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A B S T R A C T   

The water sorption of materials can significantly affect their durability. While a wide range of techniques has 
been already introduced and implemented to measure the sorption behavior of materials, obtaining high- 
resolution data to describe the water sorption isotherm is still a challenging task. This is especially the case 
for materials with a complex sorption behavior such as concrete for which the pore structure is very complicated. 
The level of complexity increases when chloride is present in such structures. In this study, a hygroscopic 
technique is introduced to measure the sorption behavior of porous materials. By this technique, the sorption 
isotherm can be obtained by injecting water with a high level of control into a controlled environment where a 
sample is positioned. The amount of water can be added in steps resulting in high-resolution data for the sorption 
properties of the sample. The technique is evaluated for two porous materials: Portland cement mortar and sand- 
lime brick. The results are extensively compared with similar measured data available in the literature. In 
addition, the performance of the technique is evaluated for porous materials with initial chloride content. The 
results show that the present technique allows for obtaining high-resolution data in desirable ranges that is 
essential for materials with complicated pore structures.   

1. Introduction 

The concrete durability is largely influenced by the level of corrosion 
of the steel rebars in the concrete structure. Corrosion in concrete 
structures usually occurs due to carbonatation and chloride penetration. 
Chloride penetration can be very important for structures on coastal 
areas where chloride concentrations in the water and the air is rather 
high. This is also the case for concrete roads and bridges when de-icing 
salt is used to prevent roads from icing. It is, therefore, essential to better 
understand water and chloride transport in concrete structures. Water 
and chloride transport in concrete is very complicated as it depends on 
several parameters such as the sorption isotherm [1–2], porosity [3], 
permeability, diffusion coefficient of water [4] etc. 

Sorption isotherm is defined as the relationship between water 
content and humidity of a material at thermodynamic equilibrium. 
Different approaches have been implemented to investigate the sorption 
of water in different materials. For example, saturated salt solution 
method [5–10], hygroscopic method [11], manometric measuring 
method [12], nuclear magnetic resonance (NMR) [13–14], etc. The 
advantages and disadvantages of these methods are summarized in 

Table 1, based on the information provided in Refs. [5–19]. 
The saturated salt solution, hygroscopic and manometric measuring 

methods are widely used for research on sorption isotherm properties of 
porous materials such as concrete. 

The simplest method is by direct weighing of the sample. A sample of 
known size and mass is kept in an environment of known humidity and 
weighed times as the humidity is increased. The adsorption and 
desorption of water by several materials, including concrete, have been 
widely investigated using this technique [5–9]. Although this approach 
can be easily implemented, errors can often occur due to the interrup
tion of the sorption process at each weighing. Several studies have been 
performed to minimize errors associated with the weighing method. For 
example, Crank and Park [18] used a quartz spring method in which the 
increase of mass of the sample due to the adsorption of vapor is obtained 
from the length of the spring. Other studies proposed to measure the 
increase in mass of the sample using a balance [19]. 

The hygroscopic approach is an alternative approach, which is used 
to measure the sorption isotherm of water in very thin layers of paint. In 
this approach, the sample is initially dried completely and then is placed 
inside a glass jar. The jar has two openings to let the air go through the 
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jar. Water drops are injected into the jar to create various relative hu
midity conditions. The air temperature and relative humidity inside the 
jar are measured when an equilibrium between the environment and the 
sample is achieved. In this case, one point on the sorption isotherm curve 
is obtained. This procedure can be continued until the saturation is 
almost reached. In this approach, the desorption curve is obtained as 
follows: A saturated sample is placed inside the jar. Air with a relatively 
low relative humidity is induced into the jar with a certain flowrate and 
time interval duration. The sample will release water due to the decrease 
in relative humidity caused by the dry air. Equilibrium is reached after a 
while and a point on the curve is obtained the same way as described 
before. 

The manometric technique is a volumetric measurement technique 
[12], in which two chambers of the known volume are used. A valve 
separates the chambers from each other. The pressure in the chambers is 
measured using a manometer, the temperature can be controlled by any 
temperature-controlling system. At the start of the experiment, the 
sample is placed in the chamber, while a valve is opened to fill the other 
chamber with air containing vapor to an initial pressure. Then the valve 
between the chambers is opened, allowing the second chamber con
taining the sample to fill with air containing vapor. Any drop in pressure 
beyond that due to the volume difference between the first chamber and 
the two chambers together is assumed to be the consequence of the 
sample adsorbing water. The amount of water adsorbed by the sample is 
then obtained using the real gas law. 

Penetration of chloride solution into porous materials is of interest in 
a wide range of applications. The presence of chloride in the pores of a 
material can change the physical properties of the material [20]. This 
phenomenon can also affect the contact angle and surface tension of the 
water. Therefore, one can expect that the presence of chloride will 
significantly affect water transport in porous materials such as concrete 
[21,22]. Since sorption takes place on the surface of the pores, the 
presence of compounds strongly influences the sorption isotherm. 

Rijniers [23] has measured the sorption isotherm of bulk salts, one of 
which was NaCl. It is found that the sodium chloride adsorbs no water 
vapor up until a high relative humidity (±75%). At this high relative 
humidity, the salt turns into a salt solution and adsorb a large amount of 
water vapor. Franzen and Mirwald [24] have investigated the effect of 
chloride on the water uptake in sand-lime samples. From humidity 
sorption experiments, it is concluded that samples treated with different 
chloride mixtures have an extremely increased water uptake. At a 
relative humidity of about 70%, the samples tend to absorb a large 
amount of water. Koniorczyk and Wojciechowski [25] measured the 
sorption isotherm of cement mortar with different sodium chloride 
contents and created a model based on neural networks. The results 
showed that the higher the chloride content, the more water is absorbed. 
It was also observed that the presence of chloride can affect the drying 
time of the material. In this case, the drying time of the material con
taining chloride, compared with the case with water, was longer. This 

can be explained with the effect of chloride on the hygral state of the 
material. It should be noted that chloride can also change the effective 
conductivity, but also the thermal capacity of the multiphase domain, 
which influences the energy transport. Additionally, energy is released 
or consumed during phase change. Villani et al. [26] predicted and 
measured the diffusivity of deionized water and various chloride solu
tions in mortar. It is seen that the diffusivity of a 17% NaCl-solution is 
larger than the diffusivity of deionized water, particularly at high rela
tive humidities. 

In this study, the hygroscopic method described by Van der Zanden 
and Goossens [11] is chosen, because it allows measuring more points of 
the sorption isotherm than other techniques. The accuracy of the mea
surements is also adjustable by adding extra water in the experiment. 
Adjusting the accuracy of the results is important for materials with a 
complicated pore structure such as concrete. Here, the sorption isotherm 
of two porous materials, mortar and sand-lime, are measured and 
compared with literature. The effect of chloride in mortar samples is also 
studied by comparing the sorption isotherms of a sample containing 
chloride and a sample free of chloride. 

2. Materials and sample preparation 

2.1. Sample preparation 

In this experiment, two porous materials are studied. (i) cement- 
based mortar specimens and (ii) sand-lime specimens. The cement in 
this study have a chloride content of ≤ 0.1% by the mass of the final 
cement according to EN 197–1 and that is neglected, because of the very 
small quantity. PVC cylinder tubes with a diameter 100 mm are used to 
cast mortar. After curing the mortar for 28 days, the cylinder samples are 
cut in pieces with a thickness of 10 mm. The porosity of the samples is 
measured using the vacuum-saturation technique following the stan
dards NT Build 492 [27] and ASTM C1202 [28]. More detailed infor
mation about the the test procedure is provided in Yu and Brouwers 
[29]. Therefore, only highlights are briefly presented here:  

1) The samples are placed in a dessicator and apply a pressure of 4 kPa 
for 3 h;  

2) The dessicator is filled with water gradually until the sample is 
completely immersed in water;  

3) The pressure is maintained for an additional hour;  
4) The samples are left in water for 18 h;  
5) The mass of the surface dry samples in air is measured;  
6) The mass of the samples in water is measured;  
7) The sample is dried in an oven at 50 ◦C until a constant mass is 

reached. The mass of the sample is then measured. 

The porosity of the samples is calculated using equation: 

φv,water =
ms − md

ms − mw
× 100 (1)  

where φv,water is the porosity (%), ms is the surface dried mass of water 
saturated sample in air (g), mw is the mass of water-saturated sample in 
water (g), and md is the mass of oven dried sample (g). Based on these 
measurements, the mortar and sand lime samples have a porosity of 17% 
and 32%, respectively, as shown in Fig. 1. 

Based on the measured porosity, a salt solution of four liters is pre
pared by dissolving 237 g sodium chloride per liter distilled water, to 
provide the samples with chloride concentration of 2%. For the sand- 
lime measurements, cylindrical samples were extracted from the sand- 
lime block. In this case, the diameter and the thickness of the samples 
are 100 mm and 10 mm, respectively. Fig. 2 shows the measured 
compressive and flexural strength of the mortar sample. The specifica
tions of the two porous materials are presented in Table 2. 

After completing the preparation of the salt solution, all the samples 

Table 1 
Advantages and disadvantages of different sorption isotherm methods [5–19].  

Method Advantages Disadvantages 

Saturated salt solution  - Minimizing temperature 
fluctuation  

- Easy to use  

- Low-resolution data  
- Time-consuming 

Manometric  - High precision  - Time-consuming  
- Limited pressure 

range  
- Limited sample size 

Hygroscopic  - Accurate  
- High-resolution data  

- Time-consuming 

Nuclear magnetic 
resonance  

- Accurate  
- High-resolution data  

- Expensive 
equipment  

- Limited sample size  
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are placed in a holder in a desiccator (Fig. 3). The vacuum saturation 
method is implemented in order to saturate the samples with the chlo
ride solution. To do so, the following steps are taken:  

1) A vacuum suction (4 kPa) is applied using a pump for 3 h for de- 
airing the samples. 

Fig. 1. The measured porosity of (a) mortar samples, and (b) sand-lime samples following the standards NT Build 492 (1999) and ASTM C1202 (2005).  

Fig. 2. (a) Compressive strength, and (b) flexural strength of mortar samples.  

Table 2 
Main characteristics of mortar and sand-lime.  

Materials Mortar Sand-lime 
Volume [m3] Mass [kg] 

CEM I 42,5N 159.5 502.2 – 
Sand 568.5 1506.5 – 
Water 251.1 251.1 – 
Superplasticizer 0.9 1 – 
Air 20 – – 
w/c 0.5 – 
Porosity / 28-day 17% 32% 
Class – CS12 
Production – 25-May-2011 
Compressive strength / 28-day 56.8 MPa 12 MPa 
Flexural strength / 28-day 8.9 MPa –  

Fig. 3. Penetrating chloride into the specimens using vacuum saturation.  
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2) The chloride solution is added in order to have an initial concen
tration level of chloride in the samples.  

3) The vacuum suction is maintained for another hour to ensure that the 
air void inside the sample is entirely satuared with the chloride 
solution.  

4) Finally, before the chloride concentration profiles are measured, the 
samples will be maintained in the chloride solution at the laboratory 
conditions for a three- day period. 

Profiles of the chloride concentration are determined by titration to 
examine the chloride penetration into the sample. 

2.2. Titration analysis 

In this study, the titration analysis is used to measure the chloride 
concentration profiles. The titration analysis is a very popular method 
for chemical analysis [30–33]. 

Potentiometric titration curves are obtained by plotting the potential 
of the indicator electrode E against the volume V of the added titrant. 
Rapid changes in the potential signal the equivalence point of the 
titration. The maximum change in potential is calculated by finding the 
maximum slope of this graph. This is easily found by plotting the first 
derivative curve dE/dV against V, the equivalence point is the point 
where dE/dV is zero. The corresponding value for the added titrant is 
thus obtained, the volume of the analyzed solution is known, which is set 
to 10 mL, and so the concentration of the analyte is calculated. With 
automatic titration, these calculations are done by a computer. 

2.3. Chloride concentration profiles 

To obtain chloride concentration profiles, layers of three mortar 
samples (numbered 1, 2 and 3) are ground with Profile Grinder 110 as 
shown in Fig. 4. On the outer 2 mm of the sample, layers of 1 mm are 
ground, the rest of the sample is ground into layers of 2 mm. The powder 
is collected in marked plastic bags. 

Due to the pressure caused by the placeholder on sample 1, the last 2 
mm were cracked before grinding. Therefore, the last 2 mm is regarded 
as one layer. 

The powder of the three samples is placed in cups per layer and dried 
in an oven at 100 ◦C for 24 h. 

After the powder is dried for at least 1 day, chemical analysis is 
performed as follows:  

1) 2 g of each layer is weighed and placed in a beaker.  

2) 35 mL of distilled water and 2 mL nitric acid of 1 M is added to the 
beaker.  

3) The content in the beaker is mixed for 1 min.  
4) The mixture is placed on a hot plate, brought to boiling and cooled 

afterward.  
5) The content is poured onto filter paper in order to separate fine 

substances from the mixture. For each set of measurements, 100 mL 
of the filtered mixture is captured, of which only 10 mL is used to 
determine the chloride concentration profiles.  

6) The measurement is performed by an automatic titration device, 
Metrohm MET 702 in which the principle of potentiometric precip
itation titration is applied (Fig. 5). This principle determines the 
chloride concentration by potentiometric titration with silver nitrate 
(titrant) and a silver electrode (indicator electrode). 

For each layer, two sets of measurements are done. The resulting 
chloride profiles are shown in Table 3 and Fig. 6, in which the chloride 
concentration is presented as a function of distance from the surface of 
the samples. 

It should be noted that the sample is not sealed at the top and the 
bottom surfaces. Therefore, the chloride can penetrate through both 
surfaces easily, while it was more difficult to move to the deeper level of 
the sample. In addition, the samples in the experiments were not 
completely dried before placing them in the sodium chloride solution. 
Therefore, it is expected that the chloride concentration would be higher 
throughout the samples and less sensitive to the depth of samples if the 
samples were firstly dried completely. 

2.4. Chloride concentration profiles in completely dried samples 

An additional experiment is performed, in which three samples are 
first completely dried using an oven at 50 ◦C and relative humidity of 
10%. The same procedure, as described in Section 2.3, is used to 
determine the chloride concentration profiles of the dried samples. From 
the obtained results in Fig. 7 and Table 4 it is indeed seen that drying the 
samples completely before placing in the salt solution gives higher 
values and more uniform chloride concentration profiles within the 
depth of the samples. 

One can expect to see a symmetric distribution of the concentration 
in the samples, since the samples are assumed to be homogeneous. 
However, this is not the case, and differences in the chloride concen
trations are clearly observed (see Fig. 7). The main reason for these 
differences is not clear. But it could be probably caused in the stage of 
grinding layers of the samples. The samples are fixed by a holder, which 
disables the sample to move during the grinding process. This fixing 
causes stress in the sample, which causes the formation of cracks when 

Fig. 4. Profile Grinder 110 device.  Fig. 5. Metrohm MET 702 automatic titration device.  
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its thickness is small, i.e. in the last layers. Cracking of the sample leads 
to less pulverized layers, with larger particles. Due to this rather coarse 
powder, the chloride bound to the surface of the pores is less dissolved 
when water and nitric acid are added to the powder. This yields an 
erroneous chloride concentration. It is thus assumed that the chloride 
concentration on the right side of the graph, where the obtained powder 
was rather coarse, is equal to the left side of the sample. 

2.5. Determining the effectiveness of the vacuum saturation method 

To verify the effectiveness of the vacuum saturation method, three 

mortar samples are prepared, having a thickness of 10, 20 and 40 mm. 
These samples are dried first using a climate chamber, in which air of 
50 ◦C and relative humidity of 10% is blown over the samples. The 
samples are weighed every day until a constant mass is reached. The 
samples are then placed in the glass jar. The same procedure, as 
described in Section 2, is then followed to saturate the samples. Note 
that in these experiments distilled water is used (instead of chloride 
solution), and the samples are maintained in the water for 24 h instead 
of 3 days. If the method of vacuum saturation would indeed remove all 
the air out of the samples, the specific increment in mass after 24 h 

Table 3 
The chloride concentration of ground layers from three samples, obtained from 
two measurements.  

Chloride concentration [%]  

Profile 
[mm] 

Measurement 
1 

Measurement 
2 

Mean 
concentration 

Sample 
1 

0–1  1.246  1.241  1.2435  

1–2  0.880  0.883  0.8815  
2–4  0.633  0.625  0.6290  
4–6  0.479  0.478  0.4785  
6–8  0.606  0.611  0.6085  
8–10  0.850  0.859  0.8545 

Sample 
2 

0–1  1.280  1.289  1.2845  

1–2  0.942  0.928  0.9350  
2–4  0.649  0.643  0.6460  
4–6  0.432  0.427  0.4295  
6–8  0.527  0.520  0.5235  
8–9  0.771  0.769  0.7700  
9–10  0.973  0.975  0.9740 

Sample 
3 

0–1  1.250  1.255  1.2525  

1–2  0.897  0.898  0.8975  
2–4  0.588  0.587  0.5875  
4–6  0.370  0.369  0.3695  
6–8  0.412  0.408  0.4100  
8–9  0.583  0.593  0.5880  
9–10  0.768  0.771  0.7695  
10–11  1.077  1.095  1.0860  

Fig. 6. Measured concentration profiles as a function of depth for mortar 
samples. For all smaples, the thickness is 10 mm. 

Fig. 7. Experimentally obtained chloride concentration profiles, where samples 
were completely dried before measurement. 

Table 4 
The chloride concentration of ground layers, where samples were completely 
dried before measurement.    

Chloride concentration [%]  

Profile 
[mm] 

Measurement 
1 

Measurement 
2 

Mean 
concentration 

Sample 
1 

0–1  1.285  1.277  1.2810  

1–2  1.074  1.080  1.0770  
2–4  1.010  1.004  1.0070  
4–6  0.940  0.942  0.9410  
6–8  0.978  0.965  0.9715  
8–9  1.019  1.013  1.0160  
9–10  1.074  1.074  1.0740 

Sample 
2 

0–1  1.371  1.372  1.3715  

1–2  1.129  1.132  1.1305  
2–4  0.993  0.979  0.9860  
4–6  0.876  0.892  0.8840  
6–8  0.893  0.910  0.9015  
8–9  0.958  0.959  0.9585  
9–10  0.936  0.935  0.9355 

Sample 
3 

0–1  1.308  1.307  1.3075  

1–2  1.044  1.046  1.0450  
2–4  0.990  0.995  0.9925  
4–6  0.944  0.939  0.9415  
6–8  0.979  0.979  0.9790  
8–9  0.985  0.982  0.9835  
9–10  1.080  1.090  1.0850  
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would be the same for each sample, regardless of its thickness. The re
sults are shown in Table 5. 

It can be seen that the mass increment of the three samples is almost 
equal, being in the order of 7% of its original mass. This result gives rise 
to the assumption that the vacuum saturation method removes all the air 
out of the samples and saturates the pores with liquid. 

3. Methodology 

The sorption isotherm consists of two curves: (i) one that indicates 
the history of wetting, i.e. adsorption of water and (ii) one that indicates 
the history of drying, i.e. desorption of water. It should be noted that in 
some cases, depending on the properties of the material such as the 
porosity and permeability, these two curves are not identical. This is 
especially the case for concrete. 

3.1. Adsorption isotherm 

For the adsorption curve, a sample is completely dried in the climate 
chamber and then is placed in a glass jar with two sensors for relative 
humidity temperature as shown in Fig. 8. The glass jar is kept inside a 
room with a temperature-controlled environment. The temperature of 
the room is about 21 ◦C. Each data point is collected when the humidity 
inside the jar does not change (i.e. equilibrium). In order to prevent 
leakage in the system, a Teflon ring is used as a closure. 

The sample is placed first in the jar and since the sample still contains 
a small (unknown) amount of water, an initial equilibrium is awaited. 
This initial equilibrium state is the origin of the sorption curve. After the 
initial equilibrium is reached, a detailed sensitivity analysis is performed 
to assess the impact of the amount of water added to the jar on the ac
curacy of the experiments. To reach this goal, three quantities are tested: 
(i) 0.1 mL (ii) 0.3 mL and (iii) 0.5 mL of water are added to the jar. For 
the case with 0.1 mL of water, the experiment takes about 4 days to 
reach an equilibrium. However, this could provide detailed information 
about the absorption behavior of material if needed. Note that larger 
quantities could be used in parts of the curve where detailed information 
is less significant, while this could shorten the experimental duration. 

The combination of using different quantities of water can be used 
until a final equilibrium is reached. Fig. 9 shows how relative humidity 
changes as a function of time. It can be seen that the profile of relative 
humidity can be divided into three phases. The first phase is the increase 
of the relative humidity which is the result of the evaporation of the 
injected water. In the second phase, the relative humidity reduces due to 
the adsorption of the porous material. The final phase is the equilibrium 
state between the relative humidity inside the jar and the adsorbed 
water of the sample. 

The adsorption isotherm is calculated by measuring the amount of 
water in the system and in the air. The relationship between these two 
quantities and the amount of water inside the sample is given by: 

msample = mtotal − mair (2)  

where mtotal is the amount of water in the system, and mair is the amount 
of water in the air that is measured based on the relative humidity. The 
amount of water inside the sample, msample , then can be obtained using 
Eq. (1). 

By implementing the Antoine equation and the ideal gas law, the 

concentration of water in the saturated air, Csat (kg/m3) can be calcu
lated as follows: 

Csat =
M

R⋅T
⋅e

(

A − B
C+T

)

(3)  

where M (kg/mol) is the molar mass of water, R (J/(K⋅mol)) the gas 
constant and T (K) the temperature, and A (=23.19695), B (=3816.44) 
and C (=-46.13) are constants [34–35]. The concentration of water in
side the jar can be computed based on the measured relative humidity 
(RH) inside the jar as follows: 

C =
RH
100

⋅Csat (4) 

From Eqs. (2) and (3), the mass of water in the air inside the jar can 
be obtained using: 

mair = C⋅V (5)  

where V is the volume of the jar. 
At a specific relative humidity, the water content (kg/m3) in the 

Table 5 
The determination of the accuracy of vacuum suction.   

Sample 1 (10 
mm) 

Sample 2 (20 
mm) 

Sample 3 (40 
mm) 

Dry mass [g]  179.68  349.45  691.80 
Mass after desiccation and 

wetting [g]  
192.45  374.00  739.90 

Mass increment [%]  7.11  7.03  6.95  

Fig. 8. Experiment set-up to measure the sorption isotherm of porous material 
with a hygroscopic method. 

Fig. 9. Characteristic chart of the humidity in the vessel as a function of time. 
The chart can be divided into three phases; the first phase is the increase of the 
relative humidity which is the result of the evaporation of the injected water. 
The second phase is the decrease of the relative humidity that results from the 
adsorption of the porous material. The final phase is the equilibrium state be
tween the relative humidity inside the vessel and the adsorbed water of 
the specimen. 
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sample can be obtained by dividing the mass of water in the sample 
(msample, obtained using Eq. (1)) by the volume of the sample. 

3.2. Desorption isotherm 

When the final equilibrium, at a relative humidity of approximately 
90%, is reached the determination of the desorption isotherm is started. 
At this stage, the mass of water in the sample, as well as the mass of 
water in the air of the jar, are known. Fig. 10 shows how relative hu
midity changes as a function of time. This graph can be divided into 
three phases. In the first phase, the relative humidity decreases, which is 
due to the blowing dry air into the jar. The second phase is the increase 
of relative humidity resulting from the release of water by the sample. 
The final phase (phase 3) is the equilibrium state between the water in 
the air of the jar and the water in the sample. 

The desorption curve can be determined by pumping dry air into the 
jar for a certain amount of time. If the removed amount of water during 
the drying process is calculated, one point of the desorption curve can be 
determined. By using a mass balance, the mass of water removed from 
the jar is calculated as 

mout =

∫ τ

0
φv(Cout − Cin)dt (6)  

where φv is the volumetric flow of the dry air and τ is the elapsed time of 
blowing air in the jar. In this equation, Cout and Cin are water concen
tration for the air leaving and entering the jar, respectively. By 
combining Eqs. (3) and (5), mout can be rewritten as follows: 

mout =
Csatφv

100

∫ τ

0
(RHout − RHin)dt (7)  

where RHout and RHin are the relative humidity of air leaving and 
entering the jar, respectively. Equilibrium is awaited, then the mass of 
water in the air at equilibrium is calculated with Eqs. (3) -(5). The water 
content in the sample is calculated from a mass balance between the 
mass of water in the system, and in the air inside the jar. It should be 
noted at each step, the mass of water in the system is obtained by sub
tracting the total amount of water in the jar (system) at the previous step 
from mout, obtained by Eq. (6). 

It is initially assumed that the jar is an ideal mixer, implying that the 

humidity at the outlet is the same as the humidity in the core of the jar. 
Therefore, the humidity of the leaving air is equal to the measured hu
midity inside the jar. It is, however, observed that this assumption is 
associated with errors. This is because, given the location of the sensor of 
relative humidity in the jar, the measured values cannot be represen
tative of the relative humidity of air leaving the jar. This error is elim
inated by adding a sensor of relative humidity in the tube through which 
the air leaves the jar. In this case, the relative humidity is measured of air 
leaving the jar (RHout) can be measured more accurately. 

4. Results 

Fig. 11 shows the obtained sorption isotherm for the mortar sample 
for both cases: with and without chloride. For the case with chloride, the 
figure shows the adsorption and desorption behavior of the sample. It 
can be seen that for the entire range of the tested relative humidity, the 
adsorption of the sample containing chloride is larger than the sorption 
of the sample containing no chloride. This is more significant for the 
higher values of relative humidity. For example, for RH = 20%, the 
absolute difference is about 4 kg/m3, while this difference goes up to 37 
kg/m3 for RH = 70%. In addition, a closer look at Fig. 11 reveals that the 
adsorption curve for the case without chloride is almost linear. On the 
other hand, for the sample containing chloride, a BET-Type-II curve is 
clearly observed [36–37]. The significant increase in the adsorption 
properties of the case containing chloride is due to the fact that some 
chloride can be bound to the surface of the pore walls. The bounded 
chloride is then capable of absorbing some water. This phenomenon, 
therefore, can significantly increase the adsorption properties of the 
material. 

Earlier studies have shown that the presence of chloride, but also the 
pore size distribution can significantly influence the sorption isotherm. 
For example, Villani et al. [26], based on the study by Benavente 
[38–39] Selander [40] and Spragg [41], developed a thermodynamical 
model, in which an equilibrium relative humidity is derived as: 

RHeq(r) = awe
2σv0

i
RTr cosϕ (8)  

where aw is the water activity [-], σ is the surface tension [N/m], vi
0 is the 

molar volume of the liquid [m3/mol], R is the universal gas constant [N. 

Fig. 10. Characteristic chart of the humidity in the vessel as a function of time. 
This chart can be divided into three phases; the first phase is the decrease of 
relative humidity which results from blowing dry air in the vessel. The second 
phase is the increase of relative humidity resulting from the release of water by 
the sample. The final phase is the equilibrium state between the water in the air 
of the vessel and the water in the sample. 

Fig. 11. Comparison of sorption between a mortar sample containing chloride 
and a sample containing no chloride. 
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m/K.mol], T is the temperature [K], r is the pore radius [m] and Φ is the 
contact angle [deg]. According to this model, the presence of chloride 
can change the properties of the material such as the equilibrium rela
tive humidity. This is mainly because the chloride content will change 
the surface tension of the material. It should be noted that although the 
surface tension of a sodium chloride solution is higher than the surface 
tension of pure water, the water activity is lower. For a given pore 
radius, this will make the equilibrium relative humidity of samples 
lower than that of pure water. In this perspective, if the environmental 
relative humidity is lower than the equilibrium relative humidity, water 
evaporates. If the environmental relative humidity is higher, conden
sation occurs. Thus, if the equilibrium relative humidity in a pore is 
lower, condensation occurs at lower relative humidity. This can be an 
explanation for the increased sorption of a sample containing sodium 
chloride. 

It should be noted that the linear behavior of adsorption isotherm for 
mortar containing no chloride can also be seen in the studies by Tada 
and Watanabe [42], Daina [43] and Pel [44]. Fig. 11 also shows the 
desorption behavior of the mortal sample for the case containing chlo
ride, where the hysteresis effect can be clearly observed. 

It is interesting to compare the water absorption prion measured here 
with those measured by [44] using NMR. Here the mortar samples has a 
water:cement:sand composition of w:c:s = 0.5:1:3, whereas in [44] the 
composition was w:c:s = 0.5:1:5.6. Thus means that our sample and that 
of [44] have a different paste and hydrated cement content, which needs 
to be accounted for. 

The hydrated cement volume fraction, which is the phase that ab
sorbs water, in the cement paste can expressed with the Powers and 
Brownyard model as [45,46]: 

φhp,p =
α
[

νc
νw
+ wdνd

νwc

]

νc
νw
+ w

c
(9) 

with α as degree of cement hydration, νc/νw and νd/νw the ratios of 
specific volume of cement and water (≈ 0.32) and of total bound water 
and free water (≈ 0.81), respectively, and the wd/c the mass of this total 
bound water (chemically and physically bound) per mass of cement (≈
0.4). The volume of the cement paste in the mortar reads: 

φp,m =

νc
νw
+ w

c
νc
νw
+ w

c +
νss
νwc

(10) 

with νs/νw the ratio of specific volume of sand (mostly quartz) and 
water (≈ 0.38). The volume fraction of hydrated cement in mortar reads: 

φhp,m = φhp,pφp,m =
α
[

νc
νw
+ wd νd

νwc

]

νc
νw
+ w

c +
νss
νwc

(11) 

In [44] and here, the same type of cement was used (OPC, CEM I), so 
with same νc/νw and wd/c, and if we assume a similar degree of hy
dration, the present results and those of [44] become comparable by 
assessing their denominator of Eq. (11) only, being 1.96 and 2.95, 
respectively. The later value expresses that the paste content is lower in 
the mortar of [44], as more sand was mixed in. 

Fig. 12 compares the adsorption isotherm of the mortar sample 
without added chloride as obtained in the present study, with those of 
“Fig. 4.8” in [44], where the values have been multiplied by 2.95/1.96 
= 1.5 to compensate for the lower cement paste content. It can be seen 
that for all relative humidity values, the results of the presented method 
and [44] are close to each other, though here slightly higher adsorption 
isotherm values are obtained. 

Fig. 13 shows the adsorption of sand-lime samples for both with and 
without chloride. The properties of the material are presented in Table 2. 
Similar to the mortar sample, for the sand-lime samples higher adsorp
tion properties are also obtained for the case containing chloride. 
However, the effect of the presence of chloride is less significant. For 
example, for RH = 20% and RH = 70%, the absolute difference is about 

2.1 kg/m3 and 1.8 kg/m3, respectively. In addition, for both cases, the 
adsorption curves are BET Type II. 

The difference in the adsorption properties of sand-lime with and 
without chloride is in line with the results of the previous studies by 
Rijniers [23] and Franzen and Mirwald [24]. The main reason for such 
differences can be related to the tendency of chloride to adsorb water 
[9–10]. 

Furhtemore, Fig. 13 also shows the desorption curve for sand-lime 
containing chloride. No hysteresis effect can be observed for the sand- 
lime material. 

The adsorption isotherm of the sand-lime sample with no chloride is 
also compared with the results provided by Pel [44], as shown in Fig. 14. 
Similar trends can be seen in the behavior of the adsorption properties as 

Fig. 12. Adsorption isotherm of mortar sample containing no chloride.  

Fig. 13. Comparison of sorption between a sand-lime sample containing 
chloride and a sample containing no chloride. 
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a function of relative humidity. In [44] no speficic details on the used 
sand-lime sample could be found, so that there may be a difference in 
used samples, so the sample used here and that in [44]. Obvious;ly, a 
difference in materials will lead to a different outcome in adsorption 
properties. 

5. Conclusions 

In this study, a hygroscopic technique is introduced to measure the 
sorption behavior of porous materials. To the best knowledge of the 
authors, the accuracy of the hygroscopic technique has not yet been 
investigated for porous materials. Therefore, this study introduces a 
novel hygroscopic technique to measure the sorption behavior of porous 
materials. In this technique, the sorption isotherm can be obtained by 
injecting water with a high level of control into a controlled environ
ment where a sample is positioned. The amount of water can be added in 
steps resulting in high-resolution data for the sorption properties of the 
sample. 

The technique is evaluated for two porous materials: Portland 
cement mortar and sand-lime brick. The results are extensively 
compared with similar measured data published in the literature. Given 
the fact that the presence of chloride can significantly increase the level 
of complexity of the sorption behavior of porous materials, in this study, 
the performance of the new technique is also investigated for samples 
containing chloride. 

It is found that the samples containing chloride have higher sorption 
properties. The significant increase is because some chloride can be 
bounded to the surface of the pore walls. The bounded chloride is then 
capable of absorbing some water. This phenomenon, therefore, can 
significantly increase the adsorption properties of the material. The 
larger sorption as a consequence of the presence of chloride in the 
sample is also observed in other studies in the literature. 

The results show that the new technique is capable of predicting the 
sorption properties of porous materials with and without chloride. 
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