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Abstract

:

The effects of reverse salt diffusion through a forward osmosis membrane were studied in a microfiltration osmotic membrane bioreactor. The reactor was used to treat and simultaneously concentrate nutrients from wastewater. The system was operated at different draw solution concentrations, leading to varying salinity conditions. A relatively low, yet stable forward osmosis flux was observed regardless of increasing draw solution conductivities from 10 to 50 mS cm−1. A substantial increase in sludge conductivity from 5.7 to 19.8 mS cm−1 was observed during the operation. Batch transmembrane pressure-step experiments showed a decline in sludge filtration properties with increasing salinity buildup in sludge due to increasing deflocculation and associated release of protein and carbohydrate fractions of extracellular polymeric substances. Mathematical simulations showed that accumulation of total dissolved solids could mainly be attributed to reverse flux of salts from the draw solution rather than by the enrichment of incoming nutrients when forward osmosis membrane’s salt permeability was high and water permeability low. Ideally, salt permeability below 0.010 L m−2 h−1 and effective water permeability above 0.13 L m−2 h−1 bar−1 are crucial to ensure enhanced nutrient enrichment and reduce sludge osmotic pressure, microbial inactivation, sludge deflocculation and membrane fouling.
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1. Introduction


Rapid expansion of population and climate change have continuously aggravated the pressure on existing freshwater resources throughout the world. Wastewater reclamation has been an alternative approach for augmenting fresh water supplies via water reuse measures. Although, phosphorus and nitrogen are pollutants responsible for eutrophication in natural water bodies, if released untreated, they are on the other hand essential elements for plant growth and food yield. However, scarcity of these nutrients, is a global issue these days since they are currently produced via nonrenewable resources and some energy intensive processes [1].



Membrane bioreactors (MBR) became a state-of-the-art technology in municipal and industrial wastewater treatment many years ago owing to their remarkable benefits, such as high-quality treated effluent, relatively small plant footprint required, and less sludge production [2,3,4]. However, challenges accompanying membrane fouling and the recovery of value-added products (e.g., nutrients) from wastewater are still questionable. On this note, osmotic membrane bioreactors (OMBRs) that combine an activated sludge process with a forward osmosis (FO) membrane system, have attracted growing interest among the scientific community for wastewater treatment and nutrient recovery [5,6,7,8]. The OMBR facilitates the diffusion of pure water through a semipermeable FO membrane by virtue of the osmotic pressure difference between the sludge and draw solution (DS). The FO membrane as a robust alternative for the indirect and direct potable reuse of reclaimed wastewater can effectively retain organic micropollutants in the bioreactor, thereby enabling their subsequent biotransformation [9]. The FO system rejects most of the nutrients, such as PO43−, NH4+, Ca2+, Mg2+, and enriches them in the bioreactor. Indeed, the OMBR process is a multiple-barrier treatment approach with several advantages over conventional MBR technologies, such as low membrane fouling propensity, excellent rejection of organic compounds and nutrients, and nutrient enrichment [10,11]. However, OMBR has some shortcomings, such as the salinity build-up in the sludge due to the reverse salt flux (RSF) from the DS and high retention capability of solutes by the FO membrane, resulting in decreased driving force for permeate flux, reduced microbial activity, and sludge deflocculation [12]. To eliminate the abovementioned problems, many studies have recently proposed the integration and parallel operation of a microfiltration (MF) or ultrafiltration (UF) modules to the OMBR system as an alternative strategy [7,9,10,13,14]. The hybrid microfiltration osmotic membrane bioreactor (MF-OMBR) system enables not only to bleed out salinity build-up from the bioreactor but also to subsequent direct recovery of concentrated nutrients (phosphorus and ammonia) from MF permeate easily by adjusting the pH [7,15]. Therefore, the synergy of OMBR and pressure driven MF filtration system is an interesting approach in wastewater treatment to enhance the rejection and concentration of nutrients and for effective salinity reduction. FO membrane fouling is less pronounced [16], but normally the MF membrane in MF-OMBR fouls rapidly owing to possible external concentration polarization (ECP), soluble and suspended organic polymers attachment to membrane surface and possible scale deposits, which subsequently increase its filtration resistance and hence MF flow declines. A lower MF flow can lead to more salinity accumulation inside the bioreactor and conversely deteriorate the FO flow due to reduced effective osmotic pressure gradient and biological activity as well [17]. These are the major bottlenecks in hybrid OMBR systems, which need further investigations to understand salinity buildup and its possible consequences on system performance.



In this study, a MF-OMBR system was used to treat and enrich the nutrients from synthetic municipal wastewater. The system was operated under varying salinity conditions in order to investigate the influences of draw solution salinity on salt accumulation in the MF-OMBR system and to evaluate the associated effects on FO and MF flux and the sludge floc characteristics at different concentration factors. The propensity of the MBR sludge to foul the MF membrane was assessed by conducting separate batch filtration tests using different sludge inocula collected under different salinity conditions. The development in the concentration of relevant biofoulants, such as soluble microbial product (SMP) and bound extracellular polymeric substance (EPS), were measured as the fractions of carbohydrate, protein, and humic substances. Finally, simulations were made based on the experiments to evaluate:




	
The salinity buildup either via reverse salt flux or high FO rejection of influent substrate ions;



	
The influence of FO membrane salt permeability on total dissolved solids (TDS) accumulation in the sludge.








Based on this, a recommendation for maximum salt permeability of FO membranes to ensure sustainable operation is given.




2. Materials and Methods


2.1. FO and MF Membranes


The FO membrane used was a flat sheet, thin-film composite (TFC) membrane with polyamide active layer and an effective surface area of 722 cm2. Likewise, a flat sheet MF membrane made of polyvinylidene fluoride active layer and polypropylene support layer (MFP2, Alfa Laval, Denmark) was used. The nominal pore size and effective surface area of the MF membrane were 0.2 µm and 133 cm2, respectively. Both the FO and the MF membranes were submerged inside the bioreactor. Draw solutions of varying conductivities were prepared for the FO membrane by dissolving inorganic salt i.e., NaCl (Sigma-Aldrich, St. Louis, MO, USA) in deionized water.




2.2. MF-OMBR System


The lab-scale MF-OMBR system was comprised of an aerobic bioreactor, and two membrane modules (FO and MF) under a cross-flow air configuration. The overall details of MF-OMBR is explained elsewhere [13]. In brief, the MF-OMBR was made of an acrylic plastic having internal length, width, and depth of 25 cm, 6 cm, and 65 cm, respectively. The volume of wastewater in the bioreactor was kept constant at 6.5 L by means of a tap water reservoir connected with a floating valve to ensure the proper immersing of the membrane modules and to avoid any foaming events. Compressed air (5.0–7.0 NL min−1) was used to continuously aerate the bioreactor and to reduce the membranes fouling via the air diffusers installed below the membranes. The active layer of the FO membrane was faced to the feed solution (FS, i.e., AL-FS or FO-mode) in order to avoid the aggravated fouling propensities in the support layer [13,17]. The MF permeate was extracted with an intermittent filtration/relaxation (10 min ON/1 min OFF) and the transmembrane pressure (TMP) was created by the water level difference between the bioreactor and the permeate collection chamber. A peristaltic pump (Ecoline VC-380, Ismatec, Germany) was used to circulate DS through the FO cell channel with a crossflow velocity of 1.70 cm s−1 to get FO permeate. The MF permeate collection chamber and the DS reservoir were placed on the digital balances (Scout STX2202, Ohaus, NJ, USA) and data were continuously logged into a computer. The conductivity and temperature of DS were measured continuously and logged by a conductivity meter (CDM210, Radiometer Analytical, France). To ensure a constant osmotic driving force or regeneration of working DS in FO cell during experimental periods, a concentrated NaCl (35 g L−1) was automatically fed to the DS reservoir by a peristaltic dosing pump (EH-B20VC-230PR2, IWAKI, Japan).




2.3. Experimental Protocol and FO Membrane Characterization


The MF-OMBR system was initially inoculated with activated sludge from Aalborg West Wastewater Treatment Plant (Aalborg, Denmark) having initial mixed liquor suspended solid (MLSS) concentration of 3.5 g L−1. Subsequently, the reactor was fed continuously with a synthetic substrate using a peristaltic dosing pump (Thomas, Germany) at 0.4 to 0.7 mL min−1 dosing every hour to reach the food to microorganism (F/M) ratio of 0.1–0.2 g COD (g MLSS)−1. The composition of synthetic substrate was selected in order to simulate nutrient composition of municipal wastewater (see Table A1, Appendix A). Likewise, tap water was automatically filled into the system with a floating valve for keeping the bioreactor volume constant. No sludge was removed from the reactor during the start-up process (about five weeks) to ensure enough acclimatization of the activated sludge process. However, a solid retention time (SRT) of 43 days was maintained after the MLSS concentration was reached to a quite stable value of 3.30 ± 0.3 g L−1 by continuously wasting about 150 mL d−1 of sludge from the system. Once the MF-MBR system was completely stabilized, FO system was also turned on and complete hybrid system was operated continuously at different operating conditions.



The conductivity of DS was elevated from 10 to 50 µS cm−1 at the interval of four days in order to increase the FO flux by constantly increasing osmotic pressure gradient at the FO membrane interface. Each conductivity of DS was maintained at least for four days in order to achieve a state of system equilibrium and operated for five different phases (as shown in Figure 1b). Therefore, nutrients enrichment was investigated under nearly steady concentration factor and FO flux, and varying salinity conditions in the MF-OMBR operation. DS was periodically changed with new solution after each four days of the operation and MF membrane was chemically cleaned (soaked in 0.1% (w/w) NaOCl and 1% (w/w) citric acid solutions for 24 h) before using for the subsequent experiments. However, no significant fouling was observed in the FO membrane, and the membrane was manually cleaned by water and normal brush after each experiment.



In addition, abiotic batch experiments were carried out to determine FO permeability of a membrane mounted in a membrane cell (Acrylic Sepa CF cell, Sterlitech, Kent, WA, USA) with effective surface area of 20 cm2 and crossflow velocity of 9 cm s−1 [18]. The membrane was oriented in both FO-mode (membrane active layer facing the feed solution) and PRO-mode (membrane active layer facing the DS) (Figure A1, Appendix A). The results showed that the permeability of FO membrane was nearly two times higher in PRO mode than in FO mode. This tendency is in good agreement with results of previous researchers [19]. Dilutive ICP occurred in FO-mode is more severe than in PRO-mode since larger molecular weight solutes cannot diffuse via active layer as quickly as the porous support [20,21].



Ideally, increasing the DS conductivity would increase osmotic pressure (Π) due to decreasing water activities of the solution in accordance with Equation (1). However, either the high FO rejection of ions or the reverse salt transport from DS can subsequently increase the osmotic pressure of feed solution, which leads on declining osmotic pressure gradient. The water flux (Jw) during the FO process was be calculated by using Equation (2), assuming that no boundary layers occur on either sides of the membrane [22].


Π = −ln(aw)٠R٠T/Vm



(1)






Jw = Am٠ΔΠ= Am٠(ΠDS − ΠFS)



(2)




where, aw is the water activity of a solution, R is the universal gas constant (8.314 × 10−2 L bar K−1 moL−1), T is the temperature in Kelvin, Vm is the molar volume of solvent (L moL−1). Am is the water permeability coefficient of membrane, ΔΠ is the osmotic pressure difference between DS (ΠDS) and feed solution (ΠFS) at membrane interface that indicates an effective osmotic pressure gradient (driving force) across the active layer of membrane. The osmotic pressure of suspensions was determined by Equation (1) using measured water activities, as described in Section 2.5.




2.4. Membrane Fouling Propensity: TMP-Step Method


To assess the fouling propensity of sludge at different salinity conditions on the MF membrane, a batch TMP-step method was performed as described elsewhere [23]. In short, a lab-scale MBR (1.0 L) system was used with MF membrane module (A = 0.0085 m2) submerged inside, which was fed by the MF-OMBR sludge at the end of each four days as discussed in Section 2.3 and aerated continuously to simulate the identical condition as in the MF-OMBR system. The TMP was increased continuously from 20 to 100 kPa (five sets in total) by manually adjusting the difference in level of liquid in the reactor and MF permeate collection chamber. Each set was run for 15 min and a duration of five minutes relaxation was arbitrarily selected for all the steps. During filtration, permeate was collected in a beaker on a balance (Scout STX2202, Ohaus, NJ, USA) to record flux.




2.5. Analytical Methods


The conductivity, salinity, and pH of the MLSS were monitored on a daily basis by conductivity meter (F30, Mettler Toledo, Columbus, OH, USA) and pH meter (F20, Mettler Toledo, Columbus, OH, USA). MLSS and mixed liquor volatile suspended solid (MLVSS) concentrations were determined daily according to the Standard Methods for the Examination of Water and Wastewater [24]. Water activity, aw, was measured by using an Aqualab water activity meter (Aqualab 4TE, Pullman, Washington, DC, USA) to calculate the osmotic pressure of DS and sludge.



Ammonium nitrogen (NH4-N) and orthophosphate (PO4-P) from FO permeate, sludge and MF permeate samples were collected daily. Sludge samples for PO4-P and NH4-N analysis were centrifuged (2000 rpm, 15 min) and supernatants were filtered through 0.45 µm membrane filters. The PO4-P filtrates were conserved with 4 mM H2SO4. Subsequently, the samples were analyzed using spectrophotometric method as described elsewhere [13].



The concentrations of biopolymers such as SMP and bound EPS in the sludge samples were determined as the fractions of protein, polysaccharide and humus. The extraction of SMP was carried out by centrifuging the sludge samples at 2000 rpm for 15 min and filtering the supernatant solution through a 0.45 µm filter, whereas bound EPS was extracted directly from the sludge samples. Polysaccharide was determined by the modified Anthrone method [25], with glucose as a standard, whereas the modified Lowry method using bovine serum albumin was used to determine protein and humus concentrations in the sludge.




2.6. Simulations on Salt Accumulation at Varying Salt Diffusivities and Concentration Factors


The permeate flux through the FO membranes using MBR sludge as feed and NaCl as draw solution was simulated by using Equation (2), in which the osmotic pressure of DS was estimated using Equation (3):


ΠDS = 2٠CNaCl٠R٠T



(3)




where, CNaCl is the concentration of NaCl (mol L−1), and T is the temperature (293 K). On the other hand, osmotic pressure developed inside the system was calculated from the empirical equation (Equation (4)) deduced from the batch experiments (Figure A2, Appendix A) as explained in Section 2.3:


ΠFS = 0.67٠TDS + 0.122



(4)




where TDS is the total dissolved solids concentration. The reverse salt flux, from draw to feed (sludge) across the FO membrane was simulated by assuming that the solute flux depended directly on the concentration gradient according to Fick’s law of diffusion, Equation (5) [26]:


JS = B٠(CNaCl,DS − CNaCl,FS)



(5)




where, B is the salt permeability (diffusivity) and CNaCl,DS and CNaCl,FS are the salt concentrations in draw solution and feed side of the FO membrane, respectively. Assuming the concentration of large particles did not contribute significantly to the osmotic pressure, in steady state of the system, the mass balance of the TDS inside the reactor would equal zero (Equation (6)):


dTDS/dt = TDS0٠Qin + Js٠A − TDS٠(QMF + QX)



(6)




where, TDS0 is the TDS entering the system with flow rate Qin; Js is the reverse salt flux from the membrane area A; TDS is extracted through an MF membrane (QMF) and excess sludge removal (Qx). The mass balance was solved to find the TDS concentration at steady state from inlet and draw (reverse salt flux) accumulation, as described in Equation (7):


dTDS/dt = TDS0٠Qin/(QMF + Qx) + Js٠A/(QMF + QX)



(7)







The first term in the right hand side of the equation, TDS0٠Qin/(QMF + Qx), describes the theoretical concentration factor of incoming dissolved solids neglecting the reverse salt flux, while the second term, Js٠A/(QMF + QX) is the TDS accumulated from the draw solution. Equation (7) can be rewritten to express TDS accumulation as a function of concentration gradient across the FO membrane and salt permeability, B by combining Equation (5):


dTDS/dt = TDS0٠Qin/(QMF + Qx) + B (CNaCl,DS − CNaCl,FS)٠A/(QMF + QX)



(8)







The hydraulic retention time (HRT), nutrients retention time (NRT) and concentration factor were defined by Equations (9)–(11), respectively [13]:


HRT = V/Qin



(9)






NRT = V/(QMF+QX)



(10)






Concentration factor = NRT/HRT



(11)




where, V refers to total volume of the reactor (L), and the concentration factor is for salt and molecules that are rejected by be forward osmosis membrane, but passed through the microfiltration membrane.





3. Results


3.1. MF-OMBR Process Parameters under Varying Salinity Conditions and Concentration Factors


The operational parameters of the MF-OMBR process were observed as shown in Figure 1a–d. The MF flux declined rapidly from 42.3 to 15.6 L m−2 h−1 during the first five days, but gradually adjusted and maintained at 14.5 ± 2.4 L m−2 h−1 over day 8 to 20 (Figure 1a). Although the MF membrane fouled rapidly over the operation, the in situ cleaning of membrane helped in maintaining the constant MF flux. On the other hand, a relatively low, yet stable FO flux (0.9 ± 0.3 L m−2 h−1) was observed over the experimental period despite of periodically increasing the DS conductivity. Indeed, low flux tendencies in the MF-OMBR have also been reported in other studies [13,17]. Since a relatively low flux was contributed by the FO membrane, the MF flux predominantly influenced the overall HRT of the system. After day 5, the overall HRT of the system was maintained between 22.2 and 33.6 h (27.8 ± 3.5 h) (Figure 1d).



Since DS conductivity was elevated periodically from set values of 10 to 50 mS cm−1 (actual 11.3 to 49.8 mS cm−1), conductivity of the sludge as well as MF flux substantially increased after day 4 (Figure 1b). The conductivity of sludge and MF permeate increased linearly from 5.7 and 4.3 mS cm−1 on day 5 to 21.9 and 19.8 mS cm−1, respectively on day 20. Since the HRT of the system was kept almost constant in this study, a relatively steady bleeding of solutes via MF permeate can be expected. The increasing sludge conductivity may be a combined consequence of retention and therefore concentration of ions by the FO membrane and by the reverse salt flux from draw side. To assess this further, the reverse salt flux (RSF) was measured analytically using the FO membrane that was used in the system after day 20 using 35 g L−1 NaCl as DS. A permeate flux of 3.0 L m−2 h−1 was observed with the corresponding RSF of 2.788 g m−2 h−1 corresponding to a NaCl permeability of 0.0797 L m−2 h−1. It is worth noting that the observed flux of salt from the draw stream was relatively high as compared to another study using Aquaporin membranes, where RSF of 0.011 g m−2 h−1 was reported [18]. Indeed, the inorganic monovalent NaCl salts are prone to relatively high reverse salt flux due to their small size and high diffusivity [10,17]. The reverse salt flux accumulation of solutes in the sludge and associated increase in osmotic pressure may be an explanation for the lack of elevation in FO flux as draw solution osmotic pressure is elevated.



Increasing tendencies in the concentrations of TS and TDS were observed, whereas TSS concentration, proportional to biomass concentration, remained steady (Figure 1c). This indicated that the inorganic constituents were predominant in the sludge. Indeed, the high TDS concentrations accumulation can interfere with the oxygen transfer and influence the biological metabolism, which could deteriorate shock load sustaining capability of the reactor [27]. The higher conductivity and hence higher osmotic pressure of the feed solution is a result of higher inorganic ions concentration such as Ca2+, Mg2+, Na+, K+, SO42−, CO32−, and natural organic matter that are continuously rejected by the FO process [13]. Although the osmotic pressure difference can be kept steady by gradually increasing the DS conductivity, the pure FO water flux is limited by the high salt flux in the reverse direction [12]. Therefore, it is important to optimize the MF and FO flows to keep a sustainable salt accumulation and ensure appropriate permeate flux. Moreover, pH of the sludge did not vary and remained at 7.44 ± 0.2 over the experimental period (Figure 1d).



To further investigate how osmotic pressures influence the FO permeate flux in the MF-OMBR system, an average FO flux and the theoretical flux (as calculated by Equation (2)) due to osmotic driving force, were plotted against the effective osmotic pressure (Figure A3, Appendix A). A clean water permeability (Am) of 0.4 L m−2 h−1 bar−1 was adopted for FO membrane orienting in FO-mode (Figure A1, Appendix A). In Figure A3, a linearly positive correlation of theoretical FO flux was observed with corresponding effective osmotic pressures. Contrarily, measured FO flux practically showed no significant correlation with increasing effective osmotic pressure and remained nearly constant. These results confirmed the effect of salt diffusion to feed side with the increasing draw solution concentration, which continuously build up salinity in the sludge. This may have resulted in concentration polarization and reduced elevation of effective osmotic pressure gradients since draw solution concentration was leveled, resulting in a very low and almost constant FO permeate flux.




3.2. Nutrients Enrichment in the MF-OMBR System


Nutrient concentrations, i.e., dissolved nitrogen (NH4-N), dissolved phosphorus (PO4-P), and total phosphorus (TP), were continuously monitored during the entire experimental period from excess sludge, FO and MF permeate samples (Figure 2).



Over the experimental period, very low NH4-N concentrations (<1 mg L−1) were observed in the samples of sludge, MF permeate, and FO permeate (Figure 2a), as compared to the initial NH4-N concentration of 10.75 ± 0.7 mg L−1. The idea was to concentrate the dissolved nitrogen inside the reactor that can be recovered further via MF permeate as direct struvite recovery, but since nitrifying bacteria were grown during the inoculation of the system from aerobic sludge, most of the NH4-N was nitrified. However, during the operation days 10 to 15, NH4-N concentrations in sludge and MF permeate increased (about fourfold), which can be attributed to the elevated salinity buildup inhibiting the metabolism of nitrifying bacteria, and thus the nitrification process [15]. However, NH4-N concentration continued decreasing and reached at 0.13 mg L−1 during day 17 to 20 while the sludge conductivity was above 20 mS cm−1, which may be due to the microbial acclimatization to increased salinity. On the other hand, apparently low rejection of NH4-N was observed from FO membrane over the experimental period with average draw concentration of 0.14 mg L−1. This may be attributed to the possible ions exchange of reverse sodium flux (with high concentrations) to facilitate forward NH4-N flux at pH 5–8 [28].



The dissolved phosphorus (i.e., PO4-P) concentration showed fluctuating tendency over the different salinity conditions (Figure 2b). The concentrations of PO4-P extracted from sludge and MF permeate were nearly comparable with similar evolution tendencies, as expected. While, PO4-P concentrations in FO permeate were very low during low salinity period, followed by gradual increases up to day 8, and then decreased with increasing salinity of the sludge until day 20. The PO4-P concentrations in FO permeate increased from 0.05 mg L−1 to 1.5 ± 0.5 mg L−1 while the sludge conductivity increased from 1.6 to 26.3 mS cm−1. The biological phosphorus removal occurs mainly because of uptake and assimilation by phosphate accumulating organisms (PAOs), which are highly vulnerable to saline conditions [15]. The PO4-P enriched in the sludge until day 8 and reached up to 6.0 mg L−1, while the conductivity was observed to be 3.7 ± 2.4 mS cm−1. The concentration of PO4-P continuously decreased between day 8 and 20, which may be eventually due to precipitation within the reactor [13].



Contrarily, in this study, noticeable concentrations of PO4-P were observed in FO permeate. This phenomenon might be due to the possible reverse salt transport flow from the DS reservoir into the bioreactor that enabled the diffusion of charged PO4-P via the same route [28]. Nevertheless, relatively high and stable rejection of PO4-P by the FO membrane was observed and explained by the larger hydrated radius of phosphate molecules and their negative charged ions (H2PO4− and HPO42−), and the negatively charged FO membrane surface [29].




3.3. Membrane Fouling Assessment


Since the integrated system was operated with the membrane active layer facing the feed side (AL-FS or FO-mode), no significant fouling was observed on the FO membrane surface. The hydraulic shear force contributed via continuous aeration from the bottom of the reactor sufficiently removed the loosely built up fouling layer. However, a frequent loss in the MF permeability was observed over the experimental period. The fouling assessment of the MF membrane was not viable straight from the MF-OMBR system due to the periodic cleaning protocols involved during the operation. Therefore, batch TMP-step experiments were carried out to assess the influence of the different sludge salinity conditions on MF permeability (i.e., membrane fouling propensity by sludge). The permeability of each set of the experiments was estimated from the range of TMPs in which average MF-flux and TMP were linearly correlated with an R2 value of more than 0.95. The MF permeability from TMP-step experiments and relevant fouling precursors are plotted against the sludge conductivity (Figure 3).



Figure 3a shows the MF permeability obtained by the TMP-step experiments plotted against the sludge conductivity developed inside the MF-OMBR system. The observation indicated that the MF permeability declined gradually with the increasing salinity inside the system from day 1 to 20. These results have established a clear negative correlation of MF permeability to the increasing salinity of the feed solution, indicating a severe fouling tendency of the MF membrane owing to sludge deflocculation under the elevated saline environment. Furthermore, the membrane fouling precursors, such as SMP and EPS concentrations that were developed inside the system due to the sludge conductivity increased during operation of the system are shown in Figure 3b,c. These compounds significantly change the sludge properties and membrane fouling tendencies [30]. From the results, relatively high concentrations of bound EPS were observed compared to soluble SMP. The comparable trend has been reported by other researchers, where EPS was the dominant precursor on the MF-OMBR fouling [17]. Protein fractions of EPS increased from about 365 mg g−1 TSS−1 at the conductivity of 1.63 mS cm−1 on day 1 to nearly 565 mg g−1 TSS−1 when conductivity of the sludge reached 26.3 mS cm−1 on day 20, establishing a moderately positive correlation between them. This may be due to elevated cell lysis of bacteria at high conductivity of sludge that produces high amount of EPS protein. Carbohydrate fractions of EPS did not show substantial correlation with the increasing conductivity of the sludge, which is in agreement with the results reported in the previous research [31]. The humic fractions were observed at very low concentrations both in the EPS and SMP fractions. The residual humic concentrations might come from the sludge samples from the full-scale wastewater treatment plant (WWTP) during inoculation. On the other hand, a relatively positive correlation was observed for all the fractions of SMP at increasing conductivities. Protein, carbohydrate and humic fractions of SMP were observed at 3.95 to 5.2 mg g−1 TSS−1, 5.9 to 10.3 mg g−1 TSS−1, and 0.85 to 2.2 mg g−1 TSS−1, respectively. The results indicated that the increased salinity conditions inside the bioreactor increased the concentrations of soluble EPS (SMP). This could be a result of either salinity promoting sludge deflocculation, releasing EPS from flocs to bulk, or EPS being released owing to increase in osmotic pressure during bacterial metabolism and enhancement of cell lysis [31]. Some SMP fractions are degraded during treatment, while the FO membrane can reject other fractions that are difficult to degrade, which further concentrates the SMP [17]. In addition, sludge can produce high molecular weight compounds in a high salinity environment, which slowly degrade and contribute to increasing SMP fractions [31]. Therefore, the high salinity could inevitably lead to the elevation in bound EPS and SMP. Nonetheless, the effect of conductivity on the EPS was not as clear as compared to the SMP fractions.



A previous study reported an upper limit for sludge conductivity of 20 mS cm−1, above which severe sludge deflocculation and inhibition of nitrification was observed [13]. This corresponds well with the release of EPS at high salinities observed in the present study, along with the high ammonium concentrations at day 11–15 where conductivity exceeds 20 mS cm−1.




3.4. TDS Accumulation from High FO Rejection of Inlet TDS and Reverse Salt Flux from DS


To further investigate the reverse salt flux effects on deteriorating the FO flux, simulation on TDS development into the MF-OMBR system was assessed at varying salt diffusivities and TDS concentration factors as shown in Figure 4 and Figure 5, respectively.



The development in steady state TDS concentration was first assessed at varying salt permeability constant, B (membrane diffusivity) values ranging from 0 to 0.1 L m−2 h−1 using two membranes; one corresponding to the FO membrane used in the MF-OMBR described in this study with a low effective permeability (Am = 0.099 L m−2 h−1 bar−1, determined from batch tests), and another commercially available cellulose triacetate (CTA) membrane with higher water permeability. This membrane was obtained from Fluid Technology Solutions Inc. (OR) and batch FO experiments with 35 g L−1 NaCl draw and DI water feed with active layer facing feed showed an effective water permeability Am = 0.130 L m−2 h−1 bar−1 and salt permeability constant of B = 0.024 L m−2 h−1. The MF-OMBR system was simulated at HRT = 20 h, SRT = V/Qx = 33 d and with a TDS concentration factor, i.e., NRT/HRT = Qin/(QMF+QX) = 5. The reverse flow of salt through FO membranes was estimated from the TDS concentration gradient between draw and feed using Equation (5) and setting an initial concentration of NaCl (CNaCl, DS) of 35 g L−1. For the calculation of reverse salt flux, the surface area of FO membrane was determined from the area required to reach the required FO flow to reach a concentration factor of 5 at the given HRT.



The steady state of TDS concentrations and osmotic pressure in sludge were calculated using Equation (8) and the mechanism of conductivity building up inside the reactor was evaluated by considering the accumulation of TDS from influent (TDS0٠Qin/(QMF + Qx)) or/and via reverse salt transport from the draw side (B٠(CNaCl,DS − CNaCl,FS)٠A/(QMF + QX)). The results for CTA and TFC membranes are plotted in Figure 4a–d, respectively.



Both membranes show similar tendencies of permeate flux productivity and the osmotic driving force dissipation with respect to the varying B values (Figure 4a,c). The FO permeate flux was found to be almost constant at about 2.5 L m−2 h−1, whereas the osmotic driving force was linearly declining from about 27 to 24 bar when B was changed from 0 to 0.1 L m−2 h−1, which is a consequence of reduced osmotic gradient due to TDS accumulation in the sludge. The insignificant decline in simulated flux is consistent with the constant flux measured during operation of the MF-OMBR system (Figure A3).



It was revealed that higher accumulation of TDS resulted in lower FO fluxes due to the lower osmotic gradients established. At lower salt diffusivities (low B values), the accumulation of salt was mainly due to the inlet TDS concentration than from the reverse salt transport from DS, whereas at higher B values more accumulation of TDS was from reverse salt flux from the draw solution, i.e., TDS0٠Qin/(QMF + Qx) < B٠(CNaCl,DS − CNaCl,FS)٠A/(QMF + QX). According to Equation (8), the critical salt permeability, Bcrit, where more TDS accumulate from draw than from feed can be determined as follows (Equation (12)):


Bcrit = TDS0٠Qin/(A٠(CNaCl,DS − CNaCl,FS))



(12)







Hence, for a high FO membrane area and high concentration gradient from draw to feed, the critical B value is low, whereas for high inlet flow and TDS concentration, the critical value of salt permeability is higher, meaning that reverse salt flux is less problematic. This is in line with Figure 4b,d, showing that higher water permeability results in less TDS buildup at steady state and it is possible to reach NRT/HRT of 5 with less membrane area and therefore lower reverse salt flux. Also, it is quite evident that the TDS accumulated from draw solution exceeded the TDS accumulated from inlet at B values of more than 0.026 L m−2 h−1 with water permeability of 0.099 L m−2 h−1 bar−1 for TFC membrane (Figure 4d) and B values of more than 0.036 L m−2 h−1 with permeability of 0.130 L m−2 h−1 bar−1 for CTA membranes (Figure 4b). Hence, the mathematical simulations show that the membranes with sufficiently low B values of salt diffusivity are crucial for the development of MF-OMBR system to ensure enhanced enrichment of nutrients from influent wastewater streams with sustainable treated clean water reclamation, while maintaining a sustainable flux and avoiding deflocculation due to buildup of salinity.



To further explore the effect of reverse salt flux on the system operation, simulations were performed to estimate TDS accumulation at varying concentration factors of NRT/HRT at given HRT of 20 h and SRT of 33 d, as shown in Figure 5. The resulting RSF and TDS concentrations at steady state were estimated by solving the mass balance equations (Equations (5)–(8). The flow fractions of FO and MF were simulated at NRT/HRT ratio of 0 to 20 (Figure 5a) with the water permeability (Am) of 0.099 L m−2 h−1 bar−1 and salt permeability constant (B) of 0.079 L m−2 h−1 at a DS (NaCl) concentration of 35 g L−1. The salt permeability constant was determined in batch FO tests with 35 g L−1 draw and DI water feed, with the active layer facing the feed solution. The simulations revealed that at higher concentration factors, higher FO flow via the system is required in equilibrium state. However, higher concentration factors result in higher accumulation of TDS, both from inlet and draw solution, as there is greater membrane area to facilitate reverse salt flux. For the TFC membrane, the accumulation of TDS from draw exceeds the accumulation from inlet (Figure 5b) at any of the NRT/HRT values. Hence, it is obvious that the TFC membrane is not so feasible since it facilitates relatively high TDS accumulation from DS owing to higher reverse salt flux with less concentration of TDS accumulation from inlet. While the main objective was to develop the MF-OMBR system with high tendency of incoming nutrient enrichment, this membrane system would mainly contribute to the consequences, such as higher osmotic sludge pressure, biomass inactivation and sludge deflocculation owing to accumulation of salts from the draw solution.



Similarly, the CTA membrane in the FO system was simulated at concentration factor ranging from 0 to 20 (Figure 5c) with Am = 0.13 L m−2 h−1 bar−1 and B = 0.024 L m−2 h−1, respectively. The results revealed that for the CTA membrane, the accumulation of inlet TDS exceeds the accumulation of TDS from reverse salt transport, however the percentage shares were 53% from inlet and remaining 47% from the draw, respectively.



Therefore, in comparison, the CTA membrane showed better implications in the integrated MF-OMBR system, enabling higher TDS concentrations accumulation from inlet than in the TFC membrane. Moreover, more severe flux decline owing to membrane fouling is reported in the TFC membrane as compared to the CTA membrane, although biofouling is a challenge in CTA membranes [32]. Hence, it is evident that the FO membrane’s water permeability and salt permeability are crucial for sustainable operation of the hybrid MF-OMBRs to enrich incoming nutrients. Figure 5d shows a similar simulation as Figure 5b,c, using Am = 0.13 L m−2 h−1 bar−1 and B = 0.005 L m−2 h−1. In this case, the reverse salt flux was observed at low level contributing only 16% of accumulated TDS in sludge, whereas 84% accountability is from inlet TDS (Figure 5d). This ideal case might possibly be a best condition that practically limits sludge osmotic pressure buildup, microbial inactivation, deflocculation and fouling propensity to ensure sustainable operation of the MF-OMBR system.





4. Conclusions


A hybrid microfiltration osmotic membrane bioreactor system was used to treat and simultaneously concentrate nutrients from synthetic wastewater. The MF flux declined to a steady level of 14.5 ± 2.4 L m−2 h−1 over the experimental period, while relatively low and stable FO flux was observed regardless of increasing DS conductivities from 10 to 50 mS cm−1. This was explained by an increase in sludge conductivity and TDS concentration in the sludge, leading to elevated osmotic pressures. Batch TMP-step experiments showed lower filtration properties of sludge samples with increasing salinity buildup inside the MF-OMBR system because of increasing protein, carbohydrate fractions of EPS and SMPs.



The role of reverse salt flux for salinity buildup and subsequent decline in osmotic driving force was demonstrated by mathematical simulations at varying values of salt permeability of the FO membranes. At high salt permeabilities and low water permeabilities, the TDS accumulation in sludge due to increasing reverse salt flux exceeded the accumulation ascribed to inlet salinity enrichment. TDS accumulated from draw exceeded the TDS accumulated from inlet at B values of more than 0.026 L m−2 h−1 for TFC membrane (Am = 0.099 L m−2 h−1 bar−1) and of more than 0.036 L m−2 h−1 for CTA membranes (Am = 0.13 L m−2 h−1 bar−1). Also, increasing the ratio of concentration factor results in increasing tendencies of salt accumulation inside the system from both inlet and draw for TFC membrane, whereas accumulation of TDS from inlet exceeds reverse salt transport for the CTA membrane. It was demonstrated that if the B value of the CTA FO membrane could be reduced to 0.005 L m−2 h−1, while maintaining Am of 0.13 L m−2 h−1 bar−1, only 16% of TDS accumulated in the sludge would originate from the draw solutions, whereas 84% TDS would be accumulated from influent. Therefore, to enrich incoming nutrients while ensuring low salinity buildup to avoid deflocculation, fouling and microbial inactivation, it is crucial to use FO membranes with highly efficient water permeability (>0.13 L m−2 h−1 bar−1) and low salt permeability (<0.01 L m−2 h−1) to develop a sustainable hybrid MF-OMBR system.
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Figure A1. Clean water FO membrane permeability tests: (a) FO mode, and (b) PRO-mode. 
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Figure A2. Plot of osmotic pressure vs. TDS of feed in the MF-OMBR system. 






Figure A2. Plot of osmotic pressure vs. TDS of feed in the MF-OMBR system.



[image: Water 12 01098 g0a2]







[image: Water 12 01098 g0a3 550] 





Figure A3. Plot of Measured and theoretical FO flux against effective osmotic pressure. 
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Table A1. Synthetic substrate composition.
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	Compound
	Concentration (mg L−1)





	Glucose (C6H12O6)
	1000



	Peptone
	1000



	Potassium dihydrogen phosphate (KH2PO4)
	175



	Magnesium sulfate (MgSO4)
	175



	Ferrous sulfate hepthahydrate (FeSO4٠7H2O)
	100



	Sodium acetate (CH3COONa)
	2250



	Urea (CH4N2O)
	350
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Figure 1. Process parameters of the hybrid microfiltration osmotic membrane bioreactor (MF-OMBR) operation: (a) daily averaged microfiltration (MF) and forward osmosis (FO) flow; (b) conductivities of the draw solution (DS) (FO permeate), sludge and MF permeate with respect to five different phases; (c) total, suspended and dissolved solids in sludge; and (d) overall hydraulic retention time (HRT) and pH of sludge. 
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Figure 2. Nutrient concentrations of (a) dissolved nitrogen (NH4-N), and (b) dissolved phosphorus (PO4-P), by MF-OMBR over the experimental period. 
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Figure 3. (a) MF permeability, (b) bound extracellular polymeric substance (EPS) fractions, and (c) soluble microbial product (SMP) fractions plotted against sludge conductivity developed inside the MF-OMBR system. 
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Figure 4. Simulation of flux, osmotic pressure and TDS at varying salt diffusivities (B) under steady state condition (a,b) for CTA membrane (water permeability Am = 0.130 L m−2 h−1 bar−1), and (c,d) thin-film composite (TFC) membrane (Am= 0.099 L m−2 h−1 bar−1). 
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Figure 5. Simulations of TDS at varying concentration factors at solid retention time (SRT) = 33 d: (a) flow fraction for both TFC/CTA membranes; (b) for TFC membrane; (c) for CTA membrane; and (d) for an ideal membrane. 






Figure 5. Simulations of TDS at varying concentration factors at solid retention time (SRT) = 33 d: (a) flow fraction for both TFC/CTA membranes; (b) for TFC membrane; (c) for CTA membrane; and (d) for an ideal membrane.



[image: Water 12 01098 g005]








© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (http://creativecommons.org/licenses/by/4.0/).






media/file4.png
Feed Osmotic pressure (bar)

10

y=0.6708 x+ 0.122
R?=0.932 m

2 4 6 8 10
Measured TDS of feed (g L)

14





nav.xhtml


  water-12-01098


  
    		
      water-12-01098
    


  




  





media/file8.jpg
Concentration (g L")

@) v AVGMFfu o A FO M

b) 4 Foam

Sudge & MF

&

[orase 1 Prase 2 prase 3 P & Prase

o
se0e
8583008300000006000%

a8 12 18 2
Time (day)

s 1z 1
Time (day)

Py






media/file11.png
0,9

! ® Sludge .
0,8—a) . MF -
i o FO
0,7 - -
= - »
", 0,6 - * 4
£ 0,5- -
Z 0,4 - &
'q- d -
N 0’3_ O ©® =
= e O ® Oo
0,2 - 8o2%40 ¢ 8
A .Oo @ E
o © ® g0 o
0,1 - 00800000 5
0:8 = | | : | = |
7col:)) 4 8 12 16 20 ]
| ¢ Sludge _
6 - ° MF -
o= & FO -
— 5 ¢ vo 1
L 3 -
o . . .
IS *e )
Dl_ ¢ * e "009-
N 32 B
@) @ ¢ A
o | O .
2- 6% 000 b
1- o R
- &
0 AQA/PO B | | I |
0 4 8 12 16 20

Time (day)





media/file2.png
FO flux (L m2h™)

FO flux (L m? h™)

20

-
O,

=
o

&)

N
(&)

N
o

-
6)}

=
o

(&)}

T ] T | ' I ' I

I a) y =0.397 x + 8.53

I R%=0.997 ]

- v  FO-mode (AL-FS) 7
T T | | !

 b) .

y = 0.860 X + 0.976
- R2= 0.997 i
¢ PRO-mode(AL-DS) -
! - | ' | ' ' '
0 5 10 15 20 25

DS Osmotic pressure (bar)





media/file13.png
> £ 3 ® @)
I LD
N
> * @ lo
~N
> 4 ® Ow
! -2
> £ 2 @ (®)
0 Qoc Lo 4 = e —
a oo
. 005 Sss o
W W w hH5
L X | @ @0
i 7= © i
- - R - Ty TR = = o o 0 o 0 o
R TR L - 8 < - 33 3
(,1eq ,y,w) (,.8SL ,.6 bw) 43 (,.SS1 —.m Bw) WS

Aingesuwuad 4\

Conductivity (mS cm™)





media/file10.jpg
© Siudge
0s2) . ME o
o FO
07 ]
B .
7 06 * q
2 o5 ]
Zz 04 ]
o .
T o3{g* q
z s Yol ¢ 038
02 ° ]
a238888, 02 so s
o1 00800000 1
08
73 b) 4 8 12 16 20]
* Siudge ]
6 . I3
b o @ o FO
sl
w8 . S0 ]
£,] . 1
a . ts o
- .o ve 3]
EE
4 ]
24 00000000 ]
000
il o° 00 00]
°
0 ; v T T T
0 4 8 12 16 20

Time (day)





media/file5.jpg
Clean water flux, L m2h™

45
4,0
35
3,0
25
20
15
1,0
05

0,0

W Measured FO flux

= Theoretical FO flux u
.
.
.
.
.
B
.
. I'V
t I ¢ -
¥ Tv v v .
v v
v vy
2 4 6 8 10

Effective osmotic pressure (AIT), bar






media/file12.jpg
» 4 . 0
> - .

> * . o
> - e oo o

8886 &g

ik 355

S Slee0 5| ec°
€ 88 Bigci8 8 8 BN R Rus B2
(080 .4 ;) (,8SL, 66w sga  (.-5SL,.66w) dws

eausad N

10 5 20 2

Conductivity (mS cm'™)

5





media/file3.jpg
Feed Osmotic pressure (bar)

10

®

o

IS

N

y=0.6708 x+ 0.122
R?=0.932 ]

2 4 6 8 10
Measured TDS of feed (g L)

12

14





media/file9.png
Jue (L m?Zh7)

Concentration (g L)

a) v Avg. MFflux < Avg. FO flux
v | L | ’ | ’ | ' |
v
40 |
v
304
V<7 =
v o _
204 Vv v
VWe WY vy vV
10 - v' vy

ﬂc)

0 T T T T 1

i ® TS ¢ TDS O TSS @4
16 - .

*e
12 - 0’ P 4 o
L 2
. ‘.00>
oo?
*

IS & X, 8|
R OOOOOAvOoOoOOooOOOOO
0 | | . | . | v |

0 4 8 12 16 20

Time (day)

2,0

-1 1.5

Jeo(L M2 h)

Conductivity (mS cm™)

HRT (h)

- b) 4 Foraw) + Siludge & MF
Phase 1 Phase 2. Phése 3l Phase 4 Phase 5
-r‘ — —— — = — — ‘—-‘ 4
A
45 - A 4
AaA,
30 - A -
AAA A
A, A A )
AAL A AAL
15 _ A AA' =1
ATA, AR A
" A
d) A%
0 AAAR
s | ' | | | |
l® HRT O gH
. e
N ®
30 . o. ® -
[ ] @ &
o
o * Ooﬁooo. e
o
20 - 0.000 O OOOOOOO )
L e®
10
0 1 ] v | | |
0 4 8 12 16 20

Time (day)

10





media/file14.jpg
Osmotic pressure and TDS conc. FO Flux and osmotic driving force

30
2
Permeate Flux Permeate Flux
20 —Osmetc dingforce 20 Osmatic diving force:
15 15
10] 10
5

1d)

—Siudge TS
- TDS acc. from nfet
-+ - TS acc.from craw

Osmotic pressure (feed)

20

Osmotic pressure (feed)
Siudge TOS

TDS acc.from inlet
DS acc.from draw.

&





media/file1.jpg
SN
a 8

FO flux (L m2 h'")
3

¥=0307x+853
Ri=0.997

v

FO-mode (AL-FS)

y=0860x+0976

Ré=0.997

+ PRO-mode(AL-DS)

0 5
DS Osmotic pressure (bar)

10

15

20

25





media/file16.jpg
1,00
<
5 o
£ o075 —F
g 050
3
2 025

0,00
- 100 Studge TOS
& Acs from draw .
8 5] =l ccronia =
@
a
S
. 40{— SudgeToS
S Acs rom nlet
8 307 hco rom draw
@ 20
e

10

d
ol9)
o 4= SuigeToS
o 2] Acorominet
=+ Aot rom draw
E 16
(S
o=t —————eme—

0 2 4 6 8 10 12 14 16 18 20 22
NRT/HRT





media/file15.png
Osmotic pressure and TDS conc. FO Flux and osmotic driving force

30 a) ! [ I 30 ‘C) ! [ I [
25 _\: ]
------ Permeate Flux Permeate Flux
20 - Osmotic driving force 20 - Osmotic driving force 7
15 A 15 -
10 A 10 G
94 o .
28 b) ! I I ! 25 d') L I | I L I
- = = « Osmotic pressure (feed) Osmotic pressure (feed)
1= =Sludge TDS Sludge TDS
20 = ++ TDS acc. from inlet 20 TDS acc. from inlet
1+ « » TDS acc.from draw ; TDS acc. from draw |
i
7/
_ 7 ] |
15 , 15 ‘
, -
, v
7/
10- . 10- -
7/
7’ .
/’ %
Baf ..o i s & -
0 i -'I I T I T I I T 0 ! I ! I I I T
QO K% ] o D QD 4% 0 o) N
S 0 O S o & o o o o o
B B





media/file0.png





media/file17.png
TDS/TDS, TDS/TDS, Flow fraction

TDS/TDS,

1,00 T T T T T T
' FO
0’75- e \|F |
0,50 - i
0.25+ il
0,00- ) | L 1 S ] 1 I 1 I '#
100 == ilud?eTI(DjS 1
| eeee Acc from draw o
75 e= ¢ Acc from inlet ’. i
50' ...o°.°..... al
25 - ¢o°°...... o amm o il
C) bﬂ.;.o-o-O-‘-.-.-
O__4L'_I. ¥ T X ¥ T T T T T T
40 - Sludge TDS :
i Acc from inlet
30 ' Acc from draw I
20 - -
10 - :
1d
0_ ‘) I ] 1 = I 1 1 I 1 I 1
e== Sludge TDS
24- oo oo Acc from inlet - i
| == < Acc from draw Jaee®
16' ....00. al
8- .«.0".... 2
i o’ﬂ.. o amp © @D
0 Fempeameameame=me=""" =
0O 2 4 ©6 10 12 14 16 18 20 22

NRT/HRT





media/file6.png
Clean water flux, L m2h’

4,5

4,0-
3,5:
3,0-‘
2,5:
2,0:
1.5
1.0-

0,5-

T . T v T v T

¥ Measured FO flux
MW Theoretical FO flux

0,0

Effective osmotic pressure (AI), bar






