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Abstract: Water adsorption and capillarity are key phenomena involved during heat
and moisture transfer in porous building materials. They account for interaction
between solid matrix, liquid water and moist air. They are considered through Water
Vapor Adsorption Isotherm (WVAI) and Retention Curve (RC) functions which are
constitutive laws characterizing water activity within a porous medium. The
objective of this paper is to present a water vapor adsorption and retention models
built from multimodal Pore Size Distribution Function (PSDF) and to see how its
parameters modify moisture storage for hygroscopic and near saturation ranges. The
microstructure of the porous medium is represented statistically by a bundle of
tortuous parallel pores through its PSDF. Firstly, the influence of contact angle and
temperature on storage properties were investigated. Secondly, a parametric study
was performed to see the influence of the PSDF shape on storage properties. Three
cases were studied considering the number of modalities, the weight of each
modality and the dispersion around mean radius. Finally, as a validation, the
proposed model for WVAI were compared to existing model from literature
showing a good agreement. This study showed that the proposed models are capable
to reproduce various shapes of storage functions. It also highlighted the link between
microstructure and adsorption-retention phenomena.
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1 Introduction

The study of hygrothermal transfer in porous building materials is an important subject because it
concerns several issues: materials durability, indoor air quality and energy. For instance, the cement-based
building materials are very sensitive to the hygrothermal exchanges with the surrounding environment.
These interactions with the ambiance can affect the hydration kinetics of the materials at early age and
modify their properties and performances, especially their durability [1]. Moreover, the interactions can
directly govern the durability, such us chlorides and carbonation attacks [2]. Moisture presence can
considerably affect thermal gains or losses in buildings with direct relation to the energy consumption and
mold growth especially in corners [3]. The condensed water in cold part of the envelope increases heat loss
and enables mold growth deteriorating indoor air quality. Conversely, the use of high buffering capacity
building envelope is a very efficient way to reduce the amplitude of daily moisture variations. It reduces
heat loss due to air exchange if high buffering capacity envelope is used together with a humidity-controlled
ventilation [4]. One of the key phenomena defining hygrothermal transfer in porous media is water vapor
adsorption and retention.

Modeling these two phenomena is usually realized through nonphysical modeling using polynomial
interpolation function minimizing the discrepancy to experimental data [5], or physical models like BET
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model [6] where the parameters have physical significance. These models still require experimental data to
identify their parameters.

Most of the studies addressed these phenomena through:

-the characterization of a material and its evolution [7-11]

-the modeling for a given material and the comparison between materials [12-16]

-the assessment of the impact of that properties on the whole heat and moisture transfer [4,17]

However, the literature on water vapor adsorption and retention modeling does not yet provide studies
that link these two phenomena to the material microstructure. Therefore, in this paper, we will present a
Water Vapor Adsorption Isotherm (WVAI) model and a Retention Curve (RC) model built from Pore Size
Distribution Function (PSDF). The purpose of this approach is to show the impact of microstructure on
water storage. In this way, we open the possibility to a material optimization process. The microstructure
is represented statistically by a bundle of tortuous parallel pores where size distribution is a sum of Gaussian
laws. In a second step, the water adsorption and retention physics are defined in this medium. It is based on
equilibrium well known and widely used Jurin’s and Kelvin’s laws. Finally, a parametric study is realized
changing the shape of the PSDF.

2 Method

PSDF can be derived from gas adsorption isotherm (usually nitrogen) to characterize a porous material
[18]. This approach, more often used in chemistry, falls within a process where the aim is to describe the
microstructure and not to see how microstructure affects adsorption phenomenon. In this work, we propose
an inverse progress to go from microstructure characteristics toward adsorption phenomena and
condensation to see how microstructure changes the behavior of porous media. We focus particularly on
WVAI and RC.

The adopted method is represented in Fig. 1. The first step to consider is the construction of the PSDF.
The obvious representation of pore size distribution is to assume the existence of few main pores with a
dispersion around. In that respect, we defined the multimodal PSDF as a sum of weighted gaussian laws
w; -J\fi(rilog ,al-z) as per Eq. (1). Each modality is defined as a function of the mean radius rilog (with
r!°9 = logr,where r is the pore radius [m]), the standard deviation o; and the weight w;. Associated
cumulative function is given by Eq. (2).
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Adopted representation for the description of the microstructure is a bundle of tortuous parallel pores
with a porosity € [m3/m?3], a tortuosity 7 [-] and a pore size distribution function f [-] (Eq. (1)). When
relative humidity increases, water vapor is adsorbed by the solid matrix of the porous media and pores are
filled until having capillary bridges. Pores are filled from the smallest to the biggest one. Thus, the
cumulative function F [-] associated to the PSDF represents the ratio between volumetric water content
0, [m3/m?3] and the porosity (Eq. (3)).
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Figure 1: Schematic representation of the developed method

To build the WVAI and RC curves, we assume Jurin and Kelvin laws (Egs. (4) and (5)) that allow to
link geometrical parameters to physical parameters. The first equation gives a relationship between
capillary pressure p, [Pa], curvature and shape of the water-gas interface and finally surface tension. The
second equation expresses the relationship between capillary pressure and relative humidity (rh [-]) at
thermodynamic equilibrium. Finally, we assume that the Kelvin’s radius is supposed equal to the pore
radius. The Jurin's law is valid for capillaries where the cross section is circular [19]. Further equations
should be considered if the shape is different. The Kelvin’s law is widely used as a constitutive law for
modeling heat and mass transfer under the assumption of local equilibrium [20].

2
Pe = Ty cos 9 4)
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For a given temperature T [K], the main parameters influencing capillary pressure and relative
humidity of air in pores are radius » [m], contact angle 8 [rad] and surface tension y [N/m] whose common
value for water is equal to 0.0728 N/m (7;, [J/kg/K] and p; [kg/m3] are respectively the specific constant
and density of water). Finally, we give a new mathematical formulation expressing retention and adsorption
curves (Egs. (6) and (7)) depending on physical and geometrical parameters:



550 JRM, 2019, vol.7, no.6

2 6
Y cos ) _ rilog

L w; 10810( De
0 = ez— 1+ erf 6
®0 =<3 - (6)

2y cos 6 log
0810 (~ 7, Taw) ~

oz (7

6,(th) = 527 1+ erf
i=1

3 Results and Discussion
3.1 Influence of the Contact Angle

Contact angle presents a hysteresis with a value varying according to solid matrix composition. In the
literature, there is very little data available on this characteristic, as such, a parametric study is performed
to see how contact angle affects WVAI and RC. Fig. 2 presents the variation of capillary pressure and
relative humidity as a function of pore radius for different contact angles. Contact angle affects capillary
pressure and relative humidity mainly for micropores and mesopores (radius less than 50 nm). In that range
of porosity, when the meniscus curvature increases the capillary pressure goes down and the relative
humidity goes up. For water, the commonly used value contact angle is equal to 0 radian. Moreover, as
shown in Fig. 2 on the right, pores determining adsorption isotherm shape in the hygroscopic domain (rh <
0.98) are those less than 50 nm. In the next section, the contact angle is taken constant (equal to 0 rad).
Thus, hysteresis effects are not considered. Further investigations should be performed on that parameter.
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Figure 2: Evolution of capillary pressure and relative humidity as a function of the pore radius for different
contact angles

3.2 Influence of the Temperature

The influence of temperature has been assessed only on thermodynamic equilibrium expressed by
Kelvin’s law. The impact of temperature due to the dependency of contact angle and surface tension has
not been investigated because literature lacks quantified information on the dependency of these parameters
on temperature. In order to show the influence of temperature on WVAI Eq. (7) has been considered for
Reference function shown in Tab. 1 at three levels of temperatures: 5, 20 and 95°C.

The Reference function describes a material with an open porosity of 30% with microstructural
characteristics that could be encountered for a real Civil Engineering material such as bricks. Its PSDF is
defined with three modalities: the first one is in the micropores range, the second one is in the mesopores
range and the last one is at the boundary between mesopores and macropores range. As a reminder, the
International Union of Pure and Applied Chemistry [21] gave a classification of porous materials according
to their pore diameter D as following:

-Micropores: D < 2 nm
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-Mesopores: 2nm < D < 50 nm
-Macropores. D > 50 nm

We can see in Fig. 3 that the proposed model is able to reproduce a well-known observation on the
dependency of WVAI on temperature. Indeed, for a given relative humidity, the moisture capacity, and the
equilibrium moisture content increases as temperature decreases [13,22,23]. The difference between the
three curves is small, it is higher for relative humidity less than 20% or greater than 50% while for the
relative humidity in-between the moisture capacity is almost unaffected. This result corroborates the study
from Zhang et al. [24].
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Figure 3: Effects of temperature on WVAI

3.3 Influence of the Parameters of the PSDF

In this section, let us assess the RC and WV AI represented using Egs. (6) and (7) respectively. In order
to evaluate the impact of PSDF on water storage functions, three cases were considered according to the
triplet weight, mean radius and standard deviation: (w;,1;,0;). The first case assesses the number of
modalities, the second one the weight of each modality and the third one the dispersion around modalities.
Studied functions parameters and their labels are displayed in Tab. 1.

Table 1: Studied cases

Case Modality 1 Modality 2 Modality 3 Label
(0.005,0.3¢-9,0.2) (0.1,4e-9,0.3) (0.985,25e-9,0.2) Reference
likewise reference deleted likewise reference 2 Modes
5 w; =1/3 w, =1/3 ws =1/3 Balanced
w; = 0.985 wy = 0.1 w3 = 5e-3 Micropores dominant
3 o =03 o, = 0.5 o3 =0.3 Dispersed
o =01 o, = 0.1 o3 =0.1 Restricted

For case 1, the “Reference function” is compared to “2 Modes function” where the intermediate mode
with a mean radius in the mesopores range has been deleted. For both functions the dominant mode is the
third one corresponding to a macro-porous material. As a consequence, cumulative function and RC for
both functions are almost same within a wide range of radius and capillary pressure (see Fig. 4). If we make
a zoom in the hygroscopic range for the WV AI, we can see that for the 2 modes function, there is a plateau
between 25 and 80% for which the water content does not vary although a variation in relative humidity.
Compared to Reference case, the noticed plateau is due to the lack of mesopores that are determinant for
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the adsorption behavior within the hygroscopic range. Fig. 4 shows that two modalities are not sufficient to
describe correctly the sorption isotherm for macro-porous material. At least, three modalities as per
Reference function is suited to give a variety in the pore size distribution.
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Figure 4: PSDF and associated Cumulative Figure 5: PSDF and associated Cumulative
Function, WVAI and RC for case 1 Function, WVALI and RC for case 2

For case 2, we compared three different PSDF and associated Cumulative Function, WVAI and RC:
Reference, Balanced and Micropores dominant. The Reference one (macropores dominant) are suited for
construction materials with a very low adsorption in the hygroscopic range (brick, polystyrene...). The
balanced PSDF are suited for materials such as concrete with a large variety of pore size distribution
including mesopores. The micropores dominant PSDF is not very common for building construction
materials. As we can see in Fig. 5, this case shows the comparison of clearly distinguished functions.
Compared to the two other functions, the balanced one shows the three stages in both the cumulative
function and RC. For such a material, capillary movement are not negligible even in the hygroscopic range.
For the reference case, although the existence of adsorption in the hygroscopic range, the adsorbed water
remains very small compared to the water content at saturation. The adsorption for micropores dominant
materials happens at low range of relative humidity until all pores filled. Case 2 shows that the weight of
modalities defining the PSDF has a great importance in the final behavior of the material because it allows
to exhibit the dominant behavior due to a dominant mode (micropores, macropores) or a behavior resulting
from a balanced PSDF.

The last investigated parameter is the dispersion (see Fig. 6). It plays an important role in the slope of
water storage functions (RC and WVSI). For relative humidity ranging from 20% to 60% the slope varies
from O to a highest value for the most dispersed material. Consequently, it is determinant in the hydric
inertia of the material and its Moisture Buffer Value (MBV). For the restricted case, more modalities should
be added to have a smooth slope. Case 3 shows that the dispersed function allows more adsorption in the
hygroscopic range (See WV AI) The restricted one could be used to model multi-stage adsorption materials
belonging to type IV, V or VI according to the IUPAC adsorption isotherms classification.
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Figure 6: PSDF and associated Cumulative Function, WVAI and RC for case 3

3.4 Comparison to GAB Model

This part presents the comparison between the proposed model (Eq. (7)) and the well-known GAB
model (Eq. (8)) for the representation of the WVAI of a Medium Density Fiberboard (MDF). This material
has been chosen as the reference material in the framework of the numerical benchmark developed during
the ANR HYGRO-BAT project [25,26]. It is the result of existing databases on the hygrothermal properties
of construction materials. Its dry density ps is equal to 589 kg/m> and porosity ¢ is equal to 54.5%.

The GAB (Guggenheim-Anderson-de Boer) model is based on Langmuir’s theory and is distinguished
by the fact that several layers can be superposed on the first adsorbed layer. It is used in several disciplines,
notably agro-foodstuffs, chemical engineering and civil engineering [15,23,27].

pm m X C XK Xrh ®
ps (1=K xrh)(1+K(C — 1)rh)
where p™ is the moisture content [kg/m3], m is the capacity of the first layer, C is a kinematic constant
linked to the adsorption of the first layer and K is a kinetic constant linked to multimolecular adsorption.

Fig. 7 shows the experimental data and the associated MDF isotherm sorption model. For the
comparison, water content in GAB model has been converted to volumetric water content. The parameters
presented in Tab. 2 have been determined using non-linear least squares method minimizing the squared
error between experimental data and predicted data from models. WVAI of the MDF belongs to type 11
according to the IUPAC adsorption isotherm classification. The material shows weak adsorption at low
relative humidity with a monolayer capacity of 28 g /kg_. It is a good hygroscopic material that adsorbs

more than 36 kg/m3 of water at 60% relative humidity. The moisture content at saturation is about
545 kg/m3.
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Figure 7: MDF water vapor sorption isotherm

The estimated parameters for the GAB model agree with those estimated by Hartely et al. [28] for
same product family. Concerning PSDF based model, only one modality was sufficient to well reproduce
the WVALI of the material. The mean radius is around 33.2 nm with a wide dispersion around. The material
covers a wide range of pores including mesopores which explains its hygroscopicity. The coefficient of
determination for the GAB model (R? = 0.994) is slightly higher than the PSDF model (R? = 0.992),
nevertheless the approximation remains very good for both models.

Table 2: Models parameters

GAB Model PSDF Model
m C K r o
0.028 8.077 0.9699 3.32-1078 0.73

4 Conclusion

In this paper, we presented a WV AI and RC models based on a probabilistic description of pore size
distribution. The PSDF based models are capable to reproduce various shapes of WVAI and to explain link
between microstructure and adsorption phenomenon. In the hygroscopic range, the micropores are
responsible for adsorption for relative humidity lower than 60% and the mesopores for relative humidity
higher. The proposed model WVAI was used to reproduce MDF sorption isotherm. It was compared to
experimental data and GAB model. Good agreement was found. The proposed method could be used for
material optimization. As future work, more research should be done to investigate contact angle and
surface tension for different materials. In addition to that, more materials should be studied in different
fields like agro-foodstuffs, chemical engineering and civil engineering to confirm the agreement of the
proposed models.
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