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A B S T R A C T

The constitutive models of concrete often consider water desorption isotherms to be near-equilibrium and
significantly affected by moderately high temperature, 40–80◦C, typically through microstructural changes.
However literature data suggest that adsorption, not desorption, is near-equilibrium and moderate temperatures
do not cause microstructural changes. This work supports the latter theory, through dynamic vapor sorption
experiments on cement paste at 20–80◦C. Samples were pre-conditioned at 60% relative humidity and 20◦C,
and isotherms were measured for several humidity ranges and testing rates. The results, corroborated by
classical DFT simulations, indicate that adsorption is near-equilibrium and mostly unaffected by temperature,
whereas desorption is out-of-equilibrium due to the ink-bottle effect at high humidity, and interlayer water
at low humidity. Starting from the second cycle, desorption at higher temperatures features a shift of the
cavitation pressure and overall a smaller hysteresis. A conceptual model of pore-specific temperature-dependent
hysteresis is proposed to qualitatively explain the results.
1. Introduction

The water sorption isotherm of cement pastes is a key constitutive
parameter in hygro-thermo-chemo-mechanical models of concrete [1–
4]. The isotherms link relative humidity RH (or partial pressure) with
saturation degree, both of which determine the effective pressure that
causes humidity-induced deformations [5]. The isotherms are also re-
lated to the size distribution of mesopores, with width between 2 and
50 nm, hence they are a proxy for microstructure and can be used to
infer other structure-sensitive properties (e.g. moisture permeability) or
to validate microstructural models of the paste [6,7].

The impact of moderately high temperatures (40 to 80 ◦C) on
the isotherm is important for cementitious materials in the energy
sector, e.g. in the nuclear, geothermal, or oil and gas industries. Similar
temperatures can also be reached during early hydration of cement
in massive pours, possibly affecting the quality of the concrete. The
current models consider that moderately high temperatures cause large
changes in the isotherm [2,8]. This is supported by experimental results
on first desorption isotherms using desiccators, some of which are
shown in Fig. 1. In these experiments, the initial configuration is
saturated, hence irreversible deformations upon first drying should be
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expected irrespective of the temperature [9–11]. In most experiments
in the literature, results are obtained in quasi-isobaric conditions and
isotherms are later constructed under the assumption that desorption is
near-equilibrium, i.e. that the distribution of water in the pores is such
that it minimizes the free energy of the system at that given tempera-
ture and humidity; this implies path-independence, hence no difference
when reaching the thermodynamic state by varying the temperature at
constant humidity, rather than vice versa. Fig. 1.a,b shows examples
of isotherms constructed in this way. True isothermal conditions, with
RH being varied at constant temperature, were maintained in Ishida
et al. [12] (reproduced in Fig. 1.c) and Brue et al. [13]; they both also
recorded a significant impact of temperature on first desorption.

The current models commonly consider that changes on desorp-
tion are due to microstructural changes caused by the increase in
temperature [2,3,18–25]. This is conceptually akin to how other prop-
erties, e.g. transport, change as a result of temperature-induced micro-
cracks [26,27]. Poyet and Charles [8] proposed an alternative expla-
nation for the desorption isotherms, without invoking microstructural
changes: they showed that the Clausius–Clapeyron equation already
captures the trends in Fig. 1, as long as the isosteric heat of sorption is
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Fig. 1. First desorption isotherms at different temperatures on: (a) CEM I paste with water–cement ratio w/c = 0.4 from Drouet et al. [14], (b) CEM II paste with w/c = 0.3 from
bdelhamid et al. [15], (c) OPC paste with w/c = 0.5 from Ishida et al. [12]. Analogous results can be found in the work of Hundt and Kantelberg for mortar [16], of Poyet for
igh performance concrete [17], and of Drouet et al. for various types of cement pastes [14]. 𝑀 and 𝑀0 are respectively the sample mass at a generic RH and the dry mass after
rying at 105 ◦C.
Fig. 2. Adsorption isotherms at different temperatures on: (a) mortar from Daian [28], (b) CEM II paste with w/c = 0.3 from Abdelhamid et al. [15], (c) OPC paste with w/c = 0.5
from Ishida et al. [12]. The dashed lines in (b) and (c) are the corresponding desorption branches from Fig. 1, to highlight their evolution towards adsorption as the temperature
is increased.
properly fitted as a function of water content. Both these interpretations
assume that the first desorption isotherm is near-equilibrium; other-
wise, the resulting expressions should depend on kinetics. The validity
of the near-equilibrium assumption, however, is questionable because:
(i) results of first drying are significantly rate-dependent, whereas
adsorption is much less so [10,12]; (ii) irreversible microstructural
changes usually take place at the beginning of first desorption (at high
RH) already in isothermal conditions [9–11]; (iii) experimental data
on adsorption, shown in Fig. 2, are weakly dependent on temperature,
whereas the desorption branches move towards the adsorption ones
when temperature is increased (like an out-of-equilibrium state would
move towards equilibrium [12]).

These observations suggest a different interpretation, where mod-
erately high temperatures do not induce significant microstructural
changes (except those that occur during first drying already in isother-
mal conditions, and that may depend on temperature), and where
adsorption is near-equilibrium and desorption is out of equilibrium.
This would be consistent with the trends in Fig. 2 and also with other
observations from the literature, namely:

1. In the complex mesopore structure of cement pastes, hystere-
sis during sorption is controlled by the ink-bottle effect rather
than by single-pore hysteresis, as confirmed by thermodynamic
modeling and advanced simulations [5,12,29]. The ink-bottle
effect moves desorption away from equilibrium, whereas the less
important single-pore hysteresis would move adsorption out of
equilibrium;

2. If one excludes microstructural changes, the current mathemati-
cal models of sorption would predict only small changes of equi-
librium isotherms at moderately high temperatures, consistent
with the adsorption isotherms in Fig. 2 [2,30];
2

3. Proton NMR (Nuclear Magnetic Resonance) experiments showed
that temperature changes between 20 and 38 ◦C induced some
structural changes, but these experiments only determined redis-
tributions of water between interlayer and gel pores in calcium-
silicate-hydrates (C–S–H), with negligible impact on the overall
isotherm [31].

Furthermore, sorption isotherms from Dynamic Vapor Sorption (DVS)
[32], reproduced in Fig. 3, feature adsorption branches that are similar
to those in Fig. 2, supporting the interpretation that adsorption is
near-equilibrium. By contrast, the desorption branches from DVS differ
significantly from those obtained using the static gravimetric method
with desiccators (cf. Fig. 3 with Fig. 1). In particular, desorption from
DVS is weakly affected by temperature, except for an increase of the
cavitation pressure, highlighted in Fig. 3, and less hysteresis especially
at low RH below cavitation. The results in Fig. 3 refer to the second
cycle of desorption and adsorption, excluding irreversible deformations
from first drying (although the same work also reported small changes
from first to second desorption, suggesting that microstructural changes
during drying might be viscous and unable to fully develop in the
shorter timescales of DVS experiments, compared to traditional experi-
ments with desiccators). A limitation of the results in Fig. 3 is that they
cover only a small range of temperature, from 25 to 40 ◦C.

In this article, we present new DVS results on cyclic sorption of
CEM I paste at 20, 40 and 80 ◦C, in isothermal conditions. To reduce
confounding effects from irreversible changes upon first drying at high
RH and harsh drying, we pre-conditioned all the samples to RH = 60%
and limited desorption to a minimum RH of 5%. The results confirm
and extend those in Fig. 3, supporting the interpretation that adsorption
is near-equilibrium and desorption is not. Desorption curves obtained
at 80 ◦C follow the trend from Fig. 3, showing a further increase in
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Fig. 3. Second-cycle sorption isotherms of CEM I pastes with w/c = 0.4 at different
emperatures [32]. The arrow indicates the increase of cavitation pressure, viz. the RH
t which the desorption curve drops due to rupture of capillary menisci.

Table 1
Composition and properties of CEMI 52.5R/85.

Quantity Value Units

CaO 65.7 %
SiO2 21.6 %
Al2O3 4.05 %
SO3 3.30 %
MgO 1.30 %
Fe2O3 0.26 %
K2O 0.35 %
Na2O 0.30 %
Chloride (Cl−) 0.01 %
Free CaO 1.60 %
Loss on ignition 3.20 %
Specific weight 3.06 g/cm3

Blaine surface area 4600 cm2/g
Initial setting 100 min
Final setting 130 min

cavitation pressure and inducing a further reduction of the overall
hysteresis. The shift of cavitation pressure is qualitatively confirmed
by dedicated simulations using classical Density Functional Theory
(DFT), which attribute the out-of-equilibrium state of desorption to
the ink-bottle effect of water in gel and capillary pores. The article
then explores how the temperature-dependent isotherms change when
drying to nominal RH = 0%, instead of stopping at RH = 5%; this
highlights the role played by interlayer water in the C–S–H. Additional
experiments address the impact of the maximum RH reached during
the sorption cycles (80% vs. 98%), the precision with which the mass
of the samples is stabilized after changing RH (this controls the rate
of the experiment), the differences between first and second sorption
cycles, and the scope and limitations of normalizing water content by
dry mass. Finally, a conceptual model is proposed for the temperature-
dependent hysteresis from water in interlayer spaces and in larger
pores (gel and capillary). The model offers a qualitative explanation
for the experimental trends and a starting point for future, improved
constitutive laws of temperature-dependent water sorption in cement
pastes.

2. Methods

2.1. Materials and samples preparation

We consider samples of CEMI 52.5R/85 paste with water–cement
ratio 0.4, whose isotherms have been already measured in the litera-
ture using both desiccators and DVS, as discussed in the introductory
section. The chemical composition and key properties of the cement are
summarized in Table 1.

The cement paste was prepared in the laboratory in a single batch,
3

using deionized water and a paddle mixer, and manually tapped to s
remove air bubbles. Eight cylindrical specimens with 15 mm diame-
ter and 10 mm height were cast in total. The molded samples were
wrapped in cling film and at 20 ◦C in an air-tight plastic box. The
amples were demolded after 7 days of hydration and then put back
nwrapped into the same box for further curing, along with a tray filled
ith deionized water to keep the RH at 100%, until 28 days. After that,

he samples were moved to a new air-tight box, this time containing
tray filled with saturated aqueous solution of ammonium nitrate, to

eep the RH inside the box to ∼60%, while always at 20 ◦C [33–35].
The samples were kept at 60% RH for slightly over 6 months before

tarting the subsequent sorption tests. The initial RH of 60% was chosen
or three reasons. First, to exhaust the large irreversible microstructural
hanges that occur at high RH during first desorption (e.g. coarsening
f capillary and large gel pores), hence providing a more stable mi-
rostructure to start the tests with1 Second, to stop further hydration,
s hydration of alite, the principal phase in Portland cement, is known
o stop when exposed to RH below 80% [36]. Third, to set the samples
o a typical relative humidity for engineering applications; in this way
e aimed for a realistic level of microstructural deformations, expected
uring first drying, while avoiding excessive deformations that drier
onditions would cause, but also avoiding the unrealistic absence of
uch deformations and the continuing hydration that a higher RH
ould produce. One risk of pre-conditioning samples at 60% RH is that
uring the sorption tests, at RH > 80%, the samples may start hydrating
gain; this would change their microstructure and may complicate the
nterpretation of the results. However, our results (both for adsorption
imited to 80% RH and exceeding it) will show that further hydration,
f present at all, has a negligible impact on the isotherms, which turn
ut to be consistent between first and second sorption cycles.

In preparation for the water sorption tests, fragments were chiseled
ut from some of the samples, with masses 𝑀𝑖 in the 35–200 mg
ange: see Table 2 (the DVS machines used in the work can test
amples with mass up to 1 g). To check that the fragmentation did
ot induce significant microstructural changes at the isotherms-relevant
cales (tens of nanometres), we exposed two of the original disks and
our fragments to a range of RH (between 50% and 80% in steps of
0%) in a climate chamber at 20 ◦C (BINDER KBF 240), verifying
hat their relative weight changes were indeed comparable. This con-
irmed previous literature works, which already showed that extracting
ragments from larger samples has negligible impact on the measured
orption isotherms and on the related mesopore structure [37,38]. The
reliminary tests in climate chamber took approximately 5 months.

.2. Sorption isotherms using DVS

The Dynamic Vapor Sorption (DVS) analyzers used in this work
ere the DVS Intrinsic Plus, which can go up to 40 ◦C and 98% RH,
nd the DVS Resolution, which also covers the 0%–98% range of RH
p to 40 ◦C but can also reach 85 ◦C, although at this temperature
ts maximum RH is limited to 80%. Both analyzers are from Surface
easurements Systems Ltd. Both analyzers house a 6 digit microbalance

or measuring sample weight change under controlled temperature
nd RH, in a nitrogen atmosphere. A more detailed description of the
nalyzer can be found in the literature [32,39]. One advantage of DVS
s that measurements are carried out in true isothermal conditions,
y controlling and varying directly the RH, instead of reconstructing
sotherms from isobaric conditions in desiccators (see previous dis-
ussion of Fig. 1). Another advantage of DVS is that both RH and
emperature are controlled with high precision (±1% RH, ±0.1 ◦C)

1 Irreversible structural changes continue all the way down to 0% RH
uring first drying, but they are minimal during subsequent cycles [11].
eversible structural changes persist during subsequent cycles, but they do
ot affect the shape of the isotherms as long as enough time is given for the
ample to adapt after a humidity change.
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Table 2
List of all the samples tested by DVS. 𝜀 is a threshold value of relative mass change used
y the DVS machines to establish when a sample is sufficiently stable at any given RH.
ll samples were tested using either 𝜀 = 10−5 or 10−6 min−1. In various cases, different

𝜀 were used during the first and second sorption cycles: the values of 𝜀 will be specified
case-by-case in the results section. The only exception is sample C2 at 80 ◦C, which
was tested at a lower 𝜀 = 3 ⋅ 10−7 min−1 to evaluate rate effects in comparison with
sample C1-80 ◦C, tested under the same protocol but with a larger, less restrictive
𝜀. 𝑀𝑖 is the sample mass after pre-conditioning at 60% RH, before starting the DVS
tests. 𝑀10 is the sample mass at 10% RH during second-cycle adsorption. 𝑀0 is the
dry sample mass, after 24 h at 105 ◦C.

Sample ID and Sorption protocol 𝑀𝑖 𝑀10 𝑀0
temperature description (mg) (mg) (mg)

A-20 ◦C 5%–80% RH 40.672 39.000 36.100
B1-20 ◦C 5%–98% RH 191.432 181.516 176.510
B2-20 ◦C 5%–98% RH 41.151 39.654 36.800
C-20 ◦C 0%–98% RH 47.606 44.406 43.354

A-40 ◦C 5%–80% RH 40.878 38.773 36.400
B-40 ◦C 5%–98% RH 91.095 85.922a 82.510
C-40 ◦C 0%–98% RH 59.058 53.814 52.280

A-80 ◦C 5%–80% RH 36.525 32.987 32.100
C1-80 ◦C 0%–80% RH, 𝜀 = 10−5 min−1 37.242 34.183 33.322
C2-80 ◦C 0%–80% RH, 𝜀 = 3 ⋅ 10−7 min−1 41.180 37.507 36.300

aThis value of 𝑀10 refers to first-cycle adsorption, as second-cycle data were lost for
his sample.

hereas such control can be more difficult to achieve with the conven-
ional desiccator method. Furthermore, experimental programs can be
et up in DVS to automatically run multiple cycles of adsorption and
esorption without the need to remove the samples, differently from
ests in desiccators where, often, samples are moved from one chamber
o another, or the chamber is opened to replace salt solutions or to
eigh the samples.

The DVS measurements in this work explore several ranges of RH
t three different temperatures: 20 ◦C, 40 ◦C, and 80 ◦C. The tests at
0 and 40 ◦C were performed on the DVS Intrinsic apparatus, which
ontrols RH between 0 and 98%. The tests at 80 ◦C were conducted
n the DVS Resolution machine, which can control the RH between
and 85% when operating at 80 ◦C. All the tests started from the

amples after the aforementioned pre-conditioning at 60% RH and
0 ◦C. After placing the samples into the DVS analyzer, the temperature
as increased to 40 ◦C or 80 ◦C, as needed, while keeping the RH at
0%; this typically caused an initial decrease in water content, even
hen the temperature in the DVS was kept at 20 ◦C, despite the samples
ere pre-equilibrated for a long time already. Then the RH was reduced

n steps of 10% until reaching RHmin (5% or 0%, depending on the test),
hen increased in steps of 10% to reach RHmax (80% or 98% depending
n the test), then reduced again in steps of 10% back down to 60%, to
omplete the first sorption cycle. This was immediately followed by a
econd cycle with the same protocol.

DVS isotherms were obtained for a range of stabilization thresholds
, which is a parameter that is set in the DVS apparatus software and
efines the rate of relative mass change of a sample below which it
s considered as stable, and the experiment moves to the next RH. The
alculation of 𝜀 in the DVS apparatus changes with software version; the
ypical values used for DVS measurements of cement-based materials
re in the order of 10−5 min−1 [32,39,40]. In this work, we used 𝜀
alues of 3 ⋅ 10−7, 10−6, and a more generous 10−5 min−1. In addition,
e imposed that any RH level was to be maintained for a minimum of
h, and a maximum of 72 h. To provide a more precise interpretation

f this 𝜀 threshold, for each step of RH we also computed a related
uantity, 𝜀𝑎, defined as follows:

𝑎 =
1
𝛥𝑡

⋅
𝑀(𝑡 + 𝛥𝑡) −𝑀(𝑡)

𝑀(𝑡)
(1)

𝛥𝑡 is the averaging time, which we set to 10 min. From our experiments
we found that our stabilization criteria above led to an average 𝜀𝑎
between 5 ⋅ 10−6 and 7 ⋅ 10−6 min−1 when using 𝜀 = 10−5 min−1, an
4
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average 𝜀𝑎 between 10−7 and 7 ⋅ 10−6 min−1 when using 𝜀 = 10−6

min−1, and an average 𝜀𝑎 between 8 ⋅ 10−7 and 2 ⋅ 10−6 min−1 when
using 𝜀 = 3 ⋅ 10−7 min−1. Fig. 4 shows typical mass plots obtained in
this study. The figure shows that the samples attained a stable mass
at all RHs except very low (from 10% down to 0%) and very high
(90% to 98% RH at 20 ◦Cand 40 ◦C, 70% to 80% at 80 ◦C) ones.
Poor convergence to a stable mass was also recorded in proximity of
the RH corresponding to cavitation during desorption, i.e. RH between
30% and 50%, but not during adsorption, which corroborates the view
that adsorption is near-equilibrium. However, in general, the mass
stabilization achieved was satisfactory to produce meaningful trends
that will be discussed later in the result sections. Fig. 4 also highlights
the timescale of the experiments at different temperatures, with tests
conducted at 20 ◦C and 40 ◦C both requiring approximately 40 days
to complete two full cycles of sorption, whereas comparable tests at
80 ◦C could be completed in just 4 days.

Here we normalize the water content of each sample by its mass
at 10% RH during the second-cycle adsorption, 𝑀10. In the literature,
water contents are commonly normalized by dry mass 𝑀0 instead.
Here, however, we will stop some of our tests at RHmin = 5%, at
which point the evaporation of interlayer water will be only partial,
and its extent will be most likely temperature-dependent. We will
show how this, when normalization by 𝑀0 is employed, leads to a
situation where neither the adsorption nor the desorption branches
at different temperatures are consistent. Instead, normalizing by a
suitably low mass will allow us to exclude the impact of interlayer
water motion when RH gets close to 0% [5,9,41–43]. The reason for
choosing 𝑀10 on an adsorption branch, and not during desorption, is
that our results support the thesis that adsorption is near equilibrium,
hence using a mass on the adsorption branch is a more robust and
repeatable choice. The reason for using 𝑀10 from the second-cycle
adsorption is that normalization by 𝑀10 during first adsorption would
produce less consistent isotherms.2 This suggests that only when a full
cycle of adsorption and desorption is completed, all the irreversible
microstructural changes and other sources of hysteresis (e.g. motion
of interlayer water) are exhausted, yielding stable samples that can
produce repeatable isotherms (as long as the bounds of RHmin and
RHmax used during the first cycle are respected).

To check consistency between results from different sorption ap-
paratuses, Fig. 5 compares the second-cycle isotherms obtained at
20 ◦C using the DVS Intrinsic Plus and the DVS resolution analyzers.
The isotherms indicate that the results were indeed comparable, both
absolute values of adsorbed water and gradients at any RH. The only
significant discrepancies between curves are at high RH, where a larger
variance in the isotherms is expected due to the exponential relation-
ship between the RH and the size of pores where water can condense
(e.g. from the Kelvin equation). Other smaller quantitative differences
do not affect the major qualitative changes in sorption curves observed
at high temperatures, and reported later in this article. Therefore all
measurements can be considered together despite being collected using
two different analyzers.

2.3. Simulations of adsorption and desorption

We consider model configurations of the mesostructure of hydrated
cement pastes (from nano to micro), which is represented as a packing
of spherical nanoparticles, polydisperse in size, as presented in previous
works [44,45]. Condensation and evaporation were simulated using a
discrete lattice gas density functional theory (DFT) with interaction
parameters imported from atomistic simulations of water in contact
with cement minerals [41]. This DFT approach was first derived by

2 Here we do not present data normalized by 𝑀10 during first adsorption,
ut the interested reader can reconstruct such normalized isotherms from the
ata in the figures and the values of second-adsorption 𝑀 in Table 2.
10
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Fig. 4. Evolution of sample mass during DVS cycles of adsorption and desorption: (a) Sample C-20 ◦C tested with 𝜀 = 10−6 min−1; (b) Sample C-40 ◦C with 𝜀 = 10−6 min−1; (c)
Sample C1-80 ◦C with 𝜀 = 10−5 min−1.
Fig. 5. Second-cycle isotherms of our sample (CEM I, w/c = 0.4) at 20 ◦C, run on the
two apparatuses used in this work: DVS Intrinsic and DVS Resolution. For both curves,
the stabilization threshold is 𝜀 = 10−6 min−1.

Kierlik et al. [46,47] for adsorption/desorption of a fluid in a quenched
random porous solid. The method was previously applied to study the
capillary stress and drying shrinkage of cement pastes [29,48].

The first step in the DFT simulations is to overlay a cubic lattice
grid onto the particle-based configuration. If the center of any grid
cell falls within the volume of a solid particle, the cell is marked as
𝜂 = 1, otherwise it is treated as a pore where water can condense and
evaporate, marked as 𝜂 = 0. The interaction energy between a cell and
its first neighbors is given by two parameters: 𝑤𝑓𝑓 if both neighboring
cells are filled with fluid, 𝑤𝑠𝑓 if one cell is solid and the neighbor is
filled with fluid. The chemical potential 𝜇 of the fluid to be adsorbed is
fixed; in case of water sorption, this is linked to the partial pressure and
thus the RH of the water vapor surrounding the sample. For any value
5

of 𝜇, the corresponding amount of water condensing in each available
site (with 𝜂 = 0) is obtained by minimizing the grand potential:

𝛺 = −𝑤𝑓𝑓
∑

⟨𝑖,𝑗⟩
𝜌𝑖𝜌𝑗 −𝑤𝑠𝑓

∑

𝑖,𝑗
𝜌𝑖𝜂𝑗 − 𝜇

∑

𝑖
𝜌𝑖

+ 𝑘𝐵𝑇
∑

𝑖

[

𝜌𝑖 ln 𝜌𝑖 + (1 − 𝜌𝑖) ln(1 − 𝜌𝑖)
]

(2)

where 𝜌𝑖, the normalized density of fluid on site 𝑖, can vary continu-
ously between 0 and 1. Subscript 𝑗 identifies the 6 first-neighbor cells
of cell 𝑖. The fluid–fluid interaction energy 𝑤𝑓𝑓 is determined by the
bulk critical point 𝑘𝐵𝑇𝑐 = −𝜈𝑤𝑓𝑓∕2 where 𝜈 = 6 is the number of
nearest neighbors in the cubic lattice. The lattice spacing 𝑎 of the DFT
simulations is estimated from the surface tension that is energy per area
𝛾 ∼ 𝑤𝑓𝑓∕2𝑎2. For water at 𝑇 = 300 K, 𝛾 ∼ 72 mN/m which gives
𝑎 ∼ 0.24 nm. Based on these estimates, we choose a fine grid cell size of
𝑎 = 0.3 nm i.e close to molecular size. The fluid-solid interaction energy
𝑤𝑠𝑓 = 2.5 𝑤𝑓𝑓 is estimated from molecular simulations of the isosteric
heat of adsorption in the limit of zero coverage for water in cement
paste [41].

With the presented method, the total water contents in the model
configuration for sets of increasing/decreasing values of 𝜇 provide
respectively the adsorption and desorption isotherms. In particular,
here we will test the effect of temperature on the isotherms. As the
temperature is increased from the room temperature value 𝑇 = 300 K,
the last (entropic) term of Eq. (2) becomes more significant, and the
system is brought closer to its critical point 𝑇𝑐 . This will lead to a re-
duction of the hysteresis between adsorption and desorption branches,
and indeed one expects that hysteresis should disappear at and above

𝑇𝑐 .
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3. Results

The main results of this study are second-cycle DVS isotherms
between 20 ◦C and 80 ◦C, in the 5%–80% RH range; these are presented
in Section 3.1 and corroborated by simulation results in Section 3.2.
The following Sections 3.3 and 3.4 show how the isotherms are im-
pacted by increasing the maximum RH above 80%, and decreasing it
below 5%. The effect of changing drying/wetting rate (through the sta-
bilization threshold 𝜀) and the differences from first to second isotherm
loops are addressed in Section 3.5. Finally, Section 3.6 discusses the
impact of the reference mass used to normalize the water content in
the DVS experiments.

3.1. Isotherms from 20 ◦C to 80 ◦C

Fig. 6 shows the impact of moderately high temperatures on the
DVS isotherms of our samples. The results confirm the DVS data from
Wu et al. [32], in Fig. 3, extending them below 25 ◦C and above 40 ◦C,
showing in particular that:

• All the adsorption curves at different temperatures are similar
to each other, and also to those in Fig. 3; small differences at
the various temperatures are within the variation in results from
using different samples or analyzers: cf. Fig. 5. The results are
also qualitatively and quantitatively consistent with adsorption
isotherms obtained using desiccators on similar pastes, e.g. in
Fig. 2. This supports the interpretation that adsorption is near
equilibrium;

• In the desorption branches, the main difference brought by higher
temperatures is an increase in cavitation pressure, viz. the RH
at which the isotherm sharply drops (around 40%–50% depend-
ing on the temperature). Such change is substantive and clearly
greater than the variations between similar tests on different
analyzers in Fig. 5. A smaller hysteresis at low RH is noticeable
too. The previous DVS results from Wu et al. in Fig. 3, showed a
similar trend of cavitation pressure and hysteresis, although to
a lesser extent due the limited range of temperatures explored
there (25 to 40 ◦C). Our results indicate that the shift in cavitation
pressure and reduction in hysteresis increase further when raising
the temperature to 80 ◦C;

• The results shown in Fig. 6, as well as those from Wu et al. [32],
disagree with sorption experiments carried out using desiccators,
which showed significant changes in the desorption isotherm and
reduced hysteresis at all relative humidities, already at 70 ◦C (see
Fig. 2). However, the results from desiccators in Fig. 2 were
for first desorption, which entails large irreversible changes in
microstructure, whereas the DVS results in Fig. 6 are for second
cycles. Also, the DVS experiments enable a more precise control
of humidity and temperature and a smaller timescale for mass
stabilization after changes in RH, all of which favor the obser-
vation of a more stable and consistent desorption branch. Further
dedicated work would be required to investigate in more detail
the relationship between results from DVS and from desiccators.

A clear difference between our results and those of Wu et al. [32]
n Fig. 3, is that our results in Fig. 6 show significantly less hysteresis.
his difference, however, is simply due to our isotherms being limited
o the 5%–80% humidity range, as opposed to the 0%–95% RH range
n Fig. 3.

.2. DFT simulations

Fig. 7 shows results of DFT simulations of water sorption isotherms
or a dense packing of particles representing the gel product in a cement
aste at w/c = 0.4. The snapshots at different RH during adsorption and
esorption, in Fig. 7.a, highlight two key mechanisms: the ink-bottle
6

ffect and cavitation. These are best appreciated starting from near c
Fig. 6. Second-cycle DVS isotherms of our sample (CEM I paste, w/c = 0.4) at
different temperatures, in the 5%–80% RH range. For the samples at 20 and 40 ◦C the
tabilization threshold is 𝜀 = 10−6 min−1; for the sample at 80 ◦C, 𝜀 = 10−5 min−1.
he solid arrow highlights the increase of cavitation pressure. The dashed arrows help

dentify the adsorption and desorption branches.

aturation, at RH 99%, where all the pores are filled with water. The
napshots at just lower RH = 80% indicate that the amount of water in
he gel pores is much larger during desorption than during adsorption:
his is due to the ink-bottle effect, whereby larger pores surrounded
y smaller ones can develop a capillary meniscus and thus release
heir water only after the smaller pores around them are emptied. This
ntails that the actual humidity to empty the larger pores is lower
han the equilibrium humidity to fill them up, producing hysteresis in
he sorption isotherm. The snapshots at 60% RH in Fig. 7.a, instead,
how a similar content and distribution of water during adsorption and
esorption. This is due to the mechanism of cavitation, i.e. the liquid
ater in the gel pores reaching equilibrium with its vapor phase and

herefore evaporating without relying on the formation of a capillary
eniscus. As a result, evaporation also becomes independent of pore

ize and the ink-bottle effect is overridden.3
The isotherms computed at various temperatures, between 20 ◦C

nd 70 ◦C, are shown in Fig. 7.b. The adsorption isotherms from the
imulations are qualitatively and quantitatively similar to the exper-
mental ones. Their weak dependence on temperature supports the
nterpretation that adsorption is near equilibrium. The simulated des-
rption branches in Fig. 7.b predict one of the main effects that we
bserved experimentally, viz. that higher temperatures induce a shift
owards higher cavitation pressures. The simulated cavitation pressures
re systematically higher than the experimental ones, e.g. ∼65% vs. the
xperimental ∼40% at 20 ◦C. This overestimation is a known feature of
he DFT method used in the simulations, already noted and discussed
lsewhere [29,48]. The second experimental effect of higher temper-
tures, viz. the reduction of hysteresis at low RH, is not captured by
he simulations. This is because hysteresis below the cavitation RH is
overned by interlayer water in the calcium-silicate-hydrate phase: see
.g. Pinson et al. [5] for how different pore spaces contribute to sorption
ysteresis in the cement paste. Indeed our experiments in Fig. 6, where
esorption stops at 5% RH leaving much of the interlayer water unper-
urbed, feature significantly less hysteresis at low RH than experimental
esults where desorption continues down to 0% and interlayer water is
obilized, e.g. in Fig. 3 and later results in Section 3.4. In the DFT

imulations, interlayer spaces are not resolved at all, therefore their
ontribution to sorption and hysteresis is completely missed.

The simulations provide a quantification and mechanistic explana-
ion of the out-of-equilibrium nature of desorption at high RH. Fig. 7.c
hows the evolution of the grand potential during a cycle of adsorption
nd desorption at various temperatures. As detailed in Section 2.3 in

3 Actually, confinement at the water–solid interface does induce some pore
ize dependence, which becomes important in small pores and largely hinders
avitation in the interlayer spaces.
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Fig. 7. DFT simulations of sorption isotherms: (a) dense configuration of particles, with solid fraction of ca. 0.64, representing the gel product in a cement paste, and cross section
of the configuration at different humidities during adsorption and desorption at 20 ◦C; (b) water sorption isotherms simulated at different temperatures, with sample masses 𝑀
computed assuming that the solid particles are made of C–S–H (more details in Refs. [29,48]); (c) evolution of the grand potential during adsorption and desorption.
the methodology, the grand potential represents the free energy to
minimize. In Fig. 7.c, the grand potential at high humidity, viz. where
hysteresis occurs in the simulations, is higher during desorption than
during adsorption. This means that desorption is farther from equi-
librium than adsorption. Fig. 7.a shows that the mechanism keeping
desorption out of equilibrium is the ink-bottle effect. This effect creates
pockets of condensed water that cannot evaporate until smaller pores
surrounding them are emptied, which mainly occurs at cavitation in
the small-size model system used here.4 The impact of the ink-bottle
effect can be appreciated by comparing the snapshots at 80% RH in
Fig. 7.a during adsorption and desorption, the latter being clearly more
saturated, whereas differences disappear at humidity below cavitation.
These simulation results confirm that, in complex pore networks such
as that of cement paste, the ink-bottle is the leading mechanism keeping
the system out of equilibrium.

3.3. Effect of increasing the maximum RH from 80% to 98%

Fig. 8 shows how the DVS isotherms change upon increasing the
maximum relative humidity explored in the cycles, RHmax, from 80%
to 98%. Data for 80 ◦C was unavailable because the DVS Resolution
analyzer could only achieve a maximum 80% RH when performing
measurements at 80 ◦C. The isotherms in the figure are all second
cycles, except for that at 40 ◦C reaching 98% RH, which is a first
cycle because the data of the second cycle were lost. Section 3.5 will
show that differences between first and second DVS cycles at 40 ◦C are
marginal, both in the 5%–80% and in the 0%–98% ranges of humidity.
Therefore we extrapolate that also the first cycle isotherm in the 5%–
98% RH range is likely to be similar to a second cycle isotherm. Data for
20 ◦C consider two samples with significantly different initial masses,

4 Large scale experiments feature a more gradual exhaustion of ink-bottles
as the RH decreases during desorption, until a more abrupt disruption at
cavitation causes the characteristic drop in saturation degree.
7

Fig. 8. DVS isotherms of our sample (CEM I paste, w/c = 0.4) at different temperatures,
in the 5%–98% RH range (solid lines) and comparison with previous results from Fig. 6
in the 5%–80% RH range (dashed lines). All curves are second cycles, except for the
dataset at 40 ◦C reaching 98% RH, which is a first cycle. In all cases, the stabilization
threshold is 𝜀 = 10−6 min−1.

ca. 191 and 41 mg: see Table 2. The similar isotherms obtained for
these two samples indicate that sample mass does not affect the results
for the range of masses explored in this work.

The adsorption branches are not affected by the higher RHmax, and
the trends between 80% and 98% RH are a convincing continuation of
the results stopping at 80% RH. This also indicates that adsorption is at
equilibrium, because if one used equilibrium-based models to extract
microstructural information, e.g. the Kelvin equation, all adsorption
branches in Fig. 8 would provide consistent results, irrespective of
the maximum RH reached. This would not be true for the desorption
branches. When stopping the cycle at 98% RH instead of 80% RH,
the desorption branch features a higher saturation degree and also a
steeper gradient, down to RH as low as the onset of cavitation, ∼40%.
The gradient, if interpreted using equilibrium-based microstructural
models, would lead to the improbable conclusion that the microstruc-
ture changes significantly during a second cycle, depending on the
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Fig. 9. DVS isotherms of our sample (CEM I paste, w/c = 0.4) at (a) 20 ◦C, 40 ◦C, and (b) 80 ◦C. Solid lines indicate 0%–98% RH range for samples at 20 ◦C and 40 ◦C,
nd 0%–80% RH range for the sample at 80 ◦C. Dashed lines stop at 5% minimum RH and correspond to data already shown in Fig. 8 for samples at 20 ◦C and 40 ◦C, and in
ig. 6 for the sample at 80 ◦C. All curves are second cycles, except for the dataset at 40 ◦C stopping at 5% minimum RH: see discussion on this point in relation to Fig. 8. The
tabilization threshold for the tests reaching 0% RH is 𝜀 = 10−6 min−1 for the samples at 20 ◦C and 40 ◦C, and 3 ⋅ 10−7 min−1 for the sample at 80 ◦C.
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aximum RH reached. On the other hand, the flatter desorption branch
hen stopping at 80% RH is consistent with the ink-bottle effect,
ithout having to assume microstructural changes (see Ref. [5], where
lmost flat scanning loops during desorption were indeed predicted
y modeling the ink-bottle effect). The larger hysteresis when reach-
ng 98% RH, for humidities above cavitation, is also explained by
he ink-bottle effect, which creates more pockets of condensed water
aintaining higher saturation during desorption. Below cavitation, the

nk-bottle effect is removed and, consistently, the desorption isotherms
eaching 98% RH become very similar to those obtained by stopping
t 80% RH. The isotherms at 40 ◦C display less hysteresis at low RH
ompared to the isotherms at 20 ◦C; this trend emerges from both the
sotherms reaching 98% RH and those stopping at 80% and is probably
inked to the mobilization of interlayer water.

.4. Effect of decreasing the minimum RH from 5% to 0%

Fig. 9 shows the isotherms for which the minimum RH reached,
Hmin, was 0% instead of 5%. At all temperatures, significant desorp-

ion takes place below 5% RH. This is expected because a large fraction
25%–50%) of the interlayer water in the calcium–silicate–hydrate
hase only evaporates below 5% RH [49]. A less predictable result in
ig. 9 is that the extent of desorption below 5% is quantitatively similar
t all temperatures. At 20 and 40 ◦C, this result matches previous DVS
sotherms from Wu et al., in Fig. 3. Our result at 80 ◦C instead is novel
nd its comparison with literature data at similar temperatures, only
vailable from larger-scale desiccator tests, is not straightforward due
o inconsistencies in the literature itself. Indeed, the literature results
n Fig. 1.b are quite similar to ours, whereas those in Fig. 1.a indicate
hat less and less desorption should occur below 5% RH as higher
emperatures are sampled.

At 20 and 40 ◦C the adsorption isotherms feature higher saturation
or the samples dried to 0% RH; this is especially evident at RH > 40%.
his may be interpreted as the result of microstructural changes that
ay occur when drying down to 0% RH, but not when stopping at
% RH. Another reason may be adsorption in C–S–H interlayer spaces
hat become desaturated when drying down to 0% RH, but not as
uch when stopping at 5% RH. Indeed, interlayer adsorption occurs
ith steep gradients at RH above 60% RH [5,7], in which region

he differences between adsorption isotherms in Fig. 9 are greatest.
ctually, the two interpretations are compatible, in that proton NMR
xperiments have shown that there is a conversion of gel pores and
nterlayer spaces during adsorption and desorption when reaching very
ow and very high humidities [31]. This means that mobilization of
nterlayer water is indeed linked to reversible nanostructural changes
hat may justify the differences in adsorption isotherms at high RH,
8

epending on how low the RH is set during drying. s
At 20 and 40 ◦C, the second-cycle desorption isotherms also changed
hen drying down to 0% RH instead of stopping at 5%. One evident
ifference, at RH > 80%, is the consequence of the higher adsorption at
igh RH, already discussed above. Between 80% RH and the cavitation
hreshold, RH ∼40%, the gradients of the desorption isotherms are sim-
lar for all the curves in Fig. 9.a. Instead at low RH, below cavitation,
he desorption isotherms when RHmin = 0% display a higher water
ontent, and therefore a larger hysteresis, compared to the samples
ried to 5% RH only. This can be explained as a combined effect of
obilization of interlayer water in the C–S–H and normalization to
10 employed in Fig. 9.a. Specifically, the reference interlayer water

ontent (at RH = 10% during adsorption) is lower in samples dried
o 0% RH than in those dried to 5% RH, because interlayer water is
dsorbed progressively as the RH is increased from 0 to 100%. Instead,
pon desorption, interlayer water is known to mostly evaporate at RH
5%–10% [5].5 As a result, the difference in water content during

esorption and adsorption at low RH (i.e. the hysteresis there) is greater
or samples dried to 0%.

At 80 ◦C, Fig. 9.b shows that the isotherms are very similar irre-
pective of whether the minimum RHmin is 0 or 5%. A large desorption
ccurs below 5% RH, but an equally large adsorption taking takes
lace in the same range of low RHs. This indicates that moderately
igh temperatures are sufficient to drastically reduce the hysteresis
ssociated with interlayer water, at least in the cases explored here,
here the maximum RH at 80 ◦C is limited to 80%.

.5. Effect of equilibration rate and differences between first and second
ycles

Fig. 10 shows that first and second cycle isotherms are generally
imilar, irrespective of the equilibration rate used in the experiments
controlled by the stabilization threshold 𝜀). A significant difference
ies in the first desorption isotherms, starting at 60% RH, which differ
rom second-loop desorption curves for all the temperatures and rates
xplored. This result is the predictable consequence of microstructural
hanges during first desorption. Such changes are larger at higher
emperature, as shown by the increasing difference between first and
econd desorption isotherms at 20, 40 and 80 ◦C in Fig. 10.a, and at 20
nd 40 ◦C in Fig. 10.b. This trend is not an artifact of the normalization

5 The hypothesis that interlayer water evaporates at very low RH and is
dsorbed progressively across the full range of RH is a classical one, originally
ut forward by Feldman and Sereda [9]. In 2015, Pinson et al. [5] appreciated
ow recent results from proton NMR and atomistic simulations supported
ndeed the seminal hypothesis. This might be explained by that evaporation
nd adsorption of interlayer causing changes in the nanopore structure of the
aterial; such changes were indeed detected using proton NMR, which also
howed that they are reversible [31].
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Fig. 10. Comparison of first and second cycle DVS isotherms of our sample (CEM I paste, w/c = 0.4): (a) samples at all temperatures tested at RH between 5% and 80%, with
𝜀 = 10−5 min−1 and 10−6 min−1 respectively during the first and second loop (the latter already plotted in Fig. 6); (b) samples at 20 and 40 ◦C, tested between RH = 0% and
98%, with both loops at 𝜀 = 10−6 min−1 (second loops already plotted in Fig. 9.a); (c) samples at 80 ◦C with two cycles at 𝜀 = 3 ⋅ 10−7 min−1 (same second loop as plotted in
Fig. 9.b) and 10−5 min−1. For all the curves, the water content of each sample is normalized by its mass M10 at RH = 10% during second-cycle adsorption.
Fig. 11. Effect of normalizing water content by dry mass, after 24 h at 105 ◦C: (a) second cycles of adsorption and desorption between RH 5% and 80%, with 𝜀 = 10−6 min−1

(same curves as in Fig. 6, but normalized by 𝑀10); (b) second cycles of adsorption and desorption reaching minimum RH = 0%, with 𝜀 = 10−6 min−1 for samples at 20 ◦C and
40 ◦C, and 𝜀 = 10−5 min−1 (solid lines) and 3 ⋅ 10−7 min−1 (dashed lines) for the samples at 80 ◦C.
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of water content by 𝑀10, as it would also emerge if the results were
normalized by the dry mass 𝑀0 of the samples; this other normalization
is not displayed here, but the interested reader can reconstruct the
isotherms using the 𝑀0 values in Table 2.

3.6. Normalization by dry mass

In the literature on sorption experiments of cementitious materials,
sample masses are usually normalized by dry mass. Such normalization
is important, to perform meaningful comparisons between tests under
different conditions. The results in this section show that normalization
by dry mass is only effective when samples are tested at the same
temperature, or when the minimum RH reached in the desorption
branches is 0%. In all other cases, another state of the system that is
consistent across the range of experimental conditions explored should
be found.

Here we normalized the water content for the isotherms using
sample masses at 10% RH during second adsorption, 𝑀10, instead of
dry mass after 24 h 105 ◦C, 𝑀0. Fig. 11.a justifies this decision, in
hat isotherms with minimum RH = 5% become significantly shifted
hen the water content is normalized by 𝑀0. This may confound the
resentation of our results, as in multiple instances we have stopped
esorption at 5% RH to sample evaporation and condensation in meso-
ores while limiting the mobilization of interlayer water. However,
espite the shift, all the isotherms in Fig. 11.a remain parallel, hence
odels using the gradient of these curves to compute pore size distri-

utions would still return consistent results as discussed in this article
hen normalizing by 𝑀10.

The shift in second-cycle isotherms in Fig. 11.a indicates that sam-
les tested at higher temperature retain less water than samples tested
9

t

t lower temperatures, throughout the entire range of relative hu-
idity. On the other hand, Fig. 11.b shows that the shift disappears
hen the minimum RH reached is 0%; in this case, all the adsorption

sotherms at different temperatures collapse onto the same curve, as ex-
ected. Also, the isotherms at 80 ◦C are very similar between Fig. 11.a
nd b, meaning that the impact of the minimum RH reached during the
xperiment becomes negligible at high temperatures. All these results in
ig. 11 suggest that higher temperatures favor evaporation of interlayer
ater already at relatively high RH, whereas at lower temperatures,

uch evaporation is only possible at very low RH, approaching 0%. As
result, normalization by 𝑀0 (as usually adopted in the literature) only

eturns matching isotherms at different temperatures when a minimum
H of 0% is reached. When this is not the case, we recommend
ormalizing the water content by a suitably low RH during adsorption,
.g. 𝑀10 as proposed in this work.

.7. Towards a model of sorption isotherms at moderately high tempera-
ures

Based on our results, we propose here a conceptual framework to
odel sorption isotherms of cement pastes at moderately high tem-
eratures. We start with the model in Pinson et al. [5], which split
he isotherm into three contributions: one from water in interlayer
paces within the C–S–H, one from water adsorbed onto the surfaces of
arger pores (gel and capillary), and one from condensed water in gel
nd capillary pores. For simplicity, hereafter we neglect the surface-
dsorbed water whose contribution is usually quite small for typical
astes: see figure 4 in Pinson et al. [5].

Fig. 12 schematically reproduces the contributions to the sorp-
ion isotherm from interlayer and gel/capillary water, as proposed by
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Fig. 12. Illustrations of contributions to the water sorption isotherm of a cement paste, from (a) water in the interlayer spaces of C–S–H, and (b) water in larger, gel and capillary,
pores. The black curves, for room temperature, are inspired by those in Pinson et al. [5]. The red curves, at high temperature, are qualitatively proposed based on the results in
this article. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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Pinson et al. for room temperature, 20 ◦C. In the same figure, we
ualitatively outline the effect that a higher temperature may have
n these contributions, according to the results in this article: we
ominally associate this temperature to 80 ◦C. In particular, we propose
hat:

1. The adsorption branches are independent of temperature (ne-
glecting the marginal effects that temperature has on the ther-
modynamic relationship between RH and size of the largest
saturated capillary pore, e.g. the weak temperature-dependence
of the Kelvin equation);

2. The only effect that temperature has on the isotherm from
gel/capillary water, in Fig. 12.b, is a shift in the cavitation
pressure, as per our DFT simulations. In Ref. [50], the interested
reader can find a detailed study on temperature dependence
of water cavitation from short-term sorption experiments on
hardened cement pastes and other minerals;

3. The higher temperature, instead, significantly reduces the water
content for the desorption branch of the isotherm from the inter-
layer water, in Fig. 12.a. This is already affecting the isotherm
at relatively high RH.

Using the partial isotherms in Fig. 12, we can recover some of
he qualitative experimental trends that have emerged in this article.
ig. 13.a and b show patterns of desorption and adsorption akin to
ur experiments in the 5%–80% humidity range. We start with the
aterial at RH = 60%, assuming that the interlayer spaces are fully

aturated irrespective of the temperature: see white dots in the fig-
res. The first desorption takes the sample down to 5% RH and onto
he respective desorption curve from Fig. 12, depending on the test
emperature. Adsorption then brings the sample to 80% RH: for the
ontribution of the gel and capillary pores, both samples at 20 ◦C and
0 ◦C follow approximately the same adsorption curve,corresponding
o that of samples fully dried to 0% RH in Fig. 12. On the contrary,
he interlayer contribution depends considerably on the temperature.
amely, adsorption at 80 ◦C branch is very similar to that of a fully
ried sample, as in Fig. 12, whereas at 20 ◦C, a large part of interlayer
ater is not evaporated and the adsorption branch remains flatter until

econciling with the near-equilibrium adsorption branch at higher RH.
esorption from 80% back to 5% then follows a straight line that closes

he hysteresis loop for both samples at 20 and 80 ◦C. The result of this
rotocol, for the interlayer isotherm, is twofold: first, samples tested
t lower temperature display more hysteresis, which is in line with
ur result in Fig. 6; second, if the isotherms are normalized by dry
ass, as done in Fig. 11, the isotherm obtained at lower temperature
ill be shifted above the isotherm at higher temperature, as per our
10

xperimental result in Fig. 11.a.
Fig. 13.c and d show the contributions to sorption isotherms for
ests in the 5%–98% humidity range. In this case, adsorption follows
he same curves as for the 5%–80% protocol in Fig. 13.a and b. At
0 ◦C, desorption from 98% RH down towards 5% follows the same
urve as in the 5%–80% protocol, just starting from a higher initial RH.
y contrast, at 20 ◦C, desorption follows a horizontal line that keeps
he interlayer spaces fully saturated until very low RH. As a result,
he low-RH hysteresis at low temperature increases when a higher
H is reached during adsorption, whereas at higher temperature the

ow-RH hysteresis is less affected. This agrees qualitatively with our
xperimental results for temperatures of 20 ◦C and 40 ◦C in Fig. 8.
urthermore, Fig. 13.c and d show that for the 5%–98% RH protocol,
sotherms obtained at lower temperature would sit above those at
igher temperature, if both are normalized by the dry mass of the sam-
le; although we did not display these results, our experiments confirm
ndeed the shift also for the 5%–98% RH protocol (the interested reader
an reconstruct it from the results in Fig. 8 and the dry mass values
n Table 2). According to the model isotherms in this section, the shift
ould disappear when reaching RH = 0% during drying, because in this

ase the isotherms in Fig. 12 would be recovered (even when reaching
maximum RH lower than 100%). This agrees with our experimental

esult in Fig. 11.b, where normalization by dry mass provides matching
sotherms at all temperatures when drying is pushed down to 0% RH.

. Conclusion

We presented new dynamic vapor sorption (DVS) data for a water–
ement ratio 0.4 CEM I paste, at 20, 60, and 80 ◦C. The results
onfirmed and extended previous trends measured in a narrower range
f temperatures, 25–40 ◦C. The key findings are:

• Adsorption is near-equilibrium, and desorption is not. Indeed,
all the adsorption curves from various testing protocols and at
different temperatures returned very consistent isotherms, whose
interpretation through thermodynamic models, such as the Kelvin
equation, would lead to very consistent pore size distributions.
This implies that moderately high temperatures, like those sam-
pled here, do not induce significant microstructural changes,
at least in 1–100 nm range of length scales sampled by vapor
sorption;

• The main effect that moderately high temperatures have on des-
orption is to increase the RH at which cavitation occurs. Ded-
icated DFT simulations predicted this effect as a result of the
ink-bottle mechanisms, whereby higher temperatures destabilize
the metastable capillary menisci in a model structure of gel pores
in the cement paste. The simulation results confirmed that this

process does not necessitate any microstructural change, and that
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Fig. 13. Contributions to sorption isotherms from interlayer water and from water in gel and capillary pores: (a,b) testing protocol between RH = 5% and 80%; and (c,d) testing
protocol between RH = 5% and 98%. The white dots are the starting points of the first desorption, at 60%, assuming full saturation of the interlayer pores at this point. The
shaded areas help the reader appreciate the second-cycle hysteresis resulting from the different protocols.
a model system of C–S–H and adsorbed water has a higher free-
energy, i.e. it is further away from equilibrium, during desorption
than adsorption;

• The second effect of higher temperatures is a downward shift of
the desorption isotherm, viz. a reduction of the saturation level
at all RHs during desortpion. This overall reduces the hysteresis
at higher temperatures, since we already concluded that adsorp-
tion is not affected. Experiments evaluating isotherms in various
ranges of RH (5%–80%, 5%–98%, and 0%–98%) indicated that
the smaller hysteresis may reflect a smaller hysteresis associated
to water in interlayer spaces, and in particular a greater tendency
of interlayer water to evaporate at higher RH when samples are
tested at higher temperatures.

A limitation of this study is that, due to the serial (hence relatively
time-consuming) nature of the DVS experiments, we tested only one
sample for each combination of RH range, temperature, and stabiliza-
tion threshold. We still consider the results as significant, for three
reasons: (i) previous literature results on the same cement paste as
studied here, showed very little statistical variation in second cycle
isotherms [32]; (ii) all our results showed very good consistency,
both qualitative and quantitative, after rationalizing the effects of the
various testing conditions as per our proposed model; (iii) we found
that the stabilization threshold we explored here did not affect the
isotherms; therefore, for each combination of RH range and temper-
ature, the two/three samples tested imposing different thresholds may
be considered, effectively, as equivalent.

The experimental results inspired a conceptual model for water
sorption in cement pastes at moderately high temperatures. The model
considers how two classes of pores contribute to the sorption process:
interlayer spaces and larger pores (gel + capillary). The sorption curves
for the larger pores capture the shift in condensation pressure due to the
ink-bottle effect, whereas the interlayer isotherms feature the reduction
in hysteresis at higher temperatures. The proposed model is simplified;
for example, it assumes that the maximum water content in interlayer
spaces does not depend on temperatures and that any temperature-
11

induced changes in the interlayer structure are reversible. These aspects
would require further investigation. However, the proposed model
already captures the main trends that emerged from the experiments,
and it also explains why normalization of adsorbed mass by dry mass
returns consistent isotherms at different temperatures only when the
testing protocol involves drying down to 0% RH.

In this work we have considered only one cement mix based on
CEMI, with water–cement ratio of 0.4, and aged for 28 days. Our results
should apply directly also to CEMI mortars and concrete, as their sub-
microstructure (sampled by DVS) should not change significantly, and
these systems have relevance for many existing structures. However,
mortars and concretes would often feature water-to-cement ratios other
than 0.4; this aspect would deserve dedicated experiments. A further
extension of our study would be to assess binders that are more techno-
logically relevant; a first choice would be cements with supplementary
cementitious materials (SCCs, e.g. fly ash and slags), which might
significantly differ at the sub-micrometre scale. Further yet, one could
test samples that have been cured for longer, for example 6 months,
before starting the DVS experiments. For the mix in this work, longer
curing should not produce major differences, except possibly reducing
the extent of irreversible microstructural changes during first drying.
A longer curing should however be considered for slower-hydrating
mixes, such as various binders that incorporate SCCs. Irrespective of
the binder type and its curing age, the work in this article is valuable
in that it details an experimental approach that can be applied across
cement systems, highlighting which testing conditions are likely or
unlikely to impact the results. Also, our proposed model identified
mechanisms that are likely to underpin the interpretation of analogous
isotherms for other mixes, e.g. the role of interlayer and gel pores in
higher-aluminium pastes where C–A–S–H takes over C–S–H as the main
binding phase. All in all, the results in this article and the proposed
model offer a starting point to develop improved constitutive laws for
temperature-dependent water sorption in cement pastes.
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