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Abstract

:

Membrane technologies have been widely applied in surface water treatment for drinking water purification. The main obstacles to the large scale application of membranes include membrane fouling, energy consumption and high investment. This study systematically investigated the performance of a hybrid system including in-situ coagulation and membrane module. The key parameters of a membrane system, including initial flux, operation mode (intermediate or continuous, time intervals, backwashing and aeration) was comprehensively investigated. In addition, the treatment performance in terms of turbidity, organic matter removal, membrane fouling and cleaning, and the effect of coagulants, were also studied. It was found that flat ceramic membranes with in-situ coagulation for surface water treatment performed much better without aeration and frequent backwashing, which gave interesting and important implications for future applications of a flat ceramic membrane, especially in drinking water purification. The hybrid system can achieve a high-water flux of 150 L/m2·h (LMH) for 8 h operation without aeration and backwash. The removal of turbidity, UV254 and COD can achieve 99%, 85% and 81%, respectively. The cake layer on the membrane surface formed from the coagulation flocs turned out to prevent the membrane to be exposed to organic pollutant immediately which minimized the fouling problem. In addition, the fouling layer on the membrane surface can be easily cleaned by air scouring and backwash at the end of experiments, with a water flux recovery of higher than 90%. These results in this study provided an alternative strategy for membrane fouling control and energy conservation.






Keywords:


flat ceramic membrane; drinking water purification; in-situ coagulation; operation parameters; membrane fouling; energy conservation












1. Introduction


Water safety, which is mainly threatened by pathogens and micropollutants, is highlighted by U.S. National Academies in 2012, promoting the application of advanced membrane technology for portable water production. There have been significant improvements in membrane technology over the last few decades, including membrane development, new membrane processes and the hybrid membrane process. However, energy consumption and membrane fouling are still the challenges in large scale application [1,2,3].



Among various membrane technologies, ultrafiltration (UF) is a promising and the most widely applied technology for producing drinking water from surface water with a lower cost than nanofiltration (NF) and reverse osmosis (RO) [4,5]. Particularly, the ceramic membrane (characterized as microfiltration or ultrafiltration according to its pore size and molecular cut off) has the advantages of high surface hydrophilicity, good mechanical and chemical stability, longer lifespan, being easier to be cleaned by mechanical washing and integrating with other treatment processes compared with conventional polymeric membranes [6]. It has been widely applied in drinking water purification [7], wastewater treatment processes [8,9,10,11,12] and microalgae production [13,14,15,16].



However, membrane fouling, which leads to a membrane flux decline, high transmembrane pressure (TMP) and high maintenance cost, should also be carefully controlled. Either for the polymeric or ceramic membrane, the membrane fouling is strongly dependent on the operation conditions including the hydrodynamic conditions, system recovery, influent water properties and membrane properties. Membrane fouling in a low pressure driven membrane process was mainly dominated by the pore narrowing and blocking by organic foulant and small particles followed by cake layer formation on the membrane surface [17]. There are numerous research papers studying the control strategy of membrane fouling. Pretreatment, including coagulation [18,19], adsorption [20], oxidation [21,22,23], flocculation [24] and the integrating pretreatments between them [25], are key solutions for the reduction of membrane fouling and the increasing of permeate quality [26]. Among these pretreatment procedures, coagulation is widely and successfully used due to its low cost and relatively easy operation. It has a very high removal efficiency for virus and macro-organic molecules during drinking water production [27].



In this study, a flat-ceramic membrane was applied to investigate the performance of a hybrid membrane and coagulation system, membrane fouling and the optimum operation conditions. The flat-ceramic membrane was normally operated in a submerged membrane tank and produced water through pump suction resulting in lower energy consumption compared with the tubular-ceramic membrane [28]. It is worth noting that most of the flat ceramic membranes were operated similarly with the flat-sheet polymeric membranes where the on/off interval was normally 8 min: 1 or 2 min, obtaining a water production efficiency of 90% or lower [29]. Considering the high investment cost of the ceramic membrane, efforts should be down to increase its competence by tailoring a high-efficient system operation. It is meaningful to discover the optimal operation parameters regarding flat-ceramic applications, especially in surface water purification where a higher water flux should be obtained. For this purpose, the operation conditions of the system were systematically investigated to minimize membrane fouling, lower the operation energy consumption and meanwhile maintain water permeability and permeate quality.




2. Materials and Methodology


2.1. Experimental Setup and Testing Procedure


The experiments were conducted using a pilot scale, submerged, flat-ceramic membrane system which included the hybrid of coagulation-membrane module as showed in Figure 1. In order to optimize the dosage of coagulant, a series of concentrations of coagulants were applied at 10 ppm, 20 ppm and 40 ppm of PACl (1.1 mg/L, 2.2 mg/L and 4.4 mg/L coagulants as Al). The hybrid coagulation and flat-ceramic membrane system was conducted for a range of conditions, including filtration with in-situ coagulation, filtration of supernatant (pre-coagulation) and filtration with no coagulation. Three different operation modes for the membrane process, including filtration with or without periodical backwash (w/backwash or w/o backwash), filtration with or without the periodical relaxation (w/relaxation or w/o relaxation) and the continuous mode of filtration (continuous), were investigated. In this study, two operation cycles where the on/off ratio were selected: 60:1 (running 60 min stop 1 min) and 20:1 (running 20 min stop 1 min) were investigated. 30 s backwashing was applied for each operation cycle with a backwash pressure of 0.4 bar if backwashing was introduced. Otherwise, backwashing was performed after finishing all the experiments. The effect of aeration on membrane performance was also studied.



Coagulant PACl was dosed into the membrane tank by a dosing pump after rapid mixing with feed water. Then the mixture solution was stirred by the aeration system installed at the bottom of the membrane tank, containing a holey tube (hole diameter was 2 mm) for 20 min prior to running the system. Five pieces of membranes with a dimension of 1000 mm (Height) × 250 mm (Width) × 6 mm (Thickness) were vertically placed in the 200 L membrane tank with a gap of 12 mm between two of them. The flat-ceramic membrane was fabricated with alumina (Al2O3), providing an average pore size of 0.1 μm, active membrane area of 0.5 m2 and pure water permeability of 800 L/m2·h·bar (supplied by Suntar International CO., Ltd., Xiamen, China). During the filtration, the permeate flow was controlled by the peristaltic pump, and another centrifugal pump was used for backwashing. A pressure gauge was placed between the membrane reactor and the suction pump to track the trans-membrane pressure (TMP). All the tests were operated in a recycling mode with clean water overflowing from the permeate water tank back into the membrane tank. The operation mode of pumps and valves were adjusted by changing their setting through a programmable logic controller (PLC) system. In addition, the filtration duration, backwash interval and backwash flowrate can be controlled by the PLC system. The TMP and water flux will be recorded for further processing.




2.2. Feed Solution Properties and Chemicals


In order to examine the performance of this system in purifying polluted surface water and to further optimize the operation parameters, the feed water was collected from a membrane bioreactor (MBR) plant for domestic wastewater treatment in Suntar Technological Park, Xiamen, China. The water sources of this plant were collected from the downstream of Kengnei Reservoir (Fujian Province), which was seriously polluted by domestic sewage drained by the residents. In order to keep the consistency in our tests, the quality of water samples collected from this MBR plant was examined, and corresponding adjustments were made to ensure that all the feed water used in this study had the same quality. The detailed property of the prepared feed water was presented in Table 1. At present, one of the most popular traditional coagulants was polyaluminum chloride (PACl). This PACl, an Al-species coagulant used in this study, had a very high removal efficiency regarding humic acid (HA), large organic molecular and turbidity [30]. It was purchased from Sino pharm Chemical Reagent Co., Ltd., Shanghai 200002, China.




2.3. Water Quality and Membrane Fouling Characterization


The water quality parameters including turbidity, UV254 and chemical oxygen demand (COD) were measured for both the feed solution and permeate water. The turbidity was detected by a turbidity meter (HACH2001Q, HACH Company, Loveland, CO, USA). The water samples were filtered through 0.45 um membrane filters before measuring UV254 and COD. COD was measured by HACH DRB200 (For digesting) and DR900 (For measuring). UV254 adsorption was measured by a double beam UV-visible spectroscopy (TU-1901) at a wavelength of 254 nm. The surface morphology and element components of the virgin and fouled ceramic membranes were analyzed by scanning electron microscopy (SEM) and energy-dispersive X-ray (EDX) spectroscopy (SU-70, HITACHI, Tokyo, Japan), respectively. The membrane samples were dried in a vacuum oven for 10 h and then coated before SEM analysis.




2.4. Membrane Fouling Analysis and Cleaning Strategy


After finishing each experiment, physical cleaning was applied as follows. The hydraulic reversible resistance and irreversible resistance could be calculated from TMP and flux data using Darcy’s Law:


  J =   d V   d t • A   =   Δ P   μ  R t     



(1)






   R t  =   T M P   μ J    



(2)






   R t  =  R m  +  R r  +  R  i r    



(3)




where J is the permeate flux accordingly; μ is the viscosity of water at 25 °C (0.8949 × 10−2 Ns/m2). Rt is the total ceramic membrane resistance at end of the experiment, Rm is the intrinsic membrane resistance, Rr is the resistance of hydraulic reversible resistance after physical cleaning and Rir is the resistance that cannot be recovered by physical cleaning.



The fouled membrane was cleaned by the following steps: First of all, after stopping its running, the system aeration with concentrated air was injected into a pipe with holes to generate air bubbles. Membrane fouling caused by cake layer on the membrane surface can be partially cleaned through air scouring for 30 min. Then, clean tap water pre-filtered using a filtration cartridge was used for membrane backwash with a pressure of 2 bar for 30 min. Consequently, the fouling resistance Rr caused by cake layer Rcake and pore blocking Rpore that can be removed by physical cleaning was determined by measuring the pure water flux and TMP of the membrane. The fouling that can be removed in the first two steps is hydraulic reversible fouling. After physical cleaning, the final pure water flux and TMP was observed to calculate irreversible fouling Rir based on Equations (1)–(3).





3. Results and Discussion


3.1. Investigation on the Operation of the Hybrid System


3.1.1. Effect of Coagulation


In this study, different dosages of coagulant were applied to investigate the effect of PACl dosing concentration on the performance of this hybrid system. The permeability changes at three levels of coagulant concentration were shown in Figure 2. With 10 ppm dosage, a rapid flux decline was observed and the permeability reduced to 2 × 10−9 m/s·Pa after ~100-min filtration.



This serious membrane fouling may be attributed to the residual organic foulants which were left over with an insufficient coagulant. Further increasing the concentration of coagulant to 20 ppm, the permeability of this system was successfully enhanced for the whole operation period, suggesting an optimum dosage of coagulant of 20 ppm for this system. With further addition of coagulant of 40 ppm, surprisingly a dramatic flux decline was recorded. At this condition, there may be lots of excess coagulant left over in the feed solution, which in turn acted as foulants, and led to a serious fouling problem. To further examine the fouling mechanism at 40 ppm coagulant, backwashing was applied, and the result shown in Figure 2 revealed that the flux was almost fully recovered. Fortunately, the fouling caused by the excess coagulant was easy to be removed by backwashing, while it suggested that excess amount of coagulants would increase the hydraulic reversible fouling. Accordingly, the different filtration behaviors may be due to the coagulation efficiency and the size of formed floc at different coagulant dosages. The size of floc highly depended upon the dosage concentration where the largest floc size can be obtained with proper coagulant dosage [29].



As showed above, the optimal coagulation dosage in this system was 20 ppm. Unless otherwise specified, all the following tests were conducted with 20 ppm dosage and operated at periodical relaxation mode without aeration or interval backwashing. The filtration behaviors of in-situ coagulation, pre-coagulation and no coagulation were compared and demonstrated in Figure 3. As can be seen in Figure 3a, mitigation of fouling by addition of coagulant was prominent. Much higher permeability was observed compared to the filtration without coagulant. Furthermore, it showed that at the same initial operation flux pre-coagulation induced much more severe fouling of membrane. As can be found in Figure 3b, the higher permeability was recorded in the in-situ coagulation. All these results suggested that the in-situ coagulation greatly improved membrane performance. The possible reason was that the cake layer formed by coagulation flocs may work as pre-filters which retained the small foulants thus helped to reduce fouling in the internal pores and membrane surface. Consequently, the in-situ coagulation was better than pre-coagulation. It suggested that the optimal in-situ coagulation would result with good performance of membrane system via efficiently controlling membrane fouling control in a hybrid membrane process.



In order to characterize the effect of coagulation flocs deposited on the membrane surface, a pre-fouled membrane was used to test the performance compared with a virgin membrane. The results were shown in Figure 4. It can be found that the cake layer formed on the membrane surface does not affect the membrane performance. By comparing the permeability of these membranes, there was no obvious difference between the two conditions. Pre-deposition process in which adsorbent layers are pre-deposited onto the membrane surface before filtration was also applied to eliminate membrane fouling. This phenomenon also help to illustrate the better behavior for in-situ coagulation than pre-coagulation. These adsorbent layers could be powdered activated carbon (PAC), Al hydrolytic flocs [31], heated iron particles, nano particles and so on.




3.1.2. Effect of Initial Flux


Critical flux is an important parameter for membrane system operation, since the number of membrane modules utilized and footprints will be reduced if the system can operate at a relative lager flux for a long time. According to Field et al. who introduced the concept of critical flux [32], the critical flux hypothesis for microfiltration (MF) is that the decline of flux will not occur along with operation time if the initial flux is below the critical flux. More severe flux decline and membrane fouling would take place when the operation flux is higher than it [15]. Wu et al. found that the productivity for harvesting microalgae cells under super-critical flux conditions was three times higher than the sub-critical flux condition [15], and the super-critical flux condition induced more severe membrane fouling. Thus, it is essential to set up proper operation parameters including initial flux, operation mode and aeration for the application of a membrane system. To alleviate membrane fouling, the hybrid membrane system is better operated at low or near the critical flux. In this study, the critical flux under the condition that in-situ coagulation with ceramic membrane by adding 20 ppm PAC was determined. The result was shown in Figure 5. Each period of operation lasted for 30 min for the setting of water flux. The change in TMP was recorded. The critical flux for the test condition was determined to be around 150 LMH.



The effect of different initial flux was also investigated and the results were shown in Figure 6. At the high operation fluxes of 220 LMH and 150 LMH, there were much rapider flux declines compared with the other two initial fluxes (130 LMH and 120 LMH respectively). This may be attributed to the accumulation of foulants in membrane pores and the tighter attachment of coagulation flocs on the membrane surface, resulting from a higher permeate drag force induced by the high operation frequency of the pump, large permeate volume and more severe concentration polarization [33]. The colloidal particles and coagulation flocs attached on the membrane surface through more frequent colliding between them and the membrane surface at high initial flux. The cake layer was further compressed by the higher TMP at a higher initial flux [34]. As shown in Figure 6, the membrane flux decreased dramatically in about 5 min at high initial flux. For the initial flux at 130 and 120 LMH, the permeability can be successfully maintained at a stable status along with the whole operation time. This phenomenon can be illustrated by the attachment coefficient, which is a function, as permeate flux diminished to zero at flux lower than critical flux [35]. Consequently, the optimal initial flux for this hybrid system was around 120 LMH, consistent with the result obtained in Figure 5.




3.1.3. Effect of Operation Mode


There are three different operation modes for the membrane process, including filtration with periodical backwash, filtration with the periodical relaxation and the continuous mode of filtration. Filtration with periodical backwash and periodical relaxation are effective membrane fouling control strategies for long-term sustainability of flux. Figure 7 compared the membrane performance with an operation mode of filtration with periodical relaxation: the on/off ratios were 20:1 and 60:1, respectively. It showed that the on/off ratio of 60:1 provided a much higher permeability of this system. At every operation recycle, the periodical relaxation for both conditions helped to increase membrane flux. While after a running of 20 h, the on/off ratio of 60:1 seemed to be much better at maintaining the permeate flux for a long-term operation. However, the permeability of on/off ratio of 60:1 decreased to a remarkably low level. Thus, in this study, for the operation of in-situ coagulation hybrid with flat-ceramic membrane, the on/off ratio of 60:1 was applicable for the current feed solution.



Aeration is an important hydrodynamic parameter that needs to be carefully controlled to avoid excessive membrane fouling. It is normally coupled with backwashing for fouling control in the industry by losing or removing cake layer on the membrane surface. It can be seen from Figure 8a that when purifying water using a flat-ceramic membrane only, aeration in the membrane tank can help to reduce membrane fouling. Figure 8b showed the membrane performance during the operation of the hybrid membrane system with in-situ coagulation. It turned out that the membrane system performed better without aeration viewed from the permeability. It is interesting to note the phenomena that aeration did not contribute to the improvement of the efficiency in this particular membrane system. It had been reported that aeration did not necessarily improve the membrane performance at some circumstances, and even induced more severe fouling [36], especially in hybrid coagulation and the membrane system. The process of coagulation started with the collision between positively-charged coagulants and negatively-charged colloidal particles, and then flocs in small size formed. The flocs grow rapidly and joined together to form larger flocs [37]. The floc size would be reduced due to the introduced shear forces by aeration. It also had been found that the critical flux can be enhanced efficiently in a coagulation and membrane system by applying lower frequent vibration other than higher frequencies, as the flocs were broken down with the increasing of turbulent conditions [38].



Backwashing is usually applied during the operation of a membrane system to eliminate membrane fouling. During the operation intervals, backwash can recover the reversible resistance, even that the total irreversible fouling keeps increasing within each cycle. Figure 9 compared the membrane performance with and without backwashing under different operation modes. As shown in Figure 9a, backwashing at each operation cycle minimized membrane fouling by immediately filtrating the feed solution without coagulation pretreatment. At the end of experiments, membrane flux was 15.3% and 24.3% declines with and without backwash, respectively. The TMP with backwash changed from 10 kPa to 46 kPa, and the TMP without backwash increased from 10 kPa to 63 kPa, demonstrating a more severe membrane fouling. It is surprising to note that a contrary conclusion was found for the condition of in-situ coagulation. As described in Figure 9b, without backwashing, the permeability decreased from 6.7 m/s·kPa to 4.3 m/s·kPa, and while operating with backwashing, the membrane permeability decreased from 6.4 m/s·kPa to 2.1 m/s·kPa. These results indicated that filtration without periodical backwash was a much better operation mode for the hybrid membrane system in this study. Actually, it had been discussed that backwashing was not always working properly for all membrane processes. Ma et al. found that backwashing cannot remove the pre-layered floc layer on the UF membrane surface due to the strong adhesion force caused by Al flocs and HA [31]. Ye and co-works described that although optimum backwashing time (set at 30 s) helped to reduce the increasing of TMP for each operation recycle, while excess backwash might also lead to fouling [39]. The experimental results in this study also demonstrated that backwashing was also not always efficient in removing membrane fouling. Long time backwashing or high backwash strength would aggravate membrane fouling due to the decomposing of the fouling cake layer and breaking of the lumen of the membrane.



In terms of the results obtained in this study, the backwash for an in-situ coagulation and membrane system might break the loose cake layer formed by coagulation flocs on the membrane surface and decompose the coagulation flocs to small particles. Simultaneously, the membrane fouling would be more severe.





3.2. Performance of the Hybrid System


The membrane system integrating coagulation and membrane process had a significant improvement in the removal of humic acid [40]. The performance of our hybrid system was also analyzed in terms of UV254, COD and turbidity removal. As shown in Figure 10, coagulation can remove more than 60% organic fouling and the removal efficiency of UV254 and COD can be as high as 85% and 81%, respectively, using this hybrid membrane system. The permeate turbidity after membrane filtration reduced from 1.03 NTU to 0.2 NTU. For the operation mode with backwash in each operation recycle, however, the removal efficiencies of UV254 and COD were 80% and 70% respectively, which were lower than that without backwash. As it had been mentioned in Section 3.1.3, backwash did not mitigate membrane fouling during the long run. Membrane fouling during submerged ultrafiltration is mainly dominated by cake filtration and pore blocking, or their combination [41,42]. The cake layer formed on the membrane surface can improve the permeate quality of the hybrid system [43,44]. Backwash worked out to be an inefficient operation mode for this hybrid membrane system, not only for membrane fouling control, but also for the quality of permeate.



The energy consumption of a membrane system is dependent on factors including system design and footprint, water recovery and capacity, membrane type and configuration, and the operation strategy [45]. Bubbling through aeration is a common and efficient strategy for membrane fouling control, especially in a submerged membrane system [46]. However, the energy consumption of aeration is considerably high (approximately 50% of the total energy consumed during the water treatment process utilizing membrane technology) [47,48]. In consequence, a certain potential for energy savings can be facilitated by optimizing the operational strategy. Many efforts have been down by increasing bubbling efficiency [49] or adding mechanical strength [38,50], thus to control membrane fouling and decrease the energy consumption of the membrane systems. The improvements achieved in this study in the membrane performance and foulant removal suggested that the capital costs could be reduced by eliminating flocculation and sedimentations zones. Besides, our results suggested that the most efficient operation mode was without aeration and backwashing, which would be efficient in energy saving.




3.3. Membrane Fouling


In order to identify the contribution of different types of fouling resistance, the hydraulic filtration resistances were calculated with Equations (1) and (2) using a resistance-in-series model. The results are given in Figure 11. The comparison of with and without in-situ coagulation obviously showed that the hybrid system had a much higher efficiency in fouling control. Both hydraulic reversible and irreversible fouling were reduced dramatically with in-situ coagulation.



Mechanical force cleaning includes air scouring and clean water backwashing. After finishing the experiments, physical cleanings were applied. The flux reduction and flux recovery compared with the initial flux were presented in Figure 12. Obviously, it indicated that in-situ coagulation with optimum coagulant dosage demonstrated a minimized flux reduction and the highest water recovery (97.1%). The cleaning process was also captured with photos in the Supplementary Materials (Figure S1b–d). It is further found that the cake layer formed on the membrane surface during in-situ coagulation and membrane filtration can be fully removed by physical cleaning. Other remaining irreversible fouling caused by soluble organic foulant can be removed by chemical cleaning. The water flux of the fouled membrane can be fully recovered after chemical cleaning by soaking the membrane module in 0.01 mM NaClO solution for 2 h. The fouled membrane of the hybrid system was also analyzed, and more information can be found in the Supplementary Materials.





4. Conclusions


In this paper, a study was conducted on a hybrid system containing in-situ coagulation and flat-ceramic membrane for drinking water purification from polluted surface water. A series of operation parameters were systematically optimized, including dosage of coagulant, type of coagulation, initial flux, operating cycle, aeration and backwash. Results suggested that running this system at an initial flux ~120 LMH with on/off ratio of 60:1 and in-situ coagulation of 20 ppm coagulant without aeration and backwash would provide a good performance. With the optimum operation, this hybrid system with in-situ coagulation and membrane had the lowest fouling propensity. The coagulant flocs attached on the membrane surface formed a loose cake layer which can prevent the immediate exposure of membrane surface to organic foulants. The in-situ coagulation not only minimized membrane fouling, but also improved the quality of permeate water. This system removed 85% UV254 and 81% COD, and resulted a permeate with the turbidity as low as 0.2 NTU, which was far below the standard of China for drinking water (1 NTU). In addition, the loose cake layer formed on membrane can be easily removed by physical cleaning, including air scouring and backwashing. The flux recovery rate can be as high as 97.1% percent. As a result of the operation without aeration and backwashing, the hybrid system was operated with minimum energy consumption. The results in this study provided important implications for the application of future flat-ceramic membranes. Further study should focus on the efficient of energy conservation and the scale up of the system.
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Figure 1. The schematic diagram of the hybrid in-situ coagulation and flat-ceramic membrane testing system. 
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Figure 2. The effect of coagulation dosing concentration on membrane system performance. Other experimental conditions: Coagulation method: In-situ coagulation; Operation mode: periodical relaxation, w/o backwashing, w/o aeration; Operation cycle: on/off ratio 60:1; Initial flux: ~120 LMH. 
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Figure 3. The effect of coagulation method on the performance of the hybrid membrane system: (a) A comparison between No coagulation and In-situ coagulation; (b) A comparison between In-situ coagulation and Pre-coagulation; Other experimental conditions: Coagulant concentration: 20 ppm; Operation mode: periodical relaxation, w/o backwashing, w/o aeration; Operation cycle: on/off ratio 60:1. 
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Figure 4. The comparison of membrane performance between a clean membrane and a pre-fouled membrane. Other experimental conditions: Coagulant concentration: 20 ppm; Coagulation method: In-situ coagulation; Operation mode: periodical relaxation, w/o backwashing, w/o aeration; Operation cycle: on/off ratio 60:1; Initial flux: ~120 L/m2·h (LMH). 
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Figure 5. The water flux and transmembrane pressure (TMP) change during limiting flux tests. Other experimental conditions: Coagulant concentration: 20 ppm; Coagulation method: In-situ coagulation; Operation mode: periodical relaxation, w/o backwashing, w/o aeration; Operation cycle: on/off ratio 60:1. 
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Figure 6. The effect of initial flux on the hybrid membrane system performance. Other experimental conditions: Coagulant concentration: 20 ppm; Coagulation method: In-situ coagulation; Operation mode: periodical relaxation, w/o backwashing, w/o aeration; Operation cycle: on/off ratio 60:1. 
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Figure 7. The effect of operation cycle on the hybrid membrane system performance. Other experimental conditions: Coagulant concentration: 20 ppm; Coagulation method: In-situ coagulation; Operation mode: periodical relaxation, w/o backwashing, w/o aeration. 
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Figure 8. The effect of aeration on the performance of this hybrid membrane system. (a) Operation mode: periodical relaxation, w/o backwashing; Operation cycle: on/off ratio: 60:1, Coagulation: w/o coagulation; (b) Operation mode: periodical relaxation, w/o backwashing; Operation cycle: on/off ratio: 20:1, Coagulation: In-situ coagulation. Other experimental conditions: Coagulant concentration: 20 ppm; Initial flux: ~120 LMH. 
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Figure 9. The effect of backwash on the hybrid membrane system performance. (a) Operation mode: periodical relaxation, w/o aeration; Operation cycle: on/off ratio: 60:1; Coagulation: w/o coagulation; Initial flux: ~120 LMH; (b) Operation mode: periodical relaxation, w/o aeration; Operation cycle: on/off ratio: 20:1, Coagulant concentration: 20 ppm; Coagulation method: In-situ coagulation; Initial flux: ~150 LMH. Other experimental conditions: Backwashing time for each operation cycle: 30 s. 
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Figure 10. The comparison of pollutants removal efficiency between coagulation, membrane filtration, hybrid system without backwash and hybrid system with backwash. Other experimental conditions: Coagulant concentration: 20 ppm; Coagulation method: In-situ coagulation; Operation mode: periodical relaxation, w/o backwashing, w/o aeration; Operation cycle: on/off ratio 60:1; Initial flux: ~120 LMH. 
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Figure 11. The comparison of membrane fouling resistance between membrane filtration and hybrid membrane system. 
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Figure 12. The comparison of flux recovery after physical cleaning by air scouring and backwashing with in-situ coagulation and without coagulation. 
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Table 1. The properties of feed solution.
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	pH
	Turbidity NTU
	COD mg/L
	UV254 cm−1





	~7.5
	10–20
	16
	0.072
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