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Abstract

:

Different studies have shown that the presence of electrolytes modifies the nanofiltration performances and that the variation of the neutral solute transfer is mainly governed by the modification of the solute properties. The objective of this work is to strengthen the understanding of the impact of the ion composition and to progress in the long-term objective for the prediction of the nanofiltration performances. The methodology is based on the comparison of the hydration properties obtained by experimental and theoretical approaches with the mass transfer of saccharides. The key role of the saccharide hydration number to understand the impact of the ionic composition on the saccharide transfer is clearly demonstrated. Moreover, it is established that the number of saccharide/cation interactions, which increases with the cation coordination number, is a key parameter to understand the mechanisms governing the impact of the nature of the cation on the saccharide mass transfer modification. Finally, correlations are obtained between the saccharide hydration number decrease and the variation of the saccharide radius calculated using a hydrodynamic model for different ionic compositions and operating modes (diffusion and filtration). From these results, it could be possible to evaluate the saccharide transfer for a given saccharide/electrolyte system transfer.
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1. Introduction


Membrane separation techniques, such as nanofiltration (NF), constitute an interesting alternative for developing high-performance processes capable of treating fluids containing variable proportions of organic and mineral solutes [1,2]. However, NF development is still hampered, in particular due to the difficulty of predicting its performances when the ionic composition of the fluids to be treated varies or when new, more demanding uses are considered [3,4,5,6].



In recent years, various studies have shown that the presence of electrolytes significantly modifies the performances of NF due to the variation of the neutral solutes transfer [7,8,9,10,11,12,13]. For instance, Wang et al. [14] showed that glucose transfer increases in the presence of NaCl, and that this increase is all the more important as the NaCl concentration is high. Neutral solute transfer in nanofiltration is essentially governed by steric effects, depending on the ratio between the size of the solutes and the size of the membrane pores. Thus, to explain the increase in solute transfer in the presence of electrolytes, several assumptions have been made [15,16], such as an increase in apparent pore size [11,12,14,17], a different pore size distribution in the membrane [12], an increase in the solution viscosity [18], a change in the interactions between the solute and the membrane [15] and finally the partial dehydration of the solute [7,8,9,10,11,17,19].



The relation between the solute hydration properties and the dehydration phenomenon has also been proposed to explain the impact of the nature of the ions (valence and size) on their transfer through membranes [20]. For instance, Zhao and al. [21,22] observed a good agreement between the decrease in the ion hydrated radius and the increase in the membrane ion exchange capacity. Moreover, these authors also pointed out that the ions need to eliminate a part of their coordinated water molecule to transfer through the membrane. The ion dehydration sequence has been correlated with ion membrane selectivity and explained by the ion hydration energy which reflects the ion/water interactions [21].



Concerning the impact of the presence of ions on the neutral solute transfer, the solute dehydration has been confirmed within the works of Bouranene and et al. [7,19] and Boy and et al. [9,10]. More precisely, in the case of the investigation of the transfer of saccharides in the presence of electrolytes, it has been pointed out that the impact of the modification of the membrane properties on saccharide transfer is negligible and that the transfer is, therefore, essentially governed by the modification of the solute properties. The assumption of saccharide dehydration has been validated from the good correlations obtained between the variation of the saccharide flux, determined in both diffusion and filtration operating modes for a given electrolyte, and the variation of the saccharide apparent molar volume, which reflects the saccharide hydration state [9,10]. Moreover, it has been demonstrated that these results are physically relevant to the dehydration phenomenon since the solute radius variation in the presence of electrolytes, calculated from the mass transfer modelling, using a hydrodynamic model, was found to correspond to a fraction of a water molecule [10]. These works also clearly demonstrated the impact of the ion valence on the increase in the saccharide transfer (divalent > monovalent). More precisely, it has been shown that the increase in saccharide transfer, due to the impact of the electrolyte on the saccharide properties, is all the more important as the ions in solution are hydrated (divalent ions > monovalent ions). However, concerning the impact of the electrolyte nature, it has not been possible to establish a clear quantitative relationship between the mass transfer modification and the variation of the saccharide apparent molar volume [9].



Then, in order to further understand the impact of the ionic composition on the transfer of a neutral solute, recent investigations using complementary approaches at different scales were carried out to investigate the mechanisms governing the saccharide/electrolyte interactions.



First, at the macroscopic scale, a thermodynamic method, based on the determination of the apparent molar volume of saccharides in the presence of electrolytes, was used to characterize the saccharide hydration. The determination of the volumetric properties of saccharides (xylose, glucose and sucrose) in different electrolytes (LiCl, NaCl, KCl, Na2SO4, K2SO4, CaCl2, MgCl2 and MgSO4) confirmed that most of the contributions to saccharide dehydration in the presence of electrolytes is due to the ion valence (divalent ions > monovalent ions). Additionally, it was also observed that the saccharide dehydration increases according to the following sequences: Na+ < K+ < Mg2+ < Ca2+ and Cl−< SO42−, and that the anions (Cl− or SO42−) have no influence on the cation sequence [23]. Moreover, the saccharide hydration numbers, which reflect the solute hydration state, were also determined for the various electrolytes and the different concentrations investigated from the corresponding partial molar volume of saccharides [24].



More recently, the interactions in saccharide/electrolyte systems were also determined at the microscopic scale using a theoretical method (DFT, theory of density functionality). First, the computation of the ion hydration properties in water confirmed that the presence of an anion (Cl− or SO42−) does not lead to a change in the first cation hydration layer (Na+, K+, Mg2+ and Ca2+) [25]. Considering this last point, the saccharide/electrolyte interactions have been characterized in saccharide/cation/water systems showing that in such systems, cations and saccharides are both dehydrated [26]. In agreement with the results obtained from the volumetric properties, quantum mechanics calculations have shown that the saccharide dehydration increases with the ion valence and that the saccharide dehydration increases according to the following sequences: Na+ < K+ and Mg2+ < Ca2+. Simulation results showed that the number of saccharide/cation interactions increases with the cation coordination number in water (i.e., the number of water molecules directly interacting with the cation), and that this increase is directly linked to an increase in the saccharide dehydration.



Finally, ion and saccharide properties, obtained from thermodynamic data as well as simulation works, were compared in order to rationalize the relation between the saccharide hydration number and the hydration properties of ions [24]. It was shown that the saccharide hydration number decreases linearly with the cation coordination number, regardless of the cation valence. Divalent cations have a greater impact than monovalent ones due to the stronger electrostatic interactions with the saccharide hydroxyl groups which induce higher coordination numbers. For a given cation valence, the coordination number increases with the size of the cation. This allows the cation to create stronger interactions with the saccharide and then to dehydrate the saccharide. Thus, the combination of the characterization of the hydration properties of both ions and saccharides at different scales has shown that the knowledge of the hydration properties of ions makes it possible to evaluate the saccharide hydration number.



As previously mentioned, mass transfer models, such as the hydrodynamic model, can be considered to investigate the impact of the dehydration phenomenon on the mass transport of neutral solutes in confined space through the determination of the solute radius [10]. However, it is still difficult to integrate the influence of the confined space and, more precisely, the impact of the solution/membrane interactions on the mass transfer of molecules. Interactions at the membrane interface are related to space as well as time scales. Thus, knowledge at the molecular scale of the behaviors of aqueous solutions, containing organic and inorganic species, which interact with the membrane surfaces, in confined spaces, are essential to their understanding. In molecular simulation, given the size of the macromolecular systems to study, most of the models used to simulate systems containing membrane and aqueous solution are on a “coarse grain” scale due to their high computational effort (time and space). For instance, molecular dynamics simulation has recently been used to model the mass transfer through NF/RO membranes [27], showing interesting results in the case of single ions or water, although it is impossible to compute “practical” conditions in terms of pressure, for instance. Moreover, in any case, it is impossible to implement non-covalent interactions in molecular dynamics, which is the key point for the investigation of the dehydration phenomenon.



Then, based on these recent results, the aim of this paper is to advance the knowledge of the mechanisms and the estimation of the mass transfer of neutral solutes through nanofiltration membranes as a function of the ionic composition. More precisely, the objective of this work is to strengthen the understanding of the impact of the ion nature, especially for a given valence, since it has not been completely explained to date. The envisaged methodology is based on the comparison of the hydration properties obtained by experimental and theoretical approaches (volumetric properties from a thermodynamic method and quantum mechanics data) with the mass transfer of saccharides through an NF membrane. Thus, correlations between the solute hydration properties obtained at different scales [23,24,25,26] and the mass transfer parameters, which characterize the impact of the electrolyte on the saccharide transfer, are investigated to improve the understanding of the impact of the nature (cation, anion, size, valence, etc.) and the concentration of the ions. Special attention is paid to the saccharide hydration number and to the coordination number of ions since it has been shown that these hydration properties are closely linked and relevant to describe and understand saccharide dehydration in the presence of electrolytes. Then, in order to progress in the long-term objective for the prediction of the NF performances, the relation between the variation of the saccharide hydration number in the presence of the electrolyte and the modification of the saccharide radius calculated using a hydrodynamic model is investigated.




2. Materials and Methods


2.1. Mass Transfer Experiments


In order to understand and highlight the impact of the nature of the ion on the modification of saccharide transfer in nanofiltration, additional transfer measurements were performed in this work. The experiments were performed in the diffusion operating mode (concentration gradient driving force) to avoid the impact of ion retention on saccharide mass transfer [9].



The mass transfer study was carried out for glucose (180.16 g mol−1) in electrolytes containing Cl− (NaCl, KCl, MgCl2 and CaCl2) with a purity > 99%, for given glucose and cation concentrations (1 mol·kg−1). The schematic device of the experimental setup is shown in Figure 1. The mass transfer measurements were conducted using the same nanofiltration membrane (Dow Filmtec NF membrane, polyamide active layer), diffusion cell and experimental procedure as described in Boy and et al. [9].



The diffusion experiments were carried out with glucose/water and glucose/electrolyte solutions at 25 °C after the membrane soaking with the given electrolyte for 24 h.



For any set of experiments, the glucose concentration was measured by HPLC with a Jasco system, using a Shodex column (SH 1011) and a Jasco RI 2031 refractometer. The mobile phase was a 0.02 mol·L−1 H2SO4 solution at 0.8 mL·min−1. The injection volume was 20 µL, and the column temperature as 50 °C.



The experiments were carried out at least twice. For all experiments, the evolution of the number of moles of glucose as a function of time was linear, confirming that the glucose concentration gradient was constant throughout the experiment. The same membrane sample was used for all the experiments.




2.2. Mass Transfer Parameters


The specific protocol developed by Boy et al. [9] was used to dissociate and quantify the contribution of the modification of the solutes or the membrane properties to the transfer of saccharides. The impact of electrolytes on the membrane properties was characterized by the saccharide flux measured in water, JS,W. The impact of electrolytes on the saccharide properties was estimated from the additional saccharide flux, ∆J, expressed as the difference between the saccharide flux measured in saccharide/electrolyte systems, JS,El, and the one determined in saccharide/water systems:


  Δ J =  J  S , E l   −  J  S , W   .  



(1)







In diffusion mode, the solute transfer was modelled using a hydrodynamic model [28] in which the solute flux is related to the driving force (concentration gradient) through the characteristic parameters of the systems studied [10]:


   J S  =   ϕ ×  K d  ×  D ∞  ×  A k   L    Δ C ,  



(2)




where ϕ is the partitioning coefficient; Kd is the hindrance factor for diffusion; D∞ (m2·s−1) is the diffusion coefficient of the solute at infinite dilution; Ak is the membrane porosity; L (m) is the pore length; and ΔC (mol·m−3) is the concentration difference between the feed and eluate compartments, i.e., across the membrane. The partition coefficient, ϕ, and the hindrance factor for diffusion, Kd, are related to the pore radius, rP, and the solute radius, rS. The equations are given in ref. [10].



Then, the solute radius in the electrolyte, rS,El, can be obtained by assuming that the variation of the saccharide transfer in the presence of electrolytes compared to that in water is due to a decrease in the solute radius (rP is assumed constant and independent of the electrolyte composition). More precisely, the solute radius in the electrolyte was determined from the comparison between the ratio of the experimental and calculated values of the diffusion flux in the electrolyte, JS,El, and in water, JS,W, using a mean square method.



Then, the modification of the solute radius in the presence of electrolytes, ΔrS, was calculated according to the following expression:


  Δ  r S  =  r  S , E l   −  r  S , W   ,  



(3)




where rS,W is the saccharide radius in water.



The values of the membrane pore radius considered in this work for xylose, glucose and sucrose are 0.45, 0.50 and 0.54 nm, respectively. They were obtained for the same membrane with saccharide water systems in filtration operating mode (pressure driven driving force) [10,29]. Indeed, it is commonly reported that increasing values are obtained for increasing solute size due to the pore size distribution, since strongly retained solutes are transferred through the larger pores [12,29].





3. Results


The objective is to improve the understanding and evaluation of mass transfer in nanofiltration in the presence of electrolytes. In order to progress in this objective, the methodology developed in the present work is based on the comparison between quantities characterizing the impact of the ionic composition on the saccharide transfer and the hydration properties of solutes. These properties are obtained by different methods characterizing the hydration at macroscopic and microscopic scales.



3.1. Mass Transfer and Saccharide Hydration Number


3.1.1. Influence of the Cation


The results obtained in this work with glucose/water and glucose/electrolyte systems in diffusion mode and in the presence of various electrolytes containing Cl− with different cations, are given in Table 1.



Values obtained in the present study are of the same order of magnitude than those obtained in a previous work [9]. The differences can be explained by the use of different membrane samples (derived from the same commercial reference). Such differences have already been observed.



The saccharide fluxes in water, JS,W, measured for the membrane conditioned with NaCl, MgCl2 and CaCl2 were identical. For the membrane soaked with KCl, the values of JS,W were lower than those measured in the other electrolytes.



Results showed that the saccharide flux increased in the presence of electrolytes, JS,El > JS,W (factor of 1.5 to 6). The glucose flux in water ranged between 2.7 and 4.7 × 10−7 mol·m−2·s−1, while it ranged between 8.6 and 25.2 × 10−7 mol·m−2·s−1 in glucose/electrolyte systems.



Results reported in Table 1 show that the additional flux of glucose, ∆J, into the electrolytes followed the given sequence: NaCl < KCl < MgCl2 < CaCl2. Although for the membrane soaked in KCl, JS,W was smaller than JS,W for the membrane soaked in NaCl, JS,El in the presence of KCl still remained larger than the glucose flux in NaCl. In spite of the singularity of the glucose flux in water for a membrane soaked with KCl, which is not investigated in this work, one can notice that there was no singularity of K+ on the glucose flux in the presence of electrolyte. Therefore, the additional glucose flux, ∆J, depends on the nature of the electrolyte, and the increase in saccharide flux is greater in electrolytes containing divalent cations than in electrolytes containing monovalent ones.



As specified in the introduction, the saccharide hydration number at an infinite dilution, nH, is more relevant than the variation of the partial molar volume to reveal the solute hydration degree. The nH glucose values, calculated from thermodynamic data, are reported in Table 1 [23]. The comparison of nH values in different electrolyte showed that glucose dehydration increased according to the following sequence: Na+ < K+ < Mg2+ < Ca2+. Thus, with regard to the influence of the nature of the cation, a good agreement was obtained between the two sequences characterizing the increase in saccharide transfer and its dehydration in the presence of electrolyte.



Then, in order to further understand the impact of the cation on the additional saccharide flux, the glucose hydration numbers and the glucose additional flux values measured in the presence of electrolytes containing Cl− (NaCl, KCl, MgCl2 and CaCl2) were compared and represented in Figure 2.



It can be observed that a good relationship was obtained between the decrease in the glucose hydration number and the increase in glucose flux, under diffusion conditions, in the presence of electrolytes containing different cations. It is interesting to note that it was not possible to establish this kind of correlation from the variation of the apparent molar, which also revealed the solute hydration state [9].




3.1.2. Influence of the Anion


In order to confirm the key role of the saccharide hydration number, the additional saccharide fluxes obtained for various ionic compositions and operating modes (diffusion and filtration) obtained in a previous study were also considered (Boy et al. [9]).



The saccharide additional flux values (xylose, glucose and sucrose) obtained in diffusion mode and in the presence of electrolytes containing Na+ with different anions (Cl− and SO42−) for a given cation molality (1 mol·kg−1), as well as the corresponding saccharide hydration number, are given in Table 2 and represented in Figure 3.



Figure 3 shows that the greater increase in saccharide flux with Na2SO4 than with NaCl is related to higher saccharide dehydration in the presence of Na2SO4. This confirms thermodynamic results [23], showing that saccharide dehydration increases according to the following sequence: Cl− < SO42−. Moreover, as observed with the cations, a good relationship was obtained between the saccharide hydration number and the increase in saccharide flux, under diffusion conditions, in the presence of electrolytes containing different anions.




3.1.3. Influence of the Electrolyte Concentration


The additional saccharide flux values obtained for various electrolyte concentrations in both diffusion mode (Na2SO4) and filtration mode (NaCl) with the corresponding saccharide hydration number are given in Table 3 and Table 4 and represented in Figure 4 and Figure 5, respectively.



In both operating modes (diffusion or filtration), Figure 4 and Figure 5 show a good relationship between the increase in additional saccharide flux and the corresponding saccharide hydration number decrease for increasing electrolyte concentrations.



To summarize, it was demonstrated that the saccharide hydration number is a key parameter to describe the impact of the presence of electrolytes on the saccharide mass transfer since good correlations were obtained for different ionic compositions (ion nature and concentration) and operating modes (diffusion and filtration).





3.2. Mass Transfer and Cation Hydration Properties


In our previous work, an original approach combining a quantum mechanics technique (DFT) and experimental measurements (thermodynamic properties) was developed to explain the relationship between the saccharide hydration and the hydration properties of cations [24]. More precisely, it was found that the saccharide hydration number, nH, decreases linearly with the increase in the cation coordination number, CN, which reflects the ion’s ability to form direct interactions with the saccharide hydroxyl groups.



In our previous works, the solute hydration properties (ions and saccharides) in pure water and in mixture were studied via a full geometry optimization using the DFT method [24,25,26]. First, the ion coordination number, CN, which is defined as the number of water molecules directly bonded to the central ion in its solvation first layer, was determined [25]. Then, the number of interactions between the cation and the oxygen, ninter S/C+, defined as the number of oxygen belonging to the saccharide in direct interaction with the ion, was calculated [26]. Results concerning the ion coordination number and the number of interactions between glucose and different cations are given in Table 5 [25,26]. In saccharide/cation/water systems, results showed that saccharides are all the more dehydrated as the number of saccharide/cation interactions increases, ninter S/C+ [26]. The number of saccharide/cation interactions increases with the ion coordination number in water, CN.



For a given cation valence, the saccharide dehydration sequence, as a function of the cation, was found to be identical to that obtained with the thermodynamic method (Na+ < K+ < Mg2+ < Ca2+).



In order to strengthen the understanding of the mechanisms governing the impact of the presence of electrolytes on the saccharide transfer, the additional saccharide flux and hydration properties of cations (CN cations) were compared (Figure 6).



It was observed that the additional glucose flux increased linearly with the cation coordination number of the electrolyte. However, it was not possible to distinguish the impact of the cations of different valences with the same coordination number (K+ and Mg2+) on the additional glucose flux. Contrarily, as observed in Table 5, the number of saccharide/cation interactions allowed us to distinguish K+ and Mg2+.



Figure 7 shows the evolution of the additional saccharide flux as a function of the number of saccharide/cation interactions. One can observe that the increase in glucose flux is related to the increase in the number of saccharide/cation interactions and thus to the increase in saccharide dehydration. A linear relationship was established between the number of saccharide/cation interactions and the additional glucose flux, except in the presence of Ca2+. Indeed, it was not possible to distinguish the impact of the cations which had the same number of saccharide/cation interactions (ninter Glucose/Mg2+ = ninter Glucose/Ca2+ = 3). The variation of the number of saccharide/cation interactions is very sensitive to small variations in saccharide/cation interactions. Thus, one can expect that the number of glucose/cation interactions should be higher in the presence of Ca2+ than in the presence of Mg2+, as previously observed with sucrose [26]. Indeed, Ca2+ is able to create more interactions with glucose than Mg2+, due to its higher coordination number. Thus, as observed in Figure 7, a linear relationship can be obtained between the number of glucose/cation interactions and the glucose additional flux, by increasing the number of glucose/Ca2+ interactions by one unit (ninter Glucose/Ca2+ = 4). This point merits further investigation.



Consequently, it was demonstrated that both the cation coordination number, CN, and the number of saccharide/cation interactions, ninter S/C+, are necessary to understand the mechanisms governing the impact of the nature of the cation on the saccharide mass transfer modification in the presence of electrolytes.




3.3. Hydration Number and Saccharide Radius


As mentioned in the introduction, the performances of the nanofiltration process depend on the combination of quite complex and imbricated mechanisms, such as the impact of the ion composition on the transfer of neutral species investigated in this work. As a result, it was barely possible to predict them, and this is a bottleneck for the development of this operation. This problem will be solved once the parameters required for the mass transfer modelling, such as membrane and solutions properties, are accessible. It is a long-term objective that requires the elucidation of the phenomena.



Then, based on the better understanding of the mechanisms governing the mass transfer of saccharide in the presence of electrolyte, i.e., the phenomena of saccharide dehydration, one can expect to progress in this long-term objective.



Typically, the mass transfer of a neutral solute can be described and predicted using a hydrodynamic model [10,28]. More precisely, the neutral solute transfer is fixed by the membrane properties (pore radius, membrane porosity and pore length), the solute radius and the operating conditions. For instance, the saccharide transfer in the presence of electrolytes was modelled by Boy et al. to evaluate the saccharide radius in the presence of electrolytes, rS,El, and to deduce the variation of the saccharide radius, ΔrS (see Equation (3)), in both diffusion and filtration operating modes [10].



In the present work, the correlation between the saccharide flux variation and the saccharide hydration number for various ionic compositions was clearly demonstrated. Then, in order to progress in the mass transfer prediction, the relation between the saccharide hydration number in the presence of the electrolyte and the variation of the saccharide radius calculated from the modelling of the saccharide flux using the hydrodynamic model, was investigated.



The membrane properties and, more precisely, the membrane pore radius, rp, was assumed to be constant since it was shown that the saccharide fluxes measured in water, JS,W, are weakly influenced by the nature of the electrolyte used for the membrane soaking. Usually, the membrane pore radius is obtained in filtration operating mode from the modelling of a neutral solute transfer using the hydrodynamic model.



In diffusion mode, the saccharide radius in the presence of electrolyte, rS,El, and the variation of the saccharide radius, ΔrS, were determined according to the procedure developed by Boy et al. [10] and described in Section 2.2. The values obtained with various cations, anions and electrolyte concentrations are given in Table 1, Table 2 and Table 3, respectively. The saccharide radius in the presence of electrolytes, rS,El, and the variation of the saccharide radius, ΔrS, in filtration mode were obtained from [10] and given in Table 4.



The variations of saccharide hydration numbers as a function of the saccharide radius variation, calculated in diffusion mode, as a function of the cation and anion nature, are reported in Figure 8 and Figure 9, respectively.



As expected, it was observed that the variation of the saccharide radius in the presence of electrolytes increased, i.e., lower saccharide radius, with the decrease in the saccharide hydration number. More precisely, it is worth noting that in the condition investigated in this work, a linear relation was observed in the presence of electrolytes containing a given anion (various cations; Figure 8) or a given cation (various anions; Figure 9). The slight deviation observed for the glucose hydration number in water merits further investigation.



The variations of saccharide hydration numbers as a function of the saccharide radius variation, calculated in both diffusion and filtration operating modes, as a function of the electrolyte concentration, are reported in Figure 10 and Figure 11, respectively.



In both operating modes (diffusion or filtration), it was shown again that the variation of the saccharide radius in the presence of electrolytes of various concentrations increased linearly with the decrease in the saccharide hydration number.



Consequently, the key role of the saccharide hydration number was strengthened, since clear correlations with the saccharide radius in the presence of electrolytes were obtained for different ionic compositions (ion natures and concentrations) and operating modes (diffusion and filtration). Moreover, linear correlations were obtained for the conditions considered in this work.



As previously discussed, the saccharide hydration number in the presence of electrolytes can be determined from the experimental determination of thermodynamic properties (volumetric properties) [23] or evaluated from the correlations with the ion coordination number (see [24]). Thus, using the previous linear correlations, it is possible to evaluate the variation of the saccharide radius according to the ionic composition and to estimate the saccharide radius in the presence of electrolytes. Finally, for a given saccharide/electrolyte system, knowing the saccharide radius in water as well as the membrane pore radius, it could be possible to predict the saccharide transfer using the hydrodynamic model.





4. Conclusions


Various studies focusing on the study of the influence of ionic composition on the transfer of neutral solutes across nanofiltration membranes have shown that the increase in the transfer of the neutral solute in the presence of electrolytes is mainly governed by the modification of the neutral solute hydration properties due to solute/electrolyte interactions. Recently, investigations on the mechanisms governing the saccharide/electrolyte interactions using complementary approaches at different scales have shown that the saccharide hydration numbers in the presence of electrolytes are closely linked to the hydration properties of the ions. Thus, the objectives of the present work were to strengthen the understanding of the impact of the ion nature, especially for a given valence, since it has not been completely explained to date, and to progress towards the long-term objective in the prediction of nanofiltration performances.



The influence of the nature of the cation on the transfer of glucose in diffusion mode was first investigated. The glucose hydration numbers, calculated from thermodynamic data, and the glucose additional flux values measured through an NF membrane in the presence of electrolytes containing Cl− (NaCl, KCl, MgCl2 and CaCl2), were compared. A good agreement was obtained between the increase in the glucose transfer and its hydration number in the presence of electrolytes according to the following sequence: Na+ < K+ < Mg2+ < Ca2+. This result was confirmed from the additional saccharide flux values obtained for various ionic compositions and operating modes (diffusion and filtration). Consequently, the key role of the saccharide hydration number to understand the impact of the ionic composition on the saccharide transfer through an NF membrane was clearly demonstrated.



Second, in order to strengthen the understanding of the mechanisms governing the impact of the presence of electrolytes on the saccharide transfer, the additional saccharide flux and hydration properties of cations were compared. Indeed, on one hand, the relation between the saccharide hydration number and the cation coordination number has been established in previous works, and on the other hand, the correlation between the saccharide hydration number and the saccharide mass transfer was demonstrated in the present work. Thus, it was demonstrated that the number of saccharide/cation interactions, ninter S/C+, which increases with the cation coordination number, is a key parameter to understand the mechanisms governing the impact of the nature of the cation on the saccharide mass transfer modification in the presence of electrolyte.



Finally, in order to progress in the long-term objective toward the prediction of NF performances, the relation between the saccharide hydration number in the presence of the electrolyte and the variation of the saccharide radius calculated using the hydrodynamic model was investigated. The key role of the saccharide hydration number was strengthened since clear correlations with the saccharide radius in the presence of electrolyte were obtained for different ionic compositions and operating modes. Thus, based on the knowledge of the saccharide hydration number and the linear correlations established in this work, it could be possible to evaluate the saccharide transfer for a given saccharide/electrolyte system transfer using the hydrodynamic model. This last point merits further investigation.
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Figure 1. Nanofiltration experimental device (solvent = water for saccharide/water systems; solvent = electrolyte for saccharide/electrolyte systems). 






Figure 1. Nanofiltration experimental device (solvent = water for saccharide/water systems; solvent = electrolyte for saccharide/electrolyte systems).



[image: Membranes 11 00341 g001]







[image: Membranes 11 00341 g002 550] 





Figure 2. Impact of the cation nature. Correlation between the glucose hydration number, nH, and the glucose additional flux, ΔJ, in the presence of different electrolytes (NaCl, KCl, MgCl2 and CaCl2). Cation and glucose molality = 1 mol·kg−1; diffusion mode; T = 25 °C. Glucose hydration number in water: nH = 4.72. 
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Figure 3. Impact of the anion nature. Correlation between the saccharide hydration number, nH, and the saccharide additional flux, ΔJ, in the presence of different electrolytes (NaCl and Na2SO4). Cation and saccharide molality = 1 mol·kg−1; diffusion mode; T = 25 °C. 
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Figure 4. Impact of the electrolyte concentration. Correlation between the saccharide hydration number, nH, and the saccharide additional flux, ΔJ, in the presence of Na2SO4. Saccharide = 1 mol·L−1; diffusion mode; T = 25 °C. 
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Figure 5. Impact of the electrolyte concentration. Correlation between the saccharide hydration number, nH, and the saccharide additional flux, ΔJ, determined at a permeate flux of Jv = 0.5 × 10−5 m·s−1, in the presence of NaCl. Saccharide = 0.1 mol·L−1; filtration mode; T = 25 °C. 
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Figure 6. Impact of the cation. Evolution of the glucose additional flux, ∆J, measured in the presence of NaCl, KCl, MgCl2 and CaCl2 as a function of the cation coordination number, CN, of Na+, K+, Ca2+ and Mg2+. Cation and glucose molality = 1 mol·kg−1; diffusion mode; T = 25 °C. 






Figure 6. Impact of the cation. Evolution of the glucose additional flux, ∆J, measured in the presence of NaCl, KCl, MgCl2 and CaCl2 as a function of the cation coordination number, CN, of Na+, K+, Ca2+ and Mg2+. Cation and glucose molality = 1 mol·kg−1; diffusion mode; T = 25 °C.
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Figure 7. Impact of the cation. Evolution of the glucose additional flux, ∆J, in the presence of NaCl, KCl, MgCl2 and CaCl2 as a function of the number of glucose/cation interactions, ninter S/C+. Cation and glucose molality = 1 mol·kg−1; diffusion mode; T = 25 °C. 
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Figure 8. Impact of the cation. Correlation between the glucose hydration number, nH, and the variation of the glucose radius, ΔrS, in the presence of different electrolytes (NaCl, KCl, MgCl2 and CaCl2). Cation and glucose molality = 1 mol·kg−1; diffusion mode; T = 25 °C. Glucose hydration number in water: nH = 4.72. 
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Figure 9. Impact of the anion. Correlation between the saccharide hydration number, nH, and the variation of the saccharide radius, ΔrS, in the presence of different electrolytes (NaCl and Na2SO4). Cation and saccharide molality = 1 mol·kg−1; diffusion mode; T = 25 °C. 
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Figure 10. Impact of the electrolyte concentration. Correlation between the saccharide hydration number, nH, and the variation of the saccharide radius, ΔrS, in the presence of Na2SO4 (various concentrations indicated in the figure). Saccharide = 1 mol·L−1; diffusion mode; T = 25 °C. 
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Figure 11. Impact of the electrolyte concentration. Correlation between the saccharide hydration number, nH, and the variation of the saccharide radius, ΔrS, in the presence in the presence of NaCl (various concentrations indicated in the figure). Saccharide = 0.1 mol·L−1; filtration mode; T = 25 °C. 






Figure 11. Impact of the electrolyte concentration. Correlation between the saccharide hydration number, nH, and the variation of the saccharide radius, ΔrS, in the presence in the presence of NaCl (various concentrations indicated in the figure). Saccharide = 0.1 mol·L−1; filtration mode; T = 25 °C.



[image: Membranes 11 00341 g011]







[image: Table] 





Table 1. Impact of the cation nature. Glucose flux in water, JS,W, and in the electrolyte, JS,El; additional glucose flux, ∆J; glucose hydration number, nH (from [24]); fitted glucose radius, rS,El, and its variation in the presence of electrolyte, ΔrS. Cation and glucose molality = 1 mol·kg−1; diffusion mode; T = 25 °C. Glucose hydration number and radius in water: nH = 4.72; rS,W = 0.363 nm.
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Electrolyte

	
JS,W

	
JS,El

	
ΔJ

	
nH

	
rS,El

	
ΔrS




	
(×10−7 mol·m−2·s−1)

	
(×10−7 mol·m−2·s−1)

	
(×10−7 mol·m−2·s−1)

	

	
(nm)

	
(nm)






	
NaCl

	
4.7

	
8.6

	
3.9

	
4.36

	
0.346

	
0.017




	
KCl

	
2.7

	
11.4

	
8.7

	
4.26

	
0.337

	
0.026




	
MgCl2

	
4.6

	
16.6

	
12.0

	
4.15

	
0.325

	
0.038




	
CaCl2

	
4.6

	
25.2

	
20.6

	
4.02

	
0.311

	
0.052
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Table 2. Impact of the anion nature. Additional saccharide flux (from [9]), ΔJ; saccharide hydration number, nH (from [24]); fitted saccharide radius, rS,El, and its variation in the presence of electrolyte, ΔrS. Cation and saccharide molality = 1 mol·kg−1; diffusion mode; T = 25 °C.
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Saccharide

	
Electrolyte

	
ΔJ

	
nH

	
rS

	
ΔrS




	
(×10−7 mol·m−2·s−1)

	

	
(nm)

	
(nm)






	
Xylose

	
water

	
0

	
3.88

	
0.319

	
0




	
NaCl

	
3.2

	
3.57

	
0.305

	
0.014




	
Na2SO4

	
10.2

	
3.45

	
0.289

	
0.030




	
Glucose

	
water

	
0

	
4.72

	
0.363

	
0




	
NaCl

	
3.0

	
4.36

	
0.333

	
0.030




	
Na2SO4

	
10.5

	
4.08

	
0.299

	
0.064




	
Sucrose

	
water

	
0

	
7.93

	
0.449

	
0




	
NaCl

	
0.2

	
7.41

	
0.429

	
0.020




	
Na2SO4

	
5.7

	
7.06

	
0.366

	
0.083
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Table 3. Impact of the electrolyte concentration. Additional saccharide flux (from [9]), ∆J; saccharide hydration number, nH (from [24]); fitted saccharide radius, rS,El, and its variation in the presence of Na2SO4, ΔrS. Saccharide = 1 mol·L−1; diffusion mode; T = 25 °C.






Table 3. Impact of the electrolyte concentration. Additional saccharide flux (from [9]), ∆J; saccharide hydration number, nH (from [24]); fitted saccharide radius, rS,El, and its variation in the presence of Na2SO4, ΔrS. Saccharide = 1 mol·L−1; diffusion mode; T = 25 °C.





	
Saccharide

	
[Na2SO4]

	
∆J

	
nH

	
rS

	
ΔrS




	
(mol·L−1)

	
(×10−7 mol·m−2·s−1)

	

	
(nm)

	
(nm)






	
Xylose

	
0

	
0

	
3.88

	
0.319

	
0




	
0.25

	
2.4

	
3.60

	
0.309

	
0.010




	
0.5

	
10.2

	
3.45

	
0.289

	
0.030




	
1

	
19.9

	
3.08

	
0.273

	
0.046




	
Glucose

	
0

	
0

	
4.72

	
0.363

	
0




	
0.25

	
3.4

	
4.35

	
0.333

	
0.033




	
0.5

	
10.5

	
4.08

	
0.299

	
0.064




	
Sucrose

	
0

	
0

	
7.93

	
0.449

	
0




	
0.25

	
2

	
7.50

	
0.393

	
0.056




	
0.5

	
5.7

	
7.06

	
0.366

	
0.083
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Table 4. Impact of the electrolyte concentration. Additional saccharide flux (from [9]), ∆J, determined at a permeate flux of Jv = 0.5 × 10−5 m·s−1; saccharide hydration number, nH (from [24]); fitted saccharide radius, rS,El, and its variation in the presence of NaCl, ΔrS (from [9]). Saccharide = 0.1 mol·L−1; filtration mode; T = 25 °C.






Table 4. Impact of the electrolyte concentration. Additional saccharide flux (from [9]), ∆J, determined at a permeate flux of Jv = 0.5 × 10−5 m·s−1; saccharide hydration number, nH (from [24]); fitted saccharide radius, rS,El, and its variation in the presence of NaCl, ΔrS (from [9]). Saccharide = 0.1 mol·L−1; filtration mode; T = 25 °C.





	
Saccharide

	
[NaCl]

	
∆J

	
nH

	
rS

	
ΔrS




	
(mol·L−1)

	
(x10−7 mol·m−2·s−1)

	

	
(nm)

	
(nm)






	
Xylose

	
0

	
0

	
3.88

	
0.319

	
0




	
0.25

	
15

	
3.80

	
0.317

	
0.002




	
0.5

	
32

	
3.71

	
0.309

	
0.010




	
1

	
54

	
3.57

	
0.308

	
0.011




	
Glucose

	
0

	
0

	
4.72

	
0.363

	
0




	
0.25

	
6

	
4.60

	
0.360

	
0.003




	
0.5

	
30

	
4.48

	
0.355

	
0.008




	
1

	
44

	
4.36

	
0.352

	
0.011
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Table 5. Cation coordination number, CN, in pure water and interaction number between the cation and glucose, ninter S/C+, at 25 °C [25].
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	Na+
	K+
	Mg2+
	Ca2+





	Pure water
	CN
	5
	6
	6
	8



	Glucose
	ninter S/C+
	2
	2.5
	3
	3
















	
	
Publisher’s Note: MDPI stays neutral with regard to jurisdictional claims in published maps and institutional affiliations.











© 2021 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (https://creativecommons.org/licenses/by/4.0/).






media/file13.jpg
250

o
I

200
5.
100

<

(15 zwrjow L 0TX) (Y

0.0

PNinter s/c+





media/file4.png
ny glucose

5.0

3.5

3.0

0 5 10 15 20

AJ(x107 mol.m2.s'1)

25





media/file18.png
ny saccharide

9.0

H-0
80 @ NaCl
m2504
7.0 F
#xylose
6.0 Y
W glucose
5.0 FH,0

#¥ sucrose
I NaCl N2,S0.
H,O
40 & ° NaCl

3.0

0 0.02 0.04 0.06 0.08
Arg(nm)

0.1





media/file21.jpg
ny saccharide

50

H,0

0.25 mol.L

45 F 1mol.L?

40 F
20 0.25molLt
—— 05 mol*
*

35 | 2

#xylose Lmol L

™ glucose
30

0 0.002 0.004 0.006 0.008 0.01 0.012

Arg(nm)





media/file3.jpg
nyglucose

50

35

30

] 10 15 20

AJ(x107 mol.m2.s%)

25





media/file22.png
ny saccharide

5.0

4.5

4.0

3.5

3.0

H,O

0.25 mol.L1

&H20  0.25 mol.L?
; 0.5 mol.L?!
L

[.

# xylose

W glucose

- 1 mol.L!

1 mol.L?

0 0.002 0.004 0.006 0.008 0.01
Arg(nm)

0.012





media/file19.jpg
ny saccharide

9.0

8.0

7.0

6.0

5.0

4.0

3.0

H,0
0.25 mol.L
0.5 mol.L*
#xylose
W glucose
0.25 mol.L! @ sucrose
H,0 0.5 mol.L
4
025mollt (oo
1mol.L*
0 0.02 0.04 0.06 0.08 0.1

Arg(nm)





media/file7.jpg
nysaccharide

9.0

8.0

7.0

6.0

5.0

4.0

3.0

AJ(x107 mol.m2.s™

i #xylose
>
0.25 mol.L* ™ glucose
4
| 0.5 mol.L @ sucrose
Lh,0
2~ 0.25mol.L?
| 0.5 mol.L'*
T Py 1mol.L?
—
0 5 10 15 20 25





media/file10.png
ny saccharide

5.0

4.5

4.0

3.5

3.0

H,0

0.25 mol.L?

H,0O

# xylose

W glucose

0.5 mol.L?

r 0.25 mol.L?
0.5 mol.L?
1 mol.L?

1 mol.L?!

0 10

20 30 40
AJ(x10°® mol.m2.s1)

50 60





media/file14.png
25.0

Q
LA
—

20.0

Q
o
—

Q
LN

(1s'z-wrjow ,OTX)IvV

Q
o

Ninter S/C+





media/file11.jpg
Ca?*

K

Mg
-

Na*

250

9
S
&

o o
I S
- =

(-sz-wrrjow LOTX) 1V

o
n

0.0

10

CN cation





media/file6.png
ny saccharide

H,0
N,50,4 #* xylose
?Na(ﬁl\' W glucose
¥ sucrose
H,0

0 2 4 6 8 10
AJ(x107 mol.m™2.s1)

12





media/file15.jpg
ny glucose

4.0

a5

30

NaCl

MgCl,

Cacl,

0.01

0.02

0.03
Arg (nm)

0.04

0.05

0.06





nav.xhtml


  membranes-11-00341


  
    		
      membranes-11-00341
    


  




  





media/file16.png
ny glucose

5.0

MH>0

45 F NaCl
KCI
MgClz
CaC|2

40 F
35 F
3.0 1 1 1 1 1

0 0.01 0.02 0.03 0.04 0.05 0.06

Arg (nm)





media/file2.png
Feed Eluate

NF
I
v ] I 4
S

|

I »

i
Saccharide I Solvent
+ Solvent I

1

Q\ /





media/file20.png
ny saccharide

9.0
8.0 @ 2>
' 0.25 mol.L?
" 0.5 mol.L?!
7.0 F '
# xylose
60 Y
W glucose
>0 ‘,_ 0.25 mol.L? @ sucrose
H,0 i 0.5 mol.L?
4.0 -1 B
0.25 mol.L 0.5 mol.L.
| 1 mol.L?
3.0 [ | [ | [ | [ |
0 0.02 0.04 0.06 0.08

Arg(nm)

0.1





media/file5.jpg
nysaccharide

9.0
H,0
80 * xylose
Na;SO4 4
-
0 Fa glucose
@ sucrose
60
H:.0
50 Nacl
N&
3.0

0 2 4 6 8 10
AJ(x107 mol.m2.s%)

12





media/file1.jpg
Feed Eluate

Saccharide
+Solvent






media/file12.png
Ca2+

Mg2+

K+

Na*

25.0

20.0

Q
LA
—

—
o
—

=
LN

(1-S"z-wrrjow , OTX)(V

0.0

10

CN cation





media/file9.jpg
nysaccharide

5.0

45

4.0

35

3.0

H20

0.25 mol.L*

H20

#xylose

¥ glucose

1mol.Lt

0.25 mol.L*
0.5 mol
1mol.L*

0 10

20 30 40
AJ(x10° mol.m2.s1)

50

60





media/file0.png





media/file8.png
ny saccharide

9.0

8.0

7.0

6.0

5.0

4.0

3.0

H,O

£ 0.25 mol.L1
K 0.5 mol.L?

-H,0

0.25 mol.L1
| 0.5 mol.L?

# xylose
W glucose

¥ sucrose

T\'\.\lm’ol.tl

0 5

10 15
AJ(x107 mol.m=2.s1)

20

25





media/file17.jpg
nysaccharide

9.0

H,0
80 @~

NaCl

sto‘
7.0

*xylose
6.0
W glucose
50 b0 ¥ sucrose
| gl Naz504
H,0
40
‘\Lvi‘vuazsm
- . . . .
0 0.2 004 0.6 008

Arg(nm)

0.1





