
Optimisation of a forward osmosis and
membrane distillation hybrid system for
the treatment of source-separated urine

Item Type Article

Authors Volpin, F.; Chekli, L.; Phuntsho, S.; Ghaffour, NorEddine;
Vrouwenvelder, Johannes S.; Kyong Shon, Ho

Citation Volpin F, Chekli L, Phuntsho S, Ghaffour N, Vrouwenvelder JS,
et al. (2018) Optimisation of a forward osmosis and membrane
distillation hybrid system for the treatment of source-separated
urine. Separation and Purification Technology. Available: http://
dx.doi.org/10.1016/j.seppur.2018.11.003.

Eprint version Post-print

DOI 10.1016/j.seppur.2018.11.003

Publisher Elsevier BV

Journal Separation and Purification Technology

Rights NOTICE: this is the author’s version of a work that was accepted
for publication in Separation and Purification Technology.
Changes resulting from the publishing process, such as
peer review, editing, corrections, structural formatting, and
other quality control mechanisms may not be reflected in
this document. Changes may have been made to this work
since it was submitted for publication. A definitive version
was subsequently published in Separation and Purification
Technology, [, , (2018-11-02)] DOI: 10.1016/j.seppur.2018.11.003 .
© 2018. This manuscript version is made available under the CC-

http://dx.doi.org/10.1016/j.seppur.2018.11.003


BY-NC-ND 4.0 license http://creativecommons.org/licenses/by-
nc-nd/4.0/

Download date 23/05/2023 20:26:40

Link to Item http://hdl.handle.net/10754/629669

http://hdl.handle.net/10754/629669


Accepted Manuscript

Optimisation of a forward osmosis and membrane distillation hybrid system for
the treatment of source-separated urine

F. Volpin, L. Chekli, S. Phuntsho, N. Ghaffour, J.S. Vrouwenvelder, Ho Kyong
Shon

PII: S1383-5866(18)32989-7
DOI: https://doi.org/10.1016/j.seppur.2018.11.003
Reference: SEPPUR 15053

To appear in: Separation and Purification Technology

Received Date: 29 August 2018
Revised Date: 1 November 2018
Accepted Date: 1 November 2018

Please cite this article as: F. Volpin, L. Chekli, S. Phuntsho, N. Ghaffour, J.S. Vrouwenvelder, H. Kyong Shon,
Optimisation of a forward osmosis and membrane distillation hybrid system for the treatment of source-separated
urine, Separation and Purification Technology (2018), doi: https://doi.org/10.1016/j.seppur.2018.11.003

This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to our customers
we are providing this early version of the manuscript. The manuscript will undergo copyediting, typesetting, and
review of the resulting proof before it is published in its final form. Please note that during the production process
errors may be discovered which could affect the content, and all legal disclaimers that apply to the journal pertain.

https://doi.org/10.1016/j.seppur.2018.11.003
https://doi.org/10.1016/j.seppur.2018.11.003


  

1 

 

Optimisation of a forward osmosis and membrane distillation hybrid 

system for the treatment of source-separated urine 

F. Volpin 1,*, L. Chekli 1,*, S. Phuntsho 1, N. Ghaffour 2, J.S. Vrouwenvelder 2 and Ho Kyong Shon 1** 

 

1 School of Civil and Environmental Engineering, University of Technology, Sydney (UTS), City 

Campus, Broadway, NSW 2007, Australia 

2 King Abdullah University of Science and Technology (KAUST), Water Desalination and Reuse Center 

(WDRC), Biological & Environmental Science & Engineering Division (BESE), Thuwal 23955-6900, 

Saudi Arabia 

 

 

 

 

 

 

 

 

 

 

 

*
 F.V. and L.C. equally contributed to this work 

** Corresponding author: Tel.: (+61) 02 9514 2629; email: Hokyong.Shon-1@uts.edu.au   



  

2 

 

Abstract 

The high concentration of nitrogen, phosphorous and potassium in human urine makes it a suitable 

raw material for fertiliser production. However, urine is often diluted with a significant amount of 

flushing water which increases the costs for the downstream nutrients recovery process. Re-using 

the water and the nutrients in the urine is paramount for enhancing the sustainability of our waste 

management system. In this work, a combination of forward osmosis (FO) and membrane distillation 

(MD) was used to extract distilled water from human urine. FO was chosen as MD pre-treatment to 

increase the overall nitrogen rejection and to prevent wetting of the MD membrane. The goal of this 

investigation was to tune the FO and MD operating parameters to reduce the nitrogen transport to 

the MD permeate. Urine pH, draw solution (DS) salt concentration and operating pressure were 

varied as a means to enhance the FO performances. On the other hand, feed temperature, nitrogen 

concentration and membrane characteristics were investigated to optimise the MD process. With 

2.5 M NaCl as DS commercial FO membranes achieved a water flux between 31.5 – 28.7 L.m-2.h-1 and 

a minimum nitrogen flux of 1.4 g.L-1. An additional 33% reduction in the nitrogen transport was 

observed by applying minimal hydraulic pressure on the DS. However, this was also found to 

significantly reduce the net transmembrane water flux. Acidification of the feed was also beneficial 

for both FO and MD nitrogen rejection. Finally, we demonstrated that, by tuning the MD membrane 

porosity and thickness, higher MD permeate quality could be achieved. To conclude, the hybrid FO-

MD process is expected to be an effective solution for the production of clean water and 

concentrated fertiliser from human urine. This double barrier separation process could be suitable 

for both water reclamation in space application and resource recovery in urban application. 

 

Keywords: Forward osmosis, Membrane distillation, Human urine, Nitrogen rejection, fertiliser. 
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1 Introduction 

Wastewater reuse is becoming one of the most sustainable solutions to the freshwater scarcity 

problem. Besides water, wastewater also contains valuable nutrients which can be extracted and 

reused to meet the increasingly growing fertiliser demand. However, recovering essential nutrients 

such as nitrogen (N) and phosphorous (P) from combined sewage is exceptionally costly due to its 

large volume and complex composition. To manage domestic wastewater more economically, 

source-separation of different streams (i.e. yellow, brown and grey waters) is becoming essential [1-

3]. In municipal wastewater treatment plants (WWTPs), 80% of the N, 50% of the P and 55% of the 

potassium (K) come from human urine (i.e. yellow water) [4, 5]. These are all essential 

macronutrients for living organisms. However, if not adequately removed or recovered, the N and P 

in the urine can pose a serious environmental issue as they can lead to the eutrophication of the 

recipient water bodies as well as threatening the aquatic life by increasing NH3 concentration [6, 7]. 

Additionally, as 64± 27% of the pharmaceuticals are excreted via urine, their concentration is about 

2 - 3 times higher than the one in the combined sewage [8, 9]. Finally, the energy savings from 

reducing the load of urine-nitrogen to the WWTP can be significant. In fact, the energy requirements 

for removing the N from combined sewage is between 45       
   (12.5 kWh    

  , 

nitrification/denitrification) to 19       
   (5.3 kWh    

  , Sharon-Anammox) [10]. Given the 

average N and P production from urine (i.e., 11 gN.day-1 and 1.1 gP.day-1 per person) [10, 11] in a city 

like Sydney, with a population of about 5.37 million, every day about 640000 kWh of energy has to 

be used just to remove the N and P coming from the urine. With the current average Australian 

energy price of 0.21 USD.kWh-1, this value translates into a cost of about 137000 USD.d-1.  

On the other hand, being able to produce fresh water from human urine has been of great interest 

for space applications as the reclaimed water is used by the crew member for drink, shower and 

oxygen production by water splitting [12, 13]. This is because the current commercial price for 

shipping 1 kg of water to the International Space Station (ISS) is of about $10000  [12, 14-18]. As 

treating the wastewater on board, a spacecraft accounts for approximately half of the total life 

support payload, being able to improve the efficiency of the current processes is paramount [16]. In 

the terrestrial context, where the urine collected from urinals and source-separating toilets is often 

heavily diluted with tap water, optimising the urine dewatering could benefit the downstream 

nitrogen and phosphorus recovery. Concentrating urine 10 or more times, with minimal nutrients 

loss, could increase the economic viability N and P recovery via, e.g., stripping of ammonia and 

precipitation of struvite.  

To sum up, being able to extract fresh water from urine would have several benefits ranging from (I) 
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increasing the water reuse in space applications to (II) minimising the wastewater treatment energy 

consumption of the wastewater treatment plant and (III) reducing the costs associated with the 

production of fertilisers from it. 

In the last two decades, many efforts have been dedicated to the development and optimisation of 

different physico-chemical processes for the extraction of pure water from source-separated urine 

[4, 19]. These processes include (but are not limited to) reverse osmosis (RO), nanofiltration (NF), 

freeze/thaw concentration and evaporation [4, 15, 20]. Pressure-driven processes, i.e. RO and NF, 

show a promising approach for volume reduction and rejection of micropollutants while failing to 

better reject small uncharged compounds like urea and ammonia present in the wastewater [4, 20]. 

Besides, hydraulic pressure-driven NF/RO suffers from membrane fouling and scaling, and high 

operational costs [15, 21]. Finally, as the initial urine osmotic pressure is in the range of 10-22 bar, 

RO can concentrate it up to maximum 3-7 times [22]. For freeze-thaw, it was calculated that 1100 MJ 

m-3 of energy was necessary for a five-fold urine volume reduction. Finally, evaporation is the most 

straightforward technology for removing water from urine [4]. Despite its simple operation, this 

technology still suffers from ammonia volatilisation which can jeopardise the final permeate quality 

and reduce the amount of re-usable nitrogen [4, 23]. Urine acidification or partial nitrification was 

found to be an effective way to minimise the nitrogen losses during the evaporation process [4, 5]. 

However, the high buffer capacity of urine makes the acidification process costly while the biological 

oxidation of ammonia requires extensive aeration and process control to be stable [24, 25].  

More recently, the combination of osmotically and thermally driven membrane processes including 

forward osmosis (FO) and membrane distillation (MD) has been investigated for the treatment of 

human urine [15, 16, 23, 26]. Although the number of studies is quite limited, initial results 

demonstrated the feasibility of recovering water and nutrients from source-separated urine. By 

using FO as MD pre-treatment, a higher quality and more stable MD permeate can be achieved due 

to the generally high rejection of commercially available FO membrane [27-32]. This hybridisation 

allowed for the purification of wastewater that generally challenging to treat by standalone MD, due 

to fouling/scaling and wetting problems, such as landfill leachate [30], oily wastewater [27, 29], 

digested sludge [28, 33] As(III) removal [34], wastewater reuse [35, 36] and desalination [37, 38].  

When it comes to urine treatment via MD, the main issues were related to the permeation of 

ammonia gas to the produced water and the wetting of the MD membrane due to the presence of 

detergents in the urine collected from urinals [23]. For urine treatment, FO process is shown to have 

ease of operation and low fouling potential [26, 39]. However, if high urine concentration has to be 

achieved through dewatering, FO draw solution (DS) regeneration is deemed necessary. Otherwise, 
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the cost of DS will make the process prohibitive.  

A hybrid FO - MD system for the treatment of human urine could provide a double barrier to 

increase the quality of the final permeate while regenerating DS for continuous operation. However, 

long-term experiments revealed that the accumulation of N-compounds with time in the DS remains 

one of the main limitations, especially when the by-product water from the urine treatment is to be 

used for drinking (e.g., during space exploration). 

The objective of this study was to investigate and optimise the FO-MD hybrid system for the 

dewatering and concentration of source-separated urine. Based on the results obtained in the few 

available studies, emphasis was given on developing strategies to reduce the transport of nitrogen 

compounds to achieve final recycled water that can be used directly on-site (for toilet flushing and 

fertigation) [5, 25]. The ultimate goal is to develop a viable system that will contribute positively 

towards the sustainability of the food-water-energy nexus. 

 

 

Figure 1: Schematic of a decentralised source-separated urine treatment system. Urine is osmotically 
concentrated by the FO system for subsequent nutrient recovery while the MD system is used to 
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reconcentrate the draw solution and produce distilled water. The recycled water from the FO-MD system 
can be used on-site for either flushing toilets or green wall irrigation.  

2 Materials and Methods 

2.1 Feed and draw solutions 

Synthetic fresh urine (FU) and stored urine (SU) were used in this study as feed solutions (FS). 

Synthetic solutions were selected against real ones to make sure that the optimisation of the system 

was performed under controlled and stable conditions. Briefly, fresh urine represents the urine 

collected directly from the urinal with minimal storage time. In this case, the majority of the nitrogen 

is expected to be in the form of urea. Fresh urine is generally acidic (i.e., pH <6.5) due to the 

presence of organic acids such as oxalic acid in the urine [22, 40]. During storage under septic 

conditions, the urea hydrolyses to NH3/NH4
+ and carbonate hence causing an increase in the pH and 

chemical proprieties (Table 1) [41]. In this paper, this new solution is referred to as stored urine. The 

solutions were prepared according to the recipe of Udert et al. [42], and their primary characteristics 

are displayed in Table 1. FU contains mainly urea as a source of nitrogen and has an osmotic 

pressure of about 14 bar while SU contains nitrogen in the form of ammonia. As one mole of urea 

hydrolysis forming two moles of ammonia and one of carbonate, SU has higher osmotic pressure, 

close to 30 bar. The release of ammonia also increases the pH of stored urine over 8.5. Even though 

real urine collected from flushing urinals might have different dilution factors ranging from 1:1 to 

1:100, only concentrated  FU/SU urine was used as feed for the FO tests [40, 43]. This was chosen to 

have a conservative estimation of the water and nitrogen flux during FO operations. In fact, if urine 

is diluted, the FO water flux would likely increase, as the osmotic pressure difference (Δπ) between 

feed and draw would decrease, while the nitrogen flux decrease as the ΔCN between FS and DS will 

decrease (Fick’s law on membrane diffusion rate: JN = DN · A · ΔCN/x). 

Table 1: Characteristics of the fresh synthetic urine (FU) and stored urine (SU) used in this study. 

Fresh Urine Stored Urine 

Component (g/L) Component (g/L) 

Urea 16 NH4-Acetate 9.6 

NaCl 0.18 NaCl 3.6 

KCl 4.2 KCl 4.2 

NH4Cl 1.8 Na2SO4 2.3 

Na2SO4 2.3 NaH2PO4 2.1 

NaH2PO4 2.9 NH4OH 13 mL 

MgCl2 0.37 NH4HCO3 21.4 

CaCl2 0.51   
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NaOH 0.23   

Osmotic Pressure1 13.7 bar Osmotic Pressure1 29.1 bar 

pH 6.24 pH 8.87 

Conductivity 14.6 mS/cm Conductivity 23.2 mS/cm 
1
 The osmotic pressure was calculated using OLI Studio Analyser (Version 9.5, Oli Systems Inc., USA).  

The DS was prepared by dissolving sodium chloride (reagent grade, Sigma Aldrich, Australia) into 

deionised water at various concentrations ranging from 1 M (i.e. 47.4 bar – seawater RO desalination 

brine) to 2.5 M (i.e. 131.9 bar – produced water from Oil and Gas operations). 

2.2 Forward osmosis and membrane distillation membranes 

A commercial flat sheet polyamide (PA) thin-film composite (TFC) membrane from Toray Chemical 

Inc. (South Korea) was used in this study. The pure water permeability coefficient of the active layer 

(i.e. A value), as well as the salt rejection (R) and salt permeability coefficient (B) for urea, 

ammonium and ammonia in both FU and SU, were determined in RO mode at 10 bar applied 

pressure [44, 45]. The A value was calculated by dividing the average water flux (i.e. of 5 consecutive 

measurements taken at the 1-minute interval) by the applied pressure. The salt rejection was 

determined from the difference between the bulk feed concentration and the final permeate 

concentration after 1-hour operation. Finally, the B value was determined using the following 

equation: 

    
   

 
         (1) 

Where R is the salt rejection of the targeted compound, ΔP is the applied pressure (10 bar in this 

study), Δπ is the osmotic pressure of the targeted compound (i.e. urea, ammonia, ammonium) in 

either FU or SU and A is the pure water permeability coefficient. Table 2 shows the pure water 

permeability (A) and solute permeability (B) of the used membrane. The employed membrane 

showed both higher A value and lower B values compared to cellulose tri-acetate membrane used in 

a previous study [26].  

Table 2 Pure water permeability (A) and solute permeability (B) of the employed membrane. The B value for 
urea, ammonium and ammonia in both FU and SU, was determined in RO mode at 10 bar pressure. 

    TFC (This study) CTA (Zhang et al. 2014) 

A value (m/s.Pa) 1.54E-11 2.09E-12 

B value (m/s) 

Urea - Fresh urine 2.21E-06 1.12E-05 

NH3 - Fresh urine 6.82E-07 9.30E-06 

NH4
+ - Fresh urine 1.97E-07 - 
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NH3 - Stored urine 7.09E-07 1.21E-06 

NH4
+ - Stored urine 2.05E-07 - 

 

Table 3 Proprieties of the MD membranes employed. * The contact angle was based on a recent study 

with the same membranes [46]. 

Membrane material 
PVDF 

(Polyvinylidene 
fluoride) 

PTFE 
(polytetrafluoroethylene) 

Manufacturer 
Durapore®-

GVHP 
Fluoropore®-FGLP 

Nominal Pore size 0.22 µm 0.22 µm 

Thickness 125 µm 150 µm 

Contact Angle* 1 1   1   1     1   

Active layer porosity 75% 85% 

 

Also, two different commercial membranes were tested for the MD process. The first was a 

polyvinylidene fluoride (PVDF) membrane (Durapore®-GVHP, pore size 0.22 μm, thickness 125 μm 

and porosity 75%) while the second was a polytetrafluoroethylene (PTFE) membrane (Fluoropore®-

FGLP, pore size 0.22 μm, thickness 150 μm and porosity 85%). Both purchased from Merck Millipore 

(Table 3). 

2.3 Bench-scale FO and MD systems 

The performance of the FO and MD systems (i.e. water flux and solute transport across the 

membrane) was evaluated in a batch mode of operation whereby FO feed and draw solutions, and 

MD permeate solution was recirculated back to their respective tank. Both systems were operated 

under the counter-current flow mode. The membrane cell for both systems has two symmetric 

channels on each side (7.7 cm length, 2.6 cm width and 0.3 cm depth) with an active membrane area 

of 0.002 m2. Gear pumps with variable speed (Cole Parmer, USA) were used to circulate the solutions 

from the tanks to the membrane cell and then back to the tanks. The DS tank for the FO system and 

the permeate tank for the MD system were placed on a digital scale connected to a computer. 

Weight measurements allowed for the determination of the transmembrane water flux. pH and 

conductivity probes (Hach, Germany) were connected to the feed tank of the FO system and to the 

permeate tank of the MD system to record the change of pH and conductivity in the FS and 

permeate solution.  

The FO experiments were conducted under the active layer facing the FS mode (AL-FS). A new 

membrane was used for each new test and was stabilised with DI water on both sides for 30 minutes 
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before the start of the experiment. After stabilisation, both feed and draw solutions were replaced, 

and the water flux was measured continuously every 3 minutes. Tests were conducted at a cross-

flow velocity of 8.5 cm/s at a constant temperature of 25°C maintained with a temperature 

controlled bath connected to a heating/chilling unit. To ensure comparable results, all the 

experiments were stopped after 5% urine concentration factor (which took approximately 120 

minutes). 

For the MD experiments, the direct contact MD (DCMD) configuration was chosen due to its higher 

performance (i.e. water flux) and relative ease of set up [47]. A new membrane was also used for 

each new experiment. The membrane cell was placed horizontally with the feed flowing on the top 

side. The feed temperature was varied from 40 to 60°C by a heating bath. Deionised water was used 

on the permeate side and kept at 25°C using a chiller. Both feed and permeate solutions were 

allowed to recirculate for about 30 minutes before starting the experiments to reach the targeted 

temperature. The cross-flow velocity on both sides was maintained at 8.5 cm/s. 

2.4 Experimental protocol 

2.4.1 Optimisation of the FO process 

Optimisation of the FO process was carried out for both FU and SU solutions. The optimisation 

focused on reducing the transport of nitrogen compounds through the membrane. For FU, urea was 

the targeted nitrogen compounds while for SU, it was mainly ammonia. In fact, for the combined FO-

MD system, NH3 is the main issue if it accumulates in the DS side since NH3 can pass through the MD 

membrane together with water vapour. 

To reduce the transport of urea through the FO membrane, it was hypothesised that applying small 

hydraulic pressure on the DS could lessen the nitrogen diffusion to the FS. In fact, similarly to 

pressure assisted osmosis (PAO) [48] whereby pressure is applied on the feed side to increase the 

water flux and reduce the reverse salt flux from the DS; here, applying pressure on the DS would 

theoretically reduce the transport of salts from the feed to the draw solution. To test that, pressure 

(up to 2 bar) was applied on the DS side using a pressure valve connected to the DS outlet pipe (a 

pressure gauge was also installed to control more accurately the change in pressure). For 

experiments with stored urine, the pH was adjusted from initial pH (i.e. 8.87) down to pH 6, via the 

addition of the required stoichiometric amount of a 2 M HCl solution, to shift the equilibrium 

NH3/NH4
+ towards NH4

+ (reaction 2) and thus reduce the concentration of NH3 in the feed solution. 
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        (2) 

 

2.4.2 Optimisation of the MD process 

Apart from testing different feed temperatures and MD membrane types, feed urine solutions with 

different dilution (1:1, 1:10 and 1:100) were tested to evaluate the effect of initial nitrogen 

compounds concentration on the quality of the final permeate. In fact, by using FO as a pre-

treatment, nitrogen compounds will accumulate on the DS side which will affect the performance of 

the MD process. Also, both PTFE and PVDF based membranes were employed for the experiments 

and their performances evaluated. PVDF and PTFE are among the most widely used membranes for 

MD due to their hydrophobic nature and high thermal stability. The water droplet contact angle on a 

PTFE surface varies from 108° to 115° while for PVDF membrane was found to be 107° [49, 50]. 

2.5 Analytical methods 

Samples were taken from the draw solution side in FO experiments and from the permeate side in 

MD experiments. The N-NH4
+ concentration was measured using Merck cell test and 

spectrophotometer (Spectroquant NOVA 60; Merck, Germany) while NH3/Urea were measured via 

spectrophotometer, at 340 nm wavelength, using Megazime kit. 
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3 Results and discussion 

The direct application of MD for the concentration of human urine is questionable as, in the majority 

of urine collection systems, real urine is mixed with detergents and surfactants. Surfactants can 

lower the surface tension of the membrane, thereby causing fouling and pore wetting which would 

jeopardise the whole process [51]. However, if FO is chosen as a “pre-treatment”, surfactants can be 

almost entirely removed (the rejection was found above 99.8%) [52], thereby providing an optimal 

solution for the MD process to work with. Additionally, FO should reduce the amount of ammoniacal 

nitrogen leaching to the MD feed which, in turns, would increase the quality of the MD permeate.  

3.1 FO performances in dewatering fresh and stored urine 

In this section, the FO water flux was measured using fresh or stored urine as FS and different NaCl 

concentration as DS. Afterwards the nitrogen transport, as NH3/NH4
+/Urea, through the membrane 

per litre of treated water was investigated. Figure 2 displays the achieved water flux when SU or FU 

is used. The higher water flux with FU was found to be due to its lower osmotic pressure compared 

to SU (i.e., 13.7 versus 29.1 bar). However, Figure 3 shows that FU also exhibits higher urea 

transport. This can be explained by looking at Table 2 and Eq. 3. It can be seen that the solute 

transport coefficient for urea is higher than both NH3 and NH4
+. The low rejection of urea is due to 

the combination of low molecular weight, the absence of charge, high diffusivity (Durea = 1.32 * 10-10 

m2.s-1) as well as a high concentration in the feed solution [53]. 

                 
 

 
      

           
 

 
      

            
 

 
        (3) 

 

Additionally, Figure 3 shows that the nitrogen flux decreases with the increase in DS concentration. A 

possible explanation can be given by looking at Eq. 4, where JW is the water flux and BN the 

permeability of the selected nitrogen compound [26]. Eq. 4 shows that the rejection is directly 

proportional to the water flux. In particular, if the water flux increases, so does the rejection.  

                    (4) 

                           

        

    
 
 
 

 (5) 
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Eq. 5 was then used to calculate the nitrogen flux depicted in Figure 3. Where, ΔmN, Draw is the 

nitrogen mass increase in the draw solution, A the membrane area and ΔT the sampling time interval 

and       the average water flux between the samples.  

         
       

       
      (6) 

Eq. 6 was then used to calculate the nitrogen rejection as the ration between the mass of nitrogen in 

the draw CN, Draw and the initial mass of nitrogen in the feed CN, Feed [54]. 

To summarise, due to its lower osmotic pressure, FU exhibited a water flux on average 13% greater 

than the one of SU. On the other hand, it also exhibited higher nitrogen transport. Finally, as urea 

and NH4
+ are non-volatile, they will accumulate in the draw solution over time. Therefore, DS 

purging/replenishment will be necessary. 

 

Figure 2 Forward osmosis water flux using fresh or stored urine as feed, and NaCl at different concentrations 
as draw solution. 
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Figure 3 Nitrogen rejection (right axis) and transport from feed to draw per volume of treated water (left 
axis). For every draw concentration, the stacked column on the left refers to the fresh urine while the 
column on the right to the hydrolysed urine. 

3.2 Optimisation of the FO process  

3.2.1 Fresh urine: Effect of hydraulic pressure applied to the draw solution side 

This section investigated the effect of DS pressure and FS pH on the transmembrane FO nitrogen 

flux. A 1.5 M NaCl was used as DS. This DS concentration was chosen to match the flux of FO with 

the one of MD. Applying pressure on the feed side (i.e., pressure assisted osmosis) was often found 

to decrease the reverse diffusion of ions from the DS to the FS [55]. Other studies explained this 

phenomenon as the effect of enhanced convective flux that drives the draw solutes away from the 

membrane due to back diffusion [56]. Here, the same principle was tested as a means to reduce the 

forward diffusion of urea to the DS. Specifically, pressures ranging from 0.5 to 2 bar were applied on 

the draw side and the forward flux of urea measured. It was found that the specific urea flux could 

be decreased by about 30% when a pressure of 2 bar is applied on the draw side. Nevertheless, the 

water flux was also found to drop by 42% (Fig. 4). Before deciding whether to apply back pressure on 

the system, the induced increase in the capital and operation costs (CAPEX and OPEX) caused by a 

higher required membrane surface area, should be calculated and benchmarked with the savings 

from lowering the reverse nitrogen diffusion. Additionally, the effect of long-term back pressure on 

the mechanical stability of the FO membrane should be investigated to assess that no permanent 
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damage (such as active layer delamination) occurs on the membrane. 

To sum up, nitrogen rejection can be boosted by simply applying back pressure on the DS, the 

downside of that is that it would also decrease the effective driving force. 

 

Figure 4 Water and urea flux as a function of transmembrane pressure exerted on the draw side. The 
operating conditions are also detailed in the picture. 

3.2.2 Stored urine: Effect of feed solution pH 

Urine acidification has been extensively investigated as a means to reduce the ammonia permeation 

in both FO and MD [23, 53, 57]. Lower pH would improve the nitrogen rejection of both FO and MD. 

In fact, shifting the equilibrium    

        
          

  to the ionic NH4
+ would reduce the amount of 

uncharged NH3 which is difficult to reject [58]. On the other hand, the charged nature of NH4
+ causes 

its ionic radius to increase when hydrated, thereby enhancing its rejection as well. On the other 

hand, the rejection of uncharged NH3 would be only regulated by size exclusion mechanism. The 

nitrogen rejection by MD would also increase when the pH of the urine is 7 or less as NH4
+ is non-

volatile while NH3 is a gas with a boiling point of -33.3   C. However, it has to be noted that it would 

be preferable to acidify urine when it is fresh to prevent urea from hydrolisis. In fact, the high buffer 

capacity of hydrolised urine would increase the required acid to reach pH neutralisation four times 

(i.e., about 230 mmol H+.l-1
urine) [4]. 

Figure 5 (A) confirms the hypothesis of the effect of the pH on the nitrogen transport. With the 

decrease in the pH, the concentration of charged NH4
+ ions in the urine increases thereby leading to 

a lower total nitrogen flux. However, the addition of acid (in this case HCl) also increases the salinity 
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of the urine and, therefore, its osmotic pressure. As a consequence, the FO water flux was also 

found to decrease with the decrease in the pH. In fact, the protonation of NH3 is not expected to 

influence the FO flux as the diffusivity coefficients of NH3 and NH4
+ are very similar (i.e.,     

  

          
  

 
      

           
  

 
 ). The lowering of the FO water flux caused a slight 

increase in the nitrogen transport rate through the membrane as the nitrogen transport is the ratio 

between nitrogen flux (gN.m-2.h-1) and water flux. Additionally, the stability of the polyamide active 

layer might be compromised under alkaline conditions due to hydrolisation via the direct 

nucleophilic addition of OH- to the carbonyl group [59]. Therefore, operating under pH of 6-7 is also 

recommended from the membrane stability point of view. 

Finally, at high pH membrane scaling might be more severe due to carbonates and phosphate 

precipitation of the membrane active layer. When real urine is used, the effect of pH in the co-

precipitation of inorganic and organic foulants on the membrane should be further investigated. 

It can be concluded that, despite the lower water flux, acidified stored urine is preferable to ensure a 

stable higher ammonium rejection. 

 

Figure 5 Impact of feed acidification in the transport of nitrogen (A) and water (B) across the TFC-FO 
membrane. Figure (B) also displayed the calculated feed osmotic pressure as a function of the pH. The 
osmotic pressure of the solution was calculated using ROSA software (Version 9.1, Dow Filmtech, USA). 

 

3.3 Optimisation of the MD process 

3.3.1 Effect of feed temperature and membrane types on the water permeation 

The optimal MD operation was studied to minimise the N transport in the permeate. In this section, 
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the water flux of the PVDF and PTFE commercial MD membranes was tested and compared. The 

membranes were tested at with 1.5 M NaCl as feed and having a temperature ranging from 40  C to 

60  C. Afterwards, the optimal feed temperature was used to investigate the ammonia transport to 

the MD produced water. It can be seen that the ΔT between feed and permeate should be abo e 

 0  C, for PVDF, and above  0  C for PTFE for the MD to have the same FO water permeation rate 

(Figure 6). This can be also avoided by increasing the MD membrane area. Figure 6 also shows how 

the employed PTFE membranes achieved, on average, 35% higher water flux compared to PVDF 

membranes. One possible explanation is the higher porosity of PTFE over PVDF (i.e., 85% compared 

to 75%) and hydrophobicity (determined by contact angle) i.e., 1     compared to 1 1  . Similar results 

were found by Silva T. et al [46].  

 

Figure 6 Water flux of PVDF and PTFE MD membranes using 1.5                                             
        C. The p                                     C. 

3.3.2 Effect of feed solutes concentration on the permeate quality 

Once the optimal ΔT between feed and permeate was determined, the mass transfer of nitrogen 

was measured as a function of ammonia concentration and membrane material. To do so, stored 

urine with different dilution factors (1:1, 1:10 and 1:100) were tested to evaluate the effect of initial 

nitrogen compounds concentration on the quality of the final permeate (as explained in section 2). 

New solutions were used for the MD tests to ensure a consistent feed for each replicate. Ammonia 

concentration, pH and temperature are the dominant factors in the ammonia permeation rate [23]. 

The NH3 vapour pressure increases with the increase in NH3 concentration and solution 

temperature. The pH, in particular, regulates the amount of NH3 (gas) over NH4
+ (liquid). High 
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concentrations of gaseous NH3 would significantly increase the nitrogen transport to the produced 

water. Several studies have proven that ammonia transport can be minimised if the urine is acidified 

to pH below 6 [14, 15, 23]. In this study, the performance of PVDF and PTFE membranes was 

benchmarked in the harsh case scenario, i.e., high feed temperature, pH and concentration (Fig. 7).  

Membrane pore size and thickness were found to be the dominant factors in the ammonia flux 

through the MD membrane. Membrane thickness is inversely proportional to the NH3 mass transfer 

[23, 60]. In this case, the employed membranes have the same pore sizes, 0.22 μm, while the 

thickness of the PTFE membranes was higher than the PVDF ones. Therefore, it is expected that the 

NH3 transfer would be lower when the PTFE membrane is used. Additionally, the higher water flux of 

PTFE would also lower the nitrogen to water transfer rate. Overall, if FO can reject >95% of the 

ammoniacal nitrogen, PTFE membrane is expected to ensure a low nitrogen concentration in the 

permeate. 

 

Figure 7 Specific nitrogen flux from the urine solution (T= 6    C, pH = 8.87           -                       
         C) using PVDF or PTFE MD membranes. The feed solution consists of stored urine with dilution factor 
of 1:1. 1:10 and 1:100. 
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4 Conclusions 

Production of water and marketable fertilisers from human urine is becoming increasingly necessary 

to ensure sustainable wastewater management. However, human urine is often heavily diluted 

which can jeopardise the nutrients recovery process. In this work, forward osmosis (FO) was used as 

a pre-treatment to membrane distillation (MD) to concentrate fresh urine (FU) and stored urine (SU) 

and produce distilled water. The FO pre-treatment step is expected to be necessary to prevent MD 

wetting due to the possible presence of surfactants and foulants in real urine. Operating parameters 

of both FO and MD processed were optimised to minimise the nitrogen leakage to the final MD 

permeate. With 2.5 M NaCl as draw solution (DS) commercial FO membranes achieved a water flux 

of 31.5 (FU) – 28.7 (SU) L.m-2.h-1, a NH4
+ flux of 0.1 gNH4

+.m-2.h-1, and NH3 flux of 1.8 gNH3.m-2.h-1
 and 

an urea flux of 2.9 gUrea.m-2.h-1. Additionally, the application of moderate back pressure on the DS 

was able to reduce the nitrogen flux by up to 30%. This is expected to be due to the convective flux 

from the DS to the FS that drives the NH4
+/NH3/urea solutes away from the membrane. However, 

this led also to the decrease in the water flux. 

Additionally, further investigation should be done to assess the impact of high back pressure on the 

membrane stability, especially on the possibility of active layer delamination.  During the recovery of 

the DS via MD, the use of PTFE membranes was found beneficial in reducing the nitrogen leakage to 

the permeate solution. The higher porosity and thickness of PTFE membranes over PVDF showed to 

achieve higher water flux and lower NH3 flux. In particular, the thickness of the membrane was 

found to be inversely proportional to the NH3 mass transfer.  

Overall, the high nitrogen rejection of FO during SU filtration can significantly decrease the nitrogen 

leakage to the final permeate water during the MD process. This double barrier separation process 

could be suitable for both water reclamation in space application and resource recovery in urban 

application.  
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Research highlights 

 FO-MD hybrid system was successfully used for dewatering fresh and stored human 

urine; 

 During FO, 2 bar hydraulic pressure on the draw side increased the nitrogen rejection 

by 33%; 

 Feed acidification would increase both FO and MD nitrogen rejection; 

 Ideally, MD membranes with high porosity and thickness are required to achieve high 

water flux and low ammonia transfer rate. 

 

 


