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Abstract Permeation experiments of KCl, NaCl, LiCl, MgCl?, MgSO, and K2Sp4 solutions were carried out using two commercial nanofiltration membranes, which were NF45 (Dow Chemical Corporation) and SU200 (Toray Corporation) membranes. The effects of the type and the concentration of electrolytes as well as the pH value of the electrolyte solution on the separation performance (such as rejections) were investigated. The experimental results showed that NF45 and SU200 membranes possess similar separation potential to the inorganic electrolytes of I- 1 type (LiCl, NaCl and KCl) and much different ones to the other electrolytes containing bivalent ions (MgCl,, K,SO and MgSO,) with different concentrations. The rejections to inorganic electrolytes by the two NF membranes decline $ with the growth of the electrolyte concentrations and approached some certain values when on much high concentrations (more than 400 mol.m-‘), which implied that the size of electrolyte-ions could not be ignored by comparison to the pore radii of NF membranes. The two NF membranes behave almost the same rejections to the electrolytes such as LiCl under various pH values of the feed solution from pH=4 to 10 and behaved the similar minimum values near the isoelectric point of pH=6.5. Keywords: Membrane
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1. Introduction Nanofiltration (NF) membranes are a new type of separation membranes [l], which have intermediate molecule weight cut-offs (MWCO) of *Corresponding
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200-2000 Dalton ranging between those of reverse osmosis (RO) membranes and ultrafiltration (UF) membranes. Most of them are charged either negatively or positively due to their materials; thus they are also applied for the separation of
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to these two features, NFmembranes are considered to consist of a bundle of charged capillaries with pore radii of nanoscale and evaluated on the basis of the pore model and the TMS model from the experimental data of the permeation of neutral solutes and salts [2-51. NF membranes are finding increased applicability in various fields, such as water treatment, dye, food and pharmacy industry due to their many merits and have also drawn much attention in China in recent years [6-Q. The knowledge of separation performance to inorganic electrolytes by a NF membrane is always important in the development of NF processes. Charge effect has been considered as a major factor that can be applied to explain why the rejections to inorganic electrolytes by a NF membrane decreased with the growth of the salt concentrations. However some certain values of rejections are still found on much high concentration of inorganic electrolytes in our recent experiments, which could not be described by Donnan exclusive theory. The main objective of this work is to investigate the separation performance of inorganic electrolytes, especially to find the certain values of rejections of salts on much high concentration and give a reasonable explain according to the electrostatic and steric-hindrance (ES) model [3]. In the meantime, the amphotyric behavior of the two NF membranes will be also investigated under various pH values of electrolyte solutions for the sake of finding out how the size effect act on the isoelectric point of the membrane. 2. Experimental



2.1. Membrane and solute NF45 (DOW Chemical Corporation, USA) and SU200 (Toray Corporation, Japan) NF membranes were chosen in this study. They are flat-sheet type and thin film composite membranes, made by interfacial polymerization on a polysulfone base. Six types of inorganic electrolytes (KCI, NaCl, LiCl, MgCl,, MgSO, and K,SO,) were employed in the permeation experiments. The concentrations and the pH value of inorganic electrolyte solution
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were measured with an electrical conductivity meter (model DDS-11 A) and a pH meter (model pHs-25) respectively, which were made by Shanghai LEICI Analysis Instruments Factory. 2.2. Permeation experiment The experimental apparatus was illustrated in the proceeding paper [9]. The test cell was from Nitto Denko Corporation and the area of the membrane used was 35.3 cm2. The permeation experiments were carried out under the conditions of the applied pressures of 0.25-1.50 MPa, the temperature of 25°C and the salt concentrations of 10-1000 mol.m-3. The retentate and permeate were both recycled back to the feed tank in order to hold the concentration of the feed solution constant. 3. Results and discussion



3. I. The stability of NF membranes The stability of the membrane tested should be confirmed in order to assure the reliability of the experimental data. A usual method is to measure the pure water permeability ($ = J,,/A/‘) of the two NF membranes, where J, is the pure water permeation flux through the membrane and hp is the applied pressure across the membrane. L,, is one of important parameters for the characterization of NF membranes and can be also expressed by the equation: L,, = r,,2/(8 ti,IA-Q



(1)



where rp and AJAX are the pore radius and the ratio of the porosity to the thickness of the membrane, p is the viscosity of the solution related to the operation temperature. If the temperature of feed solution was kept constant and the membrane stable (the structural parameters (r,, and AJAX) to be constant), L,, of a NF membrane should be unchanged. Figs. la and lb show that Lp of the NF membranes did not vary with the applied pressures from 0.25 to 1.2 MPa during the long operation time, so the two NF membranes can be considered
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Fig. 1. Pure water permeabilities (L,,>of NF45 and SU200 membranes were plotted against applied pressure (a) and operation time (b). I



to be stable during the experimental



period (about



several weeks). 3.2. The type of electrolytes The permeation experiments of the two NF (NF45 and SU200) membranes were performed for the six inorganic electrolyte (KCl, NaCI, LiCI, MgCl,, MgSO, and K,SO,) solutions with different salt concentrations under the temperature of 25°C and applied pressures in a range of 0.25-
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1.5 MPa. The volume flux and observed rejection of SU200 membrane for NaCl, KC1 and K,SO, solutions were plotted against the applied pressure as shown in Figs. 2-4. From these experimental data, one can find that the separation performance of the NF membrane vary deeply with the types of electrolytes. The separation performances of SU200 NF membrane show in good agreement for the same type of the electrolytes such as NaCl and KC1 (by comparison of Figs. 2 and 3), and distinct difference for the different types of
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Fig. 2. Volume flux (a) and observed rejection (b) of SU200 membrane were plotted against applied pressure under several concentrations of NaCl and temperature of 25°C.
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Fig. 3. Volume tlux (a) and observed rejection (b) of SU200 membrane were plotted against applied pressure under several concentrations of KC1 and temperature of 25°C.
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Fig. 4. Volume flux (a) and observed rejection (b) of SU200 membrane were plotted against applied pressure under several concentrations of &SO4 and temperature of 25°C.



electrolytes, such as KC1 and KSO, (by comparison of Figs. 3 and 4). Fig. 5 also shows the volume flux and observed rejection of NF45 membrane for KSO, solution as a function of the applied pressure. As shown in Figs. 2a and 3a, the permeation volume flux (J,) of SU200 membrane as a function of the applied pressure can be plotted as a linear line for the monovalent electrolyte solutions (NaCl and KCl) with a wide range of the concentrations. However, for the electrolytes containing bivalent ions such as K,SO, the relation of Jy and the applied pressure becomes complicated as shown



in Fig. 4a and Fig. 5a. It can be explained from the Katchalsky-Cm-ran equation [lo], that is, J,, = L,, (AP - OAX)



(2)



where (r is the reflection coefficient in the SpieglerKedem analysis [ 1l] and it keeps constant for the membrane under certain operation conditions, and ATIis the osmotic pressure difference across the membrane and it is approximately proportional to the electrolyte concentration difference of the feed and the permeate.
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Fig. 5. Volume flux (a) and observed rejection (b) of NF45 membrane were plotted against applied pressure under several concentrations of &SO4 and temperature of 25°C.



The observed rejections (R,,,.J to the six electrolytes by NF4.5 and SU200 membranes were also plotted against the applied pressure as shown in Fig. 6 under the concentrations of lOOmol.m-” and the temperature of 25°C. Figs. 2b, 3b, 4b, 5b and 6 indicate that (i) Rnbaincrease with the growth of the applied pressure and approached to the respective maximum values that are also called the reflection coefficient mentioned in the Spiegler-Kedem analysis [ 111; (ii) Robsby the two NF membranes show in good agreement for the same type of the monovalent electrolytes, LiCl,
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NaCl and KCl, and quite distinct difference for the other types of electrolytes such as MgCl,, K,SO, and MgSO,. From above indications it is noted that there are some limitations to evaluate the electrical properties of a NF membrane based on the TMS model by using the permeation experiment data of a monovalent electrolyte (such as NaCl) solution proposed in our previous paper [2], and the other interaction between the membrane and ions, such as the steric-hindrance effect and the special sorption of ions on the membrane must be considered in the meantime.
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Fig. 6. Observed rejections to KCI, NaCI, LiCI, MgCI,, MgSO, and &SO4 by NF45 (a) and SU200 (b) membranes were plotted against applied pressure under concentrations of IO0 mol.m-” and temperature of 25°C.
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Fig. 7. Observed rejections to KC1 (a) and MgCl, (b) by NF45 and SU200 membranes were plotted against salt concentrations under applied pressure of 1.2 MPa and temperamre of 25°C



3.3. The concentration



of electrolytes



The effect of the concentration of electrolytes on R,),,>was also investigated as shown in Figs. 2b, 3b, 4b, 5b and 7. The experimental results show that Rob,,by the two NF membranes declined with the growth of the concentrations of all types of electrolytes tested. It could be attributed to the electrostatic effect between the membrane and the electrolytes based on the TMS model [2,12], especially for the monovalent electrolytes where the effect of the kinds of electrolytes can be neglected. The trendline of Robsas a function of the electrolyte concentration shown in Fig. 7 could be fitted as well based on the TMS model if the electrolyte concentration was lower than about 300 mol.m-“. However Robsto all kinds of electrolytes by the NF membranes still remained some certain values not zero even in much high concentration (higher than 400 mol.m-‘). For example, when the concentration is higher than 400 mol.m-3, not only R,,,,>to KC1 by NF45 and SU200 NF membranes are the same as about 0.13 , but also RobJto MgCl, by NF45 and SU200 NF membranes are the same as about 0.22 (Fig. 8) even though they are quite different at low concentrations. Those results can be expressed on the basis of the Electrostatic and steric-hindrance (ES) model [3], which consider both charge effect and size effect between
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Fig. 8. Ii,,,, to LiCl by NF45 and SU200 membranes was plotted against the pH value of the solution under the concentrations of 100 mol.m-‘, applied pressure of 1.OMPa and temperature of 25°C.



the electrolyte and the membrane. Therefore, the charge effect of electrolyte-ions should be considered as a dominant factor for NF of inorganic electrolytes of low concentration, and the steric effect of electrolyte-ions should be considered as well for NF of inorganic electrolytes of high concentrations. The influences of the types of electrolytes on Robrand the corresponding values under much high electrolyte concentration should be discussed from the Es model on second thoughts.
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3.4. The pH of electrolyte solution NF45 membranes used in this study has been evaluated to be ampholytic and displays an isoelectric point of 6.5 and hence is electrically positive for pH values lower than 6.5 and negative for pH values higher than 6.5 [13]. As shown in Fig. 8, NF45 and SU200 membranes show the same ampholytic behaviour in the permeation of LiCl solution of 100 mol.m-3 and there exists a minimal rejection to electrolytes within the range of the pH values from 4 to 10. However, even if the two NF membranes are considered to be neutral near the isoelectric point of 6.5, the observed rejections to electrolyte are much more than those under very high concentrations. It implies that the electrostatic interaction between the electrolyteions should not be neglected in the permeation of the electrolyte solution through a NF membrane because of their narrow nanoscale pore structure. The reason is not clear yet and needs to be investigated further.
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3. NF45 and SU200 membranes are ampholytic and have a minima1 rejection to electrolytes, which is much more than that of the same electrolyte with very high concentration. 4. For the NF process of inorganic electrolytes, not only the electrostatic effect should be considered, but also the steric-hindrance of ions and the other influences such as the specific sorption on the membrane should be taken account. Acknowledgments The authors would like to thank the National Natural Science Foundation of China (No. 29876018) for the financial support. References
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4. Conclusions In this study, the permeation of 6 inorganic electrolytes through NF45 and SU200 membranes were carried out under various conditions by changing the electrolyte concentrations and the pH values of the solutions. We can conclude as follows: 1. The rejections to inorganic electrolytes by the two NF membranes declined with the growth of the electrolyte concentrations and approached some certain values when on much high concentrations (more than 400 mol.m-‘), which could be considered as the result of the size effect of electrolyte-ions. 2. NF45 and SU200 membranes showed similar separation potential to the inorganic electrolytes of l-1 type (LiCl, NaCl and KCl) and much different ones to the other electrolytes containing bivalent ions (MgCl,, K,SO, and MgSO,) with different concentrations.
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