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Kinetics of Capillary Condensation in a Nanoscale Pore
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The rate of growth of capillary condensates in a model wedgelike pore has been studied using
the surface force apparatus. The method described allows the direct measurement of the diffusion-
limited growth of liquid condensates with interface radii of curvature as small as 20 nm. The observed
rates of condensation of vapors efpentane,n-hexane, cyclohexane, and water are close to, but
consistently lower than, values calculated from a model based on Langmuir’s theory of droplet growth.
[S0031-9007(99)09289-3]

PACS numbers: 68.10.Jy, 64.70.Fx, 68.45.Da

The exchange of matter between the condensed and theThe experiments involve bringing two back-silvered
gaseous phase is a central feature of many natural and imuscovite mica surfaces, which are mounted in a crossed-
dustrial processes. Although the study of evaporation andylinder geometry, into contact in an atmosphere consist-
condensation at macroscopic planar surfaces has a long hisg of a mixture of nitrogen gas and the undersaturated
tory, very little work has been done on systems involvingvapor of a given liquid. Capillary condensation occurs in
small fluid domains with curved surfaces [1]. An impor- the annular wedge formed by the two surfaces in contact
tant example of such a system is the formation of watefFig. 1(a)]. The geometry of this model wedgelike pore
droplets in the atmosphere, where the kinetics of dropleis locally equivalent to a truncated sphere on a flat surface
growth determines the properties of clouds [2,3]. AnothefFig. 1(b)]. The interference fringes produced by passing
problem of current interest is the dynamic behavior of flu-white light through the surfaces are recorded using a CCD
ids confined in porous media [4]. Numerous studies haveamera connected to a computer, and the geometric pa-
been concerned with understanding the effects of confingameters of the poreR(and ¢) and the rate of growth of
ment on the dynamics of phase separation processes [3he capillary condensate are obtained from a subsequent
The phenomenon of capillary condensation, whereby aanalysis of the fringe images. The analysis of the fringes
undersaturated vapor can coexist with the liquid phase ias well as other aspects of the procedure is described in
small pores [6,7], is a particularly important example ofdetail elsewhere [9-13].

a phase separation process occurring in confined systems.All experiments were performed &5.0 = 0.05 °C.

The kinetics of this process is of direct relevance to the/apors of various liquids were obtained by introducing

study of the ageing of the mechanical properties of granuexcess liquid onto the bottom of the sealed SFA chamber.
lar materials [8] and the kinetics of adsorption in porousBecause of a slight heating effect of the light beam which
media [6], but has received very little attention. passes through the surfaces((3 °C) the saturation ratio

The equilibrium aspects of capillary condensation havet the surfaces is slightly less than 1 (typicdlly= 0.995).
been studied extensively using the surface force apparatlis experiments witle-pentaner-hexane, and cyclohexane
(SFA) [9]. It has been shown [10] that for nonpolar liquids a drying agent (usually phosphorus pentoxide) was also
the equilibrium surface radius of curvatureof liquids introduced into the chamber to exclude water vapor. All
condensed between mica surfaces in contact is accuratatyganic liquids were of analytical grade, used as received.

described (down te = 4 nm) by the Kelvin equation, Water was filtered, distilled, and deionized prior to use.
v Previous attempts to study the capillary condensation
r= —k;"’;‘s , (1) of water vapor using the SFA were hampered by the ac-

cumulation of involatile material in the liquid condensate
where v is the surface tension of the liquidy, is its [10]. Although the identity of the involatile material is
molecular volume, and = p/py is the vapor saturation uncertain, it has been shown that such contaminants can
ratio (p is the actual vapor pressure apglthe saturation be removed by dipping the mica surfaces in an acidic wa-
vapor pressure of the liquid). The mechanism giving riseer solution [14]. In this work all surfaces were dipped in
to the capillary condensation transition when two surfaces dilute hydrochloric acid solution and dried with a gentle
are brought together has also been studied using the SF#iream of nitrogen before mounting in the SFA; no sub-
[11] but none of these earlier studies has addressed trsmquent accumulation of involatile material was observed
problem of the dynamics of condensate growth. We havevith any of the liquids studied.

now applied for the first time this technique to measure the A theoretical model of the dynamics of capillary con-
kinetics of capillary condensation of various liquids. densation in the model pore illustrated in Fig. 1 can
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y curvaturer), thenp, can be calculated using Eqg. (1), and
A if x = b is taken to be large enough then = p, the
Mg vapor pressure in the chamber. Vifis the volume of the
2 ,\5\\ \ condensate ang is the density of the liquid therp =

g 10y p(dV /dr) X (dr/dt). Finally, substituting this expres-
IS sion forQ into Eq. (3) and performing the integration gives

dr o DMWp()
R, Tp

G(r;R,$)[S — exp(—yvn/kTr)], (4)

Rsing where G(r; R, ¢) is a function ofr and the measured
geometric parametei® and ¢ [16].

Typical measured growth curves for the various liquids
studied, together with theoretical curves generated by

250 + numerical integration of Eq. (4), are shown in Figs. 2
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200 T and 3. Adsorption from the vapor phase gives rise to

150 1 thin films (of thickness=3 nm) on each surface which
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are squeezed out from between the surfaces when they
jump into contact from a separation of approximately

0 20 40 60 80 20 nm [11,17]. The initial value of in the subsequent
Rsino - Rsing (um) growth of the liquid annulus by capillary condensation
) ) ) is thus determined by the volume of liquid squeezed
FIG. 1. (a) Schematic cross section of the surfaces in th%ut from between the surfaces, and varies between the

equivalent sphere-on-a-flat-surface configuration in adhesiv
contact with a condensed annulug. is the radius of curvature

Gifferent liquids and differentS values. The values of

of the surfacesk is the surface separation at the liquid-vapor S used to generate the theoretical curves are obtained
interface of the condensate-2r, twice the radius of curvature from the experimentally determined equilibrium sizes of
of the interface),x = Rsind is the radius of the annular the condensates via Eg. (1), and so agreement between

condensate, an® sin¢ is the radius of the flattened contact
zone. (Typically,R = 2 cm, ¢ = 0.015 rad, and20 < h <

500 nm for the measurements presented herel) =~ 47 Ry

is the volume of the annulus amtl = 27 x[R cosp — (R? —
x?)!/?] is the area of an annular shell at distance (b) The
filled circles show the measured surface profile inside a water
condensate. The solid line is the surface profile calculated from
the truncated-sphere-on-a-flat-surface model of the geometry
(based on the measured values Bfand ¢); the agreement
between measured and calculated profiles indicates that this
model is an accurate description of the pore geometry.

be obtained based on Langmuir’s treatment [15] of the
diffusion-limited growth of atmospheric water droplets.
Consider an annular shell of argat distancer, outside of

the liquid condensate [Fig. 1(a)]. @ is the rate of change

of mass of the liquid condensate, then from simple diffu-
sion theory, assuming the steady state has been reached,

0O dx
dc = , 2

¢ ="pa )
where ¢ is the concentration (mass per unit volume) of
the vapor atx, and D is the diffusion coefficient. Inte-
grating Eq. (2) between the limits = ¢ andx = b, and
converting from concentration to pressure units gives

0 5 10 15 20 25 30
t (s)

FIG. 2. (a) The growth of capillary condensates in the model
OR,T b dx pore shown in Fig. 1(a). The points represent experimental data
Db — Pa = —_—, 3) and the lines are theoretical curves calculated using Eqg. (4).
DM,, Jo A Data are shown for-pentane withS = 0.9945 (open circles,

whereR, is the gas constanf; is the temperature, and

dotted line),n-hexane withS = 0.9949 (filled diamonds, solid
line), and cyclohexane witlf = 0.9961 (open squares, dashed

M,, is the molecular weight. If = a is taken to be at |ine). (b) The same data as in (a), plotted on a smaller scale to
the liquid-vapor interface of the condensate (of radius ofeveal more detail concerning the initial dynamics.
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between the confining walls of the pore at the position of
———————— TAEEN the liquid-vapor interface of the condensate. The fact that
the observed growth rates of the condensates are slower
than predicted may thus be attributed in part to the break-
down of the continuum assumption.

Another effect which is neglected in Langmuir’s treat-
ment is the existence of a temperature differential between
o] : : , , the surface of the liquid condensate and the surrounding

0 1000 2000 3000 4000 5000 vapor phase. The condensation of vapor results in the re-

t(s) lease of heat (i.e., the latent heat of evaporation) which
givesrise to an increase in temperatux&, of the conden-
sate relative to the temperature of the surrounding vapor,
T,. An increase in temperature of the condensate results
in a decreased rate of growth, because the difference be-
tween the vapor pressure of the condensed liquid and the
pressure of the surrounding vapor, which is the driving
force for condensation, is reduced. The magnitudaA Bf
depends on the latent heat of evaporation of the liquid, the
100 rate of condensation of vapor, and the thermal conductiv-
t(s) ity of the condensate surroundings. For typical conditions

. f atmospheric water droplet growth impl Iculation
FIG. 3. (a) The growth of water condensates at two dlf‘feren0 atmospheric water droplet growth a simple calculatio

saturation ratios. The points represent experimental data a edictsAT = 0.003 °C [19]. .y .
the lines are theoretical curves calculated using Eq. (4). Data Although we have not attempted arpriori calculation
are shown forS = 0.9949 (filled circles, solid line) andS =  of the expected increase in temperature for the case of

0.9975 (open triangles, dashed line). (b) The same data as igapillary condensation, it is relatively simple to modify
(), plotted on a smaller scale to reveal more detail concerninghea rate equation [Eq. (4)] to incorporate the effect of a
the initial dynamics. given temperature differential [20]. Using this modified
rate equation the temperature differential which would give

the measured and theoreticaduilibrium values ofr is  rise to a given observed rate of growth can be calculated.
guaranteed (i.e., the theoretical and measured curves musdr the initial growth rates the values &fT calculated
coincide for sufficiently large). in this manner are approximately 0@ for all the liquids

It appears that the simple model described above prostudied.
vides a reasonable prediction of the time scale over which It seems unlikely that the heat released by the condensa-
the condensates reach their equilibrium sizes, at least fdion of vapor could give rise to such relatively large values
nonpolar liquids. This model does tend to overestimatef AT. We have considered the possibility that extra heat-
the rate of growth however, particularly for small valuesing could arise from the change in surface energy which
of r. For water, which displays the largest deviations, theoccurs when the mica surfaces jump into contact and the
theoretical and observed initial rates of growth differ byadsorbed liquid films coalesce to produce the initial con-
a factor of 10. Langmuir’'s theory, upon which Eq. (4) is densate. If it is assumed that the energy released by the
based, is the most basic treatment of the diffusion-limitediestruction of the two liquid-vapor interfaces associated
growth of droplets and neglects a number of effects whiclwith the adsorbed liquid films is absorbed entirely by the
may explain the deviations between theory and experimerexpelled liquid, then the expected temperature increase of
observed in our measurements. the condensate is of the order of several degrees. How-

The derivation of Eq. (4) is based on modeling the va-ever, a simple calculation suggests that the heat released
por phase as a continuous field up to the surface of thffom the coalescence of the surface films should be dissi-
liquid condensate. When the characteristic dimensions gfated by conduction is less than a microsecond. It is thus
the condensate are comparable to the mean free path of thalikely that the deviations between theory and experiment
vapor molecules this description may not be an accuratebserved in our measurements can be attributed solely to
one. For the case of diffusion-limited growth of a spheri-a temperature differential between the condensate and the
cal liquid droplet with a radius comparable to the meansurrounding vapor.
free path, a more detailed theoretical analysis leads to pre- In summary, the results presented in this Letter consti-
dicted growth rates which are slower than those obtainetlite the first direct measurement of the kinetics of capil-
from Langmuir's basic treatment [3]. Using elementarylary condensation. In a broader sense they also represent
kinetic-molecular theory [18] the mean free path of thean extension of previous studies of the “diffusion-limited”
vapor molecules in our measurements is estimated to bevaporation/condensation dynamics of liquid domains with
approximately 50 nm, which is comparable to the distancénighly curved surfaces. In particular, we have presented

(a)

r (nm)
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measurements for interface radii of curvature as low as  Trans. 174, 975 (1978); J.L. Parker, H.K. Christenson,
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