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Abstract 
The paper presents a study on the mass transfer achieved in the extraction of a high 

solubility salt in water from a porous inert material in the form of a slab. The obtained 
experimental data allowed the calculation of the salt mass transfer coefficient when a slab is 
washed with demineralized water of known flowrate. The driving force of mass transfer is 
given by the difference between the concentration at the solid-liquid interface and the liquid 
phase calculated using conductivity measurements. 
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1. Introduction 

There are many applications involving the mass transfer from a solid 
porous material in the form of a slab to a flowing liquid phase. Thus, unwanted 
organic or inorganic products can be removed from contaminated soils or 
electronic materials [1, 3, 4, 11, 17, 18]. Another example is the extraction of 
residual oil from underground rocks [12, 14], or the extraction of compounds from 
plant or animal structures, in food or pharmaceutical industries [1, 15, 19, 23]. 

The diffusion process underlies the mass transfer of the main compound 
that can be compacted or dispersed in the porous structure. During extraction, the 
concentration of the dissolved substance varies. The nature of the interactions 
between the solute and the solid matrix as well as the solid-liquid extraction 
mechanism, depend on the composition and origin of the solid material, generally 
less known. In principle, solutes can be adsorbed on the specific surface of the 
sample particles, in which case the interaction can be overcome using a solvent 
with high solute affinity, or the molecules can be physically encapsulated in the 
sample matrix, in which case for extraction the physical destruction of the solid 
material texture is necessary. 
                                                           
 Corresponding author: E-mail address: imamalig@tuiasi.ro (Ioan Mamaliga). 
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If the solute is evenly distributed in the solid matrix, the one near the solid 
surface will be dissolved immediately, leaving behind the porous structure of the 
solid residue. In this way, the solvent penetration to another level in the solid 
matrix is facilitated and another amount of solute is dissolved. Progressively, the 
process becomes more and more difficult and the degree of extraction decreases. 

The porous structure geometry of the solid determines its physical and 
chemical properties, influencing the fluid flow hydrodynamics and the transport 
of extracted solute. 

The process is difficult to control, on one hand, due to the liquid phase 
flow and on the other hand due to difficulties in estimating the solid-liquid phase 
contact surface. It is necessary to study this process at the interface of the two 
phases involved. 

There are studies [6, 7] for unidirectional fluid flows through porous solids 
obeying Darcy’s law, where the mass transfer coefficient depends on the liquid 
solute concentration, the liquid saturation concentration, the solid porosity, the 
extraction time period, the dispersion coefficient and the Darcy velocity. 
However, considering the pore interface variability, one can use instead of the 
Darcy equation, the Brinkman equation [19], or the Darcy equation with a suitable 
discontinuity limit condition [16]. 

The experimental results presented in this study were processed to: 
-  determine the compound extraction rate from a solid matrix; 
- determine the global mass transfer coefficient for the compound 

extraction from the solid matrix; 
- study the influence of some types of porous supports on the process. 

2. Experimental  

The mass transfer study for solid-liquid extraction from slabs was 
performed using an experimental set-up shown in Figure 1.  

In the device (1) the solid sample in the form of a slab was placed. The 
perspex device (1) is constructed to prevent the liquid phase from moving over the 
top surface of the slab. The flushing fluid from the constant level feeding tank (2) 
passes over a threshold placed just before the slab, causing it to be uniformly 
soaked. The fluid flow rate, measured with a flow meter, is laminar. The salt 
solution conductivity determined with the conductivity meter (4) is measured at 
the outlet of the device. 
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Fig. 1. The schematic diagram of the solid-liquid extraction experimental set-up with 
slabs; 1-extraction device, 2-vessel solvent, 3-conductivity probe, 4-conductometer, 5- 

sample cell  

Materials and Operating Conditions 
In this study, three types of materials with different porosities and 

therefore, different mass transfer behavior, were used, namely: sandstone, BCA 
and refractory brick. 

In solid-liquid extraction, each porous slab used was solvent-free, 
polished, washed with water and oven-dried for 6 hours, at 80° C. Subsequently, 
impregnation was attained by immersion in 5% NaCl solution, for 48 hours. The 
salt extraction was carried out at 20 ± 1 ° C and atmospheric pressure, using fresh 
solvent. The washing fluid used was demineralized water at a flow rate of 20 L/h, 
with a film thickness of 1-2 mm. The extract salt concentration was measured 
every 60 seconds. 

The porous materials used in the solid-liquid extraction were subjected to 
SEM-EDX analysis and the results are shown in Table 1.  

Table 1.  
Sample composition in chlorine and sodium, before and after impregnation 

Sample/composition Chlorine (%) Sodium (%) 
Nonimpregnated sandstone - 0.8122 
Impregnated sandstone 1.4107 1.3131 
Nonimpregnated Brick - 0.4522 
Impregnated Brick  29.6754 29.4638 
Nonimpregnated BCA - 0.4926 
Impregnated BCA  2.0140 3.4970 
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The salt solution samples obtained after extraction, from the device (1), 
were conductometrically measured and analyzed, based on a calibration curve 
experimentally determined, at the working temperature. 

3. Results and discussions 

The experimental data were processed based on the following hypotheses: 
- the salt is evenly distributed in the porous solid material; 
- the pore shape and size remain constant; 
- the transfer is made over the entire porous slab surface which is completely 
wetted by the liquid phase; 
- the flow is laminar (horizontal liquid film);   
- the liquid phase salt concentration is the same, at any point. 

The solute flux transferred in liquid phase is given by the equation: 
 

)cc(AkN A
*
AA    (1) 

 
The extraction rate is estimated using the following equation: 
 

i
e tA

m
v




         (2) 

The extracted component flux can be calculated with: 
 

)cc(McMN
0i AAvvA       (3) 

 
Notations  

vM  - the liquid flowrate (demineralized water) at the sample layer entrance, m3/s 

it  - time interval between two consecutive readings, s 

A
*
A cc   - the driving force of the mass transfer, kg/m3 

ev  - the extraction rate, Kg/m3s 

k  - the global mass transfer coefficient, m s-1 

A  - the mass transfer area, m2 

*
Ac  - the salt concentration extracted at equillibrium, Kg/m3 

Aic  - the salt concentration extracted at the ti moment, Kg/m3 

0Ac  - the salt concentration extracted at the initial moment, Kg/m3 

t  - the extraction time, s.  
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The obtained experimental results are shown in Figure 2 as the extract salt 
concentration variation with time. One can observe that the maximum 
concentration value is at the beginning of the process when salt elution takes place 
on the surface of the solid sample. This maximum value was obtained for all the 
studied samples. As the liquid phase penetrates the solid material pores and the 
salt extraction takes place, followed by the salt migration towards the slab and its 
transfer in the liquid film, the amount of extracted salt decreases. This results in 
an increase of the extraction time. 

3.1. The extraction rate 
The extraction rate was calculated as the mass of the extracted salt from 

the surface area unit, in the time unit, according to the equation (2). 

3.1.1. Ceramic sandstone slabs 
The studies were carried out on two types of ceramic sandstone slabs, 

marked sandstone 1 and sandstone 2, of similar dimensions. Figures 3 and 4 show 
the extraction rate profiles in time, for the two types of sandstone. One can 
observe an important decrease in the extraction rate in the first 300-400 s, after 
which the curve slope becomes very small. 

The obtained values for the extracted salt flux are very similar for the 
same type of sample used in the study, either sandstone 1 or sandstone 2, however 
different values were recorded for the extraction rate values for the two different 
types of sandstone. 
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Fig. 2. Variation of the extracted salt flux in time for the sandstone slab 1 
 



Marcela Popa, Eugenia Teodora Iacob Tudose, Ioan Mămăligă 
 

68 
 

The extraction rate has values ranging from 1 ∙ 10-5 – 2.6 ∙ 10-4 Kg / m2 s. 
Higher values were recorded for sandstone slabs 2. The analysis of the two graphs 
from Figures 3 and 4 indicates two stages of the process. In the first stage, the 
extraction rate records minimum values in the range of 4.01∙ 10-5 - 7.26 ∙ 10-5 Kg / 
m2s, corresponding to the time of 300 s, for the six samples used, when a salt 
extraction takes place from the slab surface. 
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Fig. 3. The extraction rate for sandstone slabs 1 
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Fig. 4. The extraction rate for sandstone slabs 2 
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This is followed by a gradual penetration of the washing liquid into the 
pores both in the horizontal and in the depth directions, according to the model 
shown in figure 6. This is the decisive stage of the process. Salt extraction takes 
place slowly due to the slow liquid diffusion into the pores, followed by the salt 
dissolution and the liquid phase diffusion towards the exterior of the solid slab. 
 

3.1.2. Ceramic brick slabs 
The values of the NaCl extraction rate from brick slabs lie within the range 

of 8 ∙ 10-5- 2 ∙ 10-3 Kg / m2 s, for an extraction time of 3000 s, as seen in Figure 5. 
For the brick samples, the slope change, corresponding to the passage to the 
second stage of the extraction, takes place at a time t = 210 s and the rate values 
obtained are 5.8 ∙ 10-4-6.6 ∙ 10-4 Kg / m2s. 

For the second stage, the extraction rate profile has a much higher slope 
for brick than for the sandstone slabs. This, as well as the higher extraction rate 
values, can be explained by a better diffusion determined by the material 
characteristics. 
 

 

3.1.3. BCA ceramic slabs 
BCA porosity is superior to brick and sandstone samples. Thus, the values 

recorded for the salt extraction rate are much higher than those obtained for the 
sandstone and the brick materials. The maximum obtained rate values are around 
4 ∙ 10-3 Kg / m2 s and the minimum rate values are approximately 7 ∙ 10-5 Kg / m2 

0.00E+00

5.00E-04

1.00E-03

1.50E-03

2.00E-03

2.50E-03

0 1000 2000 3000

time (s)

v e
(k

g
/m

2
s)

sample 10

sample 9

sample 8

0.00E+00

4.00E-04

8.00E-04

500 2000 3500

 
Fig. 5. The extraction rate for brick slabs
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s, as shown in Figure 6. The salt extraction behavior reflected by the curve shape 
for the BCA samples resembles that of the brick samples. 
 

Analyzing, however, the profile given by the extraction rate values, we 
find that it is close to the one obtained at the extraction from the sandstone 
samples. It is noted that for the BCA slabs, the slope for the second stage of the 
process, which begins around 210 s, is small, and the extraction rate values for the 
two material samples are very close. 

3.2. Mass transfer coefficient 
According to [21], a 2D model is efficient to study the mass transfer in a 

slab. According to the two films theory of Lewis, the global mass transfer 
coefficient is given by the mass transfer coefficient in the continuous liquid phase 
and the mass transfer coefficient in the solid phase. As a result, we consider that 
the process takes place according to the model shown in Figure 7, with a laminar 
liquid phase flow in thin film and the extraction taking place in two stages. In the 
first step, the salt is washed from the surface of the solid material sample. In the 
second step, according to the model shown in Figure 7 and the equation (1), the 
salt extraction from the material pores takes place, followed by the diffusion of 
the liquid phase towards the upper surface of the solid slab. 

In the first stage of the process, the mass transfer coefficient is given by 
the mass transfer coefficient in the liquid: 

for 0p      Lkk   , where 

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Fig. 6. The extraction rate for BCA slabs
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In the second stage, at large time values, the extraction coefficient is determined 
by the mass transfer coefficient in the liquid phase and by the salt effective 
diffusion coefficient from the solid material in the liquid phase: 
 

for 0p         sL kkfk , , where 
p

ef
s

D
k


  , thus : 












p

ef
L

D
kfk


,  

or 

ef

p

L Dk

k





1

1
              (5) 

where:  k  is the overal mass transfer coefficient, m∙s-1 
         kL  - mass transfer coefficient in lichid phase, m∙s-1 

        efD  - the effective diffusion coeficient in the solid pores 

         δ    - the liquid film thickness, m 
         δp  - the salt diffusion distance towards the surface of the porous solid 
material, m  

   
The mean driving force of the mass transfer, Δcmean, decreases with time, 

on one hand, due to the increase in the salt concentration of the liquid phase, and 
on the other hand, due to the decrease in the salt concentration of the liquid phase 
inside the porous matrix. Figure 8 shows the decreasing profile of the salt 
concentration in the solid matrix in time and the decreasing driving force of the 
process.  

 
 

Fig. 7. Salt extraction model from a porous slab 
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In Equation (5), the term that changes over time is δp, since the salt 

diffusion distance increases as the process unfolds, kL and Def having constant 
values over time. It is the time that determines the process in the second step as 
the liquid phase diffusion distance into and out of the pores increases. 

Based on the equations (1) and (3) and using the obtained experimental 
results the average mass transfer coefficient was calculated with the following 
equation: 

mean

A
L cA

N
k


 ,   (m/s)     (6)  

 
The obtained experimental values were compared with the values 

calculated using existing equations in the literature for laminar flow. Thus, 
according to [22], for the average mass transfer coefficient from a solid surface 
with a characteristic length L, under laminar flow conditions, the proposed 
correlation is: 

 
Sh = 0.664∙Re0.5 Sc0.33         (7) 

 
valid for Re < 3×105   şi   0.6< Sc < 2500, where:  
 

ef

L

D

Lk
Sh


   is the Sherwood number     (8) 

 

Fig. 8. Concentration profile near the solid-liquid interface 
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



4

Re   is the Reynolds number, with 
P

M4 m  [9]   (9) 

 

efD
Sc




  is the Schmidt number      (10) 

 
with: Mm - the mass liquid flowrate (Kg/s); 
P – the wetted perimeter (m); 
,  - the liquid dynamic viscosity and density, respectively; 
L- the characteristic length, calculated as the equivalent diameter of the liquid 

film, 
P

A
L

4
  (m); 

A - flow cross-sectional area of liquid. 

3.2.1. Sandstone ceramic slabs 
The graphs in Figures 9 and 10 present values obtained by applying the 

equation (6) to the experimental data regarding the salt extraction from sandstone 
slabs 1 and 2. Similar to the extraction rate, the graphical representation of mass 
transfer coefficient has a greater slope for the type 2 sandstone than the type 1, 
indicating a slower extraction in the latter case. 
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Fig. 9. Mass transfer coefficient for NaCl extraction from sandstone slabs 1 
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The mass transfer coefficient values for the sandstone slabs are between 

7.19 ∙ 10-8 - 1.29 ∙ 10-7 Kg / m2s at 660 s and 8.66 ∙ 10-9 - 4.93 ∙ 10-7 Kg / m2s at 
3000 s. The values are closer for the type 2 sandstone samples. It is noted that 
there is no predictable distribution of these points. 

3.2.2. Brick slabs  
Similar to the salt extraction from sandstone slabs, in brick samples, the 

mass transfer coefficient measured values do not fit a particular profile. The 
maximum values at t = 660 s are in the range of 1.23 ∙ 10-6 - 1.72 ∙ 10-6 Kg / m2s 
and at t = 3000 s the interval is much narrower 2.04 ∙ 10-7 - 2.52 ∙ 10-7 Kg / m2s, as 
shown in Figure 11. 

3.2.3. BCA slabs 
The mass transfer coefficient values obtained for the two brick samples are 

very close, especially over the time interval 600 s - 3000 s. The maximum values 
are between 6.02 ∙ 10-7 Kg / m2s and 6.15 ∙ 10-7 Kg / m2s and the minimum values 
in the range 1.94 ∙ 10-7 Kg / m2s - 2.04 ∙ 10-7 Kg / m2s. 

Unlike the other types of samples used, for BCA slabs a uniform 
distribution of the mass transfer coefficient values is observed in Figure 12. The 
graph has a high slope at the beginning, specific to the first stage of the extraction 
process, while in the second stage, this becomes much smaller due to the slow 
extraction process from the solid material pores. 
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Fig. 10. Mass transfer coefficient for NaCl extraction from sandstone slabs 2 
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Figure 13 shows a comparison among the mass transfer coefficients 
variations with time for the three types of studied porous materials. There is a 
large difference between the values obtained for sandstone and brick slabs. 

 

 
 

 

0.00E+00

5.00E-07

1.00E-06

1.50E-06

2.00E-06

2.50E-06

0 700 1400 2100 2800 3500
time

k

BCA I

BCA II

0.00E+00

5.00E-07

1.00E-06

1.50E-06

150 400 650 900 1150 1400

 
Fig. 12. Mass transfer coefficient for NaCl extraction from BCA slabs 
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Fig. 11. Mass transfer coefficient for NaCl extraction from brick slabs  
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For the BCA and the brick slabs, the mass transfer coefficient values are 

very close at times greater than 2000 s, but also, in the first stage of the process, at 
times shorter than 210 s. The highest slope is observed for the brick samples, 
which shows that in this case, the largest salt amount is removed up to t = 2000 s. 
On the other hand, the sandstone and the BCA slopes are smaller than for the 
brick samples, thus the amounts of extracted salt are smaller, but equal for the two 
types of BCA samples. The results obtained by applying the equation (7) for the 
volume flow at the inlet and the outlet of the porous solid slab, subjected to 
extraction, are shown in Table 2: 

Table2:  
Comparison between mass transfer coefficients for all types of samples 

Slab type kL(eq. 7) kLexperimental I ( 0 - 120 s) kLexperimental  II (120 - 3000 s) 
sandstone 1∙10-6 2.04∙10-7 - 4.47∙10-7 8.66∙10-9 - 4.93∙10-7 

brick 1.99∙10-6 2.16∙10-6 – 2.73∙10-6 2.04∙10-7 - 2.52∙10-7 
BCA 2.11∙10-6 1.72∙10-6 - 1.88∙10-6 1.94∙10-7 - 2.04∙10-7 

4. Conclusions 

The results from this study indicate the following:  
- the extraction rate and mass transfer coefficient are influenced by the type of 

sample used (its structure); 
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Fig. 13. Comparison of mass transfer coefficients for NaCl extraction from 

different types of slabs 
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- for both the extraction rate and the mass transfer coefficient, the highest 
values are obtained for the brick samples and the minimum for the slabs, 
proportional to the porosity and the amount of salt contained, but also depending 
on the pore structure network evenness; 

- the mass transfer coefficient according to the equation (3) is proportional to 
the driving force of the process, which decreases over time as the difference 
between the salt concentration in the liquid and the salt concentration at the 
surface of the porous solid decreases; 

- high values for the mass transfer coefficient are obtained according to the 
high salt sample concentration. The highest value is recorded for the brick 
samples, having the highest salt content (according to Table 1); 

- the comparison between experimental data and those obtained by applying 
the equation (7) shows a good agreement for the low-time extraction (domain I), 
but for time values greater than 120 s, the equation (7) cannot be applied. For this 
domain (II), the influence of diffusion in the material pores is important. 

- the mass transfer coefficient obtained experimentally is a global one and sums 
up the resistance to mass transfer from the interface to the liquid as well as the 
diffusion resistance inside the porous material. The coefficient obtained from the 
calculations is the only one describing the mass transfer in the liquid film. 
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