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Abstract. The problem of surface moisture and condensation inside microstructures is complex
and depends on the physicochemical characteristics of both the atmosphere and the surfaces.
The relative humidity within a pore is a function of the temperature, mixing ratio, pore
geometry, and presence and nature of soluble salts and can be considerably pores types as well
as on atmospheric relative humidity. However, although the phenomenon of capillary
condensation or evaporation is a complicated process, it would be useful to introduce a critical
relative humidity and temperature in micropores structures. To examine the mechanisms of
condensation and evaporation of water in micropore structures, we report the critical relative
humidity in the capillary pores, cylindrical and square types and as well as dependency of the
critical relative humidity on temperature and various contact angles.
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I. INTRODUCTION

Fluids confined within micropores or nanopores have garnered considerable interest among
scientists and engineers owing to their diverse applications in various fields such as in building
materials (Yuan et al., 2024), unsaturated porous media (Mchirgui, 2012) and cloud physics (Casans
et al, 2023). These encompass unconventional oil and gas extraction, fuel cell technologies,
heterogeneous catalyst development, adsorption processes, drying methodologies, water
purification techniques, and climate engineering endeavours (Falk et al., 2015; Salahshoor et al.,
2018). Due to the robust interactions between fluids and pore walls, fluid density distribution
within nanopores is uneven, resulting in significantly different fluid behavior from bulk conditions.
Experimental and modelling studies have demonstrated that fluids confined in capillary pores may
undergo capillary condensation or evaporation at vapor-phase pressures different from the
saturation pressure observed in bulk phases (Corma et al., 1995; Scherer, 1990). However, it is useful
to distinguish between the formation of droplets in the free atmosphere and the condensation onto
a surface, or inside internal pores. In practice, the mechanism of capillary condensation is intricate
and somewhat obscure, although the fundamental equation that controls the condensation in
micropores also governs the formation of drops in the atmosphere, a topic familiar to
meteorologists. In the atmosphere, water vapor becomes saturated at relative humidity of 100%,
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when the air temperature reaches the dew point. The saturation vapor pressure can be calculated
by Magnus and Tetens formula or Clausius—Clapeyron relation. But the saturation pressure which
also called vapor tension in capillary pores is calculated by the Kelvin formula (Lawrence, 2005). In
another word, the properties of fluids confined in nanopores cannot be simply predicted by the
conventional equation of state modeling. So, to predict the phase behaviour of the phase component
in a capillary pore, with a assumption of that he vapor phase (or humid air) behaves as an ideal gas
and the liquid phase is incompressible and pure water, one can derive the Kelvin equation (Elliot,
2001; Shardt and Elliott, 2018). Figure 1 shows a schematic illustration of capillary and surface

condensation in equilibrium condition.
Surface condensation Capillary condensation

r<o

7

Pv 2 Psaturation Pv = Psaturation
Psoturation Caleulated by Psoturation calculated by
Magnus and Tetens formula or Kelvin relation

Clausius—Clapeyron relation

FIGURE 1. Surface condensation and capillary condensation dependency on water vapor saturated

pressure (Psuiuration) calculated by different equations.

In recent years, capillary condensation attracts the researcher’s interest in various domain to
understand this phenomenon, Yang et al. (Yang et al., 2016) combined atomic force spectroscopy
with the well-established theory of capillary condensation to provide a novel means of determining
the thickness of the aqueous interfacial layer on NaCl (001) over a wide range of relative humidity.
And, experimentally they measured the surface conductance as a function of humidity as an
indicator of salt dissolution into this interfacial layer. In another research, Tanaka et al. (Tanaka et
al., 1998) applied time-correlation function analysis of IR spectroscopy to investigate the alterations
in the reorientation state of acetonitrile molecules during capillary condensation. They analyzed
the phenomena before and after capillary condensation onto the mesoporous silica media. Hu et al.
(Hu and Yu, 2024) investigated the isothermal sorption of water vapor in nanopores under four
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humidity conditions. A new approach based on Young’s Laplace equation was developed for
determining the equilibrium water sorption in nanoporous media, demonstrating a relative error
ranging from 0.24% to 10.42% between the experimental and calculated outcomes. In this study,
we analyse the simplified Kelvin equation and its relation to the geometrical function of the
capillary, which include the radius or diameter of the capillary for square and cylindrical form. The
novelty of this study is to introduce the graphical method for microcapillary condensation
/evaporation using the critical relative humidity versus geometrical function. By defining the
critical relative humidity, capillary condensation/evaporation could be parametrized in

microchannels.

II. Complete Kelvin equation

W. THOMSON, later Lord Kelvin, (1870) (Thomson, 1871), developed an equation which implied
that the vapor pressure of a material in thermodynamic equilibrium over a curved surface differs
from that over a plane surface. Its equation is based on the macroscopic thermodynamics for the
vapor and liquid phase equilibrium with assuming that the humid air behaves as ideal gas, and the
pure water as a liquid phase is incompressible. His derivation was based on the consideration of
the equilibrium between a liquid (phase 2), contained in a capillary channel, and its vapor (phase
1). Gibbs derived independently the Kelvin equation based on chemical potentials (Elliot, 2001;
Skinner and Sambls, n.d.).

u*(T,P7) = u*(T, PH), M
P’—PL = P, = focos @ C:;S © @
Where, u¥ and p" are pure component vapor- and liquid-phase chemical potentials, respectively.
Under the assumption of ideal gas behavior for the vapor phase and the incompressibility of the
liquid phase, which can exist below the bulk saturation pressure (Py,;), chemical potentials of the
vapor and liquid phases can be defined as follows (Pruppacher and Klett, 2010):

PY ®)
)

:uL(T! PL) = .uL(T' Psat ) + Vm(PL - Psat)' (4)

BT PY) = (T, Pogy ) + KT I

In which V,,is the bulk liquid molar volume, R is the universal gas constant. However, by
combining the Equations of (1) and (4), equation below were reached,

RT Ln (=) = Vi (P = Poao), ®)

Substituting Eq. (2) into Eq. (5) yields the complete Kelvin equation, for capillary channel,
1 ( PV ) 40V, Cos(O)
n = —

P..: dRT

|75 v
P to7r P~ Psad) (6)

In the complete form of Kelvin equation, Eq. (6), the capillary pressure is often considered to be
much larger than the difference between the vapor-phase pressure and bulk saturation pressure

(Elliot, 2001), i.e.,

40 Cos(6 7
T()>>PV_PO ()
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Then, Eq. (6) transformed to the simplified Kelvin equation, or simply recognized as “Kelvin
formula” (Dexter and Richard, 2009),

In (P_”) _ 40V, Cos(O) 8)

Pt dRT

Where, PV, Py, and d depict the water vapor pressure, saturated pressure, and the diameter of the
capillary channel, respectively. And o, 6, R, V,,, and T represent the surface tension of the water,
contact angle, universal gas constant, water molar volume and temperature, respectively. Vargaftic
et al. (Vargaftik et al., 1983) has demonstrated a table for the surface tension of water from 0.01 to
374°C and an interpolating equation which represents the values in the table to well within their
estimated uncertainties. These experimental values are well represented by the Eq. (9),

o= [ o)

c
Where, B, b, T, and u are constant with the values of 235 * 1073 [N.m™1], —0.625, 647.15 [ K] and

1.256, respectively. Figure 2 demonstrates the where the surface tension and contact angle applied
in capillary channel during the equilibrium condition.
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FIGURE 2. (a) illustrates the equilibrium condition associated parameters, contact angle (), pore
diameter (d), meniscus radius (r). (b) Surface tension as plotted by formula parameterized by Vargaftic
et al. (Vargaftik et al., 1983).

IIL. Capillary condensation and critical point

By considering the Kelvin formula in Eq. (8) and another well-known relation introduced by the
Edlefsen and Anderson, 1943 (Edlefsen and Anderson, 1943),

b 10
Psat ( )

The Eq. (8) can be expressed as relative humidity (¢),

(p:
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40V, Cos(6)

dRT (1

@ (d)* =100 * exp (

This provides us the dependency of the relative humidity and meniscus curve. And capillary
condensation occurs in cylindrical channel, as condensed water makes smaller and smaller the
radius of curvature of a cylindrical meniscus, determining a condition of unstable equilibrium and
accelerating the condensation. When a capillary is full of water, a spherical meniscus forms at the
beginning of the capillary and the evaporation starts in a reversible way. Figure 3 illustrates the
schematic of capillary condensation and evaporation in micro capillary channel. The diameter or
radius of pore is the critical point in this phenomenon, Critical relative humidity is ¢ =
¢ (d)” which is in equilibrium with the radius of curvature of the pore. The parameter of d is the
diameter of the pore when the condensation begins. For lower relative humidity it cannot fill

because of the reversible condensation-evaporation.

Pore diameter

— il

Condensation

TRESTS.

FIGURE 3. A schematic demonstration of capillary condensation and evaporation. Initiated as a
cylindrical meniscus thickens, condensation occurs until the capillary is filled. When evaporation
occurs, the meniscus retreats deeply inside the capillary channel.

IV. Discussion on critical relative humidity

In this section, critical humidity is going to discuss on the cylindrical and square channels with
radius of r for “cylindrical “and length of L for “square “. By evaluating the capillary pressure in
both square and cylindrical, we found the similar valued and critical points for both types of
channels, as can be seen in Figure 4, the relation of capillary pressure for both channels. The term

of (%) is equal to 1.128, allowing for the consideration of both the capillary pressure of cylindrical

and square channels with an approximation of similarity between them (Peqp cytindrical = Prap,square)
(Slider, 1983).

In porous bodies, or in general, over a hydrophilic surface, the water molecules in contact with the
material are adsorbed and strongly bound with the internal surface due to the presence of dipoles
or image forces; the binding is so strong that this water is considered to be in the solid state.
Beyond this solid layer, other water molecules are in the liquid phase and free. The problem of
surface moisture and condensation is complex and depends on the physicochemical characteristics
of both the atmosphere and the surface. The relative humidity within a pore is a function of the
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temperature, mixing ratio, pore geometry, and presence and nature of soluble salts and can be
considerably different from pore to pore as well as from atmospheric relative humidity (Monteith

and Unsworth, 2013).
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FIGURE 4. (a) The relation between the square channel and cylindrical channel with same cross
2
section areas (7 % = L?). (b) General illustration of capillary pressure for air as non-wetting phase and

water as wetting phase.

In the capillary condensation, the smaller pore, the lower relative humidity required for equilibrium
with the water meniscus. For each capillary pore, condensation begins at a low critical relative
humidity ¢ (d)* determined by the effective radius of curvature of the pore 7, or here we defined
as diameter of pore to be able to plot the square and cylindrical channel in one plot. This is the
geometric radius of the curvature of the pore minus the thickness of the mono- or bimolecular layer
of water molecules adsorbed and strongly bound. Both condensation and evaporation are
reversible and strictly follow any increase or decrease of the ambient relative humidity level, always
being in equilibrium (“Chapter 1 Microclimate, air and temperature,” 1998; “Chapter 6
Atmospheric water and stone weathering,” 1998). The critical relative humidity plotted based on
the Kelvin equation for both cylindrical and square microchannel with approximation of

“

~ 7 . .
Pcap,cylindrical = Pcap,square ,as shown in Flgure 5.

According to Figure 5, increasing the temperature or by fluctuation of temperature is not really
significant in micro capillary condensation in a comparison of contact angle. In contrast to the
contact angle, temperate in critical relative humidity definition does not influence critical point in
capillary condensation. At its opposite point, the contact angle (@) which demonstrates the angle
between a liquid surface and a solid surface where they meet. More specifically, it represents the
angle formed at the intersection between the surface tangent on the liquid-vapor interface and the
tangent on the solid-liquid interface., as shown previously in Figure 2. It quantifies the wettability
of a solid surface (Rabbani et al., 2018; Shi et al., 2018). By increasing the contact angle or in other
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words having a non-wettable surface, critical relative humidity is also increasing. The maximum
contact angle when it becomes °90 we have the straight line of 100% in critical relative humidity
which shows the capillary condensation only can be reached in this relative humidity. Nevertheless,
this critical relative shows the importance of critical relative humidity that in case of wettable
surface, °0, capillary condensation can be reached even in lower relative humidity.
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FIGURE 5. Critical relative humidity (¢ (d)*) relation in capillary condensation/evaporation at various (a) contact
angle (0) in T =293.15 K, (b) Temperature which also has changed the surface tension for a complete wettable
surface with a contact angle of °0, 6 = °0.
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V. Conclusion

Capillary condensation and evaporation are an extremely important phenomenon that can be
addressed by microphysics of clouds relating to cultural heritage conservation. The mechanisms
for droplet formation or homogenous nucleation are the starting point for discussing this
phenomenon. In reality, this phenomenon is complex and rather unfamiliar due to the various
parameters influence the microdroplet formation. In this study, simplified kelvin equation used for
defining the critical relative humidity in capillary pores whatever in cylindrical or square. The
critical relative plotted as a function of the diameter of channel, from 0.001 um to 1 um.
Temperature fluctuation and contact angle which is physical properties of the surface channel in
microcapillary has been investigated. To conclude, we described a graphical method based on the
critical relative humidity for capillary condensation/evaporation within the various pore structures.
This paper highlighted the critical relative humidity dependency on pores diameter, contact angle
and temperature. We found that temperature in the nano-channel (0.001 gm) has not aa significant
impact on critical point in capillary condensation of water. And, as pore size increasing or in a
higher diameter, the critical point reaches to bulk critical point. In addition, we realized the contact
angle significantly influences this critical point of relative humidity which is the surface parameter
of a channels. Future efforts would be on parametrize the capillary condensation as a vapor phase
is not ideal gas, one of the important simplifications of Kelvin formulation and considering the
complete form of Kelvin equation or different models on critical relative humidity.
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