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Abstract

:

In this paper, three different fertilizer draw solutions were tested in a novel forward osmosis-microfiltration aerobic membrane bioreactor (MF-FDFO-MBR) hybrid system and their performance were evaluated in terms of water flux and reverse salt diffusion. Results were also compared with a standard solution. Results showed that ammonium sulfate is the most suitable fertilizer for this hybrid system since it has a relatively high water flux (6.85 LMH) with a comparatively low reverse salt flux (3.02 gMH). The performance of the process was also studied by investigating different process parameters: draw solution concentration, FO draw solution flow rate and MF imposed flux. It was found that the optimal conditions for this hybrid system were: draw solution concentration of 1 M, FO draw solution flow rate of 200 mL/min and MF imposed flux of 10 LMH. The salt accumulation increased from 834 to 5400 μS/cm during the first four weeks but after integrating MF, the salinity dropped significantly from 5400 to 1100 μS/cm suggesting that MF is efficient in mitigating the salinity build up inside the reactor. This study demonstrated that the integration of the MF membrane could effectively control the salinity and enhance the stable FO flux in the OMBR.
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1. Introduction


Diminishing fresh water supplies due to the impacts of global warming, rapid industrialization and urbanization have prompted increased interest in indirect and direct potable reuse of impaired water [1]. This is especially an urgency for irrigation agriculture, a major consumer of water (i.e., about 70% of freshwater is consumed by this sector) [2,3]. Conventional activated sludge processes have been widely used for many years to reclaim water for non-potable use [4,5,6,7]. For potable reuse, a multiple-barrier treatment approach is required in order to protect public health. Recently, the membrane bioreactor (MBR) combining the forward osmosis (FO) process (OMBR) has attracted growing interests in the field of wastewater treatment and reclamation. In fact, compared to conventional MBR, the OMBR process has a lower fouling tendency due to the osmotic driving force instead of hydraulic pressure [8,9,10]. Besides, MBR effluent still contains a number of viruses, ions, and trace organic compounds (TOrCs) which can potentially result in risks to human beings and the environment [11,12]. The high rejection of FO membrane can therefore provide a better rejection of contaminants and retain a significant portion of suspended solids; which is another advantage of this OMBR system compared to the conventional ones. However, OMBR also has some limitations such as salinity build-up (i.e., accumulation of dissolved salts inside the bioreactor), internal concentration polarization and the energy associated with the draw solution recovery process [13,14,15]. This is due to the combination of high rejection of FO membrane which rejects the salts already present in the bioreactor and those coming from the wastewater feed solution and the reverse transport of salt from the draw solution to the bioreactor passing through the FO membrane [16,17].



The selection of an optimal draw solution is therefore critical to the OMBR process. The first criterion is that the draw solution should have a high osmotic pressure, higher than the feed solution to produce high water flux [18]. NaCl is widely used as draw solution in the FO process due to its high solubility and low toxicity at low concentrations, and it is also relatively easy to reconcentrate using conventional desalination process [13]. However, the energy associated with the DS recovery process remains high, hindering the development of the FO process and limiting its commercial application. In fact, most hybrid FO processes (e.g., FO-RO hybrid system) cannot compete with conventional water and wastewater treatment. Recently fertilizer-drawn forward osmosis (FDFO) has attracted increased interest since the diluted draw solution can be used directly for irrigation purpose as it contains the essential nutrients for plant growth and no recovery process is therefore required [19,20,21,22].



In this study, a novel hybrid system has been proposed in which the osmotic dilution of fertilizer via domestic wastewater reuse is achieved for greenhouse hydroponic application. This hybrid system consists of an osmotic membrane bioreactor for wastewater treatment combined with a side-stream microfiltration (MF) unit in order to recover treated wastewater from the aerobic sludge. Besides, MF can also help in mitigating the salinity build-up in the bioreactor. The FO process uses fertilizers as draw solution and the membrane is submerged in the bioreactor. Water is therefore drawn from wastewater and the diluted fertilizers can be used for agriculture application.



The main objective of this study was to determine a suitable fertilizer as draw solution in the novel MF-FDFO-MBR hybrid system for simultaneous wastewater treatment and greenhouse hydroponic application. The performance of the optimum DS was then studied by investigating different process parameters: draw solution concentration, flow rate, and imposed MF water flux. Moreover, salt accumulation and TOC removal efficiency in the MF-FDFO-MBR were compared to the FDFO-MBR system to investigate the performance of MF in mitigating salt accumulation inside the bioreactor.




2. Materials and Methods


2.1. Experimental Set-Up


Figure 1 shows the lab-scale submerged OMBR system with a side-stream MF membrane used in this study. The active volume of the bioreactor is 10 L and is made of acrylic plastic. The FO membrane used in the experiments was provided by Hydration Technology Innovation (Albany, OR, USA) and its characteristics have been reported in other studies [10,23]. This membrane is made of cellulose-based polymers with an embedded polyester mesh for mechanical strength with an effective membrane area of 0.024 m2. The membrane orientation was active layer facing the synthetic wastewater feed solution (i.e., AL-FS) to prevent the aggravated fouling, especially pore-clogging in the support layer [24]. The in-house fabricated side stream polyvinylidene difluoride-MF (PVDF-MF) membrane, having an effective area of 0.0754 m2, was employed for salinity control inside the reactor; the average pore size of the membrane was 0.1 μm determined by capillary flow porometry (CFP-1200-AEXL). Variable speed peristaltic pumps (Cole-Parmer, Vernon Hills, IL, USA) were used to provide variable flow rates. The MF permeate was pumped out using a peristaltic pump at a constant flux. The synthetic wastewater was continuously pumped into the bioreactor, the influent was controlled by a float water level sensor (Stefani, Welshpool, WA, Australia) to maintain a constant water level, and the oxygen was provided through an aeration diffuser (Aqua One, Sydney, NSW, Australia). The membrane was physically cleaned by scrubbing the foulant on the membrane surface using sponge balls made of polyurethane (Chux® non, Padstow, NSW, Australia).




2.2. Chemicals and Operation Conditions


Three chemical fertilizers ammonium sulphate (SOA), mono-ammonium phosphate (MAP) and potassium phosphate monobasic (KH2PO4) used in this study were reagent grade (Sigma Aldrich, Castle Hill, NSW, Australia) and were prepared by dissolving fertilizer chemicals in deionized (DI) water. Osmotic pressure and diffusivity were obtained by OLI Stream Analyzer 3.2 (OLI System Inc., Morris Plains, NJ, USA).



Initially, the reactor was seeded with 4 L sludge obtained from a domestic sewage treatment plant (Central Park Facility, Sydney, NSW, Australia). After seeding, the bioreactor was continuously fed with a synthetic municipal wastewater consisting of glucose, starch and peptone as an organic carbon source and mineral salts containing nitrogen and phosphorus as source of nutrients in the ratio of COD:N:P ratio equal to 450:40:10 with an organic load of 0.25 kg COD/m3/day, the detail characteristics are given in Table 1. This ratio is sufficient to avoid any storage of nutrients necessary for cell growth [25]. The bioreactor was put in a temperature-controlled laboratory to maintain the temperature at 22 ± 0.5 °C. Continuous aeration with an intensity of 0.5 m3/h was used in order to induce a hydrodynamic shear force for membrane fouling reduction and supply sufficient oxygen for microorganisms. The mixed liquor suspended solid (MLSS) concentration was in a range of 5–6 g/L and mixed liquor volatile suspended solid (MLVSS) concentration was in a range of 4.5–4.8. The MLSS in this study was kept between 5 and 6 g/L in order to minimize the sludge accumulation and effectively controlling and reducing fouling on the membrane surface [26]. The sludge retention time (SRT) was fixed at 40 days by discharging 250 mL of sludge from the bioreactor every day. The hydraulic retention time (HRT) of the MF-OMBR varied in a range of 4.5–13.5 h during the entire operation due to the flux decline and different MF imposed flux. The pH of mixed liquor was monitored daily and kept in the range 6.5–8 which is the typical pH range for aerobic MBR operations [27,28].



Initially, the experiments were carried out to determine the optimum conditions (i.e., draw solution type, DS concentration, DS flow rate and MF permeate flux). The performance of the FO process was evaluated in a batch mode of operation where the draw solution was continuously diluted. Following this initial screening, experiments were carried out for four weeks under optimum conditions after which MF was integrated to the system to determine its impact on mitigating the salt accumulation inside the bioreactor. Experiments with MF were conducted for additional 14 days.




2.3. Analytical Methods


The weight change of draw solution tank was recorded by a digital balance (ADAM, Oxford, CT, USA) to determine the water flux. A pH and conductivity meter (HACH, Willstätterstraße, Düsseldorf, Germany) was used to measure pH in the bioreactor, conductivity measured in the draw solution was used to determine the reverse salt flux (RSF) of draw solution salts by using the concentration curves (see Figures S1–S3 in Supplementary Materials) and measured in the bioreactor was used to determine the salinity build up, SRSF is the ratio between the RSF and the water flux. A pressure transducer (Keller, Reinacherstrasse, Basel, Switzerland) with online data acquisition was used to measure outlet membrane pressure across the microfiltration (MF) membrane. At the end of the long-term experiment, samples from the bioreactor (40 mL), MF permeate (40 mL) and diluted DS (40 mL) were collected and analyzed for Total organic carbon (TOC) was measured using a TOC analyzer (Analytikjena, Konrad-Zuse-Straße, Jena, Germany). MLSS and MLVSS concentrations were quantified according to Standard Method 2540 by using glass fibre filters (PALL Supor ®-450, Pall Corporation, Port Washington, NY, USA), oven (Labec, Marrickville, NSW, Australia) and muffle furnace (Labec, Marrickville, NSW, Australia). Dissolved oxygen (DO) was measured by a DO meter (Scientrific Pty Ltd., Yamba, NSW, Australia).



In order to evaluate water flux recovery efficiency of different fertilizer draw solutions, the membranes were systematically cleaned after 4 days of continuous operations. Before starting the experiments with wastewater as feed solution, the water flux of pristine FO membranes was evaluated with 1 M NaCl as draw solution and DI water as feed (in a separate bench-scale FO setup). Then the membrane cell was placed in the bioreactor which was fed with wastewater for 4 days and fertilizers were used as draw solution. After 4 days, due to significant flux decline, the membrane cell was taken out from the bioreactor, cleaned (i.e., by using sponge balls; gently scrubbing the foulants on the membrane surface with DI water) and water flux was re-measured with the separate bench-scale FO setup using the same baseline conditions (i.e., 1 M NaCl as draw solution and DI water as feed solution). The difference between the initial water flux and the flux obtained after cleaning was used to calculate the water flux recovery as follow:


   R =    J  w , i   −  J  w , f      J  w , i     × 100 %     



(1)




where R is the flux recovery after membrane cleaning (%), Jw,i, is water flux of the prinstine FO membrane in the filtration cell (LMH), and Jw,f is water flux of the fouled FO membrane after physical cleaning (LMH).




2.4. Mass Balance in the OMBR-MF System


According to the FO water flux (Jw) and solute flux (Js) models presented in previous studies [30,31], the relation between Jw and JS can be expressed as follow:


      J w     J S    =  B  A β  R g  T      (  both   A L − D S   and   A L − F W  )    



(2)




where Jw is the volumetric water flux (L·m−2·h−1 or LMH); JS is the solute flux (g·m−2·h−1 or gMH); A and B are the water permeability (LMH·bar−1) and solute permeability (LMH) of the rejection layer, respectively; β is the van’t Hoff coefficient; Rg is the universal gas constant; and T is the absolute temperature (°C). In Equation (2), the Jw/JS ratio is largely determined by the B/A ratio. This ratio can be considered as a constant for a given rejection layer and solute type at fixed temperature. In general, a lower B/A ratio (i.e., a more selective rejection layer) is preferred in order to reduce the solute reverse transport across the FO membrane.



Considering a typical submerged OMBR, the FO feed water solute concentration is identical to the solute concentration in the mixed liquor Cml (g/L). As a result, Cml can be significantly higher than the solute concentration in the influent sewage Cin and the high salt concentration in the bioreactor may adversely affect both biological activities and the FO flux performance [32]. Thus, it is important to understand the dependence among Cml, the OMBR operating parameters and the FO membrane properties. The mixed liquor salt concentration Cml can be determined as a function of time t via solute mass balance in the MF-OMBR:


    V r    d  C  m l     d t   =  Q  i n    C  i n   +  J s   A  m 1   −  Q s   C  m l   −  Q  m f    C  m l      (  solute   mass   balance  )    



(3)




where Vr (L) is the bioreactor volume; Qin (L/h), Qs (L/h) and Qmf (L/h) are the volumetric flow of the influent sewage, the waste sludge and the MF system, respectively; and Am1 is the FO membrane area (m2). Similarly, a mass balance equation can be written for water in the OMBR:


    Q  i n   =  J w   A  m 1   +  Q s  +  Q  m f      (  water   mass   balance  )    



(4)







Substituting Equations (2) and (4), we have:


    V r    d  C  m l     d t   = (  J w   A  m 1   +  Q s  +  Q  m f   )  C  i n   +  B  A β  R g  T    J w   A  m 1   −  Q s   C  m l   −  Q  m f    C  m l     



(5)







For the OMBR system shown in Figure 2, the hydraulic retention time (HRT) θHRT (h) and sludge retention time (SRT) θSRT (h) are defined respectively by:


    θ  H R T   =    V r     J w   A  m 1   +  Q s  +  Q  m f       



(6)




where


    Q  m f   =  J  m f    A  m 2     



(7)




where Jmf is the fixed MF flux (LMH) and Am2 is the MF membrane area (m2), and


    θ  S R T   =    V r     Q s      



(8)







Thus, Equation (5) can be re-written as:


     d  C  m l     d t   =  1   θ  H R T      (   C  i n   +  B  A β  R g  T    )  −  1   θ  S R T      (   C  m l   +  B  A β  R g  T    )  −    J  m f    A  m 2      V r     (   C  m l   +  B  A β  R g  T    )    



(9)









3. Results and Discussion


3.1. Process Parameters


3.1.1. Effect of Different Types of Fertilizers


Results presented in Figure 3a show that the water flux for all the tested draw solutions significantly declined in the initial stage (up to 48 h), and then remained fairly stable at around 2–3 LMH for the next 2 days. NaCl exhibited the highest initial water flux (i.e., 7.7 LMH) followed by SOA, KH2PO4 and MAP. The flux of NaCl dropped more drastically than the other three draw solutions; which is most likely related to the higher initial flux and reverse solute flux, both contributing to the reduction of the driving force and thus the water flux. However, the theoretical osmotic pressure of the different fertilizers showed a different trend compared to the experimental water flux. In fact, MAP has a higher osmotic pressure than KH2PO4 but a lower initial water flux. This difference in water flux between fertilizers could be explained by the variations of extent of dilutive ICP which significantly affects the effective osmotic pressure difference across the membrane [33].



Since the SRSF is the ratio between the RSF and the water flux, a trade-off should be found between a sufficiently high water flux and reasonably low RSF. Results in Figure 3b show that NaCl exhibited the highest specific reverse salt flux (SRSF) (i.e., 1.91 g/L) followed by MAP, SOA, KH2PO4, which ultimately results in higher salinity build-up inside the bioreactor. This is because solute diffusion is theoretically a function of the salt rejecting properties of the membrane characterized by the salt permeability coefficient (B value) which varies with different fertilizers [34]. For instance, the low SRSF values of SOA, KH2PO4 and MAP are most likely related to their low B parameters (i.e., 0.022, 0.029 and 0.024 kg·m2·h−1, respectively). A draw solution exhibiting a lower SRSF would be the preferred option for this hybrid MF-FDFO-MBR system since the accumulation of inorganic salt ions in the bioreactor could potentially inhibit the aerobic microbial activity [14]. For that reason, SOA or KH2PO4 would be more suitable for this process.



In a previous study [35] studying a novel combined OMBR-UF hybrid system to reduce salinity build-up inside the bioreactor, the average FO water flux (using a similar HTI CTA FO membrane) and RSF were both relatively higher than the values obtained in the present study but the draw solution concentration (i.e., 26 g/L NaCl) was kept constant throughout the experiments and not osmotically diluted as it was in the present study. In another recent study focusing on wastewater reuse using a submerged FO system with commercial fertilizers as draw solutes, the reported water flux sharply decreased from 5.8 to 2.8 LMH in three days [36] which is quite similar to the results obtained here whereby the water flux decreased from 6.9 LMH to 2.5 LMH in four days using 1 M SOA as DS and similar HTI CTA FO membrane.



After dour-day experiments, some deposited materials were found on the membrane surface presenting a gel-like structure. This happens very typically when treating wastewater containing proteins and peptone used in this study [37,38]. The effectiveness of cleaning process was examined by measuring the water flux after cleaning. The water flux recovery was 95.5%, 95.0% and 97.2% for SOA, KH2PO4 and MAP, respectively, as shown in Figure 4a, indicating high fouling reversibility of FO [39]. Figure 4b suggests that no severe fouling occurred during four days of operation of MF-FDFO-MBR study, highlighting the low (or reversible) fouling potential of FO membrane and the effectiveness of aeration on controlling membrane fouling. In order to further mitigate membrane fouling, operation conditions such as temperature, pressure and cross-flow velocity should be optimized [40,41]. Based on water flux, SRSF value and water flux recovery data, SOA was selected as DS for further investigation and optimization of the MF-FDFO-MBR system.




3.1.2. Effect of Different DS Concentration on Water Flux and RSF


The effect of DS concentration on water flux is presented in Figure 5a. During these experiments, the DS flow rates were maintained at 200 mL/min. Results show that when operated with 2, 1.5, 1 and 0.5 M SOA draw solution (DS), high initial water fluxes of 11.5, 10, 7 and 3.4 LMH were achieved respectively. The final 3 LMH water flux for both 2 M and 1.5 M SOA DS were obtained, while, for 1 and 0.5 M SOA DS, 2.8 and 1 LMH final water fluxes were achieved, respectively.



It is clear from the results that the initial water flux increases with the increase in DS concentration. The increase in flux is attributed to an increase in osmotic pressure difference across the membrane due to the increase in the concentration of DS resulting in an increased driving force for water transport through the membrane. However, the water flux did not increase linearly with concentration; in fact, the concentration was increased four times, but the average water flux only increased by 2.7 times. This is due to the higher initial water flux enhancing the dilutive ICP which ultimately results in higher water flux decrease [42]. Moreover, the hydrodynamic properties such as density, viscosity and diffusivity are likely to be changed with concentration. The density of the DS varies slightly with concentration, whereas the diffusivity practically remains constant.



Another impact of increasing the DS concentration is the increased RSF. For optimum conditions, the RSF should be as low as possible. Thus, 1 M DS concentration was found to be the optimal concentration to operate the MF-FDFO-MBR system in this study since it can generate an acceptable water flux (i.e., about 7 LMH) and reasonable reverse salt flux (i.e., about 0.3 gMH) as shown in Figure 5b.




3.1.3. Effect of Different DS Flow Rates on Water Flux and RSF


The effect of DS flow rates on water flux and RSF is shown in Figure 6a. The initial draw solution concentration was fixed at 1 M. Increasing the flow rates should normally result in a positive impact on transfer coefficients: for the average water flux, the higher the flow rate, the higher the water flux. With an increase in flow rate from 100 to 400 mL/min, the average water flux was found to increase slightly from 2.91 to 3.18 LMH. This could be attributed to the reduction in hydrodynamic boundary layer thickness with an increase in Reynolds number (i.e., flow rate), which in turn increased the water flux [43]. However, the difference is not significant and the trend in water flux is almost similar amongst all cross flow rate tested because the cross flow can only have an effect on the membrane surface, not inside the support layer. On the DS side, it is the dilutive ICP that mainly affects the water flux; therefore, the effect of DS cross flow rate is expected to be minimal. Figure 6b shows that, at higher DS cross flow rate, higher SRSF is obtained. Considering that the average water flux is similar amongst the tested cross flow rate, this means that a higher DS cross flow rate induces a higher RSF.




3.1.4. Effect of Different MF Permeate Fluxes on FO Water Flux and MF Outlet Pressure Change


Experiments were also carried out by varying the MF permeate fluxes and the conductivity in the bioreactor as well as the outlet pressure change in MF was measured during throughout the experiment. Results in Figure 7a indicate that the FO flux is increasing with the increasing of MF flux; in fact, the average fluxes were 2.9, 3.6, 4.2 and 4.8 LMH for a MF flux of 0, 10, 20 and 30 LMH, respectively. This is due to the decreased in salt concentration (From 2.5 g/L to 0.55 g/L, which is calculated by 1 μS/cm ≈ 0.5 mg/L) inside the bioreactor resulting in a lower osmotic pressure in the bioreactor and thus an enhanced driving force across the FO membrane. This can be also explained by Equation (9). In fact, when increasing the imposed MF flux (Jmf), the salinity inside the bioreactor (Cml) decreases. Figure 7a also demonstrates that, under same operating conditions and 1 M SOA as a draw solution, higher MF flux (30 LMH) contributed to higher final FO flux (4.5 LMH) compared to lower MF imposed flux (10 LMH) which could achieve only 2 LMH of final FO flux. This finding could be attributed to the less salinity build up in OMBR at higher MF imposed flux as a result higher and more stable FO flux could be achieved. This observation further justifies MF membrane incorporation into OMBR to alleviate salt accumulation and for better performance of FO membrane in terms of water flux.



The MF outlet pressure change data in Figure 7b can be used to investigate the fouling behaviour of MF membrane. The membrane resistance was quite low (i.e., lower than 5 mbar) and stable during the initial period and then a sudden increase was noted at about 40 h of operations when operated at 20 and 30 LMH. This sudden jump happened quicker with a higher imposed flux of MF, suggesting that, when operating at higher flux, the deposition of the sludge onto the MF membrane surface is faster [44]. This indicated a need for more frequent cleaning when operating at higher flux to maintain an outlet pressure as low as possible. However, for the lowest filtration flux (i.e., 10 LMH), there is not a clear jump found in 4 days, only a gradual increase can be observed; suggesting a well-built cake layer with a possible loose structure under the low MF flux. Figure 7b shows that, for the highest MF flux, after the first jump in water flux, there is a pressure drop occurring at around 55 h of operation. This may be due to a change in the cake layer structure or bio-activity of the attached fouling [32]. Therefore, the operation of the MF-FDFO-MBR system at lower flux (i.e., 10 LMH) helps in minimizing foulant build-up on the membrane surface and thus membrane resistance to water flux. This resulted in significantly less pressure build-up (Figure 7b) to maintain a stable flux. In addition, it also helped in reducing the chemical cleaning frequency of membrane resulting in an increase life span. The salinity build-up inside the bioreactor is mitigated once MF is integrated to the system, regardless of the MF permeate flux chosen.





3.2. TOC Removal Efficiency and Mitigating Salt Accumulation by Incorporating MF


Compared with the conventional OMBR, the total TOC removal efficiency of MF-FDFO-MBR system should be represented by the combination of MF effluent and diluted draw solution. The total TOC removal efficiency of the system could be obtained according to the mass balance of TOC concentration [39]:


    C  m i x   =    C  M F    V  M F   +  C  F O    V  F O      V  M F   +  V  F O         



(10)




where Cmix is the TOC in the mixed effluents (i.e., MF effluent and diluted DS) (mg/L), CMF is the TOC concentration in the MF membrane effluent (mg/L), CFO is the TOC concentration in the diluted draw solution (mg/L), VMF is the volume of the MF membrane effluent (L), while VFO was calculated based on the weight change of the draw solution due to the flux decline of FO membrane (L).



In Figure 8a, the TOC removal efficiency due to the activated sludge (i.e., for the OMBR system only) was only 27.85% for two weeks, while the TOC removal efficiency of the FO membrane was more than 98.75%. Qiu et al. [45] have reported that 98% of TOC removal by OMBR, while, in a recent study by Achilli et al. [8], it was shown that more than 99.8% of TOC was removed with submerged OMBR. This is due to the FO membrane having a high rejection of organic materials which corroborates with previous studies [24,46]. Besides, in a recent review article focusing on the performance of stand-alone FO process, it was demonstrated that TOC rejection by FO membranes was more than 99.9% [47]. Regarding the performance of MF system, the TOC rejection was about 72.31%, which is slightly lower than previous studies (i.e., >80%), but it also depends on the various effects, such as the organic loading rate, the HRT and the SRT [29,48,49]. Finally, considering the total rejection for the hybrid system (i.e., MF effluent and diluted DS), the TOC removal was about 85.53%.



Results in Figure 8b show that the salinity in the bioreactor keeps increasing during the first two weeks when MF was not in operation. Such effect can be readily explained by Equation (9). In fact, the phenomenon of RSF in FO process leads to the transport of solutes from the draw solution to the bioreactor. Thus, the accumulation of feed solutes (Cin), the draw solutes permeating through the FO membrane (Js) and the absence of MF (Jmf) all contributed to the elevated salinity condition in the OMBR. In fact the conductivity increased from 834 to 5400 μS/cm during the first 4 weeks when MF was not operated. Microorganism can be affected by the high salinity environment, i.e., some microorganisms might be inactivated because they are unable to withstand and adapt to high salinity environment, the conductivity higher than 10,000 μS/cm was reported would inhibit the activity of microorganisms [46,50,51]. After integrating MF, the salinity dropped significantly from 5400 to 1100 μS/cm in only two weeks, suggesting that MF is efficient in mitigating the salinity build up inside the reactor. Compared to the FDFO-MBR, TOC concentration in the bioreactor of MF-FDFO-MBR system is lower than FDFO-MBR system which could be attributed to a higher microbial activity in the MF-FDFO-MBR due to its lower salinity based on the result that high salinity could cause the loss of metabolic activity, the release of soluble microbial products and the reduction of the capacity to sustain shock loads [51,52].





4. Conclusions


Three different fertilizers were studied in the novel MF-FDFO-MBR hybrid system and the performance of the process was also studied by investigating different operating parameters: draw solution concentration, FO DS flow rate, and imposed MF flux. Finally, salt accumulation in the MF-FDFOMBR was compared to FDFO-MBR system and TOC removal efficiency was evaluated.

	
This study demonstrated that the integration of the MF membrane could effectively control the salinity and enhance the stable FO flux and metabolic activity in the OMBR.



	
The hydrodynamic conditions were found to have significant effect on the FO water flux and reverse salt flux.



	
The optimum conditions for this hybrid system was found as follow: SOA as fertilizer DS, draw solution concentration of 1 M, FO draw solution flow rate of 200 mL/min and MF imposed flux of 10 LMH.



	
In order to drive OMBR from laboratory research to real practical applications, the water flux of FO membrane must be improved and reverse salt flux must be decreased, which require breakthroughs in the development of FO membranes, draw solutions, operating conditions and other novel strategies.
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Figure 1. Flow diagram of the MF-FDFO-MBR hybrid system used in this study. 
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Figure 2. Mass balance in the OMBR-MF system. 
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Figure 3. (a) Water flux of different fertilizer draw solutions in the MF-FDFO-MBR hybrid system; and (b) specific reverse salt flux of different fertilizer draw solutions in the MF-FDFO-MBR hybrid system (Feed solution: Synthetic wastewater; DS concentration: 1 M; Flow rate: 200 mL/min, Temperature: 22 ± 0.5 °C). 
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Figure 4. (a) Water flux recovery rates of different fertilizer draw solutions; and (b) fouled membrane surface. 
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Figure 5. (a) Water flux of different DS concentrations in the MF-FDFO-MBR hybrid system; and (b) RSF of different DS concentrations in the MF-FDFO-MBR hybrid system (DS: SOA; Feed solution: Synthetic wastewater; Flow rate: 200 mL/min; Temperature: 22 ± 0.5 °C). 
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Figure 6. (a) Water flux of different DS flow rates in the MF-FDFO-MBR hybrid system; and (b) RSF of different DS flow rates in the MF-FDFO-MBR hybrid system (DS: SOA; Feed solution: Synthetic wastewater; DS concentration: 1 M; Temperature: 22 ± 0.5 °C). 
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Figure 7. (a) Water flux of different MF imposed fluxes in the MF-FDFO-MBR hybrid system; and (b) MF outlet pressure change in the MF-FDFO-MBR hybrid system (DS: SOA; Feed solution: Synthetic wastewater; DS concentration: 1 M; DS flow rate: 200 mL/min, Temperature: 22 ± 0.5 °C). 






Figure 7. (a) Water flux of different MF imposed fluxes in the MF-FDFO-MBR hybrid system; and (b) MF outlet pressure change in the MF-FDFO-MBR hybrid system (DS: SOA; Feed solution: Synthetic wastewater; DS concentration: 1 M; DS flow rate: 200 mL/min, Temperature: 22 ± 0.5 °C).



[image: Water 09 00021 g007]







[image: Water 09 00021 g008 550] 





Figure 8. (a) TOC removal efficiency; and (b) variation of conductivity and TOC concentration in the bioreactor of the MF-FDFO-MBR hybrid system. 
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Table 1. Composition of the synthetic municipal wastewater used in this study [29].
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Components

	
Unit

	
Values






	
Glucose

	
mg/L

	
80.50




	
NH4Cl

	
mg/L

	
14.70




	
KH2PO4

	
mg/L

	
10.50




	
Starch

	
mg/L

	
85.30




	
Peptone

	
mg/L

	
18.00




	
Milk powder

	
mg/L

	
108.40




	
Yeast

	
mg/L

	
50.00




	
Total Organic Carbon

	
mg/L

	
92.31




	
Total Nitrogen

	
mg/L

	
42.32




	
Total Phosphorus

	
mg/L

	
10.48
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