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The effect of temperature on water vapour desorption isotherms can be described simply using the Clausius-
Clapeyron equation and the isosteric energy of adsorption, the latter conventionally estimated using two (or
more) isotherms obtained at different temperatures. This approach has some disadvantages, however, and this
article puts forward a simple alternative methodology for characterising this isosteric energy experimentally. Our
method is based on monitoring the relative humidity of a cementitious material heated under sealed conditions.

The evolution of the relative humidity as a function of temperature makes it possible to directly evaluate the
isosteric energy. In practice, the tests are performed using a cell of the type that is used for self-desiccation

studies.

1. Introduction

Temperature has a significant influence on the adsorption of water
vapour in cementitious materials: for a given relative humidity (RH)
value, it induces (inter alia) a drop in the quantity of water retained in
the porous network at equilibrium when it increases [1-9]. This phe-
nomenon has been attributed to thermal desorption [10]. According to
Le Chatelier's principle [11], a change in temperature in a system at
equilibrium moves the position of equilibrium to counteract the change.
Because adsorption is an exothermic process, an increase in temperature
displaces the equilibrium between the water vapour and the adsorbed
water towards the endothermic reaction, i.e. desorption. As a result, the
amount of water retained in the pores decreases, as mentioned above.
This effect may be described simply but effectively by means of the
Clausius-Clapeyron equation [12-15] (note that the derivation is carried
out with the water content w constant):

an(p,)
(),

where gy is the isosteric energy of adsorption of the water vapour (J/
mol); R the constant of ideal gases (8.3145 J/mol/K); p, the vapour
pressure (Pa) at equilibrium with the mass water content w (wt%) and
the absolute temperature T (K).

qst(w) = -R
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When the isosteric heat gy is known (i.e. when the variations in the
g5 value as a function of the water content w are known), it is easy to
estimate the equilibrium displacement induced by a change in temper-
ature in terms of the relative humidity h or vapour pressure p, by inte-
grating Eq. (1). We then obtain:

po(w, T) = py(w, To)exp {qs,(w)%o?)} 2
B PV.:(TO),, (T-Ty)
h(W, T) = h(W, To) pvs(T) exp {‘I:z(w) RTOT :| (3)

where h(w, T) is the value of the relative humidity at equilibrium with
the water content w and the temperature T; pys(T) is the saturated vapour
pressure (Pa) at temperature T and Ty is a temperature for which the
isotherm is known (i.e. the relation between w and h). It should be noted
that Ty generally corresponds to the ambient temperature (ca. 20 °C).

We should emphasise here that this simple approach does not factor
in possible changes in the distribution of the size of the pores, linked (for
example) to the modification of the calcium-silicate-hydrates (CSH)
[16-20] and/or the partial dissolution of the calcium sulfoaluminates
[21,22], which could impact the adsorption/desorption isotherms. This
in no way implies that these phenomena do not occur; rather that their
influence on the isotherms is negligible compared to that of thermal
desorption.

From a practical point of view, the isosteric heat of adsorption gy can
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be evaluated simply by measuring the isotherm at two different tem-
peratures (Ty and T;); Eq. (1) then becomes [10]:
) = R( [ P00 @
Tg, T] \,(W, T] )
where p,(w, Ty) and p,(w, T;) are the vapour pressures at equilibrium
with the water content w and temperatures Ty and T; respectively.
Even though the above approach is very simple, it nevertheless does
have some disadvantages. In the first instance, it requires experimental
results at two different temperatures (or more if possible). Although the
characterisation of isotherms at ambient temperature may be considered
a routine operation for many laboratories, the same cannot be said for
tests at other temperatures: we need only note how few results are
published in this field to recognise this. Secondly, since the derivation of
Eq. (1) must be performed at a constant water content, a mathematical
function must be used to extrapolate the value of the vapour pressure
pv(w, T) based on the experimental results available at temperature T. In
practice, different functions can be used such as adsorption models, for
example BET [23], GAB [24,25], Pickett [26] or any other bijective
function [27]. Unfortunately, the choice of function is far from a trivial
matter in that the gu(w) values obtained in this way depend on the
model used. For example, significant differences were obtained using
the GAB and Pickett models [6]. These two points highlight the need for
an experimental method that can evaluate the isosteric energy more
directly while avoiding any descriptive model. The aim of this article is
to suggest an alternative methodological approach and to compare it
with the available results (desorption isotherms at different
temperatures).

2. Material and methods

First, it should be mentioned that the approach presented here is not
new; contrary to what the authors initially thought. A similar approach
has recently been proposed [28,29] and used for the study of food
products [30-33]. It may be possible that other similar studies have been
published, and especially in other scientific fields, although no other
papers could be found by the authors.

Rather than performing tests using a conventional approach - i.e. at a
constant temperature measuring the water content at equilibrium with
different RH values (regulated with saturated salt solutions, for
example) - it seemed more relevant and practical with a view to using
Eq. (1) to work at a constant water content w while varying the tem-
perature T and measuring the vapour pressure p,(w,T) at equilibrium.
This type of approach is commonly used to characterise the hygro-
thermic coefficient [34,35] that links the increase in RH induced by an
increase in temperature [2,36-40].

The easiest way to conduct this type of test is to take advantage of the
experience gained from studies on self-desiccation: the methods and
devices developed have proved their ability to prevent any water loss
from the sample tested [41] and, it follows, to the water content during
the test. For practical reasons, it was decided in this instance to use the
device designed by Garcia Boivin [42]: this consists of a stainless steel
body (Fig. 1) which can accommodate a sample in a small cavity
equipped with a thermo-hygrometer (Rotronic HygroClip IM-3 capaci-
tive probe), which can be used to measure the RH at equilibrium with
the sample. The device is immersed in a thermostated bath during a test
to limit temperature fluctuations. Water tightness is achieved by means
of a PTFE cylinder and O-rings (as well as screws not shown in Fig. 1).

Two such devices were used in this study, and were first tested using
saturated salt solutions: these tests confirmed the tightness of the de-
vices, making it possible to estimate the uncertainty of the temperature
and RH measurements (+0.3 °C and +2% RH respectively; see Appendix
1).

A CEM I paste (Ordinary Portland Cement, OPC) was selected as the
material for this study since it has been analysed in the past and the gy
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Fig. 1. View of the self-desiccation device used in this study.
Adapted from [42].

isosteric energy was evaluated on the basis of Eq. (4) by Drouet et al. [6].
The paste was prepared in 2009 using a 2 L batch and then poured into
cylindrical plastic moulds (diameter 50 mm, height 80 mm). The cyl-
inders were demoulded 24 h later and stored in an airtight container and
submerged in water. Excess portlandite was added to limit calcium
leaching and carbonation. Nine years later (in 2018), cylinders were
removed from the containers and thin discs (3 mm thick) were cut using
a diamond disc saw on the central part of the cylinders. They were then
resaturated under vacuum [43] and placed in desiccation cabinets above
saturated salt solutions to equilibrate them to the given RH values [44].
The saturated salt solutions used are summarised in Table 1 together
with the RH obtained. Finely-divided calcium oxide (CaO) was added to
the desiccation cabinets to prevent the carbonation of the samples; it
should be noted that the presence of CaO did not interfere with the
maintenance of the RH by the various salt solutions. This was verified
from time to time by checking the RH value in the different cabinets.
The discs were left for at least one year in the desiccation cabinets so
they could reach water equilibrium. They were then removed, weighed
and immediately introduced into the self-desiccation devices. The tem-
perature of the thermostated bath was increased in steps up to a
maximum of 50 °C in order to limit the destabilisation of the minerals of

Table 1

Saturated salt solutions used to dry the samples prior to the tests [44].
Salt Formula RH at 20 °C
Calcium chloride CaCl, ~3%
Lithium chloride LiBr 11%
Potassium acetate CH3COOK 23%
Magnesium chloride MgCl, 33%
Potassium carbonate K,CO3 43%
Magnesium nitrate Mg (NO3)» 54%
Sodium bromide NaBr 59%

Potassium iodide KI 70%
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the cement paste. The temperature and RH values were recorded
throughout the tests. Following the tests, the discs were dried at 80 °C
(with CaCl, as a desiccant) in order to estimate their water content. This
protocol was chosen so that the results could be compared with the data
acquired by Drouet et al. [6]. It should also be noted that for Portland
cements, this drying protocol essentially gives the same results as drying
at 105 °C (see Table 8 of reference [6]).

3. Results

Fig. 2 shows, by way of example, the results obtained with the disc
initially dried at 43% RH with the K3COs solution (Table 1). The vapour
pressures py, were calculated from RH values using Rankine's formula:

B
Pv = RH X pys with va(T) = Pa€Xp (A + _) )

T

where pys represents the water vapour saturation pressure (Pa), p, the
atmospheric pressure (101.3 kPa) and A and B are two constants (A =
13.7 and B = 5120 K).

For this test, the measurement device was stored in ambient air
(20 °C =+ 2 °C) before being immersed in the thermostated bath, which
explains the temperature fluctuations observed during the first week of
the test. It is interesting to observe that the RH value at equilibrium with
the disc at ambient temperature is approximately 44% (i.e. a vapour
pressure of 1.05 kPa), consistent with the expected value (Table 1). This
indicates that the one-year period in the desiccation cabinet was enough
to achieve water equilibrium. When the temperature increases, the
vapour pressure at equilibrium also increases: this indicates that the
water is released by the cement paste. This water loss does not give rise
to a significant variation in the sample's water content, as was verified
by weighing the sample after the test. It must be noted here that equi-
librium was obviously not reached at each RH-step (Fig. 2). For practical
reasons, equilibrium was assumed to be reached when the RH-increase
rate was lower than 0.2%/day, just like in sorption balance experi-
ments [45]. The use of this criterion made it possible to reduce the
duration of the tests while ensuring the measurement stability of the In
(py) values (Fig. 3) necessary for the evaluation of the isosteric energy of
adsorption g (see Eq. (1)).

Fig. 4 compiles the vapour pressure values (log scale) at the end of
each temperature step as a function of the inverse of the temperature
(1000 / T). It should be noted that the uncertainty in the values pre-
sented is much lower than the size of the points used to represent them.
The slope of the regression line is used to estimate the energy qs; = 56.2
kJ/mol (as an absolute value).

All the gy values obtained by testing all the dried discs with the salt
solutions in Table 1 are presented in Fig. 5 as a function of the RH
measured at ambient temperature. The horizontal error bar represents
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Fig. 2. Example of temperature and vapour pressure results obtained during a
test (paste dried using K;CO3).
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the constant uncertainty of +2% for the RH measurement while the
vertical error bar represents the uncertainty in the gy isosteric energy.
The vertical bars represent the g; minimum and maximum values that
were determined as explained in the Appendix. The g, uncertainty is not
constant and increases when the RH at equilibrium decreases; this point
is discussed in Appendix 1. The gy values decrease when the RH in-
creases, and are all higher than the mean value of the latent heat of the
water vaporisation (AHyq ~ 43.6 kJ/mol between 20 °C and 50 °C); this
point is discussed below.

Knowing the water content and RH value at equilibrium at ambient
temperature (approximately 20 °C) for each disc meant it was possible to
estimate the desorption isotherm of the paste (Fig. 6). As for Fig. 5, the
error bars correspond to the uncertainties of the measurements (+2% for
the RH and +0.5% for the water content). The comparison with the
desorption isotherm obtained by Drouet et al. [6] with larger samples is
good. This demonstrates the absence of a significant parasitic effect of
atmospheric carbonation [46] despite the thinness of the discs used here
(3 mm thick).

Fig. 7 shows the gy isosteric energy as a function of the water content
of the discs. As with Fig. 5, when the water content increases, the g
isosteric energy decreases and tends towards the mean value of the
latent heat of the water vaporisation (AH,gp). This indicates that the
further a water molecule is from the substrate, the more it behaves like
free water. Conversely, the closer it is to the substrate, the higher its
adsorption energy. The measurements performed in this study with the
self-desiccation device are consistent with the results obtained by
Drouet et al. [6], even if there are significant differences in the steepest
section of the curve (approximately 20 kJ/mol deviation around w =
5%). We should bear in mind that the uncertainty in the isosteric energy
assessed by Drouet et al. [6] is of the order of +£10 kJ/mol and may,
therefore, contribute significantly to the differences observed here.

These results show that the self-desiccation device can be used to
assess the values of the g isosteric energy of adsorption with a level of
confidence equivalent to the conventional method (using isotherms at
different temperatures). As is seen in Fig. 7, there are no results at low
moisture contents (in the monolayer, i.e. for 0% < w < 4.8%). This is due
to the form of the isotherm (a very rapid rise in the water content at low
RH; see Fig. 6), which does not allow easy access to water content values
below 5% (in this particular case) by means of the usual salt solutions. As
it stands, this methodology cannot be used to obtain information on the
gs: variations in the monolayer (and more particularly on the validity of
the optimum).

4. Conclusion

This article presents an alternative methodology for evaluating g
isosteric energy of adsorption, which can be used to simply describe the
effect of temperature on water desorption isotherms using the Clausius-
Clapeyron relationship. The method consists of introducing a sample -
previously conditioned to a water content - in an airtight container and
monitoring the RH variations at equilibrium as the temperature in-
creases. From a practical perspective, this methodology is simple to set
up and requires only common laboratory equipment (a thermostated
bath and thermo-hygrometer). The self-desiccation cell used here can be
replaced by any type of container that is small in volume and that can be
sealed effectively.

The results obtained in this study show that this approach can be
employed to assess the value of the g isosteric energy with a level of
confidence that is at least equivalent to the usual method (using
Clausius-Clapeyron and isotherms at different temperatures). It is diffi-
cult, however, to obtain results for low water contents (i.e. for water
content values that are smaller than the monolayer). Furthermore, un-
certainty in the gy value obtained increases as the RH tested decreases in
relation to the uncertainty linked to the thermo-hygrometer used here.

Cement and Concrete Research 147 (2021) 106520
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Appendix 1. Estimation of uncertainties

The two self-desiccation cells were tested prior to the tests: cups containing saturated salt solutions (KNOs, KI, K2CO3, CH3COOK and LiBr) were
introduced into the devices, which were sealed and then immersed in the thermostated bath. The temperature of the bath was increased from 20 °C to
65-70 °Cin 5 °C steps. The temperature and RH in the gaseous atmosphere above the salt solutions were continuously recorded. It became clear that
both hygrometers return similar temperature values (Fig. 8-a) but that the difference between the two probes can reach +0.3 °C (Fig. 8-b). In terms of
the RH, the measured values (Fig. 9) correspond satisfactorily to the values available in the literature [44,47-50] although the deviation may reach
+2% at the two extremes of the RH range (11% at 20 °C with the LiBr solution and 93% at 20 °C with the KNO3 solution).

(a) correlation of the measurements (b) difference between the two measurements
80 0.5
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Fig. 8. Comparison of the temperature values measured using two different hygrometers.
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Fig. 9. Comparison of the RH measured using the two hygrometers and comparison with tabulated values from the literature [44,47-50].

The uncertainty in the isosteric energy value was estimated by considering that the position of the points in Fig. 4 - line In (p,) as a function of 1920 -
may vary depending on the uncertainties outlined above. By only taking into account the two points corresponding to the lowest and highest tem-
perature, and by considering the suitable combinations of uncertainties, we maximize the impact of the slope on the line (Fig. 10) and can estimate the
minimum and maximum g5 values.
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In(p,)

1000/T

Fig. 10. Illustration of the uncertainty assessment of qq values.

When the value of the initial RH is above about 20%, the uncertainty in the value of the isosteric energy g remains limited, i.e. between +2 kJ/mol

and +5 kJ/mol approximately (Fig. 5). This is due to the fact that the uncertainties in the temperature and RH do not significantly modify the position
of the points and, therefore, the value of the slope of the line (0.3 K is low compared to the temperature value and 2% is low compared to the RH value).
On the other hand, the more the value of the initial RH drops, the greater the uncertainty becomes in relation to the RH value and modifies the position
of the points on Fig. 10. For example, in the case of CaCl; (Table 1), the initial RH is of the order of 4% (at 20 °C); the uncertainty therefore represents
half of its value, which maximizes the uncertainty in the gy value. In this particular case, the evaluation gives the following result with a high degree of

uncertainty: q; = 94.6715:0

21.0

surement by using more suitable sensors: dew point sensors, for instance.
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