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Abstract

:

The removal of three emerging pollutants: carbamazepine, ketoprofen, and bisphenol A, has been studied using the nanofiltration flat sheet membrane NF99HF. The removal efficiencies of the membrane have been evaluated by two system characteristic parameters: permeate flux and rejection coefficient. The influence of two operating variables has been analysed: operating pressure and feed concentration. Before and after the tests with emerging pollutants, the membrane has been characterized by determining its water permeability coefficient and its magnesium chloride rejection coefficient to find out if the removal of emerging pollutants causes membrane fouling. The results show that operating pressure has significant separation effects, obtaining the highest efficiencies at a pressure of 20 bar for pollutant concentrations between 5 and 25 mg/L. Moreover, rejection of ketoprofen was found to be dependent on electrostatic repulsion, while rejection of bisphenol A was significantly affected by adsorption onto the membrane. Finally, the experimental data have been fitted to the solution diffusion model and to the simplified model of Spiegler-Kedem-Katchalsky to predict the behaviour of the nanofiltration membrane in the removal of the tested pollutants. Good agreement between the experimental and predicted carbamazepine and bisphenol A data has been obtained with each model, respectively.
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1. Introduction


Due to demographic growth in the countries of southern Europe, the demand for and quality of water have been affected, with new chemical substances (such as pharmaceuticals, detergents, personal care products, drugs, and pesticides, among others) increasingly found in surface waters, treated waters, and even in drinking water.



The presence of these compounds in the aquatic environment is relatively recent, as current analytical techniques can detect them at concentrations of ng/L and μg/L. Consequently, their regulation is also relatively new at the European level, starting in 2015, with a focus on registering those that may pose higher risks [1].



The presence of pharmaceuticals and endocrine disruptors has been detected both in the effluent and influent of domestic and industrial wastewater treatment plants. As a result, conventional treatment methods are not sufficient to effectively remove these compounds from the water [2]. This poses a serious issue, particularly concerning the reutilization of regenerated water.



To improve or implement water purification and treatment processes concerning these contaminants, membrane technology proves to be highly effective. Among these technologies, nanofiltration stands out due to its low consumption of reagents and operational costs, showing better cost-effectiveness ratios [3]. Various studies confirm that both Reverse Osmosis (RO) and Nanofiltration (NF) are capable of removing between 82 and 97% of these emerging contaminants (pharmaceuticals, pesticides, and endocrine disruptors) from wastewater [4,5,6]. Furthermore, in potabilization processes, they have been found to reduce the presence of pesticides and Bisphenol A by up to 90% [3], which is advantageous as both are limited in drinking water [7]. An advantage of NF is that it has low energy requirements and a compatible molecular cut size to carry out the removal of emerging contaminants.



Indeed, understanding the phenomena that lead to solute retention in the reject stream and prevent it from passing through the membrane is a topic of interest. Multiple factors can influence the separation/removal mechanisms between the membrane and the solute. It has been described that factors such as the Molecular Weight Cut-Off (MWCO) of the membrane, effective pore radius, contact angle, and isoelectric point, along with the size, shape, and charge of the solute, among others, can significantly affect the separation process [8,9,10,11,12,13,14,15]. These factors play a crucial role in determining the efficiency and selectivity of the membrane in removing specific contaminants from the water. Researching and understanding these aspects are essential for optimising membrane technology and developing better water treatment processes.



On the other hand, mathematical transport models used in separation processes can serve as predictive models, allowing the system to be characterised within a range of process conditions and understanding its behaviour. This, in turn, reduces the number of experimental trials needed to be conducted.



According to the mechanism of solute and solvent transport through membranes, models are classified into different groups [16]. For instance, irreversible thermodynamic models consider that transport occurs through diffusion, driven by the concentration gradient across the membranes, and convection, due to the applied pressure gradient, without relating it to the physicochemical parameters of the membrane. The Spiegler-Kedem-Katchalsky model is a notable example of this category. Another model is the solution-diffusion model, where the physicochemical properties of the membrane are related to the diffusive transport of solute and solvent, considering their independent flows. The solution-diffusion model is a prominent example in this group.



Therefore, the main objective of this work is to study the performance of an NF99HF nanofiltration membrane in removing three emerging contaminants found in surface and drinking waters: two pharmaceuticals, carbamazepine and ketoprofen, and an endocrine disruptor, bisphenol A. The selection of these pollutants was based on their commercial use (carbamazepine and ketoprofen) and their adverse effects on health (bisphenol A). Additionally, two mathematical transport models have been applied to determine which one better predicts the system’s behaviour. Although the removal of these compounds with nanofiltration membranes has been previously tested, this type of membrane (NF99HF) has not been studied yet. The NF99HF membrane has high flux, low fouling, good pH and temperature tolerance, and a molecular weight cutoff (MWCO) appropriate to the contaminants.




2. Materials and Methods


2.1. Materials


2.1.1. Chemicals


	
Magnesium chloride hexahydrate, MgCl2 6H2O, 203.30 g/mol, supplied by Panreac (Barcelona, Spain).



	
Conductivity standards (147 µS/cm, 1288 mS/cm at 25 °C) were provided by CRISON (Barcelona, Spain).



	
Carbamazepine C15H12N2O, 236.27 g/mol, supplied by Sigma-Aldrich (St. Louis, MO, USA).



	
Ketoprofen, C16H14O3, 254.28 g/mol (≥98%), supplied by Sigma-Aldrich.



	
Bisphenol A, C15H16O2, 228.29 g/mol (≥99%), supplied by Sigma-Aldrich.



	
Sodium hydroxide, NaOH, 40.00 g/mol, supplied by Honeywell (Charlotte, NC, USA).



	
Absolute ethanol, CH3CH2OH, 46.07 g/mol, supplied by Panreac.



	
Distilled water.







2.1.2. Membrane


The flat nanofiltration membrane NF99HF, used to conduct the experimental series, has been supplied by Alfa Laval, and its specifications are listed in Table 1.




2.1.3. Equipment


	
Experimental system






The membrane module used to perform the assays was the Triple System Model F1, manufactured by the commercial company MMS, which has a maximum operating pressure and temperature of 40 bar and 50 °C, respectively.



Through the pump, the feed is driven into the flat membrane module, where the NF99HF nanofiltration membrane has been previously installed. After tangential filtration takes place through the membrane, the feed is divided into two streams: the permeate, collected on a digital balance, and the reject, recirculated back to the feeding tank through a three-way valve. As a result, the unit does not operate continuously, as the permeate stream does not return to the feeding tank.



The pressure required for the filtration process is supplied to the system using nitrogen gas, stored in a cylinder outside the laboratory. Once the main nitrogen valve is opened, the feed pressure is regulated with the three needle valves and the pressure gauge provided by the equipment.



Additionally, there is a laptop computer with an application for controlling the different assays. It displays the pressure and temperature at which the feed enters the module, the transmembrane pressure (TMP), the reject stream pressure, and the module pressure drop (ΔP).



	
Analysis equipment






The conductivity meter used to determine the concentration of MgCl2 in the feeding solution and in the samples collected from the experimental unit was the CRISON brand, model EC-Meter GLP 31.



The concentrations of carbamazepine, ketoprofen, and bisphenol A in the permeate, reject, and feeding samples were determined using the ultraviolet/visible spectrophotometer from Thermo Scientific, model Evolution 300 (Waltham, MA, USA), at wavelengths of 290 nm, 260 nm, and 300 nm, respectively. The quartz cuvette used has an optical path width of 1 cm and a capacity of 3 mL.





2.2. Methods


2.2.1. Operational Procedure


First, the corresponding assay solution is prepared. After introducing a known volume of this solution into the feeding tank, the digital balance and computer are turned on. Once the main nitrogen valve is opened, the experimental unit is powered on, and the pump is started. Then, using the needle valves and pressure gauge, the feed pressure is adjusted to 5 bar. When the pressure stabilizes, as observed on the computer, the stopwatch is started, and permeate samples are taken every 3 min.



After taking two samples at 5 bar pressure, it is increased to 10 bar. In each assay, the feed pressure is varied at 5, 10, 15, and 20 bars, and two permeate samples are collected for each pressure. At 20 bars, samples are taken every 2 min due to the high flow rate.



At the end of the assay, a sample is taken from the feeding tank using the three-way valve. As the tank has been receiving the reject stream, the concentration of the sample will be higher than the initial concentration. Finally, the collected permeate, reject, and feeding solution samples are analysed using either the conductivity metre or the spectrophotometer, depending on the specific procedure. The tests were carried out in duplicate, and each one lasted 20–30 min. All the experimentation was carried out with the same membrane, and when changing the experimental series, after each contaminant, a wash with distilled water was carried out to condition the membrane and eliminate the remains of the previous contaminant.




2.2.2. Analytical Method


The collected samples from the experimental unit are analysed differently depending on the type of assay they originate from.



	(a)

	
Assays with distilled water. The permeate mass is obtained using the OHAUS SP2001 balance, and its volume is measured with a graduated cylinder, similarly carried out for each assay permeate.




	(b)

	
Assays with MgCl2. The concentration of magnesium chloride in the permeate, reject, and feeding samples is determined by measuring their conductivity with the CRISON EC-Meter GLP 31 conductivity meter. Before conducting the measurements, a calibration curve is prepared.








CMgCl2 (mg/L) = (Conductivity (mS/cm) − 40.458)/2270.1









	(c)

	
Assays with emerging contaminants. The concentrations of carbamazepine, ketoprofen, and bisphenol A in the permeate, reject, and feeding samples are determined by measuring their absorbance in the Evolution 300 spectrophotometer at the wavelength of maximum absorbance (λm) for each compound. In the conducted assays, the feeding solution contained only one contaminant. Individual calibration curves were constructed for each compound before analysing the samples. To perform this, the absorption spectra of each contaminant were determined to find a wavelength, λm, at which the light absorption by the contaminant is noticeable.







The wavelengths of maximum absorption obtained for carbamazepine, ketoprofen, and bisphenol A are 290 nm, 260 nm, and 300 nm, respectively. These λm values are similar to those used by other authors [19,20]. After determining the λm for each contaminant, different calibration curves were obtained.


Ccarbamazepine = A/0.0501   R2 = 0.9987










Cketoprofen = A/0.0689   R2 = 0.9999










Cbisphenol A = A/0.0211   R2 = 0.9996













2.3. Experimental Series


The different assays conducted can be classified into the following experimental series:




	(1)

	
Experimental series for the initial membrane characterization: This series consists of two assays. In the first assay, the feeding tank is filled with distilled water to determine the membrane solvent permeability. In the second assay, a 1 g/L solution of MgCl2 is introduced to determine the membrane rejection coefficient towards saline solutions.




	(2)

	
Experimental series to determine the membrane behaviour towards the three emerging contaminants: This series comprises 12 assays. For each compound, four assays are conducted, where, in each one, the feeding concentration is kept constant at 5, 10, 15, and 25 ppm while the pressure varies from 5 to 20 bar. The experimental conditions tested—temperature 20 ± 1 °C; range of pressures; and concentrations—were selected taking into account other previous works [21].




	(3)

	
Experimental series for the final membrane characterization: This series includes the same assays as the first experimental series, but they are conducted after the experimentation with the emerging contaminants has been completed. This is to account for the possibility that the contaminants may have affected the membrane, altering its permeability and rejection properties.











3. Results


3.1. Initial Membrane Characterisation


The initial characterisation has been conducted at a macroscopic level, determining the solvent permeability coefficient and the membrane selectivity for the passage of divalent salts.



According to Equation (1):


Jw = Aw (∆P − ∆П)



(1)







When plotting the mass flux of permeate against the hydraulic pressure gradient, a value of 3.035 ×10−8 s/m was obtained for the permeability coefficient Aw. This value is of the same order of magnitude as that obtained by other authors under similar operating conditions [22]. Table 2 presents a comparison of the permeability coefficients of the NF99HF membrane with the solvent.



It can be observed that the differences obtained are a consequence of the pressure and temperature range used in the tests, as well as the type of flow through the membrane, which can vary depending on the experimental equipment used. The highest permeability coefficients are obtained in tests conducted in other studies at pressures higher than 10 bar [21,23].



The membrane selectivity has been determined using saline solutions containing divalent ions. As indicated in the membrane manufacturer specifications, the rejection coefficient can reach up to 99% for divalent ions, while for monovalent ions, it usually does not exceed 70% [24].



Rejection coefficients ranging from 65.8 to 83.8% have been obtained within the applied pressure range of 5 to 20 bar, respectively.




3.2. Emerging Pollutants Removal: Carbamazepine, Ketoprofen, and Bisphenol A


Different tests have been conducted by varying the operating pressure between 5 and 20 bar and the contaminant concentration between 5 and 25 ppm to study the influence of these variables on the permeate fluxes and rejection coefficients.



To discuss the way in which emerging contaminants are separated, it is essential to know not only the membrane characteristics (Table 1) but also the physicochemical properties of these contaminants, which are listed in Table 3.



In Figure 1A,B, the permeate fluxes (A) and rejection coefficients (B) are shown for each of the tested emerging pollutants at different operating pressures. As observed in Figure 1A, the permeate flux increases with the operating pressure for all contaminants; these values are consistent with those reported in previous works [32,33]. As the pressure increases, the difference between the permeate flux obtained for carbamazepine and ketoprofen solutions and that obtained for the bisphenol A solution also increases.



Bisphenol A is the pollutant with the highest octanol-water partition coefficient (Table 3). Due to its hydrophobic nature and the prevalence of its neutral form in solution, it tends to adhere to the hydrophobic surface of the NF99HF membrane. This adhesion takes place, causing the permeate fluxes to be lower than those obtained for the other contaminants but not significantly lower due to the small contact angle with the NF99HF membrane, which allows the permeate flux to continue increasing with pressure. This phenomenon has been described by other authors [34,35].



In Figure 1B, it can be observed that the rejection coefficients increase with the operating pressure. In the conducted tests, the membrane surface was negatively charged as the pH was close to 7, which is higher than its isoelectric point [12]. At this pH value, ketoprofen exists mostly in its anionic form, leading to electrostatic repulsion between ketoprofen and the membrane surface, minimizing its adhesion to the membrane. This is because ketoprofen has a high log Kow, similar to that of bisphenol A. Consequently, ketoprofen exhibits the highest rejections (very close to 100%) due to the combined effects of electrostatic repulsion and being the contaminant with the highest molecular weight. Hence, it is the only contaminant that does not show significant variation in rejection values within the studied pressure range.



On the other hand, it is observed that carbamazepine has lower rejection coefficients than bisphenol A, despite having a higher molecular weight and being less soluble in water. This could be due to the fact, as established by Van der Bruggen et al. [8], that molecules with a higher dipole moment may have lower rejections than molecules with approximately the same molecular weight but a lower dipole moment. Additionally, bisphenol A has a molecular size represented by its Stokes radius of 0.5 nm, which is larger than carbamazepine’s 0.37 nm and the effective pore radius of the membrane (0.43 nm), favouring its rejection.



In Figure 2A,B, the permeate fluxes (A) and rejection coefficients (B) are shown for each of the tested emerging pollutants at different feed concentrations.



For bisphenol A, the permeate fluxes are lower than those obtained for the other contaminants due to the adhesion phenomenon. The permeate flux does not decrease significantly with concentration because the tests were conducted at low contaminant concentrations, where the osmotic pressure gradient is practically negligible and hardly increases with concentration.



In Figure 2B, it is observed that ketoprofen shows the highest rejections regardless of the feed concentration, followed by bisphenol A and carbamazepine. This indicates that the electrostatic repulsion and adhesion phenomena for ketoprofen and bisphenol A, respectively, do not decrease with the increase in feed concentration from 5 to 25 ppm.



The rejection coefficient for bisphenol A, and consequently, the amount that adheres to and diffuses through the membrane, is generally constant at concentrations above 5 mg/L. Li and Gao [36] observed a decrease in the rejection coefficient, from 90 to 81%, when increasing the concentration of bisphenol A from 0.5 to 3 mg/L. This suggests that a decrease in the rejection coefficient could have been observed if the tests had been conducted in a concentration range lower than 5 ppm, where the amount of bisphenol A adhered to the membrane would increase with the feed concentration until stabilizing, resulting in rejection coefficient values similar to those represented in the figure.



In Table 4, a comparison of the rejection coefficients obtained by other authors, along with those determined in this study under similar operating conditions, is presented.



The experimentally determined rejection coefficient for carbamazepine, at 89.2%, is higher than the one obtained by Kabbani et al. [24]. This difference in rejection could be attributed to the molecular weight cut-off (MWCO) of the NF270 membrane, which is 300 Da, and the test being conducted at 30 °C.



Regarding ketoprofen, there have been few studies on its removal using membrane technology, and the parameters found in the literature often correspond to feed concentrations lower than those studied in this research. Comparing the rejection coefficient determined by Ge et al. [19] with the one obtained under the most similar operating conditions, approximately 85%, it can be observed that the former is higher due to being conducted at a much higher concentration, 4.3 ppm.



The rejection coefficient of 81% for a feed concentration of 3 ppm of bisphenol A reported by Li and Gao [36] is higher than the experimentally determined coefficient. This difference in rejection could be attributed to the membrane used by the authors, which may have a higher contact angle and/or a lower molecular weight cut-off (MWCO) compared to the NF99HF membrane used in this study.




3.3. Fouling


With the aim of determining the degree of deterioration, aging, or alteration that the membrane undergoes after conducting the tests with emerging contaminants, new permeability tests with the solvent and selectivity tests with divalent salts have been performed.



The fouling factor Fp has been calculated for different operating pressures as the percentage reduction in the mass flow rate of permeate:


    F   p     %   =     ( J p )   0   −   ( J p )   f       ( J p )   0     × 100  



(2)




where     ( J p )   0     and     ( J p )   f     are the permeate flows obtained from the initial and final membrane characterisation.



For the divalent salts tests, an additional fouling factor, Fs, has been calculated as the percentage reduction in the solute mass flow:


    F   s     %   =       Q p · C p     0   −     Q p · C p     f         Q p · C p     0     × 100  



(3)




where     ( Q p )   0     and     ( Q p )   f     are the average volumetric permeate flows obtained from the initial and final membrane characterisation and     ( C p )   0     and     ( C p )   f     are the initial and final solute concentrations.



Table 5 shows the fouling factor obtained in the tests with the solvent and the saline solution of magnesium chloride.



Similarly to other studies [38], the highest fouling factor is obtained at a lower operating pressure, which could be due to the pressure being insufficient to overcome the resistance posed by membrane fouling to the passage of the solvent.



By using the saline solutions again, lower permeate fluxes have been obtained compared to the initial ones. This reduction in flux is a consequence of the decrease in membrane permeability to water and the increase in the osmotic pressure gradient across the membrane, both of which result from the narrowing of the pores. As a result, the reduction in the mass flow rate of magnesium chloride that passes through the membrane is a consequence of the decrease in permeate flux and the increase in the rejection coefficient.




3.4. Application of Mathematical Models


The experimental values obtained have been fitted to two membrane transport models, discussing whether these models are capable of predicting the characteristic parameters of the system.



3.4.1. Simplified Solution-Diffusion Model


The solution-diffusion models [38] have been used to depict transfer through membranes after experimentally determining the constants of the models. Systems mass balances together with solution-diffusion mass transfer models have been used to simulate the separation process; mainly, this model has been widely used in reverse osmosis membranes, but it has also been applied to nanofiltration membranes [39]. The model equations used in the present work have previously been discussed in other research works [40].



The characteristic equations of the model, 3 and 4, which allow determining the volumetric permeate flow rate (QP) as well as the solute concentration (CP) in it based on the parameters osmotic pressure coefficient (Ψ) and solute permeability of the membrane (BS), have been used in other studies [39].


    C   p   =   C a   1 +     A   w   · ∆ P     B   s   ·   C   w     −     Ψ · C   a   ·   A   w       B   s   ·   C   w        



(4)






    Q   P   =     A   W   · S     C   W     ( ∆ P − Ψ ·   C   a   +   Ψ · C a   1 +     A   w   · ∆ P     B   s   ·   C   w     −     Ψ · C   a   ·   A   w       B   s   ·   C   w       )  



(5)







The solution-diffusion model considers the solute flow (Js) independent of the solvent flow, obtaining BS from the slope of Equation (6), while Ψ is determined from Equation (7), derived by other authors [39].


    J   S   =   B   S   · (   C   a   −   C   P   )  



(6)






    ∆ P −     J   p       A   w       = Ψ · (   C   a   −   C   P   )  



(7)







The values obtained for the solute permeability coefficient and the osmotic pressure coefficient are shown in Table 6.



The determination coefficient obtained for carbamazepine (close to 0) is a result of fitting the experimental data to Equation (7), which yields an almost horizontal line. Overall, low determination coefficients are obtained, probably because this model works better to estimate the removal of inorganic salts in reverse osmosis membranes. However, the significance of applying this model lies in the fact that other authors [21,32,39] obtain high coefficients of determination and accurate estimations of the behaviour of nanofiltration membranes towards organic compounds. For example, this membrane has been used to eliminate methyl paraben, and the determination coefficients are higher [21].



With the model parameters, the initial permeability of the membrane, and Equations (3) and (4), the permeate flow rate and its concentration are calculated for each of the conducted experiments. Figure 3 depicts the values of the emerging contaminant concentration in the permeate compared to their corresponding experimental values.



The calculated concentrations for ketoprofen and bisphenol A differ from the experimental values. Regarding bisphenol A, this discrepancy may be due to the fact that the model itself does not consider the possibility of convective flow, meaning it does not account for the dragging of bisphenol A adhered to the membrane by the solvent. Similar results are obtained using atrazine solutions and the NF-99 membrane with the same models [39].



Regarding ketoprofen, the lower concentrations compared to the experimental values are a consequence of electrostatic repulsion phenomena that hinder its diffusion through the membrane. Its limited presence in the permeate is likely due to the applied pressure (convective flow).



Similarly, in Figure 4, the values of the volumetric permeate flow rate have been plotted against their corresponding experimental values.



In this case, the calculated permeate flow values for bisphenol A are higher than the experimental values because the model does not consider its adhesion to the membrane, which slightly reduces the permeate flow.



The fact that coherent results were obtained for carbamazepine, with concentrations and flow rates close to the experimental values, indicates that its presence in the permeate depends largely on its diffusion through the membrane. Therefore, the simplified solution-diffusion model is considered valid for estimating the membrane behaviour towards carbamazepine but not capable of predicting its behaviour towards ketoprofen and bisphenol A. Other studies report a good fit between experimental values and values predicted using the Spiegler-Kedem-Katchalsky (SKK) model [21,32].




3.4.2. Simplified Model of Spiegler-Kedem-Katchalsky (SKK)


The Spiegler-Kedem-Katchalsky model explains the transport of chemical species across a membrane through a combination of convective and diffusive fluxes. It was originally designed for reverse osmosis, but studies have demonstrated its potential for nanofiltration under certain conditions [41]. The model equations used in the present work have previously been discussed in other research works [23]. The model establishes a relationship between the volumetric solvent flow rates (Qv) and the molar solute flow rates (LS) that cross the membrane using Equations (8) and (9) [16,32,41,42,43,44].


    Q   v   =   A   W   · ( ∆ P − σ · ∆ π )  



(8)






    L   S   =   P   S   ·     C   m   −   C   p     +   1 − σ   ·   Q   W   ·   C   s    



(9)







The transport of the solute across the membrane occurs through two mechanisms, as stated in Equation (9): diffusion, resulting from the concentration gradient on both sides of the membrane, and convection, after applying a pressure gradient. Thus, the SKK model does take into account, unlike the simplified solution-diffusion model, the convective transport of the solute.



To obtain the characteristic parameters of the model, the reflection coefficient, σ, and the solute permeability coefficient, Ps, it is assumed, just like in the solution-diffusion model, that the concentration at the membrane surface is approximately the same as in the feed and also that the solvent flow rate is equal to the permeate flow rate as the latter is highly diluted. Thus, σ and Ps are obtained from the slope and the intercept of Equation (10), respectively, which are deduced by other authors [41].


      L   s       C   a   −   C   P     =   P   s   +   1 − σ   ·     Q   V   ·   C   s       C   a   −   C   P      



(10)







By fitting the experimental values for each emerging contaminant, the model parameters for each of them are determined and presented in Table 7.



As can be seen in Table 7, the lowest permeability coefficient is again obtained for ketoprofen, a compound that shows the highest rejections.



Regarding the reflection coefficient, the closer it is to unity, the more difficulty the solute will have in crossing the membrane. A value equal to zero indicates that the membrane is entirely permeable to the solute [41]. Thus, there is a direct relationship between the rejection coefficient and the reflection coefficient, indicating that the values collected in Table 7 show that bisphenol A is rejected to a greater extent than ketoprofen, contradicting what was obtained experimentally.



With the model parameters known, the rejection is calculated for each of the experiments using Equation (11), obtaining the dimensionless coefficient, F, with Equation (12).


    R   c a l c u l a t e d   =   σ · ( 1 − F )   1 − ( σ · F )    



(11)






  F =   e   −     1 − σ     P   s     ·   J   v        



(12)







In Figure 5, the calculated values of the rejection coefficient have been plotted against the experimental values.



Despite obtaining a reflection coefficient for bisphenol A with a low coefficient of determination and indicating that it has higher rejections than ketoprofen, the SKK model predicts the membrane behavior towards bisphenol A better than the simplified solution-diffusion model. This is because the SKK model takes into account both its diffusive and convective transport through the membrane, as observed by other authors [32,35].



Despite considering convective transport through the membrane, the SKK model may still not accurately predict the characteristic parameters of ketoprofen, likely due to the omission of electrostatic repulsion phenomena between the solute and the membrane surface. This exclusion of electrostatic interactions can lead to an underestimation of theoretical rejection coefficients, resulting in them being lower than the experimental values.



So, the simplified SKK model is considered valid for estimating the membrane behavior towards bisphenol A, as it takes into account both diffusive and convective transport, which is important for this particular solute. However, it may not be able to accurately predict the behavior of the membrane towards carbamazepine and ketoprofen, likely due to the omission of certain specific interactions or phenomena that influence the transport of these solutes.






4. Conclusions


After studying the removal of different emerging pollutants with the NF99HF membrane, it has been found that ketoprofen exhibited higher rejection coefficients due to electrostatic repulsion and molecular exclusion phenomena, whereas the rejection coefficient for bisphenol A was higher than that of carbamazepine, attributed to its adhesion to the membrane surface, as described by other authors.



Among the two operational variables studied (concentration and operating pressure), the concentration of the contaminant in the feed stream has the least effect on permeate flux and rejection coefficients. Permeate flux increases with feed pressure, resulting in lower mass flows for bisphenol A as its adhesion hinders solvent passage. As for the rejection coefficients, the values are nearly constant in the case of ketoprofen, and they increase with the operating pressure for carbamazepine and bisphenol A.



In the study of different transport models applied to this work, it has been found that the solution-diffusion model is capable of predicting the characteristic parameters of the system for carbazepine due to its high diffusive transport. On the other hand, the Spiegler-Kedem-Katchalsky model has provided insights into the membrane behaviour towards bisphenol A since it considers both convective and diffusive flow components.



Finally, it is established that the NF99HF membrane can reduce the presence of carbamazepine and ketoprofen in aqueous solutions, achieving the best separation process efficiency at a pressure of 20 bar, regardless of the feed concentration. However, for bisphenol A, obtaining high rejection coefficients but low permeate flux suggests that reducing bisphenol A adhesion to the membrane surface could be a subject of research to achieve higher permeate fluxes and improve rejection coefficients.







Author Contributions


Conceptualization, A.M.H., M.G., and G.L.; methodology, A.M.H., M.G., and G.L.; software, A.M.H., M.G., and I.A.; validation, A.M.H., M.G., and I.A.; formal analysis, A.M.H., M.G., and I.A.; investigation, A.M.H., M.G., and I.A.; resources, A.M.H., M.G., M.D.M., and I.A.; data curation, A.M.H., M.G., E.G., and I.A.; writing—original draft preparation, A.M.H., M.G., M.D.M., E.G., G.L., and I.A.; writing—review and editing, A.M.H., M.G., M.D.M., E.G., G.L., and I.A.; visualization, A.M.H., M.G., and M.D.M.; supervision, A.M.H., M.G., and M.D.M. All authors have read and agreed to the published version of the manuscript.




Funding


This research received no external funding.




Institutional Review Board Statement


Not applicable.




Data Availability Statement


The data presented in this study are available on request from the corresponding author. The data are not publicly available due to they are part of a much larger study that is still underway.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Halden, R.U. Epistemology of Contaminants of Emerging Concern and Literature Meta-Analysis. J. Hazard. Mater. 2015, 282, 2–9. [Google Scholar] [CrossRef]

	



Snyder, S.; Westerhoff, P.; Yoon, Y.; Sedlak, D. Pharmaceuticals, personal care products, and endocrine disruptors in water: Implications for the water industry. Environ. Eng. Sci. 2003, 20, 449–469. [Google Scholar] [CrossRef]

	



Yangali-Quintanilla, V.; Maeng, S.K.; Fujioka, T.; Kennedy, M.; Amy, G. Proposing nanofiltration as acceptable barrier for organic contaminants in water reuse. J. Membr. Sci. 2010, 362, 334–345. [Google Scholar] [CrossRef]

	



Fonseca Couto, C.; Lange, L.C.; Santos Amaral, M.C. A Critical Review on Membrane Separation Processes Applied to Remove Pharmaceutically Active Compounds from Water and Wastewater. J. Water Process Eng. 2018, 26, 156–175. [Google Scholar] [CrossRef]

	



Giacobbo, A.; Bernardes, A.M. Membrane Separation Process in Wastewater and Water Purification. Membranes 2022, 12, 259. [Google Scholar] [CrossRef]

	



Wang, X.; Li, B.; Zhang, T.; Li, X. Performance of Nanofiltration Membrane in Rejecting Trace Organic Compounds: Experiment and Model Prediction. Desalination 2015, 370, 7–16. [Google Scholar] [CrossRef]

	



Vasantha Raman, N.; Dubey, A.; Millar, E.; Nava, V.; Leoni, B.; Gallego, I. Monitoring Contaminants of Emerging Concern in Aquatic Systems through the Lens of Citizen Science. Sci. Total Environ. 2023, 874, 162527. [Google Scholar] [CrossRef] [PubMed]

	



Van der Bruggen, B.; Schaep, J.; Wilms, D.; Vandecasteele, C. Influence of molecular size, polarity and charge on the retention of organic molecules by nanofiltration. J. Membr. Sci. 1999, 156, 29–41. [Google Scholar] [CrossRef]

	



Meschke, K.; Hansen, N.; Hofmann, R.; Haseneder, R.; Repke, J.U. Influence of process parameters on separation performance of strategic elements by polymeric nanofiltration membranes. Sep. Purif. Technol. 2020, 235, 116186. [Google Scholar] [CrossRef]

	



Meschke, K.; Hansen, N.; Hofmann, R.; Haseneder, R.; Repke, J.U. Characterization and performance evaluation of polymeric nanofiltration membranes for the separation of strategic elements from aqueous solutions. J. Membr. Sci. 2018, 546, 246–257. [Google Scholar] [CrossRef]

	



Garcia-Ivars, J.; Durá-María, J.; Moscardó-Carreño, C.; Carbonell-Alcaina, C.; Alcaina-Miranda, M.-I.; Iborra-Clar, M.-I. Rejection of trace pharmaceutically active compounds present in municipal wastewaters using ceramic fine ultrafiltration membranes: Effect of feed solution pH and fouling phenomena. Sep. Purif. Technol. 2017, 175, 58–71. [Google Scholar] [CrossRef]

	



Childress, A.E.; Elimelech, M. Relating nanofiltration membrane performance to membrane charge (electrokinetic) characteristics. Environ. Sci. Technol. 2000, 34, 3710–3716. [Google Scholar] [CrossRef]

	



Li, C.; Yang, Y.; Liu, Y.; Hou, L. Removal of PhACs and Their Impacts on Membrane Fouling in NF/RO Membrane Filtration of Various Matrices. J. Membr. Sci. 2018, 548, 439–448. [Google Scholar] [CrossRef]

	



Licona, K.P.M.; Geaquinto, L.D.O.; Nicolini, J.V.; Figueiredo, N.G.; Chiapetta, S.C.; Habert, A.C.; Yokoyama, L. Assessing Potential of Nanofiltration and Reverse Osmosis for Removal of Toxic Pharmaceuticals from Water. J. Water Process Eng. 2018, 25, 195–204. [Google Scholar] [CrossRef]

	



Nghiem, L.D.; Schäfer, A.I.; Elimelech, M. Role of Electrostatic Interactions in the Retention of Pharmaceutically Active Contaminants by a Loose Nanofiltration Membrane. J. Membr. Sci. 2006, 286, 52–59. [Google Scholar] [CrossRef]

	



Marchetti, P.; Jimenez-Solomon, M.F.; Szekely, G.; Livingston, G. Molecular separation with organic solvent nanofiltration: A critical review. Chem. Rev. 2014, 114, 10735–10806. [Google Scholar] [CrossRef]

	



Alfa Laval. Membrana Plana de Nanofiltración: Ficha del Producto. Available online: https://urlzs.com/8ESAV (accessed on 8 May 2022).

	



Oatley, D.L.; Llenas, L.; Pérez, R.; Williams, P.M.; Martínez-Lladó, X.; Rovira, M. Review of the dielectric properties of nanofiltration membranes and verification of the single oriented layer approximation. Adv. Colloid Interface Sci. 2012, 173, 1–11. [Google Scholar] [CrossRef]

	



Ge, S.; Feng, L.; Zhang, L.; Xu, Q.; Yang, Y.; Wang, Z.; Kim, K.-H. Rejection rate and mechanisms of drugs in drinking water by nanofiltration technology. Environ. Eng. Res. 2017, 22, 329–338. [Google Scholar] [CrossRef]

	



Schaefer, A.; Nghiem, L.D.; Oschmann, N. Bisphenol A retention in the direct ultrafiltration of greywater. J. Membr. Sci. 2006, 283, 233–243. [Google Scholar] [CrossRef]

	



Hidalgo, A.M.; León, G.; Murcia, M.D.; Gómez, M.; Gómez, E.; Gómez, J.L. Using pressure driven membrane processes to remove emerging pollutants from aqueous solutions. Int. J. Environ. Res. Public Health 2021, 18, 4036. [Google Scholar] [CrossRef] [PubMed]

	



Li, Y.; Wei, J.; Wang, C.; Wang, W. Comparison of phenol removal in synthetic wastewater by NF or RO membranes. Desalin. Water. Treat. 2010, 22, 211–219. [Google Scholar] [CrossRef]

	



Hidalgo, A.M.; León, G.; Gómez, M.; Murcia, M.D.; Gómez, E.; Macario, J.A. Removal of Different Dye Solutions: A Comparison Study Using a Polyamide Nf Membrane. Membranes 2020, 10, 408. [Google Scholar] [CrossRef] [PubMed]

	



Kabbani, H.M.; Al-Hindi, M.; Ayoub, G.M.; Ahmad, M. The effects of salt concentration on the rejection of pharmaceutically active compounds by nanofiltration membranes. J. Sustain. Dev. Energy Water Environ. Syst. 2021, 9, 1080356. [Google Scholar] [CrossRef]

	



PubChem. «Carbamazepine». Available online: https://urlzs.com/bqSGC (accessed on 8 May 2022).

	



PubChem. «Ketoprofen». Available online: https://urlzs.com/rbi3P (accessed on 8 May 2022).

	



PubChem. «Bisphenol A». Available online: https://urlzs.com/pJWft (accessed on 8 May 2022).

	



Xie, M.; Price, W.E.; Nghiem, L.D. Rejection of pharmaceutically active compounds by forward osmosis: Role of solution pH and membrane orientation. Sep. Purif. Technol. 2012, 93, 107–114. [Google Scholar] [CrossRef]

	



Siraki, A.G.; Chevaldina, T.; O’Brien, P.J. Application of quantitative structure-toxicity relationships for acute NSAID cytotoxicity in rat hepatocytes. Chem. Biol. Interact. 2005, 151, 177–191. [Google Scholar] [CrossRef] [PubMed]

	



Zhao, F.-B.; Tang, C.-C.; Liu, X.-Y.; Shi, F.-J.; Song, X.-R.; Tian, Y.; Li, Z.-S. Transportation characteristics of bisphenol A on ultrafiltration membrane with low molecule weight cut-off. Desalination 2015, 362, 18–25. [Google Scholar] [CrossRef]

	



Yangali-Quintanilla, V.; Sadmani, A.; McConville, M.; Kennedy, M.; Amy, G. Rejection of pharmaceutically active compounds and endocrine disrupting compounds by clean and fouled nanofiltration membranes. Water Res. 2009, 43, 2349–2362. [Google Scholar] [CrossRef]

	



Giacobbo, A.; Pasqualotto, I.F.; Machado Filho, R.C.d.C.; Minhalma, M.; Bernardes, A.M.; de Pinho, M.N. Ultrafiltration and Nanofiltration for the Removal of Pharmaceutically Active Compounds from Water: The Effect of Operating Pressure on Electrostatic Solute—Membrane Interactions. Membranes 2023, 13, 743. [Google Scholar] [CrossRef]

	



da Trindade, C.D.M.; Giacobbo, A.; Ferreira, V.G.; Rodrigues, M.A.S.; Bernardes, A.M. Membranes Separation Processes Applied to the Treatment of Effluents from Nanoceramic Coating Operations. Desalin. Water Treat. 2015, 55, 28–38. [Google Scholar] [CrossRef]

	



Tanninen, J.; Platt, S.; Weis, A.; Nyström, M. Long-term acid resistance and selectivity of NF membranes in very acidic conditions. J. Membr. Sci. 2004, 240, 11–18. [Google Scholar] [CrossRef]

	



Zhang, Y.; Causserand, C.; Aimar, P.; Cravedi, J.P. Removal of bisphenol A by a nanofiltration membrane in view of drinking water production. Water Res. 2006, 40, 3793–3799. [Google Scholar] [CrossRef] [PubMed]

	



Li, C.; Gao, N. Bisphenol A removal by nanofiltration process. Adv. Mater. Res. 2010, 113–116, 1648–1652. [Google Scholar] [CrossRef]

	



Yüksel, S.; Kabay, N.; Yüksel, M. Removal of bisphenol A (BPA) from water by various nanofiltration (NF) and reverse osmosis (RO) membranes. J. Hazard. Mater. 2013, 263, 307–310. [Google Scholar] [CrossRef] [PubMed]

	



Soltanieh, M.; Gill, W.N. Review of reverse osmosis membranes and transport models. Chem. Eng. Commun. 1981, 12, 279–363. [Google Scholar] [CrossRef]

	



Hidalgo, A.M.; León, G.; Gómez, M.; Murcia, M.D.; Barbosa, D.S.; Blanco, P. Application of the solution-diffusion model for the removal of atrazine using a nanofiltration membrane. Desalin. Water Treat. 2013, 51, 2244–2252. [Google Scholar] [CrossRef]

	



Bódalo, A.; Gómez, J.L.; Gómez, E.; León, G.; Tejera, M. Reduction of sulphate content in aqueous solutions by reverse osmosis using cellulose acetate membranes. Desalination 2004, 162, 55–60. [Google Scholar] [CrossRef]

	



Hidalgo, A.M.; Gómez, M.; Murcia, M.D.; Gómez, E.; León, G.; Sánchez, A. Removal of Anilinic Compounds Using the NF-97 Membrane: Application of the Solution-Diffusion and SKK Models. Sep. Sci. Technol. 2016, 51, 2429–2439. [Google Scholar] [CrossRef]

	



Koter, S. Determination of the Parameters of the Spiegler-Kedem-Katchalsky Model for Nanofiltration of Single Electrolyte Solutions. Desalination 2006, 198, 335–345. [Google Scholar] [CrossRef]

	



Nair, R.R.; Protasova, E.; Strand, S.; Bilstad, T. Implementation of Spiegler–Kedem and Steric Hindrance Pore Models for Analyzing Nanofiltration Membrane Performance for Smart Water Production. Membranes 2018, 8, 78. [Google Scholar] [CrossRef]

	



Wu, F.; Feng, L.; Zhang, L. Rejection Prediction of Isopropylantipyrine and Antipyrine by Nanofiltration Membranes Based on the Spiegler-Kedem-Katchalsky Model. Desalination 2015, 362, 11–17. [Google Scholar] [CrossRef]








[image: Membranes 13 00868 g001] 





Figure 1. Influence of the hydraulic pressure gradient on the permeate flux (A) and rejection coefficient (B) for the different emerging pollutants: (●) carbamazepine, (■) ketoprofen, and (▲) bisphenol A at a feed concentration of 15 ppm. 
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Figure 2. Influence of the feed concentration on the permeate flux (A) and rejection coefficient (B) for the different emerging pollutants: (●) carbamazepine, (■) ketoprofen, and (▲) bisphenol A at a feed pressure of 15 bar. 
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Figure 3. Concentrations calculated with the solution-diffusion model compared to the experimental values for: (●) carbamazepine, (■) ketoprofen, and (▲) bisphenol A. 
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Figure 4. Volumetric permeate flows calculated with the solution-diffusion model were compared to the experimental values for: (●) carbamazepine, (■) ketoprofen, and (▲) bisphenol A. 
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Figure 5. Rejections calculated with the SKK model compared to the experimental values for: (●) carbamazepine, (■) ketoprofen, and (▲) bisphenol A. 
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Table 1. Technical specifications of the NF99HF membrane [17].
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	Characteristics
	Technical Specifications





	Manufacturer
	Alfa Laval



	Name
	NF99HF



	Type
	Thin-layer composite polyester



	Composition
	Polyamide



	MWCO (Molecular Weight Cut-Off) (Da)
	≥200 b



	pH Range
	3–10



	Maximum Temperature (°C)
	50



	Maximum Pressure (bar)
	55



	MgSO4 Rejection (%)
	≥98



	Isoelectric Point (pH)
	4.12–4.42 a



	Effective Pore Radius (nm)
	0.43 a



	Contact Angle (°)
	34.5 ± 4.2 c



	Effective Surface Area (m2)
	0.0028







a [18], b [9], c [10].













 





Table 2. Permeability coefficients of the NF99HF membrane to water.
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Aw

	
Temperature (°C)

	
ΔP (bar)

	
Flat Sheet Membrane Module Used

	
Reference




	
(s/m)

	
(L/m2·h bar)






	
6.175 × 10−8

	
22.230

	
-

	
10–25

	
INDEVEN with tangential filtration

	
[21]




	
2.961 × 10−8

	
10.661

	
25

	
5–30

	
Alfa Laval Lab M20 with tangential filtration

	
[22]




	
4.788 × 10−8

	
17.237

	
15.8–18.1

	
10–30

	
INDEVEN with tangential filtration

	
[23]




	
3.035 × 10−8

	
10.927

	
19.7–20.5

	
5–20

	
Triple System Model F1 with tangential filtration

	
Experimental











 





Table 3. Physico-chemical properties of the studied compounds [25,26,27].
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	Emerging Pollutant
	Carbamazepine
	Ketoprofen
	Bisphenol A





	Molecular structure
	[image: Membranes 13 00868 i001]
	[image: Membranes 13 00868 i002]
	[image: Membranes 13 00868 i003]



	Chemical formula
	C15H12N2O
	C16H14O3
	C15H16O2



	Molecular weight (g/mol)
	236.7
	254.28
	228.29



	Solubility in water (mg/L)
	18
	51
	120



	Dissociation constant
	pKa = 13.9
	pKa = 3.98
	pKa = 9.6



	Charge at pH 7
	Neutral a
	Negative b
	Neutral a



	log KOW
	2.45
	3.12
	3.32



	Dipole moment (D)
	3.6 c,f
	4.37 d
	2.13 f



	Stokes radius (nm)
	0.37 c
	-
	0.5 e







a [19], b [20], c [28], d [29], e [30], f [31].













 





Table 4. Comparison between experimental and bibliographical parameters.
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	Emerging

Pollutant
	Membrane
	Experimental

Conditions
	Rejection(%)
	Jp

(kg/m2s)
	Reference





	Carbamazepine
	NF270
	Ca = 10 ppm

∆P = 10 bar
	70–80
	-
	[24]



	Carbamazepine
	NF270
	Ca = 200 ppb

TMP = 5 bar
	80
	-
	[19]



