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1.4.6.5 Volume of Aadsorbed Water Molecules on the Inner Surface
in the Water-filled Pore Area
In Section 1.4.7, results of experimental investigations and molecular-dynamic (MD)
studies are reproduced on the question of adsorbed water-molecule films at the inner
surface in the water-filled pore region.

Reported are, among others, the results of capillary water transport experiments
on nanopores, according to which stable surface films of 0.4–0.6 [nm] thickness (Xu
et al. [54]) or 0.60 [nm] thickness (Gruener et al. [55]) are formed on the inner sur-
faces of the pores. These adsorbed films constrict the pore cross sections and do not
themselves participate in fluid transport.

K. Wu et al. [56] evaluates 50 corresponding studies and finds a nonpartici-
pating film thickness of about 0.7 [nm] and a “dramatic” increase in viscosity
of the adsorbed films at pore diameters ≤ 1.4 [nm].

Antognozzi et al. [57], Zhao et al. [53], and Arai et al. [58] determine using AFM
that tough molecular layers of at least 0.70 [nm] form on surfaces with behavior dif-
ferent from bulk water.

The theoretical consideration undertaken in Section 1.4.6.4 based on the
surface energy of adsorbed films yields a sorption thickness between 2.5 and 4.4
molecular layers, on average order of magnitude 0.90 [nm].

Knowing the sorption film thicknesses in the water-filled pore regions is
of high importance for understanding and modeling moisture transport in porous
materials. Therefore, for the sample material REF, it was computationally deter-
mined which water content fraction results in partial or complete water saturation
of the material, if constant adsorption film thicknesses are taken as a basis in the
order of magnitude of the previously mentioned, experimentally and theoretically
determined values.

Film thicknesses tfilm= 0.30, 0.45, and 0.60 ⋅ 10−9= const. [m] were used in the
calculation.

The following relation was used for this purpose:

ΔVfilm(𝜑1) = 𝜃N (𝜑0) + tfilm ⋅ ΔA(𝜑0, 𝜑1) (1.98)

Then, to an initial value 𝜃N (𝜑0) is added the water volume, which is the product of
the film thickness tfilm and the inner surface area ΔA(𝜑0, 𝜑1) between the initial 𝜑0
and the running upper 𝜑1 boundaries. 𝜃N (𝜑0) is the water content of the net adsorp-
tion curve at a pore radius of a water molecule rR(𝜑0) = 0.30 ⋅ 10−9 with 𝜑0 = 0.0116.
ΔA(𝜑0, 𝜑1) corresponds to the area integral (1.77).

For smaller 𝜑 values, the volume from film thickness and surface area partially
exceeds the existing pore volume. It is then set equal to the corresponding volume
of the net storage function.

The result of the calculations can be seen in Figure 1.35. It can be seen that
for a film thickness of 0.30 [nm], the pores are filled with adsorbed water up to
𝜑 ≈ 20%, for a film thickness of 0.45 [nm] up to 𝜑 ≈ 40%, and for a film thickness
of 0.60 [nm] at relative air humidity up to 𝜑 ≈ 55%. These conditions have an
appreciable effect on moisture storage and transport in a pore system, which must
be taken into account when modeling moisture transport.
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Figure 1.35 Adsorption isotherm of the material REF and net storage function and
volume of adsorbed water molecules at the inner surface in the water-filled pore region
with film thicknesses of 0.30, 0.45, and 0.60 [nm]. The net adsorption isotherm shows the
water content of the pore system up to the considered value 𝜑, without the moisture
content adsorbed on the inner surface in the non-filled pore area above.

1.4.7 Molecular Simulations and Experimental Investigations on the
Dimension of Adsorbed Film Thicknesses (International Research
Results)

With the help of computer programs, that simulate via modeling, the interac-
tions between molecules and atoms to their motions, mergers and attachments, it
is possible to estimate the sorption of liquids on solids or resulting film thicknesses.
For years, programs have been used for this purpose, known as MD or MDS as
molecular dynamics simulations, which are further developed for simultaneous
description of chemical reactions under the name molecular mechanics, in the
last stage as reactive molecular dynamics (RMD), which obviously require
very large computational effort, for example, require the use of parallel computers,
compare H.M. Aktulga et al. [59]. An overview of the state of development and
available programs is given by K. Farah et al. [60].

Castrillon et al. [61] reports in his paper the results of MD simulations on
sorption of water films on quartz surfaces. Among other things, the distribution
of density and local potential energy near the surface is also reported. Castrillon,
extending his calculations to water molecule thicknesses corresponding to about 15
monolayers, finds an influence on the water-molecule orientation up to a distance
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of about 1.4 [nm] from the surface and a firmer bond or stiffness (H-bonding) of
the water-molecule layers up to a thickness of 0.4–0.6 [nm].

However, the results of calculations with current computer programs always
require confirmation by the results of experimental investigations:

The development of AFM or surface force apparatus (SFA) technique
now allows additional insight into the formation of film thicknesses at interfaces.
The paper by Israelachvili et al. [62] provides an overview of the status of this devel-
opment up to 2010. In these devices, an upper tip (guided by special piezoelectric
crystals) is gradually moved in small air-conditioned chambers to the material
surface to be tested, which may be covered with a liquid film thickness. The exact
distances are measured using light wavelengths or laser technology.

Figure 1.36 shows schematically the structure of an AFM. The caption pro-
vides more information about the function. A recent overview of the state of AFM
technique can be found from Peng et al. [63]. Problems concerning the interpreta-
tion of the results of conventional AFM technique with tip insertion are discussed
in [64]. An overview of other investigation techniques used, such as NMR and X-ray
techniques, can be found in Monroe et al. [65].

In the work of Xu et al. [54], permeability experiments and subsequent
MD simulations are reported. In particular, transport experiments are performed
on fine porous material of Vycor glass with mean pore diameters of 3.4 and 7.2 [nm]
and on porous quartz material Xerogel with mean pore diameters of 3.4 [nm].
Aqueous solutions with 1M NaCl and 1M CaCl2 are also used for comparison.

AFM cantilever

Si

≈ 1.7 [nm]

0 [nm]
≈ 0.7 [nm]

Tip
Tip

Thin water film

Muscovite mica

Figure 1.36 Schematic representation of the principle of an AFM (atomic force
microscope) inside a temperature and humidity adjustable measuring chamber. A very fine
tip attached to a cantilever is moved over the area of the interface to be measured,
horizontally in 2D or/and vertically in 3D scanning. The tip or curved surface can be guided
into the liquid film in Ångström steps. The path of the tip is measured by a laser apparatus
or a light wave interference system, and the ultra-small forces occurring at the tip are
measured via the spring stiffness of the cantilever. The cantilever can also operate above
the interface with the solid submerged in the liquid. The cantilever can be operated in
static mode or in dynamic mode (near its resonance frequency), in the latter case frequency-
modulated as FM-AFM or amplitude-modulated as AM-AFM. Source: The pictorial elements
shown here are taken from Arai et al. [58]/Springer Nature/CC BY 4.0. The measurements of
Arai et al. were made in saturated water vapor atmosphere on interface to muscovite mica.
The nanometer dimensions given in the figure are measurement results: up to about
0.7 [nm] a tough molecular layer was measured, covered up to about 1.7 [nm], with bulk
water.
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In both the experiments and the MD simulations, respectively, it is found that the
material pores have a 2-layer water-molecule film of about 0.6 [nm], which leads
to a corresponding narrowing of the pores during moisture transport. There were
no significant changes when sodium chloride and calcium chloride solutions
were used.

S. Gruener et al. [55] perform capillary water uptake experiments on Vycor glass
with mean pore diameters of 3.4 and 4.9 [nm]. The analyses revealed surface films
not participating in moisture transport on the order of 2 molecule layers.

Asay and Kim [66] performs infrared spectroscopic ATR (attenuated total
reflection) studies on flat silicate surfaces at 20 ∘C and increases the relative humid-
ity of air and finds that an approximately 3 monolayer thick water film of an “icelike”
nature forms on the silicate surface.

K. Wu et al. [56] evaluates the results of more than 50 different studies
on the question of the formation of water-film thickness using a model based on
Hagen-Poiseuille’s theory to describe water transport in cylindrical pores in the
presence of film thicknesses on the inner pore walls. The theory is applicable to
pore diameters >1.4 [nm], since a dramatic increase in viscosity occurs for smaller
diameters. Wu’s comparative calculations lead to the conclusion that, especially for
pore diameters <10 [nm], there is an increase in viscosity for hydrophilic materials
compared to bulk water, while a large decrease in transport resistance occurs for
transport processes in hydrophobic materials. In hydrophilic materials, according
to Wu, an approximately 0.7 [nm]-thick stable film thickness is formed on the inner
surfaces.

Antognozzi et al. show in [57] results of measurements on thickness-dependent
shear viscosity on a glass/mica combination, determined with a transverse dynamic
force microscope (TDFM). A section of an optical glass fiber with plane-cut surfaces
is used as a tip and guided in dynamic shear motions over water films of differ-
ent thicknesses on a muscovite mica surface. The experiments show, that below
about 0.9 [nm], there is a dramatic increase in shear viscosity or shear stiffness of
the water-molecule layers between the glass surface and the mica.

This increase in stiffness therefore occurs below a film thickness of 0.45 [nm] with
respect to one of the two material surfaces.

Figure 1.37 shows AFM results and MD calculations from Kimura et al. [67].
These analyses were performed at the interface between muscovite mica and an
upstanding 1M KCl aqueous solution. According to the results of Martin-Jimenez
et al. [68], ion concentrations ≤ 1M have only a minor influence on the structure of
the water-molecule layers, compare the following remarks. From the results shown
in Figure 1.37, it can be concluded that a film thickness of 0.45 [nm] was also
present, according to the results of Antognozzi et al. From these results, it can be
concluded that, at least for low-concentrated electrolyte solutions (or pure water), a
primary sorption layer thickness of about 0.45 [nm], already determined by Kimura
et al. and Antognozzi et al., can be assumed. Furthermore, it follows from the
present work that primary layers of greater thickness result at higher electrolyte
concentrations.
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Figure 1.37 Results of 2D force scanning of the muscovite mica material interface
perpendicularly into the overlying 1M KCl aqueous solution using FM-AFM. The left part
schematically shows the crystalline structure of the mica. Below is the microscopic AFM
image of the corresponding surface when scanning the surface. This cleaved mica surface
corresponds to a structural section corresponding to the blue-dashed line in the schematic
structure image above. The right part shows the registered structure in the aqueous
solution above the mica surface. At the muscovite mica/water interface, the water molecule
layer penetrates into the center of the hexagonal structure schematically illustrated on the
left. In the upper layers, fluid water molecule layers are observed, and they show a smaller
correlation with the surface structure. The layers registered by the authors are indicated at
the right edge of the image. The total image height is 1.1 [nm]. The yellow particles in the
sub-image are likely to be K+ ions or hydrated K+ ion complexes adsorbed on the surface.
Source: Kimura et al. [67]/AIP Publishing.

By Martin-Jimenez et al. [68] present further insightful investigation
results on 3D structure at interfaces. Figure 1.38 contains some results of these
investigations and related details. Further results of this work can be reproduced as
follows:

The interaction with the mica is found to have a nearly complete monolayer of
cations at low salt concentrations (0.2M), as indicated by the AFM images. The K+

ions from the solution occupy the positions in the cleaved plane previously occupied
by K+ ions in the bulk mica crystal. The water molecules from the first hydration
layer are tightly bound to the solid surface, occupying the space between the cations.
The second hydration layer is placed 0.25 [nm] above the adsorbed K+ ions and it fol-
lows its atomic corrugation. The water molecules in the 2nd layer are centered on top
of the cations of the first layer, but with a larger lateral spreading. The accompanying
DFC simulation predictions show a significant reduction of the cation coverage of
the mica at low salt concentration.

At higher salt concentrations (3–5M), the interfacial layer has a different structure
and composition. It is thicker and shows a crystal-like structure.

The observed phenomenology is not restricted to KCl solutions. It also applies to
other alkali halide electrolyte solutions.
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Figure 1.38 Three-dimensional AFM-images of muscovite mica/electrolyte solution
Interfaces. (a) 3D AFM image of a KCl (aq.) solution (0.2M KCl). The image shows a
monolayer resp. interface of partial adsorbed K+ ions (light red) topped by two hydration
layers (lighter stripes), following the atomic corrugation of the mica surface. (b) 3D AFM
image of a mica-KCl (aq.) interface (4M KCL). The interface is divided into two main regions:
an ordered liquid layer extending up to 2 [nm] from the mica surface into the bulk solution
above it. These 3D maps show the variations of the phase shift of the tip’s oscillation. The
3D AFM experiments were performed at 300 K. Source: Martin-Jimenez et al. [68]/Springer
Nature.

The results reported by G. Zhao et al. in [53] are particularly remarkable as
well. Figure 1.39a,b shows selected results of the investigations with a SFA 2000
apparatus.

These AFM investigations have the special feature that the conventional tip
configuration was not used, but instead 2 cylindrical surfaces (tube sections with
a radius of 2 [cm]) were arranged in a crossed configuration opposite each other.
Both crossed cylindrical surfaces were covered with a cleaved layer of muscovite
mica. The mutual distance of both surfaces was measured in the AFM in steps
of 0.1 [nm] using the MBI lightwave interference technique FECO, using a video
camera to allow direct monitoring of the surface separation and phase change of
the adsorbed water between two mica surfaces. More Details of the measurements
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Figure 1.39 Measurement results of G. Zhao et al. from [53] on water vapor sorption on
muscovite mica (measured with SFA 2000 measuring apparatus). (a) Time-dependent
evolution of sorption film thickness from water on muscovite mica under constant vapor
pressure. (b): The black squares give the measured values of the formed film thicknesses as
a function of vapor pressure at sufficient distance of the opposing surfaces. When the
surfaces are automatically moved together, part of the original water film is reduced. This
process comes to a halt due to corresponding counterforce at a mutual distance of the
muscovite surfaces in the order of D = 0.90 [nm] after 10 hours, which leads to a layer
thickness of D∕2 = 0.45 [nm] related to each of the two surfaces, if the feed force is not
significantly increased. The solid square symbols indicate the initial thickness of the
measured adsorbed water film at the moment of two mica surfaces contacting together. The
hollow square symbols indicate the film thickness reduced to the light blue area under the
action of the external load schematically shown by the sub-picture below. In the right part
of the figure (b) the corresponding measured value of approx. 0.9 [nm] after approx.10
hours pressure at 80% RH results, when the experiment is carried out in water. This result
also corresponds to an individual layer thickness of 0.45 [nm] per surface. Source: Zhao
et al. [53]/AIP Publishing.

can be taken from Figure 1.39b or the corresponding figure caption. Some relevant
details will be presented here in addition:

After vapor adsorption process, over hours at sufficient distance between the mica
surfaces, the opposing mica surfaces are pressed together with the pressure value
mentioned in the sub-figure of Figure 1.39b. A film of water molecules of thickness
of about 0.45 [nm] is formed under this pressure. The authors describe the state of
this film as similar to solid that cannot flow easily.

In following experiments, the stability of this film under sustained com-
pression was tested. It is found that creeping occurs at which after hours, the layer
thickness was reduced approximately to half. They conclude that the primary layer
(of 0.45 [nm]) of the adsorbed water is unstable under the action of an external load
and its property is similar to an ice-crystal structure that will creep under the action
of an external load even with a smaller pressure.

Separation tests after compression were also performed. In this case, the separa-
tion between two rigid solid surfaces happens without any capillary condensation.
It is found that the adhesion force increases with the relaxation time when the mica
surfaces are bridged by the first layer of the adsorbed water film.
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Figure 1.39a shows the results of time-dependent adsorption experiments: after
10 hours at 60% RH/25 ∘C an adsorption layer thickness of D∕2 ≈ 0.70 [nm] was
formed on the mica surface due to the vapor pressure in the test chamber. These
results on 12 independent measurements, each with new muscovite surfaces, show a
time dependence of the sorption process. Information on the related air/vapor veloc-
ity in the measuring chamber was not provided.

In Section 1.4.6.4, the question was asked at the beginning: Can one really
assume that the sorption film thicknesses at the pore walls to be expected in the
water-filled pore region correspond to the vapor pressure-dependent adsorption film
thicknesses that are present in the open pore fraction not yet filled with water?

From the present book section and the preceding Sections 1.4.6.4 and 1.4.6.5, it is
now clear that there is no correlation between the sorptive film thicknesses
in these two regions. Films from vapor sorption with thicknesses of up to about
1.7 [nm] can be expected at high RH, while in the water-filled region films formed on
the pore walls have a structure deviating from bulk water up to thicknesses of at most
about 0.70 [nm], and which exhibit ice-crystalline properties at thicknesses ≤ about
0.45 [nm]. According to previous findings, this is true for hydrophilic interfaces to
pure water or aqueous electrolyte solutions with concentrations ≤ approx. 1M.

For higher concentrated aqueous electrolyte solutions, significantly higher film
thicknesses must be assumed, compare [68].

The analyses of ion concentrations in the pore solution of HCP from Port-
land cements according to EN-197 yield concentrations of at most ≈ 0.30M,
compare Lothenbach et al. [69] and Kenny/Katz [70]. The vast majority of ions in
the hydrated state of the cements consist of potassium and sodium ions. The ion con-
centration in hydrated hardened cement paste decreases drastically when increasing
amounts of fly ash are used [70].

From the experimental studies, especially by G. Zhao et al. [53], it appears that
mutual compression from opposing surfaces makes the adsorption films thinner, but
they apparently adopt an even more stable consistency.

Therefore, the question is to be asked whether, for example, the decrease in
permeability during a pressure test with high pressures when determining the
hydraulic conductivity can also be attributed to a parallel solidification of formed
adsorption films, compare Section 3.1.8.1.

1.4.8 Influence of Adsorption Films on Meniscus Formation
and on Capillary Pressure in Capillary Pores

In Section 1.3, the basic relationships of fluid uptake in porous materials as a result
of surface energetic conditions were discussed. A distinction was made between
fluid uptake due to capillary suction and fluid storage due to condensation from the
penetrating vapor phase. The investigations in the previous sections showed that
different adsorption layer thicknesses can form behind a meniscus in the
water-filled pore region and in front of the meniscus, which meet each other
in the region of the meniscus.
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At 𝜑 = 50%, according to Section 1.4.6.5, an adsorption film thickness of about
0.7 [nm] is present behind the meniscus, while in front of the meniscus, the adsorp-
tion film thickness from the vapor phase is about 0.50 [nm] (Figure 1.28a). This
raises the question of the consequences for the formation of the meniscus and
its edge angle to the pore surface, and thus for an influence on the capillary pres-
sure. Related to this is the question of fluid storage potential by suction or capillary
condensation.

Numerous publications have investigated what shape the fluid surface of a
meniscus takes at the transition to the pore wall. Cited here are only the papers
by Churaev et al. [52] and Kuchin and Starov [72], from which Figure 1.40a,b were
taken.

In Figure 1.40a, the shape of the menisci at complete wetting (2) and partial
wetting (1) with associated edge angle is given in the figure scale. Furthermore, an
adsorption film he at the pore inner surface of thickness 1.85 [nm] is assumed there.
This is a film thickness present at the basic isotherms for flat surfaces used here at a
relative vapor pressure of 𝜑 ≈ 99% (compare Figure 1.27). The corresponding cal-
culated shapes of the liquid surface at the transition of the meniscus to the pore wall
are given in detail for the partial wetting case in Figure 1.40b.

Particularly in the presence of larger film thicknesses of, for example,
t = 1.5 [nm] (in front of the meniscus), the question remains, despite the theoretical
modeling results of Kuchin (Figure 1.40b), for example, to what extent a force
transfer from a meniscus to the pore wall in the longitudinal direction of the pores
into the membrane surface of the film may be assumed.

This mainly concerns situations where liquids are transported by capillary suction
in a pore system whose pore walls are covered by said liquid film. It must be taken
into account that the liquid molecules below the film surface are largely in the bulk
state in the case of thicker films. Notable forces in the form of shear stresses cannot
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Figure 1.40 Figures and results of modeling from Kuchin et al. [71] and Kuchin and
Starov [72]. (a) Representation of the shape of the menisci in total wetting (2) and in partial
wetting with the corresponding contact angle 𝜃e. (1) (b) Liquid profile in a capillary in the
case of partial wetting in the state of local equilibrium at excess pressure P ≠ Pe; r and 𝜃

are the radius of the spherical meniscus in the central part of the capillary and the new
local equilibrium contact angle (𝜃 ≠ 𝜃e) (1) Spherical meniscus of a new radius r, where
r ≠ re; (2) profile of part of the transition zone at local equilibrium with the meniscus; (3)
flat equilibrium liquid film of thickness he, with old equilibrium excess pressure Pe; (2’) a
flow zone inside the transition region. Source: Kuchin et al. [71] and Kuchin and Starov
[72]/American Chemical Society.
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be transmitted to the pore wall in this region, if the results of research work are
interpreted accordingly.

According to the results, for example of [73], [74], and [75], when shear stresses
are applied, slipping takes place between the film surface and the firmer
approximately 2 molecule-layer-thick layer on the material surface. Only when
approaching the pore wall does the surface free energy in the adsorbed film increase
according to the Sections 1.4.7, 1.4.6.1, or 1.4.6.4, and thus the ability to absorb the
edge stress from the meniscus.

This is also clear in the approaches to disjoining pressure in adsorption films by,
for example, Churaev et al. [52] and Kuchin et al. [71]. Also, Schimmele et al. [76]
assumes that, especially at contact angles≥ 0o, the meniscus edge force is introduced
into the “load-bearing” pore wall.

From this, the assumption could be derived that the force transfer from a menis-
cus in the mentioned transport situation (with the occurring molecular slipping) is
always transferred into the “solidly” adsorbed surface layer about 2 molecule layers
thick, according to Figure 1.41a,b.

Systematic investigations of this question on capillaries with different inner film
thicknesses, generated from different relative humidities of air, have probably not
been realized so far because of experimental difficulties.

Behavior as assumed in Figure 1.41a,b, on the other hand, could be unjustified
in the case of capillary condensation in pore systems, where increasing pore
filling occurs not by suction but by condensation from the vapor phase. In this case, a
stress equilibrium between meniscus edge force and pore-film surface is conceivable
in the region of the meniscus transition, depending on local conditions, without any
appreciable effect of a slipping influence.
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Figure 1.41 Modeling of the force transmission from the meniscus edge into the area of
the contact zone. (a) Complete wetting with contact angle 𝜃 ≈ 0o. (b) Partial wetting with
contact angle 𝜃 ≥ 0o.
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Figure 1.42 Schematic illustrated
behavior of the shape of the menisci
and the contact angles in a pore
system during fluid adsorption
(advancing meniscus) or fluid
desorption (receding meniscus).
Source: Andrew et al. [78]/with
permission of Elsevier.

Equilibrium
Advancing Receding

However, compared to equilibrium, a flattening of the meniscus takes place in the
case of water absorption by vapor sorption and an increase of the curvature in the
case of drying processes. Many publications attempt to model this process, see Starov
and Velarde [77] and Kuchin and Starov [72]. Measured values on the phenomenon
are reproduced, for example, in [78] and [79].

With capillary fluid uptake, a flatter meniscus and larger edge angle usually
establishes itself because of the lower initial transport resistance, which transitions
to the equilibrium position when transport stops. The degree of change of the edge
angle depends on the particular transport resistance, see Popescu et al. [80] and
Figure 1.42, for instance. Many publications are concerned with this question resp.
the shape of the meniscus and the contact angle as a function of liquid uptake
or liquid release in the pore system.

Different capillary pressures are associated with each of these meniscus shapes,
which can differ significantly in the adsorption and desorption phases. Nevertheless,
no influence on the hysteretic behavior of the moisture storage can be derived from
these transient phases, since the respective equilibrium states are assigned to this
behavior with the associated stationary menisci and contact angles. The condensate
volume at the inner pore surfaces of the pore system forms according to Section 1.4,
and because of the small influence of the discussed relation on the pore radii, the
dependencies between pore radius and capillary pressure or of Section 1.3
should be applied unchanged.
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