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Abstract

:

Algal extracellular organic matter (EOM) will cause grievous membrane fouling during the filtration of algae-laden water; hence, boron-doped diamond (BDD) anodizing was selected as the pretreatment process before the ultrafiltration, and the EOM fouling mitigation mechanism and the purification efficiency were systematically investigated. The results showed that BDD oxidation could significantly alleviate the decline of membrane flux and reduce membrane fouling, and the effect was more notable with an increase in oxidation time. Less than 10% flux loss happened when oxidation duration was 100 min. The dominant fouling model was gradually replaced by standard blocking. BDD anodizing preferentially oxidizes hydrophobic organic matter and significantly reduces the DOC concentration in EOM. The effluent DOC was reduced to less than 1 mg/L when 100 min of BDD anodizing was applied. After the pre-oxidation of BDD, the zeta potential and interfacial free energy, including the cohesive and adhesive free energy, were all constantly increasing, which implied that the pollutants would agglomerate and deposit, and the repulsion between foulants and the ultrafiltration membrane was augmented with the extensive oxidation time. This further confirms the control of BDD on membrane fouling. In addition, the BDD anodizing coupled ultrafiltration process also showed excellent performance in removing disinfection by-product precursors.
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1. Introduction


Algal blooms caused by water eutrophication are a great threat to people’s living environments and drinking water safety. It will not only cause unpleasant taste and odor but also release various toxic and harmful substances, such as disinfection by-product precursors and microcystin, which are stable in the water environment and difficult to remove by conventional processes [1,2]. The ultrafiltration process is widely applied to water treatment for its excellent solid–liquid separation performance, and it has a good purification impact on algae-containing water by size exclusion without destroying algal cells [3]. However, the severe membrane fouling problem caused by algae limits the development of the ultrafiltration process. Membrane fouling not only increases the membrane resistance and operating cost and reduces the water production efficiency, but also decreases the service life of the membrane, so research on membrane fouling control is always the goal of our unremitting exploration [4].



The dominant cause of membrane fouling is organic matter released by algae, especially extracellular organic matter (EOM) [3,5]. Numerous studies show that the main components of EOM are protein, polysaccharide, and humus, among which polymers and hydrophilic substances account for the majority [3,6,7]. A large number of algal cells are trapped on the membrane surface when the ultrafiltration process is used to treat algae-containing water, resulting in serious pollution of the filter cake layer, which leads to a rapid decline in membrane flux. Moreover, EOM will fill the void of the filter cake layer composed of algal cells, and the sticky EOM will reinforce the bonding of algal cell particles to each other, causing a more severe flux decrease [8,9].



Many strategies have been explored to control membrane fouling, such as adjusting the operating parameters of the membrane treatment process, modifying the properties of the membrane, and adding a pretreatment [10]. Coupling the pretreatment, including oxidation, coagulation, and adsorption, prior to the membrane process, is an effective way to control membrane fouling, and pre-oxidation is always an ideal choice among various pretreatment technologies [11]. Wan et al. [12] comparatively studied the efficacy of ultrafiltration with various ultraviolet-based advanced oxidation processes (UV-AOPs) and pretreatment technologies, including UV/persulfate, UV/chlorine, and UV/H2O2, in treating algae-containing water. The results showed that UV/persulfate pretreatment had the best membrane-fouling mitigation effect, followed by UV/H2O2 pretreatment, and with the increase in oxidant dosage, the fouling mitigation performance was improved. However, UV/chlorine aggravated the membrane pollution and caused irreversible pollution resistance through the accumulation of hydrophobic organic compounds on the membrane surface. Zhu et al. [13] studied the effect of peracetic acid (PAA), UV/PAA, and ultrasonic/PAA oxidation on ultrafiltration performance during algae-laden water treatment and found that EOM degradation was the dominant mechanism for fouling mitigation and the primary negative factor for the filtration was cell rupture rather than IOM release.



Electrochemical oxidation technology, as a new environmentally friendly water treatment technology, has wide application prospects because of its low polluting effects, high removal efficiency, and mild operating conditions [14]. Compared with algae removal by adding oxidants, electrochemical oxidation will not produce secondary pollution, and it can simultaneously remove organic pollutants in algae-containing water during electrolysis [15]. The boron-doped diamond (BDD) electrode is a new type of high-efficiency multifunctional electrode with a very wide electrochemical potential window, a small background current, and good chemical inertness of the diamond. It is suitable for the treatment of high concentration, strong acid–base, high toxicity, and refractory organic wastewater, for killing and eliminating viruses and bacteria, and is an ideal choice of electrochemical electrode materials [16]. Long et al. [17] utilized the electrochemical system with a boron-doped diamond (BDD) anode and carbon felt (CF) cathode to remove Microcystis aeruginosa, and the removal performance of BDD-CF electrodes was significantly improved via the addition of Fe2+. Liu et al. [18] reported that BDD anodizing could effectively alleviate membrane fouling derived from algae with an oxidation time of over 30 min. Hence, BDD anodizing is an effective way to reduce membrane fouling in algae-containing water treatment. This study used a BDD anode and extracellular organic matter (EOM) in algae-containing water as target pollutants to further analyze and explore the mechanism of action of algal organic matter on an ultrafiltration membrane.



In this work, the influence of the degree of pre-oxidation on the ultrafiltration process was explored by setting different oxidation times. By studying membrane fouling reversibility and the membrane flux curve, the mechanism of action of algae-derived organic matter on the ultrafiltration membrane was analyzed and explored. Additionally, the fouling model and foulant properties, including zeta potential, hydrophilicity, and interfacial free energy, were investigated. Finally, the effect of BDD oxidation on the purification performance of DOC and disinfection by-product precursors was studied.




2. Materials and Method


2.1. EOM Extraction


Microcystis aeruginosa was employed for EOM preparation. The algae seeds were obtained from the Institute of Hydrobiology, Chinese Academy of Sciences. The detailed cultivation method for Microcystis aeruginosa can be found in our previous works [19]. The algae in the stationary phase with 35 harvesting days was employed for EOM extraction. A refrigerated centrifuge was utilized for the extraction, and the temperature (4 °C) and rotation speed (10,000 rpm) were fixed for 20 min. The supernatant was separated with algae on the centrifuge tube wall and then filtrated with a 0.45 μm microfiltration membrane. Finally, the dissolved organic carbon (DOC) of the EOM was adjusted to 5 mg/L with 15.0 mM NaClO4 [18].




2.2. Experimental Protocal


An electrochemical experimental apparatus and a flat-sheet, dead-end UF module constituted the combined ultrafiltration treatment protocol. The electrochemical experimental apparatus specifically included a power supply, electrode, electrolytic cell, and stirring device, and the schematic diagram is depicted in Figure 1a. The power was provided by a DC power supply, and the current was stabilized at 0.3 A. The anode was a BDD electrode, and the cathode was a titanium electrode. The distance between the two electrodes was 10 mm, and the electrode plate area was 10 cm2; hence, the current density of the electrochemical device was 30 mA/cm2. The amount of EOM treated in the electrolysis cell was 200 mL each time, and a magnetic stirrer was employed during the electrolysis process to promote mass transfer. In this work, the electro-oxidation time was set to 0 min, 10 min, 30 min, 60 min, and 100 min in order to explore the influence of different electro-oxidation times on the treatment of the EOM solution.



The flat-sheet, dead-end UF module was employed for the membrane fouling assessment, as shown in Figure 1b. The ultrafiltration system specifically included an UF cell (UFSC05001, Millipore, Burlington, MA, USA), electronic balance (NV2201ZH, Ohaus, Parsippany, NJ, USA), a high-pressure nitrogen bottle with stable output pressure of 100 kPa that passed through a precise regulating valve, and a computer terminal. The samples, after different durations of electrochemical treatment, were directly filtered by the membrane. The water in the ultrafiltration cell flowed through the silicone tube into the beaker placed on the balance, and the electronic balance was connected to the computer to record the water output data in real time, at a frequency of once every 5 s. Then, the flux curve for the ultrafiltration process was drawn.




2.3. Membrane Fouling Assessment


According to the series resistance model based on Darcy’s law, the membrane fouling resistance during the filtration process was calculated [7,12]. Equation (1) shows that the total membrane resistance Rtot was composed of membrane inherent resistance Rm, reversible resistance Rr, and irreversible resistance Rir.


  J =   Δ P   μ    R m  +  R r  +  R  i r          



(1)




where J represents membrane flux,   Δ P   represents transmembrane pressure difference (Pa), and  μ  is dynamic viscosity (Pa·s).



First, ultrapure water was used to filter until the membrane flux was stable, which was recorded as J0, and the membrane inherent resistance Rm was obtained by taking J0 into Equation (2).


   R m  =   Δ P   μ  J 0     



(2)







Then, the average filtration flux of the last 1 mL was calculated as J1, and the total membrane fouling resistance Rtot could be obtained accordingly using Equation (3).


   R  t o t   =   Δ P   μ  J 1     



(3)







After the algae-containing water was filtered, we gently wiped the surface of the ultrafiltration membrane with a wet sponge, then placed the ultrafiltration membrane at the bottom of ultrafiltration cell again, sequentially filtering with ultrapure water, and recorded the steady flux J2. Hence, the irreversible resistance Rir and reversible resistance Rr could be calculated according to Equations (4) and (5).


   R  i r   =   Δ P   μ  J 2    −   Δ P   μ  J 0     



(4)






   R r  =  R  t o t   −  R m  −  R  i r    



(5)







Hermia described four classical pollution models, including a complete blocking model [20], a standard blocking model, a critical blocking model, and a filter cake layer model (Table 1). It is generally considered that the fouling caused by the standard blocking process occurs in the membrane pores, which is irreversible pollution, while the pollution caused by the complete blocking, intermediate blocking, and filter cake layer blocking processes occurs on the membrane surface, which is usually reversible pollution.



The value of n was calculated as follows [21]: dt/dV was calculated using membrane flux data based on Equation (7), and    d 2  t / d  V 2    was calculated using dJ/dt (Equation (8), which was obtained by calculating the differential relationship between flux and time with Matlab® 2014 software. Then, the n value could be obtained by calculating the logarithmic relationship between the dt/dV and    d 2  t / d  V 2    according to Equation (9) [22].


     d 2  t   d  V 2    = k       d t   d V      n   



(6)






    d t   d V   =  1  J A    



(7)






     d 2  t   d  V 2    = −  1   J 3   A 2      d J   d t    



(8)






  n =   d   l o g      d 2  t   d  V 2          d   l o g     d t   d V          



(9)








2.4. Analytical Methods


In this experiment, dissolved organic carbon (DOC) was detected using a total organic carbon analyzer (JC-CD-800, Shimadzu, Duisburg, Germany), and a nanometer particle size analyzer (S90, Malvern Instruments Ltd., Malvern, UK) was used to measure the zeta potential on the surfaces of algal cells, which reflects the changing situation and characteristics of aggregation and sedimentation of algal cells. The contact angle was measured with a contact angle meter (Theta Lite, Beijing, China), and diiodomethane, ultrapure water, and glycerol were utilized as test liquids to calculate the interface free energy on the basis of XDLVO theory [23].



The nonionic XAD resin, including XAD-4 and XAD-8 (Mberlite, Rohm Haas, Tianjin, China), was used to separate organic substances with different hydrophilicities and hydrophobicities in the algae-laden water. Gas chromatography/mass spectrometry (GC/MS) was used to determine the precursors of disinfection by-products [18]. Unless otherwise specified, all the water quality indicators in this experiment were tested three times in parallel to control the experimental errors and ensure the reliability and scientificity of the data.





3. Results and Discussion


3.1. Effect of Electrochemical Pre-Oxidation on Membrane Fouling Reversibility


The relative flux reduction (RFR) during filtration of EOM due to adsorptive fouling is illustrated in Figure 2. The RFR of the EOM solution without electrochemical pre-oxidation was 36.7%, which indicates that the adhesion potential of EOM onto the PVDF membrane was great. This was also consistent with previously reported work [24]. When the BDD anodizing duration was 10 min, the RFR reversibly ascended. This may be because the small molecular organics generated at 10 min had a higher potential to penetrate into or adsorb onto the membrane.



The effect of the BDD anode electro-oxidation on the flux drop of the PVDF membrane during filtration of EOM is shown in Figure 3. It can be observed that the flux curve of direct filtration (0 min) was highly declining. The specific flux of direct filtrate declined to 0.36 at the end of the filtration, which indicates that the EOM had strong fouling potential. This was in accordance with previous research that found that algae-laden water adversely affected the operation of ultrafiltration. However, the flux decline was obviously improved when the BDD anode was employed as the pre-oxidation method. After 10 min of electrochemical pre-oxidation, the specific flux was apparently alleviated, and the specific flux dropped to about 0.5 at the end of the filtration. When we continued to extend the pre-oxidation duration, the specific flux curve of EOM was further improved. The specific flux was slightly decreased to 0.81 when the oxidation duration was extended to 60 min, and less than 10% flux loss occurred when the oxidation duration was 100 min. This shows that the BDD anode pre-oxidation treatment was a valid way of alleviating the fouling of algae-derived organics, which can probably be attributed to the oxidation, decomposition, and even mineralization of organic substances, thus greatly reducing membrane foulant load during the UF process [25].



The effect of BDD pre-oxidation duration on the membrane fouling reversibility of the UF membrane is presented in Figure 4. The weight of reversible fouling resistance caused by cake layer formation in total fouling resistance exceeded the weight of irreversible fouling caused by pore blocking, regardless of the electro-oxidation duration. Though a similar result was also reported during the ultrafiltration process during algae-laden water treatment, the proportion of irreversible fouling resistance was much higher during the treatment of the EOM. The fouling caused by algae cell deposition is probably the reason for this differentiation. It can be noted that both reversible and irreversible fouling were notably mitigated when the pretreatment duration was extended. This was not in accordance with the results of adsorptive fouling with different pre-oxidation durations, which might indicate that the adsorptive fouling could account for a quite limited portion of the total fouling resistance. For instance, the irreversible fouling resistance reduced to 0.14 × 1012 m−1, and the reversible fouling resistance declined to 3.36 × 1012 m−1 when 100 min of anodizing oxidation was applied. The irreversible fouling resistance and the reversible fouling resistance dropped by 95% and 43%, respectively, compared with direct filtration. This indicates that both reversible and irreversible fouling, especially irreversible fouling, could be greatly alleviated by the BDD anodizing pretreatment. In general, the rapid rise of irreversible fouling was unfavorable for the operation of ultrafiltration because the hydraulic washing was limited by the ease of irreversible fouling. Hence, anodizing the BDD prior to UF was an efficacious strategy for membrane fouling control [18].



A two-stage fouling model was employed to investigate the membrane fouling mechanism under various pre-oxidation durations. As illustrated in Table 1, the n value (linear fitting correlation slope value) reflected the dominant fouling mechanism. Additionally, if the n value was located between the n values corresponding to two fouling mechanisms, it suggests that the fouling mechanisms were both dominant. The fitting curve on the basis of d2t/dV2 and dt/dV during the filtration process is illustrated in Figure 5. The results show that the direct filtration of EOM was in line with a typical two-stage fitting curve, which indicates that critical blocking and standard blocking were the dominant fouling mechanisms during the initial filtration period, while cake layer filtration surpassed and governed the fouling mechanism with continuous filtration. The two-stage fitting curve still existed when 10 min and 30 min electrochemistry pre-oxidation were utilized. However, a one-stage fitting curve emerged when the pre-oxidation duration was longer than 60 min. When the pre-oxidation duration was 60 min or 100 min, the standard blocking was the dominant fouling mechanism. This suggests that critical blocking was gradually replaced by standard blocking when the oxidation time increased from 10 min to 100 min [26]. This was probably because, with the prolonging of the pre-oxidation duration, more macromolecular organic matter was degraded into small molecules. Then, those small molecules were prone to penetrating into the membrane pores and generating fouling in the membrane tunnel, i.e., standard blocking. Additionally, based on the analysis of fouling irreversibility (Figure 3), it can be verified that, though cake layer fouling was not dominant when the oxidation duration was longer than 60 min, reversible fouling potential still accumulated.




3.2. Effect of Electrochemical Pre-Oxidation on Foulant Property


To further investigate the effects of the BDD anodizing pretreatment on foulant characteristics, foulants with solution and interfacial conditions were detected. The zeta potential was employed to characterize the stability of dispersion (Table 2). The zeta potential of the untreated EOM solution was −19.1 mV, which indicates that the organics of the EOM show a stable state. When pre-oxidation was employed, the zeta potential of the EOM solution started to decline, which indicates that the solution tends to be unstable when BDD anodizing is utilized. Additionally, with a longer oxidation duration, the decline of zeta potential was more significant. This suggests that the BDD oxidation process not only caused a decrease in the molecular weight of the organic matter but also the disappearance of the stable state of the organic matter. A previous study determined that the fouling layer formed by a labile foulant had lower resistance and was easier to remove [27]. Hence, the zeta potential of the feed solution under various pre-oxidation durations was in accordance with the filtration performance.



The hydrophilicity of the EOM with different pre-oxidation durations was also investigated. Figure 6 presents the hydrophobic, transition, and hydrophilic classifications of the EOM solution after oxidation and ultrafiltration, respectively. It can be seen from the figure that the proportion of hydrophilic content comprised the overwhelming majority of the EOM solution, which was consistent with the previous reported works. During the direct UF process, the hydrophobic, transition, and hydrophilic content were respectively reduced by 26.2%, 16.1%, and 18.8%. The superior removal efficiency of the hydrophobic organics was probably because macromolecular organics are more hydrophobic and hence easier to intercept by the membrane. On the other hand, the degradation ratio of the hydrophobic component by BDD anodizing was significantly greater than that of the hydrophilic component. A possible reason for this phenomenon is that hydrophobic macromolecular organics were prone to being transformed into hydrophilic micromolecular organics. In general, though both anodization and ultrafiltration contributed to the removal of organic matter, the degradation by BDD anodizing was more distinguished than the ultrafiltration rejection, especially when the oxidation duration was extended.



The cohesive and adhesive free energies of the fouled PVDF ultrafiltration membrane under various pre-oxidation durations are listed in Table 3. The total interface free energy, regardless of whether it was cohesive or adhesive, was calculated by the sum of the Van der Waals interaction, polar interaction, and electrostatic interaction. Mostly, the Van der Waals interaction and polar interaction were dominant when compared to the electrostatic interaction. As observed from the table, both cohesive and adhesive free energy obviously declined after BDD anodizing. The cohesive free energy decreased from −16.32 mJ/m2 to −6.11 mJ/m2 after 100 min of pre-oxidation, while the adhesive free energy sharply decreased from −68.65 mJ/m2 to −9.16 mJ/m2 after 100 min of pre-oxidation. The declining trend of cohesive free energy was positively correlated with the zeta potential, which suggests the stabilities of the foulants were in line with the interaction between foulant and foulant regardless of whether it occurred in the feed solution or on the membrane surface. On the other hand, the decline of adhesive free energy was much more significant when pre-oxidation was utilized. This suggests that the repulsive force was enhanced when BDD anodizing was employed. Hence, a cake layer with lower resistance can be easily removed after the pretreatment.




3.3. Effect of Electrochemical Pre-Oxidation on Separation Performance


The DOC removal efficiency of the membrane with various pre-oxidation durations is shown in Figure 7. The rejection of the PVDF membrane on DOC during direct filtration was 20.6%. Additionally, the fluctuation of effluent DOC during various filtration periods was small. Previous studies confirm that two factors could influence the separation performance in different filtration periods. One factor is membrane adsorption during the initial filtration period. In the beginning period, some of the hydrophobic matter could be adsorbed by the membrane, and hence, the DOC rejection was enhanced; however, the adsorption of the membrane was usually valid for a limited period until the membrane adsorption was saturated. Another factor is the enhanced separation effect of a dense cake layer, in which the separation performance was negatively related to the cake layer fouling, i.e., the “trade-off” effect. Mostly, the cake layer could obviously enhance the separation performance of ultrafiltration during treatment of algae-laden water due to its high cake layer resistance. The DOC rejection of the membrane with 10 min to 100 min of pre-oxidation duration was 37.2%, 39.1%, 48.7%, and 46.5%, respectively. This suggests that the BDD anodizing could greatly increase the organic removal efficiency. Moreover, when the oxidation duration was 100 min, the effluent DOC concentration was below 1 mg/L, which indicates excellent water quality in terms of total organic content.



The disinfection by-product precursors of chlorine- and algae-derived toxins after oxidation and membrane filtration were both detected in addition to total organic indicators. As shown in Figure 8, the trichloromethane formation potential and microcystin-LR (MCLR) were used to investigate the DBP and toxin rejection efficacy of the BDD anodizing-enhanced ultrafiltration process. The concentration of TCMFP in EOM was 46.73 μg/L, and it sharply declined to 36.77 μg/L, 20.85 μg/L, 14.82 μg/L, and 11.50 μg/L during the BDD anodizing durations of 10 min, 30 min, 60 min, and 100 min, respectively. This indicates that the control of DBPs by BDD electro-oxidation was achieved with high efficiency when the oxidation duration longer than 60 min and the TCMFP concentration was lower than 15 μg/L. Moreover, the TCMFP concentration of effluent after membrane filtration was 4.07 μg/L, 3.47 μg/L, and 3.31 μg/L, respectively, when the oxidation durations were 30 min, 60 min, and 100 min. This suggests that electro-oxidation pretreatment coupled with ultrafiltration was an exceptional method for controlling DBP.



MCLR is the most commonly detected algae toxin in nature and is greatly hazardous to human health. In this work, the removal of MCLR by BDD pre-oxidation and membrane filtration was presented in Figure 8b. The concentration of MCLR in EOM was 5.8 μg/L, 5.3 μg/L, 3.2 μg/L, 1.5 μg/L, and 0.9 μg/L during BDD anodizing durations of 0 min, 10 min, 30 min, 60 min, and 100 min, respectively, which suggests that BDD anodizing was an efficient way to degrade the algae-derived toxins, especially when the pre-oxidation time reached 100 min, 84% of the MCLR was removed, and the MCLR concentration was already lower than the Chinese sanitary standard for drinking water (1 μg/L). However, the further separation of MCLR by membrane was quite limited, which is distinct from the separation performance of TCMFP. This is because the molecular weight of MCLR was only 995, which was much smaller than the UF molecular weight cutoff, while some disinfection by-product precursors can be rejected by the membrane. Hence, even with superior separation performance, efficient pretreatment was still significant when considering the hazardous low-molecular-weight organics.





4. Conclusions


In this study, BDD anodizing and ultrafiltration processes were combined to systematically explore the pretreatment efficiency of algae-laden water by combining processes with different electrochemical pre-oxidation times, including the mitigation efficiency of membrane fouling and the purification efficiency. The following main conclusions can be drawn:




	(1)

	
BDD anodic oxidation can effectively alleviate the membrane flux decline and irreversible membrane fouling by oxidizing and removing organic substances in EOM, and the critical blocking is gradually replaced by the standard blocking as the oxidation time increases;




	(2)

	
BDD anodic oxidation can increase the zeta potential of EOM and interfacial free energy, which promotes the destabilization and sedimentation of the EOM solution;




	(3)

	
Electrochemical pre-oxidation and ultrafiltration processes both have excellent removal performance for the disinfection by-product precursors.
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Figure 1. Schematic diagram of electrochemical experimental apparatus, (a) electrochemical experimental apparatus; (b) membrane fouling assessment. 
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Figure 2. Adsorptive fouling of the PVDF ultrafiltration membrane under different pre-oxidation durations. 
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Figure 3. Flux curve under different pre-oxidation durations. 
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Figure 4. Fouling resistance of the PVDF membrane under different pre-oxidation durations. 
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Figure 5. Data and fitting curve (d2t/dV2 and dt/dV) under different pre-oxidation durations. 
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Figure 6. Hydrophilic and hydrophobic classification of feed and effluent under different pre-oxidation durations. 
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Figure 7. Removal of DOC by the PVDF ultrafiltration membrane under different pre-oxidation durations. 
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Figure 8. Removal of TCMFP (a) and MCLR (b) by the PVDF ultrafiltration membrane under different pre-oxidation durations. 
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Table 1. Four classical fouling models.
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	Fouling Model
	Equation
	n





	Cake layer filtration
	    1 J  −  1   J 0    = A V   
	0



	Critical blocking
	    1 t  + B =    J 0   V    
	1



	Standard blocking
	   l n  J 0  − l n J = C V   
	1.5



	Complete blocking
	    J 0  − J = D V   
	2







Note: where    J 0    is the initial flux; t is the filter time; V is the filtrated volume; A, B, C, and D are constant.
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Table 2. Zeta potential of feed solution under different pre-oxidation durations.
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	Pre-Oxidation Time
	Zeta Potential





	0 min
	−19.1 mV



	10 min
	−18.6 mV



	30 min
	−17.8 mV



	60 min
	−15.4 mV



	100 min
	−14.9 mV
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Table 3. Free energy of PVDF ultrafiltration membrane surface under different pre-oxidation durations.
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	0 min
	10 min
	30 min
	60 min
	100 min





	Cohesive free energy
	    G  131   T O T     
	−16.32
	−15.85
	−12.67
	−6.57
	−6.11



	Adhesive free energy
	    G  132   T O T     
	−68.65
	−51.33
	−32.22
	−18.67
	−9.16
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