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Abstract

:

Oily wastewaters are considered as one of the most dangerous types of environmental pollution. In the present study, the microfiltration (MF) process of model emulsions and real oily wastewaters was investigated. For this purpose, capillary polypropylene (PP) membranes were used. The experiments were conducted under transmembrane pressure (TMP) and feed flow rate (VF) equal to 0.05 MPa and 0.5 m/s, respectively. It was found that the used membranes ensured a high-quality permeate with turbidity equal to about 0.4 NTU and oil concentration of 7–15 mg/L. As expected, a significant decrease in the MF process performance was noted. However, it is shown that the initial decline of permeate flux could be slightly increased by increasing the feed temperature from 25 °C to 50 °C. Furthermore, Hermia’s models were used to interpret the fouling phenomenon occurring in studied experiments. It was determined that cake formation was the dominant fouling mechanism during filtration of both synthetic and real feeds. Through detailed studies, we present different efficient methods of membrane cleaning. Results, so far, are very encouraging and may have an important impact on increasing the use of polypropylene MF membranes in oily wastewater treatments.
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1. Introduction


Oily wastewaters from shipping may seriously damage the marine environment, human health, and natural resources [1,2,3]. Indeed, ships generate large quantities of effluents containing water, fats, hydrocarbons (benzene, toluene, ethylbenzene, xylene), metal ions, detergents, surfactants, and petroleum products, such as crude oil, diesel oil, gasoline, lubricant, and kerosene [4]. To counter this, restrictive environmental regulations, requiring effective treatments of wastewaters, have been passed. According to them, the maximum concentration of oil in oily wastewaters is 5–40 mg/L [5]. For instance, the International Maritime Organization (IMO) regulations (MARPOL (Marine Pollution) 73/78) require that the amount of oil discharged into the sea from ships should be less than 15 mg/L [6]. In turn, the Oslo-Paris (OSPAR) convention regulates the maximum oil concentration in the discharged wastewater as equal to 30 mg/L [7]. Consequently, oily wastewaters are of great interest for wastewater treatment research [8]. Nevertheless, the treatment of industrial oily wastewaters is an ambitious task as they are complex media characterized by diverse and changing composition [9]. Indeed, oily wastewaters may contain suspended and dissolved species differing in concentration, size, charge, and density [10].



Currently, oily wastewater treatment includes conventional methods, such as flotation, coagulation, and biological treatment. However, they usually do not ensure that the oil concentration in the treated wastewaters is within the permissible discharge limit [11,12]. Indeed, it has been widely reported [13,14,15] that traditional techniques are not efficient for the separation of wastewaters with low oil concentration and finely dispersed oil droplets. Moreover, there are several issues associated with the application of conventional techniques [16]. As described by Sun et al. [17], the most important limitations of traditional shipboard wastewater treatment systems include, for instance, (i) high capital investment, (ii) requirement of large onboard space and additional post polishing devices, and (iii) difficulties in operation and maintenance on ships, which are not suitable for onboard installation.



Therefore, membrane-based separation processes are competitive with the traditional techniques. This is related to the fact that they offer high-quality permeate and high separation efficiency, low energy consumption, module scalability, compact design, small chemical footprint, easy installation, and straightforward automation [5,12,18,19,20,21,22,23,24]. In view of the abovementioned excellent performance of membrane techniques, there is no doubt that they can be successfully used in oily wastewater treatment. Nevertheless, it is well known that the choice of technique used for oil–water separation depends on factors such as oil droplet size, oil concentration, and chemical composition. Microfiltration (MF), a pressure-driven membrane process, has widely been recognized as an effective pretreatment process for the separation of oil droplets, total organic carbon, chemical oxygen demand, and grease from oily wastewaters. A detailed overview on oily wastewater separation using the MF process can be found in a recently published review article [5].



It must be recognized that the economic and technological viability of the MF processes is limited by membrane fouling. Roughly speaking, fouling is a phenomenon characterized by a decrease in permeate flux over time, which leads to the loss of system performance, and it is caused by interactions between the membrane and the components in the feed solution. Accordingly, during filtration of oily wastewaters, membrane fouling may be caused by the blocking of membrane pores through adsorption of continuous or disperse phases of the emulsion or their deposition onto the membrane surface [25]. Consequently, it leads to increase in energy consumption, treatment time, membrane replacement costs, etc. [8,26,27,28,29]. Hence, from the standpoint of practical operation, it is necessary to regularly carry out an effective and efficient membrane cleaning to restore module performance. Generally, methods used to remove oil from the membrane surface and restore water flux include hydraulic, mechanical, and chemical cleaning [30]. It is important to note that cleaning requirements depend on the type of oily water systems and used membranes [12]. It is well known that the phenomenon of oil fouling can be limited by the use of hydrophilic membranes. However, in regard to industrial applications of the MF process, the chemical resistance of membranes plays a key role, which, in turn, is ensured by hydrophobic materials.



Commercially available membranes are divided into ceramic and polymeric membranes. However, a critical review of the available literature conveys an important concern for research. Most studies that reported the treatment of oily wastewaters and oil-in-water emulsions by the MF process tended to focus on the use of ceramic membranes (for instance, [8,12,31,32,33,34,35,36,37,38,39,40,41,42,43,44,45,46,47,48]). In turn, investigations on the application of polymeric membranes for this purpose were very limited and mainly included membranes made of materials such as polyacrylonitrile (PAN) [12], polyvinylidene difluoride (PVDF) [49,50,51], polytetrafluoroethylene (PTFE) [51], polysulfone (PS) [52,53], and PP [54,55]. Moreover, the weakness in the abovementioned studies is that they mainly focused on synthetic feed separation. Indeed, Tummons et al. [30] pointed out that approximately 75% of published studies on low-pressure-driven processes (MF and UF) used synthetic emulsions rather than real oily wastewaters. To the best of our knowledge, no single study exists which adequately demonstrates the application of polypropylene MF membranes for the treatment of industrial oily wastewaters.



Ceramic membranes have gained popularity due to their mechanical, thermal, and chemical stability [33,40,56,57,58,59,60] and lower sensitivity to adsorption [34] compared to polymeric membranes. However, the major limitations for their industrial application are the limited availability of pore size range [56] and high cost [33]. Indeed, the price of ceramic membranes is 5–10 times higher than that of organic membranes [41]. In turn, polymeric membranes are regarded as effective membrane types due to their low cost, high porosity and separation efficiency, and easy functionality [37,61,62]. For instance, it has been widely reported [63,64,65,66,67,68] that polypropylene is an excellent membrane material, due to its especially low cost and several superior properties such as chemical stability, solvent resistance, and high mechanical strength. However, the issue pertaining to its usage in the separation of oily wastewaters is its relatively high hydrophobicity and, thus, sensitivity to high-oil fractions [43]. Thus, since the economic and technological viability of separation processes plays a significant role in shifting the industry toward membrane techniques, studies on the treatment of industrial oily wastewaters by polymeric MF membranes is of paramount importance. Taking the abovementioned into account, herein, we demonstrate a pioneering study focused on the application of capillary polypropylene membranes for microfiltration of real oily wastewaters.




2. Materials and Methods


2.1. Oily Wastewaters


In the present study, synthetic and real wastewaters were used to investigate the performance of polypropylene MF membranes. Model emulsions with 50 mg/L, 90 mg/L, and 150 mg/L oil concentration were prepared in the laboratory by mixing different amounts of oil concentrate and distillate water. The real oily wastewaters were obtained from the harbor wastewater treatment plant. In this treatment plant, a process of slop oil recovery from bilge waters was performed. The formed aqueous phase (contaminated by the remainder of the oil) was first subjected to the treatment by coagulation/flotation, and the effluents were biologically purified. The oily wastewaters were mixed with treated municipal wastewaters in an amount up to 10 vol.% of the bioreactor, which allowed maintaining its uninterrupted operation. The main characteristics of the oily wastewaters used as a feed are shown in Table 1.




2.2. MF Process


The MF process was performed with the use of commercial polypropylene capillary membranes Accurel PP S6/2 (Membrana GmbH, Wuppertal, Germany). The capillary diameter and average pore size were equal to 1.8/2.6 mm and 0.2 µm, respectively. Two submerged membrane modules, MF1 and MF2, have been used. In order to study model solutions as a feed, the MF1 module containing two capillaries of a size equal to 0.54 m (F = 0.0061 m2) was used. In turn, the MF2 module was used to perform the long-term MF process of the real wastewaters collected from the wastewater treatment plant. In this module, three membranes with a length of 1.1 m (F = 0.0187 m2) were assembled. The increased length of the MF2 module allowed obtaining a length of capillary membranes similar to that of those installed in industrial modules. It provided an investigation of the fouling phenomenon and the MF process efficiency under conditions similar to those occurring in industrial installations.



The experimental setup is presented in Figure 1. The permeate flux was calculated on a basis of changes in the permeate volume over a determined period of time (2–15 min). The relative flux was determined as the ratio between the actual permeate flux and its initial value for distilled water. The MF process of the model emulsions (CF of 50 mg/L and 150 mg/L) was performed under transmembrane pressure (TMP) and feed flow rate (VF) equal to 0.05 MPa and 0.5 m/s, respectively. In order to investigate the impact of temperature on the permeate flux, the treatment process of the model solution (CF equal to 90 mg/L) was conducted at temperatures equal to 25 °C and 50 °C. The process of real oily wastewater filtration was carried out at ambient temperature (22–25 °C) under TMP of 0.05 MPa and VF of 0.8 m/s.




2.3. Membrane Hydrophilization


It is well known that the membrane wettability plays an important role in the filtration process performance. The Accurel PP S6/2 membranes used in the present study are hydrophobic; thus, water does not wet their pores. Therefore, before carrying out the MF process, the membranes were wetted. Generally, for this purpose, alcohols are used. In [69], it was shown that this purpose can be achieved more easily with isopropanol. However, when the water is filtered, the membranes regain their hydrophobic properties, and the wetting process has to be repeated several times. The applied procedure of membrane wetting applied in the present study is shown in Table 2. Between each stage performed, the water flux as a function of TMP was determined using a pressure in the range between 0.02 MPa and 0.107 MPa. The feed flow rate and temperature were set to 0.5 m/s and 22 °C, respectively. As expected, a linear relationship between distilled water permeate flux and TMP was noted. However, initially, the permeate J flux changed (Table 2). Finally, the maximum permeate flux under TMP of 0.05 MPa was equal to 590 L/m2h and 700 L/m2h for the modules MF1 and MF2, respectively.




2.4. Analytical Methods


The oil concentration in the examined samples was determined by means of the oil analyzer OCMA 310 (HORIBA, Kyoto, Japan). The turbidity was measured using the turbidimeter 2100 AN IS (HACH, Loveland, CO, USA) with a detection limit of 0.01 NTU.



The rejection coefficients R for oil and turbidity were respectively calculated as follows:


   R  oil   =    C F  −  C p     C F    100 % ,  



(1)






   R t  =    τ F  −  τ p     τ F    100 % ,  



(2)




where CF and Cp are the oil concentrations in the feed and permeate, respectively, and τF and τp are the turbidity of the feed and permeate, respectively.



The determinations of oil droplet size distribution were carried out using a laser light scattering system Mastersizer 3000E (Malvern Instruments, Grovewood Rd, UK).



The membrane morphology and deposit composition were studied using an SU8020 (Hitachi High Technologies Co., Tokyo, Japan) scanning electron microscope (SEM) coupled with energy dispersion spectrometry (EDS). All samples were sputter-coated with chromium. A mercury porosimetery (Autopore III, Micrometrics GmbH, Aachen, Germany) was applied to determine membrane structure.



The electrical conductivity, pH, and total dissolved solids (TDS) of solutions were measured using a 6P Ultrameter (Myron L Company, Carlsbad, CA, USA). This meter was calibrated for TDS measurements with NaCl using a TDS/Conductivity standard Solution (Myron L Company).




2.5. Modeling


In the present study, in order to analyze the fouling phenomenon during treatment of model emulsions and oily wastewaters by MF process, Hermia’s models were applied. As recognized in the literature, they are the most useful and applicable models to investigate the MF flux decline. Indeed, they have been widely applied in studies on the treatment of oil-in-water emulsions and real oily wastewaters by low-pressure-driven filtration processes, such as MF [8,20,38,39,40,41,44,52] and UF [70,71,72,73,74,75,76].



Hermia’s models are described in terms of permeation volume V and filtration time t, as follows [77]:


     d 2  t     dV  2    = k    (    dt   dV    )   n  ,  



(3)




where k is a constant and n depends on the fouling mechanisms, which include cake formation (n = 0), intermediate blocking (n = 1.0), standard blocking (n = 1.5), and complete blocking (n = 2.0) (Figure 2).



When oil droplets are larger than membrane pore sizes and do not enter into the membrane pores, cake formation is the dominant membrane fouling phenomenon [8,20,38,40,73] (Figure 2a). As a result, oil droplets form a gel layer on the membrane surface, which may increase the resistance to flow through the membrane, as well as change the efficiency of oil droplet removal. Permeate flux can be obtained by the following equation:


   1   J 2    =  1   J 0    2    +  K g  t ,  



(4)




where Kg is a constant.



Intermediate pore blocking occurs when the sizes of particles and membrane pores are equivalent [38,39,40,73] (Figure 2b). Consequently, oil droplets block some membrane pores or settle on other oil droplets. Permeate flux can be expressed by the following equation:


   1 J  =  1   J 0    +  K i  t ,  



(5)




where Ki is a constant.



Standard blocking considers that the oil droplets are smaller than the average pore size of the membrane [8,20,38,39,40,44,73] (Figure 2c). Consequently, the oil droplets present in the feed enter the pores and are adsorbed or trapped inside the pore walls, leading to a decrease in pore volume. The permeate flux is expressed as


   1   J  1 / 2     =  1   J 0  1 / 2     +  K s  t ,  



(6)




where Ks is a constant.



According to complete pore blocking model, it is assumed that the size of the droplets is bigger than that of the membrane pores; therefore, each oil droplet arriving at the membrane surface blocks the pore entrances [8,20,38,39,40,52] (Figure 2d), which leads to a decrease in the membrane surface. Permeate flux can be represented by the following equation:


  ln  1 J  = ln  J   J 0    +  K c  t ,  



(7)




where Kg is a constant.



The suitable fitness of the experimentally obtained data with the above-presented fouling mechanisms was determined by comparing the correlation coefficients (R2) reported from linear regression analysis using Equations (4)–(7). It was assumed that the equation with the best R2 value corresponded to the dominant membrane fouling mechanism [70].





3. Results and Discussion


3.1. Membrane Characteristics


The structure of used membranes was characterized using scanning electron microscopy (SEM) analysis (Figure 3). SEM studies revealed that the membranes were symmetric with a sponge-like structure. The tested membranes were produced for the MF process and according to the manufacturer’s instructions, suggesting that they could retain particles with a size of about 0.2 µm. In turn, a graphical representation (Figure 4) of the obtained mercury intrusion porosimetry data show that the average pore size of the studied membranes was in the range between 0.2 and 1 µm. The determined difference is related to the fact that the MF separation efficiency was determined by the dimension of “chambers” connecting the individual pore cells. As it can be observed (Figure 3b), these “chambers” were significant smaller.




3.2. MF of Model Emulsions


In the present study, to investigate the application of PP microfiltration membranes for the separation of oily wastewaters, the MF process of model emulsions with oil concentrations (CF) equal to 50 mg/L and 150 mg/L was performed. The experiments were carried out at ambient temperature (22 °C). The applied transmembrane pressure (TMP) and feed flow rate (VF) were equal to 0.05 MPa and 0.5 m/s, respectively. The permeate samples were returned to the feed tank for recycling, which limited the feed concentration.



As expected, for both studied model solutions, a significant reduction in membrane performance was observed (Figure 5). For the emulsion with CF equal to 50 mg/L, the relative permeate flux decreased to 48% of its maximum value within 20 min of the experimental run. After 60 min, it was equal to 30%, and, at the end of the process (90 min), a relative flux of 24% was noted. Although similar flux decline trends for the 150 mg/L oil emulsion were noted, in the first 60 min of the process run, a more noticeable permeate flux decline was observed. Indeed, the relative flux was equal to 42%, 26%, and 24% within 20 min, 60 min, and 90 min, respectively. Generally, this can be explained by the fact that, at higher feed concentration, the increased number of oil droplets present in the system led to increased membrane blocking propensity. Similar relationships between the permeate flux and oil concentration during MF of synthetic oily wastewaters using ceramic [12,34,36,38,40,44], coal-based carbon [78], and PAN [12] membranes have been reported in the literature. For instance, Li et al. [78] investigated the application of coal-based carbon membranes coupled with an electric field for oily wastewater treatment. For this purpose, the authors performed the MF process of synthetic wastewaters with oil concentrations equal to 50 ppm, 100 ppm, and 125 ppm. It was noted that, for the wastewaters with oil concentrations of 50 ppm and 100 ppm, the permeate flux decreased slowly, and, at the end of the process, it was equal to 184.48 L/m2 h bar and 166.04 L/m2 h bar, respectively. In turn, for the feed with an oil concentration of 125 ppm, the most significant permeate decline has been observed. At the end of the process, it was equal to 93 L/m2h bar.



It is clear that the noted decline of the permeate flux was caused by the fouling phenomenon. The results obtained from fitting of the experimental data to Hermia’s models (Table A1, Appendix A) demonstrate that, for both studied model emulsions, cake formation was the most dominant fouling mechanism leading to the flux decline during the studied processes. Therefore, it can be indicated that the more significant decrease in membrane performance during the treatment of emulsions with a higher oil concentration was due to a higher growth rate and a thicker layer of the coalesced oil stuck on the membrane surface, leading to more severe fouling resistance. Similar results were reported in [38,40,44], where it was demonstrated that the cake filtration model was the best model to portray the flux decline mechanism for MF of synthetic oily wastewater with ceramic membranes.



The effectiveness of the PP microfiltration membranes for the treatment of model emulsions was assessed by permeate quality. Figure 6 shows the changes in oil concentration in the permeate obtained during the conducted experiments. It was found that, during the first 40–60 min, the oil concentration in the permeate increased from 6 mg/L to 8.5 mg/L and from 7 mg/L to 11 mg/L for emulsions with CF equal to 50 and 150 mg/L, respectively. Subsequently, the permeate quality improved, and an oil concentration of 5–7 mg/L was reported. The most crucial result to emerge from these data is that performing the MF process of model emulsions with the PP microfiltration membranes ensured an oil removal percentage Roil (Equation (1)) equal to at least 90%. Comparing these data with those available in the literature, this can be considered satisfactory. For instance, Ebrahimi et al. [11] showed that ceramic (Al2O3) MF membranes (pore size of 0.1 and 0.2 µm) were able to provide oil removal from model emulsions in the range from 58% to 82% at TMP equal to 0.1 MPa and a feed temperature of 60 °C.



It is essential to mention that greater stability in the permeate quality was achieved for the feed with a lower oil concentration (CF = 50 mg/L). In turn, for the emulsion with CF equal to 150 mg/L, after a significant decrease in the oil concentration (Figure 6, 60 min), the oil content increased and then decreased again (80 min). This observation may indicate that some larger oil drops flowed periodically through the membrane and reached the permeate stream. This conclusion is confirmed by the results obtained from the investigation of the droplet size distribution in the permeate (Figure 7). Since the majority of the membrane pores had a size below 1 µm (Figure 4), the detection of such large oil drops (above 5–10 µm) in the permeate could have been caused by the accumulation of oil droplets on the membrane surface and their coalescence during the filtration run. The phenomenon of oil droplet coalescence and permeation through the MF membrane pores was also observed in previous studies, in which ceramic membranes were used for separation oil-in-water emulsions [40,48] and synthetic oily wastewater [38].



In this part of the study, the MF process of the feed from the tank (5 L) previously unmixed was examined. The conducted study on the droplet size distribution in the feed (Figure 8) showed that the feed parameters changed during the MF run. In the first minutes of the process, a multimodal distribution in the droplet size ranging from 10 to 100 µm was observed. Then, some of the droplets agglomerated, and the presence of droplets with a size of up to 1000 µm was recorded. Such large droplets were released from the feed, and the formation of an oil film on the liquid surface was observed. As a consequence, droplets with a distribution of 10–100 µm remained in the emulsion, and this phenomenon was more intense for a more concentrated emulsion (CF = 150 mg/L, Figure 8b). The observed phenomenon indicates that the connection of the MF installation with the clarifier enabled the separation of the oil phase from the surface of the concentrated feed.



It should be emphasized that studies focusing on membrane cleaning are of great importance for the MF practical applications. Indeed, recovery of the membrane performance is essentially required in order for its reuse. Therefore, in the present study, as soon as each MF run was completed, the procedure of membrane cleaning has been performed. Figure 9 shows the variations in permeate flux during the membrane cleaning after the treatment of model oily wastewater with CF equal to 150 mg/L. As expected, membrane cleaning with distilled water was not efficient. However, it was found that 16 h of soaking the membrane in distilled water (so-called osmotic washing) followed by membrane rinsing with a hypochlorite solution NaClO for 15 min was efficient. Similar results of the membrane cleaning performance were obtained after the MF process of the less concentrated emulsion (CF = 50 mg/L). Lastly, the obtained results allowed indicating that the cake layer formed on the membrane surface during the MF of model emulsions was irreversible, thus requiring the cleaning procedure including osmotic washing and chemical cleaning to be performed. Interestingly, in the literature, various chemical agents have been used to clean polymeric MF membranes fouled by oil-in-water emulsions. For instance, Li et al. [49], in order to clean a hydrophilic PVDF membrane (pore size of 0.15 µm) after microfiltration of an oil-in-water emulsion, used demineralized water and Ultrasil P3–25F solution (0.5% in demineralized water, Henkel, Germany). In turn, Mueller et al. [12] showed that alkaline–acidic–alkaline cleaning of a PAN membrane fouled by oily water was the most effective method. For this purpose, the authors used anionic caustic detergent (pH of 12.1, Zenon) and citric acid (pH of 1.4).



It is well known that operational temperature is an important parameter which may enhance the MF process performance. Moreover, the permeate flux not only depends on the TMP, but also on the membrane resistance Rm and the liquid viscosity µF (Figure 8). Since, oils are characterized by high viscosity, an investigation of the impact of the feed temperature on the PP membrane permeability used for the treatment of oily wastewaters is of great importance.


  J =   TMP    µ F   R m    .  



(8)







In the present study, in order to study the effect of temperature on the permeate flux, the MF process of model emulsions with CF equal to 90 mg/L was conducted at 25 °C and 50 °C, using a laboratory thermostat (Julabo, 5 L) as a feed tank. As observed (Figure 10), the permeate flux slightly increased upon increasing the feed temperature. Indeed, at a higher temperature, at the end of the process run, the relative permeate flux was equal to 0.3, which was 0.04 p.p. higher than that obtained at a temperature of 25 °C. This observation can be explained by the fact that an increase in temperature led to a decrease in the emulsion viscosity. In addition to the effect on viscosity (Equation (8)), this resulted in an increase in diffusivity and Reynolds number, which, in turn, increased the mass transfer coefficient in the membrane channel [51]. Moreover, since fitting the experimental data to Hermia’s models (Table A1, Appendix A) revealed that cake formation was the most dominant fouling mechanism during the MF process performed at both 25 °C and 50 °C, it can be indicated that increasing the feed temperature allowed reducing the internal attractive force between the membrane surface and cake layer [44]. The results obtained in the present study are in good agreement with the findings demonstrated in several previous works, where it was indicated that an increase in temperature allowed increasing the permeability of ceramic [31,34,44,45], PVDF [50], and PTFE [51] microfiltration membranes employed for treatment of synthetic and real wastewaters. For instance, Wang et al. [50] investigated the effects of operational temperature on the performance of a PVDF microfiltration membrane used for the treatment of laboratory-made emulsified oily wastewater. The authors demonstrated that increasing the temperature from 30 °C to 50 °C led to an increase in the permeate flux from about 75 L/m2h to about 83 L/m2h.



It was found that, after the MF process performed at a temperature equal to 50 °C, osmotic membrane washing followed by cleaning with NaClO solution was efficient (Figure 11). Taking the abovementioned into account, it can be summarized that the presented membrane cleaning protocol ensured a restoration of membrane performance after the treatment process of model emulsions conducted under the entire applied range of temperature (22–50 °C) and oil concentration in the feed (50–150 mg/L).




3.3. MF of Real Oily Wastewaters


Encouraged by the aforementioned results, we next sought to determine the efficiency and performance of the capillary polypropylene MF membranes used for treatment of industrial oily wastewaters. The initial feed volume was equal to 1.9 L, and the ratio of feed volume to membrane area was 311 L/m2. Figure 12 shows the variations of permeate flux and oil concentration in the feed during the MF of the oily wastewater #1 (Table 1). The process was performed at ambient temperature (22 °C). TMP and VF were maintained at 0.05 MPa and 0.5 m/s, respectively. As expected, a significant reduction in the permeate flux was noted. The initial permeate flux (627 L/m2h) declined sharply in the initial period of the experiment. Indeed, it decreased to 326 L/m2h, 219 L/m2h, and 182 L/m2h after 5 min, 10 min, and 15 min, respectively. Finally, a steady flux of 64 L/m2 bar was achieved. This demonstrates that performing the MF process of industrial oily wastewaters led to a 90% decrease in the membrane performance.



Hermia’s models were employed in order to determine the fouling mechanism of the used membranes. The obtained results (Table A1, Appendix A) allowed indicating that the dominant mechanism of flux decline during the MF of real oily wastewater was cake formation. This result indicates that most of the feed components that were rejected by the membranes were much larger in size than the pores of the membranes. Consequently, the membrane surfaces were covered with a layer of a permeable cake. This finding is consistent with earlier results [52,71], wherein it was shown that cake formation was dominant mechanism leading to flux decline during MF of real oily wastewaters.



Performing the MF process of the industry oil wastewater allowed obtaining a concentrated feed. Indeed, the oil concentration increased from 90 mg/L to 135 mg/L (Figure 12). It is worth noting that an initial decline in oil concentration was observed. This is clearly related to the fact that, before carrying out each series run, the system was cleaned by a hypochlorite solution, leading to oil adsorption on the installation surface.



In turn, the feed turbidity increased from 53.6 NTU to 156 NTU after 265 min of the process run (Figure 13). Analysis of the obtained permeate (Figure 13) shows that the use of PP microfiltration membranes ensured obtaining a high-quality permeate characterized by turbidity in the range 0.2–0.33 NTU and oil concentration in the range of 7–15 mg/L. Thus, the results highlight the efficiency of PP microfiltration membranes in the treatment of real oily wastewaters. Importantly, the noted level of oil concentration in the obtained permeate is in line with the requirements of the MARPOL Convention. Consequently, this result indicates that the used PP membranes ensured a filtrate that was pure enough to be discharged into the environment. To sum up, the results obtained in the present study demonstrate that the microfiltration PP membranes provided oil and turbidity removal efficiencies (Equations (1) and (2)) equal to 83.33% and 99.38%, respectively.



It has to be pointed out that the obtained results (Figure 13) are closely comparable with those described in the literature for MF of real wastewaters. For instance, Abadi et al. [31] demonstrated that a tubular ceramic membrane (α-Al2O3) with a pore size of 0.2 μm could be successfully applied for the treatment of oily wastewaters coming from API effluent of a Tehran refinery. The authors showed that the membrane used provided reductions in oil and turbidity equal to 85% and 98.6%, respectively.



It was found that, contrary to the droplet size distribution for model emulsions (Figure 8), the particle size distribution in the real oily wastewater did not change significantly during the MF process (Figure 14). This is due to the fact that the majority of the feed contained particle sizes corresponding to a solid suspension, which thickened but did not agglomerate. The peaks around 100 µm correspond to oil droplets which, similarly to studied MF of model emulsion (Figure 8), agglomerated during the process and increased to 1000 µm (line t = 40 min) before disappearing, leading to a dominant size in the range of 10–100 µm (line t = 120 min).



The study of the droplet size distribution in the permeate obtained during the first and last 30 min of the MF process run showed some differences (Figure 15). At the beginning of the process, when the membrane was probably less contaminated, the coalescence and agglomeration processes were more intense and, as a consequence, larger droplets were formed, especially in the ranges of 10–30 µm and 90–110 µm. A similar effect occurred during the MF of model emulsion (Figure 7). However, the formation of a filter cake on the membrane surface changed these effects, whereby, at the end of the process, significantly smaller droplets, mainly below 10 µm, were present in the permeate.



In addition, it was determined that the earlier-presented protocol of membrane cleaning was also effective after the MF process of real wastewaters. Figure 16 shows the variations in permeate flux during membrane cleaning after MF of oily wastewater #1. Indeed, osmotic washing followed by cleaning with NaClO solution allowed a 90% restoration of membrane performance.




3.4. Long-Term MF of Real Oily Wastewaters


In order to investigate the application of polypropylene MF membranes for long-term treatment of real oily wastewaters, the MF2 module was used. This was motivated by the fact that this module has a length corresponding to that of membranes used in the industry. In the first stage of the long-term MF studies, the treatment of the real oily wastewater #2 (Table 1) was performed. The process was conducted at ambient temperature (22 °C). The TMP and VF were equal to 0.05 MPa and 0.5 m/s, respectively. As stated before, the initial performance of the membrane module (tap water as a feed) under abovementioned conditions was equal to 700 L/m2h. It can be clearly observed that, during the MF of oily wastewater, the permeate flux was significantly reduced (Figure 17). Indeed, the obtained steady state permeate flux was equal to about 55 L/m2h. This result indicates that, during the treatment of studied wastewater, the module performance was equal to about 8% of its maximum value.



It has to be pointed out that performing the MF process of real oily wastewater #2 ensured high values of the water recovery coefficient (Figure 17). Indeed, after 165 min of the experiment run (series S1), it was equal to 97%. Hence, due to the small amount of liquid remaining in the feed tank, a consecutive portion of the wastewater was added. The process was further carried out (series S2), and the overall coefficient of water recovery was about 99% at the end of the process (345 min).



The achievement of high values of water recovery coefficient in the MF process led to a significant concentration of suspended solids in the feed. As a result, a rapid increase in feed turbidity was observed. Carrying out the MF process allowed increasing the feed turbidity ninefold, from 352 NTU to 3200 NTU (Figure 18). Importantly, despite the high values of feed turbidity, the use of PP microfiltration membranes ensured obtaining a high-quality permeate. Indeed, it was noted that, during the first 160 min of the process, the permeate turbidity decreased from 1 to 0.4 NTU and remained at this level until the end of the experiment. This clearly indicates that, in the long-term MF process, the used membranes provided a turbidity removal efficiency Rt (Equation (2)) equal to 99.98%. The key highlight is, therefore, that the used PP membranes also showed excellent separation properties in the long-term oily wastewater treatment process.



After completing the treatment process of oily wastewater #2, the membranes were cleaned. As presented before (Section 3.3), module cleaning with sodium hypochlorite solution is an effective method. However, it should be emphasized that this agent may be destructive for membrane installations. Therefore, taking into account that the resistance of membranes and installations to chemical agents is one of the basic conditions required for industrial membrane application, at this stage of the studies, the effectiveness of membrane cleaning with less aggressive solutions, such as NaOH and H3PO4, was investigated. The results presented in Figure 19 demonstrate that rinsing the MF2 module with water did not lead to a recovery of its initial performance. This clearly indicates a significant contribution of irreversible fouling to the permeate flux decline. However, it was found that a long period of membrane contact with distilled water (osmotic washing) was advantageous and allowed increasing the module performance to a significant degree. Similar results for the tested membranes (Accurel PP S6/2) were also obtained during the studies of the MF process in a membrane bioreactor [79]. Unfortunately, after 2 days of such MF2 module cleaning, its performance increased only to 270 L/m2h. Therefore, chemical cleaning including module rinsing with NaOH and H3PO4 solutions was performed. As a result, the module performance increased to 478 L/m2h.



In the next stage of the studies, the MF of real oily wastewater #3 was performed. As shown in Figure 17, although wastewater #3 was characterized by significantly higher initial turbidity (585 NTU) than oily wastewater #2 (354 NTU), for both studied feeds, the decrease in PP membrane performance was similar. Moreover, the investigation of fouling mechanisms based on Hermia’s models (Table A1, Appendix A) elucidated that the flux decline during treatment of wastewaters #2 and #3 was mainly caused by the formation of a cake layer on the membrane surface.



The measurements of changes in the feed and permeate turbidity during the MF of oily wastewater #3 demonstrated that the final turbidity of the feed was equal to 1920 NTU, whereas the permeate turbidity was stabilized at a level of 0.35 NTU. Furthermore, it was found that the used PP membranes provided a 78% recovery of water from wastewater in this case (Figure 17). Importantly, these findings indicate that the used PP membranes also showed excellent separation properties in the long-term oily wastewater treatment process. Undoubtedly, it shows their potential in the industrial applications.



After filtration of oily wastewater #3, module cleaning was conducted. It is noticeable that, after one run of the chemical cleaning, the module performance was low (390 L/m2h). With regard to this, the cleaning procedure was repeated. Finally, the permeate flux increased to almost 500 L/m2h, which is similar to that noted at the beginning of the presented studies.



The results obtained in the present study demonstrate that the PP membranes used for long-term MF of real oily wastewater with high turbidity exhibited good effectiveness. The observations of the separation by the deoiling installation in the considered harbor wastewater plant carried out for over a month showed that the coagulation/flotation process proceeded effectively in about 60–65% of cases, and the effluents obtained from these processes had turbidity at a level of 25 NTU. The PP membrane performance used for the treatment of such wastewaters (wastewater #4, Table 1) is presented in Figure 20. The long-term process was performed at a TMP equal to 0.05 MPa and VF of 0.5 m/s. As with the other studied wastewaters, a rapid decline in permeate flux was observed during the initial period of the process run. However, in comparison with the filtration of wastewaters characterized by higher turbidity (wastewaters #2 and #3, Table 1), the period of this decline was longer (150 min).



During the first 419 min of the process (Figure 20, series S1), the feed tank (3 L) was supplied in a continuous mode with fresh portions of wastewater, resulting in a coefficient of water recovery equal to 77% and a permeate with turbidity at a level of 0.4 NTU. Due to the retention of suspended solids by the membranes, the feed turbidity increased to 82 NTU. In the subsequent stage (series S2), the MF process was carried out in batch mode, resulting in a fourfold reduction in feed volume, leading to an increase in its turbidity from 25 NTU to 79 NTU. Next (series S3), the obtained permeate was recycled to the feed tank. Finally, after over 2400 min of the experiment, the maximum process performance was reduced from 500 to 38 L/m2h (steady-state permeate flux). As in the previously conducted MF processes, analysis based on Hermia’s models (Table A1, Appendix A) demonstrated that noted declines in the permeate flux during the long-term treatment of oily wastewater #4 were mainly caused by the formation of a cake layer on the membrane surface.



Figure 21 shows the variations in permeate flux during membrane cleaning after MF of oily wastewater #4. The results obtained highlight the efficiency of P3 Ultrasil 11 agent (pH = 11.8–12.0) in cleaning PP membranes used for the separation of real oily wastewater. However, it should be pointed out that the cleaning procedure had to be repeated several times to restore the module initial performance of 550 L/m2h. Most probably, it was associated with feeding the MF module with a cold cleaning solution (22–25 °C). Importantly, since a stabilized maximum performance of the new MF module was equal to 700 L/m2h, it can be indicated that some of the foulants located inside the membrane wall were not removed during the performed cleaning operation.



In order to perform a more efficient procedure of membrane cleaning, in the subsequent stage, another operation of membrane cleaning was performed (Figure 22). The studies confirmed the observations from previous studies [79,80], whereby, directly after rinsing the module with NaOH solution, the permeate flux decreased, whereas, in combination with longer membrane soaking in the distilled water and/or upon rinsing with H3PO4 solution, an improvement in module performance could finally be achieved. In the case under study, a permeate flux above 750 L/m2h (Figure 22, 680 min) could be temporarily obtained. However, a further repetition of the cleaning operation resulted in a decrease in module performance, which varied in the range of 500–600 L/m2h; thus, it was similar to that obtained during cleaning with P3 Ultrasil 11 agent.



It was found that, although the presented cleaning procedure of the MF module allowed a recovery of its performance at a level of 500–600 L/m2h, some foulants were probably not removed from the membranes. The SEM examinations performed with membrane samples collected from the MF module confirmed this conclusion. Obtained images of the membrane surface were definitely different from the image of the fresh membrane (Figure 23). After the MF process, a thin layer of deposit covered the membrane surface, and this layer covered a significant fraction of the surface pores. However, in the deposit layer, numerous fractures and large holes occurred; thus, a high permeate flux was still obtained in the MF studies. The SEM–EDS analysis of the surface composition revealed, that, in addition to the dominating carbon (96.8 atom%) on the surface, S (0.4%), Si (0.8%), Al. (0.2%), and P (0.1%) were detected.





4. Conclusions


To the best of our knowledge, the present study is a pioneering work that highlights the efficiency of capillary PP microfiltration membranes in the treatment of real oily wastewaters. Through detailed studies, we showed that the used membranes ensured a high-quality permeate. The obtained permeate was characterized by an oil concentration in the range from 7 mg/L to 15 mg/L, which is in the line with the requirements of the MARPOL Convention. Moreover, a complete elimination of suspended solids present in the real oily wastewaters was reported. Indeed, the noted permeate turbidity was equal to about 0.4 NTU. In addition, it was demonstrated that the used PP membranes also showed excellent separation properties in the long-term oily wastewater treatment process.



However, as expected, the significant decrease in the permeate flux was observed. It was shown that increasing the operational temperature from 25 °C to 50 °C allowed a slight increase in membrane performance in the initial stage of the process. Applying Hermia’s models to the experimentally obtained data allowed indicating that cake formation was the prominent mechanism of flux decline for both synthetic and real feeds.



Moreover, the present work demonstrated efficient methods of module cleaning that can be successfully applied in the industry. Collectively, our work is a clear improvement of the current research on the treatments of real oily wastewaters. The results obtained, so far, are very encouraging and indicate the possibility of using the polypropylene MF membranes on an industrial scale. Lastly, we recommend further studies on the impact of operational parameters, such as transmembrane pressure and feed flow rate, on the PP membrane performance and efficiency in the treatment of real oily wastewaters.
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Table A1. Coefficients of determination (R2) for Hermia’s models.






Table A1. Coefficients of determination (R2) for Hermia’s models.





	
Feed

	
CF (mg/L)

	
TMP (MPa)

	
VF (m/s)

	
T (°C)

	
Complete Blocking

	
Standard Blocking

	
Intermediate Blocking

	
Cake Formation






	
Oil-in-water emulsion

	
50

	
0.05

	
0.5

	
22

	
0.8599

	
0.9178

	
0.9574

	
0.9790




	
150

	
0.05

	
0.5

	
22

	
0.7453

	
0.8047

	
0.8351

	
0.9244




	
90

	
0.05

	
0.5

	
25

	
0.8238

	
0.8741

	
0.9140

	
0.9622




	
90

	
0.05

	
0.5

	
50

	
0.8339

	
0.8823

	
0.9216

	
0.9704




	
Oily wastewater #1

	
90

	
0.05

	
0.5

	
22

	
0.5965

	
0.7345

	
0.8321

	
0.9434




	
Oily wastewater #2

	
8

	
0.05

	
0.5

	
22

	
0.6611

	
0.6910

	
0.7023

	
0.8646




	
Oily wastewater #3

	
21

	
0.05

	
0.5

	
22

	
0.6460

	
0.7003

	
0.7509

	
0.8362




	
Oily wastewater #4—Series 1

	
13.3

	
0.05

	
0.5

	
22

	
0.4840

	
0.5862

	
0.6676

	
0.7469




	
Oily wastewater #4—Series 2

	
13.3

	
0.05

	
0.5

	
22

	
0.7301

	
0.7518

	
0.7696

	
0.8006




	
Oily wastewater #4—Series 3

	
13.3

	
0.05

	
0.5

	
22

	
0.6147

	
0.7743

	
0.7795

	
0.8339
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Figure 1. MF process experimental setup; 1—submerged MF module, 2—permeate tank, 3—feed tank with temperature regulator, 4—peristaltic pump, 5—balance, 6—valve (pressure regulator), M—manometer, T—thermometer. 
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Figure 2. Schematic representation of blocking mechanisms: (a) cake formation; (b) intermediate blocking; (c) standard blocking; (d) complete blocking. 
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Figure 3. SEM images of membranes: (a) surface; (b) wall cross-sections. Magnification ×10,000. 
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Figure 4. Mercury intrusion porosimetry. 
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Figure 5. Effect of oil concentration on the permeate flux during MF of model oily emulsions. Module MF1, VF = 0.5 m/s, TMP = 0.05 MPa, T = 22 °C. 
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Figure 6. Changes in the oil concentration in permeate during MF of model oily emulsions. Module MF1, VF = 0.5 m/s, TMP = 0.05 MPa, T = 22 °C. 
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Figure 7. Droplet size distribution of the permeate obtained in MF of the model emulsion (CF = 150 mg/L). Module MF1, VF = 0.5 m/s, TMP = 0.05 MPa, T = 22 °C. 
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Figure 8. Changes in the droplet size distribution of the model emulsions during the MF process: (a) CF = 50 mg/L; (b) CF = 150 mg/L. 
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Figure 9. Variations in permeate flux during membrane cleaning after MF of model emulsion (CF = 150 mg/L, T = 25 °C). 
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Figure 10. Effect of temperature on the relative permeate flux during MF of model emulsion (CF = 90 mg/L). Module MF1, VF = 0.5 m/s, TMP = 0.05 MPa. 
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Figure 11. Variations in permeate flux during membrane cleaning after MF of model oily wastewater (CF = 90 mg/L, T = 50 °C). 
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Figure 12. Variations in permeate flux and oil concentration in the feed during MF of oily wastewater #1. Module MF1, TMP = 0.05 MPa, T = 22 °C, vF = 0.5 m/s. 
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Figure 13. Changes in the feed and permeate turbidity, as well as permeate oil concentration, during the MF process of oily wastewater #1. Module MF1, TMP = 0.05 MPa, T = 22 °C, VF = 0.5 m/s. 
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Figure 14. Changes in the droplet size distribution in real oily wastewater #1 during the MF process. Module MF1, TMP = 0.05 MPa, T = 22 °C, VF = 0.5 m/s. 






Figure 14. Changes in the droplet size distribution in real oily wastewater #1 during the MF process. Module MF1, TMP = 0.05 MPa, T = 22 °C, VF = 0.5 m/s.



[image: Fibers 09 00035 g014]







[image: Fibers 09 00035 g015 550] 





Figure 15. Changes in the droplet size distribution in the permeate obtained in the MF process of real oily wastewater #1. Module MF1, TMP = 0.05 MPa, T = 22 °C, VF = 0.5 m/s. 
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Figure 16. Variations in permeate flux during membrane cleaning after MF of oily wastewater #1. 
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Figure 17. Changes in permeate flux and water recovery coefficient during MF of real wastewaters #2 and #3. Module MF2, TMP = 0.05 MPa, vF = 0.5 m/s, T = 22 °C. 
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Figure 18. Changes in feed and permeate turbidity during MF of real oily wastewater #2 (Figure 17, series S1). Module MF2, TMP = 0.05 MPa, VF = 0.5 m/s, T = 22 °C. 
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Figure 19. Variations in permeate flux during membrane cleaning after MF of oily wastewater #2. 
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Figure 20. Changes in permeate flux and water recovery coefficient during long-term MF of oily wastewater #4. Module M2, TMP = 0.05 MPa, VF = 0.5 m/s, T = 22 °C. 
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Figure 21. Variations in permeate flux during membrane cleaning with P3 Ultrasil 11 solution (1.5 g/L) after MF of oily wastewater #4. 
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Figure 22. Variations in permeate flux during membrane cleaning after MF of oily wastewater #4. 
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Figure 23. SEM images of Accurel PP S6/2 membrane: (a) internal surface of new membrane; (b) internal surface with deposit. 
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Table 1. Characteristics of real oily wastewaters.
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	Oily Wastewater
	TDS (g/L)
	Conductivity (mS/cm)
	pH
	NTU
	NTU 5d 1
	Oil (mg/L)





	#1
	3208
	6.08
	7.73
	132.0
	53.8
	90.0



	#2
	6647
	11.82
	7.40
	354.0
	56.3
	8.0



	#3
	6612
	11.60
	7.10
	585.0
	87.3
	21.0



	#4
	4782
	12.30
	8.20
	25.2
	12.6
	13.3







1 NTU after 5 days of sedimentation.
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Table 2. Procedure of membrane wetting.
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	Stage
	Medium
	t (h)
	TMP (MPa)
	J * (L/m2h)





	1
	isopropanol
	0.5
	0.05
	1500



	2
	water
	1.0
	0.08
	1200



	3
	isopropanol
	0.5
	0.05
	1420



	4
	water (membrane soaked)
	22.0
	0
	460



	5
	NaClO
	0.1
	0.05
	580



	6
	water
	6.0
	0.08
	470



	7
	water (membrane soaked)
	20.0
	0
	380



	8
	NaClO
	0.1
	0.05
	590







* Permeate flux noted for the module MF1: distilled water (feed), TMP = 0.05 MPa.
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