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Abstract 

A novel fertilizer-drawn forward osmosis (FDFO) – anaerobic membrane bioreactor 

(AnMBR) hybrid system was proposed for the sustainable hydroponic application as well 

as wastewater reuse. This system consisted of three parts: (i) FDFO for concentrating 

municipal wastewater and producing diluted fertilizer solution, (ii) AnMBR-FDFO 

hybrid system for treating concentrated municipal wastewater and producing biogas as 

well as diluted fertilizer solution, and (iii) supplying produced fertilizer solution to 

hydroponics. 

The FDFO performance was initially investigated to achieve simultaneous water reuse 

from wastewater and production of nutrient solution for hydroponic application. Bio-

methane potential (BMP) measurements, which can be utilized to simulate the anaerobic 

process in batch mode to assess the bio-methane production potential from different 

substrates, were carried out to determine the effect of osmotic concentration of 

wastewater achieved in FDFO on the anaerobic activity. Results showed that 95% water 

recovery from FDFO was the optimum value for further AnMBR treatment. Nine 

different fertilizers were then tested based on their forward osmosis (FO) performances 

(i.e. water flux, water recovery and reverse salt flux (RSF)) and final nutrient 

concentration. From this initial screening, ammonium phosphate monobasic (MAP), 

ammonium sulphate (SOA) and mono-potassium phosphate (MKP) were selected for 

long term experiments to investigate the maximum water recovery achievable. After the 

experiments, hydraulic membrane cleaning was performed to assess the water flux 

recovery. SOA showed the highest water recovery rate, up to 76% while MKP showed 

the highest water flux recovery, up to 75% and finally MAP showed the lowest final 

nutrient concentration. However, substantial dilution was still necessary to comply with 

the standards for fertigation even if the recovery rate was increased. 
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In order to understand and predict the performance behaviour of anaerobic fertilizer-

drawn forward osmosis membrane bioreactor (AnFDFOMBR), a protocol for selecting 

suitable fertilizer draw solute was proposed and evaluated. Among eleven commercial 

fertilizer candidates, six fertilizers were screened further for their FO performance tests 

and evaluated in terms of water flux and RSF. Using selected fertilizers, BMP 

experiments were conducted to examine the effect of fertilizers on anaerobic activity due 

to reverse diffusion. MAP showed the highest biogas production while other fertilizers 

exhibited an inhibition effect on anaerobic activity with solute accumulation. Salt 

accumulation in the bioreactor was also simulated using mass balance simulation models. 

Results indicated that SOA and MAP were the most appropriate for AnFDFOMBR since 

they demonstrated less salt accumulation, relatively higher water flux, and higher dilution 

capacity of draw solution (DS). Given toxicity of sulphate to anaerobic microorganisms, 

MAP appears to be the most suitable DS for AnFDFOMBR. 

Two types of the AnMBR-FDFO hybrid systems were considered for further studies, 

which are (i) FDFO post-treatment of AnMBR effluent and (ii) AnFDFOMBR. The first 

was designed to reduce not only the effect of fertilizer DS on the bioreactor but also 

membrane fouling via microfiltration (MF)/ultrafiltration (UF) as pre-treatment. Besides, 

contaminants should be treated by three steps: (i) biological treatment, (ii) MF/UF 

filtration and (iii) FDFO treatment, which can enhance total rejection rate. Therefore, the 

behaviour of organic micro-pollutants (OMPs) transport including membrane fouling was 

assessed in FDFO during treatment of AnMBR effluent. The flux decline was negligible 

when the FO membrane was oriented with active layer facing feed solution (AL-FS) while 

severe flux decline was observed with active layer facing DS (AL-DS) with di-

ammonium phosphate (DAP) fertilizer as DS due to struvite scaling inside the membrane 

support layer. DAP DS however exhibited the lowest OMPs forward flux or higher OMPs 
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rejection rate compared to other two fertilizers (i.e., MAP and KCl). MAP and KCl 

fertilizer DS had higher water fluxes that induced higher external concentration 

polarization (ECP) and enhanced OMPs flux through the FO membrane. Under the AL-

DS mode of membrane orientation, OMPs transport was further increased with MAP and 

KCl as DS due to enhanced concentrative internal concentration polarization while with 

DAP the internal scaling enhanced mass transfer resistance thereby lowering OMPs flux. 

Physical or hydraulic cleaning could successfully recover water flux for FO membranes 

operated under the AL-FS mode but only partial flux recovery was observed for 

membranes operated under AL-DS mode because of internal scaling and fouling in the 

support layer. Osmotic backwashing could however significantly improve the cleaning 

efficiency. 

A side-stream anaerobic FDFO and UF membrane bioreactor hybrid system was 

proposed and operated for 55 days. The FDFO performance was first investigated in terms 

of flux decline with various fertilizers DS. Flux decline was very severe with all fertilizers 

due to the absence of aeration and the sticky property of sludge. Flux recovery by physical 

cleaning varied significantly amongst tested fertilizers which seriously affected 

biofouling in FDFO via RSF. Besides, RSF had a significant impact on nutrient 

accumulation in the bioreactor. These results indicated that nutrient accumulation 

negatively influenced anaerobic activity. To elucidate these phenomena, bacterial and 

archaeal community structures were analysed by pyrosequencing. Results showed that 

bacterial community structure was affected by fertilizer properties with less impact on 

archaeal community structure, which resulted in a reduction in biogas production and an 

increase in nitrogen content. 

The sustainable reuse of wastewater using FDFO was investigated through osmotic 

dilution of commercial nutrient solution for hydroponic application. Results from the 
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bench-scale experiments showed that the commercial hydroponic nutrient solution 

exhibited similar performance (i.e. water flux and RSF) with other inorganic DS. The use 

of hydroponic solution provides all the required or balanced macro- and micronutrients 

in a single solution. Hydraulic cleaning effectively restored water flux up to 75% while 

osmotic backwashing restored by more than 95% illustrating the low-fouling potential of 

FDFO. Pilot-scale studies demonstrated that FDFO can produce the required nutrient 

concentration and final water quality (i.e. pH and conductivity) suitable for hydroponic 

applications. Coupling FDFO with pressure assisted osmosis (PAO) in the later stages 

could help in saving operational costs (i.e. energy and membrane replacement costs). 

However, a trade-off between the process footprint and energy costs associated with the 

additional pressure needs to be further investigated. Finally, the test application of 

nutrient solution produced by the pilot FDFO process to hydroponic lettuce showed 

similar growth pattern as the control without any signs of toxicity or any mortality. 
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