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Abstract 

The potential of membrane crystallization has been studied for the recovery of Na2CO3 from aqueous 

streams, as a tool that can be used in CO2 sequestration. The influence of various crystallization conditions 

(i.e., concentration and flowrate of the Na2CO3 solution, concentration and flowrate of the osmotic solution 

and kind of osmotic solution: NaCl or MgCl2) on the process performance has been determined. The 

concentration of the osmotic solution was found to be the key parameter that may condition the applicability 

of the system. The flowrate of the Na2CO3 solution has also an important influence on the mass transfer 

through the membrane. Thus, concentration polarization may occur since the transmembrane flux 

increases with the flowrate. In addition, the characterization of crystals demonstrated that Na2CO3
.10H2O 

crystals were obtained. 

An exergy analysis was made for the membrane contactor. The higher the concentration of NaCl, the 

higher the exergy of the outlet streams. It yields a positive variation of exergy, reaching a maximum value 

at a specific Na2CO3 concentration. In addition, a range of concentrations can be established in order to 

operate under conditions of positive exergy variation. Increasing the flowrates of the feed or osmotic 

solutions has also an effect on the exergy variation, reaching an asymptotic value. 

 

Keywords: membrane crystallization; sodium carbonate; sodium chloride; magnesium chloride; mass 

transfer; exergy analysis 

 

1 Introduction 

Carbon dioxide is the most critical greenhouse gas and its capture and recovery for further reuse or storage 

is being intensively researched to develop most efficient and modern methods [1]. Several technologies 

and strategies are considered, depending on the application [2-5]. Both pre-combustion and post-

combustion oriented technologies involve the separation of CO2 from a gas mixture, composed of CO2 and 

H2 in the first approach and CO2 diluted in air and other combustion gases, such as sulphur dioxide or 

nitrogen oxides, in post-combustion. Absorption using amines (e.g., using monoethylamine, MEA) is the 

reference technology to separate CO2 from flue gases in a post-combustion scenario, where an absorber 

removes CO2 and a regenerator (or stripper) releases the CO2 in a concentrated form and the original 

solvent is recovered [2,6,7]. For the pre-combustion capture approach, due to the high concentration of 

CO2 in the high pressure gas, physical solvents (mixture of dimethyl ethers of polyethylene glycol in Selexol 

process or refrigerated methanol in Rectisol process) are used to take advantage of the high pressure of 

the gas stream [8]. Both processes are very intensive from the point of view of energy and material 

consumption [1]. Changing the organic solvent for other more environmentally friendly solutions, such as 

water-based solutions, are proposed in the recent literature [9, 10, 11]. For example, sodium hydroxide has 

shown high CO2 removal efficiency but its further reuse is still subject of research. When an aqueous 

alkaline solution is used as the liquid absorbent, CO2 reacts with the hydroxyl ions within the liquid film as 

follows [10]: 

CO2 +OH−→ HCO3
−                   Rx.1 

HCO3
− +OH−→ CO3

2−         Rx.2 
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where reaction 1 is the second order in the forward direction and the carbonization reaction 2 is much 

faster than reaction 1. Thus, the carbonate is formed in solution and its reuse is conditioned by the further 

purification steps. Alkaline absorption has also achieved much attention in the direct capture of CO2 from 

ambient air, “air capture”, in order to manage dispersed emissions, such as transportation [12]. But the 

main challenge that has to be solved to close the loop by reusing the carbonate (e.g., NaCO3) or recovering 

the reagent (e.g., NaOH) and the pure CO2 is the development of a process that allows obtaining the dried 

carbonate (e.g., Na2CO3). It may be reused directly as reagent in the industry (e.g., in the ceramic industry) 

or it can be converted back to sodium hydroxide and pure CO2 by means of, for example, a causticization 

process with Ca(OH)2 [12].   

This work is focused on developing a process in which the carbonate, Na2CO3, can be obtained in optimal 

conditions for further reuse. Membrane crystallization is proposed as the technology to crystallize Na2CO3 

since it has demonstrated a high potential for the recovery of salts from concentrates [13-17]. 

Crystallization of ionic salts [18-20], metal ions [21], low molecular organic acids [22-23], proteins and 

pharmaceutical compounds [24-28] are examples of the applicability of this technology. In addition, the 

main advantages of membrane crystallization have been already demonstrated: 1) it is possible to control 

the maximum level of supersaturation due to a defined mass transfer through the membrane [29]; 2) the 

membrane induces heterogeneous nucleation; 3) size, shape and purity of crystals can be controlled; 4) 

there is a significant reduction of energy consumption compared to conventional crystallization by means of 

cooling or evaporation [30]; and 5) comparable or slightly higher nucleation rates with respect to batch 

crystallizers or tubular precipitators have been obtained [24]. Furthermore, the use of membranes has been 

already considered to satisfy the requirements established by the “process intensification” strategy [31-33].  

The basic concept of membrane crystallization consists of a technique in which crystal nucleation and 

growth is carried out across a well-controlled pathway, starting from an undersaturated solution, by 

adjusting solution composition (supersaturation) by means of a membrane [34]. The membrane acts as a 

barrier that separates the feed stream (with the compound to crystallize) and the stripping stream, which 

consists of a hypertonic solution of inert salts (NaCl, CaCl2, etc.) that enhances mass transfer of water in 

the vapor phase from the feed to the stripping side, resulting in the supersaturation of the feed stream 

under isothermal conditions. Thus, the membrane is not selective and the separation is based on the phase 

equilibrium [35]. Examples of hypertonic solutions can be the brines obtained from integrated membrane 

desalination systems, reaching concentrations higher than 250 g/L of salt [36], of which the recovery and/or 

reuse is subject of further study [37-40]. In addition, the porous surface of the membrane induces 

heterogeneous nucleation (formation of nuclei locally close to the surface) while the crystal growth can be 

produced in a separate place. The driving force for the isothermal transport of volatile compounds through 

the membrane is given by a partial pressure gradient due to an activity difference between the solutions 

contacting the membrane [35]. This gradient induces evaporation of the solvent at the liquid/membrane 

interface on the feed side, the migration of the solvent in vapor phase through the porous of the membrane 

and its recondensation at the membrane/liquid interface on the stripping side. The continuous removal or 

solvent from the feed solution increases the solute concentration and generates supersaturation [34]. The 

main requirement is the use of hydrophobic membranes in order to ensure the non-wettability of the 

membrane. If membrane wetting occurs, the resistance to mass transfer that the membrane itself produces 

will increase significantly, reducing the flux of the volatile compound through the membrane and 

decreasing, thus, the process efficiency increasing the operation or investment costs (more time or larger 

membranes should be required to obtain the same production of crystals).  

The nucleation rate, i.e., the rate at which the nuclei are formed, in a membrane crystallizer depends on the 

concentration of crystals in the magma, hydrodynamics (e.g., stirrer speed, pump impeller, rotation rate) 
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and the difference of concentration between the mother liquor (feed solution) and the value at equilibrium 

(solubility) [35]. Different conditions lead to different supersaturation dynamics, affecting the quantity and 

quality of the crystals produced [25]. Thus, their evaluation and control of supersaturation are crucial to 

adjust the working conditions to a specific membrane.  

In this work, the crystallization of NaCO3 is studied systematically in order to evaluate the effect of the 

following variables on the process performance and crystal characteristics: i) concentration of NaCO3 in the 

feed solution; ii) concentration of salt in the stripping solution; iii) flow rate of the feed and osmotic solution; 

iv) kind of stripping agent (NaCl, MgCl2); v) stirring velocity of the feed solution. The crystal structure is 

evaluated and an exergy analysis of the membrane contactor is made, aiming at establishing the reference 

conditions and the technical viability of the crystallization process using a membrane contactor.      

2 Experimental 

2.1 Materials and experimental procedure 

Deionized water (18.2 MΩ.cm-1) was used to prepare the feed and stripping solutions. NaCO3 (anhydrous, 

Riedel-de Haën, purity >99.5%) was used to prepare the feed solution and NaCl by (AnalaR NORMAPUR, 

purity >99.7%) and MgCl2.6H2O (Applichem, purity >99%) were used for the osmotic solutions. The 

equivalent MgCl2 concentration in g/L was considered in the calculations. 

A hollow fibre membrane contactor (1x5,5 MiniModuleTM Liqui-CelR, Membrana GmbH, Germany) was 

used as membrane crystallizer. Details are given in Table 1. Two peristaltic pumps (Watson Marlow 503S-

Belgium and Gilson Minipuls III-The Nederlands) recirculated the feed stream and the stripping stream from 

the cylindrical glasses to the membrane contactor in a counter-current mode with flow rates ranging from 

500 to 2500 μm/s. The feed consisted of Na2CO3 solutions with concentrations 150 and 200 g/L. Aqueous 

solutions of NaCl or MgCl2 with concentrations ranging between 35 and 300 g/L were used as stripping 

agent. The feed and stripping solutions were introduced in the lumen and shell sides of the contactor, 

respectively. The experiments were performed at room temperature (20±1 oC).  

A balance was placed below the feed stream glass cylinder in order to measure the weight of the solution 

over time. Figure 1 shows the setup of the process. The stripping solution was stirred with a magnetic mixer 

(Fisher Scientific, Belgium) at 300 rpm. A similar magnetic mixer was used for the feed solution to study the 

influence of the stirring velocity (60, 120 and 180 rpm) on the crystal characteristics.  

The variation of weight over time allows the calculation of the transmembrane flux J, which indicates the 

rate of solvent extraction. The flux is calculated from a central difference equation: 

𝐽(𝑡𝑖) = − 1
𝐴
𝑑𝑉𝑓,𝑡𝑜𝑡

𝑑𝑡
�
𝑡𝑖
≈ − 1

𝐴𝜌𝑤𝑎𝑡𝑒𝑟

𝑊𝑓(𝑡𝑖+1)−𝑊𝑓(𝑡𝑖−1)
𝑡𝑖+1−𝑡𝑖−1

   [1] 

in which 𝑊𝑓 (g) is the weight of the reservoir containing the Na2CO3 solution at time 𝑡𝑖 (min), A (m2) is the 

membrane area and 𝜌𝑤𝑎𝑡𝑒𝑟 (g
.mL-1) is the density of water. Because water permeates from the fiber to the 

permeate side, the Na2CO3 concentration on the fiber side increases until it reaches saturation, while the 

NaCl/MgCl2 concentration decreases. This is referred to as a positive flux. At the end of the experiments, 

the crystals were collected, dried under vacuum and weighed, before performing the analytical 

measurements described in section 2.2. 
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Table 1. Characteristics of the membrane contactor and hollow fibres. 

 

Contactor type Liqui-Cel® 1x5.5 Minimodule™ 

Module configuration Hollow fibers 

Housing/Potting Polycarbonate/Polyurethane 

  

Membrane type Celgard® X50-215 Microporous Fiber 

Membrane material PP (hydrophobic) 

Porosity 40% 

Effective pore size  0.04µm 

Inner diameter/Outer diameter 300 µm/220 µm 

Active surface area 0.18 m² 

Number of fibers 2300 

Burst strength 27 bar 

Contact angle (θ) 112° [41] 

 

 

 

  

 

 

 

Figure 1. Experimental setup for membrane crystallization. 

 

The concentration in the shell and tube sides changes throughout the contactor and therefore, the flux also 

changes. In order to consider an overall driving force in the contactor, a logarithmic activity dependency is 

considered and the overall mass transfer coefficient, K, can be obtained experimentally according the 

following equation:  

𝐽 = 𝐾 ∙ 𝑃𝑣𝑎𝑝(𝑇)
��𝑎𝑓,𝑖𝑛−𝑎𝑝,𝑜𝑢𝑡�−�𝑎𝑓,𝑜𝑢𝑡−𝑎𝑝,𝑖𝑛��

ln�
𝑎𝑓,𝑖𝑛−𝑎𝑝,𝑜𝑢𝑡
𝑎𝑓,𝑜𝑢𝑡−𝑎𝑝,𝑖𝑛

�
 [2] 

in which the subscripts f and p refer to the feed (tube side) and permeate (shell side), respectively, at the 

inlet (in) and the outlet (out) of the contactor in a countercurrent mode. These activities are calculated as 

the product between the molar fraction of water and the water activity coefficients (𝑎 = 𝑥 ∙ 𝛾), which are 

calculated from the Debye-Hückel theory as described in Appendix A. The molar fractions at the outlet of 

the contactor (𝑥𝑓,𝑜𝑢𝑡 and 𝑥𝑝,𝑜𝑢𝑡) are calculated from mass balances assuming that no salts can permeate. 

The vapor pressure was calculated with equation A.4 in Appendix A.  

Na2CO3 solution NaCl or MgCl2 

solution 

Membrane 
crystallizer 
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2.2 Analytical methods 

Figure 2 shows the different methods used to characterize of crystals and the supernatant solution.  

 
Figure 2. Schematic overview of the different analytical methods used. 

 

2.2.1 pH measurements 

To assess the remaining degree of supersaturation in the liquid phase, the pH is measured with a pH meter 

of Orion, model 420A. It was calibrated using a pH 4 and a pH 12 buffer.  

2.2.2 Dynamic laser scattering (DLS) 

After filtration of the crystals, dynamic laser scattering (DLS) was used to detect small crystals in the liquid 

phase. A sample of 3 mL was placed in a ALV-CGS3 goniometer at different angles and a wavelength of 

632.8 nm. The sample holder was sprayed with toluene, which has the same refractive index as the glass 

of the sample holder, in order to avoid interferences in the measurement. 

2.2.3 Total water fraction (TWF) 

To analyze the fraction of water in the crystal samples, the following procedure was applied. First a portion 

of crystals was weighed and put on a platter. These platters were then put into a chamber at 25°C for. After 

this first period, the platters were first weighed again and then placed into an oven at 105°C. Then after 2h, 

4h and finally 72h these platters were weighed again. Between 4h and 72h, no difference in weight was 

observed. It was assumed that only water can evaporate, thus, the total water fraction can be calculated: 

TWF = Winitial−W105°C,72h

Winitial−Wplatter
    [3] 

in which 𝐖𝐢𝐧𝐢𝐭𝐢𝐚𝐥 is the initial gross weight, 𝐖𝟏𝟎𝟓°𝐂,𝟕𝟐𝐡 is the gross weight after a 72 h period at a temperature 

of 105°C and 𝐖𝐩𝐥𝐚𝐭𝐭𝐞𝐫 is the weight of the platter. 

Sample (after at 

least 24h) 

Vacuum filtration 

pH measurement 
(Supersaturation) 

Dynamic Laser Scattering (DLS) 
(Investigate remaining crystals in the liquid 
fraction) 

Total water fraction (TWF) 
(Water content in crystals) 

Ion Chromatography (IC) & X-ray 

fluorescence (XRF) 
(Purity of crystals) 

Microscopy 
(Shape and aggregation of crystals) 

Liquid fraction Crystals 
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2.2.4 Ion Chromatography 

To investigate possible impurities of Cl- in the crystals, ion exchange chromatography (IC) is used. 1 g of 

sample is dissolved into 100 mL of MilliQ water. This solution is then placed in a shaker at 160 rpm for 24 

h. The sample is processed by the ICS-2000, Ion Chromatography System to yield qualitative insights of 

the presence of Cl-.  

2.2.5 X-ray fluorescence (XRF) 

To gather information on the chemical elements present and the stoichiometry in the crystal sample, X-ray 

fluorescence (XRF) is used. The obtained samples were analyzed with a X-ray diffraction meter (PW 2400, 

Philips) working at 40 kV and 20 mA at room temperature to obtain the X-ray diffraction pattern and 

determine the composition of the crystals. 

2.2.6 Microscopy 

The crystal samples are examined in an Olympus microscope at 5x, 10x and 20x magnifications. The 

images of these samples are processed with the HiPic 8.3.0 computer program. A calibration was also 

performed on the pixel/distance relationship. This relation is showed in Table 2. 
 

Table 2. Distance per pixel that correspond to a specific magnification. 

Magnification Distance per pixel (µm/px) 

5x 1.3 

10x 0.65 

20x 0.31 

50x 0.13 

3 Exergy analysis 

The total energy of a system can be divided in two parts: exergy and anergy. The exergy is the part of the 

energy that can be converted through reversible transformation from one form to another, and the anergy is 

the part of the energy that is wasted to the environment as heat in conditions of complete degradation [30, 

42]. The exergy can be thus defined as the maximum amount of work obtained by the evolution of a system 

with reversible transformations from the initial state to the equilibrium state with the environment, this is, the 

work available in the system because of its non-equilibrium with respect to the reference conditions [42]. If 

the intensive parameters governing the system are temperature, pressure and composition, the exergy is 

described by the following equation [30,36,42,43]: 

𝐸𝑥 = 𝐺 ∙ �𝐶𝑃(𝑇 − 𝑇0) − 𝐶𝑃𝑇0𝑙𝑛 �
𝑇
𝑇0
� + (𝑃−𝑃0)

𝜌
− 𝑁𝑆𝑅𝑇0𝑙𝑛𝑥1� = 𝐸𝑥𝑇 + 𝐸𝑥𝑃 + 𝐸𝑥𝐶       [4] 

in which G is the mass flow, 𝐶𝑃 is the specific heat of the solution, 𝜌 is the solution density, and 𝑇0 (=293.15 

K) and 𝑃0 (0.1 MPa) are the temperature  and pressure  in the reference state, respectively. NS is the moles 

of solvent for unit weight of the solution, defined as: 

𝑁𝑆 =
(1000−∑𝑐𝑖 𝜌� )

𝑀𝑊𝑆
                                             [5] 
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and x1 is the molar fraction of the solvent: 

𝑥1 = 𝑁𝑆
�𝑁𝑆+∑�

𝛽𝑖𝑐𝑖
𝜌𝑀𝑊𝑖
� ��

                      [6] 

ci is the weight concentration of the i-component per liter of solution, MWS and MWi are the molecular 

weight of the solvent and of the i-component, respectively, and 𝛽𝑖 is the number of particles generated by 

the dissociation of the component i in the solution. 

In addition, the exergy variation between the outlet and inlet streams, ∆𝐸𝑥, can be calculated from: 

∆𝐸𝑥 = ∑ 𝐸𝑥𝑜𝑢𝑡 − ∑ 𝐸𝑥𝑖𝑛𝑗𝑖               [7] 

This variation of exergy can be positive or negative, meaning exergy transferred to components and exergy 

destroyed by components [30,44]. 

4 Results and discussion 

4.1 Influence of concentration of osmotic solution 

In order to obtain a reference case (maximum flux) for the crystallization experiments, two series of 

experiments were carried out using distilled water as feed solution and NaCl or MgCl2 solution in the 

permeate side. Different concentrations of NaCl or MgCl2 ranging from 90-324 g/L and 152-378 g/L, 

respectively, were used. The flow rate through the fibers was fixed at 85 mL/min and through the shell at 45 

mL/min. The driving force causes the permeation of water from the feed side to the permeate side, 

rendering a positive flux. Figure 3 shows the transmembrane flux as a function of time for the different 

concentrations of electrolyte. It can be observed that the flux when MgCl2 solution is used is slightly higher 

than that of NaCl. This is expected because of the higher ionic strength of the MgCl2 solution. For a better 

comparison, Figure 4 shows the average flux when both osmotic solutions are used. 

 

 

Figure 3: Transmembrane flux as a function of time: (a) NaCl solution as osmotic solution; 
(b) MgCl2 solution as osmotic solution. Feed solution: pure water. 
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Figure 4. Average transmembrane flux as function of the osmotic solution concentration. Feed solution: pure water. 

4.2 Influence of concentration of feed solution 

When a Na2CO3 solution is used as the feed, the smaller driving force compared to pure water produces a 

decrease of the transmembrane flux. 

Different concentrations of NaCl solution (50 to 300 g/L) are contacted with the Na2CO3 solution, with a 

concentration of 150 and 200 g/L.  During these experiments, the velocity through the fibers is kept at 1000 

µm/s (5.24 mL/min) through the fibers. The flow rate through the shell is kept at 150 mL/min. Figure 5 

shows the results of the transmembrane flux, indicating as expected a higher flux for lower concentrations 

of Na2CO3.  After about 2 h of experiment, quite steady state conditions are achieved.  

For high concentrations of Na2CO3, there is an initial time where the flux declines more drastically due to 

the decrease of the driving force.  
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Figure 5. Transmembrane flux as a function of time for an initial Na2CO3 concentration ofa) 150 g/L  and b) 200 g/L, 
 in the feed solution (fiber side) and different concentrations of NaCl in the osmotic solution (shell side). 

The velocity of the solution through the fibers is 1000 µm/s and the flow rate through the shell is 150 mL/min. 
The dotted line marks zero flux. 

 

 

Figure 6 shows the average flux achieved for both systems. There is a slight difference in the mass transfer 

when 150 g/L and 200 g/L Na2CO3 solutions are used. Because the water activity depends much more on 

the NaCl concentration than on the Na2CO3 concentration, there is a smaller influence of the Na2CO3 

concentration on the flux.  

 
Figure 6: Average transmembrane flux as function of the osmotic solution concentration. 

Feed solution: Na2CO3 solution of 150 g/L and 200 g/L. The dotted line marks the zero flux. 
 

 

Furthermore, the NaCl concentration at which the flux becomes negative (water permeates from the 

osmotic solution to the feed solution) can be determined: 75 g/L NaCl for 150 g/L Na2CO3 solution, and 100 

g/L NaCl for 200 g/L Na2CO3 solution. Working at lower NaCl concentrations makes the process technically 
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unviable. Taking these results into account, Figure 7 can be plotted as a reference to consider when 

selecting the concentration of the osmotic solution.  
 

 
Figure 7. Areas of negative and positive flux as a function of the concentration in the feed 

(Na2CO3) and osmotic (NaCl) solutions. 
 

 

The experimental overall mass transfer coefficient K has been calculated from equation 2. Figure 8 shows 

K as a function of the concentration of NaCl for two Na2CO3 solutions (150 and 200 g/L).  It can be 

observed that K does not show a dependency of the feed concentration, except in the region between 50 

and 100 g/L due to lack of confidence for those values caused by the zero flux region. The average value, 

excluding the 3 outliers, is 𝐾 =(4.88 ± 0.39).10-11 m.Pa-1.s-1.  

 

 
Figure 8. Overall mass transfer coefficient as a function of the NaCl concentration for two Na2CO3 solutions. 

The dotted line marks the average total mass transfer coefficient (calculated without the outliers). 
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4.3 Influence of flowrates 

Figure 9 shows the overall mass transfer coefficient as a function of the velocity through the fibers (feed 

solution). It can be observed that increasing the velocity of the feed solution has a positive effect on the 

mass transfer through the membrane. The concentration polarization phenomenon may explain these 

results. High velocity improves the mixing at the membrane interface and avoids the back flux of water due 

to an opposite driving force.  

 

Figure 9: Mass transfer coefficient as a function of the velocity through the fibers. 
Na2CO3 concentration= 200 g.L-1; NaCl concentration= 300 g.L-1; flowrate through the shell= 150 mL.min-1. 

 
 

Variation of the flowrate on the shell side (osmotic solution) was also studied within the range from 50 to 

350 mL.min-1 with a Na2CO3 concentration of 200 g.L-1 and NaCl concentration of 300 g.L-1, keeping the 

velocity through the fibres at 1000 µm.s-1. However, a clear influence was not obtained and conclusions 

cannot be inferred. 

4.4 Characterization of crystals 

4.4.1 pH of the liquid fraction 

The average pH of the liquid fraction is 11.4 ± 0.3, which is related to the high remaining concentration of 

Na2CO3. This involves limitations of the discharge of the streams to the environment and an approach 

based on recirculation and maximum recovery has to be followed.   

4.4.2 Total Water fraction 

Table 3 shows the Total Water fraction (TWF) calculated with equation 3 for stock material of Na2CO3, 

NaHCO3 and Na2CO3
.10H2O as a reference. It also shows the average TWF of 15 crystal samples and its 

standard deviation. This table also shows the different results for 3 velocities of stirring of the feed solution. 

It is clear that there is no statistical difference between these 3 samples and the average for the 15 
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samples. It can be observed that there is about 12% more water in the samples than in pure 

Na2CO3
.10H2O, which indicates that the crystal samples are Na2CO3

.10H2O. Thus, the crystallization 

process can be improved significantly in order to obtain more pure Na2CO3 crystals (e.g. Na2CO3
.7H2O or 

eventually Na2CO3
.1H2O). 

 
Table 3: The fraction of water in the different crystal samples determined by TWF analysis 

in an oven at 105°C over a period of 72 h. 
 

Sample TWF 

Na2CO3 3.72% 

NaHCO3 36.58% 

Na2CO3.10H2O 52.01% 

Average of 15 samples 64.08 ± 1.15% 

60 rpm stirring 64.36% 

120 rpm stirring 64.15% 

180 rpm stirring 64.39% 

4.4.3 Determination of Cl- impurities with IC 

In order to assess the presence of Cl- ions as impurity, ion chromatography was performed in several 

crystal samples. Table 4 shows the results for crystals obtained at different conditions. The reference 

sample was prepared using stock Na2CO3. From the results, it can be concluded that some Cl- from the 

osmotic solution is contaminating the feed stream. The highest concentration of Cl- was obtained when 

operating with low flowrate in the shell side (osmotic solution) and low concentration of Na2CO3 (lower 

driving force). 

 
Table 4. Determination of Cl- impurities in the obtained crystals. 

Initial Na2CO3 

concentration (g/l) 
Initial NaCl 
concentration (g/l) 

Velocity through 
the fibers (µm/s) 

Shell flowrate 
(ml/min) 

Cl-concentration 
(g/kg) 

150 300 1000 150 4.2903 

200 300 600 150 0.6316 

200 300 1000 350 0.4462 

200 300 1300 150 1.2242 

200 300 1000 150 0.8653 

Reference sample    0.3096 

4.4.4 XRF analysis 

Table 5 gives an overview of the impurities found with the XRF analysis. The reference material was stock 

Na2CO3. It can be observed that there are already some impurities present in the stock Na2CO3; especially 

the presence of Mg influences the ionic strength of the solution. In addition, there is a significant amount of 

Al and Ar (apart from Cl- which was discussed from the Cl- measurements using IC) in the stock solution, 

which increases after performing the experiment due to the concentration of the solution. Thus, starting 

from a solution with impurities may be a critical problem to obtain crystals with high purity. Since the feed 

stream is expected to be produced from the reaction between CO2 and NaOH, it is important to use high 

purity NaOH in order to avoid such contamination.  
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Table 5. Impurities in crystals, measured with XRF. 

 Na (Wt%) Mg (Wt%) Al (Wt%) Cl (Wt%) Ar (Wt%) 

Experiment a1 86.80 ± 1.45 9.13 ± 1.29 1.94 ± 0.46 1.00 ± 0.24 0.85 ± 0.18 

Experiment b2 83.99 ± 1.88 11.43 ± 1.81 1.70 ± 0.55 1.19 ± 0.29 0.62 ± 0.21 

Experiment c3 86.32 ± 0.16 Nd 0.22 ± 0.17 1.28 ± 0.08 0.79 ± 0.056 

Reference  95.22 ± 0.46 3.69 ± 0.43 0.48 ± 0.14 0.336 ± 0.075 0.184 ± 0.054 

Nd: not determined.  
1 Experiment a: Na2CO3 concentration = 200 g/L; NaCl concentration = 300 g/L; velocity through the fibers = 1100 μm/s; 
shell flowrate = 150 mL/min.  
2 Experiment b: Na2CO3 concentration = 200 g/L; NaCl concentration = 300 g/L; velocity through the fibers = 600 μm/s; 
shell flowrate = 150 mL/min. 
3 Experiment a: Na2CO3 concentration = 200 g/L; NaCl concentration = 300 g/L; velocity through the fibers = 1000 μm/s; 
shell flowrate = 150 mL/min; with stirring in feed solution. 

4.4.5 Microscopy analysis 

Figure 10 shows the micrographs for the crystal sample at 5 x and 20 x magnifications. In Figures 10a and 

10b, the formation of rectangular and rounded shape crystals and some aggregates of smaller particles can 

be observed. Figures 10c and 10d allow a better observation of the crystal surface. The black spots (non-

transparent zones) are associated to a phase transition due to the water vaporization. Figure 10d represent 

the same crystal and surface as Figure 10c but some minutes later. The black spots grow over time, which 

proves that changes in the crystal structure take place after the experiments.      
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Figure 10. Micrographs of crystals: a and b are obtained at 5x magnification, and c and d at 20x magnification. 

The black dots are the result of a phase transition. 

4.4.6 DLS measurements of the liquid fraction 

After vacuum filtration, the liquid fraction was measured by means of DLS in order to examine the presence 

of small crystals or nuclei. Figure 11 shows the normalized particle distribution for a filtrated sample 

obtained from an experiment with Na2CO3 solution of 200 g/l, NaCl solution of 300 g/l, the velocity through 

the fibers was 1000 µm/s and the flowrate through the shell was 150 ml/min. The average radius is 

calculated as 1861 nm but the particles present a large polydispersity. 

a) b) 

c) d) 
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Figure 11. Normalized particle distribution from DLS measurements in the filtrated sample. 

4.5 Exergy analysis 

An exergy analysis has been made under several experimental conditions of concentrations and flowrate in 

order to evaluate the system in terms of useful energy that is available. From equation 4, the term related to 

the change of exergy due to variation in temperature is not applicable since the system works at the 

reference temperature (293.15 K) and the pressure term is negligible since a very small pressure drop is 

produced in the hollow fibre membrane contactor. Thus, only the variation of exergy due to changes in 

concentration is significant and the linear fitting obtained for the flux of water through the membrane (Figure 

6) has been considered in the calculations.  

Figure 12 shows the variation of exergy for different concentrations of Na2CO3 in the feed solution when 

different concentrations of NaCl are used. It is interesting to highlight the presence of a maximum of 

exergy, which would indicate the best conditions in which the system is operating from an exergetic point of 

view. Negative values of the exergy variation mean that the exergy is destroyed by the components, thus, 

the working conditions should be those that fit in the positive region. In addition, it can be observed that 

lower concentrations than 150 g/L of NaCl in the osmotic solution always involve a loss of exergy.  

 

 
Figure 12. Variation of exergy as a function of the concentration in the feed (Na2CO3) and the osmotic (NaCl) solution. 

Feed flowrate=5.24 mL/min; Osmotic solution flowrate=150 mL/min. 
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Figure 13a and 13b show the influence of the flowrate of the feed solution and the osmotic solution, 

respectively. In both cases, an asymptotic tendency is observed, which determines the minimum flowrate 

that should be used. However, the flowrate also affects the mass transfer through the membrane due to, for 

example, the increase of the concentration polarization at low flowrates. Thus, higher flowrates than the 

minimum given by the exergy analysis may be necessary to avoid a decrease of the transmembrane flux. 

In addition, the asymptotic tendency is not expected for a very large flow beyond the experimentally studied 

region since the term of exergy that considers the effect of pressure may have influence and decrease the 

available energy.  

 

 
Figure 13. Variation of exergy as a function of the flow rates of a) the feed solution, and b) the osmotic solution. 
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5 Conclusions 

An experimental study of the operating conditions that affect the performance of membrane crystallization 

(i.e. concentration in the feed and osmotic solutions, flowrates) has been carried out in order to determine 

the technical viability of the crystallization of Na2CO3 using a membrane contactor. Results showed that the 

concentration of the osmotic solution is a key parameter to achieve a realistic approach based on a high 

driving force and the flowrate in the feed solution has to be high enough to minimize its resistance to mass 

transfer. The characterization of the crystals demonstrated that Na2CO3
.10H2O crystals are obtained. Also, 

some impurities such as Mg, Cl, Al and Ar were observed but they are assumed to be introduced by the 

stock material used to prepare the solutions. Nevertheless, this confirms the importance of the feed 

composition since it may condition the purity of the crystals.  

In addition, an exergy analysis of the membrane contactor has been made aiming at studying the effect that 

the concentration of Na2CO3 in the feed, the concentration of NaCl in the osmotic solution and the flowrates 

of both streams causes on the availability of useful energy. An optimum of maximum exergy as a function 

of the concentrations was observed, which also indicates that the concentration of the osmotic solution 

must be always higher than 150 g/L in order to avoid the destruction of exergy by the components in the 

system. In addition, increasing the flowrates reaches an asymptotic value of exergy, which may change at 

high flowrates due to the effect of the pressure drop in the contactor.  
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Appendix A 

In order to calculate the water activity in equations XX to XX a relation between the water activity and the 

concentration of salts in that solution is needed. This is given by the following equations [45]. 

𝑙𝑛(𝑥𝑠𝛾𝑠) = −𝑚𝑠𝜈𝑀𝐴𝐵 �1 − 𝛼
3

|𝑧+𝑧−|√𝐼𝜎�𝐵√𝐼� + 𝛿𝐼
2
�    [A.1] 

 and 

𝜎(𝑦) = 3
𝑦3
�1 + 𝑦 − 2 ln(1 + 𝑦) − 1

1+𝑦
� [A.2]  

Where 𝑚𝑠 is the amount of kg in one mole of solvent (e.g., 0.018kg/mol for water), 𝜈𝑖 is the number of ions 

coming from the dissociation of the electrolyte and 𝜈 is the sum of these different ions, 𝑀𝐴𝐵 is the 

concentration of the electrolyte, 𝛼, B and 𝛿 are the constants of the model (Table A1 and A2), z is the 

valence of the ion after the electrolyte is dissociated and I, the ionic strength is defined as: 

𝐼 = 1
2
∑ 𝑧𝑖2𝑀𝑖𝑖𝑜𝑛𝑠 = 1

2
𝑀𝐴𝐵 ∑ 𝜈𝑖𝑧𝑖2𝑖𝑜𝑛𝑠 = 𝑀𝐴𝐵𝑄 [A.3]  

 
Table A.1: Debye-Hückel coefficients. 

 B 𝜹 

NaCl[45] 1.0000 0.1370 

MgCl2 [46] 1.7309 0.1196 

Na2CO3
 [47] 0.8953 0.0150 

 
 

Table A.2: The first Debye-Hückel coefficient as a function of temperature. 
Temp. (°C) 0 10 20 30 40 50 60 70 80 90 100 

𝜶 1.129 1.146 1.164 1.184 1.206 1.230 1.255 1.283 1.313 1.345 1.379 

 

The relation between the vapor pressure of water (𝑃𝑣𝑎𝑝) and the temperature of the solution is empirically 

given by the following Antoine equation. The result is in mmHg, while the temperature is in °C. 

𝑃𝑣𝑎𝑝(𝑇) = 108.07131− 1730.63
233.426+𝑇   [A.4]  
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