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Abstract

:

Ultrafiltration membranes are often considered a highly efficient technique for purifying oily wastewater. The primary objective of this research was to improve the performance and antifouling properties of PLA/PBAT membranes used in oily wastewater treatment by incorporating banana peel (BP) nanoparticles. Various characterization techniques, including field emission scanning electron microscopy (FESEM), wettability analysis, pure water flux measurement, porosity assessment, tensile analysis, and FTIR analysis, were employed to describe the prepared membranes. The results of the FT-IR test revealed that BP nanoparticles were effectively integrated into the PLA/PBAT membrane matrix. The contact angle decreased from 73.7° for the pristine PLA/PBAT membrane to 38.99° for the membrane incorporating 0.05 wt.% BP-NPs, indicating that the nanoparticles enhanced the hydrophilic characteristics of the membranes. A similar trend was observed for the pure water flux of PLA/PBAT/BP membranes, suggesting that membranes with a BP-NP concentration of 0.05 weight percent exhibited the highest pure water flux. This improvement can be attributed to the synergistic effects of the nanoparticles. Additionally, the presence of BP-NPs enhanced the mechanical properties of the membranes. Finally, an ultrafiltration system using oily wastewater as feed was employed to evaluate the performance of the prepared membranes. The finding demonstrated that PLA/PBAT/BP membranes exhibited a higher flux and a greater oil removal efficiency of 105.3 L/m2h and 95.2% compared to neat PLA/PBAT membranes (62 L/m2h and 88%), respectively.
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1. Introduction


The most widespread source of global water pollution is oil discharge from oil fields, typically ranging from 100 to 1000 ppm [1]. Effective treatment and removal of oily pollutants are essential for pollution management, with environmental standards requiring oil and grease concentrations in wastewater to be maintained below 10–15 mg/L [2].



Oily wastewater is a residual byproduct found in various industries, including food manufacturing, petrochemical plants, pharmaceuticals, and oil refineries [3]. Existing methods for separating oil-in-water mixtures, such as gravity separation, air flotation, adsorption, flocculation, and coagulation, often prove insufficient for emulsions with oil droplets as small as 0.1 μm [4].



The membrane technique has gained prominence for its ability to effectively separate stabilized oil/water emulsions. It offers advantages such as simplicity, quick processing, minimal space requirements, and high separation efficiency [5,6]. However, commonly used hydrophobic membrane materials like poly (vinylidene fluoride) and polysulfone cannot be easily biologically degraded, posing a risk of secondary contamination [7]. To address this, researchers have sought eco-friendly alternatives, and polylactic acid (PLA) has emerged as a promising biodegradable material [8,9].



Membrane fouling, caused by oil molecule accumulation, remains a significant concern for long-term operations. Hydrophilic membranes with pore sizes smaller than oil droplet diameters have been developed to combat fouling [10,11]. Previous research has focused on surface modifications and the incorporation of hydrophilic additives to enhance fouling resistance [12,13].



For instance, Liu et al. created a polylactide membrane embedded with TiO2 nanoparticles, achieving a high water flux of 950 L/m2h and 99% oil rejection [14]. Ismail et al. improved membrane performance by adding hydrous manganese oxide (HMO) nanoparticles to polyvinylidene fluoride (PVDF), achieving a pure water flux ten times higher than pristine PVDF membranes with 93% oil rejection [15].



Recent trends in membrane development emphasize not only performance improvement but also eco-friendly design practices. Researchers are exploring environmentally friendly solvents, additives, and polymers sourced from biological origins [16,17,18].



In recent years, there has been growing interest in using green additives derived from plant waste or sustainable resources. These additives are environmentally friendly, readily available, and cost-effective. They offer versatility in nanoparticle production for membrane manufacturing, promoting sustainability [19,20]. For example, Mingliang et al. developed a mullite ceramic membrane with recycled materials to separate oil-in-water emulsions [21]. Other studies have successfully utilized waste materials like corn straw and potato peel for selective oil/water separation [22,23,24]. Additionally, banana peel has been employed for various environmental applications [25]. For instance, Poonam used wasted banana peel as a biodegradable resource for manufacturing an ionic polymer membrane. Different studies have used green banana peel extract to fabricate membranes and showed promise in repairing epithelial lesions [26,27].



In this study, we modified PLA/PBAT membranes using green-banana-peel-derived nano particle (BP-NP) additives. Our investigation aims to assess how varying concentrations of BP-NPs affect the performance and morphology of the modified membranes, including structural features, porosity, pore size, contact angle, and functional group analysis. We evaluated the membrane’s performance in the removing of diesel oil from wastewater solutions. What makes this study unique is that it looks at the potential impact of green additives (BP) on the equilibrium characteristics of the PLA/PBAT membrane in the removal of oil in oil/water emulsion.




2. Methodology


2.1. Materials and Chemicals


Dichloromethane (DCM) was sourced from the German company Merck KGaA, Darmstadt, Germany. Sodium Decyl Sulfate (SDS) was procured from HIMEDIA in Mumbai, India. PLA with a molecular weight of 80,000 and PBAT with a molecular weight of 120,000 were acquired from Hubei Bluesky New Material Inc. Co. in Wuhan, China. The bananas were obtained from a local market in Baghdad, Iraq. Diesel oil was supplied by Al-Daura Refinery, also located in Baghdad, Iraq.




2.2. Green Banana Peel (BP) Powder Preparation


The banana peels were separated from the fruits, thoroughly cleaned with distilled water to remove any dirt, sliced into small pieces, and then dried in an oven at 65 °C for 48 h. After drying, the banana peel was ground into a powdered form using nano milling. Subsequently, the powdered peels were sieved to achieve a uniform particle size. To ensure complete removal of any remaining moisture, the powdered banana peels underwent an additional drying step in an oven set at 65 °C for 6 h. The dried powder was stored in a plastic container at room temperature until it was ready for use.



Furthermore, FT-IR was used to analyze chemical structures and identify functional groups. Figure 1A depicts the chemical structure of the banana peel [27].



The particle size of the powder was determined using dynamic light-scattering analysis (DLS) with a device from Brookhaven Instruments Corporation, Holtsville, NY, USA, revealing an average diameter of approximately 400 nm, as illustrated in Figure 1B.




2.3. Preparation of (PLA/PBAT/BP) Membranes


Initially, various quantities of BP nanoparticles, including concentrations of 0%, 0.0125%, 0.025%, 0.05%, and 0.1% by weight, were introduced into Dichloromethane (DCM). Following this, the mixture underwent ultrasonication for 1 h to ensure even distribution of additives and prevent agglomeration. Subsequently, a solution comprising 14% PLA and 4% PBAT was added to the mixture while vigorously stirring in a covered flask for 12 h, achieving a uniform solution. The addition of these two components was carefully controlled to prevent accumulation. The resulting homogeneous solution underwent sonication to eliminate any bubbles, as the presence of bubbles could compromise membrane quality. The same procedure was repeated for producing PLA and PBAT membranes without BP additives. Table 1 provides details of the components used in the nanocomposite membranes.



The fabrication of flat sheet membranes followed the phase-inversion method. A high-quality solution was applied onto a clean glass plate, and a mechanized knife with a 150 µm gap was employed to cast the flat sheet membrane. After 4 min of evaporation, the glass plate with the formed membrane was immersed in water to facilitate its natural detachment from the glass surface. Subsequently, it was transferred to another bath of coagulation water to completely remove any remaining solvents. The membranes were then placed in containers filled with deionized (DI) water and left at room temperature until further analysis.




2.4. Preparation of Oily Wastewater Feed Solution


A mixture consisting of diesel oil, distilled water, and sodium dodecyl sulfate (SDS) was prepared to create oil-in-water feed solutions with concentrations of 100, 200, and 300 ppm. The surfactant SDS was utilized to establish emulsion stability for the oil-in-water mixture, maintaining a weight ratio of 10:1 for diesel oil to SDS [28]. The preparation of synthetic oil-in-water emulsions was carried out using a mechanical mixer, specifically the Crown Professional homogenizer, operating at a speed of 12,000 rpm for approximately 15 min at room temperature. This process yielded a uniformly mixed, milky-colored fluid. The mean size of oil droplets within the resulting emulsion of oily wastewater was determined using dynamic light-scattering (DLS) analysis equipment (Brookhaven Instruments Corp., Holtsville, NY, USA), revealing an average diameter of approximately 49 nm.




2.5. The Characteristics of Membranes


To analyze the functional group properties of banana peel (BP) and membranes, Fourier-Transform Infrared Spectroscopy (FT-IR) was employed using an FTIR instrument (SHIMADZU, Kyoto, Japan, IR Affinity-1) from Japan. The data were recorded over a spectrum of frequencies ranging from 500 cm−1 to 4000 cm−1.



Surface and cross-sectional examination of PLA/PBAT and PLA/PBAT/BP membranes was conducted using a field emission scanning electron microscope (model Inspect-F50) manufactured by ELECMI in Estepona, Spain. For imaging preparation, the membranes underwent fracturing through exposure to liquid nitrogen and were subsequently coated with a thin layer of gold film using sputtering.



Porosity calculations were performed employing Equation (1). Initially, the membranes were subjected to a drying process at 45 °C for 12 h to eliminate any remaining moisture. Subsequently, the membranes were weighed, and this measurement was designated as W1. After that the dried membrane was soaked in water for one day and then removed from the water, any residual water droplets were carefully removed, and their weight (W2) was measured. Equation (1) was applied to the collected data, and three iterations of the technique were performed to calculate mean values [29]:


  ε   %   =     W   2   −   W   1     A l ρ   × 100 %  



(1)







In the provided equation above:




	
A represents the membrane area;



	
ρ represents the water density;



	
l represents the thickness of the membrane.








Additionally, the mean pore radius of the membrane can be determined using the filtration velocity technique, as outlined in the Gue–Elford–Ferry equation (Equation (2)) [30]:


   R m  =    ( 2.9 − 1.75 ε ) × 8 η L Q )   ε × A × Δ P     



(2)







In the provided equation above:




	
Rm represents the mean pore radius of the membrane (measured in meters, m);



	
η represents the viscosity of water;



	
Q represents the volume of pure water permeated per unit of time;



	
L represents the membrane thickness (measured in meters, m);



	
A represents the active membrane area (measured in square meters, m2);



	
ΔP represents the operating pressure (measured in Pascals, Pa).








Surface wettability was evaluated using the sessile drop technique and static contact angle measurement equipment (110-O4W CAM) from Tainan, Taiwan. The average contact angle was calculated based on measurements from at least three distinct samples, each prepared separately. To analyze the highly hydrophilic surfaces of the modified membranes, small strips (1 × 4 cm) of the membrane samples were cut and attached to a glass microscope slide using double-sided tape to create a flat viewing area. Subsequently, the glass slide was placed on a stage, and a 3.5 μL deionized water droplet was dispensed from a syringe onto the top of the membrane. The contact angle (CA) of the water droplet on the flat surface was then measured [31].



Tensile strength measurements were conducted using standardized electronic tensile testing equipment (CO-LTP-WDW-50) from Beijing, China, which was connected to computer software. The samples were uniformly cut into standard strips measuring 20 mm × 100 mm. During testing, the crosshead speed was set to 5mm/min, and the results were recorded accordingly [32].




2.6. Membrane Performance


Both the modified and unmodified membranes were assessed for their performance by measuring the flux of pure water, the flux of oil/water, and oil rejection using a crossflow filtering system at room temperature, as illustrated in Figure 2. Prior to conducting the permeation evaluation, the membrane was initially pressurized to 2 bars for half an hour until a stable flux was established. It was then dropped to the transmembrane pressure and water flux was measured for each membrane; information was taken at 10 min intervals. Pure water flux was evaluated following Equation (3) [33]:


  J =   Q   A t    



(3)







In the above equation provided:




	
J represents the permeate flux (measured in kg/m2·h);



	
A represents the effective membrane area (measured in square meters, m2);



	
Q represents the total collected permeate volume (measured in liters, L);



	
t represents time (measured in hours, hr).








The data presented are an average obtained from a minimum of three independent trials.



After completing the pure water flux (PWF) experiment, the membranes were subjected to an oil/water separation experiment using a similar setup. Similarly, the membranes underwent compaction during the oil/water separation experiment to achieve a stable flux condition. The flux and rejection (%) of the membranes were subsequently calculated using Equations (3) and (4) [34,35]:


  R e j e c t i o n % =   1 −   C p   C f     × 100 %  



(4)







In the provided above equation:




	
CP represents the concentration of oil in the permeate;



	
CF represents the concentration of oil in the feed.








To assess the oil recovery from both the feed solution and permeate, an oil content analyzer from HORIBA in Kyoto, Japan was used.



To evaluate the influence of experimental variables on oil rejection, the filtration procedure was carried out under the following conditions: a temperature of 25 ± 3 °C, pressure variations across the membrane (1.5, 2.5, and 3.5 bar), and an oil/water concentration ranging from 100 to 300 ppm.
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Figure 2. A crossflow filtering system. 






Figure 2. A crossflow filtering system.
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The antifouling characteristics of both the PLA/PBAT membrane and PLA/PBAT/BP membrane were assessed and compared through the following steps: first, the pure water flux through all membranes was determined. Next, the flux of the permeate (oil/water) solution was measured. Subsequently, after each testing cycle, the fouled membranes underwent a process of backwashing using distilled water for a duration of 1 h. Following the backwashing, the permeate water flux (PWF) of the cleaned membrane was evaluated.



The flux recovery ratio (FRR) and total resistance (Rt) were then estimated. The total resistance (Rt) can be further divided into two components: reversible fouling resistance (Rr) and irreversible fouling resistance (Rir). These calculations were performed using Equations (5)–(8) as appropriate [36]:


    F R R % =     J 2   J 1     × 100 %  



(5)






  R t % =   1 −   J p   J 1     × 100 %  



(6)






  R r % =     J 2 − J p   J 1     × 100 %  



(7)






  R i r % =     J 1 − J 2   J 1     × 100 %  



(8)







In the above provided equations:




	
J1 represents the initial flux of pure water (measured in L/m2h) before fouling;



	
J2 represents the flux of pure water (measured in L/m2h) after fouling;



	
Jp represents the permeate flux of oil/water (measured in L/m2h).










3. Results and Discussion


3.1. Membrane Characteristic


3.1.1. FT-IR Analysis


Fourier Transform Infrared Spectroscopy (FTIR) is a powerful technique for analyzing chemical structures and identifying functional groups present on membrane surfaces [37]. FTIR spectra of BP-NPs, PLA/PBAT, and modified membranes containing 0.05 wt.% banana peel powder were collected within the spectrum ranging from 4000 cm−1 to 500 cm−1. The spectral data were analyzed, and the results are presented in Figure 3.



Previous research on banana peel (BP) has indicated the presence of various polymers, including pectin, lignin, and hemicelluloses, which contain abundant organic compounds with functional groups such as –NH2, O-H, and –COOH [38,39]. A comparison between the unmodified (PLA/PBAT) membrane and the PLA/PBAT/BP membrane reveals additional absorption peaks in the latter’s curve. The peak observed at 3390 cm−1 corresponds to the O–H stretching vibration, which is a characteristic absorption peak [40]. The peak at 2927 cm−1 corresponds to the vibrational stretching of the C–H bonds. These findings suggest that BP-NPs exhibit activity within the PLA/PBAT casting solution and result in increased surface hydrophilicity in the blended membrane. The presence of peaks at 1464 cm−1 may be attributed to the asymmetric stretching of a phenol group. In addition, the FTIR spectrum of MB4 shows an ambient CO2 peak at around 2366 cm−1. Consequently, it can be inferred that the presence of these peaks provides evidence for the incorporation of BP-NPs, which enhances the hydrophilicity of the modified PLA/PBAT membrane.




3.1.2. FE-SEM Test


Field emission scanning electron microscopy (FESEM) was employed to examine the morphological changes resulting from the incorporation of BP-NPs into the casting solution. The analysis focused on both surface and cross-sectional views. Figure 4 displays the FESEM images of the PLA/PBAT membrane, including its top surface, and modifications made using varying amounts of BP-NPs, ranging from 0.0125 to 0.1 weight percent.



The FESEM image of the PLA/PBAT membrane (Figure 4 (MB1)) revealed a flat, uniformly compact, and smooth surface. The introduction of BP-NPs at a very low concentration of 0.0125 wt.% did not significantly affect the flat-sheet membrane’s surface, as shown in Figure 4 (MB2). However, a noticeable change in the top surface occurred when the loading ratio was increased to 0.025 wt.% (Figure 4 (MB3)). As the BP concentration continued to increase from 0.05 to 0.1 wt.%, distinct alterations in the membrane’s surface morphology were observed, as depicted in Figure 4 (MB4) and (MB5).



These analyses illustrate the influence of BP concentration on the compatibility of PLA/PBAT mixed membranes. The observed morphological changes with increasing nano-additive concentration can be logically explained, as a higher BP concentration may lead to an increase in the casting solution’s viscosity [17,41]. The increased viscosity of the casting solution may reduce the extent of mixing, and phase separation between the solvent and nonsolvent occurs to a greater extent [42].



The influence of the BP-NP concentration on the cross-sectional morphology of the “PLA/PBAT/BP” blended membrane is depicted in Figure 5. The PLA/PBAT membrane, as shown in Figure 5 (MB1), exhibited a homogeneous and symmetrical spongy-like structure throughout its cross-section, extending from the highest to the lowest point. A very thin active layer was observed on the upper surface of the membrane. Upon adding 0.0125 weight percent of BP to the casting solution, significant structural changes were evident, as depicted in Figure 5 (MB2). With an increase in the BP content within the membrane matrix, the cross-section displayed higher density characterized by larger and less frequent cavities. Additionally, the upper surface of the active layer exhibited increased density.



Similarly, an increase in BP-NP content led to a more compact arrangement on the upper surface, while the porous structure decreased, ultimately resulting in a denser structure, as illustrated in Figure 5 (MB5). In the absence of BP-NPs, as seen in Figure 4 (MB1), the intermolecular attraction between PLA/PBAT molecules intensified, leading to greater alignment and tightening of the pack support layer structure. During the phase inversion process, the membrane’s pore density decreased due to the presence of tighter and denser structures that hindered the permeation of nonsolvent through the membrane’s structure [43]. The incorporation of BP-NPs may reduce the intermolecular interaction between PLA/PBAT molecules, resulting in decreased molecular orientation and a less organized pack support layer.



This effect is attributed to the hydrophilic nature of BP-NPs, which accelerates the rate of solvent–nonsolvent exchange (coagulation water bath) during the phase inversion process. This, in turn, leads to the formation of new pores [44]. The hydrophilic functional groups present in BP enable BP-NPs to migrate toward the membrane surface, thereby enhancing the membrane’s hydrophilicity [45].




3.1.3. Membrane Porosity, Mean Pore Size and Thickness


Critical variables directly influencing membrane performance include porosity and pore diameter, as they play a significant role in determining the efficiency of oil/water separation [46,47]. Figure 6A illustrates the porosity of PLA/PBAT and PLA/PBAT membranes with varying amounts of BP-NPs. The porosity of the PLA/PBAT membrane (MB1) increased from 50% to 58%, 61%, and 63% for the MB2, MB3, and MB4 membranes, respectively, due to the presence of BP-NPs in the casting solution. Consequently, MB4 exhibited a membrane structure with increased porosity. The hydrophilic BP-NPs in the dope solution accelerated the demixing process, resulting in an increased porosity [48]. However, as the BP-NP concentration was raised to 0.1 wt.% in the solution, the membrane porosity decreased to 57%. One possible explanation is that as the quantity of BP in the dope solution increased, BP molecules migrated from the porous structure and aggregated toward the membrane surface [49]. Nevertheless, the porosity of BP-incorporated membranes remained higher compared to the neat PLA/PBAT.



Optimal membrane thickness typically falls within the range of 30 to 60 µm, although thinner membranes that maintain strength are also desirable [50]. Membrane thickness directly influences the solvent/nonsolvent inter-diffusion during the phase inversion process, as it is proportional to the polymer solution viscosity. Figure 6A displays the thickness of membranes fabricated using varying weight percentages of BP-NPs. The unmodified membrane had a thickness of 43 µm. Upon adding BP at a concentration of 0.025 wt.%, the thickness of MB2 and MB3 increased to 51 and 53 µm, respectively. Increased loading wt.% resulted in higher viscosity of the casting solution, leading to the formation of thicker layers (MB4 and MB5). The extended demixing process due to increased viscosity resulted in a longer precipitation process and thicker membrane formation [51,52]. Membrane thickness is a crucial factor affecting overall membrane performance.



Another vital characteristic impacting membrane performance is pore size [53]. Pore size measurements were significantly affected by the quantity of BP-NPs loaded within the PLA/PBAT membrane matrix (Figure 6B). BP-NPs substantially altered membrane pore sizes compared to the unmodified membrane (PLA/PBAT). MB2 had an average pore size of 25 nm, while the PLA/PBAT membrane (MB1) had an average pore diameter of 23 nm. Increasing the BP amount further enlarged the average pore size, reaching a maximum of 29 nm at a loaded BP concentration of 0.05 wt.% (MB4).



The presence of hydrophilic BP-NPs increased the rate of solvent–nonsolvent interchange in the membrane dope solution, allowing a greater amount of water to permeate into the membrane structure [54]. However, when the BP-NPs content reached 0.01 wt.%, the membrane’s average pore size began to decrease significantly as BP-NPs started aggregating on the membrane surface [55,56].




3.1.4. Hydrophilicity of the Membrane Surface


An important membrane feature is its hydrophilic surface, which can be assessed by measuring contact angles. Typically, a decrease in the contact angle of water indicates an increase in membrane hydrophilicity, whereas a larger contact angle suggests lower hydrophilicity [57]. Figure 7 displays the contact angles of water for both “PLA/PBAT” and “PLA/PBAT/BP” membranes fabricated using different concentrations of BP-NPs (0, 0.0125, 0.025, 0.05, and 0.1 wt.%). According to the data in Figure 7, the PLA/PBAT membrane exhibited the largest contact angle (73.71°), indicating the lowest hydrophilicity among the tested membranes. The incorporation of BP-NPs in the casting solution resulted in a reduction in contact angle (CA) values. Specifically, the CA values decreased from 73.71° to 50.8° and 41.3° for MB1, MB2, and MB3, respectively. The lowest contact angle (38.99°) was observed at a concentration of 0.05 wt.%. Therefore, it can be concluded that the inclusion of BP-NPs (up to 0.05 wt.%) as an additive positively affected the surface hydrophilic properties of the PLA/PBAT membrane. This finding can be attributed to the hydrophilic nature of BP-NPs. Previous studies have shown that BP-NPs migrate to the membrane’s surface layer during the fabrication process, resulting in increased hydrophilicity of the membrane’s surface layer. Similar findings have been reported in the academic literature [58,59]. Furthermore, the effect of BP-NPs on membrane contact angle (CA) values may be attributed to the reduction in interfacial energy and the high affinity between water and the hydrophilic nature of BP-NPs. Consequently, this leads to a reduction in CA values, indicating an increase in membrane hydrophilicity [60,61].



The water contact angle (CA) exhibited a slight increase when the added weight of the additive was raised to 0.1 wt.%, but it remained lower compared to the PLA/PBAT. Membranes altered with a weight percentage of 0.1% showed contact angles of approximately 51.88°. These observed outcomes are likely attributed to the aggregation of BP-NPs in a mesoporous structure, which reduced the effective surface area of the mesoporous material at higher concentrations of BP-NPs.




3.1.5. Tensile Strength, a Measure of Mechanical Properties


Mechanical characteristics of membrane strength represent an important measurement that indicates the long-term stability during industrial operation and its ability to withstand severe chemical cleaning. Figure 8 shows the findings of the study indicating “PLA/PBAT” tensile strength to be affected by the concentration of BP. The control (PLA/PBAT) membrane showed a value of 5.9 MPa, which was the lowest reported value compared to the other BP-modified membranes. Nevertheless, the membranes exhibited a significant increase in tensile strength, reaching an optimal value of 8.4 MPa, when including 0.05 wt.% BP-NPs in the dope solution. The enhancement may be due to the homogeneous dispersion of BP-NPs additives seen in the modified membrane, as well as the creation of a mechanically enhanced structure of membrane [62,63]. When the concentration of BP-NPs reaches 0.1wt. %, the PLA/PBAT/BP tensile strength of is reduced due to the aggregation of the BP-NPs. This impedes the dispersion of stress and has the capacity to impact the crystalline structure, resulting in a reduction in tensile strength [64,65].





3.2. Membranes Performance


3.2.1. PWF and the Oil Rejection


The effectiveness of a membrane depends on the interaction of many elements, such as pore size, porosity, and the membrane material hydrophilic properties [66,67]. The pure water flux and oil-in-water flux (at a pressure of 1.5 bar and an oil concentration of 100 ppm) were significantly impacted by the amount of BP-NP in the PLA/PBAT dope solution, as seen in Figure 9. The water permeates flux and oily wastewater permeate flux across the PLA/PBAT membrane were 62 and 28.6 L/m2h, respectively. Incorporating 0.05 wt.% of BP-NPs into the PLA/PBAT dope solution resulted in the maximum pure water permeability. Consequently, there was an increase in the pure water permeation to 105.31 L/m2h and 80 L/m2h for the permeate flux of oily wastewater. When the content of BP-NPs in the PLA/PBAT solution was increased, a rise in the porosity, average pore size, and hydrophilicity of the membrane was observed. This result can be used to explain the observed rise in PWP. It is important to note that the addition of more than 0.05 wt.% of BP-NPs led to a decrease in the permeate flux. The fabricated membranes at a concentration of 0.1 wt. % BP-NPs demonstrated a flux of pure water (64.64 L/m2h), and the oil-in-water flux resulted in a permeate of 39.6 L/m2h. The agglomeration of BP-NPs on the PLA/PBAT membrane surface, at concentrations higher than 0.05 wt.%, resulted in decreased pore size, porosity, hydrophilicity; this agglomeration was assumed to be the cause of the reduction in permeate flux [68,69]. Hydrophilic membranes often exhibit a strong affinity for water. They are capable of forming hydrogen bonds with water and have very high surface energy values.



Furthermore, the pure PLA/PBAT membranes have shown a retention rate of 88% for oil/water emulsions with a concentration of 100 ppm oil and a transmembrane pressure of 1.5 bar, as shown in Figure 9B. Simultaneously, the efficiency of rejecting the oil/water emulsion notably increased to about 93%, 93.3%, and 95.2% by including 0.0125, 0.025, and 0.05 wt.% BP-NPs into the PLA/PBAT dope solution, respectively. This behavior may be attributed to the presence of hydrophilic BP-NPs, which enhance the surface membrane hydrophilicity [70]. Water is easily trapped on the membrane surface, forming a layer of water. The hydrophobic nature of oil prevents it from adsorbing onto the membrane surface, because of the presence of the water layer. The improvement of surface structures in oil-in-water separation has led to the formation of oleophobic surfaces with less oil adhesion [71,72]. In addition, when the content of BP-NPs was raised to 0.1 wt.%, the (oil/water) emulsion rejection decreased to 89.5%. The reduction in the oil rejection may be attributed to a high amount of aggregation of BP-NPs. This leads to the intermittent creation of flaws through the membrane manufacturing process, which can negatively affect the percentage of membrane rejection [73]. Furthermore, researchers have also reported similar findings, indicating that raising the concentration of nanofillers causes the formation of agglomerates and a decrease in dispersion within the polymer matrix. This phenomenon may explain the observed reduction in rejection [74,75].




3.2.2. Effect of Operating Pressure on Membrane Performance


Optimizing operating conditions has a significant impact on the performance effectiveness of manufactured membranes. Herein, the effects of changing the transmembrane pressure range (1.5, 2.5, and 3.5 bar) on the oil rejection and permeate flux of the PLA/PBAT membrane (MB1) and the best PLA/PBAT/BP membrane (MB4) were examined (Figure 10).



Figure 10A demonstrates the impact of transmembrane pressure on the flux of oil/water through a permeable membrane under steady conditions. By raising the operating pressure between 1.5 and 3.5 bar, it is seen that the flux of oily wastewater also increases. Specifically, for MB1, the flux increases from 28.6 L/m2h to 75.7 L/m2h, and for MB4, the flux increases from 80 L/m2h to 135 L/m2h. It was found that the fluxes increased as the pressure increased. Flux is directly related to the net pressure difference across the membrane in the solution and diffusion model. An increase in the membrane pressure may cause some deformation in polymeric chains as well as in pores’ dimensions. More permeate passes through the voids as a result of chain movement. However, over time, membrane flux decreases because oil droplets that manage to pass through the surface of the membrane later block the pores available on the surface and throughout the cross-section. Moreover, the overall flux of the membrane decreases as a result of the formation of a resistant layer on the surface of the membrane. T. Mohammadi and A. Esmaeelifar studied the effect of operating pressure on the membrane permeate flux and found that increasing pressure increases permeation flux but higher pressures cause the cake layer formed on the membrane surface to compress, accelerating membrane fouling. Thus, at optimum pressure, permeation flux is high and the tendency of cake layer formation is low. According to Darcy’s Law, as pressure increases, while other operating parameters remain constant, permeation flux increases. Fouling experiments were carried out at different pressures. Investigations of permeation flux as a function of time at different pressures show that the trend in variations at all pressures is almost the same. In all cases, after a definite time, permeation flux reaches a constant value depending on the operating pressure. Flux decline at different pressures can be compared. The results showed that, at higher pressures, flux decline is greater. According to the results, at all pressure levels, after about 60 min, flux reaches a constant value. This is because, after this time, the cake layer reaches equilibrium and its growth ceases. Therefore, the cake layer resistance and subsequent permeation flux remain constant. Membrane resistance (Rm) does not change with pressure whereas fouling resistance (Rf) increases as pressure increases. Until a pressure of 3 × 105 Pa (3 bar), Rf increases; however, after that, it does not change considerably and remains nearly constant. Thus, a pressure of 3 × 105 Pa (3 bar) is the lowest operating pressure because, at higher pressures, permeation flux increases as pressure increases but Rf does not change any more [76,77]. Additionally, increasing the transmembrane pressure enhances the flux of the permeate by raising the shear stress on the membrane surface. This accelerates the removal of deposited solutes that cause a decline in flux [78].



The oil rejection of MB1 was 88% at 1.5 bar and decreased to 85% at 3.5 bar. However, when utilizing MB4, the oil rejection was 95.2% at 1.5 bar and 94% at 3.5 bar, as seen in Figure 10B. Similar findings have also been observed in other studies [79,80].




3.2.3. Influence of Feed Concentration on the Membrane Performance


Filtering experiments were carried out to assess the effectiveness of the manufactured membrane using feeds with varying oil/water emulsion concentrations (100, 200, and 300 ppm) at a pressure of 1.5 bar. Figure 11 illustrates the flux of three different feed solutions utilizing oil/water emulsions. The findings revealed that a concentration increase in the feed results in a reduction in the flux of the permeate of the oil/water emulsion. The findings (Figure 11A) demonstrated that the rate of permeate flux decreased as the oil content increased. The permeate of MB1 reduced from 28.6 to 11.2 L/m2h, and for MB4, it reduced from 80 L/m2h to 41 L/m2h as the oil concentration increased from 100 to 300 ppm. The oil molecule accumulation on the membrane caused a drop in permeation fluxes. This occurred due to blockage and/or reduction in the membrane pores size, leading to a decrease in the membrane’s permeation flux [81,82].



Furthermore, examinations were carried out to find out the impact of increasing the concentration of feed on the membrane’s rejection. The impact of various oil/water feed concentrations is seen in Figure 11B. Increasing the concentration of the oil/water emulsion results in an increase in membrane rejection. The rejection of oil by the PLA/PBAT membrane (MB1) was 88% at an oil concentration of 100 ppm, whereas the modified membrane (MB3) had an oil rejection of 95.2%. At an oil concentration of 300 ppm, the oil rejection increased to 88.7% for MB1 and 96.3% for MB3. The presence of oil molecules on the membrane surface may result in the formation of a compact thin layer, thus increasing the overall rejection rate [83,84].




3.2.4. Flux Recovery and Antifouling Efficacy Analysis


One of the most typical problems related to membrane technologies is membrane fouling, which may adversely impact the performance in terms of both the quality and quantity of the membrane. Attributes that a good membrane needs to have include a high rate of flux, great fouling resistance, and a satisfactory degree of separation efficiency that can be maintained for a long time [85]. Enhancing the hydrophilicity of membranes has long been recognized as an effective and suitable approach to addressing fouling problems. Since the development of membranes, this problem has attracted a significant amount of attention and interest [86]. Antifouling experiments were performed on both the pure and BP-modified membranes for two cycles of extended operation, which were then followed by a washing process (Figure 12A). The permeability of membranes remained mostly stable throughout operation with pure water. After one hour of operation, the flux across each membrane gradually decreased when the feed was replaced with oil/water emulsions. This is due to the oil accumulation on both the surface and inside the structure of the membrane. Then, both membranes underwent a 30 min cleaning process using deionized water in order to reinstate its initial flux. A similar process was carried out by Yang et al., who obtained similar outcomes with this type of behavior [87].



Figure 12B,C show the end results, which included determining the total fouling (Rt), irreversible fouling (Rir), and reversible fouling (Rr) in addition to the ratio of flux recovery (FRR). Figure 12B shows that the FRR of the PLA/PBAT membrane was 61%, whereas the PLA/PBAT/BP membranes achieved FRRs of 85%, 91%, 93%, and 81% for MB2, MB3, MB4, and MB5, respectively. The primary cause of membrane fouling is the adsorption of foulants into the surface of the membrane and their subsequent entrapment inside the pores. The Rr values found in all PLA/PBAT/BP membranes were higher than those of the pure PLA/PBAT membrane. In contrast, the Rir values exhibited a decrease compared to the pure PLA/PBAT membrane. The PLA/PBAT membranes exhibited Rt, Rr, and Rir values of 54%, 15%, and 38%, respectively. The PLA/PBAT/BP membrane exhibited percentages of 49%, 31%, and 18% for MB5, respectively, as seen in Figure 12C. The reduction in Rir and increase in Rr indicated that the oil particles that were accumulating on the membrane’s surface became easy to removed. Possible explanations include enhanced hydrophilicity and a homogeneous pore structure. Based on the obtained results, it appears that the modification of BP-NPs has the potential to enhance the effectiveness of antifouling for a PLA/PBAT membrane. Findings that were similar to this trend were also found in other studies [88,89].





3.3. Proposed Interaction Mechanisms


Research has shown that the addition of BP-NPs may enhance the performance and antifouling properties of modified membranes. The increased attraction between the BP nanoparticles and the PLA/PBAT series may explain the improved surface properties of the modified membranes. Based on the results, the PLA/PBAT and BP-NP membranes undergo the following interaction processes, which modify their interactions with water molecules, as shown in Figure 13. The inclusion of hydrophilic functional groups, which are flexible, may explain why the BP-NP chain and the PLA/PBAT chain are more compatible; this, in turn, causes the surface characteristics of PLA/PBAT MMMs to be changeable. This is a direct representation of the nature of the interactions between water molecules and the surface of the membrane. The presence of these functional groups facilitates the formation of hydrogen bonds between water molecules. As a consequence, a wetting layer is formed on the surface of the membrane, leading to substantial enhancement of both the wettability and permeability of the membrane. Consequently, the overall efficiency of the system is also much improved. Electronegative elements, such as oxygen, enhance the likelihood of hydrogen bonds being formed. Moreover, the strong electronegativity of oxygen causes most of its electron density to be pulled away from its covalent link with hydrogen. The interaction between hydrogen and oxygen atoms results in the creation of a sealed enclosure that can hold water, thereby causing an elevation in the hydrophilic nature of MMM.




3.4. Comparison in Relation to Other Literary Works


Table 2 shows a comparison of various membrane performances listed in the literature with that of the PLA/PBAT/BP membranes used in this investigation for the ultrafiltration application. The comparison took into account many properties of the membranes, such as the kind of additive, type of oil, oil concentration, porosity, contact angle (CA), flux, FRR%, and removal (%). Considering the efficiency of oil removal and the pure water flux compared to various membranes discussed in the scientific literature, the PLA/PBAT/BP membrane demonstrates good performance with a considerable proportion of removal.





4. Conclusions


In this research, phase inversion was used to syntheses PLA/PBAT and PLA/PBAT/BP membranes for the treatment of oily wastewater. BP-NPs were utilized to solve the fouling and wettability issues with PLA/PBAT membranes due to their high hydrophilic features. The incorporation of BP-NPs in the PLA/PBAT membrane matrix was confirmed using the FTIR test. The FESEM cross-section and surface pictures revealed significant changes in the membrane structure upon the addition of BP-NPs, which resulted in the enhancement of the porosity and pore size of the modified membranes. The tensile strength of the nanocomposite membranes was greater in addition to their enhanced porosity. By raising the BP-NP content to 0.05 wt.%, the nanocomposite membranes’ contact angle was dramatically reduced, leading to a notable improvement in pure water flux. The lowest (62 L/m2h) and highest (105.3 L/m2h) pure water flux corresponded to the unmodified and modified membranes with 0.05 wt.% of BP-NPs, respectively. Modified membranes (MB4) also showed the highest oil removal efficiency (96.3%) at 300 ppm. Hydrophilicity is the most important characteristic in fouling and FRR. As the membrane surface becomes more hydrophilic, the affinity of water molecules to interact with the functional groups of membranes rises, preventing organic foulant adsorption. A higher FRR (93%) was obtained for the modified MB4 membrane compared to FRR obtained for the unmodified MB1 membrane (61%). It was demonstrated that green membranes with various morphologies could be produced and used in various oily wastewater treatment processes. Nonetheless, a great deal of work still has to be carried out to create fully sustainable membranes that function at least as well as conventional membranes in real applications.
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Figure 1. Banana peel (A) chemical structure; (B) dynamic light scattering of the particle size. 
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Figure 3. FTIR for BP-NPs, PLA/PBAT and PLA/PBAT/BP membranes. 






Figure 3. FTIR for BP-NPs, PLA/PBAT and PLA/PBAT/BP membranes.



[image: Water 16 01040 g003]







[image: Water 16 01040 g004] 





Figure 4. FESEM top surface images for the PLA/PBAT/BP membranes. 
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Figure 5. FESEM images of cross-sectional for the PLA/PBAT/BP membranes. 
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Figure 6. (A) PLA/PBAT/BP membrane thickness and porosity; (B) mean pore diameter. 
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Figure 7. Contact angle of PLA/PBAT/BP membranes. 
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Figure 8. Tensile strength of PLA/PBAT/BP membrane. 
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Figure 9. PLA/PBAT/BP membrane performance (A); pure water flux, (B); oily water flux and rejection (for 100 ppm oil at 1.5 bar). 
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Figure 10. PLA/PBAT/BP membrane performance. (A) Flux of permeate; (B) rejection of oil (for 100 ppm oil at 1.5, 2.5, and 3.5 bar). 
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Figure 11. PLA/PBAT/BP membrane performance. (A) Flux of permeate; (B) rejection of oil for (100, 200, and 300 ppm oil at 1.5 bar). 
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Figure 12. (A) Membrane flux before and after cleaning; (B) FRR; (C) Rt, Rr and Rir of PLA/PBAT/BP membrane at 100 ppm oil and 1.5 bar of pressure. 
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Figure 13. Proposed interaction mechanisms between PLA/PBAT/BP membrane components. 
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Table 1. The composition of PLA/PBAT/BP membrane.
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	Sample
	PLA (wt.%)
	PBAT (wt.%)
	BP (wt.%)
	Solv. (wt. %)





	MB1
	14
	4
	0
	82



	MB2
	14
	4
	0.0125
	82



	MB3
	14
	4
	0.025
	82



	MB4
	14
	4
	0.05
	82



	MB5
	14
	4
	0.1
	82










 





Table 2. Performance comparison of PLA/PBAT/BP membrane with different kinds of polymers that have been enhanced by additives to remove oil from water.
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	Membrane
	Nanoparticle Type
	Oil Type
	Oil Conc.
	Porosity
	Contact Angle (O)
	Permeation

(L/m2h)
	FRR

(%)
	Removal (%)
	Ref.





	CSPNMs
	Corn straw
	n-hexane, toluene and diesel
	4,2,4/120 mL

(oil/water)
	/
	/
	660
	/
	>99.60
	[23]



	MCA-MCS- TiO2
	TiO2
	cyclohexane
	2/200 mL

(oil/water)
	/


	13.7
	109.5
	/
	99.4
	[90]



	PVC/MWCNT-g-GO
	MWCNT-g-GO
	oil
	/
	81.4


	13.9
	254
	/
	88.9
	[91]



	PVC-TiO2
	TiO2
	Oil and grease
	40.14 mg/L
	79.5
	62.5
	116
	89.9
	96.3
	[92]



	EGCG-PVDF
	EGCG
	diesel oil
	1 g/L
	/
	41
	735
	98.1%
	95.5
	[93]



	PVC/GO-ZnO
	GO-ZnO
	Industrial vegetable oil
	1000 mg/L
	increased
	67
	1526.71
	35.8
	99.55
	[94]



	FP@SA/CaCO3
	CaCO3
	Different oil
	20/20 mL

(oil/water)
	/
	0
	400
	/
	99.2
	[95]



	PPSU/TiO2
	TiO2
	oil
	/
	/
	64
	54.53
	82.5
	92.95
	[96]



	PVC/AAm-g-bentonite
	AAm-g-bentonite
	Crude oil
	400 mg/L
	71.22
	49.1
	293.14
	82.1
	93.2
	[97]



	PLA
	TiO2
	Different oil
	1/1 (v/v)

(oil/water)
	/
	0
	950
	/
	>99
	[14]



	PLA, PPC, PHB, PBS
	SiO2
	Oil and grease
	17.12 mg/l
	/
	/
	/
	/
	>98
	[98]



	PLA
	SiO2
	Different oil
	10/90 mL

(oil/water)
	/
	0
	1142-1485
	>90
	>99
	[99]



	PLA/PBAT/BP
	BP
	Diesel oil
	300 ppm
	68.1
	38.99
	105.3
	93
	96.5
	This work
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