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Abstract

:

Layer-by-Layer (LbL) technology was used to coat alumina ceramic membranes with nanosized polyelectrolyte films. The polyelectrolyte chains form a network with nanopores on the ceramic surface and promote the rejection of small molecules such as pharmaceuticals, salts and industrial contaminants, which can otherwise not be eliminated using standard ultrafiltration methods. The properties and performance of newly developed hybrid membranes are in the focus of this investigation. The homogeneity of the applied coating layer was investigated by confocal fluorescence microscopy and scanning transmission electron microscopy (STEM). Properties such as permeability, bubble point, pore size distribution and Zeta potential were determined for both pristine and LbL coated membranes using various laboratory tests. Subsequently, a thorough comparison was drawn. The charging behavior at solid-liquid interface was characterized using streaming potential techniques. The retention potential was monitored by subjecting widely used pharmaceuticals such as diclofenac, ibuprofen and sulfamethoxazol. The results prove a successful elimination of pharmaceutical contaminants, up to 84% from drinking water, by applying a combination of polyelectrolyte multilayers and ceramic membranes.
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1. Introduction


Providing consistently clean drinking water to the population is facing many challenges. The increasing global population and resulting worldwide rising pollution of surface water requires new approaches regarding sustainable water management. The supply of clean, pollutant-free drinking water is becoming increasingly difficult due to anthropogenic influences such as contamination with pharmaceutical residues (and catabolites, e.g., diclofenac, bezafibrate, carbamazepine, hormones, antibiotics, contrast agents) as well as specific contaminants such as agricultural pesticides [1]. The described problem is exacerbated by the increasing consumption of medication due to the increasingly aging societies of industrial countries. Besides, new problems resulting from increased use of micro- and nanoparticles and the stringent requirements for water quality (DOC (dissolved organic carbon) content) require new solutions for water treatment [2].



In the last decades, filtration as a material separation process became of great importance. Its benefits are low energy consumption, compact design, stable separation processes, modular setup with the possibility of a quick capacity expansion, rapid startup, and shutdown opportunities. Porous membranes made of plastics, ceramics, and metals are state of the art [2,3].



In the last decades, polymer membranes held the dominance for industry applications. They are inexpensive, easy to use and their pore size can be tuned to fulfill the application needs, up to the removal of all ions and trace elements from water as in reversed osmosis (RO) [4,5]. Disadvantages, however, are their low temperature resistance, their limited resistance to solvents and other chemicals for cleaning and therefore their short lifetime and low filtration performance per square meter.



Inorganic membranes, on the other hand, overcame the disadvantages of polymer membranes while at the same time also bearing good pressure stability, low fouling tendency, very good cleaning behavior, excellent possibilities for regeneration and high chemical stability [6]. These advantages enable a long service life with an extremely high operational reliability, long life expectancy and a high filtration performance per square meter [7,8].



Although membrane technology is widely used for water treatment, the separation of small molecules and ions is commonly not achieved by filtration processes. The necessary very small pore diameter for their removal leads to a significant decrease in the process flux and therefore of the process yield. Hence, methods such as ozonation, adsorption by activated carbon or UV-radiation are preferred for the separation of small molecules and ions [9,10,11]. The goal of this study is the combination of ceramic membrane technology with new innovative materials such as polyelectrolyte layers. The developed hybrid membranes may result in a product offering the possibility to filtrate the above-mentioned pollutants from wastewater without reducing the process yield.



Polyelectrolytes are polymers with dissociating groups in their chain. They can be divided into polycations, polyanions and zwitterionic polymers. The polyelectrolytes are used to improve the stability of aqueous colloids and gels, initiate flocculation and precipitation, and act as thickeners, dispersants, conditioners, emulsifiers, ion exchangers and clarifiers. They are used for the production of many shampoos, soaps, and cosmetics, as well as viands [12]. The properties of polyelectrolytes in solution are determined by the electrostatic interaction between the charged groups and the low molecular weight of ions in the solution [12].



The coating of polymeric membranes with polyelectrolyte multilayers (also Layer-by-Layer coating, LbL) has already been widely investigated [13,14,15,16]. To date, only a few commercial polymeric membranes with LbL technology are available, such as the dNF® Membrane of NX Filtration BV and Membranes from X-Flow BV of Pentair.



On the other hand, the LbL-modification of ceramic membranes and its filtration efficiency on micropollutants are barely studied [17,18]. Due to their better performance in terms of long-term stability, chemical resistance, and low fouling tendency in comparison with polymeric membranes, the ceramic membranes may offer an expedient alternative for Layer-by-Layer (LbL) film modification.



LbL is a generally used process for coating substrates with functional thin films. The process flow of a multilayer structure production, whose driving force is the electrostatic interaction between oppositely charged polyelectrolytes [19,20], consists of four main steps representing a coating cycle [21]. By repeating the cycle [22,23], a desired number of layers can be applied to a given substrate. The entire thickness of the multilayer can therefore be controlled.



The most common cationic polyelectrolytes used in the LbL coating process are poly(allylamine hydrochloride) (PAH), poly(ethyleneimine) (PEI), and poly(diallyldimethylammonium chloride (PDADMAC)). The anionic polyelectrolytes used in LbL include mostly poly(vinylsulfate) (PVS), poly(acrylic acid) (PAA), and poly(styrenesulfonate) (PSS) [2].



The filtration performance of the coating is determined by parameters such as hydrophobicity, charge of the outer layer and density of the layer (the pore size). To use the effect of charge separation, the coating should have the same charge as the substance to be separated. Molecules which have the same charge as the membrane will be rejected because of electrostatic repulsion [24,25]. The size separation effect will remove substances having a larger diameter than the pores themselves. Hydrophobic molecules are easier to separate with a hydrophilic coating and vice versa.



The LbL coating has some basic requirements on the membrane material (substrate). The substrate must either be charged or should have functional groups for a covalent bonding of polyelectrolytes. A coating of uncharged, hydrophobic polymer membranes (e.g., PES) is also possible, but hydrophobic polyelectrolytes must be used, which can bind via hydrophobic interactions. Abtahi et al. [14] discovered the effect of hydrophobic substances binding to hydrophobic membranes until saturation.



The aim of this scientific work is to investigate the performance of ceramic-polymer hybrid membranes for a selected separation of hazardous substances from water, of which the elimination by using conventional membranes is currently not economically feasible. In the case of drinking water treatment, these are solutes of non-degradable compounds of natural origin as well as of anthropogenic origin. For that purpose, different polyelectrolytes were used on alumina membranes using the LbL strategy. Parameters such as ionic strength, pH values and molecular weight were varied, and their influence was characterized.




2. Materials and Methods


2.1. Raw Materials


Ultrafiltration ceramic membranes manufactured from aluminum oxide (Al2O3) by Nanostone Water GmbH were chosen for the substrate of the polyelectrolyte coat. The mono-channel tubes were selected due to their simple geometry, permitting an uncomplicated handling and coating process and a convenient approach for characterization. Aluminum oxide substrates were manufactured using a screw extruder of type D 120. The mono-channel tubes have an external diameter of 14 mm and an internal diameter of 8 mm. Their length is 300 mm. The filtration area corresponds to 0.075 m2 per 1000 mm. The ceramic membrane of the segments consists of double layer alumina particles (Figure 1). Before launching the LbL coating process, properties such as permeability, Zeta potential and filtration performance were characterized.



The LbL coating was performed using a combination of poly(allylamine hydrochloride) (PAH, MW 80–120 kDa, Sigma Aldrich, Darmstadt, Germany), poly(styrenesulfonate (PSS, MW 1000 kDa, Sigma Aldrich, Darmstadt, Germany) and Poly(diallyldimethylammonium chloride) (PDADMAC, MW 400–500,000 Da, Sigma Aldrich, Darmstadt, Germany). PAH is a water-soluble cationic polymer and finds applications in biomedical research and industry [26]. PSS finds usage as medication for high blood potassium treatment as well as anionic polymer in LbL coatings [27]. PDADMAC is mainly used in the wastewater treatment as coagulant and in the paper industry as controlling disturbing substances [28].




2.2. Polyelectrolyte Coating


The LbL coating was accomplished by repeating four main steps. Firstly, the purified negatively charged solid substrate is immersed in the solution of a cationic polyelectrolyte. Together with the adsorption, the electrostatic force forms the first polyelectrolyte layer of the multilayer structure. Subsequently, the excess and weakly adsorbed polyelectrolyte is removed from the surface by rinsing the substrate with deionized water. In a following step, the substrate is immersed in the solution of an anionic polyelectrolyte yielding after washing an approximately 2–6 nm thick bilayer structure. This step inverses the surface charge. By repeating this cycle, a desired number of layers can be assembled on the substrate. The entire thickness of the multilayer can therefore be well controlled [22,23].



LbL coating of the membranes was carried out using the NanoCoater of Surflay Nanotec, Berlin, Germany (Figure 2). The NanoCoater is an 8-channel automatic flow controller for liquids enabling the automatic coating with mixed polyelectrolyte compositions. The device is an optimized pneumatic system for coating pipes, hoses, membrane elements and microfluidics as well as for simply measuring the permeability and retention. Figure 2 shows the basic scheme for a simplified mono-channel pipe coating device. The polyelectrolytes were prepared as aqueous solutions and were transported through the membrane using air pressure. After each coating cycle, the membrane was rinsed with deionized water.



In detail, at first, four double layers of PSS1000K/PDADMAC300–400K were coated in a solution with 0.5 M NaCl. This coating serves as a ground layer with high thickness and high permeability. Then, another four double layers of PSS80–120K/PAH150K in a solution with 0.05 M NaCl and 10 mM tris(hydroxymethyl)aminomethane (TRIS) pH 7.0 are coated on the membrane. This layer serves as a filtration layer with smaller pores and higher hydrophilicity.



Between each coating step, the membrane was thoroughly rinsed with deionized water. The last step of production consisted of filtration with deionized water until the conductivity of the permeate was lower than 10 µS. Conductivity was measured with a Knick Portamess 911 Kond (Knick GmbH & Co. KG, Berlin, Germany) Conductometer. After this, the membranes were either directly tested or soaked in 15% glycerol for at least 4 h and then dried overnight. The conserved membranes are stable at room temperature until further testing.




2.3. Membrane Characterization


The developed hybrid membranes were subject to a different analysis in order to characterize their properties and behavior. Properties such as permeability, Zeta potential as well as filtration performance were analyzed for both LbL-coated and uncoated membrane and compared with each other. A measurement of the molecular weight cut-off with a combination of different polyethylene glycols by gel permeation chromatography (GPC) was performed after ensuring that no chemical reaction occurs between the cationic polymers and the chromatography column. Difficult for the analysis was the high water content of the polyelectrolytes. The samples should not be completely dried and diverse analyses such as measurement of contact angle were not possible.



2.3.1. Surface Characterization


The surface of the hybrid membrane was firstly characterized using confocal laser scanning microscopy. To receive information about the distribution and penetration thickness of the polyelectrolytes, they were labeled with fluorescent dye rhodamine B (Rho). The fluorescence images were evaluated based on the fluorescence signal coming from the polyelectrolytes in the assembled LbL-film on the surface. Further analysis of the layer morphology was performed using scanning transmission electron microscopy (STEM) by Fraunhofer Institute for Microstructure of Materials and Systems (IMWS), Halle, Germany.




2.3.2. Pore Size Distribution


Pore size distribution analysis was performed using permporometry for hybrid membranes and capillary flow porometry for the ceramic membranes. Capillary flow porometry can be used to characterize pore size from 13 nm to 500 μm and permporosimetry from 1 to 20 nm [19,20]. A non-reactive gas under increasing pressure is used to displace a wetting fluid from the sample in the capillary flow porometry. The equipment used for the analysis was Porometer 3 hz by Anton Paar GmbH, Ostfildern, Germany. The permporosimetry uses nitrogen which is wetted during the analysis until it reaches 90% saturation. The deviation of the specific flow as a function of the humidity of the applied gas flow characterizes the pore size distribution of the membrane. The analysis was performed by Fraunhofer Institute for Ceramic Technologies and Systems (IKTS), Hermsdorf, Germany.




2.3.3. Molecular Weight Cut-off


Molecular weight cut-off (MWCO) is a widely used method for the characterization of membranes [29]. It is defined as the minimum molecular weight of a solute that is 90% retained by the membrane [29]. For the cut-off measurements of the LbL-coated membranes, technical polyethylene glycol mixtures (PEG) with various molecular weights (PEG 400–PEG 12,000 Da, each 1 g/L) were purchased at Merck, Darmstadt, Germany and used to determine a reliable cut-off. Dextran 500 kD (0.5 g/L) and Dextran 70 kD (0.2 g/L) mixture produced by AppliChem GmbH, Darmstadt, Germany was used for the uncoated membranes. The filtration for the feed and permeate sample was conducted in a laboratory filtration plant with a storage container of 7 l and an extern temperature control unit. The membranes were filtrated at 3 bar for 45 min at a cross-flow velocity of 3 m/s. The sample collection was carried out after the end of the filtration and was analyzed using gel permeation chromatography (GPC) with water as the eluent and calibrated with a PEG 100 standard. The analysis was performed by IKTS, Hermsdorf, Germany.




2.3.4. Zeta Potential Characterization


Zeta potential gives important information about the forces which occur on a surface when it comes into contact with a fluid. It is defined as the potential which occurs on the slipping plane between any material and the ions from the liquid phase when they come into contact. The occurrence of an electrical potential is a result of shearing oppositely charged ions away from the electrochemical double layer by a streaming liquid medium [30].



The Zeta potential of the membranes was characterized through the surface streaming potential occurring during a flushing process of the surface with low concentrated solutions of electrolytes. By applying the Helmholtz–Smoluchowski equation, Zeta potential may be expressed as a function of the streaming potential Ustr


   ς = (  dU str  ) / d Δ p * η / ( ε *  ε o  ) * L / A * 1 / R ,   



(1)




where ε0 is the vacuum permeability, ε is the fluid dielectric constant, η is the viscosity of the fluid, L is the length of the rectangular slot channel between two flat surfaces, A is the cross-section area of the rectangular slot channel between two flat surfaces and R is the electrical resistance in the flow channel [22]. The device used for this analysis was SurPass Eco by Anton Paar GmbH, Graz, Austria.



The second method used in this work for characterization of the Zeta potential of suspension is electrophoretic light scattering. The filtration layer of a ceramic membrane (Nanostone Water GmbH, Halberstadt, Germany) was removed and ground into microparticles using a mortar and pestle. The microparticles were washed with water and centrifugated. The particles were then disperged with an ultrasonic cup booster (Bandelin Sonopuls, Berlin, Germany). After this, the particles were coated with PDADMAC and PSS with intermediate washing and centrifugation (3 times washing in ultrapure water). After each coating step, the charge of the particles was measured with a Zetasizer Nano ZSP (Malvern Panalytical, Malvern, UK) in 1 mM TRIS Buffer pH 7.



The Zeta potential of particles was calculated by Helmholtz–Smoluchowski equation as well.




2.3.5. Filtration Experiments


Optimal filtration conditions should be aimed at maximum membrane permeability without losing selectivity. The membrane permeability can be diverted from the law of Hagen–Poiseuille for a porous structure [31]:


  L = (  ϵ p  *  d    p  2  ) / 32 η x ,  



(2)




where L is the membrane permeability, ϵp is the membrane porosity, dp is the pore size, η is the dynamic viscosity of fluid, and x is the membrane thickness.



The experiments were done in a lab-scale filtration plant manufactured by IKTS (Hermsdorf, Germany). The plant had the size of 85 × 71 × 86 cm and is designed as a single pump filtration system for aqueous systems in a range between 0 and 30 bar and a high variety in stream velocities. The main corpus consists of stainless steel V4A but due to the lower thermal resistance of the used gaskets the temperature can be varied between 5 and 60 °C. The system can be operated in a closed cycle mode or as batch operation (Figure 3).



Crossflow velocity was 0.732 m/s, calculated from volumetric flow rate and the diameter of the mono-channel membranes. The corresponding Reynolds number is 1000, which means the flow pattern is in a laminar regime. The applied pressure was varied between 2 and 4 bar pressure.



Filtration experiments were conducted with a mixture of pharmaceuticals whose incidence in drinking water has been confirmed in multiple studies [9,10,11]. The tests were performed with a solution of ultrapure water with 600 mg/mL magnesium sulfate (MgSO4), ibuprofen (IBU) (M = 206 g/mol), clofibric acid (CLO) (M = 215 g/mol), sulfamethoxazole (SMX) (M = 253 g/mol) and diclofenac (DIC) (M = 296 g/mol) with a concentration of 0.1 mg/L. The rejection rates were monitored using high-performance liquid chromatography (HPLC).



Using Equation (3), the rejection by the membrane can be easily calculated from the ratio between the concentration of the feed and its concentration in the permeate for every tested substance.


  R  ( % )     =   ( 1  −  C  pi      / C    Fi   ) × 100 %  



(3)




where R is the rejection, Cpi is the concentration of salt or contaminants in the permeate, and Cfi is the concentration of contaminant in the feed.



Permeability W was calculated according to the formula:


   Permeability   ( W )   =   V / ( A   *   t   *   p )   ,   



(4)




where W is the membrane permeability (L·m−2·h−1·bar−1), V is the volume of the sample, A is the membrane area, t is the filtration time, and p is the pressure. Therefore, the normalized permeability can be found as the ratio between the permeability over filtration time t (Permt) and the initial permeability of pure water (Permi).


   Normalized   permeability   =        Perm  t      Perm  i     



(5)







The ionic strength of the solution was adjusted using MgSO4 in order to provide an ionic background strength, to optimize the filtration process and to achieve a better yield.






3. Results and Discussion


3.1. Surface Characterization


To evaluate the success of the coating process, random samples were subjected to fluorescence microscopy analysis and a combination of focused ion beam (FIB) and scanning electron microscope (TSEM).



For fluorescence analysis, the polyelectrolyte layers were marked with an additional polyelectrolyte conjugated to small fluorescence molecules (Rhodamine). Based on the fluorescence intensity, the homogeneity of the polyelectrolytes was characterized (Figure 4).



Based on the result in Figure 4, one can conclude, that the polyelectrolytes were able to get attached to the membrane surface. The structure is porous but seems to have uncoated patches. This depends on the narrow depth of field of the confocal microscope. If the focus is shifted, the darker patches are also showing fluorescence. Overall, the surface of the membrane seems quite rough.



When an ionic compound is dissolved in a solvent, the ions shield charges on the polyelectrolyte chains. The ion concentration in the solution determines the film-forming properties of the polyelectrolyte as well as the conformation which the polymer has in solution. With increased ionic strength in the coating solution, more charges in the polyelectrolyte will be screened and the overall charge of the polyelectrolyte is reduced. This leads to the effect that in the same area more polyelectrolyte molecules will bind, to equilibrate the surface charge. Therefore, the fluorescence signal of the surface coated with polyelectrolytes strengthens.



Contrastingly, in a salt-free solution the polyelectrolyte molecules are almost not screened by ions and have a more linear structure because of charge repulsion in the molecule. With less or no salt, fewer polyelectrolyte molecules will bind to the surface because the molecules will form a less dense and more two-dimensional layer on the surface [32,33].



The morphology and the thickness of the applied LbL layer was characterized using STEM and HAADF (high angle annular dark field) detector (Figure 5). The analysis confirmed that the LbL layer is morphologically homogeneous. The single polyelectrolyte layers are not visible and there are no further inhomogeneities included in the layer. No micro-cracks or delaminations were detected. The measured thickness of the layer varied over the surface and has an average value of 100 nm.




3.2. Pore Size Distribution


After confirming successful coating, the pore network formed by the polyelectrolyte was analyzed by its mesh size. As a reference to the hybrid membrane, the pore size of the ceramic membranes was characterized first. The estimated mean pore size of the ceramic elements measured using capillary flow porometry was 128 nm, as shown in Figure 6. Due to the multilayer structure, it is not possible to precisely measure only the pores of the membrane (filtration) layer. The smallest pore size (expected in the membrane layer) and maximum pore size (expected in the support layer) were, respectively, 59 and 215 nm. The results are summarized in Table 1.



The permporometry investigation of the hybrid membrane started with determination of the dry gas permeance at a pressure between 400 and 800 mbar. The detected values in five measurement cycles were between 0.3 and 7.8 kg/m2 hbar. In the next step, the nitrogen gas flowing through the membrane was gradually moistured with water, until all the pores were closed and no mass transport occurred. The permeance of the membranes was determined for each moisturizing rate. In Figure 7a are given the relative permeances as a function of the nitrogen stream humidity for five membranes (M1–M5). In Figure 7b, the relative humidity was converted into the Kelvin radius using the Kelvin equation.



The tested membranes showed pore blockage between 2.5% and 85% based on the moisture rate. One can conclude that 15% to 97.5% of the mass transport through the membranes occurs through pores larger than 4.4 nm. Due to the multilayer structure (ceramic support, double ceramic membrane layer and LbL coat on the top), it is not possible to measure only the mass transport of the LbL layer and therefore the results summarize the situation for the complete membrane system. As shown in Figure 7b, the pore blockage of all tested membranes has its maximum at values smaller than 1.5 nm Kelvin radius. According to these results, 10% to 20% of the mass transport in the membrane occurs through pores with Kelvin radii of less than 1.5 nm and approx. 84% or approx. 73% of the mass transport takes place through pores with Kelvin radii of greater than 4.4 nm.



The investigation of the pore size distribution confirmed that the polyelectrolytes were able to form a pore network over the ceramic membrane with Kelvin radii of about 1.5 nm, which causes the strong blockage in this range. Nevertheless, the results represent a plot of mass transport through the complete membrane and therefore further investigation of the LbL network is necessary.




3.3. Molecular Weight Cut-Off (MWCO)


The investigation of both membrane types—ceramic and hybrid—went further with the testing of their MWCO with commonly applied substances. The ceramic membranes have larger pores and therefore their retention was characterized using substances with a larger molecular weight—a homogeneous mixture of Dextran 500 (MW between 450,000 and 550,000 Da) and Dextran 70 (MW between 65,000 and 75,000). The prepared solution was streamed through the membrane at 3 bar pressure for 45 min. The permeate was collected at the end of the filtration cycle. After 45 min of filtration, the mixture of Dextran 500 and Dextran 70 started to precipitate. Therefore, no further chromatographic investigation of the permeate for ceramic membranes was possible. The reasons for this undesired reaction are to be further investigated. As an outlook, further substances with a well-defined molecular weight must be selected and used for MWCO characterization of the ceramic membranes.



PEG mixture was used for MWCO determination of the hybrid membranes. Like in the case of ceramic membranes, the mixture was filtrated for 45 min at 3 bar. Subsequently, the pressure was increased gradually up to 9 bar in order to promote mass transport through the membrane. The mixture of PEG was measured using gel permeation chromatography. Before testing the permeate with gel permeation chromatography, its conductivity was measured to ensure stability of the LbL system and lack of back-washed cationic polymers.



Figure 8a shows the chromatogram of the sample before and after filtration. Before conducting the experiment, the PEG peak is clearly visible in the diagram. After the filtration cycles, the retention of the different PEGs was calculated as a function of the reduced intensity of the peaks of each PEG type. The calculated retentions are shown in Figure 8b. The chromatographic investigation of a permeate sample from the hybrid membrane, received during filtration at 3 to 9 bar with a calibrated mixture, showed 90% retention of PEG with a molecular weight of 270 g/mol (≈Da). The unsteady behavior in the range < 240 g/mol is due to the peak distribution in the chromatogram back from minute 30.6—it can be considered a process-related calculation misconception. The diagram range < 240 g/mol is therefore not representative.



According to the received results for pore size distribution and molecular weight cut-off, the hybrid membrane can be qualified as a nanofiltration membrane [26].




3.4. Zeta Potential


The physical size of the membrane pores is not the only factor promoting rejection. Active groups on the surface may reject or attract loaded molecules or ions from the liquid solution and in this way contribute to the rejection rate of a membrane. The electrostatic potential of the surface and its interaction depends strongly on the pH and ion concentration of the solution. The goal of this study was to develop a hybrid membrane with switchable electrostatic potential, which may be adjusted to the selected application. In order to characterize the membrane surface before and after coating, its streaming potential was measured in a series of experiments. The application of LbL coatings should lead to the formation of new active groups on the surface of the membrane and therefore to a change of the streaming potential of the membrane.



Figure 9 shows the Zeta potential scan of an original Al2O3 ceramic membrane without an LbL coat in comparison to a pH scan of the hybrid membrane. The scan was performed from pH 10 to pH 3 by titrating the water solution with 0.01 M potassium chloride. The scan shows that the ceramic membrane is has negative Zeta potential in the largest part of the pH range. Its isoelectric point or the pH at which a molecule carries no net electrical charge or is electrically neutral in the statistical mean [30] is detected at a pH of 4.16. After applying the LbL coating on the ceramic surface, a pH scan was performed under the same conditions and the results were compared with the values for standard alumina membranes. In contrast to standard alumina, the coated membrane has positive Zeta potential values in the range between pH 3 and 10. No isoelectric point was detected in this pH range.



The modification of ceramic alumina membranes with polyelectrolyte multilayers leads to a change of the surface properties of the membrane and therefore influences the repulsion and attraction forces, which may occur between the surface and contaminants.



It must be noticed that the detected positive values for the hybrid membrane do not necessarily mean a positively charged surface. The polyelectrolytes attached to the surface are strongly charged and influence the ionic strength of the system. An increment of the ionic strength influences the Zeta potential and shifts its values into the positive range [34]. Therefore, the measured Zeta potential cannot be used for comparison with the filtration behavior of the membrane in later research. Furthermore, the used salt for the filtration experiments was MgSO4. MgSO4 has two valent ions, which reduced the sensitivity of the measuring technique [34], and therefore the measuring of the Zeta potential in the presence of MgSO4 cannot be representative.



In comparison, the Zeta potential of the polyelectrolyte used for the last coating cycle was measured using the electrophoretic mobility in the presence of the suspension of ceramic partricles. As shown in Figure 10, the measured Zeta potential of the suspension showed a clear negative potential for the last layer (PSS, Double Layer 8). The bare ceramic parcticle suspension has a low negative charge (Layer 0). Beginning with layer 1.5, the polyelectrolytes flip the charge of the particles with each layer. Further investigations are needed to characterize the charging behavior of the hybrid membrane.




3.5. Permeability and Rejection


The permeability and rejection of the hybrid membranes were characterized in two series of experiments. At first, the permeability of the ceramic and hybrid membranes was determined and compared. In the second series of experiments, the rejection of water-based solutions of various pharmaceuticals was characterized.



Figure 11 shows the permeability of ceramic monotubes (filtration area of 0.075 m2) produced by Nanostone Water GmbH. The permeability was measured three times for every series to achieve more precise results. The test was performed at 2 bar pressure for 30 min. As shown in Figure 11a, the measured permeability is between 2130.83 and 2303.23 L/m2·bar·h. The standard deviations were in the range between 250 and 340 L/m2·bar·h. The large standard deviations are to be led back to the testing procedure—the permeate was collected directly from the filtration unit and measured in a graduated jug.



Figure 11b shows the permeability of the hybrid membrane as a function of the pressure and test duration. The applied pressure was manually varied over the time to monitor its influence on the permeability. The results revealed a strong decrease in the membrane permeability due to the LbL coating. Considering the strong reduction of the membrane pore size, the decrease in the permeability was an expected effect. No correlation between permeability and pressure was found. The slight decrease in the permeability with the test duration (from 7 L/m2·bar·h in the beginning of the process to 5.8 L/m2·bar·h after 120 min testing) is to be explained with the running-in characteristic of the membrane, which characterizes the processing time for the settling of a continuous mass transport regime through the membrane.



The next filtration experiments were performed at 2 bar and 4 bar. The feed solution contained ibuprofen (M = 206 g/mol), clofibric acid (M = 215 g/mol), sulfamethoxazole (M = 253 g/mol) and diclofenac (M = 296 g/mol), each with a concentration of 0.1 mg/L dissolved in ultrapure water. In Figure 12, the molecular structure and molecular weight for the four substances is shown. The biggest molecule is diclofenac, and with exception of sulfamethoxazole all molecules have a negative charge. Sulfamethoxazole has an amine group and is therefore positively charged.



As mentioned in Section 3.1, the ionic strength of the test solutions has an enormous influence on the polyelectrolyte coat. It influences the film-forming properties of the polyelectrolyte as well as the conformation which the polymer has in solution. The concentration polarization due to the applied pressure is counterproductive for the filtration because the formed pores enlarge in this way and do not promote the rejection of small molecules. In the first trials, the micropollutants were dissolved in deionized water which resulted in poor rejection. In order to prevent concentration polarization, the ionic strength of the solution was adjusted using MgSO4. The increased number of ions in the solution should lead to stronger interactions with the charged polyelectrolytes. These will knead with each other and therefore form a dense and thicker structure of the surface of the membrane. The ionic strength was adjusted by adding 600 mg/L MgSO4 (0.005 M) to the feed solution. For comparison, the system was filtrated first using the simple ceramic membrane without an LbL coat. The received permeate was analyzed using HPLC.



The unmodified ceramic membrane with the smallest pore size of 60 nm was not able to retain the small molecules of the four pharmaceuticals. The rejection rates varied between 3% and 4%.



Filtration experiments with the hybrid membrane were the next step in the investigation. The same feed solution was streamed through the LbL-coated membrane and the permeate was characterized. Figure 13 gives an overview of the received results for two different pressure levels. Beginning with a pressure of 2 bar, the rejection rates for the different contaminants are between 50% (sulfamethoxazole) and 79% (diclofenac). The best results were achieved with diclofenac, which has the largest molecules of all tested substances [35]. We observe a slight increase in retention when increasing the pressure to 4 bar. The reason for this might be a slight compaction of the coating which results in the narrowing of the pores. The increased pressure promotes even higher rejection rates for all substances, going up from 56% to 84%. Possible explanations could be compaction of the layers or the larger molecules might form a filter cake on the surface at increased pressure, which leads to the improvement of the rejection.



The lowest rejection is observed for sulfamethoxazole. The obvious explanation here is the positive charge of the molecule in comparison to the negative charge of the other molecules. In this case, the charge of the membrane must be defined by the last layer of polyelectrolyte, which is in this case PSS and the charge is therefore negative.





4. Conclusions and Outlook


The experimental development of hybrid membranes began with a selection of ceramic supports for membrane and polyelectrolyte layers. Al2O3 was selected as support material. The geometries for the tests were mono-channel ceramic membranes (monotubes), which, because of their simplicity, enable easy manufacturing and characterization.



The choice of polyelectrolytes falls on substances that are typically used for LbL coating and delivered good results in previous studies. The fluorescence microscope and STEM analysis confirmed that the polyelectrolytes were able to adhere to the surface of the ceramic membrane and form LbL layers. The measured pore size of the ceramic membrane was between 59 and 215 nm. In total, 10% to 20% of the mass transport in the hybrid membrane occurs through pores with Kelvin radii of less than 1.5 nm, and approx. 84% or approx. 73% of the mass transport takes place in pores with Kelvin radii of greater than 4.4 nm. Molecular weight cut-off measurement was not possible for the uncoated ceramic membranes due to precipitation of the dextran mixture. The molecular weight cut-off for the hybrid membranes was found to be 270 g/mol (≈Da), which corresponds to the MWCO of a nanofiltration membrane. A Zeta potential pH scan confirmed that the application of polyelectrolyte on the surface of the ceramic membranes leads to a switching of the Zeta potential trend and its isoelectric point. The permeability of the hybrid membrane is significantly lower than those of the ceramic membranes and its values are not sensitive to pressure changes.



The performed filtration experiments with feed solution containing ibuprofen, clofibric acid, sulfamethoxazole and diclofenac showed that the ceramic membrane has very low rejection rates for those contaminants (rejection rates between 3% and 4%). The hybrid membrane was able to reject the four contaminants up to 84%. The increase in the pressure improves the rejection of the four pharmaceuticals. Only sulfamethoxazole rejection rates are significantly lower. The reason for this may be its molecule structure and electrostatic interaction with the polyelectrolytes. Sulfamethoxazole bears an amine group and is positively charged at neutral pH. The lower retention implicates that the rejection mechanism is mainly driven by electrostatic repulsion.



This work shows that the LbL coating of ceramic membranes with polyelectrolytes offers a meaningful application for the removal of micropollutants from water. Further investigation envisages experiments with different pharmaceuticals, clarifying the reason for the low rejection rates of sulfamethoxazole and the investigation of the influence of pH and ionic composition of the feed on the filtration process. This also includes the filtration of raw water from different sources. The LbL coating parameters are an important factor for the membrane performance and their influence must be further investigated. A long-term study of the membrane stability should be conducted to clarify the process condition under which the hybrid membrane can be applied in the field of wastewater treatment.
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Symbols Used




	Ustr
	mV
	Streaming potential



	ε0
	N/A2
	Vacuum Permeability



	ε
	S/m
	Fluid dielectric constant



	η
	Pa*s
	Viscosity of the fluid



	L
	m
	Length of the rectangular slot channel between two flat surfaces



	A
	m2
	Cross section of the rectangular slot channel between two flat surfaces



	R
	Ω
	Electrical resistance in the flow channel



	L
	L/m2·h·bar
	Membrane permeability



	ϵp
	%
	Membrane porosity



	dp
	m
	Pore size



	x
	m
	Membrane thickness



	R
	%
	Rejection



	Cp
	%
	Concentration of contaminants in the permeate



	Cf
	%
	Concentration of contaminant in the feed



	A
	S/m
	Conductivity



	Lcond
	L/m2·h·bar
	Permeability as a function of the conductivity



	V
	m3
	Volume



	t
	s
	Filtration time



	p
	bar
	Pressure



	Permt
	L/m2·h·bar
	Permeability at filtration time t



	Permi
	L/m2·h·bar
	Initial permeability







Abbreviations




	STEM
	Scanning Transmission Electron Microscope



	DOC
	Dissolved Organic Carbon



	RO
	Reversed Osmosis



	LbL
	Layer by Layer



	PAH
	Poly Allylamine Hydrochloride



	PEI
	Poly Ethyleneimine



	PDADMAC
	Poly Diallyldimethylammonium Chloride



	PVS
	Poly Vinyl Sulfate



	PAA
	Poly Acrylic Acid



	PSS
	Poly Styrene Sulfonate



	TRIS
	Tris(hydroxymethyl)aminomethane



	GPC
	Gel Permeation Chromatography



	MWCO
	Molecular Weight Cut-Off



	PEG
	Polyethylen glycol



	IBU
	Ibuprofen



	CLO
	Clofibric acid



	SMX
	Sulfamethoxazole



	DIC
	Diclofenac



	FIB
	Focued Ion Beam



	HPLC
	High-Performance Liquid Chromatography



	PMT
	Photomultiplier Tube



	HAADF
	High Angle Annular Dark Field







References


	



Luo, Y.; Guo, W.; Ngo, H.H.; Nghiem, L.D.; Hai, F.I.; Zhang, J.; Liang, S.; Wang, X.C. A review on the occurrence of micropollutants in the aquatic environment and their fate and removal during wastewater treatment. Sci. Total Environ. 2014, 473–474, 619–641. [Google Scholar] [CrossRef] [PubMed]

	



de Morais Coutinho, C.; Chiu, M.C.; Basso, R.C.; Ribeiro, A.P.B.; Gonçalves, L.A.G.; Viotto, L.A. State of art of the application of membrane technology to vegetable oils: A review. Food Res. Int. 2009, 42, 536–550. [Google Scholar] [CrossRef]

	



Pendergast, M.M.; Hoek, E.M. A review of water treatment membrane nanotechnologies. Energy Environ. Sci. 2011, 4, 1946. [Google Scholar] [CrossRef]

	



Yang, Z.; Zhou, Y.; Feng, Z.; Rui, X.; Zhang, T.; Zhang, Z. A Review on Reverse Osmosis and Nanofiltration Membranes for Water Purification. Polymers 2019, 11, 1252. [Google Scholar] [CrossRef]

	



Singh, R.; Bhadouria, R.; Singh, P.; Kumar, A.; Pandey, S.; Singh, V.K. Nanofiltration technology for removal of pathogens present in drinking water. In Waterborne Pathogens; Elsevier: Amsterdam, The Netherlands, 2020; pp. 463–489. ISBN 9780128187838. [Google Scholar]

	



Lee, M.; Wu, Z.; Li, K. Advances in ceramic membranes for water treatment. In Advances in Membrane Technologies for Water Treatment; Elsevier: Amsterdam, The Netherlands, 2015; pp. 43–82. ISBN 9781782421214. [Google Scholar]

	



Meng, S.; Zhang, M.; Yao, M.; Qiu, Z.; Hong, Y.; Lan, W.; Xia, H.; Jin, X. Membrane Fouling and Performance of Flat Ceramic Membranes in the Application of Drinking Water Purification. Water 2019, 11, 2606. [Google Scholar] [CrossRef]

	



Ciora, R.J., Jr.; Liu, P.K.T. Ceramic Membranes for Environmental Related Applications. Fluid Part. Sep. J. 2003, 15, 51–60. [Google Scholar]

	



Yin, R.; Shang, C. Removal of micropollutants in drinking water using UV-LED/chlorine advanced oxidation process followed by activated carbon adsorption. Water Res. 2020, 185, 116297. [Google Scholar] [CrossRef]

	



Guzzella, L.; Feretti, D.; Monarca, S. Advanced oxidation and adsorption technologies for organic micropollutant removal from lake water used as drinking-water supply. Water Res. 2002, 36, 4307–4318. [Google Scholar] [CrossRef]

	



Altmann, J.; Ruhl, A.S.; Zietzschmann, F.; Jekel, M. Direct comparison of ozonation and adsorption onto powdered activated carbon for micropollutant removal in advanced wastewater treatment. Water Res. 2014, 55, 185–193. [Google Scholar] [CrossRef]

	



Brock, T.D. Membrane Filtration: A User’s Guide and Reference Manual; Softcover reprint of the original 1st ed., 1983; Springer: Berlin, Germany, 2014; ISBN 3662086522. [Google Scholar]

	



Abtahi, S.M.; Ilyas, S.; Cassan, C.J.; Albasi, C.; de Vos, W.M. Micropollutants removal from secondary-treated municipal wastewater using weak polyelectrolyte multilayer based nanofiltration membranes. J. Membr. Sci. 2018, 548, 654–666. [Google Scholar] [CrossRef]

	



Abtahi, S.M.; Marbelia, L.; Gebreyohannes, A.Y.; Ahmadiannamini, P.; Joannis-Cassan, C.; Albasi, C.; de Vos, W.M.; Vankelecom, I.F. Micropollutant rejection of annealed polyelectrolyte multilayer based nanofiltration membranes for treatment of conventionally-treated municipal wastewater. Sep. Purif. Technol. 2019, 209, 470–481. [Google Scholar] [CrossRef]

	



Ilyas, S.; Abtahi, S.M.; Akkilic, N.; Roesink, H.; de Vos, W.M. Weak polyelectrolyte multilayers as tunable separation layers for micro-pollutant removal by hollow fiber nanofiltration membranes. J. Membr. Sci. 2017, 537, 220–228. [Google Scholar] [CrossRef]

	



de Grooth, J.; Reurink, D.M.; Ploegmakers, J.; de Vos, W.M.; Nijmeijer, K. Charged micropollutant removal with hollow fiber nanofiltration membranes based on polycation/polyzwitterion/polyanion multilayers. ACS Appl. Mater. Interfaces 2014, 6, 17009–17017. [Google Scholar] [CrossRef]

	



Kamp, J.; Emonds, S.; Wessling, M. Designing tubular composite membranes of polyelectrolyte multilayer on ceramic supports with nanofiltration and reverse osmosis transport properties. J. Membr. Sci. 2021, 620, 118851. [Google Scholar] [CrossRef]

	



Menne, D.; Üzüm, C.; Koppelmann, A.; Wong, J.E.; van Foeken, C.; Borre, F.; Dähne, L.; Laakso, T.; Pihlajamäki, A.; Wessling, M. Regenerable polymer/ceramic hybrid nanofiltration membrane based on polyelectrolyte assembly by layer-by-layer technique. J. Membr. Sci. 2016, 520, 924–932. [Google Scholar] [CrossRef]

	



Ariga, K.; Lvov, Y.M.; Kawakami, K.; Ji, Q.; Hill, J.P. Layer-by-layer self-assembled shells for drug delivery. Adv. Drug Deliv. Rev. 2011, 63, 762–771. [Google Scholar] [CrossRef] [PubMed]

	



Caruso, F.; Lichtenfeld, H.; Giersig, M.; Möhwald, H. Electrostatic Self-Assembly of Silica Nanoparticle−Polyelectrolyte Multilayers on Polystyrene Latex Particles. J. Am. Chem. Soc. 1998, 120, 8523–8524. [Google Scholar] [CrossRef]

	



Decher, G.; Hong, J.D.; Schmitt, J. Buildup of ultrathin multilayer films by a self-assembly process: III. Consecutively alternating adsorption of anionic and cationic polyelectrolytes on charged surfaces. Thin Solid Film. 1992, 210–211, 831–835. [Google Scholar] [CrossRef]

	



Antipov, A.A.; Sukhorukov, G.B.; Donath, E.; Mo, H. Sustained Release Properties of Polyelectrolyte Multilayer Capsules. J. Phys. Chem. B 2001, 105, 2281–2284. [Google Scholar] [CrossRef]

	



Srivastava, S.; Kotov, N.A. Composite Layer-by-Layer (LBL) assembly with inorganic nanoparticles and nanowires. Acc. Chem. Res. 2008, 41, 1831–1841. [Google Scholar] [CrossRef]

	



Evdochenko, E.; Kamp, J.; Femmer, R.; Xu, Y.; Nikonenko, V.V.; Wessling, M. Unraveling the effect of charge distribution in a polyelectrolyte multilayer nanofiltration membrane on its ion transport properties. J. Membr. Sci. 2020, 611, 118045. [Google Scholar] [CrossRef]

	



de Grooth, J.; Oborný, R.; Potreck, J.; Nijmeijer, K.; de Vos, W.M. The role of ionic strength and odd–even effects on the properties of polyelectrolyte multilayer nanofiltration membranes. J. Membr. Sci. 2015, 475, 311–319. [Google Scholar] [CrossRef]

	



Hosseini, M.; Makhlouf, A.S.H. Industrial Applications for Intelligent Polymers and Coatings; Springer International Publishing: Cham, Switzerland, 2016; ISBN 978-3-319-26891-0. [Google Scholar]

	



Spreitzer, H. Neue Wirkstoffe—Tolevamer. Österreichische Apothekerzeitung 2007, 20. [Google Scholar]

	



Edzwald, J. Water Quality and Treatment: P. 8.64, 6th ed.; McGraw-Hill, Inc.: Denver, CO, USA, 2011; ISBN 978-0-07-163011-5. [Google Scholar]

	



AFNOR. Filtration des Liquides-Membranes Poreuses-Taux de Rétention des Membranes D’ultrafiltration et de Nanofiltration, NFX45-103, Norme Française; French Association of Normalization, 1997.

	



Luxbacher, T. The Zeta Potential for Solid Surface Analysis: A Practical Guide to Streaming Potential Measurement, 1st ed.; Anton Paar GmbH: Graz, Austria, 2014; ISBN 978-3-200-03553-9. [Google Scholar]

	



Duscher, S. Keramische Membranen für die Filtration von Flüssigkeiten: Eine Bestandsaufnahme. Teil 2: Stofftransport und Ausblick. F S Filtr. Und Sep. 2013, 27. [Google Scholar]

	



Dobrynin, A.V.; Deshkovski, A.; Rubinstein, M. Adsorption of Polyelectrolytes at Oppositely Charged Surfaces. Macromolecules 2001, 34, 3421–3436. [Google Scholar] [CrossRef]

	



Joanny, J.F. Polyelectrolyte adsorption and charge inversion. Eur. Phys. J. B 1999, 9, 117–122. [Google Scholar] [CrossRef]

	



Luxbacher, T. Zeta Potential in Different Electrolyte Solutions; Application Note; (D85IA024EN-A); Anton Paar: Graz, Austria.

	



Vergili, I. Application of nanofiltration for the removal of carbamazepine, diclofenac and ibuprofen from drinking water sources. J. Environ. Manag. 2013, 127, 177–187. [Google Scholar] [CrossRef] [PubMed]








[image: Membranes 11 00280 g001 550] 





Figure 1. Cross-section profile of a ceramic mono-channel membrane. 
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Figure 2. “NanoCoater”-system for coating the capillary membranes with polyelectrolytes. 
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Figure 3. Scheme of the filtration system. 
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Figure 4. Confocal microscopy image of a hybrid membrane with the last layer of poly(styrenesulfonate) (PSS)-rhodamine 70 K. Voltage used for the photomultiplier tube (PMT)—700 V. 
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Figure 5. Scanning transmission electron microscopy (STEM) images of the Layer-by-Layer (LbL) coat of the ceramic support membrane. 
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Figure 6. Pore size of the ceramic membrane as a function of the differential gas flow and cumulative gas flow through the pores, measured using capillary flow porometry. 
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Figure 7. Relative permeance of a hybrid membrane as a function of (a) the relative moisture of the nitrogen gas flowing through the pores; (b) the calculated Kelvin radius of the pores. 
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Figure 8. (a) Chromatogram of polyethylene glycol (PEG) mixture before and after filtration using a hybrid membrane. (b) Rejection of PEG as a function of their molecular weight. 
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Figure 9. Zeta potential as a function of pH for an alumina ceramic membrane and LbL-coated alumina ceramic membrane. 
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Figure 10. Zeta potential of a ceramic microparticle’s suspension in the presence of polyelectrolyte multilayers (PSS/PAH). 
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Figure 11. (a) Permeability of ceramic monotubes. (b) Permeability of a hybrid membrane as a function of pressure and filtration time. 
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Figure 12. Structure and molecular weight of the tested micropollutants. 
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Figure 13. Rejection of pharmaceuticals by a hybrid membrane in feed water with 0.1 mg/L of each micropollutant. 
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Table 1. Pore size characteristics for ceramic membranes.
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	Maxuimum Pore Size in µm
	Mean Flow Pore Size in µm
	Minimum Pore Size in µm
	Bubble Point Pressure in bar
	Bubble Point Flow Rate in L/m





	0.2148
	0.1275
	0.0594
	2.9800
	0.0678
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