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          Abstract

When we have a material in two phases and a surface between them, the material tries to minimize the interface
area in order to reduce the excess of associated surface energy. The thermodynamic system reacts minimizing
the Gibbs free energy. According to the Gibbs' surface thermodynamics, the Gibbs–Thomson effect arises. This
phenomenon is relevant to the shift, with respect to the bulk system, of the melting and freezing temperatures of
a confined substance, and it is observed in porous frameworks as a function of pore size.  Here, we will consider
the literature regarding the Gibbs-Thomson effect  as observed for the confinement of water in mesoporous
silica, porous carbon materials and biochar. Besides the investigation of temperature shift, we will evidence the
researchers' specific interest to the liquid-like interfacial layer which is present between the walls of the pores
and the confined phase. 
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Introduction
When we have a material in two phases and a surface between them, the material tries to minimize the
interface area in order to reduce the excess of associated surface energy (Cantor, 2020). The origin of the
surface energy is in the local structure and bonding of atoms and molecules. At the surface, atoms and
molecules have a greater energy than that possessed by atoms and molecules in either of the two phases. The
system reacts minimizing the Gibbs free energy. Considering two phases α , β and related free energies,
when Gα<Gβ , α  phase creates an outward pressure, balanced by the surface energy at the interface,
so that the difference of free energy is given by (Cantor, 2020):

 ΔG=Gβ−Gα=2V mγ /r   (1),

where Vm is the molar volume and r the radius of the α domain, which is spherical to minimize the
surface area. γ is the interfacial free energy. (1) is the Gibbs-Thomson equation (Cantor, 2020). 

The approach of Gibbs thermodynamics to a two-phase system gives rise to the Gibbs–Thomson effect,
which is regarding the shift of melting and crystallization temperatures for a confined material, with respect
to the thermodynamic system with a flat interface. Consequently, the Gibbs-Thomson effect is observed in
porous materials as a function of the pore size.  Here, we will consider the melting and freezing of water in
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mesoporous silica particles and in porous carbon materials. Let us remember that mesoporous materials are
characterized by a framework of pores the size of which is in the range from 2 nm to 50 nm, according to
IUPAC terminology (Fang et al., 2010). Pore size is given by the distance between opposite walls of the
pore, that is the diameter in the case of cylindrical pores (Sing, 1991, Salamon, 2014). 

Besides the investigation of melting and freezing temperature shift, the study of water adsorption and of the
related molecular status in mesoporous materials is important for many applications, ranging from water
recycling to fossil fuel extraction, as stressed by Wang et al., 2019.  The reason is in the peculiar behavior of
the confined solvent molecules, which is influenced by the interactions with the walls of the porous material.
Moreover, specific interest is devoted to the liquid-like interfacial layer which is present between the walls
of the pores and the confined phase (Wang et al., 2019).  The molecules, which are in this layer, might
behave differently from the molecules in the core of the pores. 

In the following discussion we will propose literature mainly about the Gibbs-Thomson effect and the shift
of melting and freezing temperatures for water.  The liquid-like layer will be considered too.

Bound water and thermoporometry
In a discussion about  phase-change materials  in wood (Sparavigna,  2022),  we mentioned the article by
Nopens et al., 2020, who considered the mesopores in the wood cell walls at dry and wet conditions. Nopens
and coworkers  remember that, in the literature regarding wood, water has been distinguished as "free water,
freezing-bound water and non-freezing bound water" (Nopens et  al.,  2020,  Nakamura et  al.,  1981).  To
investigate the porosity of wood cell walls as can be deduced from the differential scanning calorimetry, the
researchers used the Gibbs-Thomson effect, remarking that the method has an intrinsic low boundary of 2–3 
nm pore size, because no melting of water can be observed below this pore size (reference given by Nopens
and coworkers is Park et al., 2006). Park and coworkers give the relation between the pore diameter D and
the depressed melting temperature T(D), in the following form of the Gibbs–Thomson equation:

 ΔT=T0−T (D)=−
4T 0γ ls
D ρ H f

cosϕ      (2)

In (2), which is different from the previously given (1),  T0  is the melting temperature of bulk water (273.15
K), γls is the surface energy at ice-water interface (12.1 mJ/m2), ρ, Hf are density and bulk enthalpy of fusion
(specific heat of fusion) of freezing bound water, assumed to be equal to that of unbounded water (1000
kg/m3 , 334 J/g).  D is the diameter of the pore. ΔT is the melting temperature depression. Then the
water in a smaller pore has a larger melting temperature depression. Usually, angle ϕ is assumed to be near
180° in cylindrical pores. 

In the dimensional form, (2) gives:

 [ kB ΔT

k
B
T

0 ]=[ γ ls
D ρ H

f ]=[ energy⋅L−2

L⋅M⋅L−3⋅energy⋅M−1]=[ energyenergy ] , 

where kB is the Boltzmann constant, and M, L are the dimensions of mass and length. 

Here,  it  is  better  to  remember  also the expression of  the  Gibbs-Thomson effect  given by Jackson and
McKenna, 1990, of the melting point depression for a small spherical crystal  (size d)  in its own liquid in
the form:

 ΔT=T0−T (d )=
4T 0γ ls
d ρ H f

   (3)

It is assumed an isotropic surface energy at solid-liquid interface and that the crystal side is sufficiently large
that the material retains its bulk properties for density and specific heat.
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Jackson and McKenna  investigated  the  phase  transition  temperatures  and heats  of  fusion  for  nonpolar
organic  materials  (cis‐  and  trans‐decalin,  cyclohexane,  benzene,  chlorobenzene,  naphthalene,  heptane)
confined in controlled pore glasses. The pore diameter D was in the range of 4–73 nm. As for the previous
studies of inorganic materials,  the melting point  T(D)  decreased with decreasing pore diameter.  Also a
reduction in the bulk enthalpy of fusion was measured.

For what is regarding the study of the pore size distribution in the wood cell wall,  a very recent work has
been proposed by Zhong and Ma, 2022. The research is based on data provided by differential scanning
calorimetry (DSC) thermoporometry, in the framework of a continuous method. "The pore size distribution
(PSD) of cell wall is crucial for the wood", and can be analyzed by means of "the heat absorption of cell
wall water upon melting" (Zhong & Ma, 2022). For a detailed discussion about the thermoporometry by
means of the differential scanning calorimetry, Landry, 2005, is a proper reference (the first method for
simultaneous determination of shape and size of pores was proposed in 1977 by Brun et al.). In any case, it
is necessary to stress Landry told that "no general consensus for DSC temperature programs [exists], as
experimental  conditions  are  often  dictated  by  many  variables".  The  variable  are  regarding  "the
characteristics of the porous solid, the solidification temperature of pore-filling liquid, the sample size, the
instrument capabilities, and most often, the analyst preferences" (Landry, 2005).

Of course, the importance of the confinement of water is not only relevant for wood. Let us mention just a
recent study, that by Salvati Manni et al., 2019. "Water in restricted geometries has different properties than
in  bulk.  Confinement  can  prevent  low-temperature  crystallization  of  the  molecules  into  a  hexagonal
structure and thus create a state of amorphous water" (Salvati  Manni et al.,  2019).  What is  relevant  to
understand is the "survival of life at subzero temperatures", because of its nanoconfinement into lipidic
membranes. In fact, Salvati Manni and coworkers, by means of specifically designed synthetic lipids, were
able of maintaining "amorphous water down to ~10 K due to nanoconfinement". Let us note that the system
is  displaying a lipid–water  phase diagram, with the presence of  bicontinuous cubic and lamellar  liquid
crystalline phases, with the presence of "subzero liquid, glassy or ice water". 

In an article provided by ETH Zurich, 2019,  announcing the results by Salvati Manni and coworkers, it is
told that research has "identified an unusual way to prevent water from forming ice crystals". The first step
is the design and synthesis of lipids able to produce lipidic mesophases. The lipids are spontaneously self-
assembling and aggregating to create membranes, which are assuming the form "a network of connected
channels that measure less than one nanometer in diameter" (ETH Zurich, 2019). "What's so special about
this structure is that ... there is no room in the narrow channels for water to form ice crystals, so it remains
disordered even at extreme sub-zero temperatures. The lipids don't freeze either" (ETH Zurich, 2019). In
any case, let us remember that in all the water-based lyotropic liquid crystals (Neto  & Salinas, 2005), we
have the presence of water confined in narrow channels.

Gibbs composite-system thermodynamics
As we can find told by Michael R. Landry, 2005, the thermoporometry is a measurement method of the pore
size, obtained by means of the "melting or freezing point depression of a liquid confined in a pore". The
depression is due to the "contribution of surface curvature to the phase-transition free energy". In the article
by Landry, a specific section is discussing the "heating versus cooling experiments". There, it is stressed that
it is important to distinguish the two measures, in heating and cooling, and also to distinguish the terms
"supercooling" and "undercooling" used to "describe the delayed onset of liquid-solidification" (Landry,
2005).  Supercooling  is  used  to  indicate  the  metastable  liquid  state  below  the  equilibrium  freezing
temperature of the liquid, which is observed when the porosity effect is absent; for a supercooled liquid the
freezing  temperature  is  "not  reproducible  with  any precision"  (Landry,  2005).  The  undercooling is  the
presence of liquid below the equilibrium freezing temperature due solely to the  confinement in the pores. In
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this case, the freezing temperature is reproducible (Landry, 2005). In literature, we can find both mentioned
and evaluated the melting and freezing point depression of temperatures.

Eq. 12 in the article by Landry is giving the relationship between the temperature depression ΔT and the
pore size d is given  as (note the approximation):

ΔT≈
4T 0γ ls
d ρ lH f

cosθ     (4)

Angle  θ is  given by Eq.  3  in Landry's  discussion  about  liquid (mercury) intrusion porometry.  The
density is that of the liquid mass. Please consider the derivation of this equation in the Appendix of Landry's
work. This equation is "analogous to the Gibbs–Thompson equation", the equation regarding the melting
point depression for "small crystalline solids" (Landry, 2005). It is also noted that "a layer of non-freezable
liquid usually exists along the walls of a porous material" (Landry, 2005). 

As given by Landry, the melting point depression for a mesoconfined solid phase can be obtained from the
Gibbs surface thermodynamics. In 2020, Janet Elliott has also discussed this thermodynamics required by
composite materials,  remembering that it is based on the work by J. W. Gibbs, “On the Equilibrium of
Heterogeneous Substances”,  published in  two parts  in  1876 and 1878 respectively.  Its  applications  are
mainly  in  the  fields  of  biotechnology  and  nanoscience,  including  the  systems  with  interfaces,  curved
interfaces and multicomponent phases (Elliott, 2020).

Water in silica nanopores
Among the porous materials, mesoporous silica gained popularity in 1992 when it was disclosed a method
to produce silica particles having inside a regular network of pores with hexagonal and cubic symmetries
(Kresge et al.,  1992, Beck et al.,  1992). The method, proposed as based on a liquid-crystal 'templating'
mechanism, is a form of modified Stöber process (Sparavigna, 2022). Most commonly used mesoporous
silica particles are MCM-41 and SBA-15, both with hexagonal symmetric arrangement of pores.

Findenegg et al., 2008, considered the water freezing and melting in silica nanopores. The researchers give
Gibbs-Thomson equation in the form:

T p(R)−T0=−C
R

  with C=
2T 0ν (γWS−γWL)

ΔhSL
   (5)

Quantities  γWS ,γ WL are  the  surface  free  energies  per  unit  area  of  two  interfaces,   wall/solid  and
wall/liquid.  Δ hSL is the enthalpy and v  the volume of the liquid or solid phase, "depending on which has
the lower surface free energy against the wall" (Findenegg et al., 2008). The equation can be rewritten by
means of the Young’s equation:

γWS−γWL=γ SLcosθ    (6)

γ SL  is the interfacial tension of ice/water,  θ represents the contact angle formed by the ice/water
interface with the wall (Findenegg et al., 2008). Eq.5 gives a melting temperature in pores which can be
depressed or elevated, depending on the difference between the surface energies. As stressed by Findenegg
and coworkers,  "in most  cases the former situation (γWS−γ WL>0) prevails,  since liquids can adapt  to
rough pore walls better than crystalline solids". In the article by Findenegg et al.  we can find also two
wetting scenarios: the partial wetting case and the complete wetting case. For partial wetting, θ < 90° , the
solid phase is remaining "in direct contact with the wall up to the pore melting temperature"; in the case of
the complete wetting, θ = 0°, and due to a strong feeling of the pore wall for liquid, "a thin liquid-like layer
starts to form at the solid/wall interface at a temperature well below" the pore melting temperature. "The
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existence of such a premelted layer at the pore walls is not accounted for in the original Gibbs–Thomson
relation" (Findenegg et al., 2008). 

Using mesoporous silica materials MCM-41 and SBA-15 of well-known pore radius  R,   Findenegg and
coworkers are fitting the data with the curve:

ΔT p(R)= C
R−t    (7)   

Forcing a fit with t = 0 is not possible for pore radii R < 2 nm. Therefore, the result is suggesting that the ice
in the pores has a radius RS = R−t ,  where t  is the thickness of a liquid-like layer, when we are at the
melting temperature.

Fig. 1 - Effect of  pore diameter d in nm, on the melting
temperature of water in cylindrical pores of ordered MCM-41

and SBA-15, as given in the Figure 1 of the article by
Findenegg et al., 2008.

In the discussion of their work, Findenegg and coworkers are mentioning the "open question" regarding "the
transition from melting/freezing to some sort of glass transition of water as the pore size is reduced". In fact,
it  is  given  by  experiments  that  the  first-order  phase  transition  vanishes  in  nanopores  of  MCM-41
(Findenegg et al., 2008). There are two effects to consider: the increasing disorder in the ice phase when the
size  of  pores  is  reduced,  and  the  increasing  of  the  short-range  order  in  the  liquid  phase  at  the  low
temperatures in narrow pores. "As a result, the local structure of ice and liquid water in the pores becomes
more and more alike as the pore size decreases". Findenegg and coworkers note that X-ray and neutron
diffraction analyses have given the ice in a defective form of ice with cubic features,  rather than with
hexagonal features. Further precise discussions of other experimental results are given by Findenegg and
coworkers.

MCM-41, SBA-15 and PCMs
MCM-41 and SBA-15 are the hexagonal symmetry mesosilicas used by Findenegg and coworkers to study
water. MCM-41 means Mobil Composition of Matter n.41, as being proposed by a Mobil Research team
(Beck et al., 1992). The discovery of SBA-15, Santa Barbara n.15, is ascribed to the Galen D. Stucky Group
in 1998 (Zhao et al., 1998). SBA-15 has a high specific surface area in a final material which is stable and
displaying a high mechanical resistance (Galarneau et al., 2007, Benamor et al., 2012). In Roucher et al.,
2019, it is stressed that the main feature of the materials is the presence of quite large pores, with respect to
zeolites, which is consequently allowing even large molecules to diffuse. In the discussion by Vallet-Regí et
al., 2022, SBA-15 is shown having a structure with pores arranged in hexagonal order, with micropores in
the walls which are connecting the mesopores. Then SBA-15 is a micro-mesoporous silica material (Ojeda-
López et al., 2021). 

5

Electronic copy available at: https://ssrn.com/abstract=4349640



Water in Pores                                  A.C. Sparavigna

MCM-41  and  SBA-15   are  considered  in  the  review  about  phase-change  materials  (PCMs)  based  on
mesoporous silica given by Mitran et al., 2018. PCMs are substances absorbing or releasing large amounts
of latent heat, when they go through a phase-change transition, i.e., from solid to liquid and vice versa.
Mitran  and  coworkers  remark  that  mesosilica  MCM-41  and  SBA-15  are  the  most  commonly  used
mesoporous  silica  materials  with  hexagonal  symmetry.  Examples  of  mesoporous  silica  with  cubic
symmetries include MCM-48, SBA-16, KIT-6 and FDU-12 mesosilicas. The researchers are also stressing
the existence of  a layer wetting the surface of silica  pores.  This layer  has  liquid-like  behavior even at
temperatures “well below the melting point”. The example proposed is water in 1.8 nm MCM-41 pores,
where this layer remains liquid down to 21-26 K (the article mentioned by Mitran et al. is that by Juras et al.,
2005).  “The  non-melting  layer  thickness,  t,  depends  on  the  confined  species,  pore  curvature  and
temperature” (Mitran et al., mentioning Liu et al., 2006, and Petrov et al., 2007).  “The non-melting layer is
typically one or two molecules thick for larger substances and up to four monolayers for smaller species,
such as water or argon” (Mitran et al., mentioning Wallacher and Knorr, 2001). 

We have in the "mesoporous silica-based heat storage materials", that the melting and crystallization points
are different with respect to those of the bulk. "For mesoporous silica, the melting point is usually decreased
with respect to bulk for all types of PCMs" (Mitran et al., 2018). In a confined phase with radius r , the
melting temperature  T (r ) turns out to be increased or reduced, when compared with the bulk melting
temperature T (∞) . The melting temperature change is given by Mitran et al., as:

T (∞)−T (r )=− T (∞)
ΔH f

α
r
(V lγ l−V sγ s)   (8)

ΔH f  is the molar enthalpy of fusion,  V l , V s and are the molar volumes of liquid and solid phases,
γ l ,γ s are the surface energies of the liquid and solid, α  is a geometric parameter related to the pore

geometry, which is 1 for cylinder and 2 for sphere. If the change in molar volume is negligible, it is assumed
Vm≈V l≈V s as the molar volume. If  the liquid phase is wetting the solid, γ s−γ l=γ sl which is the

surface tension of the solid-liquid interface. The equation previously given becomes: 

T (∞)−T (r )=− T (∞)
ΔH f

α
r
(V mγ sl)    (9)

Mitran and coworkers observe that the Gibbs-Thompson equation "has several important limitations". One
of them is the above mentioned  presence of a wetting layer at the silica surface. Moreover, the model does
not  consider  other  features  at  the  pore  surface,  which  can  be  the  presence  of  defects  or  of  different
crystalline phases. The model "becomes unreliable for small pore sizes, usually below 3-7 nm" (Mitran et
al., mentioning Liu, S. et al., 2016, Sterczyńska et al., 2014).

DSC, NMR, Cryo-NMR, FT-IR and Raman measurements
Jähnert et al., 2008, have considered the melting and freezing of water  (H2O, D2O) in the silica nanopores of
MCM-41, with diameters from 2.5 to 4.4 nm, studied by means of differential scanning calorimetry, DSC,
and 1H NMR cryoporometry. DSC resolved melting and freezing peaks for diameters down to 3.0 nm, "but
not in 2.5 nm pores". The framework used by Jähnert and coworkers is given by the Gibbs–Thomson model,
if the layer of nonfreezing water at the pore walls is considered.  DSC measurements are giving hysteresis
connected with  phase transition. Hysteresis and melting enthalpy of water in the pores vanish about a pore
diameter D* ≈ 2.8 nm. "It is concluded that D* represents a lower limit for first-order melting/freezing in the
pores" (Jähnert et al., 2008). However, measurements by Spin Echo NMR show that "a transition from low
to high mobility of water molecules takes place in all MCM-41 materials, including the one with 2.5 nm
pores" (Jähnert et al., 2008). The transition temperature obtained by NMR is higher than that given by DSC.
The  difference  becomes  greater  when  the  pore  size  decreases,  so  that  "with  decreasing  pore  size  an
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increasing fraction of the water molecules is situated in the first and second molecular layers next to the pore
wall, and these molecules have slower dynamics than the molecules in the core of the pore" (Jähnert et al.,
2008).

Confinement of water and solid–liquid phase transitions had been investigated by means of DSC and FT-IR
measurements by Kittaka et al., 2006. Enthalpy changes upon melting  in MCM-41 and SBA-15 mesosilica
were determined as a function of pore size. They decrease with decreasing pore size. The melting point
decreased almost monotonically with a decrease in pore size. The measurements tell that "the simple Gibbs–
Thomson relation,  i.e.,  a  linear relation between the melting point  change and the inverse pore size,  is
limited to the range not far from the melting point of bulk water" (Kittaka et al., 2006). According to Kittaka
and coworkers,  the  FT-IR measurements  tell  that  "the decrease in  enthalpy change and interfacial  free
energy change with decreasing pore size reflect the  similarity of the structures of both liquid and solid
phases of water in smaller pores at lower temperatures."

Neutron scattering studies of water molecules in MCM-41 had been performed by Takahara et al., 1999.
The measurement was performed on three water-filled MCM-41 samples, possessing different pore sizes.
The temperature range was from 200 to 300 K. The analysis of spectra was based on a model considering
two  motions  of  molecules:   rotational  and  translational  diffusion  motions.  Regarding  diffusion,  the
molecules  in  MCM-41 are  less  mobile  than in  bulk water.  The mobility  is  decreased according to  the
narrowing of pore size. Moreover, the "growth of the hydrogen-bond network of water is hindered in a
confined space by surface field" (Takahara et al., 1999). In the following table, some results are given as
proposed by Takahara and coworkers, regarding the three samples.

Sample specific surf. area

m2⋅g−1
pore radius (nm) Na content / ppm Melting temp (K)

C10 1096 1.07 180 _

C14 1300 1.42 160 221

C18 837 1.87 100 242

A peak due to the melting of  water in the pores of silica was observed for  C14 and C18 samples. No peak
is displayed by C10 sample. The peak temperatures are given, with other data, in the table. The melting
temperature  of  C14  and  C18  are  "obeying  apparently  the  Gibbs−Thomson  equation.  When  the
Gibbs−Thomson equation is applied to C10 sample, the deduced melting temperature is 193 K. However,
the water in the C10 sample did not freeze down to 173 K" (Takahara et al.,  1999).

Wang et al., 2019, have investigated water in mesopores by means of solid state NMR. The researchers
analyzed the co-existing of solid ice and interfacial water within MCM-41 and SBA-15 "below the Gibbs-
Thomson transition temperature" by means of Cryo-NMR, NMR spin-diffusion and NMR spectral analysis.
The "difference of the ice cores and interfacial water layers in MCM-41 and SBA-15 is unveiled" (Wang et
al.,  2019).  The  typical  mesoporous  MCM-41 and  SBA-15  have  been  chosen  due  to  their  mesoporous
framework with well-defined cylinder geometry and a narrow pore size distribution. Wang and coworkers
measured the thickness  d I of the interfacial water layer. "Our study demonstrates that below the GT

[Gibbs-Thomson] transition temperature SBA-15 has a bigger  di  than that of MCM-41, although the
structures in the interfacial layers are similar in both materials" (Wang et al., 2019).
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From their data analysis the researchers concluded that, reasonably, in the interfacial region of SBA-15 ,
there  is  an  extra  monolayer  of  mobile  water,  with  respect  to  the  interfacial  zone  of  MCM-41.   "The
measured thickness of the interfacial layers in SBA-15 was 2.5–3.0 Å thicker than that of MCM-41. ... The
different  thickness  of  the  interfacial  layer  can  be  attributed  to  the  different  contact  surfaces,  therefore
interfacial effects in MCM-41 and SBA-15" (Wang et al., 2019).

Erko et al., 2011, have investigated the confinement of water by Raman scattering. Pore diameters of MCM-
41 and SBA-15 range from 2.0 to 8.9 nm. About Raman, "liquid–solid phase transition temperature of water
in confinement can be determined by the analysis of the mode contribution in the OH-stretching region"
(Erko et al., 2011). Down to 3 nm pore size, the results are consistent with the modified Gibbs-Thomson
equation, "with a nonfreezable water layer of 0.6 nm (about two monolayers) close to the pore walls" (Erko
et al., 2011). Again, it is told in the article that, if the pore size is 2.5 nm or smaller,  a first-order phase
transition is not displayed, and this is in agreement with DSC measurements. The data coming from Raman
measurements  suggest  the  existence  in  the  small  pores  of  "two  spatially  separated  water  phases":  the
"nonfreezable wall layer and a structurally different water phase in the core of the pores" (Erko et al., 2011).
The researchers evidences that the tetrahedral hydrogen-bonded network of molecules is present only in the
core part of pores. In the case of the weakest confinement, that is in the framework with pore diameter of 8.9
nm, "the core water is shown to be compatible with crystalline ice with a spectral fingerprint similar to bulk
ice" (Erko et al., 2011). In the case of a strong confinement , that is a diameter of 2.0 nm, "the core water
shows  a  spectral  fingerprint  identical  to  low-density  amorphous  ice,  and  there  is  a  gradual  transition
between these two extremes" (Erko et al., 2011). 

Hybrid ice
Deschamps  et  al.,  2011,  considered  the  water  melting/freezing  processes  in  the  case  of  a  strongly
hydrophobic confinement in mesopores. The researchers found the persistence of the liquid state, "down to
temperatures  much  lower  than  in  the  bulk  and  in  hydrophilic  materials  of  comparable  sizes",  so  that
Deschamps and coworkers defined the "thermodynamic limit for the melting/crystallization of water".

Moore, et al., 2012, uses molecular dynamics simulations to  determine the behavior of  confined ice and
water as a function of temperature for cylindrical nanopores. In the simulations, the interaction between
walls and water was ranging from "strongly hydrophilic to very hydrophobic". The simulations by Moore et
al. show that  the ice in the nanopores is  "a hybrid ice I with stacks of cubic and hexagonal layers". Of
course,  the  melting  temperature is  dependent  on  the  radius  of  the  pore  "but  rather  insensitive  to  the
hydrophilicity of the pore surface". Moore and coworkers have also considered the "premelted liquid layer".
It  exists  in  the confined ice  down to 50 K below the melting temperatures of  the  ice  confined in  the
nanopores. "The fraction of water in the premelted liquid layer decreases with increasing hydrophobicity of
the pore wall, but it does not vanish even for the most hydrophobic nanopores" (Moore et al., 2012). Ice IC is
a metastable cubic crystalline ice, where the oxygen atoms are arranged in a diamond-like  structure. It is
present between 130 and 220 K and can exist up to 240 K (Murray  & Bertram, 2006, Murray,  2008), when
it turns into normal IH hexagonal crystalline ice. 

Water in three regimes
Xia et al., 2020, consider the freezing of water layer-by-layer in SBA-15 and SBA-16. The mesosilica SBA-
16 has highly ordered 3-D cubic structure. In the introduction of their article, Xia and coworkers tell that the
water  confined in  nanometer-sized  pores,  that  is  in  "nanoarchitected solids",  has  a  noticeably different
behavior  when  compared  to  the  bulk  water.  And  also:  "water  ...  displays  pronounced  dynamical
heterogeneity under nanoconfinement and freezes in a stepwise fashion" (Xia et al., 2020). Moreover, the
experimental  observations  of  the  nanoconfined  water  suggested  a  "fragile-to-strong  liquid-liquid
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polyamorphic transition en route to freezing" (Xia et  al.,  2020).  As given by Diana Lutz,  2014,  strong
liquids seem to be able of forming good glasses, ignoring "inducements to crystallize". Fragile liquids are
generally "bad glass formers". Faraone et al., 2004, assert that at about 225 K, a fragile-to-strong liquid–
liquid transition exists,  in the deeply supercooled confined water. 

After  mentioning the Gibbs-Thomson effect,  Xia et  al.  continue asserting that,  in spite of fact  that  the
freezing/melting  behavior  has  been  studied  "extensively  in  the  past,  the  nature  of  the  dynamics  of
nanoconfined water during the solidification process remains quite controversial" (Xia et al., 2020). The
majority of the studies give the presence of three "spatial regimes" for the water in porous silica with pore
sizes ranging from 2 nm to 20 nm. Xia and coworkers summarize the three regimes in the following manner.
The "first regime" is a monolayer of about thickness 0.3 nm. This is made of the water molecules that are
bound to the pore wall. The molecules can "perform restricted rotational motion". "This layer is believed to
remain unfrozen even down to ~190 K" (Xia et al., 2020). Then we find a shell of water, where molecules
"still remain strongly structured" according to the pore walls up to a distance of  about 1 nm. The mobility of
this water is "significantly lower, while its density is higher, compared to that of bulk water" (Xia et al.,
2020). This shell of water is characterized by a density layering. The “core” region is that beyond 1 nm from
the pore wall. The water in the core is considered to be like that of the bulk water. The consequence of the
model made by the three regimes is that, upon cooling, "the core region will freeze first, followed by the
shell region and thus, the latter will display a stronger effect of spatial confinement compared to the former"
(Xia et al., 2020). Probably there is a gradual change from the pore wall to its center (Xia et al., 2020). This
is  in  agreement  with  DSC measurements.  Nuclear  magnetic  resonance (NMR) spectroscopy shows the
presence  of  "heterogeneous  dynamics  with  a  bimodal  behavior  characterized  by  the  coexistence  of  a
relatively immobile and a highly mobile fraction of molecules below the DSC freezing point" (Xia et al.,
2020, mentioning Sattig and Vogel, 2014).  The coexistence of mobile and immobile molecules seems to be
consistent "with a gradual variation of the melting point across the core-shell boundary region" (Xia et al.,
2020). Xia and coworkers are proposing in their article a systematic study of water confined SBA-15, SBA-
16 and VycorTM. The researchers conclude that "the gradual “layer-by-layer” freezing model" is consistent
with experiments and "can also explain the recently reported observation of an apparent fragile-to-strong
dynamic crossover in nanoconfined water" (Xia et al., 2020).

Cashmere, cotton and cellulose fibers
We have  seen  the  large  use  of  mesosilica  particles,  in  particular  MCM-41 and SBA-15,  to  study the
behavior of water in them. However, water in pores can be used as a probe for several applications. For
instance, Zhan et al., 2021, have used water to investigate a natural protein fiber, the cashmere. "In the
textile manufacturing processes", water is used as  solvent for dyestuffs and finishing substances. It is also
"a transportation medium for those infiltrates to the interior of fabrics" (Zhan and coworkers mentioning
Mao et al., 2014). As explained by Zhan and coworkers, the interaction of water with keratin is relevant for
the features of cashmere macromolecules, besides acting in the control of the mechanical properties of fibers
and for the stability of cashmere fabrics during the finishing process. Understanding the interactions of
water with fibers is therefore fundamental to improve the wearing comfort of textiles. 

Besides DSC, the dynamic water vapor sorption (DVS) can be used to determine the pore size distribution
according  to  the  Gibbs−Thomson  effect.  The  combined  measurements  have  been  made  for  cashmere.
"Based on the unfreezable threshold and hygroscopic properties, different types of water in cashmere and
the interaction between water and fibers were investigated" (Zhan et al., 2021). In cashmere, the pore size
distribution tell that pores were less than 60 nm in diameter. 

Mao et al., 2014, have considered the pore properties, such as the specific surface area and the average  pore
size, of cotton fibers. Water was used as a probe in DSC measurements based on the Gibbs–Thomson effect.
Mao and coworkers found that "larger pores changed in size with the change of moisture ratio prior to

9

Electronic copy available at: https://ssrn.com/abstract=4349640



Water in Pores                                  A.C. Sparavigna

smaller pores in both wetting and drying of cotton fibers" (Mao et  al.,  2014). This information can be
relevant for  dyeing processes. In this manner, besides improving the fabric surface performance, "large
amounts of water and energy could be saved by low add-on technology" (Mao et al., 2014).

Let us also add to the these two applications, the one proposed by Park et al., 2006. It is a research that we
have  previously mentioned.  Park and coworkers  evaluated  the changes in  pore  size  distribution  of  the
cellulose fibers during the drying process.  DSC measurements have been made by  an isothermal  step
melting procedure.

In carbon nanopores
Florent et al., 2021, investigated the melting of water in carbon nanopores and the role of their surface
chemistry.  The shift  of  a water melting point  was observed under distinctive surface chemistry.  In the
prepared  carbons,  the  size  of  pores  was  similar  but  the  chemistry  differed.  "As  expected  for  carbon
materials, the melting point of water decreased compared to that in the bulk ... Nevertheless, that decrease
was smaller  for  carbons of most  acidic surface and thus  for those attracting water  than for  carbons of
hydrophobic surface" (Florent et al., 2021).

Jazdzewska et al., 2011, report results on the structure and melting of ice confined in multi-walled carbon
nanotubes and in the ordered mesoporous carbon CMK-3.  This mesoporous carbon is the replica of SBA-15
as silica template. Due to the framework of the template, the  carbon replica CMK-3 is made of carbon rods
joined by smaller side-branches, so that there are mesopores of averaged size 4.9 nm and micropores of 0.6
nm. The researchers used neutron diffraction and  DSC measurements  to  study  the confined ice and the
transition temperature. "For D2O in CMK-3 we find evidence of the existence of nanocrystals of cubic ice
and ice IX; the diffraction results also suggest the presence of ice VIII, although this is less conclusive. We
find evidence of cubic ice in the case of the carbon nanotubes" (Jazdzewska et al., 2011). Jazdzewska and
coworkers stress that, for the bulk water, the cubic ice is observed at temperatures below 170 K, and  ice
VIII and IX at pressures of hundreds or thousands of MPa. "These phases appear to be stabilized by the
confinement" (Jazdzewska et al., 2011). 

Domin et al., 2016, inserted deionized water into the pores of the ordered carbon of CMK-3 and CMK-8.
DSC has been used to find the melting transition temperature of the confined ice. The wide-angle X-ray
scattering  was  used  to  study  the  ice  formed  inside  the  carbon  mesopores.  The  temperature  range  of
measurements was from 173 K  to the pore melting point. XRD displayed the presence of features related to
both hexagonal Ih and cubic Ic ice,  below the melting point. "The structure of the confined ice corresponds
to disordered stacking ice layers, ice Isd" (Domin et al, 2016).

For  what  is  regarding  the  fluid-wall  interaction,  Sliwinska-Bartkowiak  et  al.,  2018,   had  provided
experimental measurements in carbon and silica nanopores. Phase transitions of H 2O, D2O and C6H5NO2

confinement in pores of different inner diameter (range of 2.2-7.5 nm) are given.  Sliwinska-Bartkowiak and
coworkers show that melting temperatures of the confined system "decrease relative to the bulk for weaker
fluid-wall  than  fluid-fluid  interaction  (silica  glasses)  and  increase  in  the  case  of  stronger  fluid-wall
interaction (carbon pores)" (Sliwinska-Bartkowiak et al., 2018).

Let us consider also the research by Morishige et al., 2010, on the effect of pore shape on water freezing and
melting  temperatures,  by  means  of  X-ray  diffraction  patterns.  The  water  was  confined  in  ordered
mesoporous silicas, possessing a thin carbon films on the wall of the pores and in inverse carbon replicas.
The researchers observed that melting temperatures have a good correlation with capillary condensation
pressure  of  nitrogen at  77 K.  "The melting point  depression of  the  pore  ice  revealed an almost  linear
relationship with ln(p0/p) of the capillary condensation pressure of nitrogen at 77 K for various pores of
different sizes and shapes" (Morishige et al., 2010). According to Morishige and coworkers, the result is
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suggesting that ln(p0/p) for capillary condensation of nitrogen at 77 K can provide a good  measure of pore
size, "irrespective of the pore shapes".

Biochar
Biochar is a fine-grained residue of pyrolysis of biomass, obtained by thermochemical decomposition at
moderate  temperatures  (350–700°C)  under  oxygen-limiting  conditions  (Brassard  et  al.,  2019).  Besides
biochar proper, liquid (bio-oil) and gas (syngas) products are obtained from the thermal decomposition (Han
& Kim, 2008,  Ok et al., 2018, Bartoli et al., 2020, Giorcelli et al., 2021). The principal use of biochar is as
amendment in agricultural  soils,  because of its  high carbon content,  stability,  porosity and surface area
(Brassard et al., 2019, Ok et al., 2015). Since biochar exhibits high compatibility with cement, asphalt and
polymer, it is suitable for several non-soil applications (Bartoli et al., 2020, 2022, Tan et al., 2021, Zhao et
al., 2014, Zhang et al., 2018, Das et al., 2021, Lepak-Kuc et al., 2021).

Being largely used to improve the soil water holding capacity, biochar has been investigated by Bikbulatova
et al., 2018,  to understand the water behavior in it. The biochar used by the researchers was produced from
peanut shell  and palm kernel  shell.  "Water holding capacity and water adsorption rate showed a direct
correlation with micropore volume of biochar, suggesting that physical structure of biochar played a key
role during interaction with water" (Bikbulatova et al., 2018).

Several  previous references  are  mentioned by  Bikbulatova  and coworkers  about  the  interaction of  soil
moisture retention capacity and biochar; in particular Sun and Lu, 2014, reported that the use of biochar in
soil is increasing the water retention and consequently the quantity of water available for plants, because it is
increased the total porosity of soil. Also Ulyett et al., 2014, investigated the effect of biochar on the water
retention of sandy loam soils, attributing the moisture retention to the porous biochar. 

"Although it  is  generally  agreed  that  biochar  has  a  high  water  holding  capacity,  the  exact  interaction
between water and biochar ... is not fully understood" (Bikbulatova et al., 2018). However, researches exist
about water in porous media and Bikbulatova and coworkers are mentioning those about water in silica
(Findenegg et al., 2008, Jähnert et al., 2008),  low-rank coals (Yu et al., 2013, Tahmasebi et al., 2014), and
lignite char (Nwaka et al.,  2016). The literature given previously shows that different types of water is
present  in  the  porous  medium of  low-rank  coals  and  lignite  (Bikbulatova  et  al.,  2018,  and  references
therein). The types are: “freezable free water” (FFW), “freezable-bound water” (FBW), and “non-freezable
bound water” (NFW). FFW is that present at the particle surface and in the large pores of biochar, but FBW
is condensed in micropores (Mraw and O'Rourke, 1982). "It has been reported that meso and macropores in
biochar  act  as  the  passageways  of  water  to  micropores,  where  most  of  the  adsorption  takes  place"
(Bikbulatova et al., 2018, Pastor-Villegas et al., 2006, Asai et al.,  2009, Rouquerol et al., 1999). 

In 2018, the different types of water and the effect of physical and chemical structure of biochar on moisture
content - according to Bikbulatova and coworkers - was not given in literature. The purpose of research
work was therefore that of investigating these features. By means of DSC measurements, Bikbulatova and
coworkers observed two types of freezable water, the freezable free water (FFW) and the freezable bound
water (FBW). "The phase transition temperature of freezable bound water correlated well with pore size
distribution of bio-chars. ... The difference between the total water content and the sum of FFW and FBW in
samples  suggested  the  presence  of  NFW  in  biochars.  The  presence  of  NFW  was  confirmed  by  low-
temperature XRD analysis" (Bikbulatova et al., 2018).

The  research  used  the  modified  Gibbs-Thomson  equation,  for  pores  with  diameter  less  than  5  nm,  to
represent the phase transition temperature depression of FBW. Bikbulatova and coworkers consider the non-
freezable water layer near the pore wall,  assuming a thickness of two water layers.  By means of DSC
measurements,  it  has  been  observed  that  the  amount  of  FFW  and  FBW  in  biochar  "decreased  with
decreasing water content, accompanied by a monotonic increase in NFW". It is also concluded that "the
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amount of FBW in bio-char samples showed a direct relationship with micropore volume of the samples,
suggesting that this type of water is mainly present in smaller pores" (Bikbulatova et al., 2018).

Once again, as previously tressed in 2022, about biochar shape-stabilized phase-change materials, the role of
micro-, meso- and macropores is fundamental to have a better picture of all the relevant features of biochar.
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