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Abstract


The global shift toward sustainable industrial processes has increased the demand for advanced materials capable of performing under harsh conditions, with high-temperature polymer nanocomposites emerging as a key development area. This study investigates the fabrication of sustainable polysulfone (PSU)/medium-density fiberboard (MDF) nanocomposites through phase inversion, using PSU—a matrix known for its high glass transition temperature—as the base. Membranes were created by adding MDF residue at 1, 3, 5, 7, and 10 phr (parts per hundred resin). Characterization included analyzing polymer solution viscosity, ATR-FTIR, contact angle, SEM, porosity, equilibrium water content, average pore radius, tensile testing, and permeation performance. Incorporating MDF residue increased solution viscosity and affected porosity and the structure of the top layer. Mechanical testing showed MDF acted as a functional additive, improving the elastic modulus and tensile strength, and supporting overall structural stability under hydraulic stress. The membranes exhibited competitive water flux and maintained high selectivity (80–92% rejection; over 95% turbidity removal) at 1.0 and 2.0 bar. The 3 and 5 phr levels optimized performance, demonstrating that repurposing industrial waste within high-performance matrices is a practical approach for producing durable materials that meet the needs of energy systems and complex industrial separation processes.
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1. Introduction


The global shift toward sustainable industrial processes and the growth of the green energy sector have increased demand for advanced materials capable of operating under harsh conditions. In this context, high-temperature polymer nanocomposites are a key area for the energy industry, providing solutions for complex thermal separations and managing high-load industrial streams [1]. Among high-performance matrices, polysulfone (PSU) is notable for its exceptional thermal stability, chemical resistance, and high glass-transition temperature [2,3], ensuring structural reliability in energy-intensive environments where standard polymers often fail [4]. These properties are especially important in industrial sectors where membrane systems need to withstand rigorous thermal and chemical cleaning cycles (Cleaning-in-Place, CIP), which are common in bioenergy recovery processes [5,6].



However, the hydrophobic nature of PSU often limits its performance due to fouling, necessitating the addition of hydrophilic additives to adjust its surface characteristics and structure. A key challenge in modern material engineering for the energy sector is aligning high thermomechanical performance with the circular economy. Integrating industrial by-products into polymer matrices offers a sustainable pathway to develop functional green nanocomposites [7,8]. In this scenario, medium-density fiberboard (MDF) waste appears as a promising lignocellulosic residue. MDF mainly consists of a complex network of cellulose, hemicellulose, and lignin, which contain numerous polar functional groups, such as hydroxyl (-OH) and carbonyl (C=O) groups. The selection of MDF as an additive is justified by these oxygenated groups, which can improve the hydrophilicity of the PSU matrix and facilitate hydrogen bonding during membrane formation process [9].



When incorporated into a high-performance matrix such as PSU, these sustainable fillers can tune the membrane’s morphology and phase-inversion kinetics [10,11,12]. The interaction between the lignocellulosic components of the MDF and the PSU/solvent exchange rate can lead to controlled pore formation. The choice of the phase inversion technique via non-solvent induced phase separation (NIPS) is justified by its flexibility in controlling membrane structure. This method allows for precise tuning of pore size and distribution, which are directly influenced by the hydrophilic MDF particles. Additionally, NIPS ensures that the fillers are evenly distributed within the PSU matrix, preventing leaching and maintaining structural stability during high-pressure separations [13,14,15,16]. As demonstrated by Ghaemi, et al. (2012) [17], lignocellulosic components enhance surface functionality and mechanical robustness. Furthermore, Habert, et al. (2006) [18] and Sotto, et al. (2011) [19] report that such fillers enhance structural stability and porosity, thereby influencing demixing dynamics—factors vital to maintaining efficiency in high-demand industrial separations.



The practical relevance of these optimized materials is clearly evident in one of the most challenging environments for material durability in the bio-industrial sector: dairy effluent treatment [20]. These streams require robust separation systems to recover organic content for energy conversion, yet they often cause substantial fouling and structural stress [21,22]. Therefore, developing PSU/MDF nanocomposites that preserve mechanical integrity and resist fouling is vital to the efficiency of energy-intensive bioprocesses. Despite this potential, systematic studies of the composition of powdered MDF waste and its role in flat-sheet PSU membranes for these high-performance applications remain limited.



This study uniquely proposes the fabrication and characterization of sustainable PSU/MDF nanocomposites produced via phase inversion. By integrating MDF waste into a high-temperature polymer matrix, this work addresses key sustainability challenges in the energy industry and evaluates how different filler contents affect the thermo-mechanical stability and morphology of the membranes. Our findings demonstrate that using industrial waste as a functional additive is a technically viable strategy for producing high-performance materials that meet the rigorous requirements of modern sustainable energy systems.




2. Materials and Methods


The polymer matrix was PSU (UDEL® P3500 LCD MB7) with a weight-average molecular weight (Mw) of approximately 81,000 g·mol−1, supplied as yellowish granules by Solvay (Alpharetta, GA, USA). NMP (1-Methyl-2-pyrrolidone, 99.92% purity, Sigma Aldrich (St. Louis, MO, USA) was used as the solvent, provided by Neon Comercial (Suzano, Brazil). The MDF waste, used as a functional filler, was sourced from local sawmills in Campina Grande, PB, Brazil, as fine sawdust. To ensure a controlled particle size for membrane incorporation, the MDF was sieved through a 200-mesh standard sieve, resulting in a maximum particle size of 74 µm. Chemically, this lignocellulosic waste consists of cellulose, hemicellulose, and lignin, which have polar hydroxyl and carbonyl groups. These components function as hydrophilic modifiers within the PSU matrix.



2.1. Membrane Preparation


Prior to solution preparation, the PSU granules and MDF waste were dried in a vacuum oven at 80 °C for 24 h to remove residual moisture. For the pristine polymer solution, NMP was mixed with PSU under continuous stirring at approximately 25 °C for 4 h. In formulations containing MDF, the filler was first dispersed in the solvent for 30 min to prevent agglomeration, and then the polymer was added gradually. All dispersions were also stirred for 4 h at the same ambient temperature using the magnetic stirrer. After mixing, the solutions were allowed to stand for 24 h to ensure complete stabilization and eliminate trapped air bubbles. The specific compositions of the prepared membranes are summarized in Table 1.



The solutions were poured onto a glass support and spread with a glass rod. The support was immediately dipped into a distilled water bath to precipitate and form membranes. Lastly, the membranes were stored in distilled water.




2.2. Viscosity Characterization


Viscosity measurements of the dope solutions were performed using a Quimis Q860M21 rotary viscometer (Diadema, Brazil), with a measurement range of 100 to 600,000 mPa·s. The analyses were conducted at a controlled temperature of 25 °C, using spindle No. 2 at a constant rotation speed of 35 RPM. All measurements were taken after readings stabilized to ensure accurate rheological behavior of the PSU/MDF dispersions.




2.3. Attenuated Total Reflectance Fourier-Transform Infrared Spectroscopy (ATR-FTIR)


The Attenuated total reflectance Fourier-transform infrared spectroscopy (ATR-FTIR) spectra were recorded on a Bruker Alpha II spectrometer (Bruker, Billerica, MA, USA) in the mid-infrared region (4000–400 cm−1), with a resolution of 4 cm−1 and an average of 32 scans per spectrum.




2.4. Contact Angle Characterization


Membrane hydrophilicity was evaluated using a portable contact angle meter, the Phoenix-i model from Surface Electro Optics (SEO, Suwon, Republic of Korea). The analysis was conducted using the sessile drop method, in which a drop was manually formed on the flat membranes using a micrometer dispenser. Subsequently, the contact angle was analyzed using specialized software.




2.5. Scanning Electron Microscopy (SEM)


Micrographs of the membrane surface and cross-section (cryogenically fractured in liquid nitrogen) were taken using a VEGA 4-TESCAN (Brno, South Moravian Region, Czech Republic), operated at 10 kV. Before imaging, a thin gold layer was applied to all samples to reduce charge buildup.




2.6. Porosity, Equilibrium Water Content (EWC) and Mean Pore Radius


The membrane porosity (  ε  , %) was determined using the geometric method, defined as the ratio of the pore volume to the total geometric volume of the membrane [23]. For the composite membranes, the theoretical density of the solid matrix (    ρ   m a t r i x    , g/cm3) was calculated using the rule of mixtures, with the polymer mass fraction (    τ   P S U    , dimensionless) multiplied by the density of polysulfone (    ρ   P S U    , 1.24 g/cm3) plus the filler mass fraction (    τ   M D F    , dimensionless) multiplied by the density of the MDF residue (    ρ   M D F    , 0.70 g/cm3), according to Equation (1) [24]:


    ρ   m a t r i x   =     τ   P S U   ·   ρ   P S U     + (   τ   M D F   ·   ρ   M D F   )  



(1)







The porosity was then determined by relating the volume occupied by the dry membrane mass (  W  , g) to the total geometric volume, defined by the membrane area (  A  , cm2) and the dry membrane thickness (  l  , cm), using Equation (2).


  ε   %   =   1 −    ( W /   ρ   m a t r i x   )   ( A × l )      · 100  



(2)







Additionally, the Equilibrium Water Content (  E W C  , %) was measured to assess water absorption capacity. Samples were immersed in distilled water for 48 h and weighed before immersion (    W   w    , g) and after drying at 50 °C (    W   d    , g). The EWC was calculated using Equation (3) [25].


  E W C ( % ) =        W   w   −   W   d       W   w        · 100  



(3)







The mean pore radius (    r   m    ) was calculated using the Guerout-Elford-Ferry equation (Equation (4)) [24,25], based on porosity and hydraulic permeability data measured at an operational pressure of 105 Pa:


    r   m   =         2.9 − 1.75 ε   ·   8 η l Q     ε · A · ∆ P      



(4)







In this equation,   η   is the water viscosity (8.9 × 10−4 Pa·s),   l   is the dry membrane thickness (m),   Q   is the permeation rate or flow rate (m3/s),   ε   is the membrane porosity (%),   A   is the membrane area (m2), and   ∆ P   is the transmembrane pressure difference (105 Pa).




2.7. Mechanical Characterization


Tensile tests were conducted in accordance with ASTM D 882-12 [26] at 25 °C using an Oswaldo Filizola BME (São Paulo, Brazil) testing machine with a 500 N load cell. A total of ten samples were tested at a crosshead speed of 10 mm/min.




2.8. Flow and Selectivity Measurements


The membrane performance analyses were first conducted using permeation flux tests in a perpendicular filtration cell. The experiments were performed with distilled water at constant pressures of 1.0 and 2.0 bar, with the permeate flux monitored over time. The effective filtration area of the cell was approximately 13.0 cm2. Figure 1 provides a schematic representation of the filtration system used to determine the permeate flux with water.



To evaluate Rejection Efficiency (R, %), a milk/water mixture at 100 mg·L−1 was prepared. Membrane selectivity was assessed by calculating the rejection rate, defined as the ratio of the milk concentration in the permeate (Cp) to that in the feed solution (C0), as shown in Equation (5). Additionally, the clarity of the permeate from the oil-water separation assays was monitored using a DELLAB digital turbidimeter to supplement the rejection data. Permeate samples were collected at transmembrane pressures of 1.0 and 2.0 bar at a constant temperature of 25 °C. Initial and final concentrations were measured by UV–Vis spectrophotometry (UV-M51, Bel Photonics, Piracicaba, Brazil).


  R   %   =        C   0   −   C   p       C   0        · 100  



(5)









3. Results and Discussion


3.1. Viscosity


The viscosity results for pure PSU and various MDF loading solutions are presented in Table 2. A consistent rise in viscosity was noted as MDF content increased, from 397 mPa·s (pure PSU) to 471 mPa·s (10MDF). This trend is primarily due to the hydrodynamic effect and steric hindrance caused by the dispersed MDF particles within the matrix. The physical presence of these particles acts as a barrier, limiting the mobility of the PSU polymer chains and hindering the free flow of the solution [27,28].



According to Poletto, et al. (2012) [29], although the lignocellulosic residue contains hydroxyl groups that could favor surface interactions, the increase in viscosity in phase-inversion systems is strongly governed by the mechanical shear resistance imposed by the filler. According to Chou and Yang (2005) [30], the viscosity of the casting solution is one of the most critical parameters, as it governs thermodynamic stability and precipitation kinetics. In this context, the observed increase suggests a delayed demixing phenomenon, in which higher viscosity reduces solvent diffusion into the non-solvent during immersion. This delay in formation kinetics is a key indicator that the introduction of MDF will directly affect the morphological organization and the thickness of the selective layer in the membranes [2].




3.2. ATR-FTIR Spectra Analysis


The characterization of the membranes using Fourier-Transform Infrared Spectroscopy (FTIR) is shown in Figure 2 to elucidate the structural changes resulting from the incorporation of MDF residue as a filler. From Figure 2, the characteristic polymer absorption bands identified upon incorporation are as follows: at 1162 cm−1, corresponding to the symmetric stretch of the sulfone group; at 1236 cm−1, attributed to the aromatic ether; at 1328 cm−1, related to the asymmetric stretch of the sulfone group; at 2970 cm−1, corresponding to the aromatic C–H stretch of CH3; at 2876 cm−1, assigned to the aliphatic C–H stretch of CH3; at 1483 and 1588 cm−1, associated with the C–C stretch of aromatic rings; at 1012 cm−1, attributed to the asymmetric C–O stretch; and at 700 and 834 cm−1, corresponding to the rocking vibration of the C–H bond. These characteristic bands are consistent with those reported by Nguyen, et al. (2025) [31].



The MDF residue, being a lignocellulosic material, contains hydroxyl groups (–OH) capable of forming specific physical interactions, such as hydrogen bonding, dipole–dipole interactions, and van der Waals forces [9]. In this context, hydrogen bonding interactions may occur between the hydroxyl groups of the lignocellulosic phase and the oxygen atoms of the sulfone units in PSU. Dipole–dipole interactions between the sulfone groups and the dipoles present in the MDF constituents may also contribute secondarily to interfacial adhesion. Additionally, van der Waals forces are present as interactions between the phases, although they are intrinsically weak. However, after incorporation of the residue, no significant peak shifts or new absorption bands were observed. This behavior can be attributed to the higher intensity of the polymer’s characteristic bands compared with those of the MDF residue, which effectively masked the weaker signals associated with these secondary physical interactions, especially given the relatively low filler content in the composites [3,13].



This lack of direct chemical evidence in the spectra reinforces previous observations that the increased solution viscosity stems from physical steric hindrance caused by the dispersed MDF particles, while maintaining the predominant chemical integrity of the PSU matrix. Despite the absence of new bands, the physical anchoring of MDF particles through secondary interactions is evidenced by changes in membrane morphology and transport properties, as discussed in the subsequent sections. According to Mokhtar, et al. (2023) [32] and He, et al. (2024) [33], incorporating lignocellulosic residues into polymeric matrices often yields a stable physical blend in which the filler acts as a rheological and structural modifier without altering the main vibrational bands of the polysulfone host matrix.




3.3. Contact Angle


Membrane modification through additive incorporation is an effective strategy to mitigate the limited intrinsic hydrophilicity of polymers such as polysulfone, as reported by Li, et al. (2016) [3]. The surface wettability of the prepared membranes was evaluated using contact angle measurements, which quantify the interaction between a water droplet and the membrane surface [34]. The results are shown in Figure 3.



A clear, progressive decrease in contact angle is observed as the MDF residue content increases. The pristine PSU membrane exhibited the highest value (70.32°), consistent with the literature [10,13]. Upon addition of MDF, the values decreased significantly, reaching a minimum of 52.18° for the sample with 10 phr of filler. This sharp reduction confirms that increasing MDF in the polymer matrix substantially improves surface affinity for water.



Although FTIR results indicated a physical blend, the presence of lignocellulosic particles at the membrane-water interface alters the surface thermodynamic behavior. MDF is rich in hydroxyl groups (–OH), which, when exposed on the surface, form intermolecular hydrogen bonds with water molecules. According to Mokhtar, et al. (2023) [32], He, et al. (2024) [33] and Tafreshi and Fashandi (2019) [35], this physical interaction reduces interfacial tension and increases surface free energy, facilitating droplet spreading. Thus, the MDF residue effectively acts as a surface-modifying agent, suggesting a potential increase in permeate flux and resistance to fouling.




3.4. SEM Morphological Analysis


Figure 4 shows SEM micrographs of the membrane surfaces and cross-sections for the different MDF loadings. The selective layer exhibits a relatively uniform morphology with few visible pores. At the same time, the porous support exhibits the typical asymmetric structure of PSU-based membranes, comprising a slightly porous layer over a substructure of pores, macropores, and fingers [18,36].



In the membrane containing 3MDF, a slightly porous top layer and a highly porous support are clearly visible (highlighted in red in Figure 4). This morphology results from delayed phase inversion due to low affinity between the solvent and the nonsolvent, thereby slowing polymer precipitation. Consequently, a superficial barrier forms during solvent–nonsolvent exchange, promoting the development of more closed cellular structures and reducing the size of surface pores [16]. As shown in Table 3, incorporating MDF substantially increased the thickness of this selective layer (skin layer), which rose from 0.87 ± 0.13 µm in pure PSU to values exceeding 2.30 µm in the additive-containing compositions.



According to Zinadini, et al. (2017) [37], introducing solid additives can significantly alter the viscosity of the casting solution, thereby influencing membrane formation kinetics. The increased viscosity induced by MDF delays demixing, thereby justifying the thickening of the skin layer. Conversely, a downward trend in total thickness was observed at higher loadings (reaching 71.88 ± 7.52 µm in the 10MDF sample). As discussed by Loh, et al. (2011) [38], variations in solution composition and viscosity can lead to more compact overall structures by suppressing or restricting macrovoid growth.



Particles dispersed within the polymer matrix were also observed—particularly in the MDF-containing formulations—both on the surface and within the cross-section (highlighted in yellow in Figure 4). Because the MDF solutions had higher viscosities than pure PSU, polymer solubility may have been reduced, leading to incomplete dissolution or localized polymer precipitation [39,40]. This physical rearrangement, combined with the presence of hydrophilic MDF components at the membrane interface, suggests that the residue acts as a structural and surface-tuning agent. This is consistent with the contact angle results, as the migration of hydrophilic groups to the surface—a phenomenon also observed by Zinadini, et al. (2017) [37] in mixed matrix membranes—promotes a more wettable and denser matrix than pristine PSU.




3.5. Porosity, EWC and Mean Pore Radius Analysis


The quantitative structural parameters of the PSU/MDF membranes, including porosity (ε), water uptake, and mean pore radius (rm), are shown in Figure 5. Joint analysis of these variables provides insight into how the internal architecture of the polymeric matrix was reconfigured by the presence of the MDF residue during phase inversion.



As shown in Figure 5, incorporating MDF progressively reduced porosity, decreasing from 82.49 ± 0.72% (PURE PSU) to 75.23 ± 0.20% for the 10MDF sample. This decrease is directly related to the increase in the viscosity of the dope solution, as previously discussed. According to Ding, et al. (2016) [41] and Nazri, et al. (2021) [42], the presence of lignocellulosic additives increases mass-transport resistance, delaying the exchange between the solvent and the non-solvent during the coagulation bath. These delayed precipitation kinetics hinder the formation and expansion of large voids, resulting in a more compact matrix with a higher wall density, as corroborated by visual evidence from cross-sectional SEM micrographs.



In contrast, EWC showed a different pattern: for most additive-containing compositions, values were higher than those for pure PSU (81.96 ± 2.35%), peaking at 86.42 ± 1.38% in the 1MDF sample. This suggests that membrane hydrophilicity does not depend exclusively on void volume but is strongly influenced by surface chemistry. As highlighted by Ding, et al. (2016) [41], the abundance of hydroxyl groups (-OH) intrinsic to the cellulose and lignin structure of the MDF increases the thermodynamic affinity of the polymeric matrix for water. These groups promote water retention through hydrogen bonding within the internal microchannels, explaining why the membrane exhibits a higher absorption capacity despite being physically less porous. However, in the 10MDF sample, equilibrium water content dropped to 81.19 ± 3.14%, indicating that the severe reduction in porosity and the narrowing of the channels imposed a physical limit that overcame the filler’s chemical affinity.



Regarding the mean pore radius, the highest value was recorded for the PURE PSU membrane (68.91 ± 0.21 nm), followed by an immediate refinement upon the addition of MDF, reaching 51.23 ± 0.35 nm in the 1MDF sample. This refinement is consistent with the SEM surface analysis, which showed a more homogeneous and reduced pore distribution. The MDF acts as a heterogeneous nucleation agent, promoting the formation of a thicker, more restrictive selective layer. According to Nazri, et al. (2021) [42], this “pore-tuning” effect is characteristic of cellulosic additives that interfere with thermodynamic demixing, favoring the formation of smaller surface pores, which is essential for increasing the membrane’s retention efficiency. Thus, the use of MDF residue not only promotes sustainability, as advocated by Amusa, et al. (2021) [43], but also acts as a precise morphological modifier for the polysulfone structure.




3.6. Mechanical Test


The mechanical properties of the pure PSU and PSU/MDF composite membranes were assessed in terms of elastic modulus, tensile strength, and elongation at break, as shown in Figure 6. The results demonstrate a significant, linear reinforcing effect resulting from the addition of MDF residue into the polymeric matrix.



The elastic modulus increased significantly with higher MDF loadings, rising from 163.4 ± 8.8 MPa for pure PSU to 236.4 ± 3.0 MPa for the 10MDF sample. This upward trend shows that the MDF particles, which have high intrinsic stiffness, acted as reinforcement points that limited the mobility of the polysulfone chains. According to Zhang, et al. (2022) [44], the presence of lignocellulosic components can form a strong support network within the matrix due to their naturally high mechanical stiffness, explaining the greater resistance to elastic deformation seen in these composites.



Similarly, the tensile strength steadily increased, nearly doubling from 1.6 ± 0.1 MPa (PURE PSU) to 3.4 ± 0.2 MPa (10MDF). This improvement is naturally connected to the dense morphology observed via SEM and excellent interfacial adhesion. As explained by Zhang, et al. (2022) [44], the abundance of hydroxyl groups in lignocellulose promotes the formation of a dense hydrogen bond network, which helps transfer stress effectively between the filler and the polymer. The significant rise in tensile strength confirms effective interfacial adhesion and stress transfer between the MDF lignocellulosic particles and the PSU matrix, indicating that the filler was well distributed without causing structural defects at these levels. Additionally, the decrease in porosity and the filling of structural voids by the MDF—aligning with the “artificial wood” lignocellulosic membrane idea proposed by Pylypchuk, et al. (2021) [45]—lead to a sturdier final structure that is highly resistant to tensile failure.



In contrast, the elongation at break steadily declined, decreasing from 10.7 ± 1.1% to 3.4 ± 0.8% for the 10MDF sample. This shift from ductile to more brittle behavior is typical of polymer systems reinforced with rigid biomass fillers. The MDF particles serve as stress concentrators, impeding the molecular sliding of the PSU chains. This decrease in ductility aligns with the reduction in the mean pore radius (rm) and the increased matrix density discussed earlier; a more compact, interconnected structure, as indicated by Pylypchuk, et al. (2021) [45], has less free volume for plastic deformation, leading to premature rupture under strain.




3.7. Flux and Selectivity Analysis


The hydraulic performance of the membranes was assessed using pure water flux at pressures of 1 and 2 bar, as shown in Figure 7. The permeability profile over time provides important information about the structural stability and hydraulic resistance of the composite membranes.



At 1 bar, the Pure PSU membrane showed the highest stabilized flux (102.05 L·m−2·h−1), which aligns with its higher porosity and mean pore radius (rm) discussed earlier. When MDF was added, a controlled decrease in permeability was observed. Samples 3MDF (97.86 L·m−2·h−1) and 7MDF (99.46 L·m−2·h−1) maintained fluxes very close to the pure membrane, indicating that intermediate residue levels do not significantly reduce membrane productivity. Conversely, the 10MDF sample had the lowest flux (62.17 L·m−2·h−1), showing a very dense polymeric matrix. According to Nazri, et al. (2021) [42] and the “artificial wood” concept by Pylypchuk, et al. (2021) [45], this behavior is due to the lignocellulosic filler filling voids in the structure, resulting in a denser, more tortuous structure.



A significant scientific finding was observed when the pressure was increased to 2 bar. While Pure PSU and 10MDF showed a tendency toward stabilization or a slight decrease, indicating sensitivity to compaction, the 3MDF (121.93 L·m−2·h−1) and 5MDF (114.61 L·m−2·h−1) membranes significantly exceeded the flux of the pure membrane under steady-state conditions. The superior flux stability of the MDF composite membranes at 2.0 bar, compared to pure PSU, is due to the mechanical reinforcement from the lignocellulosic particles. The MDF fibers serve as structural ‘pillars’ within the polymer matrix, boosting the overall stiffness of the porous support. This reinforcement prevents the collapse or deformation of macrovoids and flow channels under transmembrane pressure, a phenomenon known as pore compaction. Specifically, the interfacial adhesion between the PSU and the rigid cellulose/lignin components of the MDF residue restricts polymer chain mobility, preserving the pore structure and maintaining smooth water transport pathways even at higher pressures. This supports the findings of Zhang, et al. (2022) [44], where the network of physical interactions between the additive and the polymer strengthens the pore walls, allowing the membrane to operate more effectively at increased pressures.



All samples showed a sharp decline in flux during the first 30 min, after which it stabilized. This pattern is typically associated with initial mechanical compaction, in which hydrostatic pressure physically rearranges polymer chains and compresses the porous structure until a stable hydraulic resistance is achieved, as discussed in the literature on phase inversion membranes [13,15,46].



The comparative data in Table 4 confirm the high performance of the developed membranes. At both 1 and 2 bar, the 3MDF and 5MDF samples consistently outperformed various literature benchmarks, including membranes modified with carbon nanotubes, commercial surfactants, and noble nanoparticles (TiO2). Notably, at 2 bar, the MDF-reinforced structure achieved a flux that was up to 300% higher than that of commercial polysulfone standards. These results validate the use of MDF waste not only as a sustainable filler but also as a superior additive for producing high-flux membranes that surpass current technical and commercial standards.



The decline in permeate flux for membranes with higher MDF loadings (7MDF and 10MDF) can be explained by two synergistic phenomena. First, the significant increase in dope solution viscosity (as shown in Table 2) delays demixing during phase inversion. This slows the exchange between NMP and water, resulting in a thicker, denser selective layer that increases hydraulic resistance. Second, at these higher concentrations, the likelihood of filler agglomeration increases. These MDF clusters act as physical barriers, disrupting the formation of continuous macrovoids and reducing the matrix’s effective porosity, as supported by the lower total thickness and porosity values observed for the 10MDF sample [1,28].



The selectivity results (Figure 8) show that adding MDF residue at levels up to 5 phr improves membrane performance, especially under higher hydrostatic pressure. The 3MDF and 5MDF membranes demonstrated “self-stabilizing” behavior, where increasing the pressure from 1 to 2 bar led to improved rejection efficiency (91.9% for 5MDF) without reducing turbidity removal (95.8%). This effect is supported by Mokhtar, et al. (2023) [32], who found that cellulosic additives in PSU matrices act as structural reinforcers, boosting both hydrophilicity and pore stability during operation.



Unlike pure PSU, where compaction often leads to flux loss, the optimized compositions (3 and 5 phr) leveraged the rigidity of the MDF to maintain active, selective flow channels. According to Amusa, et al. (2021) [43], the compatibility between lignocellulosic biomass and PSU is crucial; moderate loadings ensure uniform dispersion that strengthens the pore walls, preventing elastic deformation that would otherwise allow solute passage at higher pressures.



Conversely, the sharp decline in selectivity for the 7MDF sample at 2 bar (R% of 64.7% and turbidity of 85.6%) indicates that a critical filler loading was reached. At higher concentrations, the interface between the lignocellulosic fiber and the polymer may experience microscopic adhesion failures. As Deepa and Arthanareeswaran (2022) [52] state, excess additives can create preferential pathways (interfacial voids) that, while stable at low pressures, expand under 2 bar, allowing colloids and emulsified fats to pass through. Therefore, the 3 and 5 phr MDF compositions are the most promising, offering a balance of high selectivity and the structural strength needed for industrial-scale dairy effluent treatment.



The chemical stability of the PSU/MDF composite membranes is crucial for their application in dairy effluent treatment, which often involves chemical cleaning (Cleaning-in-Place) with acidic and alkaline solutions. PSU is known for its high chemical resistance, maintaining structural integrity across a wide pH range (2–13) and resisting degradation by common cleaning agents [2,53]. Adding MDF residue as a physical filler does not weaken this stability, as confirmed by FTIR analysis. The lignocellulosic parts of the MDF are physically protected within the strong, chemically inert PSU matrix. This protective effect allows the composite membrane to resist acid and base washes without significant loss of selectivity or mechanical strength, consistent with literature on the chemical cleaning of PSU membranes in dairy applications and the protection of natural fibers by polymer matrices [17,54,55].



The data presented in Table 5 provide a quick comparative reference between the membranes developed in this study and various polymeric systems reported in the recent literature. It is observed that the 3MDF and 5MDF membranes achieve a superior balance between high porosity (~79%) and selective efficiency (~90% milk rejection), thereby maintaining separation stability superior to that of conventional additives. Furthermore, the mechanical reinforcement and the reduction in contact angle (~62°) confirm that the use of MDF residue not only acts as a sustainable and low-cost filler but also confers high-performance properties to the PSU membranes, matching or exceeding the performance of several systems modified with nanomaterials.





4. Conclusions


This study confirmed the development of PSU/MDF composite membranes as an environmentally and technically sustainable solution aligned with circular economy principles. The results showed that polysulfone maintained its structural integrity and inherent thermal stability, providing a high-performance base for incorporating lignocellulosic waste without compromising its essential engineering properties. MDF residue proved effective as a functional additive, with its interactions and dispersion within the matrix enhancing surface hydrophilicity and influencing the porous structure, as evidenced by ATR-FTIR and SEM analyses. Additionally, adding MDF provided significant structural reinforcement, increasing the elastic modulus and stiffness of the membranes. This mechanical improvement, supported by data on porosity, EWC, and pore size, was essential in maintaining structural stability and preventing pore deformation under hydraulic pressures up to 2.0 bar. Regarding separation performance, membranes with 3 and 5 phr of MDF achieved the best balance between permeability and selectivity, maintaining high rejection rates and excellent permeate clarity, both critical for industrial processes with strict operational and cleaning requirements. Ultimately, these findings demonstrate that reusing MDF waste in engineering polymers is a practical strategy for producing advanced, cost-effective materials capable of withstanding demanding conditions, thereby supporting sustainable water management and resource recovery in the energy and process sectors.
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Figure 1. Schematic representation of the filtration setup employed to measure the permeate flux using water [13]. 
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Figure 2. FTIR spectrum of the membranes recorded within the wavenumber range of 4000 to 400 cm−1. 
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Figure 3. Water Contact Angle for Flat Membranes of Pure PSU and Its Analogs Containing MDF Residue. 
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Figure 4. SEM micrographs of the membranes, highlighting the surface morphology and the cross-sectional structure of the developed materials. 
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Figure 5. Physical and structural parameters of the PSU/MDF membranes as a function of filler content: porosity (ε), equilibrium water content (EWC), and mean pore radius (rm). The data labels represent the mean values for each composition. 
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Figure 6. Effect of different MDF concentrations on the mechanical properties of the membranes: (a) Elastic Modulus and (b) Tensile Strength and Elongation. 
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Figure 7. Hydraulic performance of pure PSU and PSU/MDF membranes: (a) pure water flux at 1 bar pressure and (b) pure water flux at 2 bar pressure. 
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Figure 8. Performance of PSU and PSU/MDF membranes: (a) turbidity removal at 1 and 2 bar; (b) rejection efficiency of dairy effluent at 1 and 2 bar. 
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Table 1. Composition of polymeric solutions varying the MDF content.
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	Membrane
	NMP (wt%)
	PSU (wt%)
	MDF (phr 1)





	PURE PSU
	85
	15
	-



	1MDF
	85
	15
	1



	3MDF
	85
	15
	3



	5MDF
	85
	15
	5



	7MDF
	85
	15
	7



	10MDF
	85
	15
	10







1 phr = parts per hundred resin.













 





Table 2. Composition and Viscosity of the Solutions.
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	Membrane
	Viscosity (mPa·s)





	PURE PSU
	397.1



	1MDF
	419.4



	3MDF
	431.7



	5MDF
	437.6



	7MDF
	443.4



	10MDF
	471.4










 





Table 3. Total thickness and filtration-layer thickness of the membranes obtained from SEM analysis.
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	Membrane
	Skin Layer Thickness (µm)
	Total Thickness (µm)





	PURE PSU
	0.87 ± 0.13
	135.85 ± 8.81



	1MDF
	2.36 ± 0.81
	163.01 ± 1.44



	3MDF
	2.32 ± 0.55
	128.05 ± 3.67



	5MDF
	2.29 ± 0.25
	103.21 ± 5.19



	7MDF
	2.48 ± 0.80
	152.23 ± 7.13



	10MDF
	1.75 ± 0.83
	71.88 ± 7.52










 





Table 4. Comparison of PWF results obtained with other membrane systems.
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	Pressure

(Bar)
	Membrane
	PWF

(L·m−2·h−1)
	References





	1
	1MDF
	~78
	This work



	
	3MDF
	~98
	This work



	
	5MDF
	~89
	This work



	
	7MDF
	~99
	This work



	
	10MDF
	~62
	This work



	
	PSU + Nanotubes + PVP
	~48
	[47]



	
	Pure PSU
	~46
	[48]



	
	PSU + Synperonic F108
	~55
	[48]



	
	Cellulose Nanofiber + Hydrochar
	~56
	[49]



	2
	1MDF
	~83
	This work



	
	3MDF
	~122
	This work



	
	5MDF
	~115
	This work



	
	7MDF
	~95
	This work



	
	10MDF
	~58
	This work



	
	Commercial Polysulfone
	~38
	[50]



	
	PSU + Wood extraction liquor
	~12
	[50]



	
	Pure PVDF
	~52
	[51]



	
	PVDF + TiO2
	~83
	[51]










 





Table 5. Comparative performance and structural properties of PSU/MDF membranes developed in this work versus polymeric membranes from the literature.
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	Membrane
	Additive
	Contact Angle

(°)
	ε

(%)
	rm

(nm)
	Young’s Modulus

(MPa)
	PWF 1–2 Bar

(L·m−2·h−1)
	R (%)—1 Bar
	References





	3MDF
	MDF
	~63.2
	~77.8
	~57.8
	~180.4
	~98–122
	~87.8
	This work



	5MDF
	MDF
	~62.5
	~79.0
	~62.5
	~192.1
	~89–115
	~89.2
	This work



	PSU + CNC
	Cellulose Nanocrystals

(CNC)
	~86.2
	~56.5
	-
	~258.2
	~63
	~59
	[56]



	PSU + CNF
	Cellulose Nanofiber

(CNF)
	~57.9
	~64.0
	~2.1
	234.5
	~72
	-
	[57]



	PSU + CNC
	Cellulose Nanocrystals

(CNC)
	-
	~80.3
	~14.0
	-
	~5
	~98.1 (indigo blue)
	[58]



	PSU + CNF
	Cellulose Nanofiber

(CNF)
	-
	~76.5
	~13.0
	-
	~3
	~96.5 (indigo blue)
	[58]
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