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Abstract  

Salt damage of historical porous materials is mainly due to the 
crystallization of soluble salts due to drying. It is known that efflorescence 
changes the drying kinetics of porous media by changing the boundary 
conditions near material/air interface. In this study we focused on the 
influence of NaCl on the drying behavior. The results show that salt 
changes the drying process. At low relative humidities (RH ~ 0%), the 
drying rate of a brick saturated with NaCl solution is much lower than the 
drying rate of water saturated brick. Moreover, the presence of salt 
suppresses the development of a receding front. In this case homogenous 
drying of the material continues to very low saturation values. This is due 
to salt crystallization near the surface of the brick that causes blockage of 
the pores. This blockage reduces the evaporation rate at the surface. 
Increasing the relative humidity to 55% and 70% RH with the brick 
saturated with the salt solution leads to a paradoxical situation with 
evaporation rates greater than for 0% RH. The paradox is explained by 
the impact of the efflorescence microstructure on the evaporation rate, 
leading to the formation of a blocking crust for sufficiently high evaporation 
rates and non-blocking efflorescence for sufficiently low evaporation rates. 

With the addition of ferrocyanide crystallization inhibitor at low relative 
humidity, due to its effect on crystal morphology, salt crystallizes as 
efflorescence and the saturation concentration was attained very slowly 
inside the brick; the fired-clay brick dries much faster than without 
inhibitor. 
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1 Introduction  

Salt damage of historical porous materials is mainly due to the 
crystallization of soluble salts due to drying. Salt can enter a material 
along with moisture in various ways, such as capillary rise of groundwater, 
absorption of sea water and atmospheric pollution. Almost all water that 
enters porous materials will leave by evaporation or drying. Lewin [1] 
proposed that the location of salt crystallization is determined by a 
dynamic balance between the rate of escape of water at the surface 
(evaporation or drying) and the rate of supply of water to the surface. If 
salt crystallizes inside the material, i.e., the so-called sub-florescence, it 
can cause damage, whereas, if salts crystallize outside the material, also 
called efflorescence, it may appear non aesthetic but it is often not harmful 
for a material. The location of salt crystallization is in general determined 
by the competition of diffusive and advective fluxes. This can be 
characterized in terms of a Peclet number [2].  

The drying behaviour of porous materials in the presence of salt is still a 
topic of discussion, especially with regard to the impact of salt 
crystallization on drying. By varying the mean pore size of the porous 
material, it has been shown that the crystallization of the salt at the porous 
material surface could either severely reduce the evaporation rate 
compared to pure water or have no impact at all [3]. Hence two main types 
of efflorescence can be identified, referred to as patchy (or non-blocking) 
and crusty (or blocking).  

The aim of this work is to study the drying behaviour of porous materials 
saturated with a salt solution. In this study we will focus on NaCl as this is 
a common salt found in many salt related problems in situ. We will 
investigate to what extent this drying behavior resembles the standard 
drying behaviour of water saturated materials. To study this, we have used 
a specially designed Nuclear Magnetic Resonance (NMR) set-up with a 
static magnetic field of 0.78 T [4]. With this set-up we can measure non-
destructively, quantitatively and simultaneously both the hydrogen and 
sodium profiles in fired-clay brick samples.  
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2 Materials and methods 

2.1 Materials 

The material used in this study was a fired-clay brick of a type typically 
found in the Netherlands. It has an average porosity (as measured by 
water immersion method) of 0.32 m3m-3, and a pore size distribution 
ranging from a few tens of nanometers to 100 µm (with 80% of the total 
pore space corresponding to pores in the range 1–10 µm), as determined 
by MIP [5]. 

2.2 Methods 

An extensive description of the NMR set-up can be found elsewhere [4, 5]. 
A schematic representation is given in Fig. 1. The tuned circuit can be 
toggled between 33 MHz for 1H and 8.9 MHz for 23Na, giving the possibility 
to quasi-simultaneously measure the H and Na content and thereby the 
concentration. For the echo time used in the experiment (viz., TE=250 μs 
for 1H and 450 μs for 23Na), only the dissolved Na and H nuclei are 
measured and no signal is obtained from the nuclei incorporated in the 
crystals. The magnetic field gradient was chosen so that a slice of less 
than 2 mm is measured. The cylindrical samples of 20 mm in diameter 
and 40 mm in length were vacuum saturated with water and 3 m NaCl 
solution. These samples were sealed using Teflon tape on all sides except 
the top surface and placed in the NMR sample chamber. In this way a 
one-dimensional drying experiment can be performed. The samples were 
then exposed to dry air at a flow rate of 1 L/min. The relative humidity was 
varied from 0% to 70% at room temperature. The sample was moved in 
the vertical direction using a stepper motor to allow the measurement of 
moisture and sodium content throughout the sample length. Measuring 
one profile takes about 2.5 h. As the complete drying experiment takes in 
the order of a few days, small variations in the moisture and ion profiles 
during a single scan can be neglected. After each drying experiment was 
completed, the efflorescence formed on the top of the sample was 
collected and weighed. 
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Figure 1:  NMR set-up for measuring the moisture and Na-ion profiles during drying. The 

Teflon holder with the saturated sample is moved in the vertical direction by 

means of a stepmotor. 

3 Results and discussion 

3.1 Drying behaviour as studied by NMR 

Initially, the drying behavior of fired-clay brick samples vacuum-saturated 
with water and salt  solution (3 m NaCl) was studied. The samples were 
dried at 0% RH and 1 L/min air flow rate. Figure 2 shows the measured 
moisture profiles during drying of water- and solution-saturated samples, 
respectively [5, 6]. The recurrent irregularities in the profiles result from 
inhomogenities of the sample, e.g., at 15 mm in case of the water-
saturated sample.  

In the case of a water-saturated sample, the first few profiles are almost 
horizontal, representing the first (externally limited) drying stage where 
liquid transport is dominant and the transport is limited by the evaporation 
at the surface. Afterwards, a drying front develops which recedes below 
the sample surface. This represents the second (internally limited) drying 
stage. As can be seen, the addition of salt changes the drying behavior of 



Paradoxical drying due to salt crystallization; the effect of ferrocyanide 

 

 

 
81 

the fired-clay brick significantly (Fig. 2). Two effects can be seen. First, the 
presence of NaCl reduces the drying rate compared to that of the water-
saturated fired-clay brick. Complete drying of water-saturated fired-clay 
brick took about one day. In comparison, it took more than one week for a 
NaCl solution-saturated fired-clay brick of the same dimensions and at the 
same drying conditions. Secondly, the receding drying front vanishes and 
homogenous drying of the material continues till low saturation values. 
Hence, drying is prolonged and homogenous drying is maintained till low 
saturation values. 

 

Figure 2:  The measured moisture profiles for (top) water saturated and (bottom) 3m 

NaCl saturated fired-clay brick plotted as a function of position. The profiles 

are given for every 0.45 h for water and 2.26 h for salt saturated fired-clay 

brick. The samples were dried using dry air with a flow of 1 l/min and 0% RH. 

The drying surface is at 0 mm.  
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3.2 Drying curves  

Since the evaporation rates are markedly different between the pure water 
experiment and the salt experiment, it is interesting to get more insight into 
the effect of evaporation rate on the drying process. To this end, 
experiments were also performed on both water- and solution-saturated 
fired-clay brick at high humidity conditions (viz., 55% and 70% RH) [5, 6]. 
In Fig. 3 we have plotted the normalized integrated hydrogen signal (SH) 
as a function of time (t), i.e., the so-called drying curve. The integrated 
hydrogen signal at a given time represents the total amount of water in the 
fired-clay brick. As can be seen in Fig. 3, the drying rate of water-
saturated bricks was slower at high relative humidity, which can be 
understood by considering that the moisture flux is proportional to the 
relative humidity difference. With increasing environmental humidity, the 
water vapor pressure in the surrounding air also increases. This 
decreases the humidity gradient between the air/material interface and the 
surrounding air and slows down the drying as is also observed. 

  

Figure 3:  Normalized integrated hydrogen signal (SH) as a function of time (t) for water 

saturated fired-clay bricks dried at different relative humidity conditions.  

 

Fig. 4 shows the results for similar experiments using fired-clay bricks 
saturated with 3 m NaCl solution. The drying rate of solution-saturated 
bricks is lower than that of water-saturated bricks. After approximately 15 
hours, the drying rate of the fired-clay brick dried at low humidity became 
even lower than that of the bricks dried at higher humidity. However, the 
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drying rate of bricks dried at 70% RH was lower than that of bricks dried at 
55% RH. This leads to a paradoxical drying situation since the evaporation 
rate is greater for 55% RH and 70% RH than for 0% RH. At the end of the 
experiment, the efflorescence formed on the surface of the fired-clay brick 
was collected and weighed.  

Pictures of the efflorescence formed on the surface of the materials are 
shown in Fig. 5. In the case of 0% RH, the efflorescence had the form of a 
very thin crust on the outer surface of the fired-clay brick and was strongly 
adhered to the substrate. It was not easy to remove the efflorescence from 
the substrate. At 0% RH, 6% - 7% of the NaCl crystallized as 
efflorescence. At 55% and 70% RH, a significant amount of NaCl 
crystallized as efflorescence, about 48% and 40%, respectively. The type 
of efflorescence formed at high humidities was rather fragile and was easy 
to remove from the substrate by rubbing. The efflorescence is clearly quite 
different at 0% RH compared to the efflorescence at 55% and 70% RH. 
Similarly as in Eloukabi et al. [3], this suggests distinguishing two types of 
efflorescence, referred to as “patchy” and “crusty” and that can be referred 
to as well as “non-blocking” and “blocking”. The efflorescence obtained at 
0% RH is blocking and thereby slowing the moisture transport, whereas 
the efflorescence at 55% and 70% RH is non-blocking. This blocking of 
the pores will be a function of the pore-size distribution of the material [7]. 

  

Figure 4:  Normalized integrated hydrogen signal (SH) as a function of time (t) for water 

saturated fired-clay bricks dried at different relative humidity conditions.  
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Figure 5:  Pictures of the efflorescence formed at the end of drying experiment in the 

case of 3m NaCl saturated brick dried at 0%, 55% and 70% relative humidity. 

The amount of efflorescence increases at higher humidity.  

This blocking efflorescence does not form suddenly, but progressively 
covers the porous medium surface. This is explained by the non-uniformity 
of the evaporation flux at the porous medium surface. As explained for 
instance in Eloukab et al. [3] and Veran-Tissoires et al. [8], efflorescence 
starts forming in the region of higher evaporation fluxes at the surface and 
then progressively colonizes the rest of the surface. Other factors, such as 
possible local spatial variations of porosity and/or permeability, especially 
in the top region of the sample, may also play a role in the localization and 
development of efflorescence [3]. Thus, the pore blockage essentially 
starts where the evaporation flux is the highest and next progressively 
develops over the rest of the surface of the material. The net effect is a 
progressive reduction of the surface left free for evaporation and 
consequently a continuous decrease of the flux with decreasing moisture 
content. At high humidities NaCl crystallizes as efflorescence, which is 
open and not transport limiting. 

3.3 Influence of salt inhibitor  

The use of crystallization inhibitors has been proposed as a potential 
preventive treatment method. In this study potassium hexa-cyanoferrate 
(II) tri-hydrate K4[Fe(CN)6]·3H2O was tested as a crystallization inhibitor. 
Here we will focus on the drying at 0% RH as this will result in 
subflorescence which can give much damage.  

The drying curves for the samples saturated with 3M NaCl+ inhibitor 
solution dried at 0% RH are given in Fig. 6, where the normalized 
integrated hydrogen signal is plotted as a function of time. Based on our 
previous results [5], two concentrations of inhibitor were tested, i.e., 0.001 
m and 0.01 m. For comparison, results for water and solution-saturated 
bricks dried at 0% RH are included in Fig. 6. Three main observations can 
be made. Firstly, in the presence of inhibitor the initial drying rates of 



Paradoxical drying due to salt crystallization; the effect of ferrocyanide 

 

 

 
85 

solution- and solution + inhibitor-saturated materials were similar. 
Secondly, after approx. 15 hours a dramatic decrease in the drying rate of 
the solution-saturated material without inhibitor was observed. However, in 
the presence of inhibitor at this time no drop in the drying rate was seen. 
Thirdly, in the presence of 0.01 m inhibitor after approx. 25 hours a 
dramatic decrease in drying rate occurred. No such drop in flux was seen 
in case of 0.001 m inhibitor.  

The initial drying behavior of the systems with and without inhibitor was 
the same. This is caused by the fact that with the addition of inhibitor the 
equilibrium relative humidity of salt solution does not change. Therefore, 
the humidity gradient and hence the evaporative fluxes remain the same. 

 

Figure 6:  Normalized integrated hydrogen signal (SH) as a function of time (t) for salt 

loaded bricks with and without inhibitor dried at 0% relative humidity  

 

Figure 7:  Pictures of the efflorescence formed at the end of drying experiment in case of 

solution-saturated brick dried at 0% RH in the absence (left) and the presence 

of 0.001 m (middle) and  0.01 m (right) inhibitor.  
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No drop in the drying rate was seen in the presence of inhibitor in contrast 
to what was observed in the absence of inhibitor. In the absence of 
inhibitor after approx. 15 hours, the saturation concentration was achieved 
in the top few mm of the sample. This causes a dramatic drop in the 
drying rate for salt saturated brick. Since most of the salt crystallized as 
sub-florescence, it causes a more severe blockage of the pores near the 
drying surface. However, in the presence of inhibitor, the crystal 
morphology changes from cubic to dendritic. The salt solution creeps 
along the branches of the dendrites and transports more and more 
dissolved salt ions towards the drying surface causing the efflorescence 
observed at the end of drying experiment. Pictures of the materials with 
efflorescence are shown in Fig. 7. Approximately 26% and 69% of the salt 
crystallized as efflorescence in the presence of 0.001 m and 0.01 m 
inhibitor respectively. Because of the formation of efflorescence in the 
presence of inhibitor, the average salt ion concentration inside the brick 
remained below saturation. Therefore, the system remained open and less 
blockage occurred compared to the solution-saturated system without 
inhibitor. Consequently, no dramatic drop in drying rate was seen. An 
extremely low drying rate was seen at later stages of drying (t >30h) in the 
case of 0.01m inhibitor (see Fig. 6). This is attributed to drying out of the 
efflorescence at the end of the drying process. 

4 Conclusions 

Drying of a NaCl loaded fired-clay brick is faster at high humidity than at 
low humidity. This seeming paradoxical behavior is caused by the fact that 
at low humidity, moisture transport is dominant in the initial stage of drying 
process, so that ions quickly crystallize and form a crusty efflorescence 
that blocks the surface. At high humidity, salt crystallizes outside the 
material as patchy efflorescence. This prevents blockage of the pores, 
thereby keeping the system open to transport more and more salt outside 
the material. The addition of inhibitor was found to be useful at low 
humidity conditions. At low humidity, due to the crystal morphology in the 
presence of inhibitor, salt crystallizes as non-destructive efflorescence. 
This prevents a severe blockage, as was seen for solution-loaded material 
at low humidity. 

This study helps to understand that the success of adding an inhibitor 
strongly depends on the local climate. The effect of inhibitor on the 
sheltered areas of a monument would be different from that on the areas 
exposed to sun and wind. Before using inhibitor in practice these aspects 
should be considered carefully. 
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