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Abstract

:

Six different TiO2/CNT nanocomposite-coated polyvinylidene-fluoride (PVDF) microfilter membranes (including –OH or/and –COOH functionalized CNTs) were evaluated in terms of their performance in filtering oil-in-water emulsions. In the early stages of filtration, until reaching a volume reduction ratio (VRR) of ~1.5, the membranes coated with functionalized CNT-containing composites provided significantly higher fluxes than the non-functionalized ones, proving the beneficial effect of the surface modifications of the CNTs. Additionally, until the end of the filtration experiments (VRR = 5), notable flux enhancements were achieved with both TiO2 (~50%) and TiO2/CNT-coated membranes (up to ~300%), compared to the uncoated membrane. The irreversible filtration resistances of the membranes indicated that both the hydrophilicity and surface charge (zeta potential) played a crucial role in membrane fouling. However, a sharp and significant flux decrease (~90% flux reduction ratio) was observed for all membranes until reaching a VRR of 1.1–1.8, which could be attributed to the chemical composition of the oil. Gas chromatography measurements revealed a lack of hydrocarbon derivatives with polar molecular fractions (which can act as natural emulsifiers), resulting in significant coalescent ability (and less stable emulsion). Therefore, this led to a more compact cake layer formation on the surface of the membranes (compared to a previous study). It was also demonstrated that all membranes had excellent purification efficiency (97–99.8%) regarding the turbidity, but the effectiveness of the chemical oxygen demand reduction was slightly lower, ranging from 93.7% to 98%.
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1. Introduction


The proportion of oil-contaminated waters is significant in global wastewater production due to various sectors, such as oil refineries, natural gas processing plants, and in the petrochemical, pharmaceutical, food, and metallurgical industries [1,2,3]. Even small amounts of oil released into the environment can cause considerable harm (reduced oxygen transport, possible suffocation, and poisoning, etc.). Moreover, oils contain various organic compounds that can be detrimental to human health. For instance, polycyclic aromatic hydrocarbons (PAHs) can cause chronic illnesses, such as osteoporosis and cancer [3,4,5]. Therefore, it is essential to purify oil-contaminated water to protect both the ecosystem and human health. Free (d > 150 µm) and dispersed (20–150 µm) oil droplets can be removed by traditional methods, like skimming and flotation (which can be supported by chemical destabilization), but the effective elimination of emulsified (5–20 µm) and dissolved (<5 µm) oils requires advanced methods, such as the use of hydrophobic adsorbents [6], advanced oxidation processes [7], or membrane filtration [8,9].



Membrane filtration is a chemical-free, easy-to-use, and effective method to eliminate oily contaminations, including micro- and nanosized oil droplets. However, the fouling of membranes by hydrophobic contaminants is a major obstacle to their use since even a thin hydrophobic layer can significantly reduce the water flux. Membrane surfaces can be hydrophilized to reduce the hydrophobic–hydrophobic (membrane–pollutant) interactions and, therefore, to moderate the cake layer formation on the surface and the fouling of the pores. Various in situ and ex situ techniques for developing membrane materials have been explored to improve the filtration performance of membranes. In the former case, additives can be loaded into dope or coagulation solutions to incorporate them into membrane matrices [10,11,12]. In the latter case, chemical or physical surface coatings can be considered [13,14,15,16]. Among other materials (like graphene oxide [17], sodium alginate hydrogel [18], calcium carbonate [19], etc.), metal and metal-oxide nanoparticles (such as Ag, Cu, Al2O3, MgO, ZnO, SiO2, ZrO2, Fe2O3, and TiO2 [20,21]) are also widely used as additives in the field of membrane modification to improve the filtration performance by altering the structural and physicochemical properties of the membranes, such as hydrophilicity [17,18,20,21,22,23], porosity [12], electrical charge [15], and chemical, thermal, and mechanical stability [10].



One of the most widely used nanoparticles for membrane modification is titanium dioxide (TiO2) because of its advantageous properties, such as hydrophilicity, high chemical stability, low cost, availability, and, most importantly, its high photocatalytic activity, which allow the development of self-cleaning membranes. Several studies have reported positive results in the design of nanocomposite membranes using carbon nanotubes (CNTs) in addition to TiO2 particles. CNTs have become the focus of interest in several fields because of their beneficial properties, such as high flexibility, low mass density, porous construction, high specific surface area, and excellent conductivity [24,25]. TiO2/CNT composite coatings have also demonstrated beneficial effects during the membrane filtration of oil emulsions, providing enhanced photocatalytic activity and reduced fouling [23,26,27,28,29,30]. Veréb et al. [26] used such a nanocomposite (containing 99% TiO2 and 1% CNT) for coating a PVDF ultrafiltration membrane, which was used for the filtration of oil emulsions containing 100 ppm crude oil, and significantly higher flux and lower total filtration resistance were achieved with the modified membrane. In another study, PVDF-TiO2/CNT1% composite membranes provided an enhanced flux and flux recovery ratio during the membrane filtration of real oil field-produced water [27]. In another recent study [23], the CNT content of TiO2/CNT-composite-coated PVDF ultrafilter membranes was optimized for the membrane filtration of a crude oil emulsion, and 2 wt.% CNT content proved to be the most beneficial. This composition resulted in four times higher flux (510 L·m−2·h−1) compared to the one achieved with the uncoated membrane (130 L·m−2·h−1) at 0.1 MPa transmembrane pressure. Moreover, the TiO2/CNT2%-coated membrane provided almost seven times higher flux (compared to the uncoated membrane) at 0.3 MPa transmembrane pressure (1340 L·m−2·h−1) and excellent purification efficiencies (while the purification efficiency decreased significantly for the uncoated membrane at 0.3 MPa transmembrane pressure). The beneficial effects were associated with the negative surface zeta potential of the CNT, resulting in a significant electrostatic repulsive force between the droplets and the membrane surface, reducing the adherence of the oil droplets to the membrane surface. Similarly, Esfahani and colleagues also reported increased antifouling properties caused by a more negative membrane surface conveyed by the presence of CNTs (during the filtration of a bovine serum albumin solution) [31].



Based on the findings presented above, TiO2/CNT nanocomposite-modified membranes containing –OH and/or –COOH-functionalized CNTs can be promising for advanced separation of oil-in-water emulsions due to the potentially more negative and polar surfaces. Moslehyani et al. [32] already applied oxidized CNTs and achieved lower fouling with surface-modified CNT-containing membranes during the separation of oil-in-water emulsions. The aim of the present study was also to investigate the possible beneficial effects of CNT functionalization by increasing the repulsive forces between the oil droplets and the TiO2/fCNT-composite-modified membrane surfaces and to achieve higher fluxes and lower filtration resistances during the filtration of oil emulsions. However, unexpected results—originating mainly from the change in the crude oil used—widened our investigations to further directions, which gave information about the effects of the composition of the oil emulsion.




2. Materials and Methods


2.1. Modification of the Membranes


Flat sheet PVDF microfilter (0.2 µm) membranes (New Logic Research Inc., Minden, LA, USA) were coated with the nanocomposites and used as a reference. Six different multi-walled carbon nanotubes (MWCNTs) with a length of 0.5–2 µm and a diameter of <8 nm were used for the membrane modifications in all cases. The TiO2/CNT nanocomposites were prepared using 98 wt.% TiO2 and 2 wt.% CNT, as this composition proved to be the most beneficial in an earlier study [23]. The characteristics of MWCNTs and the names assigned to them are listed in Table 1.



CNTa-OH and CNTa-COOH MWCNTs (Nanografi Nanotechnology AS, Ankara, Turkey) were commercially functionalized with the hydroxyl and carboxyl groups, while CNTb-HNO3 and CNTb-HNO3/H2SO4 samples (Alfa Aesar, Waltham, MA, USA) were modified by 15 M HNO3 and 10 M HNO3/H2SO4 acid treatments of CNTb, respectively. The membranes were coated with the TiO2/CNT nanocomposites using a physical deposition method [33]. Initially, 39.2 mg of TiO2 (Aeroxid P25, Evonik Industries, Essen, Germany) and 0.8 mg of the given MWCNT were suspended in 100 mL of isopropanol (c = 400 mg·L−1) and ultrasonicated (Hielscher UP200S, Teltow, Germany) for 1 min. The well-mixed suspensions of the nanomaterials were filtered through the PVDF membranes in a batch-stirred membrane reactor (Millipore XFUF07601, Burlington, MA, USA) by using 0.3 MPa transmembrane pressure; then, the coated membranes were left to dry at room temperature overnight. The membranes were coated with 1 mg·cm−2 of nanocomposites.




2.2. Functionalization of MWCNT


To increase the hydrophilicity of the CNTs used for functionalization (Alfa Aesar, Waltham, MA, USA), we formed oxygen-containing functional groups (–OH and –COOH) on their surface. For this purpose, 250 mL of 15 M HNO3 and 10 M H2SO4/HNO3 mixture (at a v/v ratio of 3:1) solutions were prepared, and 1 g·L−1 CNTs were suspended in a round-bottomed flask [34]. The suspensions were allowed to react in an oil bath at 120 °C for 5 h in the presence of a water-cooled refluxer. The suspensions were stirred constantly (250 rpm) during the treatments. At the end of the reaction, the suspensions were sedimented by centrifugation (2000 rpm, 5 min). After discarding the supernatant, the CNTs were mechanically resuspended in ultrapure water (suspension concentration: 4 g·L−1) and sedimented again by centrifugation. This resuspension/centrifugation cycle was repeated eight times until reaching the neutral pH.




2.3. Filtration Experiments


The effects of the nanocomposite coatings of the membranes on the filtration performance were evaluated by filtering oil-in-water emulsions. Initially, crude oil (MOL Zrt, Algyő, Hungary) was vigorously blended with ultrapure water at 35,000 rpm for 1 min (Einhell TC-MG 135 E, Landau an der Isar, Germany). Subsequently, 20 mL of the thoroughly mixed oil dispersion was transferred into 480 mL of ultrapure water and homogenized for 10 min (200 W, 24 kHz, amplitude = 1, cycle = 100%) using ultrasonication (Hielscher UP200S, Teltow, Germany) to create stable oil-in-water emulsions. The as-prepared oil-in-water emulsions had the following properties: the chemical oxygen demand was 549 ± 12 mg·L−1, the turbidity was 280 ± 9 nephelometric turbidity units (NTU), the total oil and grease/total petroleum hydrocarbon (TOG/TPH) content was 108 ± 2.5 mg·L−1, and the pH value was 6.2 ± 0.1. The zeta potential (−43.3 ± 7.1 mV) and the oil droplet size distribution were described by dynamic light scattering measurements (Malvern ZetaSizer NanoZS, Malvern, UK; Figure S1), representing that the oil droplets had a diameter of 80–1300 nm with an average droplet size of 587 nm.



The filtration experiments were conducted in a pressure-driven (0.1 MPa) and batch-stirred (350 rpm) membrane reactor (Millipore XFUF07601, Burlington, MA, USA) with a feed volume of 250 mL. The experiments were continued until the volume reduction ratio (VRR) reached 5. The flux (J) was continuously measured by tracking the weight of the permeate and using the following equation:


  J =   d V     A   m   × d t    



(1)




where J is the flux, dV is the volume of the permeate (L), Am is the active filtration area of the used membrane (m2), and dt is the time (h) at which the weight of the permeate was measured.



The fouling characteristics of the membranes were evaluated using a resistance-in-series model [35], which was calculated as follows. The membrane resistance was calculated using the following equation:


    R   m   =   ∆ p     J   w   ×   ƞ   w      



(2)




where Δp is the applied transmembrane pressure (0.1 MPa), Jw is the water flux ensured by the clean membrane, and ƞw is the viscosity of the water at 25 °C (Pa·s).



Irreversible resistance is caused by the pollutants that remain on the membrane surface or within the membrane pores and cannot be removed from the membrane surface by rinsing with ultrapure water. Irreversible resistances were calculated using Equation (3):


    R   i r r e v   =   ∆ p     J   w   ×   ƞ   w     −   R   m    



(3)




where Δp is the applied transmembrane pressure (0.1 MPa), Jw is the water flux after the oil filtration and the cleaning of the used membranes (via vigorous rinsing with ultrapure water), and ƞw is the viscosity of the water at 25 °C (Pa·s).



Reversible resistance refers to the washable pollutants deposited on the membrane surface during the filtration:


    R   r e v   =   ∆ p     J   c   ×   ƞ   w w     −   R   i r r e v   −   R   m    



(4)




where Jc is the steady-state flux at the end of the filtration (VRR = 5), and ƞww is the viscosity of the wastewater (i.e., the used oil-in-water emulsion).



Total filtration resistances were calculated as the sum of the previous three resistance values:


    R   t o t a l   =   R   m   +   R   r e v   +   R   i r r e v    



(5)







The flux recovery ratio (FRR) provides information on how much of the initial water flux can be recovered by rinsing the membrane after the filtration of the oil emulsion, which can be calculated as:


  F R R =     J   w A       J   w     × 100  



(6)




where JwA is the pure water flux after the filtration and cleaning of the membrane surface, and Jw is the pure water flux of the membrane before its utilization for the filtration of the oil emulsion.



The flux decay ratio (FDR) is used to compare the flux value at the end of the filtration of the oil emulsion (Jc) to the clean water flux (Jw; measured during the filtration of ultrapure water prior to the filtration of the oil emulsion):


  F D R =     J   w   −   J   c       J   w     × 100  



(7)








2.4. Characterization Methods


2.4.1. Purification Efficiency


In addition to the filtration experiments, the purification effectiveness of the membrane filtration was also evaluated using chemical oxygen demand (COD) and turbidity assessments. The standard potassium dichromate oxidation method was used to measure the COD, which was conducted in standard test tubes (Hanna Instruments, Woonsocket, RI, USA) after digestion for 120 min at 150 °C. Turbidity values were measured using a nephelometric turbidity meter (Hach 2100 N, Loveland, CO, USA) and expressed in NTU. The purification efficiency (R) was calculated using Equation (8):


  R =   1 −   C     C   0       × 100 %  



(8)








2.4.2. Membrane Surface Characterization


The zeta potentials of the membrane surfaces were determined using a streaming potential technique with an Anton Paar SurPASS 3 device (AntonPaar Gmbh, Graz, Austria) fitted with an adjustable gap cell. During the measurements, two pieces of the membranes (10 mm × 20 mm) were affixed with a double-sided adhesive tape. The measurements were conducted in the pH range of approximately 2–8 (the background electrolyte (KCl) concentration was 0.001 mol·L−1), which was adjusted by adding HCl and KOH solutions. The system was equipped with a pH electrode that continuously monitored the pH.



The wetting capabilities of the unmodified and modified membranes were evaluated by contact angle measurements (Dataphysics Contact Angle System OCA15Pro, Filderstadt, Germany). Ultrapure water (10 μL) was carefully added to the surfaces using a Hamilton pipette, and the contact angles between the membrane and ultrapure water droplets were quickly measured (within 1 s). Three repeated measurements were taken in all cases, and the average values were presented. Photos of underwater oil droplets on membrane surfaces were also captured with the same equipment.




2.4.3. Gas Chromatography–Mass Spectrometry (GC-MS) Measurements of Crude Oils


The crude oil samples used to make the model emulsions were diluted 100-fold with hexane and analyzed using an Agilent 7890 B gas chromatograph coupled with an Agilent 5975C VL-MSD mass spectrometer. The mass spectrometer was set to an ion source temperature of 230 °C, quadrupole temperature of 150 °C, and an electron beam energy of 70 eV. Then, 1 μL of the sample was injected into the instrument using an Agilent 7683 B autosampler unit. The gas chromatograph was equipped with an HP-5ms Ultra Inert (30 m × 0.25 mm × 0.25 μm) column. Helium (purity = 6.0) was used as the carrier gas. Full-scan mode was used during the measurements. The initial oven temperature of 80 °C was maintained for 3 min and subsequently increased at a rate of 5 °C·min−1 to 325 °C. The final temperature was maintained for 3 min. The inlet was set to split mode with a split ratio of 19:1. The inlet temperature was 300 °C, and the column flow rate was 1.2 mL·min−1.




2.4.4. Characterization of Functionalized Carbon Nanotubes


Fourier-transform infrared (FT-IR) spectra were recorded with a JASCO 4100 (Jasco, Tokyo, Japan) spectrometer in the range of 450–4500 cm−1 with 2 cm−1 spectral resolution using KBr pellets as a reference. The pellets were prepared by mixing 1.0–1.2 mg of CNT and 200 mg of KBr.






3. Results and Discussion


3.1. FT-IR Characterization of the MWCNTs


The IR spectra of the investigated samples revealed the specific surface features of the used nanotubes. CNTa and CNTb showed major differences before and after functionalization, while some similarities were also observed. Sample CNTa (Figure 1) showed the basic characteristic vibration bands of CNTs at 870 cm−1 and 1630 cm−1, which were preserved following the functionalization [36]. The bands found between 1000–1180 cm−1 were attributed to different C–O vibrations, which may originate from various functional groups (e.g., ethers and esters) from the compounds used during their synthesis [37]. However, for bare CNTa, these were presumed to be dominantly non-polar functional groups, as suggested by the narrower O–H stretching band (3450 cm−1) and the absence of the band located at 3860 cm−1 [38]. The latter is a clear sign of the presence of H bonds. Nevertheless, the presence of the O–H stretching band signal is surprising in the bare CNTa sample, suggesting water adsorption. The bands between 2820–3000 cm−1 indicate the presence of Csaturated–H bonds [39]. The relative intensity of the signal decreased as the functionalization procedure occurred (CNTa–OH, CNTa–COOH). The complex overlapping IR signals between 1320–1500 cm−1 can be attributed to a wide range of functional groups and vibration modes, which are considered fingerprint regions for CNTs [37]. Therefore, the mentioned wavenumber interval is not considered in detail. However, it is clear that as the polarity of the surface increased, the intensity of the signal diminished. Following the functionalization with the OH groups, the signal in the 1000–1180 cm−1 region intensified, and a sharper peak appeared at 1080 cm−1, characteristic of the stretching vibrations of C–O bonds in alcohols, indicating the successful functionalization [40]. This signal was also present in sample CNTa–COOH. Moreover, following the anchoring of the –COOH groups, three new signals were observed: the first one at 942 cm−1 representing –OH wagging vibrations originating from the –COOH groups; the second one at 1220 cm−1 representing –OH stretching vibrations in the –COOH groups; the third one a shoulder located at 1710 cm−1 which was assigned to the C=O groups (in –COOH) [40]. It is important to mention that the presence of the previously mentioned signals does not exclude the possible existence of aldehydes and ketones on the surface.



For CNTb (Figure 2), the basic spectral features were similar to those of CNTa. At 840 cm−1 and 1560 cm−1, the basic characteristic vibration bands of CNTs were found, corresponding to phonon coupling bands. An O–H stretching band (3450 cm−1) was also observed, while the 1000–1250 cm−1 C–O bond signals were also present (the upper limit of the interval was slightly higher).



The complex signal at 1320–1500 cm−1 was not explicitly present here, an issue that needs further investigation. Moreover, this signal was suppressed by the presence of bands related to NO3− and N–O species [41] located at 1380 and 1560 cm−1 (samples CNTb–HNO3 and CNTb–H2SO4/HNO3), which could contribute to the polar surfaces of these samples. The shoulder located at 1710 cm−1 was also present in the oxidized samples, indicating the existence of surface anchored the –COOH groups. The successful completion of the oxidation process is also demonstrated by the appearance of the signals specific for H bonds originating from the polar groups at 3750 and 3860 cm−1. However, the efficiency of the oxidation of CNTb cannot be determined from the IR spectra as the main spectral features are quite similar to those of CNTb–HNO3 and CNTb–H2SO4/HNO3. Unexpectedly, the intensity of the 2820–3000 cm−1 band was not in line with the observations made for the CNTa sample. It should be noted that the 500–630 cm−1 region is another fingerprint region for carbon-based materials; thus, they were not considered in the analysis of either sample.



In summary, the presented IR spectra demonstrated the sufficient modification of both CNTa and CNTb surfaces, which proved the achievement of the desired functionalized CNT surfaces, which contained the polar and negative functional groups such as the –OH and –COOH groups.




3.2. Filtration Performance of the Membranes


First, the pure water fluxes were compared according to Table 2. As expected, the highest flux was measured for the uncoated PVDF membrane (5638 L·m−2·h−1), while the different coatings resulted in 22–36% lower water fluxes. Based on Table 2, TiO2 and the series of the three different TiO2/CNTa-coated membranes provided very similar (3645 ± 36 L·m−2·h−1) fluxes, while the other (b) series provided significantly higher water fluxes (4146–4419 L·m−2·h−1). Therefore, no significant effect of CNT functionalization can be observed by comparing the water fluxes of the two (a and b) series of the composite-coated membranes. However, significantly higher values can be observed for the functionalized membranes (TiO2/CNTa-OH, TiO2/CNTa-COOH, TiO2/CNTb-HNO3, and TiO2/CNTb-HNO3_H2SO4) than for the basic CNTs (TiO2/CNTa and TiO2/CNTb) by comparing the fluxes measured during the filtration of the emulsions at VRR = 1.5 (Table 2). This indicates a positive effect originating from the surface modifications of the CNTs.



Table 2 also summarizes the fluxes measured at the end of the filtration of the oil emulsions (at VRR = 5). First, it can be established that, due to the different nanomaterial coatings, significantly higher fluxes (37–104 L·m−2·h−1) were measured compared to the 24 L·m−2·h−1 flux value obtained for the uncoated membrane. The TiO2 coating resulted in a ~50% flux enhancement (37 L·m−2·h−1), and all the TiO2/CNT composite coatings were much more beneficial by providing up to four times higher fluxes (45–104 L·m−2·h−1) compared to the uncoated membrane. Still, it must be noted that, contrary to our expectations, the measured fluxes were very low in all cases compared to those presented in our previous study (up to 510 L·m−2·h−1) at the same 0.1 MPa transmembrane pressure [23].



For further analysis of the results, Figure 3 shows the flux changes experienced during the filtration of the oil emulsion with the reference (neat) and nanocomposite-modified PVDF membranes up to a VRR of two and five.



Generally, a sharp decrease in the fluxes was observed for all membranes, and a steady-state effluent flux was achieved until reaching a VRR of two in all cases. Despite the initially high water flux (JW = 5638 L·m−2·h−1), the reference (neat) PVDF membrane showed the quickest and most drastic flux decrease (the FDR was already ~90% at a VRR of 1.1). In contrast, the TiO2-modified membrane showed the slowest flux decrease (90% FDR was reached only at a VRR of ~1.8). For these two membranes, 30 and 1406 L·m−2·h−1 fluxes were measured at VRR = 1.5, respectively. The fluxes provided by all the TiO2/CNT nanocomposite-coated membranes were found to be between these two extremes at this initial filtration stage. These results partially contradict the findings of our previous study [23], in which the flux remained significantly high (510 L·m−2·h−1) until the end of the filtration (the FDR was only ~40% at a VRR of five) using the TiO2/CNT2% nanocomposite-coated membrane. However, the fluxes provided by TiO2/CNT-coated membranes were up to ~2.8 and ~4 times higher (in both the present and the previous studies) compared to those provided by the TiO2-coated and the neat PVDF membranes, respectively. It is worth mentioning again that in the present study a different type of crude oil was used to prepare the emulsions. Therefore, in the next step, the compositions of the two oil samples were analyzed by GC-MS measurements to identify the possible compositional differences between the previously used oil (sample 1) and the oil used in this study (sample 2). The results are expected to clarify the reasons for the observed differences related to less effective flux enhancement of the TiO2/CNT composite coatings at the initial stage of the filtrations and the significantly lower flux values measured at the end of the filtration experiments (at VRR = 5).




3.3. Composition Analysis of Crude Oil Samples by Gas Chromatography


It is known that the stability of oil emulsions affects cake layer formation on membrane surfaces. Based on the literature, the stability of oil emulsions is significantly influenced by the oil composition (the polarity of individual hydrocarbons) and by the presence or absence of surfactants [42,43]. Since the heavy components of crude oils (e.g., asphaltenes and resins) are amphiphilic and thus can be regarded as natural surfactants [44,45], they might inhibit the coalescence of oil droplets and enhance emulsion stability [43,45,46].



Figure 4a shows that the chromatogram of the previously used crude oil (sample 1) was dominated by medium-chain hydrocarbons (C15–C20). In contrast, the crude oil used in this study (sample 2) had a high proportion of shorter-chain hydrocarbons (C10–C15) (Figure 4b).



The individual components of the samples are listed in Tables S1 and S2. The measurements indicate that sample 1 contained several distinct hydrocarbon derivatives with polar molecular fractions due to heteroatoms or substituents, thus having a potential surfactant effect (for example, 1-iodoundecane, 2-amino-1-(o-methoxyphenyl)propane, 4-chloro-6-phenylpyrimidin-1-oxide, 6-amino-hex-2-en-1-ol, 1-iodo-hexadecane, 1-chloro-octadecane, and eicosanoic acid hexadecyl ester). According to the literature, such compounds can also contribute to the stability of the emulsions prepared from this oil (sample 1) by acting as natural emulsifiers [45,47,48]. This could account for the phenomenon observed in our prior study [23], in which the oil droplets were less likely to coalesce owing to the surfactant components, thus maintaining their increased flux. In contrast, the oil used in our current study (sample 2) had lower stability as an emulsion, indicating lower repulsion between the droplets. This could lead to more significant cake layer formation on the membrane surface during the filtration, which was reflected in the rapid flux reductions. Additionally, the results revealed that the crude oil used in this study (sample 2) contained a considerable number of organic compounds with π electrons (benzene, (1,1 dimethylpropyl); benzene, (1,2,3,5-tetramethyl); benzene, (1,2,3-trimethyl); naphtalene; naphtalene, 1,4,6-trimethyl, etc.). Moreover, it has been demonstrated that organic compounds with π electrons can form π–π bonds with the π electrons of CNT [49,50,51]. Consequently, the aromatic organic compounds of this oil could adhere to the surface of the CNT, which could contribute to the higher flux reductions observed for the TiO2/CNT nanocomposite-coated membranes in the initial filtration phase (in comparison with the flux curve of the membrane coated solely with TiO2).




3.4. Filtration Resistances


To gain a deeper understanding of the filtering performance of each membrane, we also calculated the different filtration resistances (Figure 5).



On the one hand, the obtained reversible resistances account for the largest fractions of the relatively high total filtration resistances for all the used membranes, indicating significant but easily removable hydrophobic cake layers on the surfaces that resulted in serious water barriers during filtrations. On the other hand, the membrane resistances and the irreversible resistances were very low compared to the total resistances. As expected, the membrane resistances of the coated membranes were slightly higher than that of the reference neat PVDF membrane in all cases. This is due to the additional resistance of the nanoparticle layer formed on the membrane surfaces. The very low irreversible resistances (much lower than in the previous study [23]), which originated from the irreversibly attached and pore-fouling small oil droplets, can be explained by the lower stability of the oil droplets and their higher ability to coalesce into larger droplets due to the lack of the natural emulsifier surfactant hydrocarbons in this type of oil. A similar finding was reported by Lu et al. [52]. They found that the surfactant in the oil emulsion significantly reduced its stability after adsorption onto the membrane, leading to the formation of larger oil droplets that could form a cake layer. This also explains the measured high total filtration resistances possibly caused by the more compact cake layer that formed due to the composition of the oil used in this study. The degree of irreversible resistance of the modified membranes can be divided into two groups. The irreversible resistances of the three TiO2/CNTb nanocomposite-modified membranes were 2.5–3 times higher than those of the TiO2 and the three TiO2/CNTa-coated membranes. This can be attributed to the varying hydrophilicity and zeta potential of the composite membranes, which are discussed in the next chapter.




3.5. Comparison of the Surface Characteristics and the Filtration Properties


Table 3 lists the measured contact angles (which describe hydrophilicity) and zeta potentials of the membranes and, for further discussion, the calculated FRRs and FDRs. Additionally, photos of the water droplets on the different membranes are presented in Figure S2.



The neat membrane had the highest contact angle (46.6°) and, therefore, the lowest hydrophilicity within the series, with a slightly negative zeta potential (−11 mV). These characteristics resulted in a very low (45.5%) FRR and an exceptionally high (99.6%) FDR, in accordance with the previously presented relatively high irreversible resistance (compared to the TiO2 and the TiO2/CNTa-coated membranes) and extremely high total resistance. The contact angles of all TiO2/CNT-coated membranes represent hydrophilic surfaces. In the case of the TiO2/CNTa series, the hydrophilicity apparently increased (as the contact angles decreased) via the CNT functionalization, which explains the increased fluxes (see the 117, 194, and 455 L·m−2·h−1 values of the TiO2/CNTa series in Table 2) and the increased flux recovery ratios (Table 3). The underwater oil droplets (Figure S3) also proved the more oleophobic surfaces of the functionalized CNTs, especially for the CNTa-COOH sample (compared to CNTa). For the TiO2/CNTb series, the effects of CNT functionalization could not be demonstrated by water contact angles, as they were 0° for all the TiO2/CNTb coatings. Nevertheless, underwater oil droplets demonstrated the significantly more oleophobic surfaces of the CNTb-HNO3 and CNTb-HNO3_H2SO4 nanotubes (compared to both the CNTa and CNTb nanotubes) in accordance with the very high fluxes (774 and 678 L·m−2·h−1, respectively) measured at the initial stages of the filtration (Table 2). However, it must be noted that all the TiO2/CNTb coatings ensured similarly low FRRs (Table 3) despite the big differences in underwater oleophobicity, but the results can be explained by the zeta potentials.



The zeta potentials of the TiO2-coated and the three different TiO2/CNTa nanocomposite-coated membranes (namely, TiO2/CNTa, TiO2/CNTa-OH, and TiO2/CNTa-COOH) were much more negative (−25, −22, and −40 mV, respectively), which proved to be beneficial since the zeta potential of the oil droplets was also strongly negative (−43 mV). This resulted in a greater electrostatic repulsion effect between the oil droplets and these membranes, thus decreasing the likelihood of the oil droplets sticking to the membrane surface or pores. Hence, these conditions contributed to the significantly higher FRRs (Table 3), the significantly lower irreversible resistances (Figure 5), and the relatively lower FDRs (Table 3) of these membranes compared to those of the neat membrane. In contrast, the zeta potentials of the TiO2/CNTb, TiO2/CNTb-HNO3, and TiO2/CNTb-HNO3_H2SO4 membranes were −5, −4.5, and −6.5 mV, respectively. Therefore, despite the measured low contact angles (high hydrophilicity) and the oleophobic surfaces of these CNTs (Figure S3), the FRRs were similarly low (42.0–44.9%) as relates to the neat membrane (45.5%). At the same time, the irreversible resistances were by far the highest for these TiO2/CNTb composite-coated membranes (Figure 5). These results demonstrate that the negative membrane surface becomes crucial for reducing membrane fouling at higher oil concentrations (at higher volume reduction ratios), and the absence of a negative membrane surface (negative zeta potential) cannot be compensated only by higher oleophobicity.




3.6. Oil Removal Efficiency


All membranes had satisfactory purification efficiency (Figure 6) with 97–99.8% (based on turbidity values), regardless of the membrane type. These numbers were slightly lower (93.7–98%) when the purification efficiency was evaluated in terms of COD. This discrepancy can be attributed to the fact that dissolved impurities that can pass through conventional microfilter membranes also contribute to the COD of the permeate. Nevertheless, comparable or superior results were obtained for the modified membranes compared to the reference membrane.




3.7. Comparative Discussion of the Results with Relevant Studies


To compare the results of this study with the literature, we compiled a table summarizing the main experimental conditions and results of some relevant studies (investigating TiO2- and/or CNT-coated membranes for the membrane filtration of oil emulsions; Table 4).



First, it must be noted that the direct comparisons of fluxes, rejections or FRR values do not necessarily lead to correct conclusions since even minor differences in the properties of the emulsions (composition, droplet size, zeta potential, etc.) and/or the properties of the composites (hydrophilicity, zeta potential, etc.) may result in significantly different filtration properties, as it has been demonstrated in the present study. What is clear, however, is that the highest flux values in the table (350–4777 L·m−2·h−1) are mostly related to those studies [28,29,55,58] in which the oil droplets were significantly bigger (1–10 µm) than in other studies in which nanoscaled oil droplets (d < 1 µm) were dispersed in the emulsions (like in the present study). The only exception to this general statement is the publication of Moslehyani et al. [32], in which the authors also developed an oxidized CNT-containing TiO2/CNT-composite-coated membrane and achieved a flux of 665 L·m−2·h−1. In line with that paper, our study also demonstrates that functionalized CNTs deserve close attention in the field of nanomaterial-modified (self-cleaning) membranes used for oil-in-water emulsion separation, as the demonstrated flux enhancements are prominent compared to the achievements of other relevant studies.





4. Conclusions


This study investigated the feasibility of using TiO2 and various TiO2/fCNT nanocomposite-coated PVDF microfilter membranes to purify oil-contaminated wastewater. For this purpose, commercially functionalized and self-functionalized CNTs were applied. The FT-IR results revealed that the surface of the CNTs was successfully modified with both the –OH and/or –COOH groups.



The filtration experiments proved that the functionalized membranes (TiO2/CNTa-OH, TiO2/CNTa-COOH, TiO2/CNTb-HNO3, and TiO2/CNTb-HNO3_H2SO4) had significantly higher flux values at the initial stages (until VRR < 1.5) than the membranes coated with non-functionalized CNTs (TiO2/CNTa and TiO2/CNTb), indicating the positive effect of the surface modification. Simple TiO2 coating also resulted in a notable (~50%) flux enhancement, but via the different TiO2/CNT coatings, much higher (~2–4 times higher) fluxes were achieved compared to the uncoated membrane (at VRR = 5).



The irreversible resistances of the membranes showed that the hydrophilicity and the zeta potential were simultaneously crucial for reducing the total membrane fouling. The zeta potentials of the TiO2-coated and TiO2/CNTa nanocomposite-coated membranes (TiO2/CNTa, TiO2/CNTa-OH, and TiO2/CNTa-COOH) were significantly negative (−25, −22, and −40 mV, respectively). This was beneficial since the oil droplets of this study also had negative zeta potential (−43.3 mV) as usual, resulting in a significant electrostatic repulsion and reduced liability of the oil droplets to adhere onto the membrane surfaces or pores. In contrast, the zeta potentials of the TiO2/CNTb, TiO2/CNTb-HNO3, and TiO2/CNTb-HNO3_H2SO4 membranes were only −5, −4.5, and −6.5 mV, respectively. Therefore, despite the measured low contact angles (high hydrophilicities), the irreversible resistances were by far the highest in these cases.



It was demonstrated that all membranes provided excellent purification efficiencies (97–99.8%; calculated from turbidity values). However, the fluxes decreased sharply (in line with the large total filtration resistances), reaching a steady-state effluent flux at VRR = 2. This decrease was the highest for the reference membrane (the FDR was ~90% at VRR = 1.1) and the lowest for the TiO2-modified membrane (the FDR became ~90% at a VRR of ~1.8). These findings partially contradict our recent study [27], where the flux remained high until the filtration ended (up to VRR = 5). However, a different crude oil was used in the present study, and gas chromatography measurements revealed that the crude oil used in the previous study contained hydrocarbon derivatives with polar molecular fractions due to heteroatoms or substituents that could act as natural emulsifiers. The oil used in this study contained negligible amounts of these emulsifying components; thus, their effect was less significant, making the oil droplets more prone to coalescence during filtration. These results led to a more significant cake layer on the membrane surface, a sharp decline in the flux, and much higher total filtration resistances compared to our previous study.
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Figure 1. IR spectra of the CNTa sample and its corresponding functionalized derivatives. 






Figure 1. IR spectra of the CNTa sample and its corresponding functionalized derivatives.



[image: Membranes 13 00812 g001]







[image: Membranes 13 00812 g002] 





Figure 2. IR spectra of the CNTb sample and the oxidation products obtained after acidic treatment. 
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Figure 3. Flux values measured during the filtration of the oil emulsions (as a function of volume reduction ratio). 
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Figure 4. Chromatograms of crude oils: sample 1 (a) and sample 2 (b). 
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Figure 5. Filtration resistance values of the different membranes. 
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Figure 6. Purification efficiencies of the membranes (calculated from the turbidity and chemical oxygen demand values). 
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Table 1. Characteristics of the carbon nanotubes used for modifying PVDF membranes.






Table 1. Characteristics of the carbon nanotubes used for modifying PVDF membranes.





	Name of the MWCNT
	Functionalization/

Modification
	Manufacturer





	CNTa
	-
	Nanografi



	CNTa-OH
	hydroxyl groups
	Nanografi



	CNTa-COOH
	carboxyl groups
	Nanografi



	CNTb
	-
	Alfa Aesar



	CNTb-HNO3
	with 15 M HNO3
	Alfa Aesar



	CNTb-H2SO4/HNO3
	with 10 M HNO3/H2SO4
	Alfa Aesar










 





Table 2. Flux values measured during the filtration of ultrapure water and oil emulsions at VRR = 1.5 and 5.






Table 2. Flux values measured during the filtration of ultrapure water and oil emulsions at VRR = 1.5 and 5.





	Membranes
	Jwater

(L·m−2·h−1)
	Jemulsion at VRR = 1.5

(L·m−2·h−1)
	Jemulsion at VRR = 5

(L·m−2·h−1)





	Neat
	5638
	30
	24



	TiO2
	3608
	1406
	37



	TiO2/CNTa
	3626
	117
	104



	TiO2/CNTa-OH
	3681
	194
	104



	TiO2/CNTa-COOH
	3678
	455
	49



	TiO2/CNTb
	4146
	333
	58



	TiO2/CNTb-HNO3
	4419
	774
	45



	TiO2/CNTb-HNO3_H2SO4
	4255
	678
	69










 





Table 3. Membrane surface characteristics (hydrophilicity: described by contact angles; surface charges: described by zeta potential values), flux recovery ratios, and flux decay ratios.






Table 3. Membrane surface characteristics (hydrophilicity: described by contact angles; surface charges: described by zeta potential values), flux recovery ratios, and flux decay ratios.





	Membranes
	Contact Angles

(°)
	Zeta Potential

at pH ~6 (mV)
	FRR

(%)
	FDR

(%)





	Neat
	46.6 ± 1.3
	−11 ± 0.7
	45.5
	99.6



	TiO2
	0 ± 0
	−25 ± 3.4
	71.3
	99.0



	TiO2/CNTa
	20.9 ± 1.9
	−30 ± 5.3
	58.2
	97.1



	TiO2/CNTa-OH
	13.8 ± 0.8
	−22 ± 4.3
	72.6
	97.2



	TiO2/CNTa-COOH
	4.4 ± 0.6
	−40 ± 6.8
	72.6
	98.7



	TiO2/CNTb
	0 ± 0
	−5.0 ± 2.5
	43.1
	98.6



	TiO2/CNTb-HNO3
	0 ± 0
	−4.5 ± 1.3
	44.9
	99.0



	TiO2/CNTb-HNO3_H2SO4
	0 ± 0
	−6.5 ± 0.7
	42.0
	98.4










 





Table 4. Summary of the main experimental conditions and results of relevant studies.
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	Ref.
	Membrane
	Modifier Material
	Type of Oil

(Concentration)
	Pressure
	Effluent Flux

(Lm−2h−1)
	Rejection (%)
	Fouling Indicators
	Oil Droplet Size (µm)





	[28]
	CA
	TiO2/SWCNT–COOH
	hexadecane

(1500 ppm)
	0.1 MPa (vacuum)
	~1500 (SWCNT)

~4777 (TiO2/SWCNT)
	~98.7 (SWCNT)

99.5 (TiO2/SWCNT)
	flux did not decreased after 10 cycle
	1.38–1.91



	[29]
	PVDF
	DTPA/MWCNT–COOH/TiO2-PVDF
	cooking oil

(–)
	0.1 MPa (vacuum)
	–(unmodifed)

~814 (modifed)
	97.3 ± 0.6
	flux slightly changed after 10 cycles
	2.7–3.4



	[32]
	PVDF
	MWCNTox-MWCNT
	synt. refinery oil

(100 ppm)
	0.1 MPa
	~500 (MWCNT)

~665 (ox-MWCNT)
	~96 (MWCNT)

~99.8 (ox-MWCNT)
	–
	0.47



	[53]
	PVDF
	HA-MWCNT
	–

(200 ppm)
	0.3 Mpa
	~30 (unmodifed)

~60 (modifed)
	~60 (unmodifed)

88.7 (modifed)
	(unmodifed)

82% FRR (modifed)
	0.12



	[54]
	PVDF
	ZrO2-MWCNT
	diesel oil

(–)
	0.15 MPa
	~50 (unmodifed)

~150 (modifed)
	~90 (unmodifed)

~95 (modifed)
	76.2% FRR (unmodifed)

90% FRR (modifed)
	1.0–3.0



	[55]
	PVDF
	DA/A-MWCNT
	diesel oil

(–)
	0.09 MPa
	–(unmodifed)

~886 (modifed)
	–(unmodifed)

99 (modifed)
	–(unmodifed)

~90% FRR (modifed)
	1.0–10.0



	[56]
	PVDF
	MWCNT-polypyrrole
	crude oil

(500 ppm)
	0.2 MPa
	~<30 (unmodifed)

~<100 (modifed)
	90 (unmodifed)

99.5 (modifed)
	~50% FRR (unmodifed)

~90% FRR (modifed)
	0.4



	[57]
	PVDF
	TiO2
	cutting oil

(250 ppm)
	(vacuum)
	28 (unmodifed)

72 (modifed)
	~90 (unmodifed)

~97 (modifed)
	–
	1.08



	[58]
	Ceramic (Al2O3)
	TiO2
	hydraulic oil

(–)
	0.16 MPa
	~245 (unmodifed)

~350 (modifed)
	–
	–
	6



	[59]
	PVDF
	D-K/TiO2
	diesel oil

(–)
	0.09 (vacuum)
	–(unmodifed)

~380 (modifed)
	~99
	almost recovers its initial flux
	–



	This study
	PVDF
	TiO2/ox-MWCNT
	crude oil/400 ppm
	0.1 MPa
	24 (unmodifed)

104 (modifed)
	>97
	45.5% FRR(unmodifed)

72.6% FRR (modifed)
	0.08–1.3
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