7.5235 log T—4.287-10 ** T+1.3029 10 ” T2 mm Hg (147-537 K

myristic acid

M =228.38 gmol !

p=—1.66810°t3+5.16710 7 t2—7.462 10 * t+0.9006 gcm 3 (60-300 °G
0=33.061-7.983610 2t dyn-cm ! (76.2-119.2 °C

InS,=—7.30810 7 T°+9.998 10 * T?—0.4681T+ 75.97(365-450 K

10919 ps=8.2271-2536.2/T— 114.5) mm Hg

methanol

M =32.042 gmol !

p=0.81015-1.004210 ° t—1.80210 °® t?>~16.57.10 ° t° g-cm % (—94.5-15°CQ
p=0.80999-9.25310 * t—4.1.10 7 t? g-cm °® (0-30 °Q

0=24.23-0.09254t dyn-cm ! (—47.40-37.10 °C

InS,=—-3.602107 T%+3.170 104 T2—0.09869T + 11.33(200—310 K

log;o ps=45.6171 3244.7T — 13.988 log T+0.0066365T — 1.0507 10 *3 T2 mm Hg (175-513 K

n-nonane
M =128.257 gmol !
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TaBLE 1. Density(p), surface tensiofio), critical supersaturationy;;), and saturation vapor pressumg) for the investigated fluidéreferences are given in
the tex}—Continued

p=—23.57760610"° t3+3.00094410 ' t2—7.87455610 * t+0.732697 gcm™° (—53.75-260 °¢
0=24.72-0.09347t dyn-cm ! (10-120 °Q

InS,=—6.706 10 7 T3+6.909 10 4 T2—0.2518T +33.22(220-330 K
ps=101.325exp(1-423.932) - exp(2.9469- 2.05193310 3 T+1.90368310 ° T2 kPa

n-octane
M =114.230 gmol !
114230103 B
p kg-m~3(223-567 K

01912210 2.0.25678! (- 1568827
0=23.52-0.0950% dyn-cm ! (0-100 °Q

InS,=2.587210 7 T;—5.6691. 10 ° T2—0.05248T + 15.508(240-290 K

ps=101.325 exp(1—398.793T) - exp(2.9015- 2.04620410 ° T+2.01075910 ° T?) kPa

propylene glycol

M =76.096 gmol~*

p=1.069-1.170510 3 t—1.004510 ° t2 g-cm ° (—33-226 °Q

o=41.18-0.099t dyn-cm ! (30-60 °Q

InS,=—9.636 108 T3+1.294 10”4 T2—0.05787T+9.735(301.1-370.7 K

10930 Ps=90.293- 6696.8T —28.109 log T—1.3326 10" 1° T+9.3651 10 ® T2 mm Hg (213-626 K

1,1,2,2-tetrachloroethane

M =167.85 gmol !

p=1.62578-1.56010 %t—8.327.10 8 t?> g-cm™ 3

0=38.75-0.1268t dyn-cm™* (15-105 °Q

InS,=—7.74410"7 T3+8.176 104 T?—0.3035T +40.70(240-330 K
l0g;g ps=7.0046- 1444.3/(T — 68.05) mm Hg

toluene

M=92.134 gmol !

p=—4.5930610° T3+4.2526310 ¢ T2—2.2591810 ° T+1.27950 gcm™ 2 (293.15-490 K
o=30.90-0.1189t dyn-cm ! (10-100 °G

In S,=-1.101:10 ® T3+ 1.016 10 3 T?-0.3288T +38.67(230-315 K

10010 Ps= 6.95334- 1343.943/(+ 219.377) mm Hg

trimethylene glycol

M =76.096 gmol~*

p=1.0775-0.8658 10" % t—0.5248 107 % t? g-cm™® (33-227 °Q

o=47.43-0.0903t dyn-cm ! (20-140 °Q

InS,=—7.88010 7 T3+8.569 10 * T2—0.3185T+41.76(307.2—371.9 K

l0g;0 ps=27.4723- 4020T — 6.2839 log T—6.7098 10 1° T+2.2952 10 8 T2 mm Hg (246658 K

water
M =18.015 gmol ™!
p=1.3683210"8 t3-6.02455410 ° t2+5.21757210 ° t+0.999348 gcm 3 (—20-150 °Q
0=235.8 10*3(M) 1'256( - 25{M)) N-m~1(0-374 C)
’ 647.13 647.13
InS,=-1.16910 7 T3+ 1.574 10 * T2—0.07361T + 12.28(250-350 K
4
m MPa(273.15-647.096 K

Ps=

where

A=92+0.1167052145276710" 9—0.72421316703204.0°

B=—0.170738469400940%- 92+ 0.12020824702470.0°- 9—0.32325550322333.0"

C=0.14915108613530.0°- 92— 0.48232657361591.0%- 9+ 0.4051134054205210°
—0.23855557567849

T—0.65017534844794.0°

9=T+

o-xylene

M =106.160 gmol~*

p=—2.8676810"° T3+2.56876 10 ® T2—1.6181910 ° T+1.120607 gcm™° (293.15-490 K
0=32.51-0.1101t dyn-cm™* (10-100 °Q

In S,=—2.071:10 ® T3+1.980 10 2 T2—0.6488T + 74.44(270-340 K

l0g;0 Ps=6.99891 1474.679/T — 59.464) mm Hg
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Water and Stean{1997. The Antoine equation was used InS,=aT®+bT?+cT+d,
Wltrl;constantiloptjuneilfror? Feldergr:dl Rouss(%;ﬁea fort. where S, is the critical supersaturatiom, b, ¢ andd are
;:ar ok? tetrachloride, ¢ or?morn:, an ouene.d N ?quaéonFegression coefficients; anfl is the temperature in Kelvin
s;;;;ki?t;nanéggn::g,tﬁg e-ojai‘igi \;v;nr-i;;aeneavsvsslnge dy (K). Table 1 contains the equations and valid temperature

i ’ 4 . .~ ranges for the investigated fluids while the data are shown as
as given by Katz(1970. For the longer-chain carboxylic

: . : raphs in Fig. 3. Of the data presented, those for carboxylic
acids, the equations given by Agarwal and HélfﬁS(_) were gciclijs are prgbably among the least accurate, for the reasons
used and for 1,1,2,2-tetrachloroethane, the equation as 9VE[L cribed above
by Katz et al. (1976 was used. The equations for acetoni- '
trile, benzonitrile, nitrobenzene, and nitromethane were used 2.7. Prediction of Critical Supersaturation from
as given by Wrighet al. (1993. The saturation vapor pres- Theory

sure equations are listed in Table 1. _ )
The CNT gives the rate of nucleation of a supersaturated

vapor,J (drops cm 3-s71), as an Arrhenius-type relation
2.6. Experimental Critical Supersaturation J=C. e(~AF*/RT)

Critical supersaturation is defined as the saturation ratiguhere the kinetic coefficient was derived by Becker and
where the rate of nucleatiod, is 1 dropcm™3.s~ 1. Experi- Doring (1935. The expression becomes

mental critical supersaturation has been measured and pub- CTYEPY) )
lished in scientific literature for various fluids, with estimated 3= 3 /AT (S_ps) o(~AF*/RT)
overall errors of a few percent, generally up to 5%, while the p ™ RT ’

error may be larger in some cases. Significant errors may bghereq is a sticking coefficient, which is set equal t¢elg.,
introduced because of the lack of accurate thermodynamigyright et al. (1993], p is density,N, is Avogadro’s number,
and.hydro.dynamic data needed to calcu.late supersqturatiqpis surface tensionyl is molecular weightS is supersatu-
profiles within the cloud chambers used in the experimentsiation, andps is the saturation vapor pressure for the vapor.
This is especially true for more “uncommon” fluids, such as |n the exponentAF* is the maximum of the riseAF, in

the longer-chain carboxylic acid®.g., Agarwal and Heist free energy as a spherical embryo of diametés formed
(1980], and for 1,1,22-tetrachloroethangKatz etal. jsothermally and isobarically

(19767, for which for example, vapor pressure data had to be 3
. pmd
roughly estimated by the authors. AF=md%0— RTInS.
Most of the experimental critical supersaturation data used 6M

in this research were obtained by manual extraction fronThe first term on the right is the contribution of the surface
plots of critical supersaturation versus temperature, pubfree energy and the second term is the contribution Fo
lished by various authors: foro-xylene, toluene, and from the bulk free energy changge.g., see McDonald
n-butylbenzene by Katet al. (1979; for chloroform, carbon  (1962]. The maximum is found by deriving F with respect
tetrachloride, Freon 11, and 1,1,2,2-tetrachloroethane bib d, setting equal to zero, and solving fdr This, of course,
Katz et al. (1976, for n-heptane,n-hexane andn-octane gives the Kelvin equation, which is then inserted into the
from Katz (1970; for acetic acid by Heiset al. (1976; for  expression fodF so that the maximum becomes

myristic, heptanoic, and decanoic acid by Agarwal and Heist 167N M253

(1980); for n-butanol, water, methanol, ethanakpropanol, AF* = %_
and n-nonane by Dillmann and Meig1991), for acetoni- 3(pRTInS)

trile, benzonitrile, nitromethane, and nitrobenzene by Wrightf J is set equal to 1 drogm™3.s™1, and the literature val-

et al. (1993 and for isopropanol by Heigtl995. The data ues for the surface tension, density, and saturation vapor
extracted from Dillmann and Meidfl991) were taken from pressure are use(Table 1), the critical supersaturation,
their theoretical lines, which were shown to agree well withScym) can be predicted as a function of temperature by
experimental points from various researchers. Data for ethsolving the nucleation rate equation f8rThus,S,cnr) can
ylene glycol, propylene glycol, trimethylene glycol, and be predicted from macroscopic fluid properties.

glycerol were obtained from Kane and EI-Sh@dl®96, who A computer program, CNT predictor, was used for pro-
gave their data in tables, so extraction from graphs was natessing the macroscopic data and to output the predicted
necessary. Glycerol data from Anisimat al. (1998 and Sty data in files suitable for input into a spread sheet for
n-pentanol data from Anisimoet al. (2000 were obtained processing and graphing. The equation Jer1 drop cm™3

from plots of nucleation rate versus vapor activiguper- -s ! was solved numerically within CNT predictor using the
saturation ratio for binary systepat various temperatures method of Newton—Raphsde.g., Ekbom(1991)]. The ac-

and 0.10 MPa total pressure. The vapor activity at a nucleeuracy of the results was verified by comparison to CNT
ation rate of 1 dropcm 3-s ! was used as the critical su- predictions published by various authors. Figure 4 shows the
persaturation. All supersaturation data were then fit to polynatural logarithm of the predicted critical supersaturation
nomials of the third degree, using the method of leaswversus temperature for the investigated fluids, excluding
squares, in the form Freon 11.
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3. Results and Discussion crepancy was ascribed by Agarwal and Hé380 to sig-
nificant association of acetic acid molecules in the vapor

3.1. Critical Supersaturation, Comparison to CNT phase.

The experimental critical supersaturation data for all of the
investigated fluids are shown graphically in Fig. 3. This fig- 3.2, Kelvin Diameters at Critical Supersaturation
ure probably represents one of the most comprehensive com- - _ _
pilations of experimental critical supersaturation versus tem- With knowledge of the critical supersaturation, the Kelvin
perature to date. The critical supersaturation data predictediameter at critical supersaturation as a function of tempera-
using the CNT over the same temperature ranges as the efe can be calculated as
perimental data are shown in Fig. 4. The CNT has been 4oM
found to describe the nucleation of many fluids fairly well, dk se= 5+

. o . p RTINS,
while significant errors are found for other fluifis.g., see _ _
Kane and EI-Shall(1996]. Taking the experimentally deter- ~ The data in Table 1 were converted to Sl units and the
mined critical supersaturation as the true value, the relativéelvin equation was used to calculate the respective Kelvin
error of using the CNT for prediction of the same can pediameters over the valid temperature ranges. Calculations
evaluated. Table 2 lists the investigated fluids and the arithwere done using both the experimental and predicted critical
metic average of the percent relative error, over the preserffPersaturation. Based on the estimated errors in experimen-
temperature range, of using the CNT for prediction of thetal critical supersaturation given by the various authors, and
critical supersaturation. Figure 5 shows the data in graphic}SSUming that the critical supersaturation is the most uncer-

form. Using the median instead of the arithmetic average did@n parameter in the Kelvin equation, the percent relative
not significantly change the result in any case. In view of the2TOr in the Kelvin diameter calculated from experimental
ritical supersaturation should be less than 5% in most cases

estimated errors for experimental critical supersaturation dat3 o
sometimes being as high as 8% or more, the fluids can bgnd not over about 10% in any case. The results can be seen

divided into three groups, namely those fluids for which the:gtgcljgie? Zn((jj';}T:(Stseegcuc\a/iy.s:rtréﬁeefrlgturris fzr:cl\;]vethdeﬁ(ﬁg:#{
predicted critical supersaturation is too loflower than vin di versu P u !

about—10% relative error; those fluids for which the CNT inves'gigated_fluids. As Fig: 3 Fig. 6 has twq lines for egp—
oredicts the critical supe’rsaturation fairly welkithin the erol: line 24 is based on critical supersaturation data obtained

range of—10% to +10% relative errogrand those fluids for from Anisimov et al. (1998, while line 26 is based on data

. - ] . obtained from Kane and EI-Shdll996.
VJ\:T(()T/ thel [::_red|ct|on ?Q’ei toto high \_/alllJe:orilthjn abc;]ut As can be seen in Figs. 6 and 7, and taking the Kelvin
o refative err_dr 1€ irst group includes TUIdS SUCA aS- yia yeter calculated from experimental supersaturation as the
benzonitrile, acetic acid, acetonitrile, glycerfdfom Kane

d El-Shall (199 d ni h Th q true value, the Kelvin diameters calculated based on experi-
an } a_,( 9] and nitromethane. The secon 9r0UP mental critical supersaturation and the CNT-predicted critical
includes fluids such as methanol, chloroformheptane,

-'  supersaturation agree fairly well for many of the fluidsr-
toluene, ethanol,n-hexane, water, carbon tetrachloride

: _ _ ' roring the errors in critical supersaturatjoHowever, the
n-propanol, isopropanol-octane, heptanoic acid, 1,1,2,2- yo|4tive errors are somewhat smaller due to the natural loga-
tetrachloroethanep-butanol, ando-xylene. The third group  jihm of supersaturation in the Kelvin equation. Neverthe-

includes the fluids-pentanol, glycerdlfrom Anisimovet al.  |esq the relative errors are still large in several cases and the
(1998], trimethylene glycol, myristic acid, propylene glycol, yiernal order between the calculated Kelvin diameters is
andn-nonane. The average percent relative error for ethylenauite different for the two cases. Table 3 shows the Kelvin
glycol, n-butylbenzene, and decanoic acid is quite small, bujiameters at a temperature of 300 K calculated from experi-
the variation is large over the temperature range, especiallyyental data and from CNT, ordered from the smallest to the
for ethylene glycol. For the latter, the error is positive at|argest numerical value. Note that the number caption asso-
lower temperatures and becomes negative at higher tempergated with each fluid in this table is different from the num-
tures. Forn-butylbenzene, the error is slightly positive at pers used in the figures. The temperature of 300 K was cho-
lower temperatures and becomes negative at the higher ter§en to minimize the need for extrapolation. Data points were
peratures, while the error is negative at lower temperaturegyailable for most fluids at this temperature and limited ex-
and slightly positive at higher temperatures for decanoigrapolation was required only in a few cases, while longer
acid. It is also interesting to note that there is a COﬂSiderab|@xtrap0|ation5 were required in a couple of cases. Freon 11
difference in the data for glycerol obtained by Kane andwas excluded because the extrapolation would be unreason-
El-Shall, compared to the data of Anisimeval. (1998. Of  ably long for this fluid.

these, the data from Anisimov’'s group seem to have a slope As seen in Table 3, the order between the Kelvin diameters
more consistent with the majority of the experimental criticalis different for the two cases. However, both methods place
supersaturations and Kelvin diameters for other fluids reglycerol, water, and benzonitrile among the fluids having the
ported by other authors and are believed have more physici@west Kelvin diameters, and the normal alkanes as having
meaning. Acetic acid, with the maximum relative error beingthe highest Kelvin diameters. It is also interesting to note that
about +92%, also deserves special mention. The large disthe Kelvin diameter for the monohydroxylated alcohols in-
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5.0

4.0 Fic. 3. Experimental critical super-
saturation data for(1) n-nonane,(2)
Freon 11,(3) n-hexane,(4) n-octane,
(5) n-heptane, (6) isopropanoal, (7)
n-pentanol, (8) propylene glycol,(9)
n-butanol, (10) carbon tetrachloride,
(12) n-propanol, (12) o-xylene, (13
ethanol, (14) n-butylbenzene, (15)
toluene,(16) chloroform, (17) metha-
nol, (18) heptanoic acid(19) 1,1,2,2-
tetrachloroethane,(20) trimethylene
glycol, (21) ethylene glycol, (22
myristic acid,(23) decanoic acid(24),
(26) glycerol, (25 water, (27) acetic
acid, (28) benzonitrile,(29) nitroben-
zene, (30) nitromethane and31) ac-
etonitrile. Glycerol has two line§4)
and (26), based on data from two dif-
ferent sources.

3.0 1

In Scn, oxpt
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0.0 - r T r r T r T : .
200 220 240 260 280 300 320 340 360 380 400 420
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creases with increasing carbon chain length when experthis fluid are known to be significantly associatfdeist
mental supersaturation is used, while the opposite trend ist al. (1976)], i.e., most of the molecules are dimers, which
seen when the CNT is used. would mean that the average apparent molecular weight is
Figure 8 illustrates the Kelvin diameter determined fromalmost doubled from that of nonassociated acetic acid. This,
experimental data plotted versus the CNT-determined Kelvirin turn, means that the “true” Kelvin diameter may be quite
diameter. As in Table 3, Freon 11 is excluded. This plotdifferent than the calculated value. Thus, acetic acid may not
shows that the agreement between experimental and theordte a viable choice for use in CNC addition to the prob-
ical data is only moderate, with a squared correlation coeffilems that would arise from continual operation with a corro-
cient for a straight line of about 0.50. If the carboxylic acidssive fluid).
are also excluded, the squared correlation coefficient is The validity of the result for glycerol can be evaluated
somewhat higher at about 0.60, which is still not more than drom a different perspective because of readily available
moderate correlation. Based on this plot, and because thmucleation rate data from Anisimat al. (1998. This can be
difference between the CNT-determined Kelvin diameter andlone by using an alternative method, by which the number of
the Kelvin diameter determined from experimental data inmolecules in the critical embryo is calculated from nucle-
several cases is significantly larger than the error estimateation rate datdge.g., see Anisimoet al. (1978, (1998
based on experimental uncertainties, the Kelvin diameters
calculated based on experimentally determined critical super- ( dinJ
saturation are believed to be generally more accurate. These dlna
are the ones that will be referred to in the further discussions,
unless otherwise noted. wheren* is the number of molecules in the critical embryo
As seen in the figures above and in Table 3, acetic acidand a is the vapor activity(or supersaturation for a unary
glycerol, and water have the lowest Kelvin diameterssysten). This relationship provides a method, independent
(~1.5-2 nm among the fluids in this investigation and will from the Kelvin equation, to calculate the critical embryo
therefore be subjected to a somewhat more detailed discusize from the slope in plots of nucleation rate versus vapor
sion. activity (or supersaturation If n* is known, one can use
Based on the previously mentioned results of Fishedensity—volume relationships to predict the spherical diam-
(1982 and Fisher and Israelachvill98)), it is reasonable to eter of such an embryo. This diameter can then be compared
believe that the Kelvin equation is applicable to the organido the calculated Kelvin diameter. This approach is similar to
fluids acetic acid and glycerol, but it may be that the resulthat taken by Anisimoet al. (2001).
for water is invalid. The result for acetic acid is questionable The number of molecules in the critical embryo was cal-
for other reasons, though. As already noted, the vapors afulated for the case of glycerol based on the nucleation rate

=n*+2,
TP
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5.0
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40
Fic. 4. Critical supersaturation pre-
dicted using classical nucleation
35 theory for(1) n-nonane,(2) Freon 11,
(3) n-hexane, (4) n-octane, (5)
n-heptane, (6) isopropanol, (7)
3.0
n-pentanol, (8) propylene glycol,(9)
5 n-butanol, (10) carbon tetrachloride,
5 25 (1) n-propanol, (12) o-xylene, (13
n 22 ethanol, (14) n-butylbenzene, (15)
£ 24,26 toluene,(16) chloroform, (17) metha-
20 nol, (18) heptanoic acid(19) 1,1,2,2-
tetrachloroethane,(20) trimethylene
15 glycol, (21) ethylene glycol, (22
’ 20 23 myristic acid,(23) decanoic acid(24),
21 (26) glycerol, (25 water, (27) acetic
10 acid, (28) benzonitrile,(29) nitroben-
zene, (30) nitromethane and31) ac-
etonitrile.
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data in Anisimov(1998 at a total pressure of 0.1 MPa and a UCPC 3025A. Figure 10 shows the detection efficiency
rate of nucleation of 3000 dropsm s %. The liquid den-  curve for the TSI UCPC 3025A, according to Kesttral.

sity, molecular weight and Avogadro’s number were then(1991). The curve shown represents the average of the curves
used to convert the number of molecules into droplet diamfor silver and sodium chloride particles. As seen, the cutoff
eter. A plot of the calculated Kelvin diameter divided by the below which no particles can be detected lies at about
diameter calculated from the number of molecules in the2.8 nm.

critical embryo is shown in Fig. 9. The “jumps” at about 295  Again, several of the investigated fluids have Kelvin di-
and 317 K are due to phase transitions in the critical embry@ameters that are lower than the one ffielbbutanol. This sug-
(see the reference for more informatipand these points are gests that the size threshold for particle detection could be
disregarded in the following discussion. The number of mollowered, thus making the CNC more efficient for smaller
ecules in the critical embryo range from about 9 to 34 in thisparticles, by choosing a condensing fluid that has a lower
temperature range, excluding the “jumps.” Kelvin diameter.

It can be seen in this figure that the percent relative error As mentioned earlier, lowering the temperature of the con-
of using the Kelvin diameteftaking the diameter calculated denser in the CNC can decrease the threshold for particle
from n* as the true valyeranges from abouf—13%) to detection because of the increase in supersaturation ratio. In
+23%, with an average of about2% for the present tem- addition, the Kelvin diameter is generally lower at lower
perature range. With the approximate nature of determiningucleation temperature, which can also be seen in Fig. 6,
the slope from the nucleation rate in mind, this must be seewhere most of the lines for the Kelvin diameters have posi-
as a fairly reasonable agreement between the two methods tife slopes, with the exception of benzonitrile, ethylene gly-
calculating the critical embryo size and lends additional sup€ol, and propylene glycol, which have negative slopes. Glyc-
port to the validity of using the Kelvin equation, at least for erol [line 26, from Kane and EI-Shall1996] has both a
glycerol, for these small droplet diameters. Note further thapositive and a negative slope in different temperature ranges,
the critical diameter obtained from the nucleation theorem isvhile glycerol data from Anisimoet al. (1998 has a posi-
close to 1.4 nm at the lowest temperature for which glycerotive slope over the full measured range. Nitromethédme
data are shown in the figure. 30) also has both a positive and a negative slope. For ethyl-

The highest Kelvin diameters calculated, within reason-ene glycol and propylene glycol, the critical supersaturation
able temperature ranges, were over 4 nm for heptanoic acidoes not increase as much as it does for the other fluids with
Normal butanol, which is frequently used as a condensinglecreasing temperature, i.e., the slope is not as negative. This
agent in commercial CNCs, has a Kelvin diameter&.8—  would indicate that the size threshold for these liquids could
3.3 nm, which is close to the size threshold for the besincrease when the nucleation temperature is lowered. How-
commercial CNCs in whichn-butanol is used(i.e. TSI  ever, it should be remembered that the density data for eth-
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TaBLE 2. Arithmetic average of the percent relative error in critical super- quite helpful for the understanding of general nucleation
saturation resulting from using the CNT, taking the experimentally deter—phenomena It can be seen from the CNT nucleation rate
mined critical supersaturation data as true . ) . .

equation that the surface tensiom, of the fluid plays an

Average relative error especially important role because it is in the exponent and
Fluid in Scr (%) Range then raised to the third power. There is no explicit solution
nhexane 80 99 t0 59 for Sin the CNT equation for nucleation rate, in its present
n-heptane —94 ~111 to —-8.6 form, when the rate], is set to 1. It is therefore not possible
n-octane -2.6 -33to—-22 to introduce an explicit theoretical expression for the Kelvin
n-nonane 43.5 18410 91.7  equation. However, if th&: ps factor is exchanged for the
chloroform ~9.6 ~11.9t0-46 partial pressurep, of the fluid vapor, it is possible to explic-
1,1,2,2-tetrachloroethane -0.95 —2.3 to 0.80 . . .
carbon tetrachloride 70 82 10 -55 itly solve the equation for I8 The equation can then be
methanol ~10.6 ~11.3 to —8.8 written in the form
ethanol —8.6 —-9.4 to —7.7 2
n-propanol -5.8 -5.9 to —5.6 J=ad /NS,
n-butanol 0.86 -1.9 to 4.2
n-pentanol 15.0 8.2 to 245 where
trimetylene glycol 25.0 10.2 to 43.1 3 2
propylene glycol 425 23.7 to 64.9 A 1 /ZNAUM 1
ethylene glycol 3.4 —14.9 to 33.7 d aT RT
glycerol 22.6 20.3 to 25.8
glycerol 2 —26.0 —43.0 to —4.8 (not to be confused with vapor activjtand
o-xylene 9.1 6.9 to 13.4 5 3
toluene -9.4 -9.7 to —8.7 _ 167N M~
n-butylbenzene -6.8 —-12.0 to 1.68 - 3p2R3T3 :
benzonitrile —46.2 —34.7 to —55.3
nitrobenzene ~36.9 -43310-255  SettingJ=1dropcm 3.s7! gives
myristic acid 32.2 29.7 to 33.2
heptanoic acid -25 —3.3 to 0.15 b
decanoic acid -6.7 —~14.9 to 2.0 InS= ina
acetic acid —-40.5 —49.6 to —26.6
water -7.1 —-8.5 to —5.7 or
2-propanol -3.9 —4.5 to —3.7
acetonitrile -30.8 —33.3 to —23.5 b
nitromethane —24.8 —32.1 to —16.8 InS=— |_’

na

where the second solution is discarded becauSanist be
ylene glycol and propylene glycol were estimated by Kanegreater than zero sinc® being supersaturation, is by defini-
and EI-Shall(1996, and not actually measured over the full tion greater than unity. Sincd=1dropcm 3.5, Ing,
temperature range. =In S The solution is then inserted into the Kelvin equation,
which upon rearrangement becomes
4. Method for Choosing the Best Fluid

. . \/ 2MNjop*
4.1. Kelvin Equation . ) 6RTInW
By calculating the Kelvin diameter for a wide range of KNS o512 N

fluids, it was found that glycerol and water are especially

viable fluids for lowering the size threshold in a CNC. The It is clear from this expression that the surface tension is
calculation required knowledge of, among other data thdhe strongest factor that influences the theoretical Kelvin di-

critical supersaturation. This parameter is not known experi@meter as expressed by the CNT so that the theoretical

mentally for most fluids, and although it can be predictedKeIVin diameter is directly proportional to the square root of
using, e.g., the CNT, the calculations, while not too compli-the reciprocal surface tension. This means that fluids having

cated, are quite tedious and many fluids do not follow thehigher sgrfac_e tension shoul_d generally give smaller theoret-
theory. Hence, it would be preferable to have a method byc@! Kelvin diameters and vice versa. Figure 11 shows the
which the most efficient fluid could be quickly found, with- theoretical Kelvin diameter qt a temperature of 3(_)0 K versus
out the knowledge of such data. Thus, the following analysel'® sauare root of the reciprocal surface tension. As ex-
were undertaken. pected, the data adhere well to a straight line, with a squared
correlation coefficient of about 0.98. Note that the data
4.2. Analysis Based on the CNT—The Surface points for the carboxylic acids and Freon 11 are excluded
from the plot because of long extrapolations being necessary
to obtain the points and because of uncertainties in the data.
The CNT, although based on macroscopic fluidic proper- Figure 12 shows the Kelvin diameters determined from
ties and not on properties at the molecular level, has beeexperimental critical supersaturation plotted versus the

Tension
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100

Fic. 5. Arithmetic averagéfilled dia-
monds of the percent relative error of
using the CNT to predict critical su-
persaturation, taking the experimen-
tally determined critical supersatura-
tion as true. The plus-symbols
represent the lowest and highest val-
ues over the temperature range. The
fluids are:(1) benzonitrile,(2) acetic
acid, (3) nitrobenzene(4) acetonitrile,
(5) glycerol (Kane and El-Shall,
1996, (6) nitromethane(7) methanol,
(8) chloroform, (9) n-heptane, (10)
toluene, (11) ethanol, (12) n-hexane,
(13) water, (14) carbon tetrachloride,
(15) n-butylbenzene, (16) decanoic
acid, (17) n-propanol,(18) 2-propanol,
(19 n-octane, (20) heptanoic acid,
(21) 1,1,2,2-tetrachloroethane(22)
n-butanol, (23) ethylene glycol,(24)
o-xylene, (25) n-pentanol,(26) glyc-

¢ erol (Anisimov, et al, 1998, (27) tri-

* metylene glycol,(27) myristic acid,
+ (28) propylene glycol,(29) n-nonane.
0 + . . . . ] . ' Note that the numbering of the fluids

10 15 20 25 a0 differs from that in Figs. 3 and 4.

Fluid ordered from most negative to most positive error

80 1
60
40

+ t
20 - h 4 +

Relative Error in S, (%)

-20 4

-40 1 L 4

square root of the reciprocal surface tension. The squareg@ind vice versa is relatively clear. As before, the data points
correlation coefficient for a linear regression of these datdor the carboxylic acids and Freon 11 are excluded from the
has a value of about 0.67, suggesting a moderate to fairlplot. A somewhat higher correlation is obtained when the
strong correlation between Kelvin diameter and the squar&elvin diameter data for experimental supersaturation are
root of the reciprocal surface tension. The trend for fluidsplotted versus the square root of M(o)/o (Fig. 13. The

with higher surface tensions having lower Kelvin diameterssquared correlation coefficient is about 0.72 for a linear re-
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Fic. 6. Calculated Kelvin diameter
from experimental critical supersatura-
tion data for(1) n-nonane,(2) Freon
11, (3) n-hexane, (4) n-octane, (5)
n-heptane, (6) isopropanol, (7)
n-pentanol, (8) propylene glycol,(9)
n-butanol, (10) carbon tetrachloride,
(12) n-propanol, (12) o-xylene, (13
ethanol, (14) n-butylbenzene, (15
toluene,(16) chloroform, (17) metha-
nol, (18) heptanoic acid(19) 1,1,2,2-
tetrachloroethane,(20) trimethylene
glycol, (21) ethylene glycol, (22
myristic acid,(23) decanoic acid(24,
26) glycerol, (25 water, (27) acetic
acid, (28) benzonitrile,(29) nitroben-
zene, (30) nitromethane and31) ac-
etonitrile. Glycerol has two line§24)
and (26) from two different sources.
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gression, which is slightly higher than the correlation ob- Again, these plots show that a fluid having a high surface
tained when plotting versus the square root of the reciprocakension(most important in combination with a low molecu-
surface tension. Including the density does not significanthffar weight(of lesser importangewill generally have a lower
improve the correlation, mainly because most of the densitieKelvin diameter. Using the surface tension alone or the sur-

are close to unity and fairly similar for all of the fluids. face tension and the molecular weight criteria together cor-
4
.
L ]
3.5

Fic. 8. Plot of dy, expt, ser (Kelvin di-

- 3 ameter calculated from experimentally

E determined critical supersaturatjon

c T

~ versusdy cnt ser (Kelvin diameter cal-

& culated from CNY. Freon 11 was ex-

§ cluded from the plot. There is a mod-

> erate correlation between experiment

T 251 and theory. The correlation becomes
somewhat higher if the carboxylic
acids are also excluded. The dotted
line represents the ideal one-to-one
relationship.

2 .
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*
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TasLE 3. Kelvin diameter €x) at 300 K using experimentally determined or CNT-predicted critical supersaturation. The left hand side of the table is sorted
according todg based on experimental supersaturation while the right hand side is sorted accomingréalicted from CNT. Note that the number caption
is different from those used in the figures

Sorted according tolk ey Sorted according tdy cnt

Number Fluid Ak expt di, expt NUMber Fluid dy ont
1 acetic acid 1.67 3 glycerol 1.71
2 water 1.72 2 water 1.83
3 glycerol 1.81 10 ethylene glycol 2.08
4 benzonitrile 1.91 11 trimethylene glycol 2.12
5 nitromethane 1.95 7 nitrobenzene 2.27
6 decanoic acid 2.01 23 propylene glycol 2.32
7 nitrobenzene 2.03 6 decanoic acid 2.42
8 myristic acid 2.06 4 benzonitrile 2.43
9 acetonitrile 2.23 5 nitromethane 2.58
10 ethylene glycol 2.32 12 1,1,2,2-tetrachloroethane 2.60
11 trimethylene glycol 2.58 13 heptanoic acid 2.65
12 1,1,2,2-tetrachloroethane 2.60 8 myristic acid 2.74
13 heptanoic acid 2.66 17 n-butylbenzene 2.84
14 methanol 2.69 19 o-xylene 2.86
15 chloroform 2.75 1 acetic acid 2.96
16 toluene 2.81 9 acetonitrile 2.96
17 n-butylbenzene 2.81 16 toluene 2.99
18 ethanol 2.90 24 n-pentanol 3.04
19 o-xylene 3.01 15 chloroform 3.05
20 n-propanol 3.01 21 carbon tetrachloride 3.10
21 carbon tetrachloride 3.02 22 n-butanol 3.13
22 n-butanol 3.08 20 n-propanol 3.22
23 propylene glycol 3.21 29 n-nonane 3.27
24 n-pentanol 3.25 18 ethanol 3.37
25 2-propanol 3.26 14 methanol 3.38
26 heptane 3.27 27 octane 3.39
27 octane 3.36 25 2-propanol 3.42
28 hexane 3.56 26 heptane 3.55
29 n-nonane 3.65 28 hexane 3.70

#The extrapolated value for nitromethane is somewhat questionable due to nonlinear variation of the Kelvin diameter for this fluid.

rectly predicts water and glycerol as having the smallestable information on the anomalously low critical supersatu-
Kelvin diameter. ration of mercury would have led to pessimism, more recent
However, although it does predict the general trend for thestudies on cesium nucleation at 359 K reveal a critical cluster
rest of the data, the internal order between the Kelvin diamsize(based on the Kelvin diamebenf 12 atoms! If a cesium
eters for the fluids is not correctly predicted in several casestapor CNC were viable or practical, it would be able to
For example, for the@-alcohols, the Kelvin diameter, in con- detect uncharged particles of subnanometer dimensions.
flict with the theoretical predictions, actually generally in-
creases with increasing surface tension. It should, however,
be noted that the-alcohols have relatively similar surface
tensions, giving room for experimental errors to play a larger
role, but the trend still is clearly opposite to that predicted
from theory. Glycerol and water have the lowest calculated Kelvin di-
In spite of the noted exceptions, it can generally be saidameters and, in addition to having particularly high surface
that the fluid with the highest surface tension will have thetensions, have some other similarities, one of these being
lowest Kelvin diameter. The trend is somewhat more pro-high polarity. The relative dielectric constafa is the most
nounced if the molecular weight is also taken into account: aommonly used measure of solvent polarig.g., Brown
fluid with high surface tension in combination with low mo- (1995]. A solvent is arbitrarily considered polar if it has a
lecular weight generally has a lower Kelvin diameter. Givendielectric constant of 20 or greater, and is nonpolar if the
the generally very high surface tension of liquid metals, thisdielectric constant is less than that. The dielectric constants
qualitative predictor would imply that metal vapors shouldfor glycerol and water are 42[%ide (1995] and 78.5 Lide
be able to activate the growth of exceedingly small clusters(1992], respectively at 298 K, while those for very nonpolar
A thorough discussion of the issue falls beyond the scope adubstances such ashexane and-nonane are about 1.9-2.0.
this work, but sufficient information for its clarification can It was found that for the compound class of glycols and the
be found in the study by Fiskt al. (1998. Although avail-  closely related glycerol, the Kelvin diameter generally de-

4.3. Correlation of Kelvin Diameter with the
Dielectric Constant
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Fic. 9. Plot of Kelvin diameter di-
vided by the diameter calculated from
the number of molecules in the critical
embryo, versus temperature for glyc-
erol. The “jumps” at about 295 and
317 K are due to phase transitions in
the critical embryo [see Anisimov
et al. (1998]. The dotted line repre-
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creased as increasedsee Fig. 14 This spurred a deeper included with the glycols in this plot. The dielectric constant
investigation into the relationship between dielectric constants generally 1.9-2.0 for the-alkanes, and any trend in those
and Kelvin diameter. data may be masked by experimental uncertainties. However,
Among the 30 investigated fluids, a few compound classewvithin each of the three other compound clasgealcohols,
are represented, such asalcohols,n-alkanes, arenes, car- chlorinated hydrocarbons, and glycplshere is a trend to-
boxylic acids, chlorinated hydrocarbons, and glycols. Ofward lower Kelvin diameter as the dielectric constant in-
these compound classes, five are represented by more thareases. It is interesting to note that the trend for the
two closely related fluids within the class, namely n-alcohols is correctly correlated with the dielectric constant,
n-alcohols, n-alkanes, carboxylic acids, chlorinated hydro- which was not the case when correlated with the surface
carbons, and glycols. Of these, the data for acetic acid arension.
guestionable due to association, anfibr myristic, decanoic It should also be mentioned that there are some substituted
and heptanoic acids could not be found in the literature. Irarenes among the 30 investigated fluigsbutylbenzene,
addition, as mentioned previously, the data for the carboxylio-xylene, toluene, nitrobenzene, and benzonitrildese flu-
acids are among the least relialjleee Agarwal and Heist ids were not included in Fig. 15, because they were consid-
(1980] and fairly long extrapolations had to be done in orderered not very closely relate@xcept foro-xylene and tolu-
to get a value for the Kelvin diameter at 300 K. Thus, theene other than by the benzene ring. However, the general
carboxylic acids class was excluded from continued investitrend among these fluids is that the low-dielectric constant
gation. fluids (n-butylbenzenep-xylene, and toluenehave higher
Dielectric constant data were obtained from Lid€92 Kelvin diameters while the higher-dielectric constant fluids
and from Lide(1995. These data are most often given as(nitrobenzene and benzonitrilbave lower Kelvin diameters.
values measured at 293 or 298 K. Kelvin diameters at 300 K The correlation between the Kelvin diameter and the di-
were extracted from the data used to generate Fig. 6. Thelectric constant can partly be explained by a relationship
temperature of 300 K was chosen because values for tHeetween dielectric constant and surface tension, found by
Kelvin diameter could be obtained with little or no extrapo- Papazian(1971) [see also Holmeg1973 and Papazian
lation for most of the fluids at this temperatuihort linear (1986]. The relationship was linear folr versus €
extrapolations were done to obtain the data for carbon tetra—1)/(2e +1) or simply for o versuse [Holmes (1973].
chloride,n-heptanen-octane, propylene glycol, and trimeth- However, the relationship held only for nonpolar liquids with
ylene glyco). Longer extrapolations were needed for chloro-zero dipole moment. No correlation was found between
form and hexane. ande for polar liquids. However, when Papazian eliminated
Figure 15 shows the Kelvin diameter at 300 K versus thethe dipolar contribution to the dielectric constant by using
10-logarithm of the relative dielectric constant. Glycerol isthe Maxwell relatior{e.qg., see Smith1955] e =n?, wheren
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is refractive index, a fairly good correlation was obtained1-chlorobutane, 1-chloropentane and 1-chloroogtane ni-
betweeno and n? when strongly hydrogen-bonding liquids trilalkanes (ethane, propane, butane, pentane and octaneni-
were excluded. trile). However, in the case of nitrilalkanes, ethanenitfie-
However, using the present data, it can be seen that theedonitrile, the most polardeviates upward from the line,
is in fact a linear positive correlation between dielectric con-while the others adhere very well to the line. The same is
stant and surface tension for the fluids within the classes dfue for then-alcohols, where methan@iost polay deviates
glycols andn-alkanes, while the correlation is nonlinear but from the line towards higher surface tensions. Long-chain
strongly positive for the presently considered chlorinated hycarboxylic acids(5—-9 carbonsalso have an almost linear
drocarbons. Papazian did not find these correlations, becausegative correlation.
he did not divide the data into separate classes. In contrast, Classes having positive linear correlations include the
the correlation for than-alcohols is linear but negative. Re- short-chain carboxylic acidd—4 carbong glycols with hy-
calling that the correlation between the Kelvin diameter anddroxyl groups at both ends of the chain and the nitroalkanes
the surface tension was, in contrast to the CNT, positive fofnitromethane, nitroethane, and 1-nitropropaneThe
n-alcohols, a combination of these two correlations togethen-alkanes also have a positive correlation, although the line
leads to the negative correlation between Kelvin diameteis almost parallel to the-axis. Looking at Fig. 16, it seems
and dielectric constant for the casereélcohols. like the lines “fan” out so that the correlation becomes more
When looking at other classes of fluids, including some ofpositive (or less negativethe higher the general polaritdi-
those for which no experimental nucleation data are preselectric constantof the class is.
ently available, it was found that a correlation between sur- Since experimental critical supersaturation data are not
face tension and dielectric constant exists for various classesvailable for most of the other fluid classes for which the
of fluids (Fig. 16. The values for surface tension were correlation between surface tension and dielectric constant is
mostly given by the data sour¢kide (1995] at 298 or 293  negative, it is not possible to say whether these fluids, like
K, and the dielectric constant was mostly given at 293 K butthe 1-alcohols, also exhibit decreasing Kelvin diameters with
sometimes at other temperatures. increasing dielectric constant. At this point, the limited
As seen in the figure, the correlation is sometimes positiveamount of data available clearly indicate a relationship be-
and sometimes negative. However, it seems to be fairly lintween the Kelvin diameter and the dielectric constant of the
ear in most cases if the class members are chosen narrowflyid, at least within the class of the fluid. It should also be
enough. So it was found that, like the normal monohydroxy-ointed out that water, having the lowest Kelvin diameter of
lated alcohols(1-substitutey] the 2-substituted monohy- the 30 investigated fluids, also has a particularly high relative
droxylated alcoholg2-propanol, 2-butanol, 2-pentanol and dielectric constant.
2-octano) exhibit a negative linear correlation. Similar nega- Thus, assuming that the correlation between Kelvin diam-
tive linear correlations were also found for 1-chloroalkaneseter and dielectric constant extends to the fluids for which
(chloromethane, chloroethane, 1-chloropropanenucleation data are presently unavailable, this discovery pro-
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1S Fic. 11. The CNT-estimated Kelvin
‘5 diameter at 300 K plotted versus the
v, square root of the reciprocal surface
& y = 1.73E+01x - 3.70E-01 tension. The data points adhere fairly
'gt' 25 | R? = 9.83E-01 well to a straight line. The carboxylic
’ acids and Freon 11 are excluded in this
plot.
2.0 -
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vides a simple and fast method for finding superior condensef the known fluid, could be estimated based on the dielectric
ing fluids, since data for dielectric constant are much moreonstant. Thus, within a class of fluids, the fluid with the
widely available than are critical supersaturation data. Fohighest dielectric constant would provide the lowest Kelvin
example, if one knew the Kelvin diameter for one fluid in a diameter and thereby provide the possibility to grow and
particular compound class, the efficacy for growing smalldetect smaller particles. These conclusions are all based on
particles of any other fluid within that class, relative to thatempirical observations of literature data. However, it would

40
*
*
3.5 1
Fic. 12. The Kelvin diameter calcu-
lated based on experimental critical
supersaturation at 300 K plotted ver-
E 3.0 sus the square root of the reciprocal
£ surface tension. The squared correla-
3 tion coefficient of about 0.67 for a lin-
‘§'. ear regression suggests a fairly strong
; relation between Kelvin diameter and
T 25 the square root of the reciprocal sur-
face tension. The trend for fluids with
higher surface tensions having lower
Kelvin diameters and vice versa is
Y= 14Es01x+ 739602 and Frean 11 are excluded m this piot
201 . R? = 6.65E-01 '
.
.
1.5 T . . T - T T
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Fic. 13. The Kelvin diameter calcu-
lated based on experimental critical
supersaturation at 300 K plotted ver-
sus the square root of k(- g)/o. The
squared correlation coefficient is about
0.72 for a linear regression, which is
slightly higher than the correlation ob-
tained when plotting versus the square
root of the reciprocal surface tension.
The trend for fluids with higher sur-
face tensions and lower molecular
_ weights having lower Kelvin diam-
y= 5.9(:;E+00x-2.94E—01 eters and vice versa is relatively clear.
P R =7.17E-01 The carboxylic acids and Freon 11 are
{ excluded in this plot.

2.0

1.5 T T T T y r - T
0.25 0.30 0.35 0.40 0.45 0.50 0.55 0.60 0.65 0.70

(in (M- o)lo) ¥

be desirable to have some kind of theoretical understandingiostly from the group of M. Samy EI-Shdle.g., Wright

of the relationship between the dielectric constant and thet al. (1993; Wright and EI-Shal(1993; Kane and EIl-Shall

Kelvin diameter. (1996]. In their 1993 work, Wright and El-Shall suggested
A few papers aimed at investigating nucleation of polartwo possible models for explaining the nucleation behavior

and hydrogen bonding molecules have been publishedyf polar molecules. The first model is based upon work by
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2.3E-09 | ethylene glycol (37) propanetriol. The dielectric constant
for each fluid is given in parenthesis.
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~ Fic. 15. Kelvin diameter at 300 K ver-
3 sus the 10-logarithm of the dielectric
§' constant for(1) n-alkanes,(2) chlori-
1’," nated hydrocarbons(3) n-alcohols,
251 and (4) glycols (including glycero).
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Logy &

Abraham[e.g., Abraham(1969], in which the surface ten- Shall (1993 for a more in-depth discussion. This amounts to

sion of an embryonic droplet is suggested to increase witla curvature-dependent surface tension specifically for polar
decreasing radius of the droplet due to dipole—dipole intercompounds. This would generally cause an increase in the
actions that cause the molecules in the droplet to be highlgritical supersaturation for polar fluids, and therefore also
oriented at the surface of the droplet. See Wright and Elsmaller critical cluster sizes. However, the acceptable agree-
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Fic. 16. The correlation between sur-
face tension and dielectric constant for
several classes of fluids. The classes
are (1) n-alkanes,(2) long-chain car-
boxylic acids,(3) 1-chloroalkanes(4)
2-alcohols,(5) 1-alcohols,(6) nitrilal-
kanes, (7) short-chain carboxylic ac-
ids, (8) 1-nitroalkanes and9) glycols
(with the hydroxyl groups at each
end. The correlation seems to tend to
be more positivéor less negativethe
higher the general polarity of the class
is. In addition, the most polar sub-
stances in the classes of 1-alcohols and
nitrilalkanes (methanol and acetoni-
trile) deviate from the line toward
higher surface tensions.



VAPOR NUCLEATING CRITICAL EMBRYO PARAMETERS 1409

ment between the Kelvin diameter and the diameter calcu- It was also found that the Kelvin diameter correlated with
lated from the number of molecules in the critical embryo forthe dielectric constant of a fluid in such a way that the Kelvin
glycerol does not support a significant change of surface terdiameter was lower for fluids with higher dielectric constant.
sion from the bulk values. This was found to be true for fluids within their particular
The other suggested model for nucleation behavior of poehemical class, including th&-alcohols. It is unknown
lar molecules is based on a change from assuming that thehether the relationship extends to fluids for which nucle-
embryos are spherical in shape. Instead, it was thought thation data are presently unavailable. The relationship was
polar molecules might orient themselves in the embryo inpartly explained by a relationship between surface tension
such a way that the embryo will take on a prolate spheroicand dielectric constant for a fluid.
shape. This was discussed and found feasible, at least for A method for choosing the best condensing fluid, from the
acetonitrile [Wright and EI-Shall(1993]. The change in standpoint of growing as small particles as possible, was
shape from purely spherical would cause an increase in sudevised based on the correlation between Kelvin diameter
face free energysurface tensionand therefore a higher and dielectric constant. According to this method, the fluid
critical supersaturation and possibly smaller critical embrydhaving the highest dielectric constant, within its chemical
sizes. It is hard to verify this model without making signifi- class, will have the lowest Kelvin diameter and will thus
cant calculations and assumptions about the orientation dacilitate the growth and detection of the smallest particles.
molecules in the various investigated fluids. Suffice it to say The results presented in this paper provide guidance for
that this model might have some validity to it, and it may bethe rational selection of alternate substances to investigate
interesting to investigate this further in a separate workfor the reduction of the threshold sizes of condensation-
However, it should also be pointed out that not all of thebased detection devices, leading to higher sensitivities for
polar molecules have especially high critical supersaturatiotechniques such as CNLSD, i.e.:
(Fig. 3. . . (1) The fluid with the highest surface tension will have the
In conclusion, these models do support a different nucle- - .
ation behavior for polar molecules, although it is hard to lowest Ke"’”? diameter. The tre_nd 1S somewhat more
verify them quantitatively from the data. More systematic pronoun.ced 'T th? mqlecular weight 'S a_lso take_n 'T‘to
account: a fluid with high surface tension in combination

nucleation research in this area would be needed. - . .
with low molecular weight generally has a low Kelvin

diameter.
. (2) Within a class of fluids, the fluid with the highest dielec-
5. Conclusions tric constant will generally provide the lowest Kelvin

diameter and thereby provide the possibility to grow and
In this paper, Kelvin diameters at critical supersaturation  detect smaller particles.
were calculated from experimental data for 30 fluids. Based
on these results, it can be concluded that some substances 6. Acknowledgments
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