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We present experimental and theoretical results on intrusion-extrusion cycles of water in
hydrophobic mesoporous materials, characterized by independent cylindrical pores. The intrusion,
which takes place above the bulk saturation pressure, can be well described using a macroscopic
capillary model. Once the material is saturated with water, extrusion takes place upon reduction of
the externally applied pressure. Our results for the extrusion pressure can only be understood by
assuming that the limiting extrusion mechanism is the nucleation of a vapor bubble inside the pores.
A comparison of calculated and experimental nucleation pressures shows that a proper inclusion of
line tension effects is necessary to account for the observed values of nucleation barriers. Negative
line tensions of order T0"* Jm ! are found for our system, in reasonable agreement with other
experimental estimates of this quantity. ZD04 American Institute of Physics.
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I. INTRODUCTION teresis of the intrusion/extrusion cycles. It is therefore of
importance to develop a quantitative understanding of hys-
Porous materials are involved in many industrial pro-teresis phenomena involved in the condensation/drying tran-
cesses such as catalysis, filtration, chromatography, etc. Ktion in mesoporous materials.
order to understand such processing technologies, accurate Qne promising material in this area are materials of the
information on the porous texturesurface area, pore size “MCM41” type,  in which the pores are essentially indepen-
distribution, and pore shapés needed. The most widely dent, parallel cylinders with diameters in the nanometer
used characterization methods are based on adsorption isgmge. The relative simplicity of these materials, in which the
therms and capillary condensation, usually described as Bore geometry is well understood and the connectivity be-
gas-liquid phase transition shifted by confineme@ther  tween pores is believed to be absent, makes them ideal for
methods, based on capillary evaporatiamercury or water  stydying the hysteretic behavior. In the range of size of me-
porosimetry on hydrophobic porous materjaften provide  gopores, two types of effects compete to induce hysteresis:
a useful alternative. Experimental data_obtained with eithepn one hand kinetic effects associated with the phase transi-
type of method are generally characterized by a strong hysion control the apparition of one phase when the material is
teresis phenomenon, the precise nature of which is still @yyrated with the other phase; on the other hand effects re-
matter of debaté.. o . lated to the complexity of the solid matrix determine the
Recently, a field of application for porous materials, de-pronagation of liquid/vapor menisci in the material. The con-
voted to the storage or dissipation of mechanical energy, hagintion of these two types of mechanism is not well under-
begun to deve]oﬁ. This application is based on forced gq6¢. Disorder effects are often addressed using a mean field
intrusion-extrusion cycles of water in hydropholéionwet-  555:0ach to model capillary condensation or drying. In these
ting) porous media. The range of pore sizes necessary fQfeaiments, hysteresis is related either to the disorder induced
this application is typ|_cally less than 10 nm, i.e., in the rangeOy the porous matrixtreated in the simplest approaches by
of mesopores as defined by the International Union of Purg,,qycing different advancing and receding contact angles
and. Applied Chem|s_ts, and the ene_rgetlc characteristics qf; 1, percolation effect¢pore blocking” models. In such
devices based on this process are directly related to the hyﬁ'pproaches quantitative predictions are limited by the need
of using a precise description of pore geometry. As far as the
dElectronic mail: barrat@lpmen.univ-lyonl.fr kinetics of the phase transition is concerned, two types of
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models have been proposed to deal with capillary evaporastand which route towards drying can account for the experi-
tion (also called the drying transitionin hydrophobic sys- mental results. The work presented in this article represents a
tems. The first approach is to envision the process as drivestep in this direction.
by the nucleation of a vapor bubble. In this scheme, dryingis We first present an experimental study of intrusion-
topologically equivalent to capillary condensation by nucle-extrusion cycles of water in hydrophobic MCM41. In these
ation. An example of this approach can be found in the worknodel materials made of independent pores of cylindrical
of Restagno, Bocquet and Bibenyho used a macroscopic shape, effects related to the disorder of the solid matrix such
approach to predict the behavior of critical nuclei in two- andas “pore blocking” are not expected to be important. The
three-dimensional slit pores, and made a comparison with hysteretic behavior of intrusion/extrusion cycles should be a
time dependent Landau-Ginzburg simulation of condensatiokinetic phenomenon associated with the dynamics of the
in two dimensions. Talanquer and OxtShiynplemented a phase transition in the confined system. We find that the in-
density functional theory for the nucleation in slit pores andtrusion pressure of water is governed by the Laplace law of
improved the macroscopic model by incorporating a line ten<apillarity and scales as the inverse of the pore radius down
sion. Bolhuis and Chandlercombined the transition path to a pore size of 1, 6 nm. In contrast, the extrusion pressure
sampling method with molecular dynamics and Monte Carlds governed by the nucleation of a vapor phase in the pores
simulations to study the drying transition path in narrowand varies much more rapidly with the pore size than the
pores. The second type of model is based on the idea thaitrusion pressure.
density fluctuations lead to a spinodal type of instability fora  Section 1l addresses the nucleation of a bubble in a
liquid film between parallel plates. Under this category, onecylindrical pore. We use a simple macroscopic model based
may for example cite the work by Lum, Chandler, andon classical capillarity for calculating the energy barrier. The
Week$ and Lum and Luzdrwho used Glauber dynamics macroscopic approach, in spite of its limitations when deal-
Monte Carlo simulations for a lattice gas confined in a sliting with nanometer sized pores, has proven to be quite robust
pore with strongly hydrophobic walls. Their work showed down to very small length scales and is well adapted here
that the drying transition can be, in this situation, driven by asince it describes successfully the intrusion process. We
large wavelength fluctuation of the density at the interfaceshow that depending on the ratio between the pore size and
Wallgvist, Gallicchio, and LeVA? also considered the influ- the Kelvin's radius, the shape of the critical nucleus is either
ence of attractive van der Waals forces on the density flucan annular cylindrical bump, or an asymmetric bubble grow-
tuations near the interface, and showed that these interactioimsy on one side of the cylinder.
could strongly reduce the width of the interfacial region, Section 1V is devoted to a quantitative comparison be-
therefore reducing the fluctuations that lead to spinodal detween theory and experiment. The plain classical capillarity
composition. model is in good qualitative agreement with the data and
In view of this rather confusing situation, it appears use-describes quantitatively well the temperature dependence of
ful to investigate the drying transition in well characterizedthe hysteresis cycle. However it fails to describe accurately
materials, and to attempt a quantitative comparison betweethe variation of the extrusion pressure with the pore size. We
model calculations and model experiments in order to undershow that excellent quantitative agreement is recovered if
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FIG. 1. Nitrogen sorption isotherms of the parent silica supdddgted ling and grafted corresponding materiéfisll line). Data are plotted per gram of bare
silica in each casda) MTS-1; (b) MTS-2; (c) MTS-3, and(d) MTS-4.
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structure are confirmed by transmission electron microscopy.
Images of sample MTS-2 are given in Fig. 2 as an example.
Less ordered pore textures are expected when TMB is used
as a swelling agentsamples MTS-3 and MTS}4Anyway,
because the mechanisms involved in the pore generation dur-
ing the synthesis are similar for the four samples, it is quite
reasonable to believe that their porous textures also consist in
cylindrical and independent channels. From nitrogen sorp-
tion data, the specific surface aregfs were calculated us-

ing the Brunauer-Emmett-TeléB.E.T) theory!? Mean pore
radii RB4s were calculated from Broekhoff-De Boer theory
(BdB)*® applied to the relative pressure corresponding to the
inflection point of the desorption step. This determination
was previously shown to be in good agreement with nonlin-
ear density functional approactiésand geometrical argu-
ments for MCM-41 materials> Mesoporous volume
FIG. 2. Transmission electron microscopy images on sample MTS-2. Th&/p were measured as the amount adsorbed at the top of

hexagonal pore arrangement is clearly evidenced on the top view, whefhe condensation step. Textural properties are gathered in
observed perpendicularly to the pore channels. Table |

Auzeresannunil

one takes into account line tension effects, i.e., the energy oé . .

. " . . Hydrophobized materials
the three-phase line of the critical nucleus. Experimental ex-
trusion occurs when the energy barrier has a constant value Hydrophobicity at the surface of the pores was generated
of about 40kgT for all pore sizes and temperature investi- by covalent grafting ofn-octyl-dimethylchlorosilane by a

gated. pyridine-assisted reaction following a procedure described
else-wheré®’ Grafted materials are referred to as MT§; 1
1. EXPERIMENTAL SECTION MTS-2g, MTS-3g, and MTS-4. Grafted chains densities

ny were determined from carbon analysis and frg of
the parent silicdsee Table)l Nitrogen sorption isotherms on
The materials used in this work are micelle-templatedgrafted-MTS materials are reported per gram of bare silica in
silicas (MTS) of the MCM-41 type synthesized from an al- Fig. 1 together with sorption data on parent materials. This
kaline silicate solution in the presence of surfactdriiexa-  correction allows a more intuitive visualization of the tex-
decyltrimethylammonium bromidéCTAB) and octadecyltri- tural modification induced by the grafting treatméhtn a
methylammonium bromide, were used in the synthesis ofirst approach, BdB theory can be applied to estimate the
samples MTS-1 and MTS-2, respectively. Following stan-mean pore radius of the grafted materigfsg (see results in
dard procedure$!! materials with larger pores were ob- Table )), but the presence of high amounts of organic ligands
tained by incorporating a swelling agent of the micelles suchmay strongly modify the interactions between the pore sur-
as trimethylbenzenédTMB). Samples MTS-3 and MTS-4 face and the adsorbate during the sorption experiment and
were prepared by incorporating TMB in the ratios TMB/ affect the desorption pressure. Therefore, the values of pore
CTAB of 2.7 and 13, respectively. Low temperatyr@ K) radii determined by BdB theory on these samples are ques-
nitrogen sorption isotherms of the corresponding calcinedionable. To overcome this uncertainty, one can estimate the
materials are gathered in Fig. 1. The sharp condensatiopore radii of the modified samples by considering the change
steps for samples MTS-1 and MTS-2 are typical fromin pore volumes measured by nitrogen sorption. A similar
MCM-41 materials and reveal low pore size distributions.approach was used by Fadeev and Starovérmvestimate
The regularity of the mesopores arrangement and the modéhe grafted layer thickness in similarly modified silica gels.

A. Parent materials

TABLE I. Textural properties of the materials as determined from nitrogen sorption experiments and carbon analysis. The uncertainties inahe%alues
take into account the errors relative to the pore volume determination from nitrogen sorption experiments.

Parent materials MTS-1 MTS-2 MTS-3 MTS-4
VB/mlg? 0.71 0.76 1.06 2.38
Sger/m? gt 932 855 898 856

rBge/mm 1.80+0.04 2.00£0.04 2.46-0.06 5.96-0.27
Grafted materials MTS4 MTS-2g MTS-3g MTS-4g
ng/nm-2 1.39 1.17 1.34 1.35
Vve/mlg? 0.35 0.44 0.68 2.01

R e/NM 1.30£0.04 1.50=0.04 2.30:0.06 5.60-0.27

R «/nm 1.30+0.08 1.60+0.10 2.06:0.13 5.40-0.40
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In the case of cylindrical pores, the volume which becomes 80

inaccessible to nitrogen molecules after the surface treatmer 70_‘ a)

is actually represented as a muff according to this interpre- ]
tation. Using Eq(1),'° the pore radius for a modified sample 60 -
RY .« can be calculated\V} is the mesopore volume of the 50 ]
modified sample expressed per gram of parent material ®© ]
QA 40

V4 =
R%uﬁ: RgdB W @ = 30+

P n__
20 -

One of the interests of such a calculation in the present stud
is that no assumption is made on the mechanisms of adsory 10 1
tion on a grafted surface. 0l

-400 -300 -200 -100 0

AV, mma.g'1
80

b
Water intrusion experiments were performed on a spe- 70 )
cially designed apparatus described elsewA®rbout 2 g 60 -
of outgassed hydrophobized material were gathered with ¢

C. Water intrusion-extrusion study

large excess of deionized wateompared to the correspond- @ 507

ing disposable pore voluménto a thermosealed shrinkable % 40

polymer container. In a typical experiment, the pressure was 30
= 30

)
e

first continuously increased from atmospheric pressRgg, Q ]
to 80 MPa by means of a mechanical increasing constraint 20 1
and then decreased back By,,. The time required for a 104

complete cycle was about 4 min. No significant difference MTS-3g —_——

was observed in our experiments for 1 mim 1 h long 0-— . . T

cycles. The pressure of the liquid and the volume variations -400 s =200 =100 g
were simultaneously recorded. The volume values were cor AV, mm3.g'1

rected to eliminate deformation and the compressibility con- 40

tributions, following a procedure described elsewtérehe C)

representation of the water pressure as a function of the cor

rected volume variatiofexpressed per gram of parent mate- 30+

rial) are denoted®/V curves. In these plots, volume varia-
tions reflect the cumulative intruded and extruded volumes ®©
of water into the pores during compression and decompress 20

sion steps, respectively. Therefore, the corresponding plot: p — MTS-4g
will be denoted as “intrusion branch” and “extrusion @~
branch.” Tens of cycles could be recorded on samples 10+ 28

MTS-1g, MTS-2g, and MTS-3), allowing the system to

stay atP,, for 10 min between each run. Slight evolutions

were observed from the first to third cycle, probably corre- 0

sponding to irreversible intrusion in some parts of the mate- 3 1

rial (see Refs. 22 and 20The next cycles were completely AV, mm'.g

reproducible. Data presented in this article correspond to

these last cycles designed as “stable” cycles. For sampIE'G- 3. Intrusion/extrus_ioq of water for the fourgrafteql materials at 298 K:

MTS-4g only one intrusion could be recorded as no WaterThg pressure of the liquidPy, is reported as a function of the volume
. . . variation AV expressed per gram of bare silica.

extrusion took place during the decompression step, and

even after several hours BY;,,. For this material, spontane-

ous extrusion of water does not take place. The correspond-

ing P/V curves are reported in Fig. 3. The absolute value ofTable Il for the four selected samples. The dependence of

the pore volume can be deduced from the water capacity & and Pg,; with mean pore radius and surface chemistry

the end of intrusion branch. This value is systematicallywill be discussed in the next sections.

smaller than the pore volume determined by nitrogen sorp-

tion. This may be a consequence of the strong difference

between a good wetting of the grafted chains by nitrogen an% Variati fi . ith .

a non-wetting behavior in the case of water. The mean intru-" ariation of intrusion pressure with pore size

sion (extrusion pressurePi (Pg,) related to the inflexion The Laplace equation is generally used to described the

point of the intrusion(extrusion branch are gathered in pressure drop trough a curved interface. Assuming that the

T

-1400 -1200 -1000 -800 -600 -400 -200 O
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TABLE II. Mean intrusion and extrusion pressures determined from the 100
P/V curves for stable cycles for samples MT§;IMTS-2g, and MTS-3
and for the first intrusion for sample MTSg4 The uncertainty in each value
is 0.2 MPa. -
10 4 :
Grafted
materials MTS-3 MTS-2g MTS-3g MTS-4g &
14 é
Pin/MPa 59.5 44.4 35.0 14.4 = :
Po/MPa 30.8 6.2 25 - o P
o atm f
0.1 W ;
% P
int Tk
. . . . m y
liquid/vapor interfaces are spherical caps and that the pores 0.01 v P, ()5().~
are cylindrical, the equilibrium pressure drop trough a me- R 5 3 4 5 &
niscus in a pore of radiuR, is Rp . nm
Yv . . . '
AP=-2 R—COSHGQ, (2 FIG. 5. Mean intrusion and extrusion pressure of water as a function of the
p mean pore radiuRy .

wherey,y is the interfacial tension of the liquid/vapor inter-
face andd,, the equilibrium contact angle. Then, assuming

that the pressure of the vapor is negligible, and that duringeasonable value for this type of grafted materials; third, this
the intrusion process the triple line advances by adopting aresult indicates that the representation of the grafted phase as
advancing contact anglé, (6,= 6., we can in theory ex- g muff is suitable to describe the pore space and to estimate
press the applied pressui;, required for intrusion by the pore size for this type of modified material; and finally, it
means of local parametet andR,,. This relation, used to s remarkable to note that the Laplace-Washburn equation is
derive pore-size distributions from mercury injection experi-stjll successful to describe the intrusion of a nonwetting lig-

ments, is known as the Laplace-Washburn equation uid into cylindrical mesopores of diameters as small as 2.6
Yoy nm, which had not been demonstrated before for model ma-
Riq=—25 C0S0,. (3) terials (Fadeev and Eroshenk* and Eroshenko and
p

Fadee?% Gusev° and Gomez, Denoyel, and Rouquéfak-

If we now consider the set of data obtained on our maported interesting results for diameters down to 5 nm but in
terials, the validity of this equation to describe the variationmodified silica gels presenting a disordered porgsitiere-
of the intrusion pressure as a function of the pore size can bfere, it could be said that confinement has no significant
checked by plottingPjn, againsthjl (Fig. 4). In this repre-  effect on the intrusion process—apart from the trivial effect
sentation, a straight line is obtained with a good correlatiorexpected from a macroscopic description.
when the pore radius is calculated following the muff model
(RY,,)- Several conclusions can be extracted from this re-
sult: First, this linear plot includes a reasonably good agreeE. Variation of drying pressure with pore size

ment with the origin, which is consistent with the fact that We now consider the mean extrusion pres The
Pinn—0 as Rp—o; second, a constant advancing contact presseffk.

angle for all the samples is expected, since the plot is "neaﬁonvennonal approach used to describe the withdrawal of

This indicates close values of the grafting densitig¢or the mercury is to consider a receding contact angléo express

four samples. Assuming the macroscopic value from thePeXt by means of the Laplace-Washburn equation. As con-

. _ o cluded from the previous section, the surface properties
tables foryy , the slope allows to estimat€,~120.3%, a (chemistry, rugosityfor the present samples are believed to
be quite similar in terms of hydrophobicity as a single value
70 of 6, was found for the four materials. Therefore, if the
propagation of menisci according to a receding contact angle
was an accurate description of the extrusion prodess
501 should vary asR,;1 in the same way a®;,;. This depen-

40 dency was tested by plotting boBf; andPg, as a function
of R,=Ry, in logarithmic scales in Fig. 5. While the intru-
sion law (Laplace-Washbupnappears as a line of slopel,
o 207 . the tendency is completely different for the extrusion law, as
10 o R @ indicated by the experimental mean extrusion pressures mea
o , . . i sured on samples MTSgl MTS-2g, and MTS-3). P,
0.0 02 04 06 08 1.0 seems to be more sensitive Ry as revealed by the larger
T/R,", nm slope (<—5 compared to—1). In addition, the extrusion
FIG. 4. Mean intrusion pressure of water as a function of the inverse porigressure for the large ppres matenal. (MTg)Awhich can
radius determined by nitrogen sorption for the four grafted mateifare e extrapolated from this tendency, is expected to be lower
line is a guide for the eyes, the cross represents the origin. than P, (see the corresponding cross between brackets on

60 -

MPa

30

int ’
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80 sure. The high sensitivity of the extrusion pressure to tem-
—— 298K . : . )
701 perature confirms the hypothesis of a nucleation mechanism
604 —e— 323K for this process.
50
©
T 401
= Ill. MODELING THE NUCLEATION PATH
" 307
o 0l In order to develop a quantitative understanding of the
10 nucleation process of a vapor phase in the hydrophobic
MCM41, we calculate in this section the energy barrier to
0 250 200 -150 -100 -50 0 overcome for creating a critical vapor nucleus in a hydropho-
AV, mm’g" bic cylinder. The words “vapor” and “hydrophobic” are

used here only for convenience; the calculation describes
FIG'. 6. Comparison petween the intrusion/extrusion cycles obtained at 29¢ngre generally the formation of a wetting phase in a cylinder
K (line) and 323 K (liner closed symbolson sample MTS-g. filled with the nonwetting phase. The only limitation is that
the contact angle must have a finite value: The situation of
perfect wetting with a wetting film adsorbed at the wall is not
Fig. 5. This prediction is in agreement with the fact that this described here. This calculation uses a relatively simple mac-
sample does not undergo extrusion in the range of pressurescopic model based on classical capillarity. This is justified
accessible to our device. This clearly demonstrates that thi®r comparison with the experiments since the macroscopic
Laplace-Washburn equation is not adequate to describe tHaw of capillarity has been shown to describe quantitatively
pressure threshold for water withdrawal in this set of modethe intrusion pressure.
materials. Describing the extrusion process as the propaga- Let us consider a pore of radil® The interfacial ten-
tion of a meniscus with a receding contact angle would leacsions between the solid boundary, vapor, and liquid will be,
to pore size dependant values&f, which are not consistent as usual, denoted bys , ysy, andy,,. The chemical po-
with the intrusion data on the same samples. To our knowltential of the fluid molecules is fixed at some imposed value
edge, this failure of the Laplace-Washburn equation had ngt. According to classical thermodynamics, liquid-vapor co-
been clearly established before for mercury withdrawalgexistence inside the pore is possible when the pressure dif-
probably because experimental results have not been réerence between the liquid and the solidy=p, —py, veri-
ported for the intrusion of mercury in model porous materialsfies Kelvin's equatioff
such as MCM-41.
Another mechanism has then to be considered to explain Ap=2(ys.=7sv)/R @
the extrusion. Taking a pore full of liquid at a given pressure Alternatively, ys — ysy can be replaced by, cos@—6)
the creation of the vapor phase has actually to be consideradhered is the contact angle of the liquid on the solid surface.
as the first step towards emptying, the second one being tHeor water on an hydrophobic substrdte 90° and the pres-
propagation of the resulting menisci. In the range of poresure inside a vapor “meniscus” is lower than in the sur-
size of our experiments, the propagation stage is clearly ngounding fluid.
the limiting one. We propose that extrusion is governed by In the grand-canonical ensemble, a critical nucleus cor-
the nucleation of a vapor phase in each pore independentlygsponds to a saddle point of the grand potential. The grand
water withdrawal taking place subsequently through the fastpotential of a pore filled with liquid can be written as
nonequilibrium propagation of menisci at the pressure for QL= P Vporet VsiAsL, (5)

which the nucleation event has occurred.
while the potential of a pore partially filled with vapor is

Qy=—p VL= PvWyvt ¥siAsLt ¥svAsvt YvAW - (6)

HereV, (resp.Vy) is the volume of liquid(resp. vapor

In phase transitions, nucleation processes are thermaliyhase V| +Vy=V,,9 and Ag , Agy, and A,y are the
activated and therefore highly temperature dependant. A feaolid-liquid, solid-vapor, and liquid-vapor surface areas, re-
ture arguing in favor of a nucleation mechanism for waterspectively. With these notations, the excess grand potential
extrusion in our system is the behavior of the intrusion-for a pore containing a vapor nucleus can be expressed as
extrusion cycle when the temperature is changed. Figure 6
shows a plot of the cycle in one sample (MT@?J. at tw% AQ=VyAPT yvAw F 71y COSOAsy . (7)
different temperaturest;=298 K andT,=323 K. The in- In order to determine the shape of the critical nucleus, it
trusion pressure at 323 K is slightly lower than at ambientwill prove convenient to introduce reduced quantities, by us-
temperature. This shift is quantitatively consistent with theing R, R?, andR® as units of length, area, and volume, re-
temperature variation of the water surface tension. In conspectively. Using Vy,=V,/R% Ay=Ay/R? Agy
trast, the extrusion pressure increases significantly with tem=Ag,,/R?, one obtains
perature:P.= 30.8 MPa at 298 K ané.,~=37.8 at 323 K. - - -
This temperature shift of the extrusion pressure is much & _ AQ Vv Ay (o a)?, ®

more important than the one observed on the intrusion pres- 47y R? 25477 4 co

F. Influence of temperature
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FIG. 7. Definition of the functiom(r) describing a nucleus with cylindrical
symmetry.

whered=R/2Ry andRy =y, /Ap is Kelvin's radius. Coex-  FiG. 8. Annular profile of the critical nucleus in a cylindrical pore.
istence takes place whe+ cos@—6), and a pore filled with  =120°, 5=0.375.
liquid becomes metastable whér<cos@— 6).

A. Cylindrical critical nucleus: The annular bump

At x;=1—1—48 cosm— 6)— 5)/25, f(x,)=1. The profile

gas a tangent parallel to the cylinder axis, and the critical
nucleus displays an annular shape. The profile can be explic-
itly written as

In view of the cylindrical symmetry of the problem, it is
natural to investigate first nucleation paths that preserve thi
symmetry. The shape of a cylindrically symmetric vapor
nucleus can be described by a functio¢r), as shown in

Fig. 7. , x  cogm—0)—8(1—p?)
Using the reduced variablesx=r/R and (x) P(x)= > =—dp, (13
=h(r)/R, the expression for the excess grand potential can xap?—[cogm—6)— (1~ p?)]
be written as which can be integrated numerically or by using special
) ) W functions(cf. Fig. 8. The reduced energy barrier is obtained
Aﬁ:ng x¢(x)dx+f X /1+ _‘ﬁ) dx from Eq._(8). U_nder equmpnum cono_lltlonsf,(x)=x>< 6 and
0 0 dx the meniscus is the classical spherical cap.
—cogm— 0)Y(l). 9
The shape of the nucleus is obtained by solving theB. Nucleation of a bubble in contact with the wall
Euler-Lagrange equatiodAQ)/5y(x). This gives the me- A second nucleation path is proposed without taking into

chanical and contact eqwhbngm in terms of the local curva-gccount cylindrical symmetry. It consists in the growing of a
ture and of the contact angle’s vapor bubble on the cylindrical wall, that eventually occu-
dy pies the whole width of the cylinder and forms two spherical
X —— menisci. To determine surface and volume energies along
1 i dx —25 (10) such a nucleation path we have to determine the shape of the
x dx di ’ asymmetric bubble as a function of volume. This shape is
1 (&) determined by a minimization of the total energy, which im-
plies mechanical equilibrium at each point. This is a complex
dy variational problem, that can only be tackled numerically.
ax We have used th8urface Evolvecode, which provides an
(x=1)=coqd7—0). (11)  efficient way of solving this type of variational problems.
d_‘/’) The resolution is based on a discretisation of the surfaces
dx using triangular facet¥ Energies are obtained using surface
and line integrations. Using a gradient meth&lrface
Evolver yields the shape of minimal surface energy for a
given volume.
For a bubble in contact with the pore wall, the surface is
d_‘ﬂ: X with  f(x)=éx+ cogm—0)— 5_ (120  Made of liquid vapor interfac&, of tensiony,, and solid
dx  J1—f(x)? X vapor interfaceSg, of tension— v,y cos()

1+

Using the boundary conditiofll), the second order differ-
ential Eq.(10) can be integrated once, which yields.
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FIG. 9. Views of the vapor bubble growing on the surface of a cylindrical
pore, for various values of the volume. Camera viewing axes is the cylinde
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FIG. 11. Reduced excess grand potential of a vapor bubble in contact with

axes. The contact angle is 120°. Only the liquid-vapor interface is displayetihe pore wall as a function of the parameter angte.120°, 5=0.3. For a

E= f ’)/L\/dA+ J — YLv COS( 0)dA (14)
Sy SsL

For numerical stability, the solid-liquid interface is removed
from the code and surface energy is substituted by a lin
energy of the three phase line using the Stokes theorem

E= J 7LVdA+ J — YLv COS{ 6)\/_\7” .aS (15)
Swv ISsi

with VXWw,=F, andF, being a vector field with zero di-
vergence V~Ifn=0, that reduces to the normal vector for

maximum value of the volume, the vapor bubble becomes unstable and
degenerates into a cylindrical tube. The energy barrier corresponds to this
unstable equilibrium shape.

of a vapor cylinder occupying the whole cylinder width and

gmited by two spherical caps. The energy barrier along this

path is obtained for the maximum value of the bubble en-
ergy, which is reached at this stability limit. The critical
nucleus corresponds in this case to the unstable endpoint in a
family of bubble-like surfaces.

A comparison of the reduced energy barriers for the two
nucleation mechanisms is presented in Fig. 12, tor
=120°. Depending on the value éf the asymmetric nucle-

points on the solid liquid surface. In the same spirit, theation path(low delta, i.e., high metastabilityor the annular
volume integral is first reduced to surface integrals using thewucleus(low metastability is favored.

Ostrogradski theorem

1
sz dV=f —=T.Ads, (16)
v SqLUSy 3
and likewise replaced by a contour integral as
1 -
V= dV=J =T ﬁds+f gv*vr.ds (17
v Swv 9Ssi.

can check that contact angle is equal to 120°.

The reduced excess grand potential, along the nucleation

path obtained from Eq. 8, is plotted in Fig. 11. For a maxi-

C. An approximate expression for the energy barrier
of nucleation

Fig. 13 gathers the numerical results for the energy bar-
rier obtained for various values of the contact angle, as a
function of 6. For each value ob, only the energy barrier
corresponding to the more favorable configurationbble or
annular bumpis represented. A good approximation for es-

[Pi?nating the reduced energy barrier is to write it as a piece-

wise linear function of the dimensionless parameter
RAp/2y, . In this approximationAQ is written in the
form

mum value of the volume, the vapor bubble becomes un-

stable and a change of topology is observed, with formation

~ h

N

'

FIG. 10. Several views of a vapor bubble in contact with the pore wall for
an equilibrium contact angle fixed to 120 Each picture is obtained from
the previous one by an ¥8rotation to the left. Only one half of the cylinder
has been displayed. The solid-vapor interface is not represented.
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FIG. 12. Reduced energy barrier as a functiorsofor 6=120°. Full line:
bubble configuration. Dashed line: annular bump configuration.
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FIG. 13. Reduced energy barrier as a functiondadbtained in the most FIG. 14. E ) di ion(di d
favorable configuratioifbubble or cylindrical bump From left to right, the o xtrusmn(s_quares an '.””“5'0”( famon % pressure vs pore.
values of the contact angleare 95°, 100°, 105°, 110°, 115°, 120°, 125°, radius, taken from Fig. 5. Dotted lines: theoretical curves for the extrusion

and 130°. The dashed lines are the best fit of each curve with a piecewig¥Pt@ined using Eq(18), and assuming values af{1=135 kT, AQ

linear function, as described in the text. '=142 kgT, andA_Q=199 kgT for the e)_(trusion process. Full line: theoret-
ical curve obtained using Eq20), with AQ=35 kgT and A\=-2.4
x10 Mt gm L

where K (s) and K,(s) are functions only of the contact
angle and of the shapgof the nucleus(bubble,s=h, or
cylindrical, s=c¢) and do not depend on the size of the cap-
illary. The relative error made by using approximatidr8)
instead of the actual value of the energy barrier is at mo
+19% for values ofd ranging between 95° and 130°. Numeri-
cal values folK 1(s) andK,(s) in this range of contact angle

nential factor. Hence the essential variation in the nucleation

rate n comes from this exponential factor. Experimentally,

Stthe transition is observed when the probability of creation of

a critical nucleus in an average capillary of lengitiover an

experimental timaé becomes unity, i.enLte«1. This occurs

are given in Table Ill for various contact angles for a rather wel defineq value Of. the energy parrier
) AQ/kgTxIn(Lt/b7). Neglecting the variation of the micro-

It is of interest to notice that EQ18) is of the general scopic prefactors and 7 with temperature and pore size, the
form that would be obtained if the critical nucleus was keep-, picp b P |

ing a constant shape when the radR®f the capillary is theory and the experiment will _be in good agreemerti)if _
. . . PO the model reproduces the experimental value of the extrusion
varied. It is easily seen from E¢B) that if this were the case, . . .
. . 0 pressure for various temperatures and pore sizes using a
the resulting energy barrier would be of the for single value ofAQ/kgT, and (ii) the numerical value of
=y R2f(R/Rk), with f a dimensionless function. Equation g B

—AQIKRT [imc i i
(18) is of this form,f being moreover closely approximated € ® lies in the range of the expected order of magni
by a linear function. tude of the prefactob7/Lt.

In Fig. 14 the dotted lines show the plots of the theoret-
ical extrusion pressure as a function of the pore size obtained
in our model by assuming that extrusion takes place at a
constant value oAA(). In this calculation we have used Eg.

In the usual theory of thermally activated nucleation, the(18) to obtain the value oA p that results in the desiresl(),
numbern of critical nucleus created per unit time and unit assumingd=120° andT=T;=298 K. One sees that for a
volume (here unit lengthin the system writes alue of AQ), the theoretical extrusion pressure decreases

= (br)~le~A0/KsT (19 quickly vv_ith increasing pore radius. This variat_ion is much

’ more rapid than for the intrusion pressure, and is even stron-
The prefactor of this Arrhenius law includes a microscopicger than the one observed experimentally for the extrusion
lengthb and a microscopic time whose value can depend pressure. The model thus provides the correct qualitative ten-
on the pore size but in a much weaker way than the expodency but no quantitative agreement with experiment. The

IV. COMPARISON BETWEEN THEORETICAL
AND EXPERIMENTAL RESULTS

TABLE lll. Dimensionless constant&,(s), K,(s), andKs(s) for calculating approximately the nucleation
barrier, according to Eq418) or (20). s=c corresponds to the cylindrically symmetric nucleus, observed at
large 6, while s=b corresponds to the asymmetric bublfi@vored at smalb).

0 Ky(b) Ki(c) Kz(b) Kz(c) Ks(b) Ks(c)
95.0000 4.06 0.94 6.16 6.13 11.85 12.56
100.0000 4.11 1.51 5.46 5.77 12.00 12.56
105.0000 4.17 1.93 4.73 5.27 12.16 12.56
110.0000 4.22 2.24 3.97 4.68 12.28 12.56
115.0000 4.27 2.49 3.19 4.04 12.38 12.56
120.0000 4.28 2.67 2.42 3.35 12.43 12.56
125.0000 4.25 2.79 1.70 2.67 12.46 12.56
130.0000 4.18 2.87 1.02 1.99 12.48 12.56
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disagreement can be quantified by computing the values dhermodynamic parameter similar to surface tension, whose
the energy barrieA() needed to provide the measured valuesmicroscopic source is the modification of molecular interac-
of the extrusion pressure. Using H48) we have calculated tion energies close to a three-phase line. These interactions
AQ for each experimental extrusion data poiR{};,RY ). induce a deviation of the liquid-vapor interface from the
The resulting values oAQ) are 142, 135, and 19T, for = macroscopic shape it would have if only surface tension
samples MTS-f, MTS-2g, and MTS-3y, respectively. Itis were taken into account, and results in an excess energy
seen that the nucleation model is much better than thahich scales extensively with the system size, i.e., with the
Laplace-Washburn law for describing the extrusion procesdength of the contact line. Line tension effects are usually
The relative variation of the energy barrier obtained for theneglected in classical capillarity when dealing with large sys-
different data points is only 40% whereas the extrusion prestems: A crude argument for this is that the ratio of line ten-
sure varies by one order of magnitude. However the quantision to surface tension has the dimension of a length, and can
tative agreement is not perfect. There is a tendency for thenly be of the order of a molecular size. Hence line tension
calculated energy barrier to increase with the pore sizewill influence only objects of size comparable to molecular
which means that the model overestimates the energy barriéizes. Based on this argument, an order of magnitude for
for large pores. the line tension can also be constructed by dividing a cohe-
It is of interest to point out that this overestimation is Sion energy by a molecular size, yielding=kgT/b
present only for the pore size variation of the extrusion pres=10"**J/m.
sure. Its variation with temperature seems very well de-  For nucleation problems which involve an object of size
scribed by the nucleation model. We have calculated the erfomparable to Kelvin's radius, line tension effects may how-
ergy barrier of nucleation for the experimental data pointever become important. Talanquer and Oxfohgve shown
corresponding to the sample MTSylat T,=323 K (PD, indeed that incorporating line tension effects improve signifi-
=37.8 MPa,RY, = 1.3 nm), taking into account the tabu- cantly macroscopic models for the nucleation in slit pores.
lated value of water surface tension Bf=323 K and as- It is important to mention that line tension effects should
suming that the equilibrium contact angteremains un- Not change the value of the intrusion pressure in the case of
changed §=120°). We find AQ,=142kgT,. We have @ cylindrical capillary. The reason is that in that particular
checked that changing the value @fin a range consistent 9eometry, the existence of a line energy does not change the
with the intrusion pressure does not modify significantly thiscontact angle of a spherical-cup meniscus with the solid
energy barrier. This excellent agreement with the value opwall. Therefore, in the case of a model porous medium like
tained atT,=298 K confirms that the extrusion mechanism MCM41, line tension is expected to affect only the free en-

in the sample under study is indeed governed by a thermall§rdy of the critical nucleus and the value of the extrusion
activated nucleation process. pressure, but not the intrusion pressure.

However, besides failing to describe precisely the pore Sincg there are very few dat.a availablg for the values of
radius dependency of the extrusion pressure, another dradfn€ tension, we choose to treat it as an adjustable parameter
back of the simple nucleation model expressed by Esjs. \. For the simplicity of calculations, we make use of two

and(19) is the high value found for the activation energies.eXtra hypotheses for incorporating line tension in our model.
The numerical value of the exponential facter®/keT The first one is to assume that the shape of the critical

found is about 10%°, Taking for microscopic parameters a nucleus does not depend on the value of the line tension.

molecular sizd=1 A and a typical time between molecular This amounts to neglect the variation of the contact angle
collisions r=10"12's, and for macroscopic parameters anWith the line tension. This variation would be a second order

average length of 100 nm for the capillaries and a value offfect here and can be neglected in a first estimation. With
10 s for the experimental time, one hardly reaches the ordéP's first hypothesis, |nc.orp_orat|ng the line tension contribu-
of magnitude 18 for the prefactor entering the probability 10" 0 the energy barrier is very simple. One adds to the
of nucleation. Therefore nucleation should not be observabl&"€"9Y barrier calculated in Sec. Il the free enexgyof the

experimentally for the activation energies found with the Cal_three-phase |_|ne of the critical nucleus. The lenbt this .
culation. three-phase line can be calculated from the shape of the criti-

This is a serious drawback. Of course the range of siz al nucleus found in Sec. Ill. We find that its reduced value
under study is close to the nanometer and the use of plai R varies only slightly with the pore radil& As a second

classical capillarity at this length scale may seem a too roug ypci:]hles;st,hwe netgletclt. this \iarl_atlo.n ?r?d conS|de;)r th.at t_he
approach. It is however puzzling that classical capillarity e_nlgi C:Q ehcon ;\C Ine ?nni”ng '3 € 3nerg?/ arrlt(;r IS
works so well to describe the intrusion pressure, and fails t0™ 3(S)R, where the constar(5(s) depends only on the

provide reasonable values for the activation energy controlc-:ont""Ct angleg and on the shape of the nucle(s. The

ling the extrusion pressure. The fact that the experimenta\(alues 0fK5(s) are listed in Table Ill, as well as the maxi-

intrusion pressure scales as the inverse of the pore radi8uM relgmve error induced by t_h|5 assumptm_n. QS|ng ap-
shows that the Laplace law of capillarity is not affected byprOX|mat|_on(18), _the energy barner_for nucleation in pres-
the nanometric range of the pore size. The most natural Wa9nce of line tension effects writes simply

to improve the modgl is then to introduce aqother macro- A =P K,(s)R3+ ,Ko(S)RE+AKs(S)R. (20)
scopic parameter which has been neglected, i.e., the tension

of the three-phase contact line between the free surface of thehe procedure we use to compare this expression to the ex-
nucleus and the solid wall. Line tension is a macroscopigerimental data is to treat() ., (the value of the barrier for
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which extrusion is observe@nd\ as two adjustable param- angle, is not appropriate. Rather, it appears that the limiting
eters and fit Eq(20) against the three experimental datastep in the extrusion process is the nucleation of the wetting
points (Pey,R) obtained for the three samples in which ex- phasehere the vaporthat we describe using standard nucle-
trusion is observed. We then plot in Fig. 14 the cuRg(R) ation theory. The free energy barrier for nucleation is calcu-
derived from Eq.(20) with the value ofAQ) and\ obtained lated using a standard capillary description, allowing for
from the fit. This curve represents the theoretical predictiorvarious shapes of the critical nucleus. The experimental data
for the extrusion pressure, which takes place for each sample analyzed by assuming that extrusion occurs at a fixed
at the same value of the activation energy. One can see thaalue (relative tokgT) of the energy barrier. This allows a
the nucleation model with line tension accounts reasonablguantitative comparison between predicted and measured ex-
well for experimental data, considering the approximationgrusion pressures, as a function of pore radius. When line
made. The optimal value for the line tensionNs- — (2.4  tension effects are neglected, the theory cannot account for
+0.3)10 ! J/m, which is a realistic order of magnitutfe. the experimental data, and predicts nucleation barriers that
The sign of this tension is negative, which explains thatare far too large. However, inclusion of a negative line ten-
nucleation occurs relatively more easily in small pores tharsion as an adjustable parameter results in an excellent agree-
expected. We have no explanation based on microscopic ament between nucleation theory and experiment. The optimal
guments on why should be negative in this particular sys- value of the line tension is in reasonable agreement—as far
tem, but we note that negativehave already been reported as order of magnitude is concerned—consistent with values
previously?! Finally, the value found for the energy barrier obtained using completely different approacfe€ur work
with the line tension effect iA Q) =(35x5) kgT. This value confirms the importance of line tension effects on some as-
is quite reasonable. Using as above the estimates pects of capillary phenomena at the nanometer scale, and
=10 ? s andb=1 A for the microscopic parameters in Eq. provides an independent estimate of the line tension.
19, a probability of nucleation equal to 1 in a channel of  Two predictions of the present model remain to be tested
length 100 nm is obtained after a macroscopic timet of experimentally. According to Fig. 14, the extrusion pressure
=1s. should vanish for pores of radius larger than 2—3 nm. This is
One may rather naturally consider the possibility thatconsistent with our result that no extrusion is observed for a
effects other than the line tension model considered aboveample withR=4 nm, but samples with intermediate radius
could also improve the agreement between experimental ancalues would be needed to confirm the theory. On the small
theoretical results. A natural candidate would be heterogepores side, our calculation predicts that extrusion pressure
neous nucleation, which from experiments on bulk materialshould equal intrusion pressure f®8=9 A. Hysteresis
is known to have a major influence on observed nucleatioshould vanish for such small pores, for which however the
rates. We feel however this is unlikely in the present casevalidity of the macroscopic analysis may become question-
Grafting defects that would favor nucleation would corre-able.
spond to an effective reduction of the pore radius through
some local accumulation of grafted molecules. If such deACKNOWLEDGMENTS
fects exist, the corresponding reduction in the pore size
would be equivalent to a shift in the horizontal axmore
radiug in Fig. 14. Such shift would, however, not be suffi-
cient to bring the theoretical calculation in agreement with
the experimental results, either at the qualitatisieape of th
curve or quantitative(value of the nucleation barrietevel.
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