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 Determination of Parameters Affecting Transport in Polymeric Membranes: Parallels between Pervaporation and Nanofiltration Bart Van der Bruggen,*,†,‡ Johannes C. Jansen*,‡ Alberto Figoli,*,‡ Jeroen Geens,† Dimitri Van Baelen,† Enrico Drioli,‡ and Carlo Vandecasteele† UniVersity of LeuVen, Department of Chemical Engineering, Laboratory for Applied Physical Chemistry and EnVironmental Technology, W. de Croylaan 46, B - 3001 HeVerlee, Belgium and Research Institute on Membrane Technology (ITM-CNR), c/o UniVersity of Calabria, Via P. Bucci, cubo 17/C, 87030 Rende (Cosenza), Italy ReceiVed: April 22, 2004; In Final Form: June 29, 2004
 
 The differences in structure and transport mechanisms of nanofiltration (NF) and pervaporation (PV) membranes were studied by measuring (a) water and ethanol fluxes and raffinose rejections obtained during nanofiltration with two NF membranes (Desal 5 DK and MPF 50) and two PV membranes (PV 2201 and PV 1070); (b) water and ethanol fluxes and water/ethanol-n-propanol separation factors obtained during pervaporation with the same membrane sequence; and (c) gas and vapor (water, ethanol) permeance with the same membrane sequence. In the nanofiltration experiments, it was observed that transport is determined by hydrophilicity/ hydrophobicity of the membrane, the presence of pores and their geometry, membrane thickness, and solvent properties. Pervaporation experiments confirmed the nanoporosity of the NF membranes; a comparison of fluxes showed that transport in pervaporation is thought to depend on preferential sorption. Gas permeance measurements with inert gases provided clear evidence for the porous nature of NF Desal 5 DK and the dense nature of PV 1070; PV 2201 was found to be porous. However, this membrane swells significantly when brought in contact with water or ethanol vapors, rendering a dense membrane suitable for pervaporation. For the other membranes, swelling was also observed, together with plasticization of the polymers.
 
 Introduction Nanofiltration and pervaporation are both membrane processes in which diffusion may contribute significantly to the transport of components from the feed side to the permeate side.1-5 Pervaporation membranes are dense; therefore, it is generally accepted that transport exclusively takes place by a mechanism of preferential sorption into the membrane polymer, followed by diffusive transport through the membrane phase.1 Separation occurs as a result of differences in sorption/diffusion behavior between components in the feed mixture. Hydrophilic membranes can be used for dehydration of organic solvents, because water readily sorbs into the hydrophilic polymer material, whereas the organic solvent remains in the feed solution. The separation factor, defined as the enrichment of a component in the permeate phase compared to the feed phase, relative to a reference component, reflects the process efficiency. Separation factors obtained with commercial hydrophilic pervaporation membranes allowed a cost-effective industrial application of solvent dehydration; as a consequence, pervaporation has become a reliable standard method.6-8 For both hydrophobic and hydrophilic pervaporation, the sorption-diffusion transport mechanism can be described by readily available sorption-diffusion models originating from the description of transport through reverse osmosis membranes.14 All of these models are essentially based on a * Address correspondence to these authors. Van der Bruggen: tel.: +32 16 32.23.40; fax: +32 16 32.29.91; e-mail: [email protected]. ac.be. Jansen and Figoli: tel.: +39 0984 49.20.14; fax: +39 0984 40.21.03; e-mail: [email protected] and [email protected]. † University of Leuven. ‡ Research Institute on Membrane Technology.
 
 generalization of Fick’s law for diffusion but range in complexity by taking different nonidealities into account.15 Multicomponent diffusion can be taken into account by using the StefanMaxwell equation16 in combination with a sorption calculation using, for example, UNIQUAC17,18 or modifications of the Flory-Huggins model.19 The influence of the free volume of the polymer is described by molecular dynamics or by model adaptations.20-22 Furthermore, interactions between components and the membrane by plasticization can also be taken into account,23,24 and the mass transfer resistance originating from concentration polarization and the porous support can be estimated.25,26 Despite these widely accepted modeling efforts, they may lead to erroneous assumptions for membranes with a larger free volume or nanoporous membranes.27 The permeation flux is the sum of a bulk flux and a diffusional flux, with the bulk flux being negligible for dense pervaporation membranes. However, the bulk flux may contribute significantly to the total permeate flux for nanoporous membranes; application of sorption-diffusion models, even with the adaptations described above, then leads to misinterpretations and wrong predictions. This might be an explanation for deviations found with multicomponent mixtures, when the permeation flux of one of the permeant is much higher than the others, and it also explains why sorption-diffusion models are essentially not valid for nanoporous membranes. On the other hand, swelling may cause a shift in the ratio of bulk flux and diffusive flux so that membrane transport shifts from porous flow to diffusive transport. Similar to pervaporation, the solvent flux in nanofiltration of organic solvents seems to be governed by hydrophilicity or hydrophobicity of the membranes,28,29 which is a
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 13274 J. Phys. Chem. B, Vol. 108, No. 35, 2004 qualitative confirmation of a sorption-diffusion mechanism. A quantitative description, however, should take a combined convection-diffusion mechanism into account.30 This method works relatively well if only aqueous solutions are used and leads to several models describing fluxes and rejections in nanofiltration.31-33 Some models are based on solution diffusion,34 while others assume that separations are based on sterically hindered transport through nanopores.35,36 Both approaches have a fairly good predictive value, which may be a little surprising because they reflect a different transport mechanism and a different membrane structure. When organic solvents are considered, differences in the swelling behavior further complicate the interpretation of the transport mechanism, because the ratio of bulk flux and diffusive flux may shift because of membrane swelling. Therefore, insight in the relative importance of diffusive transport on fluxes and separations in nanofiltration with organic solvents is still limited. In this article, transport in (dense) pervaporation membranes and (nanoporous) nanofiltration membranes is compared, both in the pervaporation and the nanofiltration process. Hence, in both membrane processes similar transport mechanisms may occur, such as diffusion, and NF membranes might thus show PV properties and vice versa. The objective is to use the knowledge of transport mechanisms in pervaporation to estimate the relative importance of diffusion in nanofiltration membranes, which have a larger free volume. The methods used in the comparison are based on (a) performance measurements in pervaporation and nanofiltration and (b) investigation of the characteristics of the membrane materials influencing the membrane performance. Gas and vapor permeation measurements are carried out to get supporting information on the membrane structure under dry conditions or conditions of low to medium liquid activity. Materials and Methods Nanofiltration Experiments. Nanofiltration (NF) experiments were carried out with a solvent compatible laboratory unit. A cross-flow filtration cell containing flat sheet membranes with a diameter of 2.27 cm and an effective surface area of 4.05 cm2 was used. The transmembrane pressure ranged from 7 to 45 bar, depending on the permeability of the membranes. Fluxes are in principle proportional to pressure, although friction losses result in fluxes lower than expected at high pressures. Two NF membranes (NF MPF 50, Kochshydrophobic, and NF Desal 5 DK, Osmonicsshydrophilic) and two PV membranes (PV 1070, Sulzershydrophobic, and PV 2201, Sulzers hydrophilic) were used for nanofiltration. MPF-50 consists of three layers, with a backing made of a polypropylenepolyethylene blend. The polymeric layer and the top polymeric layer are a proprietary polymer (synthesized by Koch) and are silicone based. The top layer of Desal 5 DK is a cross-linked aromatic polyamide. PV 2201 is made of PVA; PV 1070 is a (zeolite-filled) PDMS membrane. Fluxes were measured for water, ethanol, and a 50:50 vol % mixture of water and ethanol. In each solvent, the rejection was measured for raffinose (MW 504, feed concentration 100 mg/l). Raffinose concentrations in the feed and permeate fractions were determined by spectrophotometry after reaction with phenol in sulfuric acid. In this way, by using uncharged components, the influence of surface charges for the NF membranes is avoided. The flow and transmembrane pressure are set manually by means of the valves in the feed pipe and in the bypass. The retentate is recycled to the feed tank; the permeate can be recycled as well; samples can be taken at any time in the
 
 Van der Bruggen et al. experiment. No significant concentration changes took place during the experiment. The temperature in all experiments was 25 °C. A cooling coil inside the feed tank was used to compensate for the temperature increase caused by the pump, so that the temperature could automatically be kept stable at a preset value. For dense membranes, the solvent flux J (m3‚m-2‚s-1) can be described as
 
 J)
 
 DscsVs (∆P - σ‚∆π) RTF∆x
 
 (1)
 
 where Ds is the diffusion coefficient of the solvent in the membrane (m2‚s-1), cs is the concentration of the solvent in the membrane (kg‚m-3), Vs is the molar volume (m3‚mole-1), R is the gas constant (J‚mole-1‚K-1), T is the absolute temperature (K), F is the solvent density (kg‚m-3), and ∆x is the membrane thickness (m); ∆P is the pressure difference (Pa), ∆π is the osmotic pressure difference (Pa), and σ is the reflection coefficient (-), representing the percentage rejection of components contributing to the osmotic pressure. For porous membranes, the Hagen-Poiseuille equation can be used for the solvent flux J (m3‚m-2‚s-1):
 
 J)
 
 ‚r2 ∆P 8ητ ∆x
 
 (2)
 
 where  is the surface porosity (-), r is the pore size (m), η is the viscosity (Pa‚s), τ is the tortuosity (-), ∆P is the applied pressure difference (Pa), and ∆x is the membrane thickness (m). Only the open, communicating pores must be considered in the surface porosity. In a relatively dense material, where the resistance of the bulk cannot be ignored, the overall porosity should be taken into account. Flux and rejection values are an average of at least three measurements with the same membrane sheet; flux measurements were carried out repeatedly (three times or more) for different membranes of the same type. Pervaporation Experiments. All pervaporation (PV) experiments were carried out with a laboratory test cell (Lab Test Cell Unit, Sulzer Chemtech). The feed is heated in a 3 L stainless steel container and kept at constant temperature of 50 °C by a temperature control unit. A centrifugal pump circulates the feed. The membrane module contains a circular flat sheet membrane with a diameter of 6 in. (152.4 mm). The permeate is collected in a glass container, cooled in a Dewar flask with liquid nitrogen. The vacuum is maintained by a two-stage vacuum pump. The same membranes as used in the NF experiments were also used for pervaporation (i.e., two NF membranes and two PV membranes). Fluxes were measured for water, ethanol, and a water/ethanol mixture, to which 10 vol % of n-propanol was added. The equation for the flux J per unit of membrane surface area (m3‚m-2‚s-1) in pervaporation was
 
 J)
 
 Di‚Si ∆pi ∆x
 
 (3)
 
 where Di is the diffusion coeeficient of the component in the membrane (m2‚s-1), Si is the solubility coefficient of the component in the membrane (m3‚m-3‚Pa1-), ∆x is the membrane thickness (m), and ∆pi is the difference in vapor pressure (Pa). For the evaluation of the separation achieved with a given membrane, the separation of n-propanol from the feed solution
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 TABLE 1: Total Permeability (l/m2 h bar) of the Four Membranes Used under NF Conditions: (1) at 7 bar; (2) at 30 bar; (3) at 45 bar membrane PV 1070 PV 2201 NF MPF 50 NF Desal 5 DK
 
 nature
 
 water
 
 hydrophobic hydrophilic hydrophobic hydrophilic
 
 water:ethanol 50:50
 
 ethanol
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