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ABSTRACT

Wastewater nutrient recovery holds promise for more sustainable water and
agricultural industries. We critically review three emerging membrane processes — forward
osmosis (FO), membrane distillation (MD) and electrodialysis (ED) — that can advance
wastewater nutrient recovery. Challenges associated with wastewater nutrient recovery were
identified. The advantages and challenges of applying FO, MD, and ED technologies to
wastewater nutrient recovery are discussed, and directions for future research and
development are identified. Emphasis is given to exploration of the unique mass transfer
properties of these membrane processes in the context of wastewater nutrient recovery. We
highlight that hybridising these membrane processes with existing nutrient precipitation
process will lead to better management of and more diverse pathways for near complete

nutrient recovery in wastewater treatment facilities.
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1. Introduction

We face a major grand challenge in the twenty-first century: sustainably meeting food
demands while simultaneously reducing agriculture’s environmental harm (Foley et al. 2011,
West et al. 2014). This challenge is being exemplified as an annual increase of 4% in
fertiliser demand to feed additional 2.3 billion people by 2050, thereby requiring a sustained
supply of fertilisers (Elser and Bennett 2011).

Current fertiliser production heavily relies on the consumption of non-renewable
energy and finite mineral resources. For example, the generation of ammonia from air in the
Haber-Bosch process requires 35-50 MJ per kg nitrogen in the form of fossil fuel for energy
supply (Desloover et al. 2012), which accounts for 2% of the world energy use. Phosphorus
mining leads to a huge amount of gypsum by-products that are contaminated with heavy
metals and radioactive elements (Ashley et al. 2011). More alarming, the forecasted
phosphorus production peak is approaching in 2030, with an accelerated depletion of minable

phosphorus rock (Elser and Bennett 2011).

The use of fertiliser to meet food demand also carries a heavy burden for wastewater
treatment processes. Once through production and application of fertilisers results in major
nutrients (nitrogen and phosphorus) being primarily found in wastewater. It is estimated that
30% of nitrogen and 16% of phosphorus in fertilisers ends up in wastewater (Rahman et al.
2014, Verstraete et al. 2009). Consequently, wastewater treatment facilities consume up to 4%
electrical energy in the United States (Energy 2006, EPA and Water 2006), more than 77% of
which is used for activated sludge aeration for nitrification (McCarty et al. 2011, Svardal and
Kroiss 2011). The removal of nitrogen from wastewater requires substantial energy, 45 MJ
per kg nitrogen, only to release it back as gaseous nitrogen into the atmosphere. This energy-
intense nutrient removal also contributes to greenhouse gas emission of 0.9 kg CO> per cubic
litre of treated wastewater (Hall et al. 2011, Rothausen and Conway 2011). The large energy
and environmental footprint of nutrient removal from wastewater, in turn, aggravates the
sustainability of fertiliser production for food security. As a result, wastewater nutrient
recovery is anticipated to become a promising strategy to sustain fertiliser and food
production, and at the same time, potentially bring benefits to wastewater treatment facilities
(Grant et al. 2012, Guest et al. 2009, Verstraete et al. 2009).

High-rejection membrane processes, such as nanofiltration (NF) and reverse osmosis

(RO), have demonstrated huge potential in wastewater nutrient recovery. For example, RO
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was applied for urine concentration in a source-separation toilet system, achieving a
concentration factor of five and high rejection of ammonium, phosphate and potassium
(Maurer et al. 2006). NF separation also exhibited medium to high rejection of a range of
nutrients, such as urea (Pronk et al. 2006b), ammonium, phosphate and potassium (Blocher et
al. 2012, Niewersch et al. 2014). Despite the potential of NF and RO processes in wastewater
nutrient recovery, current pressure-driven membrane processes are not without limitations.
NF and RO processes are prone to membrane fouling in wastewater nutrient recovery where
the feed streams are challenging and difficult to treat, such as urine and digested sludge.
Fouling of NF and RO membranes impairs membrane performance and shortens membrane
lifetime, thereby restraining productivity in nutrient recovery. Hence, there is a critical need

for robust separation processes for nutrient recovery from challenging wastewater streams.

We critically review membrane processes that enable the reclamation of nutrients
from wastewater and illustrate the challenges for membrane processes in wastewater nutrient
recovery. Emerging membrane processes — forward osmosis (FO), membrane distillation
(MD), and electrodialysis (ED) — are discussed and evaluated based on their applications,
nutrient recovery potential, and process limitations. Unique challenges associated with the

agricultural application of recovered nutrients are also elucidated.
2. Existing technology illustrates challenges for wastewater nutrient recovery

Struvite (MgNH4PO4-6H20) precipitation is widely accepted as the most promising
technology in wastewater nutrient recovery (de-Bashan and Bashan 2004). Struvite is a slow-
release fertiliser, applicable to crops in soils with relatively low pH value. In the process of
nutrient recovery via struvite precipitation, an alkaline solution is obtained either by addition
of basic solution or aeration stripping of CO, and followed by the introduction of magnesium
salts for struvite precipitation. Previous studies have demonstrated nutrient recovery via
struvite precipitation from various nutrient-rich streams, such as wastewater (Gerardo et al.
2013, Ichihashi and Hirooka 2012), anaerobically digested sludge (Battistoni et al. 2005,
Lahav et al. 2013, Marti et al. 2008, Pastor et al. 2010, Quintana et al. 2003), and urine
(Ronteltap et al. 2010, Triger et al. 2012). Despite the struvite precipitation reaching
commercial implementation for nutrient recovery, there remains two critical challenges in

wastewater nutrient recovery via struvite precipitation.

The efficiency of nutrient recovery via struvite precipitation is limited by the

phosphorus concentration in wastewater. The driving force and kinetics for struvite
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precipitation are significantly influenced by the phosphorus concentration. Extensive
experimental results showed that effective struvite precipitation could only be achieved when
the phosphorus concentration was above 100 mg/L (Figure 1A) (Celen et al. 2007, Guadie et
al. 2014, Jaffer et al. 2002, Liu et al. 2011, Miinch and Barr 2001, Pastor et al. 2008, Pastor et
al. 2010, Ronteltap et al. 2010, Song et al. 2011). Low phosphorus concentration resulted in
either low (<40%) struvite recovery or a longer precipitation reaction time, which
substantially impaired the economic feasibility of nutrient recovery via struvite precipitation.
The demand for high phosphorus concentration is challenging for wastewater where typical
phosphorus concentrations for wastewater influent and digested sludge supernatant were 6
and 56 mg/L, respectively (Jaffer et al. 2002, Munch and Barr 2001). As a result, it is
desirable to enrich nutrients in the waste stream prior to struvite precipitation, thereby
significantly enhancing the struvite precipitation potential and efficiency.

Struvite precipitation for nutrient recovery is also challenged by the presence of toxic
heavy metal ions and emerging organic contaminants in wastewater (Pronk et al. 2006b),
which substantially compromises struvite purity and safe agricultural application. For
example, a close examination of recovered struvite crystals revealed the presence of toxic
heavy metals in struvite, with arsenic concentration up to 570 mg/kg (Figure 1B) (Lin et al.
2013, Ma and Rouff 2012, Pizzol et al. 2014, Rouff 2012, Rouff and Juarez 2014). The
presence of such contaminants in struvite fertiliser is strictly regulated and excessive amounts

can result in the fertiliser being banned from agricultural application.

Alternative nutrient recovery approaches with better selectivity should be considered
to improve the nutrient product quality. For example, instead of struvite precipitation,
ammonium can be recovered under alkaline condition by membrane distillation as 10%
ammonia solution (Bonmati and Flotats 2003, Jorgensen and Weatherley 2003); and
phosphorus can be fractionated as phosphoric acid by electrodialysis (Wang et al. 2013,
Zhang et al. 2013a). These nutrient recovery technologies targeting specific nutrient ions

demonstrated better selectivity and resulted in nutrient products with higher quality.
[Figure 1]
3. Emerging membrane processes advance wastewater nutrient recovery

The challenges of higher nutrient enrichment and membrane selectivity discussed
above (Section 2) open opportunities for emerging membrane processes to advance

wastewater nutrient recovery. Forward osmosis (FO), membrane distillation (MD) and
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electrodialysis (ED) are three membrane-based processes that are best suited to overcome the
challenges in wastewater nutrient recovery, and could potentially represent a paradigm shift
in wastewater nutrient management (Table 1). As described herein, these technologies can
achieve high concentration factor for struvite precipitation, their selectivity is conducive to
the fraction of valuable nutrient substances in various formats, and their energy requirements
and associated costs are competitive with more conventional, pressure-driven membrane
processes. A process overview of the three technologies is presented below and the
advantages and disadvantages of each for wastewater nutrient recovery are discussed.

[Table 1]
3.1. Forward osmosis

Forward osmosis (FO) could substantially enhance wastewater nutrient recovery via
struvite precipitation by its unique mass transfer properties: lack of hydraulic pressure and the
occurrence of reverse draw solute flux. In FO, a semipermeable membrane is placed between
two solutions of different concentrations: a concentrated draw solution and a more dilute feed
solution. Instead of hydraulic pressure, FO employs an osmotic pressure difference to drive
the permeation of water across the membrane. As a result, FO has demonstrated a lower
fouling propensity and higher fouling reversibility in comparison with pressure-driven RO
membrane filtration (Lee et al. 2010, Mi and Elimelech 2010). Consequently, FO enables
concentration of a range of challenging, nutrient-rich streams, achieving high enrichment
factors for streams (Table 1), such as anaerobically digested sludge (Holloway et al. 2007),
activated sludge (Achilli et al. 2009, Cornelissen et al. 2008) and raw sewage (Cath et al.
2005, Xie et al. 2013, 2014a, Xue et al. 2015).

Reverse draw solute diffusion, an inherent phenomenon commonly considered
detrimental to FO (Boo et al. 2012, Xie et al. 2014b), can be beneficial by elevating struvite
precipitation potential via supplementing magnesium cation into the feed when magnesium-
based draw solution is used (Figure 2). Recent studies demonstrated this proof-of-concept of
FO in nutrient recovery (Xie et al. 2013, 2014a). Feed sludge centrate was concentrated by
FO driven by MgCl> draw solution and achieved a concentration factor of five, resulting in a
high strength stream comprising ammonium (1210 mg/L), phosphate (615 mg/L), and
magnesium from reverse magnesium flux. As a result, the MgCl, draw solution not only
provides the driving force for nutrient enrichment, but also can be incorporated into the

nutrient precipitate, which makes beneficial use of lost draw solution. These unique mass
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transfer properties of FO motivate nutrient recovery from various waste streams such as urine
(Gormly and Flynn 2007, Michael et al. 2012, Zhang et al. 2014a), sewage (Ge et al. 2012,
Hancock et al. 2013, Phuntsho et al. 2012, Wang et al. 2011a, Xie et al. 2013, Zhang et al.
2014b, Zhang et al. 2013b), and sludge (Hau et al. 2014, Holloway et al. 2007, Nguyen et al.
2013).

[Figure 2]

Experimental results from the aforementioned literature were corroborated by
mathematical modelling, illustrating promising potential and capacity of the FO process in
wastewater nutrient recovery. For instance, Xue et al. (2015) calculated theoretical water
recovery of 93% in an FO process using seawater draw solution, thereby achieving ten-fold
concentration of ammonium and phosphate in the secondary treated municipal wastewater.
This high nutrient enrichment factor also agreed with the solution-diffusion model for FO
filtration (Zhang et al. 2014a), yielding 50—80% rejection of ammonium and above 90%

rejection of phosphate and potassium.

Despite the feasibility of nutrient recovery by FO, membrane performance is
constrained by the water permeability — solute selectivity tradeoff (Yip and Elimelech 2011),
an intrinsic property of water and solute transport through polymeric membranes. This
tradeoff restricts attainment of high water permeability for FO membrane materials without
decreasing solute selectivity (Freeman 1999, Geise et al. 2011), which limits the achievement
of high nutrient concentration factor. For nutrient recovery, a membrane with high solute
selectivity effectively enriches ammonium and phosphate, and hence, yields a high strength
nutrient-rich stream. However, lack of sufficient cations, particularly magnesium
supplemented into this stream via reverse salt flux, reduces struvite precipitation potential. By
contrast, a membrane with high water permeability produces a higher water flux, and the
concomitant decline in membrane selectivity simultaneously provides more draw solution
cations to the feed due to higher reverse salt flux, while also causing significant loss of
nutrient solutes into the draw. Such detrimental effects work against the benefit of a more
permeable but less selective membrane to enhance struvite product yield. Therefore, further
understanding membrane permeability — selectivity tradeoff is crucial to nutrient recovery by

FO process.

3.2. Membrane distillation
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Membrane distillation (MD) is a thermally-driven membrane process that can utilise
low-grade heat to drive separation (Alkhudhiri et al. 2012, Alklaibi and Lior 2005). In MD,
the aqueous feed stream is separated from the distillate by a hydrophobic, microporous
membrane. Liquid is unable to penetrate the membrane pores due to the hydrophobic nature
of the membrane, and a difference in the partial vapour pressure drives the transport of water
vapour across the membrane pores. Because water is transported through the membrane only
in a vapour phase, MD can offer complete rejection of all non-volatile constituents in the feed
solution. More importantly, MD could achieve high water recovery because water vapour

transport through MD membrane is not significantly influenced by the feed osmotic pressure.

Due to this unique transport mechanism, MD processes have been explored for the
recovery of valuable components. Based on the volatility and vapour pressure, these
components can be concentrated either in the feed stream or permeate streams. For example,
non-volatile inorganic nutrient ions, such as potassium and phosphate, can be concentrated in
the feed stream to facilitate subsequent nutrient precipitation. Indeed, the MD process
achieved a high concentration factor of three for seawater RO brine volume reduction
(Martinetti et al. 2009). Similar high enrichment performance could also be observed for
mineral acids (Elkina et al. 2013, Tomaszewska et al. 1995, Tomaszewska 2000) and fruit
juices (Mohammadi and Bakhteyari 2006). Concentration of sulphuric acid by MD from 16%
until 40% was reported with a separation coefficient of above 98% (Tomaszewska and
Mientka 2009).

Ammonia recovery can be one important application of MD process in wastewater
nutrient recovery where ammonia is more volatile than water and can be enriched in the
permeate stream of MD processes (du Preez et al. 2005, Zarebska et al. 2014, Zhao et al.
2013). Ammonia recovery exemplifies the selectivity of MD membrane process, an approach
that is different from aiming for high nutrient concentration factor. MD processes were
configured as vacuum MD, gas sweeping MD and direct contact MD for ammonia recovery
from varying waste streams, such as urine (Zhao et al. 2013), wastewater (Ahn et al. 2011,
Ding et al. 2006, EI-Bourawi et al. 2007, Qu et al. 2013, Xie et al. 2009), and swine manure
(Thygesen et al. 2014, Zarebska et al. 2014). These MD processes achieved more than 96%
ammonia recovery in the form of aqueous solution, which can be conveniently processed as
commercial fertiliser. More importantly, in direct contact MD, low concentration of sulphuric
acid was used as stripping solution on the permeate side to further enhance the capture of

ammonia vapour. The application of acidic stripping solution in the MD permeate stream
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substantially improves ammonia recovery to 99%, with ammonium sulphate being produced

as fertiliser.

Varying composition of nutrient-rich waste stream can pose distinctive challenges to
MD in nutrient recovery (Meng et al. 2014, Tijing et al. 2015, Van der Bruggen 2013). The
volatile organic compounds, such as volatile fatty acids that exert partial vapour pressures
comparable to or higher than water are transported across the MD membrane with the water
vapour, causing contamination of the permeate stream and jeopardising the quality of
recovered ammonia fertiliser. Certain components in wastewater, such as surfactants, can
lower the liquid surface tension of the feed solution and cause wetting of the membrane pores.
Membrane pore wetting will result in a direct liquid flow from feed through the wetted pores,
substantially deteriorating distillate quality. To restore the vapour-liquid interface at the pores,
the wetted membrane must be taken out of operation and dried completely, resulting in
process downtime and potential membrane degradation. Dissolved organic matters and
colloids present in the nutrient-rich waste streams can lead to MD membrane fouling. Fouling
clogs membrane pores, which leads to flux decline and pore wetting and imposes additional
hindrance to heat and mass transfer, thereby diminishing the MD process productivity in
nutrient recovery. Indeed, in ammonia recovery from wastewater by MD process, MD
membrane fouling was initiated by adsorption of peptides and proteins on MD membrane
surface, and thus reduced Gibbs free energy and hydrophilised the membrane surface, thereby
hindering ammonia vapour permeation (Thygesen et al. 2014, Zarebska et al. 2014).

[Figure 3]

Fabrication of MD membranes with special wettability, such as superhydrophobic or
omniphobic property, imparts membrane anti-fouling property and mitigates deleterious
membrane fouling and wetting, thereby improving the nutrient recovery efficiency of MD in
processing challenging waste streams (Liao et al. 2013, 2014, Lin et al. 2014). Increasing the
hydrophobicity of an MD membrane leads to higher liquid entry pressure and consequently
more resistance to pore wetting. For example, Razmjou et al. (2012) fabricated a
superhydrophobic polyvinylidene fluoride (PVDF) MD membrane with TiO2 nanoparticles
providing hierarchical structures with multilevel roughness on the membrane surface. The
resultant MD membrane, possessing high liquid entry pressure of 195 kPa, demonstrated a
much higher water flux recovery after humic acid fouling in comparison to the pristine PVDF
membrane. Another strategy for preventing membrane fouling and wetting is fabrication of

MD membrane with omniphobic property that repels both water and low surface tension

9
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liquids such as surfactants. Indeed, Lin and coworkers (2014) fabricated an omniphobic MD
membrane with silica nanoparticles via surface fluorination and polymer coating, and
demonstrated anti-wetting MD membrane performance maintaining water flux and salt
rejection, even with the presence of surfactant. The advancement of MD membrane
fabrication with special wettability can open up vast opportunities for MD application for

beneficial nutrient recovery, particularly ammonia, from challenging waste streams.
3.3. Electrodialysis

Electrodialysis (ED), which arranges ion-exchange membranes alternately in a direct
current field (Xu and Huang 2008), could selectively fraction nutrients from wastewater
streams into high quality nutrient products. The direct current field is the driving force in an
ED process where cations and anions migrate towards the cathode and anodes, respectively.
The ion separation in ED process is achieved by ion-exchange membranes that comprise
cation-selective, anion-selective, and bipolar membranes. Cation- and anion-selective
membranes are widely used in conventional ED to hinder the passage of co-ions (anions and
cations, respectively) by virtue of Donnan repulsion. When bipolar membranes comprising a
cation-selective layer and an anion-selective layer are used in an ED process, dissociation of

solvent molecules, such as water, into H* and OH™ can be realised.

The unique ion separation mechanism of ED process provides a selective mechanism
for wastewater nutrient recovery. ED process selectively partitioned phosphate from
wastewater effluent containing various ions as a concentrated phosphate solution, achieving a
concentration factor of up to 7 (Zhang et al. 2012, Zhang et al. 2013a). Similar selective
phosphate enrichment by ED process was also observed in urine nutrient recovery, resulting
in a purified phosphate concentrate (Escher et al. 2006, Pronk et al. 2006a). Phosphate
selectivity in an ED process can be further enhanced by either adjusting the feed stream to the
alkaline pH range or increasing current density (Tran et al. 2014, Tran et al. 2015). Better
performance was expected based on the ED separation mechanisms where multivalent
phosphate migrates more slowly than monovalent ions under the current field (Zhang et al.
2012).

Nutrient recovery efficiency and product purity could be significantly improved when
bipolar membrane was employed in an ED process. The ED process with bipolar membrane
integrates solvent (water) and salt dissociation (Bailly 2002); it provides H* and OH" in situ
without the introduction of salts (Huang and Xu 2006, Huang et al. 2006, Huang et al. 2007).

10
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The combination of H* and anions in certain chambers leads to production of acid, while the
combination of OH™ ions and cations in other chambers leads to production of the
corresponding base. As a result, this ED process with bipolar membrane concept could
diversify the final products and enhance purity for nutrient recovery. For example, Wang et al.
(2013) employed the ED process with bipolar membrane to convert phosphate in sludge
supernatant to purified phosphoric acid of 0.075 mol/L, which provided an approach for

wastewater nutrient recovery.

Despite the high purity and diverse product extracted by ED process, it suffers from
membrane fouling during wastewater nutrient recovery. The build-up of fouling layers in ED
process increases the cell resistance (current drop), decreases migration yield and ion
selectivity, and eventually alters membranes due to irreversible fouling (Mondor et al. 2009).
Unlike fouling in RO and FO membranes, the fouling of ion-exchange membrane in ED
process is significantly dependent on the charge of the membrane (Wang et al. 2011b).
Specifically, more sever fouling was observed in anion-selective membrane when negatively
charged humic substance, protein and surfactant were presented (James Watkins and Pfromm
1999, Lee et al. 2009, Lindstrand et al. 2000). By contrast, cation-selective membrane could
be hampered by calcium-dominated scaling (Ayala-Bribiesca et al. 2006, Bazinet and Araya-
Farias 2005). Abating ED membrane fouling could be achieved by periodically reversing the
polarity of electrodes, decreasing current density, improving hydraulic conditions in stack
compartment by increasing flowrate or gasket with flow pattern, and in-place cleaning with
acidic or basic solutions (Lee et al. 2002, Mondor et al. 2009, Ruiz et al. 2007).

[Figure 4]

4. Path forward
4.1. 1+1>2

The emerging membrane processes discussed above have demonstrated their capacity
to advance wastewater nutrient recovery by either maximising nutrient concentration factors,
such as FO and MD, or enhancing nutrient selectivity, for instance MD and ED. Hybrid
membrane processes complement each other, thereby maximising overall nutrient recovery

efficiency.

For example, the requirement for concentrating the diluted draw solution in an FO
process opens opportunity for coupling with other membrane processes (e.g., RO or MD) to
simultaneously restore the FO driving force and to produce high quality freshwater (Hoover

11



326
327
328
329
330
331
332
333
334
335
336
337
338
339
340
341

342
343
344
345
346
347
348
349
350
351

352

353
354
355
356
357
358

et al. 2011, Xie et al. 2013, 2014a). Integration of FO with other processes could not only re-
concentrate diluted draw solution for sustainable process performance, but also complement
wastewater nutrient recovery with freshwater production. This concept motivates coupling
FO with different membrane processes, such as RO, MD, and ED (Figure 5). For example, an
FO-RO hybrid system can achieve high rejections of phosphate and ammonium (99.9% and
92%, respectively) from wastewater effluent (Hancock et al. 2013, Holloway et al. 2007) or
nutrient-rich sludge (Nguyen et al. 2013). More importantly, this hybrid system also
simultaneously produces high quality permeate water. In an FO-MD hybrid system, FO
concentrated orthophosphate and ammonium for subsequent phosphorus recovery in the form
of struvite (MgNH4PO4-6H,0), while MD was used to recover the draw solution and extract
clean water from the digested sludge centrate (Xie et al. 2013, 2014a). The MD unit in the
hybrid system can also be powered by solar energy, thereby reducing the overall operating
cost for wastewater nutrient recovery (Qtaishat and Banat 2013). Similarly, ED can also levy
solar photovoltaic energy to re-concentrate draw solution in an FO-ED hybrid system (Zhang
et al. 2013b), thereby simultaneously concentrating nutrient from the feed waste, and
producing freshwater from the draw solution.

Coupling FO with a membrane bioreactor (MBR) is also becoming attractive for
wastewater nutrient recovery (Holloway et al. 2014, Holloway et al. 2015). This osmotic
MBR concept substantially benefits from the high nutrient rejection by the FO membrane in
MBR, high concentration factor due to low FO fouling propensity, and supply of magnesium
ions to facilitate nutrient precipitation via reverse draw solution diffusion (Figure 3).
Recently, Qiu and Ting (2014) applied an osmotic MBR using MgCl, draw solution to
directly extract phosphorus from wastewater, achieving 95% phosphorus recovery via
calcium phosphate precipitation. Subsequently, Qiu and coworkers employed an OMBR with
seawater brine draw to achieve 90% phosphorus recovery in the form of amorphous calcium
phosphate (Qiu et al. 2015).

[Figure 5]

Despite the versatility and robustness of hybridized FO system for wastewater
nutrient recovery, this technology is not without limitations. One significant hindrance is
contaminant accumulation in the draw solution. In the closed-loop FO hybrid system,
contaminants that permeate through the FO but not the downstream RO or MD process can
accumulate in the draw solution, leading to a build-up of unfavourable contaminants in the

draw solution (D'Haese et al. 2013, Shaffer et al. 2012). Significant accumulation of organic

12
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foulants in the draw solution was observed in an FO-RO hybrid system (Coday et al. 2015,
Hancock et al. 2013). Similarly, this detrimental effect was also found in an FO-MD hybrid
system where micropollutant concentrations increased in the draw solution as the cumulative
permeate volume increased (Xie et al. 2013, 2014a). Therefore, it is of paramount importance
to manage this detrimental contaminant accumulation to ensure system performance and

reliability.

Struvite precipitation, a key step for phosphorus nutrient recovery, could also benefit
from coupling with membrane processes to improve precipitation efficiency. For example,
ED process was operated with struvite precipitation reactor in tandem, which enhanced the
selective capture of phosphate from the effluent of the struvite reactor (Zhang et al. 2013a).
As a result, the phosphate from struvite reactor effluent was further concentrated in ED stack
and recirculated into the struvite reactor, thereby improving the overall phosphorus recovery
to 97%.

Ammonia recovery, which could result in high quality liquid fertiliser, can be
substantially advanced by hybrid membrane processes. In an ED-RO hybrid system, the
ammonium was fractioned by cation-selective membrane in an ED unit where the
ammonium-rich stream from concentrate compartments was further concentrated by RO
membrane. This ED-RO hybrid process produced highly concentrated ammonium solution up
to 13 g/L (Mondor et al. 2008), which is beneficial in agricultural application. On the other
hand, the volatile ammonia could be captured in an ED-MD hybrid process (Ali et al. 2004,
Graillon et al. 1996, Udert and Wéchter 2012). For instance, ED process with bipolar
membranes produced ammonia from ammonium nitrate waste stream via splitting water
solvent. The produced ammonia was recovered by stripping under vacuum membrane

distillation, achieving an ammonia concentration of 2 mol/L.
4.2. Decentralised or centralised?

Key nutrient concentrations — ammonium and phosphate — decrease along the sewer
system from household to a centralised wastewater treatment facilities, with phosphate
concentration being 100 times higher from single household in comparison to the
concentration at the wastewater treatment plant (1991, Carroll et al. 2006, Chanan and Woods
2006, Maurer et al. 2003). This significant variation of nutrient concentration gradient

unlocks opportunities for tailoring nutrient recovery approaches with varying membrane

13
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processes for both decentralised (e.g., single household) and centralised (e.g., wastewater

treatment plant) applications.

On-site urine separation and recovery via struvite precipitation is one promising
strategy for decentralised, small-scale wastewater nutrient recovery (Larsen et al. 2009). In
particular, the urine stream contributes a large proportion of nutrients from household (81%
nitrogen, 50% phosphorus, and 55% potassium), but less than 1% of the total volume of
municipal wastewater (Karak and Bhattacharyya 2011). More importantly, via nutrient
recovery, on-site urine separation can significantly reduce nutrient loadings to the wastewater
treatment plants and downstream effluent-receiving water bodies (Ishii and Boyer 2013,
Wilsenach and Loosdrecht 2003). As such, on-site nutrient recovery from urine can be more
energetically efficient than nutrient removal and recovery in centralised wastewater treatment
process, despite low economic efficacy of small-scale system. However, the deployment of
urine source separation requires substantial change to existing infrastructure, such as varying
flush water from urine diverting toilets (Wilsenach and Van Loosdrecht 2004), proper urine
storage for urea hydrolysis (Ishii and Boyer 2015), and precipitation in urine-separating
toilets (Udert et al. 2003). In addition, the deployment of on-site nutrient recovery from urine
also encounters varying degree of acceptance. For example, fertiliser produced by urine was
less accepted by farmers in comparison with the public, where more than 50% farmers have

concerns in technical feasibility as well as nutrient product quality (Lienert and Larsen 2010).

Emerging membrane processes discussed above also exhibit satisfactory performance
in urine separation. For instance, FO process mined macronutrients (nitrogen, phosphate and
potassium) from urine after hydrolysis, achieving significant volume reduction, and high
rejection of ammonium (50-80%), phosphate and potassium (>90%) (Zhang et al. 2014a). A
higher ammonia separation factor from urine could be observed in a vacuum MD process
where rejection of ammonia reached 99% (El-Bourawi et al. 2007, Zhao et al. 2013). ED
process is also capable of recovering and concentrating nutrient ions from urine contaminated

by micropollutants (Pronk et al. 2006a).

Wastewater nutrient recovery has been practised in centralised wastewater treatment
facility (Cote et al. 2013, Kuzma et al. 2012). However, the benefit of upgrading
conventional wastewater treatment process goes beyond economic gains (McConville et al.
2014), as re-engineering the existing nutrient recovery process by a suite of membrane

processes offers more sustainable sewage management and nutrient cycling.
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4.3. Energy consumption and bioavailability for recovered nutrients

The reviewed three emerging membrane processes for wastewater nutrient recovery
could utilise a range of renewable energy to further enhance the process sustainability and
substantially reduce the carbon footprint. For instance, via powering the ED process by solar
energy, the operating cost for an FO-ED hybrid process was €3.32 to 4.92 per cubic meter
treated water (considering the investment for membranes and solar panel) for a small size
(Zhang et al. 2013b). In addition, levying waste heat generated by a power plant (Zhou et al.
2015) or introducing the biogas produced by the wastewater treatment plant (Qin and He
2014) can be an important alternative to drive the MD process with less cost in wastewater
nutrient recovery. Furthermore, a life cycle assessment showed that more than 25% reduction
of the environmental impact could be achieved when incorporating FO process into
traditional seawater desalination or wastewater reclamation process (Hancock et al. 2012).

Producing agriculturally applicable fertiliser is the final goal for wastewater nutrient
recovery. Apart from the technological aspect of wastewater nutrient recovery, more attention
should be also paid to the agronomic efficacy and crop uptake of the fertiliser produced from
recovered nutrients (Withers et al. 2014). Phosphorus plant availability of struvite precipitate
recovered from waste stream was compared with a well-established, water-soluble fertiliser,
triple superphosphate, using pot experiments with isotope 32P-labelled soil, suggesting
negligible difference in plant phosphorus nutrition and growth (Achat et al. 2014). However,
despite the abundance of phosphorus availability for plant growth, the recovered nutrient
fertiliser showed poor nitrogen uptake for plant growth (Ganrot et al. 2007, Matassa et al.
2015). In addition, phosphorus that was recovered in the form of amorphous calcium
phosphate precipitate, exhibited less water solubility, thereby hindering the crop uptake
(Plaza et al. 2007). As a result, wastewater nutrient recovery is a multi-dimensional challenge,
with considerable requirements to find a suitable market to distribute recovered nutrient

product with proven agronomic efficacy.
5. Conclusion

Three emerging membrane processes — FO, MD and ED — can advance wastewater
nutrient recovery with their unique mass transfer properties. FO, demonstrating low fouling
propensity and supplementing magnesium ion via reverse salt flux, is able to maximise
nutrient enrichment prior to struvite precipitation. MD, driven by vapour pressure difference,

is not only capable of achieving a high concentration factor, but also can recover volatile
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ammonia as a high quality fertiliser. ED can selectively partition phosphate with an anion-
selective membrane, or produce phosphoric acid or ammonia with a bipolar membrane that
splits water solvent into proton and hydroxide. In addition, integration of these membrane
processes with existing nutrient precipitation processes could substantially improve nutrient
recovery efficiency, and diversify the nutrient product that can be extracted, even achieving a
near complete wastewater nutrient recovery. For the future, detailed techno-economic
analysis of these hybridised membrane-based processes in wastewater nutrient recovery
should be performed, such as process energy demand, CO, footprint, system robustness,

operating costs, product quality and market demands.
6. Acknowledgements

The Victoria University is thanked for the award of a Vice Chancellor Early Career
Fellowship to M.X. H.K.S. acknowledges the Future Fellowship from Australia Research

Council.
7. References

Achat, D.L., Sperandio, M., Daumer, M.-L., Santellani, A.-C., Prud'Homme, L., Akhtar, M.
and Morel, C. (2014) Plant-availability of phosphorus recycled from pig manures and dairy
effluents as assessed by isotopic labeling techniques. Geoderma 232-234, 24-33.

Achilli, A., Cath, T.Y., Marchand, E.A. and Childress, A.E. (2009) The forward osmosis
membrane bioreactor: A low fouling alternative to MBR processes. Desalination 239(1-3),
10-21.

Ahn, Y.T., Hwang, Y.H. and Shin, H.S. (2011) Application of PTFE membrane for ammonia
removal in a membrane contactor. Water Science & Technology 63(12), 2944-2948.

Ali, M.A.B., Rakib, M., Laborie, S., Viers, P. and Durand, G. (2004) Coupling of bipolar
membrane electrodialysis and ammonia stripping for direct treatment of wastewaters
containing ammonium nitrate. Journal of Membrane Science 244(1-2), 89-96.

Alkhudhiri, A., Darwish, N. and Hilal, N. (2012) Membrane distillation: A comprehensive
review. Desalination 287, 2-18.

Alklaibi, A.M. and Lior, N. (2005) Membrane-distillation desalination: Status and potential.
Desalination 171(2), 111-131.

Ashley, K., Cordell, D. and Mavinic, D. (2011) A brief history of phosphorus: From the
philosopher’s stone to nutrient recovery and reuse. Chemosphere 84(6), 737-746.

Ayala-Bribiesca, E., Araya-Farias, M., Pourcelly, G. and Bazinet, L. (2006) Effect of
concentrate solution pH and mineral composition of a whey protein diluate solution on
membrane fouling formation during conventional electrodialysis. Journal of Membrane
Science 280(1-2), 790-801.

Bailly, M. (2002) Production of organic acids by bipolar electrodialysis: realizations and
perspectives. Desalination 144(1-3), 157-162.

16



491
492
493

494
495
496

497
498
499

500
501
502

503
504

505
506
507

508
509
510
511

512
513
514

515
516

517
518
519

520
521
522

523
524
525

526
527
528
529

530
531

532
533
534

Battistoni, P., Paci, B., Fatone, F. and Pavan, P. (2005) Phosphorus Removal from
Supernatants at Low Concentration Using Packed and Fluidized-Bed Reactors. Industrial &
Engineering Chemistry Research 44(17), 6701-6707.

Bazinet, L. and Araya-Farias, M. (2005) Effect of calcium and carbonate concentrations on
cationic membrane fouling during electrodialysis. Journal of Colloid and Interface Science
281(1), 188-196.

Blocher, C., Niewersch, C. and Melin, T. (2012) Phosphorus recovery from sewage sludge
with a hybrid process of low pressure wet oxidation and nanofiltration. Water Research 46(6),
2009-20109.

Bonmati, A. and Flotats, X. (2003) Air stripping of ammonia from pig slurry: characterisation
and feasibility as a pre- or post-treatment to mesophilic anaerobic digestion. Waste
Management 23(3), 261-272.

Boo, C., Lee, S., Elimelech, M., Meng, Z. and Hong, S. (2012) Colloidal fouling in forward
osmosis: Role of reverse salt diffusion. Journal of Membrane Science 390-391, 277-284.

Carroll, S., Goonetilleke, A., Thomas, E., Hargreaves, M., Frost, R. and Dawes, L. (2006)
Integrated Risk Framework for Onsite Wastewater Treatment Systems. Environmental
Management 38(2), 286-303.

Cath, T.Y., Gormly, S., Beaudry, E.G., Flynn, M.T., Adams, V.D. and Childress, A.E. (2005)
Membrane contactor processes for wastewater reclamation in space: Part I. Direct osmotic
concentration as pretreatment for reverse osmosis. Journal of Membrane Science 257(1-2),
85-98.

Celen, 1., Buchanan, J.R., Burns, R.T., Bruce Robinson, R. and Raj Raman, D. (2007) Using
a chemical equilibrium model to predict amendments required to precipitate phosphorus as
struvite in liquid swine manure. Water Research 41(8), 1689-1696.

Chanan, A. and Woods, P. (2006) Introducing total water cycle management in Sydney: a
Kogarah Council initiative. Desalination 187(1-3), 11-16.

Coday, B.D., Almaraz, N. and Cath, T.Y. (2015) Forward osmosis desalination of oil and gas
wastewater: Impacts of membrane selection and operating conditions on process performance.
Journal of Membrane Science 488, 40-55.

Cornelissen, E.R., Harmsen, D., de Korte, K.F., Ruiken, C.J., Qin, J.-J., Oo, H. and Wessels,
L.P. (2008) Membrane fouling and process performance of forward osmosis membranes on
activated sludge. Journal of Membrane Science 319(1-2), 158-168.

Cote, P., Britton, A., Sathyanarayana, R.P.M., Hyslop, R.M. and Clark, D.R. (2013)
Treatment of phosphate-containing wastewater with fluorosilicate and phosphate recovery,
US Patent US20140231359, August 21, 2014.

D'Haese, A., Le-Clech, P., Van Nevel, S., Verbeken, K., Cornelissen, E.R., Khan, S.J. and
Verliefde, A.R.D. (2013) Trace organic solutes in closed-loop forward osmosis applications:
Influence of membrane fouling and modeling of solute build-up. Water Research 47(14),
5232-5244.

de-Bashan, L.E. and Bashan, Y. (2004) Recent advances in removing phosphorus from
wastewater and its future use as fertilizer (1997-2003). Water Research 38(19), 4222-4246.

Desloover, J., Vlaeminck, S.E., Clauwaert, P., Verstraete, W. and Boon, N. (2012) Strategies
to mitigate N20O emissions from biological nitrogen removal systems. Current Opinion in
Biotechnology 23(3), 474-482.

17



535
536
537

538
539

540
541

542
543
544

545
546
547

548
549

550
551

552
553

554
555
556

557
558
559
560

561
562

563
564
565

566
567
568

569
570
571

572
573
574

575
576

Ding, Z., Liu, L., Li, Z.,, Ma, R. and Yang, Z. (2006) Experimental study of ammonia
removal from water by membrane distillation (MD): The comparison of three configurations.
Journal of Membrane Science 286(1-2), 93-103.

Doyle, J.D. and Parsons, S.A. (2002) Struvite formation, control and recovery. Water
Research 36(16), 3925-3940.

du Preez, J., Norddahl, B. and Christensen, K. (2005) The BIOREK® concept: A hybrid
membrane bioreactor concept for very strong wastewater. Desalination 183(1-3), 407-415.

El-Bourawi, M.S., Khayet, M., Ma, R., Ding, Z., Li, Z. and Zhang, X. (2007) Application of
vacuum membrane distillation for ammonia removal. Journal of Membrane Science 301(1-2),
200-209.

Elkina, 1.B., Gilman, A.B., Ugrozov, V.V. and Volkov, V.V. (2013) Separation of Mineral
Acid Solutions by Membrane Distillation and Thermopervaporation through Porous and
Nonporous Membranes. Industrial & Engineering Chemistry Research 52(26), 8856-8863.

Elser, J. and Bennett, E. (2011) Phosphorus cycle: A broken biogeochemical cycle. Nature
478(7367), 29-31.

Energy, U.D.o. (2006) Energy Demands on Water Resources. Energy, U.D.o. (ed),
Washington DC.

EPA and Water, O.0. (2006) Wastewater Management Fact Sheet, Energy Conservation.
Agency, U.S.E.P. (ed), p. 7, Washington DC.

Escher, B.l., Pronk, W., Suter, M.J.F. and Maurer, M. (2006) Monitoring the Removal
Efficiency of Pharmaceuticals and Hormones in Different Treatment Processes of Source-
Separated Urine with Bioassays. Environmental Science & Technology 40(16), 5095-5101.

Foley, J.A., Ramankutty, N., Brauman, K.A., Cassidy, E.S., Gerber, J.S., Johnston, M.,
Mueller, N.D., O/'Connell, C., Ray, D.K., West, P.C., Balzer, C., Bennett, E.M., Carpenter,
S.R., Hill, J., Monfreda, C., Polasky, S., Rockstrom, J., Sheehan, J., Siebert, S., Tilman, D.
and Zaks, D.P.M. (2011) Solutions for a cultivated planet. Nature 478(7369), 337-342.

Freeman, B.D. (1999) Basis of Permeability/Selectivity Tradeoff Relations in Polymeric Gas
Separation Membranes. Macromolecules 32(2), 375-380.

Ganrot, Z., Dave, G., Nilsson, E. and Li, B. (2007) Plant availability of nutrients recovered as
solids from human urine tested in climate chamber on Triticum aestivum L. Bioresource
Technology 98(16), 3122-3129.

Ge, Q., Wang, P., Wan, C. and Chung, T.-S. (2012) Polyelectrolyte-Promoted Forward
Osmosis—Membrane Distillation (FO-MD) Hybrid Process for Dye Wastewater Treatment.
Environmental Science & Technology 46(11), 6236-6243.

Geise, G.M., Park, H.B., Sagle, A.C., Freeman, B.D. and McGrath, J.E. (2011) Water
permeability and water/salt selectivity tradeoff in polymers for desalination. Journal of
Membrane Science 369(1-2), 130-138.

Gerardo, M.L., Zacharof, M.P. and Lovitt, R.W. (2013) Strategies for the recovery of
nutrients and metals from anaerobically digested dairy farm sludge using cross-flow
microfiltration. Water Research 47(14), 4833-4842.

Gormly, S. and Flynn, M. (2007) Lightweight Contingency Urine Recovery System Concept
Development, Chicago, Il.

18



S77
578
579

580
581
582
583

584
585
586

587
588
589
590
591

592
593
594

595
596
597

598
599
600

601
602
603

604
605

606
607
608

609
610
611

612
613

614
615

616
617
618

619
620

Graillon, S., Persin, F., Pourcelly, G. and Gavach, C. (1996) Development of electrodialysis
with bipolar membrane for the treatment of concentrated nitrate effluents. Desalination
107(2), 159-169.

Grant, S.B., Saphores, J.-D., Feldman, D.L., Hamilton, A.J., Fletcher, T.D., Cook, P.L.M.,
Stewardson, M., Sanders, B.F., Levin, L.A., Ambrose, R.F., Deletic, A., Brown, R., Jiang,
S.C., Rosso, D., Cooper, W.J. and Marusic, 1. (2012) Taking the “Waste” Out of “Wastewater”
for Human Water Security and Ecosystem Sustainability. Science 337(6095), 681-686.

Guadie, A., Xia, S., Jiang, W., Zhou, L., Zhang, Z., Hermanowicz, S.W., Xu, X. and Shen, S.
(2014) Enhanced struvite recovery from wastewater using a novel cone-inserted fluidized bed
reactor. Journal of Environmental Sciences 26(4), 765-774.

Guest, J.S., Skerlos, S.J., Barnard, J.L., Beck, M.B., Daigger, G.T., Hilger, H., Jackson, S.J.,
Karvazy, K., Kelly, L., Macpherson, L., Mihelcic, J.R., Pramanik, A., Raskin, L., Van
Loosdrecht, M.C.M., Yeh, D. and Love, N.G. (2009) A New Planning and Design Paradigm
to Achieve Sustainable Resource Recovery from Wastewaterl. Environmental Science &
Technology 43(16), 6126-6130.

Hall, M.R., West, J., Sherman, B., Lane, J. and de Haas, D. (2011) Long-Term Trends and
Opportunities for Managing Regional Water Supply and Wastewater Greenhouse Gas
Emissions. Environmental Science & Technology 45(12), 5434-5440.

Hancock, N.T., Black, N.D. and Cath, T.Y. (2012) A comparative life cycle assessment of
hybrid osmotic dilution desalination and established seawater desalination and wastewater
reclamation processes. Water Research 46(4), 1145-1154.

Hancock, N.T., Xu, P., Roby, M.J., Gomez, J.D. and Cath, T.Y. (2013) Towards direct
potable reuse with forward osmosis: Technical assessment of long-term process performance
at the pilot scale. Journal of Membrane Science 445, 34-46.

Hau, N.T., Chen, S.-S., Nguyen, N.C., Huang, K.Z., Ngo, H.H. and Guo, W. (2014)
Exploration of EDTA sodium salt as novel draw solution in forward osmosis process for
dewatering of high nutrient sludge. Journal of Membrane Science 455, 305-311.

Holloway, R.W., Childress, A.E., Dennett, K.E. and Cath, T.Y. (2007) Forward osmosis for
concentration of anaerobic digester centrate. Water Research 41(17), 4005-4014.

Holloway, R.W., Regnery, J., Nghiem, L.D. and Cath, T.Y. (2014) Removal of Trace
Organic Chemicals and Performance of a Novel Hybrid Ultrafiltration-Osmotic Membrane
Bioreactor. Environmental Science & Technology 48(18), 10859-10868.

Holloway, R.W., Wait, A.S., Fernandes da Silva, A., Herron, J., Schutter, M.D., Lampi, K.
and Cath, T.Y. (2015) Long-term pilot scale investigation of novel hybrid ultrafiltration-
osmotic membrane bioreactors. Desalination 363, 64-74.

Huang, C. and Xu, T. (2006) Electrodialysis with bipolar membranes for sustainable
development. Environ. Sci. Technol. 40, 5233.

Huang, C., Xu, T. and Jacobs, M.L. (2006) Regenerating flue-gas desulfurizing agents by
bipolar membrane electrodialysis. AIChE J. 52, 393.

Huang, C., Xu, T., Zhang, Y., Xue, Y. and Chen, G. (2007) Application of electrodialysis to
the production of organic acids: State-of-the-art and recent developments. J. Membr. Sci. 288,
1.

Ichihashi, O. and Hirooka, K. (2012) Removal and recovery of phosphorus as struvite from
swine wastewater using microbial fuel cell. Bioresource Technology 114, 303-307.

19



621
622
623

624
625
626

627
628

629
630
631

632
633

634
635
636

637
638
639

640
641
642
643

644
645
646

647
648
649

650
651
652

653
654
655

656
657
658

659
660
661

662
663

Ishii, S.K.L. and Boyer, T.H. (2013) Impact of Urine Source Separation on Wastewater
Treatment and Sustainability Initiatives at Select U.S. Universities: A Triple Bottom Line
Evaluation. Proceedings of the Water Environment Federation 2013(4), 588-596.

Ishii, S.K.L. and Boyer, T.H. (2015) Life cycle comparison of centralized wastewater
treatment and urine source separation with struvite precipitation: Focus on urine nutrient
management. Water Research 79, 88-103.

Jaffer, Y., Clark, T.A., Pearce, P. and Parsons, S.A. (2002) Potential phosphorus recovery by
struvite formation. Water Research 36(7), 1834-1842.

James Watkins, E. and Pfromm, P.H. (1999) Capacitance spectroscopy to characterize
organic fouling of electrodialysis membranes. Journal of Membrane Science 162(1-2), 213-
218.

Jorgensen, T.C. and Weatherley, L.R. (2003) Ammonia removal from wastewater by ion
exchange in the presence of organic contaminants. Water Research 37(8), 1723-1728.

Karak, T. and Bhattacharyya, P. (2011) Human urine as a source of alternative natural
fertilizer in agriculture: A flight of fancy or an achievable reality. Resources, Conservation
and Recycling 55(4), 400-408.

Kuzma, M., Baur, R.J. and Sathyanarayana, R.P.M. (2012) Methods and apparatus for
struvite recovery using upstream phosphate injection, European Patent EP2489640, August
22, 2012.

Lahav, O., Telzhensky, M., Zewuhn, A., Gendel, Y., Gerth, J., Calmano, W. and Birnhack, L.
(2013) Struvite recovery from municipal-wastewater sludge centrifuge supernatant using
seawater NF concentrate as a cheap Mg(Il) source. Separation and Purification Technology
108, 103-110.

Larsen, T.A., Alder, A.C., Eggen, R.L.L., Maurer, M. and Lienert, J. (2009) Source
Separation: Will We See a Paradigm Shift in Wastewater Handling? Environmental Science
& Technology 43(16), 6121-6125.

Lee, H.-J., Park, J.-S. and Moon, S.-H. (2002) A study on fouling mitigation using pulsing
electric fields in electrodialysis of lactate containing BSA. Korean Journal of Chemical
Engineering 19(5), 880-887.

Lee, H.-J., Hong, M.-K., Han, S.-D., Cho, S.-H. and Moon, S.-H. (2009) Fouling of an anion
exchange membrane in the electrodialysis desalination process in the presence of organic
foulants. Desalination 238(1-3), 60-69.

Lee, S., Boo, C., Elimelech, M. and Hong, S. (2010) Comparison of fouling behavior in
forward osmosis (FO) and reverse osmosis (RO). Journal of Membrane Science 365(1-2),
34-39.

Liao, Y., Wang, R. and Fane, A.G. (2013) Engineering superhydrophobic surface on
poly(vinylidene fluoride) nanofiber membranes for direct contact membrane distillation.
Journal of Membrane Science 440, 77-87.

Liao, Y., Wang, R. and Fane, A.G. (2014) Fabrication of Bioinspired Composite Nanofiber
Membranes with Robust Superhydrophobicity for Direct Contact Membrane Distillation.
Environmental Science & Technology 48(11), 6335-6341.

Lienert, J. and Larsen, T.A. (2010) High Acceptance of Urine Source Separation in Seven
European Countries: A Review. Environmental Science & Technology 44(2), 556-566.

20



664
665
666

667
668
669

670
671

672
673

674
675
676

677
678

679
680
681

682
683
684

685
686

687
688

689
690

691
692
693

694
695
696

697
698
699

700
701
702

703
704

Lin, J., Chen, N. and Pan, Y. (2013) Arsenic Incorporation in Synthetic Struvite
(NH4MgPO4+6H20): A Synchrotron XAS and Single-Crystal EPR Study. Environmental
Science & Technology 47(22), 12728-12735.

Lin, S., Nejati, S., Boo, C., Hu, Y., Osuji, C.O. and Elimelech, M. (2014) Omniphobic
Membrane for Robust Membrane Distillation. Environmental Science & Technology Letters
1(11), 443-447.

Lindstrand, V., Sundstrom, G. and Jonsson, A.-S. (2000) Fouling of electrodialysis
membranes by organic substances. Desalination 128(1), 91-102.

Liu, Y., Kwag, J.-H., Kim, J.-H. and Ra, C. (2011) Recovery of nitrogen and phosphorus by
struvite crystallization from swine wastewater. Desalination 277(1-3), 364-3609.

Ma, N. and Rouff, A.A. (2012) Influence of pH and Oxidation State on the Interaction of
Arsenic with Struvite During Mineral Formation. Environmental Science & Technology
46(16), 8791-8798.

Marti, N., Bouzas, A., Seco, A. and Ferrer, J. (2008) Struvite precipitation assessment in
anaerobic digestion processes. Chemical Engineering Journal 141(1-3), 67-74.

Martinetti, C.R., Childress, A.E. and Cath, T.Y. (2009) High recovery of concentrated RO
brines using forward osmosis and membrane distillation. Journal of Membrane Science
331(1-2), 31-39.

Matassa, S., Batstone, D.J., Hilsen, T., Schnoor, J. and Verstraete, W. (2015) Can Direct
Conversion of Used Nitrogen to New Feed and Protein Help Feed the World? Environmental
Science & Technology 49(9), 5247-5254.

Maurer, M., Schwegler, P. and Larsen, T.A. (2003) Nutrients in urine: energetic aspects of
removal and recovery. Water Sci Technol 48(1), 37-46.

Maurer, M., Pronk, W. and Larsen, T.A. (2006) Treatment processes for source-separated
urine. Water Research 40(17), 3151-3166.

McCarty, P.L., Bae, J. and Kim, J. (2011) Domestic Wastewater Treatment as a Net Energy
Producer—Can This be Achieved? Environmental Science & Technology 45(17), 7100-7106.

McConville, J.R., Kinzle, R., Messmer, U., Udert, K.M. and Larsen, T.A. (2014) Decision
Support for Redesigning Wastewater Treatment Technologies. Environmental Science &
Technology 48(20), 12238-12246.

Meng, S., Ye, Y., Mansouri, J. and Chen, V. (2014) Fouling and crystallisation behaviour of
superhydrophobic nano-composite PVDF membranes in direct contact membrane distillation.
Journal of Membrane Science 463, 102-112.

Mi, B. and Elimelech, M. (2010) Organic fouling of forward osmosis membranes: Fouling
reversibility and cleaning without chemical reagents. Journal of Membrane Science 348(1-2),
337-345.

Michael, F., Monica, S., Sara, S., James, B., Joe, C., Howe, A.S., Sherwin, G., Mona, H.,
Hali, S. and Kevin, H. (2012) 42nd International Conference on Environmental Systems,
American Institute of Aeronautics and Astronautics.

Mohammadi, T. and Bakhteyari, O. (2006) Concentration of I-lysine monohydrochloride (I-
lysine—HCI) syrup using vacuum membrane distillation. Desalination 200(1-3), 591-594.

21



705
706
707

708
709
710

711
712

713
714

715
716
717

718
719
720

721
722

723
724
725

726
727

728
729
730
731

732
733
734

735
736
737

738
739
740

741
742
743

744
745
746
747

Mondor, M., Masse, L., Ippersiel, D., Lamarche, F. and Massé, D.l. (2008) Use of
electrodialysis and reverse osmosis for the recovery and concentration of ammonia from
swine manure. Bioresource Technology 99(15), 7363-7368.

Mondor, M., Ippersiel, D., Lamarche, F. and Masse, L. (2009) Fouling characterization of
electrodialysis membranes used for the recovery and concentration of ammonia from swine
manure. Bioresource Technology 100(2), 566-571.

Minch, E.V. and Barr, K. (2001) Controlled struvite crystallisation for removing phosphorus
from anaerobic digester sidestreams. Water Research 35(1), 151-159.

Nguyen, N.C., Chen, S.-S., Yang, H.-Y. and Hau, N.T. (2013) Application of forward
osmosis on dewatering of high nutrient sludge. Bioresource Technology 132, 224-229.

Niewersch, C., Battaglia Bloch, A.L., Yice, S., Melin, T. and Wessling, M. (2014)
Nanofiltration for the recovery of phosphorus — Development of a mass transport model.
Desalination 346, 70-78.

Pastor, L., Marti, N., Bouzas, A. and Seco, A. (2008) Sewage sludge management for
phosphorus recovery as struvite in EBPR wastewater treatment plants. Bioresource
Technology 99(11), 4817-4824.

Pastor, L., Mangin, D., Ferrer, J. and Seco, A. (2010) Struvite formation from the
supernatants of an anaerobic digestion pilot plant. Bioresource Technology 101(1), 118-125.

Phuntsho, S., Shon, H.K., Majeed, T., El Saliby, I., Vigneswaran, S., Kandasamy, J., Hong, S.
and Lee, S. (2012) Blended Fertilizers as Draw Solutions for Fertilizer-Drawn Forward
Osmosis Desalination. Environmental Science & Technology 46(8), 4567-4575.

Pizzol, M., Smart, J.C.R. and Thomsen, M. (2014) External costs of cadmium emissions to
soil: a drawback of phosphorus fertilizers. Journal of Cleaner Production 84, 475-483.

Plaza, C., Sanz, R., Clemente, C., Fernandez, J.M., Gonzalez, R., Polo, A. and Colmenarejo,
M.F. (2007) Greenhouse Evaluation of Struvite and Sludges from Municipal Wastewater
Treatment Works as Phosphorus Sources for Plants. Journal of Agricultural and Food
Chemistry 55(20), 8206-8212.

Pronk, W., Biebow, M. and Boller, M. (2006a) Electrodialysis for Recovering Salts from a
Urine Solution Containing Micropollutants. Environmental Science & Technology 40(7),
2414-2420.

Pronk, W., Palmquist, H., Biebow, M. and Boller, M. (2006b) Nanofiltration for the
separation of pharmaceuticals from nutrients in source-separated urine. Water Research 40(7),
1405-1412.

Qin, M. and He, Z. (2014) Self-Supplied Ammonium Bicarbonate Draw Solute for Achieving
Wastewater Treatment and Recovery in a Microbial Electrolysis Cell-Forward Osmosis-
Coupled System. Environmental Science & Technology Letters 1(10), 437-441.

Qiu, G. and Ting, Y.-P. (2014) Direct phosphorus recovery from municipal wastewater via
osmotic membrane bioreactor (OMBR) for wastewater treatment. Bioresource Technology
170, 221-229.

Qiu, G., Law, Y.-M., Das, S. and Ting, Y.-P. (2015) Direct and Complete Phosphorus
Recovery from Municipal Wastewater Using a Hybrid Microfiltration-Forward Osmosis
Membrane Bioreactor Process with Seawater Brine as Draw Solution. Environmental Science
& Technology 49(10), 6156-6163.

22



748
749

750
751

752
753
754
755

756
757
758

759
760
761

762
763

764
765

766
767

768
769

770
771
772

773
774
775

776
7T
778
779

780
781

782
783

784
785
786

787
788

789
790

Qtaishat, M.R. and Banat, F. (2013) Desalination by solar powered membrane distillation
systems. Desalination 308, 186-197.

Qu, D., Sun, D., Wang, H. and Yun, Y. (2013) Experimental study of ammonia removal from
water by modified direct contact membrane distillation. Desalination 326, 135-140.

Quintana, M., Colmenarejo, M.F., Barrera, J., Garcia, G., Garcia, E. and Bustos, A. (2003)
Use of a Byproduct of Magnesium Oxide Production To Precipitate Phosphorus and Nitrogen
as Struvite from Wastewater Treatment Liquors. Journal of Agricultural and Food Chemistry
52(2), 294-299.

Rahman, M.M., Salleh, M.A.M., Rashid, U., Ahsan, A., Hossain, M.M. and Ra, C.S. (2014)
Production of slow release crystal fertilizer from wastewaters through struvite crystallization
— A review. Arabian Journal of Chemistry 7(1), 139-155.

Razmjou, A., Arifin, E., Dong, G., Mansouri, J. and Chen, V. (2012) Superhydrophobic
modification of TiO2 nanocomposite PVDF membranes for applications in membrane
distillation. Journal of Membrane Science 415-416, 850-863.

Ronteltap, M., Maurer, M., Hausherr, R. and Gujer, W. (2010) Struvite precipitation from
urine — Influencing factors on particle size. Water Research 44(6), 2038-2046.

Rothausen, S.G.S.A. and Conway, D. (2011) Greenhouse-gas emissions from energy use in
the water sector. Nature Clim. Change 1(4), 210-2109.

Rouff, A.A. (2012) Sorption of Chromium with Struvite During Phosphorus Recovery.
Environmental Science & Technology 46(22), 12493-12501.

Rouff, A.A. and Juarez, K.M. (2014) Zinc Interaction with Struvite During and After Mineral
Formation. Environmental Science & Technology 48(11), 6342-6349.

Ruiz, B., Sistat, P., Huguet, P., Pourcelly, G., Araya-Farias, M. and Bazinet, L. (2007)
Application of relaxation periods during electrodialysis of a casein solution: Impact on anion-
exchange membrane fouling. Journal of Membrane Science 287(1), 41-50.

Shaffer, D.L., Yip, N.Y., Gilron, J. and Elimelech, M. (2012) Seawater desalination for
agriculture by integrated forward and reverse osmosis: Improved product water quality for
potentially less energy. Journal of Membrane Science 415416, 1-8.

Song, Y.-H., Qiu, G.-L., Yuan, P., Cui, X.-Y., Peng, J.-F., Zeng, P., Duan, L., Xiang, L.-C.
and Qian, F. (2011) Nutrients removal and recovery from anaerobically digested swine
wastewater by struvite crystallization without chemical additions. Journal of Hazardous
Materials 190(1-3), 140-149.

Svardal, K. and Kroiss, H. (2011) Energy requirements for waste water treatment. Water
Science & Technology 64(6), 1355-1361.

Tchobanoglous, G., Burton, F.L., Metcalf and Eddy (1991) Wastewater engineering :
treatment, disposal, and reuse, McGraw-Hill, New York.

Thygesen, O., Hedegaard, M.A.B., Zarebska, A., Beleites, C. and Krafft, C. (2014)
Membrane fouling from ammonia recovery analyzed by ATR-FTIR imaging. Vibrational
Spectroscopy 72(0), 119-123.

Tijing, L.D., Woo, Y.C., Choi, J.-S., Lee, S., Kim, S.-H. and Shon, H.K. (2015) Fouling and
its control in membrane distillation—A review. Journal of Membrane Science 475, 215-244.

Tomaszewska, M., Gryta, M. and Morawski, A.W. (1995) Study on the concentration of
acids by membrane distillation. Journal of Membrane Science 102, 113-122.

23



791
792

793
794

795
796
797
798

799
800
801
802

803
804

805
806

807
808

809
810
811

812
813

814
815
816

817
818
819

820
821
822

823
824
825

826
827

828
829
830

831
832
833

Tomaszewska, M. (2000) Concentration and Purification of Fluosilicic Acid by Membrane
Distillation. Industrial & Engineering Chemistry Research 39(8), 3038-3041.

Tomaszewska, M. and Mientka, A. (2009) Separation of HCI from HCI-H2SO4 solutions by
membrane distillation. Desalination 240(1-3), 244-250.

Tran, A.T.K., Zhang, Y., De Corte, D., Hannes, J.-B., Ye, W., Mondal, P., Jullok, N.,
Meesschaert, B., Pinoy, L. and Van der Bruggen, B. (2014) P-recovery as calcium phosphate
from wastewater using an integrated selectrodialysis/crystallization process. Journal of
Cleaner Production 77, 140-151.

Tran, AT.K,, Zhang, Y., Lin, J., Mondal, P., Ye, W., Meesschaert, B., Pinoy, L. and VVan der
Bruggen, B. (2015) Phosphate pre-concentration from municipal wastewater by
selectrodialysis: Effect of competing components. Separation and Purification Technology
141, 38-47.

Triger, A., Pic, J.-S. and Cabassud, C. (2012) Determination of struvite crystallization
mechanisms in urine using turbidity measurement. Water Research 46(18), 6084-6094.

Udert, K.M., Larsen, T.A. and Gujer, W. (2003) Estimating the precipitation potential in
urine-collecting systems. Water Research 37(11), 2667-2677.

Udert, K.M. and Wachter, M. (2012) Complete nutrient recovery from source-separated urine
by nitrification and distillation. Water Research 46(2), 453-464.

Van der Bruggen, B. (2013) Integrated Membrane Separation Processes for Recycling of
Valuable Wastewater Streams: Nanofiltration, Membrane Distillation, and Membrane
Crystallizers Revisited. Industrial & Engineering Chemistry Research 52(31), 10335-10341.

Verstraete, W., Van de Caveye, P. and Diamantis, V. (2009) Maximum use of resources
present in domestic “used water”. Bioresource Technology 100(23), 5537-5545.

Wang, K.Y., Teoh, M.M., Nugroho, A. and Chung, T.-S. (2011a) Integrated forward
osmosis—membrane distillation (FO-MD) hybrid system for the concentration of protein
solutions. Chemical Engineering Science 66(11), 2421-2430.

Wang, Q., Yang, P. and Cong, W. (2011b) Cation-exchange membrane fouling and cleaning
in bipolar membrane electrodialysis of industrial glutamate production wastewater.
Separation and Purification Technology 79(1), 103-113.

Wang, X., Wang, Y., Zhang, X., Feng, H., Li, C. and Xu, T. (2013) Phosphate Recovery from
Excess Sludge by Conventional Electrodialysis (CED) and Electrodialysis with Bipolar
Membranes (EDBM). Industrial & Engineering Chemistry Research 52(45), 15896-15904.

West, P.C., Gerber, J.S., Engstrom, P.M., Mueller, N.D., Brauman, K.A., Carlson, K.M.,
Cassidy, E.S., Johnston, M., MacDonald, G.K., Ray, D.K. and Siebert, S. (2014) Leverage
points for improving global food security and the environment. Science 345(6194), 325-328.

Wilsenach, J. and Loosdrecht, M.v. (2003) Impact of separate urine collection on wastewater
treatment systems. Water Sci Technol 48(1), 103-110.

Wilsenach, J.A. and Van Loosdrecht, M.C.M. (2004) Effects of Separate Urine Collection on
Advanced Nutrient Removal Processes. Environmental Science & Technology 38(4), 1208-
1215.

Withers, P.J.A., Sylvester-Bradley, R., Jones, D.L., Healey, J.R. and Talboys, P.J. (2014)
Feed the Crop Not the Soil: Rethinking Phosphorus Management in the Food Chain.
Environmental Science & Technology 48(12), 6523-6530.

24



834
835
836

837
838
839
840

841
842
843

844
845

846
847

848
849
850

851
852
853

854
855
856

857
858
859

860
861
862

863
864
865

866
867
868

869
870
871

872
873
874

875
876
877

Xie, M., Nghiem, L.D., Price, W.E. and Elimelech, M. (2013) A Forward Osmosis—
Membrane Distillation Hybrid Process for Direct Sewer Mining: System Performance and
Limitations. Environmental Science & Technology 47(23), 13486-13493.

Xie, M., Nghiem, L.D., Price, W.E. and Elimelech, M. (2014a) Toward Resource Recovery
from Wastewater: Extraction of Phosphorus from Digested Sludge Using a Hybrid Forward
Osmosis—Membrane Distillation Process. Environmental Science & Technology Letters 1(2),
191-195.

Xie, M., Nghiem, L.D., Price, W.E. and Elimelech, M. (2014b) Impact of organic and
colloidal fouling on trace organic contaminant rejection by forward osmosis: Role of initial
permeate flux. Desalination 336, 146-152.

Xie, Z., Duong, T., Hoang, M., Nguyen, C. and Bolto, B. (2009) Ammonia removal by sweep
gas membrane distillation. Water Research 43(6), 1693-1699.

Xu, T. and Huang, C. (2008) Electrodialysis-based separation technologies: A critical review.
AIChE Journal 54(12), 3147-3159.

Xue, W., Tobino, T., Nakajima, F. and Yamamoto, K. (2015) Seawater-driven forward
osmosis for enriching nitrogen and phosphorous in treated municipal wastewater: Effect of
membrane properties and feed solution chemistry. Water Research 69, 120-130.

Yip, N.Y. and Elimelech, M. (2011) Performance Limiting Effects in Power Generation from
Salinity Gradients by Pressure Retarded Osmosis. Environmental Science & Technology
45(23), 10273-10282.

Zarebska, A., Nieto, D.R., Christensen, K.V. and Norddahl, B. (2014) Ammonia recovery
from agricultural wastes by membrane distillation: Fouling characterization and mechanism.
Water Research 56, 1-10.

Zhang, J., She, Q., Chang, V.W.C., Tang, C.Y. and Webster, R.D. (2014a) Mining Nutrients
(N, K, P) from Urban Source-Separated Urine by Forward Osmosis Dewatering.
Environmental Science & Technology 48(6), 3386-3394.

Zhang, S., Wang, P., Fu, X. and Chung, T.-S. (2014b) Sustainable water recovery from oily
wastewater via forward osmosis-membrane distillation (FO-MD). Water Research 52, 112-
121.

Zhang, Y., Paepen, S., Pinoy, L., Meesschaert, B. and Van der Bruggen, B. (2012)
Selectrodialysis: Fractionation of divalent ions from monovalent ions in a novel
electrodialysis stack. Separation and Purification Technology 88, 191-201.

Zhang, Y., Desmidt, E., Van Looveren, A., Pinoy, L., Meesschaert, B. and VVan der Bruggen,
B. (2013a) Phosphate Separation and Recovery from Wastewater by Novel Electrodialysis.
Environmental Science & Technology 47(11), 5888-5895.

Zhang, Y., Pinoy, L., Meesschaert, B. and Van der Bruggen, B. (2013b) A Natural Driven
Membrane Process for Brackish and Wastewater Treatment: Photovoltaic Powered ED and
FO Hybrid System. Environmental Science & Technology 47(18), 10548-10555.

Zhao, Z.-P., Xu, L., Shang, X. and Chen, K. (2013) Water regeneration from human urine by
vacuum membrane distillation and analysis of membrane fouling characteristics. Separation
and Purification Technology 118, 369-376.

Zhou, X., Gingerich, D.B. and Mauter, M.S. (2015) Water Treatment Capacity of Forward-
Osmosis Systems Utilizing Power-Plant Waste Heat. Industrial & Engineering Chemistry
Research 54(24), 6378-6389.

25



878
879

880
881
882
883
884
885
886
887
888

100

80

|

60 |

Concentration
Factor

(=
40

Struvite recovery (%)

20}

0 Y 1 1
0 100 200 300 400
Phosphorus concentration (mg/L)

600

(B) .
580} Better Selectivity

.,

Cd As(lly Zn Cr As (V)

Metal concentration in struvite

Figure 1: Illustrations of the critical challenges in wastewater nutrient recovery. (A) Struvite
precipitation efficiency as a function of initial phosphate concentration; there is a critical
need for membrane processes enabling higher concentration factor. Data points were
summarised from literatures (Celen et al. 2007, Guadie et al. 2014, Jaffer et al. 2002, Liu et al.
2011, Minch and Barr 2001, Pastor et al. 2008, Pastor et al. 2010, Ronteltap et al. 2010, Song
et al. 2011) (B) Presence of toxic heavy metal ions in struvite precipitates from waste streams;
there is a critical need for membrane processes with high selectivity. Data points were
collected from literatures (Lin et al. 2013, Ma and Rouff 2012, Pizzol et al. 2014, Rouff 2012,
Rouff and Juarez 2014).
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Figure 2: Unique mass transfer properties of forward osmosis (FO) enhance nutrient
recovery efficiency from wastewater. Data reproduced from (Xie et al. 2014a, Xie et al.
2014b).
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Figure 3: Conceptual illustration of membrane distillation (MD) for wastewater nutrient
recovery. (A) Ammonia vapour selectively permeates through the membrane pores as a
function of feed temperature (upper panel) and solution pH (lower panel where separation
factor was calculated as the ratio of ammonia concentration in the feed and permeate);
experimental data were reproduced from references (Ding et al. 2006, El-Bourawi et al. 2007,
Qu et al. 2013, Xie et al. 2009). (B) Fouling of MD membrane leading to detrimental effect
on process productivity (such as flux decline). (C) Wetting of MD membrane pores and
permeate quality, such as feed solute (yellow cubes) flowing directly across membrane.
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Figure 4: Conceptual illustration of electrodialysis (ED) for wastewater nutrient recovery. (A)
Conventional ED process selectively concentrates phosphate in waste stream, where
phosphate ion concentration in the concentrate stream increased as a function of time. (B) ED
process with bipolar membrane selectively produces phosphoric acid from waste stream,
where phosphoric acid concentration increases as a function of operating time. Data
reproduced from Wang et al. 2013.
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Figure 5: Conceptual illustrations of forward osmosis (FO)-based membrane processes for wastewater nutrient recovery: (A) FO-RO hybrid
process; (B) FO-MD hybrid process; (C) FO-ED hybrid process; and (D) Osmotic MBR with FO membrane.
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Table 1: Summary of nutrient and water recovery by pressure- (nanofiltration and reverse osmosis), osmotically- (forward osmosis), thermally-
(membrane distillation) and electrically- (electrodialysis) driven membrane processes in terms of process performance, membrane fouling, and
operating cost and energy consumption.

o Nutrient Key Membrane Operating cost and
Driving force Source water membrane Performance . :
recovered fouling energy consumption
process
Concentration factor
. Ammonium, up to 5. .
Urine (Maurer et phosphate, RO Ammonium: 70%; | Membrane scaling Operating pressure of 50
al. 2006) . ] ) bar
potassium phosphate: 73%);
potassium: 71%.
Synthetic urine Urea, Urea: 10% Overating pressure of 20
(Pronk et al. ammonium, NF ammonium: 55% N.A." P g Fl):)ar
2006b) phosphate phosphate: 94%
Pressure-driven Synthetic Phosphoric acid:
wastewater Phosphate, P ' Operating pressure of 12
. : NF 50% N.A.
(Niewersch et potassium otassium: 30% bar
al. 2014) P - U
Operating pressure of 25
Digested sludge bar
(Blocher et al. Phosphate NF phosphate: 50% N.A. Operating cost can be
2012) covered by phosphate
recovery revenue
Urine (Zhang et Ammonium, Ammonium: 50-80%
g phosphate, FO phosphate: >90% N.A. N.A.
al. 2014a) : g
potassium potassium: >90%
Osmotically- Urine (Gormly Total nitrogen >95%
driven and Flynn 2007, FO (X-Pack™, urea > 93%
Michael et al. Water Water Well®) total organic carbon N.A. N.A.
2012) > 9506
Synthetic Water FO with Diluted fertilizer for N.A. N.A.
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wastewater

fertilizer draw

agricultural irrigation

(Phuntsho et al. solution
2012)
Secondary Nitrate >72%
treated effluent i phosphate >99% Cake layer
(Hancock et al. Water FO-RO dissolved organic formation N.A.
2013) carbon > 98%
Raw sewage Water FO-MD Total o;ggg:)(/: carbon Cake layer Draw solution
(Xie et al. 2013) = o970 formation temperature 40 °C
total nitrogen >99%
Secondar Total organic carbon
treated efﬂu}c/ent >90% €3.32-4.92 per m?
(Zhang et al Water FO-ED Near 100% rejection N.A. product water
20193b) ' of heavy metal ions
(Cd, As, Pb)
i 0,
Activated sludge Water, AT]:)T]SOT]';?:Q%% //0’
(Nguyen et al. ammonium, FO P Ip , Cake formation N.A.
2013) ohosphate dissolved organic
carbon > 99%
Activated sludge amvrxgtrfirdm FO-NF Ammonium >97% Cake formation NF operating pressure:
(Hau et al. 2014) phosphate’ phosphate >99% 80 psi
?ﬁgﬁzﬁg sleutdzﬂe amvrxgtneitm FO-RO Ammonium >92.1% | Pore blocking and | 4 kwh/m3 at 75% water
200733 ' phosphate’ phosphate >99.8% surface fouling recovery
Anaerobic Water Ammonium >90% Draw solution
sludge (Xie et hos ha’te FO-MD phosphate >97% Cake formation temperature 40 °C
al. 2014a) phosp struvite product P
Water, Organic matter: Oraanic foulin Feed temperature: 50-70
Thermally- Urine(Zhao et ammonia, >99% gan g °C
. . Vacuum MD - with salt .
driven al. 2013) organic Ammonia: 41-75% crvstallization Vacuum pressure:
matters Water: 32-49% y 9.5kPa.
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Synthetic Feed temperature: 65°C
wastewater (Xie Ammonia Sweep gas MD Ammonia: >96% N.A. sweep gas flowrate: 3
et al. 2009) L/min
Synthetic Cemo
wastewater (El- _ _ Feed temperature: 50 °C
. Ammonia Vacuum MD Ammonia: >90% N.A. Vacuum pressure:
Bourawi et al. 6.3kPa
2007) ' '
Synthetic . Feed temperature: 35°C
wastewater . Direct contact . S
Ammonia Ammonia: >92% N.A. Ammonia stripping
(Ahn et al. MD solution: 1 M H2SO
2011) ' 2o
Synthetic Direct contact Feed temperature: 55°C
wastewater (Qu Ammonia MD Ammonia: >99% N.A. Ammonia stripping
etal. 2013) solution: 0.1 M H>SO4
Swine manure Direct contact Organic fouling Feed temperature: 40°C
(Zarebska et al. Ammonia MD Ammonia: >99% followed by pore Ammonia stripping
2014) wetting solution: 0.5 M H>SO4
Swine manure Direct contact Feed temperature: 35°C
(Thygesen et al. Ammonia MD Ammonia: >98% Organic fouling Ammonia stripping
2014) solution: 0.5 M H2SO4
Concentration
factors: ammonia
. Ammonium, ED with ion (2.9), potassium Applied current density:
Ur;r:ez(g(r)%g et phosphate, exchange (3.1), phosphate N.A. 22.5 mA/cm?
' potassium membrane 2.7); Current efficiency: 50%
Electrically- Eliminating
driven micropollutants
Municipal o _ Applied current dgnsity:
Wastewater ED with ion Concentration 31.25_ A/cm
(Zhang et al. Phosphate exchange factors: phosphate N.A. Current eff|C|ency:_72%
2013a) membrane (6.5) Energy consumption:

16.7 kWh/(kg POs*)
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Synthetic

wastewater ED with ion Concentration Applied current density:
Phosphate exchange factors: phosphate N.A. PP 2 y:
(Wang et al. membrane (4.2) 71.5 mA/cm
2013) '
. Applied current density:
Synthetic fagg?;enﬁg'%gte 50 mA/cm?
wastewater ED with bipolar P _ P Current efficiency: 75%
Phosphate (16); N.A. L
(Wang et al. membrane oroduct phosphorus Energy consumption:
2013) acid of 0.075 mol/L 29.3 kWh/(kg H3PO4)
Swine manure Applied current density:
ED with ion Concentration Calcium and 2.7 Alcm?
(Mondor et al. : _ . . . o _
Ammonium exchange factors: ammonium colloidal particle Current efficiency:
2008, Mondor et e
membrane (5.3) deposition 77.9%

al. 2009)

“ not applicable
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