
Intrusion-extrusion of water into-from hydrophobic nanopores at high 
temperature: Unexpected dependence of dewetting pressure above 200 ◦C
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A B S T R A C T

Wetting of a porous solid by a fluid is of significant interest to many industrial processes. However, at the nanoscale, this process is complex, and little is known about 
its temperature dependance. In this work, we explored the intrusion-extrusion of water for a heterogeneous lyophobic system composed of a hydrophobic meso
porous silica gel and water over a wide 25–250 ◦C temperature range. The intrusion pressure was found to have a classical negative temperature dependance in the 
whole 25–250 ◦C temperature range. However, an unexpected non-monotonic temperature dependance was observed for the extrusion pressure. In particular, it 
became temperature independent above 200 ◦C. This observation suggests that dewetting of nanopores at high temperature is more complex than previously thought 
of and serves as experimental grounds for further theoretical exploration.

1. Introduction

When a system composed of a lyophobic porous material and a 
nonwetting liquid (heterogeneous lyophobic system) undergo sufficient 
compression/decompression, it exhibits intrusion-extrusion phenom
ena. This intrusion-extrusion of fluids into porous systems is of signifi
cant interest for many technological applications [1,2] such as 
chromatography and liquid separation [3–5], energetics [6–9] and 
porous material characterization [10,11]. Thus, the process has been 
studied on a wide range of hydrophobic materials such as aluminosili
cates (zeolites) [8,12–15], silica gels [16–19] or metal-organic frame
works [6,20–24], mainly using liquid metals [10,18] aqueous solutions 
of salts [12,15,25,26] and water [6,14–24].

Although it is widely used, the intrusion-extrusion process is not fully 
understood. One of the points lacking understanding is the effect of 
temperature, particularly at high temperatures. Indeed, this process 
tends to be temperature dependent. Understanding and controlling this 
dependence could be of great interest for classical intrusion-extrusion 
applications such as shock-absorbers [17–19,27,28], as well as for 

emerging ones like thermal actuation [29] and thermal energy storage 
[8,30–32]. However, these effects tend to be overlooked, as most studies 
focus on a small temperature range, mostly until 80–90 ◦C and with few 
data points [12,13,17,18,21]. Most of the studies about 
intrusion-extrusion temperature dependance have highlighted a 
decrease of intrusion pressure with temperature, which fits the capillary 
theory [16,17,33]. The opposite case has hardly been observed and 
exclusively for microporous materials such as MOFs or zeolite Y [6,12,
33]. For extrusion, the temperature dependance was more complex and 
other theories such as nucleation theory, line tension and critical bubble 
nucleation are needed to understand the extrusion process [16,17,28].

Very few studies have been done on a wider temperature range. 
Grosu et al. studied a {C8 hydrophobic silica gel + water} system until 
150 ◦C [16] and Merchiori et al. have worked on water confinement in a 
Cu2tebpz (tebpz = 3,3′,5,5′-tetraethyl-4,4′-bipyrazolate) hydrophobic 
MOF until 170 ◦C [6,33]. Both works highlighted a change in the tem
perature dependance of the intrusion or extrusion pressure. In the 
former, the extrusion pressure was found to switch its temperature 
dependance from positive to negative around 100 ◦C. This was explained 
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by a change in the dominant phenomena driving the extrusion from 
critical bubble nucleation to capillary forces [16]. In the second work, 
the intrusion pressure was found to change its temperature dependance 
from positive to negative around 107◦C. This change was explained by 
two phenomena involving the water vapor pressure inside the MOF 
pores and the water surface tension [6,33]. For this material, the authors 
have also highlighted a phase transition to confined supercritical water 
at temperatures ≈250 ◦C below bulk critical temperature. Overall, 
studies at temperatures higher than 100 ◦C have shown a 
non-monotonic trend of intrusion-extrusion pressures. Thus, 
intrusion-extrusion studies at high temperatures may reveal 
non-monotonic behaviors crucial for application and fundamental un
derstanding of lyophobic nanoporous materials wetting-dewetting pro
cess [16].

In this work, we studied the water intrusion-extrusion phenomenon 
for a {C8 hydrophobic silica gel + water} system. This system was based 
on a silica gel of average pore size of 60Å, functionalized with octyl 
groups. Water intrusion-extrusion was performed on a 25–250 ◦C tem
perature range. To our knowledge, it is the first time water intrusion- 
extrusion is performed on such temperature range and paves the way 
for further applications of {hydrophobic silica + water} systems. This 
paper describes the behaviour of the {C8 hydrophobic silica gel +
water} system and its stability at high temperature and high pressure. 
Experimental data highlighted an unexpected and complex temperature 
dependance for extrusion in the previously unexplored temperature 
range.

2. Experimental section

2.1. Reagents

All reagents were obtained from commercial sources and were used 
without further purification. These reagents were silica gel 60 Å (W. R. 
Grace – Davisil), octyltrichlorosilane (OTCS, Thermoscientific, 97 %) 
and toluene (Sigma-Aldrich, ≥99.5 %).

2.2. Functionalization of silica gel by octyl groups

For the hydrophobization of silica, octyl (C8) groups were covalently 
grafted on silica gel with 60 Å pore size. The grafting protocol was 
inspired from Martin et al. [34] 1 g of silica gel were suspended in 30 mL 
toluene at room temperature. Octyltrichlorosilane (4 mol OTCS/nm2) 
were added and after 1 h of stirring, H2O (3 mol H2O/mol octyltri
chlorosilane) was added. Then the reaction was let to stir 1 h at room 
temperature, 21 h at 60 ◦C and 4 h at 100 ◦C. The solid was recovered by 
filtration and dried. Finally, the sample was activated overnight at 
140 ◦C, 20 mbar to remove ungrafted groups. The materials will be 
thereafter referred to as SiO2 and SiO2-C8.

2.3. Characterization techniques

Specific surface area, pore size and volume have been determined by 
N2 physisorption at 77 K. Prior to the measurement, the mesoporous 
silica samples were outgassed under vacuum at 130 ◦C for 20 h. Mea
surements were performed with a Micromeritics ASAP 2460 surface 
analyzer. Specific surface area was calculated from the BET equation, in 
the P/P0 = 0.05–0.25 pressure range. Pore size distributions were ob
tained from the Broekhoff and de Boer (BdB) model on the desorption 
branch. Pore volume was determined at P/P0 = 0.99. To qualitatively 
assess the hydrophobicity of the material, BET constant CBET, related to 
the heat of adsorption, was calculated from the BET equation in its linear 
range (P/P0 = 0.05–0.25): 

P∕P0

n
(

1 − P/P0

)=
1

nmCBET
+
(CBET − 1)

nmCBET
×

P
P0

(Eq.1) 

in which P/P0 is the relative equilibrium pressure, n is the amount 
adsorbed, nm the monolayer capacity.

Thermogravimetric analysis (TGA) was performed to estimate easily 
the grafting density. TGA was carried out using Netzsch TG 209 F1 Libra 
under N2 flow or air flow from room temperature to 1000 ◦C with a 
heating rate of 10 ◦C/min. Grafting density was estimated from the total 
mass loss obtained.

Solid-state NMR was used to study the material before and after 
water intrusion-extrusion. All experiments were recorded using a 
Brucker Avance III 500 MHz spectrometer. Samples were packed inside 
2.5 mm rotors and magic angle spinning (MAS) speed was fixed at 20 
kHz in all experiments. The rotors were spun in a nitrogen atmosphere, 
to avoid possible reactions with moisture during the experiment. The 13C 
spectra were recorded using one pulse excitation with a pulse length of 
2.9 μs and 784 scans were accumulated with a recycle delay of 10s. The 
1H-29Si spectra were obtained using a standard 1D cross-polarization 
(CP) experiment with a 75–100 ramped contact time of 1 ms, a 
recycle delay of 3s and 80k scans.

2.4. Water intrusion-extrusion experiments at room temperature

The functionalized silica was mixed with pure water and encapsu
lated in flexible hermetic capsules. Water intrusion-extrusion tests at 
room temperature were performed by means of water porosimetry using 
an Autopore IV 9500 porosimeter (Micromeritics). In each experiment, 
the penetrometer was evacuated to a pressure less than 5 Pa and filled 
with mercury. The system was compressed to 150 MPa and decom
pressed to observe the intrusion-extrusion phenomenon. The material 
was evaluated over 4 intrusion-extrusion cycles.

2.5. PVT setup

The PV isotherms at different temperatures were measured using 
CICenergiGUNE’s PVT setup [20]. Briefly, this setup consists of piston 
drive module and a high-pressure syringe connected (high-pressure 
variable volume unit) to a cylindric metallic vessel which the encapsu
lated samples are tested. For these experiments, SiO2-C8 was encapsu
lated and placed in the PVT reactor. Two types of capsules were used: 
one made with Teflon and a metallic one. In the pressurization cycles, 
pressure was varying from 1 to 600 bar. To ensure not having boiling 
water inside the vessel, the minimal pressure for each experiment was 
fixed above the vapor pressure of water at the said temperature. Tests 
were conducted at temperatures varying from 25 to 250 ◦C, every 25 ◦C. 
To allow reaching temperatures as high as 250 ◦C, a heating jacket 
(Eurotechnica), increasing the temperature electrically, was used. The 
temperature was controlled by a heating control and a thermocouple 
placed in the vessel. To ensure SiO2-C8 does not degrade with temper
ature and pressure, three cycles were performed for some of the highest 
temperatures.

3. Results and discussion

3.1. SiO2 functionalization

Before functionalization, Davisil 60 Å (6 nm diameter pores) is a 
mesoporous silica featuring disordered pores of average diameter 6 nm, 
large enough to accommodate octyl groups. N2 adsorption isotherms are 
presented on Fig. 1 (A). For both the grafted and pristine silica, N2 
physisorption on this material led to a type IV isotherm with a type 2 
hysteresis, typical of solid with complex pore structure and important 
network effects.

After grafting, the specific surface area decreased from 566 to 246 
m2 g− 1 and the pore volume decreased from 0.834 to 0.279 cm3. g− 1. 
One specific feature of Davisil 60 Å is its wide pore size distribution, 
centered on 6 nm. After grafting, this pore size distribution (Fig. 1 (B)) is 

C. Gourmand et al.                                                                                                                                                                                                                             Microporous and Mesoporous Materials 384 (2025) 113461 

2 



shifted towards smaller pore sizes and gets narrower, highlighting a 
potential influence of pore size distribution in the grafting. In some 
studies, the BET constant CBET has been used as an indicator to assess 
qualitatively the surface energies [34–36]. For the pristine SiO2, CBET 
was around 85, which highlights the presence of polar groups, in this 
case silanol. After functionalization, CBET decreases to 56. Typically, 
silica grafted with alkyl chains show CBET constants between 15 and 25 
[35]. This intermediate value thus highlights an incomplete surface 
coverage, most likely due to the presence of accessible silanol groups. 
These silanols can be either residual surface silanols from the silica or 
formed from the incomplete condensation of OTCS.

Grafting densities were estimated from thermogravimetric analysis 
(Fig. 2). As mentioned above, SiO2-C8 contains polar Si-OH groups, 
which can condensate above 200 ◦C, generating a mass loss, which could 
slightly influence the estimation of the grafting density [37]. For our 
silica gel, Si-OH condensation led to mass loss of 2.6 % under N2 and 2.4 
% under air, which happened between 200 and 600 ◦C. SiO2-C8 showed 
a unique decomposition step with a mass loss of 19 % starting around 
420 ◦C in N2 and around 250 ◦C in air. This corresponds to a grafting 
quantity of 0.24 goctyl/gSiO2 or a grafting density of 1.8 octyl 
groups/nm2. Considering the possible influence of polar Si-OH groups in 
the mass loss, it is possible to affirm that the real grafting density is in the 
1.7–1.8 octyl groups/nm2 range.

3.2. Water intrusion-extrusion at room temperature

The H2O intrusion-extrusion performance of SiO2-C8 was evaluated 
over 4 intrusion-extrusion cycles.

Pressure-volume (PV) isotherms are presented on Fig. S1 (A). A great 
reproducibility is observed between the cycles. These results show a 
high stability of SiO2-C8 material over the cycles. This is highlighted in 
Fig. S1 (B) in which it can be seen that, for all four cycles, intrusion 
started at P = 30.0 MPa and reached its maximum at P = 38.5 MPa. 
Extrusion started around 25 MPa. The peak of extrusion was reached at 
5 MPa. 0.14 ± 0.01 mL of water per gram of material were intruded and 
extruded in each cycle, highlighting the stability of SiO2-C8. This value 
corresponds to half of the pore volume measured by N2 adsorption. This 
difference could be explained by the presence of accessible hydrophilic 
groups (Si-OH) mentioned before and to the lower water density under 
hydrophobic nanoconfinement.

3.3. Water intrusion-extrusion at different temperatures

With this data in hand, water intrusion-extrusion experiments inside 
the pores of SiO2-C8 were performed between 25 ◦C and 250 ◦C. To our 
knowledge, it is the first time that water intrusion-extrusion experiments 
have been done on such a temperature range.

PV-isotherms are presented on Fig. 3 (A). For a better visibility, 
isotherms are shifted on the X-axis. On Fig. S2, the hysteresis are su
perposed to allow a better comparison.

The derivative dP/dV (Fig. 3 (B) and 3 (C)) highlights variations in 
the intrusion and extrusion pressure as a function of temperature. This 
variation is represented in Fig. 4(A and B). The derivative also highlights 
variations in the intrusion and extrusion volume, obtained by integra
tion of the intrusion and extrusion peaks, respectively. It can be 
observed that the intrusion volume is stable until 200 ◦C and then 
subsequently decreases by 20 % at temperatures higher than 200 ◦C 
(Fig. 4 (C)).

The hysteresis area overall decreases with increasing temperature 
from ≈6 J g− 1 at 25 ◦C to ≈2 J g− 1 at 250 ◦C (Fig. 4 (D)).

It can be observed that the intrusion pressure decreases with 
increasing temperature. This behaviour is the most common one and has 
been observed for {hydrophobic silica + water} systems [16].

This shows that the intrusion pressure follows the Laplace-Washburn 
equation (Eq. (2)), as for most liquids, the temperature derivatives of the 
surface tension dγ/dT and contact angle dθ/dT are negative. 

Pint,ext = −
2γ cos θ

r
(Eq. 2) 

in which Pint is the (intrusion or extrusion) pressure, γ is the surface 
tension, θ is the contact angle and r the pore radius.

In contrast to the intrusion process, the evolution of extrusion pres
sure with the temperature is very different. Until 100 ◦C, the extrusion 
pressure increases with temperature. Then, it decreases until 200 ◦C. 
Such behaviour is consistent with previously reported {SiO2-C8 +

Fig. 1. (A) N2 adsorption isotherms of SiO2 (empty circles) and SiO2-C8 (plain 
circles) and (B) BdB pore size distribution for SiO2 (empty triangles) and SiO2- 
C8 (plain triangles).

Fig. 2. Thermogravimetric analysis of SiO2 (grey line) and SiO2-C8 (black line) 
in N2 (dashed line) and air (solid line).
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water} system recorder up to 150 ◦C using silica of larger pore size [16]. 
Unexpectedly, further temperature increase does not lead to reduction 
of the extrusion pressure, that instead stabilizes and remains constant 
within the error of the experiment until 250 ◦C.

A test of cyclability has been done at 250 ◦C. 3 successive intrusion 
and extrusion cycles from 2 to 60 MPa have been performed. Very few 
variations were observed between the cycles as it can be seen on Fig. S4, 
highlighting a certain stability of the material in these conditions. 
Indeed, the intrusion and extrusion pressures varied of ±0.4 MPa and 
the intruded and extruded volume of ±0.01 mL g− 1. This suggest that 
the observed non-monotonic trend cannot be explained by the material 
degradation. To ensure no degradation of the grafting happened, TGA 
analysis was performed on the material after high-temperature intru
sion-extrusion cycling in the 25–250 ◦C range (Fig. S3). No apparent 
degradation of the organic grafting was observed, and the grafting 
density stays in the 1.7–1.8 groups/nm2 range.

After cycling, water intrusion-extrusion at room temperature was 
performed to see the influence of cycling at high temperatures on the 
material (Fig. S5). A reduction in intrusion pressure has been observed 
but the intrusion volume remains unchanged, 0.14 ± 0.01 mLH2O.g− 1.

No extrusion is clearly visible on the isotherm (most likely because 
Pext < Patm) which, according to TGA data, cannot be attributed to 
grafting degradation. A control experiment was also performed by 13C 
solid state NMR to check the integrity of the octyl chains (Fig. S6). No 
apparent change has been observed before and after the test, confirming 
the results obtained with TGA. However, there are different possible 
hypothesis. Indeed, the intrusion barrier is the pore mouth and the 

extrusion depends on the interior of the pore. Thus, it is highly possible 
that interior of the pores was affected. One possible factor would be the 
silanol content/defects of the material. Indeed, after having spent some 
time in water at high pressure and high temperature, some siloxane 
bridges could have broken, thus creating defects. This has been inves
tigated using 1H- 29Si CP MAS NMR (Fig. S7). In this experiment, 
magnetization is transferred from 1H to nearby 29Si isotopes, in order to 
enhance the signal from possible SiOH functional groups at the surface. 
Results have shown that after the test at 250 ◦C, a Q3 peak, typical of free 
and vicinal silanols appears, showing that some of the siloxane bridges 
have been hydrolyzed.

Water intrusion-extrusion at room temperature was performed again 
after a regeneration step (15 h at 200 ◦C under vacuum). This time, 
intrusion pressure was still lower compared to non-cycled silica, how
ever, increased slightly compared to non-regenerated cycled silica. The 
intrusion volume remained unchanged (i.e. within the standard devia
tion) but a slight extrusion, corresponding to 7 % of the intruded volume 
was observed at ≈ 6 MPa. Such effect of regenerative step may suggest 
that silanol formation may be behind the reduced hydrophobicity of the 
silica after the cycling. This hypothesis would of course be relevant only 
in the case when intruded water touches silica despite hydrophobic 
grafting. Due to high inhomogeneity of water in such grafted silica 
systems this scenario is possible [38]. Such possible silanol formation 
cannot explain the non-monotonic trend of extrusion pressure at tem
peratures above 200 ◦C, as increase in hydrophilicity of silica should 
have resulted in further lowering of the extrusion pressure, not its sta
bilization with temperature.

Fig. 3. H2O intrusion-extrusion for SiO2-C8 for different temperatures (A) PV isotherms (shifted on the X-axis), (B) dP/dV derivative for intrusion, (C) dP/dV de
rivative for extrusion.
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It is of interest to mention that this lack of thermal stability in water 
has also been observed for many silica-based hydrophobic materials 
used in chromatography [39]. There are indeed other more stable can
didates, containing for instance bridged organic groups [40], polymer 
coatings [41,42] or other inorganic materials such as graphitized carbon 
or metal oxides such as ZrO2, TiO2 and Al2O3 [42,43]. However, 
achieving intrusion-extrusion is very challenging and deserves a sepa
rate study.

In this final part of the manuscript, we discuss some hypotheses that 
may explain why extrusion pressure presents three regimes with tem
perature: ascending, descending and stationary. The objective is to 
promote discussion within the community about the dependence of 
extrusion (and intrusion) pressure with temperature, considering that 
the phenomenology might depend – qualitatively and quantitatively – 
on the chemical, morphological and geometrical characteristics of the 
porous material. The first point to remark on is that for the extrusion 
pressure no equation exists that can predict its value, neither for 
macroscopic nor for microscopic system. Nevertheless, at a qualitative 
level one can formulate extrusion as a confined nucleation process, 
where a vapor or gas bubble forms and/or expands, pushing out the 

liquid filling the cavities of the porous material [44,45]. Before pro
ceeding to discuss any hypothesis on the peculiar trend of Pext it is 
necessary to recall another observation, that in heterogeneous hydro
phobic systems, hydrophobic gasses dissolved in the liquid, e.g., N2, O2, 
etc, are attracted to the solids’ pores [46] to minimize the disruption of 
the hydrogen bond network of the liquid [47]. Thus, one expects that 
upon intrusion, these gases are trapped in the cavities and a temperature 
increase results in a corresponding increase of the gas pressure. A higher 
pressure of gasses trapped in the cavities make it easier for liquid 
extrusion, hence increases Pext. Remarkably, a similar process has been 
observed associated to only water vapor in the cavities: the confined 
vapor pressure is much larger than the bulk counterpart at the same 
temperature, reaching up to several MPa at relatively low temperatures 
in hydrophobic MOFs [33]. Temperature also has an effect on other 
characteristics of the confined system, which affect Pext in non-trivial 
ways. At higher temperatures the surface tension of water decreases, 
making confined nucleation easier. This contributes to increase Pext. 
However, temperature increases also reduce the hydrophobicity of the 
material (contact angle and surface tension of water reduction), which 
amounts to an additional force to be overcome to extrude the liquid. We 
believe that the non-monotonic trend of the extrusion pressure is 
because of the temperature favoring formation and or/growth of vapor 
and/or gas bubbles at low temperature, and the competing mechanism 
of liquid retention due to reduction of hydrophobicity overcoming the 
other at higher temperatures [16]. Concerning the stationary region of 
the extrusion pressure at temperatures above 200 ◦C, we have no intu
itive argument to propose to explain this observation. Here, we just 
recall that recent calculations on the internal contact angle (θint) of a 
hydrophobic MOF revealed that beyond some threshold temperature, 
θint is almost constant (see Fig. 2a of Ref. [33]).

To the best of our knowledge a novel phenomenology reported for 
the first time in this manuscript is the different qualitative dependence 
of the intrusion and extrusion pressure with temperature: the former 
decreases monotonically, the second has the non-monotonic trend 
extensively discussed in the previous paragraph. The widely accepted 
idea that the two processes, intrusion and extrusion, should be quali
tatively affected in the same way by any effect biasing the system, here 
the temperature, is rooted on a quasi-static picture of the intrusion/ 
extrusion process: one just follows the same path as the other in the 
opposite direction. Indeed, early works investigating intrusion/extru
sion within the rigorous framework of the atomistic and continuum 
statistical mechanics of rare events are based on this quasi-static picture 
[44,48,49]. However, it has been shown that for porous systems of 
suitable size (not too small) the dynamics is dominated by viscous 
processes, and for porous systems that are not too big, the effect of 
confinement is negligible. A dynamic picture beyond the classical 
quasi-static framework is needed to describe intrusion/extrusion [50]. 
Within this dynamical picture, the intrusion and extrusion path are 
different, for example intrusion is controlled by the external hydro
phobicity, and extrusion from the internal one, and under conditions of 
high confinement might be significantly different.

4. Conclusions

In this work, the temperature dependance of a heterogeneous 
lyophobic system {C8 hydrophobic silica gel + water} has been studied. 
Octyl (C8) groups have successfully been grafted on a commercial silica 
gel with 6 nm pores, reducing pore size from 6 to 4 nm. Water intrusion- 
extrusion experiments have been performed successfully until 250 ◦C. At 
this temperature, the material showed reproducible PV isotherms over 3 
intrusion-extrusion cycles, although PV isotherms at room temperature 
showed significant changes after exposure to water at 250 ◦C, due to 
changes in the surface of the material (hydrolysis of siloxanes). The 
temperature dependance of the extrusion pressure was found to be non- 
monotonic and unexpected in the previously unexplored temperature 
range. In particular, at temperatures higher than 200 ◦C, it was 

Fig. 4. Temperature dependance of some key parameters (A) intrusion pres
sure, (B) extrusion pressure, (C) intrusion volume and (D) hysteresis area.
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demonstrated to be temperature independent. This observation reveals a 
more complex mechanism of dewetting of hydrophobic nanopores at 
high temperature and requires additional theoretical considerations to 
be explained. Hypotheses to explain the complex trend of the extrusion 
pressure on the temperature, and the difference in the effect of this 
external parameter on intrusion and extrusion, are discussed. These 
hypotheses must be understood as a possible starting point to promote 
the discussion within the community, rather than as the best explanation 
to the experimental evidence presented in the manuscript.
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