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Abstract

:

The anaerobic membrane bioreactors (AnMBR) were operated at 35 °C (H-AnMBR) and 25 °C (L-AnMBR) for long-term wastewater treatment. Two aerobic forward osmosis membrane bioreactors (FOMBRs) were utilized to treat the effluents of H-AnMBR and L-AnMBR, respectively. During the 180 days of operation, it is worth noting that the combined system was feasible, and the pollutant removal efficiency was higher. Though the permeate chemical oxygen demand (COD) of H-AnMBR (18.94 mg/L) was obviously lower than that of L-AnMBR (51.09 mg/L), the permeate CODs of the FOMBRs were almost the same with the average concentrations of 7.57 and 7.58 mg/L for the H-FOMBR and L-FOMBR, respectively. It was interesting that for both the AnMBRs, the permeate total nitrogen (TN) concentration was higher than that in bulk phase. However, the TN concentrations in the effluent remained stable with the values of 20.12 and 15.22 mg/L in the H-FOMBR and L-FOMBR effluents, respectively. For the two systems, the characteristics of activated sludge flocs were different for H-AnMBR-FOMBR sludge and L-AnMBR-FOMBR sludge. The viscosity of L-AnMBR-activated sludge (2.09 Pa·s) was higher compared to that of H-AnMBR (1.31 Pa·s), while the viscosity of activated sludge in L-FOMBR (1.44 Pa·s) was a little lower than that in H-FOMBR (1.48 Pa·s). The capillary water absorption time of L-AnMBR-activated sludge (69.6 s) was higher compared to that of H-AnMBR (49.5 s), while the capillary water absorption time of activated sludge in L-FOMBR (14.6 s) was little lower than that in H-FOMBR (15.6 s). The particle size of H-AnMBR-activated sludge (119.62 nm) was larger than that of L-AnMBR-activated sludge (84.92 nm), but the particle size of H-FOMBR-activated sludge (143.81 nm) was significantly smaller than that of L-FOMBR-activated sludge (293.38 nm). The observations of flocs indicated that the flocs of activated sludge in H-AnMBR were relatively loose, while the flocs of L-AnMBR were relatively tight. The fine sludge floc was less present in the L-FOMBR than in the H-FOMBR. Therefore, in the process of sewage treatment, the influent of each unit in the AnMBR-FOMBR system should have suitable organic content to maintain the particle sizes of sludge flocs.
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1. Introduction


In recent years, anaerobic membrane bioreactors (AnMBRs) have attracted much attention due to their advantages for wastewater treatment [1]. It had been reported that the combination of membrane separation technology and an anaerobic bioreactor may allow for municipal wastewater treatment with the benefits of lower sludge production and net energy production, without the extra costs for aeration [2]. Anaerobic processes can work under different temperature conditions, and temperature is one of the most important process variables in anaerobic digestion systems [3].



Generally, the activities of microorganisms in a biological process decrease when the temperature decreases, which consequently results in decreases in the chemical oxygen demand (COD) removal efficiencies. Besides its effect on the metabolic activities of the microbial population, temperature has a profound effect on factors such as biogas solubility, the solubility of (in)organic compounds and the settling characteristics of the biological solids [4]. However, a key problem is the need to treat municipal wastewater without heating, and the implementation of AnMBRs in municipal wastewater treatment at ambient temperature is technically feasible, which is defined as temperatures of 5–30 °C [3]. Martinez-Sosa et al. reported that the COD removal efficiencies close to 90% were achieved at both 35 °C and 20 °C, and the bioreactor temperature impacted methane recovery in an AnMBR treating municipal wastewater [5].



However, a certain level of post-treatment is required, since AnMBR effluents do not comply with the nutrient (i.e., nitrogen and phosphorus) discharge limits [6,7]. The reason for the low removal of nitrogen and phosphorus is that both of nitrogen and phosphorus removal processes needed anoxic and aerobic zones [8]. It should be noted that the concentrations of nutrients in AnMBR effluents are typically higher than in their influents as a result of organic matter degradation [9]. Therefore, in most cases, this means that the post treatment is required if the effluent is to be reclaimed. The combination of AnMBRs with conventional biological treatment technologies will face challenges due to the low COD: N and COD: P ratios.



Forward osmosis (FO) has been recognized as a promising technology for wastewater reclamation and seawater desalination [10]. Recent research effort has been focused on development of FOMBR [11,12], which is a combination of a conventional MBR with a high retention forward osmosis (FO) membrane [13]. The FOMBR makes use of osmotic pressure. Where an osmotic draw solute causes water movement across a selectively permeable membrane driven by the difference in osmotic pressures across the membrane. It has been reported that the first publication on FOMBR appeared in 2008 [12] and subsequently more and more studies had been investigated [11,14,15,16,17]. The FOMBR could provide a path to resolving this challenge of AnMBR effluent due to the low COD: N and COD: P ratios, since the FO process can almost totally reject N and P contaminants.



The anaerobic membrane bioreactors (AnMBRs) were operated with the temperatures of 35 °C and 25 °C, respectively, for long-term wastewater treatment, and two aerobic forward osmosis membrane bioreactors (FOMBRs) were operated with direct feeds of effluent from the AnMBRs. Therefore, the objective of this research was to evaluate the performances of the combinations of AnMBRs and FOMBRs: (1) optimize AnMBR and FOMBR operation parameters; (2) assess the gas and volatile fatty acid (VFA) generation in different temperature conditions; (3) investigate the efficiencies of wastewater treatment for AnMBR and FOMBR; and (4) analyze sludge characteristics of the AnMBR and FOMBR. On this basis, a new combination approach for effective wastewater treatment and energy recovery is proposed.




2. Materials and Methods


2.1. Experimental Set-Up of AnMBR-FOMBR


The experimental set-up of submerged AnMBR is shown in Figure 1. The two same AnMBRs were employed in this study and were operated at 35 °C (H-AnMBR) and 25 °C (L-AnMBR), respectively, and the effluents of the two anaerobic MBRs flowed into two aerobic FOMBRs (denoted as H-FOMBR and L-FOMBR), respectively.



The cylindrical AnMBR was made of polymethyl methacrylate with an effective volume of 8.0 L. The AnMBR was installed with a circle submerged hollow fiber microfiltration (MF) membrane module, which was made of polyvinylidene fluoride (PVDF) with a nominal pore size of 0.22 μm and an effective surface area of 0.2 m2 (Motian, Tianjin, China). The effluent pump and water level controller were controlled by an autocontrol system. The bioreactor temperature was maintained by an electric heater and controlled at scheduled temperatures by a thermostatic controller. The transmembrane pressure (TMP) was recorded by a vacuum meter (YB150, Yangquan, China).



The FOMBR was rectangular (L 300 mm × W 50 mm × H 400 mm) with effective volume of 2.4 L and with a flat-sheet membrane module made of cellulose triacetate (CTA) membranes (Hydration Technologies Inc.). An air diffuser was fixed at the bottom of biological reaction tank for aeration to scour the membrane surface.




2.2. Feed and Operating Conditions


A synthetic wastewater simulating municipal wastewater was used as feed water for the AnMBR according to previous study [18]. Activated sludge sampled from a local municipal wastewater treatment plant was used as inoculum for the MBRs. The biogas production was monitored with a water displacement gas collector at ambient temperature (23–25 °C). The biogas yield values were corrected to standard conditions (1 atm, 0 °C).




2.3. Analytical Methods


The COD, sludge concentration (MLSS), volatile solid concentration (MLVSS) and sludge volume index (SVI) were determined according to standard methods [19]. The dissolved oxygen (DO) concentrations (TriOxmatic 160R, WTW, München, Germany) in the aeration tank were monitored. The total nitrogen (TN) concentration was measured by a total organic carbon (TOC) analyser (TOC-5000A, Shimadzu, Kyoto, Japan). Biogas produced from reactors was captured continuously in gas bags from the headspace of the reactor. The gas composition was analyzed by gas chromatography (Model SC-7, Shandong Lunan Instrument Factory, Zaozhuang, China). The volatile fatty acids (VFAs) were measured by gas chromatography (GC 7890, Agilent, Wilmington, DE, USA) equipped with a flame ionization detector (FID). The capillary water absorption time (CST) was measured by instrument (TYPE 304M, Triton Electronics, Essex, UK). Viscosity of the mixed liquor in the system was also monitored using a viscosity meter (Brookfield, Model LVDV-E, Middleboro, MA, USA). All the above analyses were conducted in triplicate, and their average values were reported. Particle size distribution (PSD) was analyzed through a Mastersizer 2000 coupled to Hydro 2000SM (A) with a detection range of 0.02–2000 μm (Mastersizer 2000, Malverin, UK). The sludge floc morphology was investigated by microscopy (BX51, Olympus, Japan) and the images were obtained. Scanning electron microscope (SEM) micrographs were captured by a Hitachi S-3000N SEM (Tokyo, Japan).





3. Results and Discussion


3.1. Optimization of Process Conditions for the AnMBR and the FOMBR


3.1.1. Optimization of the AnMBR’s Operational Conditions


Generally, the selection of operation parameters should be considered before the start-up and operation of MBR. According to the objective of this project, the parameters that needed to be optimized in this study were as follows: membrane module configuration, mixing speed, suction and pause time and hydraulic retention time (HRT). Taking COD removal efficiency as the main reference through the experiment, the operation parameters were optimized, as shown in Table 1. Meanwhile, the change of membrane pressure (TMP) was observed.



The treatment efficiencies of AnMBRs with curtain membrane modules, flat sheet membrane modules and circular membrane modules designed in this study were compared. It was found that the treatment efficiencies of AnMBRs with flat sheet membranes and curtain membranes were not much different from those with the designed circular membrane module, but the change of TMP was different. The TMP transition of an AnMBR with curtain membrane occurred after 25 days of operation, and the TMP transition of an AnMBR with flat sheet membrane occurred after 30 days of operation. However, the TMP of an AnMBR with ring membrane module did not change during 30 days of operation with the value of 0.25 kPa, so the design of ring membrane module was conducive to delaying membrane fouling.



The anaerobic membrane bioreactor designed in this study was equipped with an agitator. The purpose was to use the agitator to completely mix the mixed liquid in the reactor, and at the same time use cross flow to wash the sludge deposited on the membrane surface to delay membrane pollution. However, high stirring speed would affect the aggregation of sludge flocs, and low stirring speed would lead to sludge deposition on the membrane surface, resulting in membrane fouling. Through the change of TMP observed in the experiment, it was found that the stirring speed was suitable to be controlled at 150 rpm.



The water was discharged in the pressure-driven membrane bioreactor by external pressure. Generally speaking, the peristaltic pump was used in the laboratory-scale membrane bioreactor to pump water with intermittent operation. The suction and pause mode of the aerobic membrane bioreactor was generally 8 min on/2 min off. Due to the large viscosity and the small particle size of anaerobic sludge, membrane fouling was easy to occur. In the experiment, the suction and pause mode was 8 min on/2 min off, 4 min on/1 min off and 7 min on/3 min off, respectively.



It was found that the three suction and pause modes had little effect on the COD removal efficacies, but it was obviously observed that when the suction and pause mode was 8 min on/2 min off, the TMP increased rapidly. When the suction and pause mode was 4 min/1 min, the TMP increased most slowly, so the stop time ratio was 4 min on/1 min off in the subsequent experiments.



Since the biomass was retained when the anaerobic membrane bioreactor was operated at any temperature, the sludge retention time (SRT) and HRT in the membrane bioreactor were separated [4]. Baek et al. indicated that at 32 °C, with an HRT of 12–24 h and an SRT of more than 200 days, the anaerobic membrane bioreactor was used to treat the effluent from the sedimentation tank to obtain high quality effluent [20]. Further, high SRTs help micro-organisms to adapt to the different compounds present in industrial wastewaters, many of which can be difficult to biodegrade [21]. In this study, due to the slow growth of anaerobic activated sludge, SRT was maintained at 150, 300 and 450 days, respectively. Comparing the treatment efficiencies of different SRTs in the anaerobic membrane bioreactor, it was found that the treatment efficiency was lower at the SRT of 150 days. Due to the slow growth of the activated sludge in the anaerobic process, the short SRT would have resulted in a lower sludge concentration in the reactor. The longer SRT (450 days) would have made the sludge flocs in the system disintegrate, and cause the sludge viscosity to increase, resulting in the membrane fouling intensification. Therefore, the SRT was maintained at 300 days in the following experiment.



The pH of the mixed liquid in the anaerobic membrane bioreactor had effects on the properties of the anaerobic sludge and the activity of the microorganism. In order to prevent the over-acidification of the reactor, and to make the hydrogenic and methanogenic bacteria and other microorganisms in the reactor survive in the appropriate pH range, the anaerobic reactor was generally controlled at the pH of 6.8–7.5. In this study, a pH probe was used to monitor the pH in the reactor at any time, and the pH in the reactor was controlled at 7.0–7.3.



To sum up, the operational parameters of the anaerobic membrane bioreactor determined by the experiment were as follows: the circular membrane module, the stirring speed of 150 rpm, the suction and pause mode of 4 min on/1 min off, the SRT of 300 days and the pH of 7.0–7.3.




3.1.2. Optimization of the FOMBR’s Operational Conditions


Before the establishment of the combined system, the operation parameters of the forward osmosis membrane bioreactor were optimized. The parameters to be optimized included the orientation of the active layer of the forward osmosis membrane (including the active layer towards the reaction pool side and the active layer towards the driving pool side), the concentration of dissolved oxygen, SRT, the species of draw solution and the concentration of draw solution. The operation parameters were determined by taking the membrane fouling cycle as the main reference, and the long period of membrane fouling indicated that the selected parameters were suitable for operation. The optimized operation parameters are shown in Table 2.



As shown in Table 2, the type of draw solution had effects on the driving force and the permeate flux. At the same time, the selection of draw solution also needed to consider economic factors and membrane fouling. In the experiment, it was found that the membrane fouling cycle with MgCl2 as the draw solution was short, which was caused by the reverse diffusion of MgCl2 to the side of reaction tank. The membrane fouling was enhanced by cross-linking of organic matter by the complexation of divalent cations, while the membrane fouling caused by reverse diffusion of sodium ions was weak. At the same time, the cost of MgCl2 was more than that of NaCl; therefore, NaCl solution was selected in this study as the draw solution. It can be seen from the table that the period of membrane fouling with the active layer to the side of the reaction pool was longer than that with the active layer to the side of the driving pool. At the same time, the surface of the active layer was smoother than that of the supporting layer, and the sludge was not easy to deposit. Therefore, in this study, the active layer was selected to be placed towards the side of the reaction pool.



Dissolved oxygen was an important factor affecting the biological activity. At the same time, aeration could wash the sludge deposited on the membrane surface and make the sludge completely mixed in the reactor. The experimental results showed that it was suitable to control the dissolved oxygen at 2.5 mg/L in the FOMBR. The phenomenon of reverse osmosis with salt in the reaction tank inhibited the activity of microorganisms and reduced the growth of activated sludge; meanwhile, the membrane fouling rate of short SRT was faster than that of long SRT. In this study, the SRT was maintained at 80 days. The concentration of the draw solution had effects on the driving force and the permeate water yield. The high concentration of the draw solution increased the driving force, but the increase of the salt reverse osmosis also caused the concentration polarization phenomenon and accelerated the membrane fouling rate. Compared with the draw solution concentration of 2 mol/L, the membrane fouling cycle was longer with the draw solution concentration of 1 mol/L.



To sum up, the operational parameters of the FOMBR in this study were as follows: the active layer of the membrane towards the side of the reactor, the dissolved oxygen concentration of 2.5 mg/L, the SRT of 80 days and the draw solution of 1 mol/L NaCl solution.





3.2. Biogas Production and VFA Generation


3.2.1. Gas Production of the AnMBR for Long-Term Wastewater Treatment


The biogas recovery is a notable advantage for the anaerobic process. The biogas production rate was converted to standard values (1 atm, 0 °C) during the whole operating period. The gas composition was also markedly different between the H-AnMBR and L-AnMBR, as shown in Figure 2a. In the L-AnMBR, the gas phase was composed of 3.71% hydrogen, 90.89% nitrogen, 4.15% methane and 1.25% carbon dioxide, and in the H-AnMBR, the gas phase was composed of 20.03% hydrogen, 89.13% nitrogen, 6.15% methane and 1.52% carbon dioxide. Continuous biogas production could be observed in AnMBR systems for wastewater treatment.



Biogas is a type of a renewable energy that can be produced by the anaerobic digestion of various types of biomass [22]. Meanwhile, it has been shown that the overall process of biogas use has many environmental benefits, such as a decrease in carbon emissions, reduction of pathogens and better odor management of the waste [23]. Moreover, the process of biogas use is regarded as easy to handle and to have accurately predicted outcomes as compared with other forms of renewable energies [24]. Furthermore, biogas effectively promotes the concepts of circular economy which revolve around the basic concepts of reuse and recycling of waste [25].



The cumulative methane content is shown in Figure 2b at certain times during the operation processes of the H-AnMBR and L-AnMBR. The methane production rate of the L-AnMBR was lower than that in the H-AnMBR, indicating a higher biogas production rate at a higher temperature. In a normal biogas plant, CH4 content is approximately 70% while the biogas from the AnMBR had a methane content in the range of 70–90% with other impurities such as nitrogen (0–15%) and carbon dioxide (3–15%) [8]. The biogas rich in methane can be used in many ways, for example, for direct heat and electricity generation, and can even be refined as a fuel.




3.2.2. VFA Production of the AnMBR for Long-Term Wastewater Treatment


The change trends of VFAs in the H-AnMBR and L-AnMBR are shown in Figure 3. The total VFA concentrations in the permeates of the H-AnMBR and L-AnMBR averaged 37.04 and 140.05 mg/L as acetate, respectively, whereas the total VFA concentrations averaged 40.47 and 150.23 mg/L as acetate in the supernatants of the H-AnMBR and L-AnMBR, respectively. It could be found that acetic acid was the predominant VFA in both reactors. For the H-AnMBR, VFAs in the permeate were largely comprised of acetate (average concentration 24.15 mg/L) and propionate (average concentration 8.58 mg/L). With respect to the L-AnMBR, VFAs in the permeate were largely made up of acetate (average concentration of 121.56 mg/L) and propionate (average concentration of 7.48 mg/L). The other VFAs’ concentrations in permeate, such as isobutyrate, butyrate, isovalerate and valerate, were lower.



It is known that lower temperatures can decrease the number of viable microorganisms [26]. This can result in poor performances in the cases where mesophilic bacteria do not grow well under ambient temperatures. Meanwhile, it has also been reported that the half saturation constant for acetate increases significantly at low temperatures [26]. Low temperature hydrolysis is commonly found to be the rate-limiting step in anaerobic degradation, and as temperature decreases, the rate of hydrolysis becomes even lower; therefore, at these temperatures, acetate formation and acetoclastic methanogenesis are the main pathways for methane formation [27]. The accumulation acetate should be further degraded with post treatment.





3.3. Wastewater Treatment Performance of the AnMBR and FOMBR


3.3.1. COD Removal of the AnMBR+FOMBR


COD removal efficiency is an important indicator to evaluate the treatment performance of wastewater. The COD concentrations in the influents, supernatants and permeates of H-AnMBR and L-AnMBR during the whole operation period are shown in Figure 4a. The average COD value in the influent was 212.61 mg/L, while the permeate COD values were 18.94 and 51.09 mg/L for the H-AnMBR and L-AnMBR, respectively. The average COD removal efficiencies were about 91.09% and 75.97% on average for the H-AnMBR and L-AnMBR, respectively. The permeate from the L-AnMBR presented a higher COD compared with the permeate from the H-AnMBR. The COD content in the L-AnMBR permeate was higher due to the accumulation of VFA, and there were more solubilized organic components that were not transformed into methane and left the system.



The evolutions of the COD concentrations in the bulk phases and permeates of the two FOMBRs are listed in Figure 4b. It was evident that the permeate COD of the H-AnMBR was lower than that of the L-AnMBR, but both of the permeate CODs in the FOMBRs were about the same, with the average concentrations of 7.57 and 7.58 mg/L, respectively. This meant that the further degradation of FOMBR was more effective, and the combined system was feasible.




3.3.2. The Total Nitrogen Concentration Changes in the AnMBR


The evolutions of TN concentrations in the bulk phases and permeates of the H-AnMBR and L-AnMBR and the H-FOMBR and L-FOMBR are shown in Figure 5. It is shown that the TN in the bulk phase of the H-AnMBR and L-AnMBR kept at stable values. With the same influent TN concentration, the TN concentration in the H-AnMBR was higher than for the L-AnMBR in bulk phase, and the average values were 41.58 and 38.37 mg/L in the H-AnMBR and L-AnMBR, respectively. It was interesting that in the H-AnMBR and L-AnMBR, the permeate TN concentration was higher than that in bulk phase. The higher concentration of permeate TN was due to the release of nitrogenous substances into the water through reduction reaction in anaerobic conditions, especially proteins, etc., which may have led to rises of effluent TN concentration in the H-AnMBR and L-AnMBR.



The total nitrogen in the FOMBR treating the H-AnMBR and L-AnMBR effluent was also investigated, as shown in Figure 5. The total nitrogen concentrations of the two FOMBRs in the supernatant fluid were about the same, and the changing trends were similar. The concentrations of total nitrogen were reduced slowly in the first 90 days in the bulk phases of the two FOMBRs, and then remained stable at about 22 mg/L. The total nitrogen concentrations in the effluents of the two FOMBRs remained stable, and the average concentrations in the permeate were 20.12 and 15.22 mg/L in the H-FOMBR and L-FOMBR, respectively.





3.4. Sludge Characteristics of the AnMBR and FOMBR


3.4.1. Basic Physical Properties of Sludge


The physical properties of activated sludge in the combined system, including MLSS, MLVSS, SVI, viscosity and CST, were investigated, as shown in Table 3. It can be seen that the SVI value of H-AnMBR was lower than that of L-AnMBR, indicating that the filtration performance of activated sludge in H-AnMBR was better, while in FOMBR, the activated sludge in L-FOMBR had better sedimentation. It can also be seen from the viscosity and capillary water absorption time that the viscosity and capillary water absorption time of L-AnMBR-activated sludge were higher compared to those of H-AnMBR, indicating that L-AnMBR had poor dewaterability, while in FOMBR, the viscosity and capillary water absorption time of activated sludge in L-FOMBR were slightly lower than those in H-FOMBR.




3.4.2. Morphologies of Activated Sludge Flocs


The properties of activated sludge had effects on the microbial activities of the bioreactors, and then affected the treatment efficiency. The floc morphologies of the activated sludge in different reactors were different. The floc morphologies are shown in Figure 6. It can be seen from the observation of flocs that the flocs of activated sludge in H-AnMBR were relatively loose, while the flocs of L-AnMBR were relatively tight. It is illustrated in Figure 6c,d that the fine sludge floc was less present in the H-FOMBR than that in the L-FOMBR.



SEM was used to characterize the microscopic morphology of sludge, as shown in Figure 7. It can be seen that the sludge flocs of H-AnMBR contained more bacillus and the sludge particles were loose, while L-AnMBR contained more coccus and the sludge particles were compact and small. Compared with L-FOMBR, H-FOMBR contained more fine sludge flocs, which is consistent with the floc morphology analysis results of the previous section.




3.4.3. Particle Size Distribution of Sludge Flocs


The particle size of the mixture has a certain impact on membrane fouling [28,29,30]. The particle size distribution of activated sludge in the combined system is shown in Figure 8. It can be seen from Figure 8a that there are two peaks in the particle size distribution of L-AnMBR, which are in the ranges of 2–20 and 30–150 μm, respectively, while the particle size of H-AnMBR only had a wide range of 50–400 μm. In the activated sludge of L-AnMBR, 4.2% of the particle size distribution was 2–20 μm, and 81.5% of the particles were 30–150 μm; in the activated sludge of H-AnMBR, 81.14% of the particles were in the range of 50–400 μm, only 2.7% of the particles were in the range of 2–20 μm and 58.3% of the particles were in the range of 30–150 μm. It can be seen that the sludge particle size of H-AnMBR is larger than that of L-AnMBR.



It can be seen from the particle size distribution parameters more clearly that the volume median diameter D (0.5) of H-AnMBR sludge is higher than that of L-AnMBR sludge, which showed that the particle size of H-AnMBR-activated sludge is larger than that of L-AnMBR-activated sludge. Zhou et al. reported that the micro-particles were mainly formed by filamentous microorganisms associated with the cake layer resistance, and the colloidal particles were mainly formed by sulphate-reducing bacteria linked to the initial fouling formation [31]. Smith et al. speculated that the decrease in median particle size likely accelerated membrane fouling [9].



Compared with anaerobic activated sludge, the particle size of aerobic activated sludge was larger. From the particle size distribution of forward osmosis activated sludge (Figure 8b), it can be seen that the particle size distribution curve of activated sludge in L-FOMBR shifted to the large particle size direction compared to that of activated sludge in H-FOMBR. The particle size of H-FOMBR-activated sludge was significantly smaller than that of L-FOMBR-activated sludge. The particle size distribution ratios of activated sludge in the two reactors were similar, but the particle size ranges were different.



The particle size of activated sludge in the FOMBR showed a bimodal distribution. The bimodal positions of the particle distribution for H-FOMBR-activated sludge were 2–30 μm and 70–350 μm, respectively, accounting for 4.0% and 79.9% of the particle distribution, while the bimodal positions of L-FOMBR were 5–70 μm and 160–630 μm, respectively, accounting for 3.0% and 76.7% of the particle distribution. From the parameters of sludge particle size, it can be seen that the particle size of the H-FOMBR is significantly smaller than that of the L-FOMBR. The volume median diameter D (0.5) of activated sludge in L-FOMBR were almost twice of that of activated sludge in H-FOMBR. Although the forward osmosis membrane was different from the microporous membrane, compared with the large particle size, the deposition of small particle size on the membrane surface could cause the compact cake layer. Therefore, the small particle size sludge can reduce the effluent flux faster, which was the reason for the forward osmosis membrane fouling.



It can be seen from this that different influent water quality changed the particle size of sludge flocs in FOMBR, resulting in a different membrane fouling rate for the FOMBR. Therefore, in the process of sewage treatment, the influent of the FOMBR should have a suitable organic content to maintain the particle size of sludge flocs, and the membrane fouling rate of the FOMBR was relatively low at this influent concentration.






4. Conclusions


The combination of an anaerobic membrane bioreactor (AnMBR) and a forward osmosis membrane bioreactor (FOMBR) was operated for wastewater treatment. The operation parameters of the AnMBR and FOMBR were optimized by the experiment. Continuous biogas production could be observed in AnMBR systems, and the methane production rate of in the AnMBR at 25 °C (L-AnMBR) was lower than that in the AnMBR at 35 °C (H-AnMBR). During the 180 days of operation, the permeate CODs of the two systems were almost the same with the values of 7.57 and 7.58 mg/L, respectively, but the TN treatment performance in the L-AnMBR–FOMBR system was better compared to the H-AnMBR–FOMBR system. As for the sludge characteristics of the AnMBR and FOMBR, the activated sludge dewaterability of H-AnMBR–FOMBR system was better than that of the corresponding unit in the L-AnMBR–FOMBR system. The sludge particle size of activated sludge showed different trends in different units of the two systems. The floc size of H-AnMBR-activated sludge was larger than that of L-AnMBR-activated sludge; however, the floc size of H-FOMBR sludge was significantly smaller than that of L-FOMBR sludge. The different sludge characteristics had little effect on treatment performance of the AnMBR–FOMBR system. In general, the two systems both could achieve better treatment performance, and the combined system was feasible.
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Figure 1. The schematic representation of the combined system consisting of AnMBR and FOMBR. 
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Figure 2. The gas composition (a) and the cumulative methane content (b) in the H-AnMBR and L-AnMBR. 
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Figure 3. The change trends (a) and composition (b) of volatile fatty acids (VFAs) in the H-AnMBR and L-AnMBR. 
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Figure 4. The chemical oxygen demand (COD) concentrations in the influent, supernatant and permeate during the whole operation period in the H-AnMBR and L-AnMBR (a) and the H-FOMBR and L-FOMBR (b). 
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Figure 5. The evolution of total nitrogen (TN) concentrations in the H-AnMBR and L-AnMBR and the H-FOMBR and L-FOMBR. 
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Figure 6. Photos of activated sludge flocs from the (a) H-AnMBR and (b) L-AnMBR and the (c) H-FOMBR and (d) L-FOMBR. 
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Figure 7. SEM pictures of activated sludge flocs from the (a) H-AnMBR and (b) L-AnMBR and the (c) H-FOMBR and (d) L-FOMBR. 
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Figure 8. Particles size distributions of sludge samples in (a) AnMBRs and (b) FOMBRs. 
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Table 1. Optimized operational parameters of the AnMBR.
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	Membrane Module Configuration
	Mixing Speed (rpm)
	Suction and Pause Time (min/min)
	SRT (d)
	COD Removal Efficiency (%)





	Ring Type
	150
	4/1
	300
	89.1



	Flat-Sheet
	150
	4/1
	300
	87.5



	Curtain Type
	150
	4/1
	300
	88.7



	Ring Type
	250
	4/1
	300
	70.9



	Ring Type
	50
	4/1
	300
	86.3



	Ring Type
	150
	8/2
	300
	84.4



	Ring Type
	150
	7/3
	300
	84.9



	Ring Type
	150
	4/1
	150
	80.4



	Ring Type
	150
	4/1
	450
	82.9
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Table 2. Optimized operational parameters of forward osmosis membrane bioreactors (FOMBRs).
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	The Species of Draw Solution
	The Orientation of the Active Layer
	The Concentration of Dissolved Oxygen (mg/L)
	SRT (d)
	The Concentration of Draw Solution (mol/L)
	The Membrane Fouling Cycle (d)





	NaCl
	the reaction pool
	2.5
	80
	1
	30



	MgCl2
	the reaction pool
	2.5
	80
	1
	18



	NaCl
	the driving pool
	2.5
	80
	1
	25



	NaCl
	the reaction pool
	4.0
	80
	1
	23



	NaCl
	the reaction pool
	2.5
	40
	1
	20



	NaCl
	the reaction pool
	2.5
	80
	2
	28
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Table 3. The characters of active sludge in combined systems.
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	MLSS (mg/L)
	MLVSS (mg/L)
	SVI (mL/g)
	Viscosity (Pa·s)
	CST (s)





	H-AnMBR
	5861
	5211
	118.58
	1.31
	49.5



	L-AnMBR
	6024
	5098
	151.89
	2.09
	69.6



	H-FOMBR
	2500
	1212
	134.00
	1.48
	15.6



	L-FOMBR
	3200
	2210
	92.19
	1.44
	14.6
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