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Abstract

The recovery of fertilizer-used nutrients from wastewater is a sustainable approach for
wastewater management and helping social sustainability. This is especially the case given the
strict discharge requirements and shortages existing in nutrients supply. Recognizing that
wastewater is a very useful resource and the value of recycled nutrients has made researchers
consider the recovery of nutrients from wastewater. This review described the current
technologies used to recover nutrients in wastewater treatment and their mechanisms,
including chemical methods, biological technologies, membrane systems and advanced
membrane systems. Also, an economic analysis of these nutrient recovery systems was
discussed and compared them in terms of positive and negative aspects. The economic
feasibility of recovered nutrients was investigated. Finally, future perspectives expects some
possible research directions regarding recovery system which can be more economically
accessible for wastewater treatment, in which the osmotic membrane bioreactors (OMBR)
and bioelectrochemical systems (BES)-based hybrid systems are highly recommended.
Keywords: wastewater, phosphate recovery, ammonium recovery, membrane technology;,

economic feasibility.



1. Introduction

In recent years, excessive agricultural production has led to the elevated levels of
nutrients (i.e., ammonium and phosphate) in aquatic environments as well as uncontrolled
wastewater discharges. This may result in eutrophication of aquatic systems, which wields
detrimental impacts on human health and the natural environment (Meena et al., 2019; Ye et
al., 2019a). The increasingly stringent discharge standards of nutrients may challenge their
removal in the process of wastewater treatment. Conventional technologies for removing
nutrients include active sludge process, chemical precipitation, nitrification-denitrification and
others (lorhemen et al., 2019; Nuramkhaan et al., 2019). However, nutrients removal may not
be feasible in sustainable wastewater management with low-carbon, low energy consumption
and resource recycling (Sun et al., 2016). Ammonium and phosphate are essential elements
for all living organisms because they are the key components for biological synthesis (e.g.,
proteins).

Recent studies have highlighted the high demand for the ammonium and phosphate
which are used in fertilizer production, and this situation is attributed to shortages of
industrial nutrients production, particularly given that the world’s population is increasing. It
has been observed that large amounts of nutrients are contained in wastewater sources, not
only the wastewater but also the wastewater sludge, which are now deemed to be a valuable
source of nutrients. Therefore, nutrients recovery from wastewater could make the wastewater
treatment sustainable, reduce the costs associated with nutrient removal (e.g., less production
of surplus sludge), and provide supplementary fertilizers for food production. Currently, many
technologies have been investigated for their effectiveness in nutrients recovery, including
traditional methods such as chemical precipitation and adsorption, and more advanced
approaches such as bioelectrochemical systems (BESs) and osmotic membrane bioreactors
(OMBRs). Apart from this, the nutrients recovery can be fulfilled from liquid phase (i.e.,
anaerobic digestion supernatant, reject water and sludge dewatering filtrate) and sludge phase
(i.e., dry surplus sludge and sewage sludge ash), respectively, in the wastewater treatment.
Specifically, most technologies used for recovering nutrients are applied in the liquid phase

while wet-chemical and thermochemical treatments can extract phosphate from the sludge
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phase and then integrate with further process for the recovery. Besides, phosphate can be
transferred from the liquid phase to the sludge phase for its recovery through the biological
method.

In the last decade, many reviews included the detailed information on nutrients recovery
from wastewater in terms of mechanisms, the effects of certain influential factors, future
directions and so on (Li et al., 2019c; Ma et al., 2018; Yan et al., 2018); however, only a few
reviews focus on the economic aspects. Compared to technical feasibility, economic
feasibility is a more important factor for determining whether the nutrient recovery system
can be applied at plant-scale. In this article, technologies of nutrient recovery in wastewater
treatment are briefly summarized. Based on the literature summary and previous studies, the
economic feasibility of recovering nutrients is proposed. Furthermore the recovered nutrients
were analyzed with reference to their efficiency in soil. The objective of this analysis is to
promote more practical applications and further studies of sustainable nutrient recovery in
wastewater treatment.

2. Conventional technologies for nutrient recovery
2.1. Chemical process

The chemical nutrient recovery approaches to wastewater treatment mainly contain
chemical precipitation and adsorption (Banu et al., 2019; He et al., 2019; Liu et al., 2019; Ye
etal., 2017). In the chemical precipitation process, magnesium— and calcium-based materials
are often used to react with nutrients, which results in the formation of struvite
(MgNH4PO,4-6H,0) and hydroxyapatite (Cas(OH)(PO,)s), respectively. These reactions can
be described as follows:

Mg®* + PO,* + NH;" + 6H,0 — MgNHPO,4-6H,0| (1)

5Ca* + 3P0,% + OH — Cas(OH)(PO4)s] (2)

In general, struvite could be utilized as a promising fertilizer in agriculture; on the other
hand, the phosphate industry needs hydroxyapatite serving as the raw material. Table 1 gives
some important factors related to chemical precipitation for recovering nutrients. The
optimum pH, and ratios of Mg:P:N and Ca:P in the chemical precipitation process highly

depends on the wastewater composition. Overall, the improvement in effectiveness of the
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nutrients recovery by chemical precipitation requires a more thorough understanding of the
pH’s effect as well as the selections of Mg/Ca materials acting as precipitators.

Apart from this, adsorption is considered to be another promising method for the nutrient
recovery due to its simple design and operation, low cost and high stability. In this scenario,
desorption is necessary and it is conducted after adsorption. Consequently, the nutrient-rich
solution or other forms which contain a high amount of nutrients can be produced.
Metal-based adsorbents are usually employed to recover phosphate due to their high
efficiency and easy accessibility. There are three main mechanisms related to phosphate
adsorption, and these are electrostatic attraction (Weng et al., 2008), ion exchange and surface
precipitation (Li et al., 2013), in which chemical precipitation may also be involved while
applying Mg- and Ca-based adsorbents to recover phosphate (Moon et al., 2007). Those
factors affecting the phosphate adsorption are summarized in Table 2. Overall, a more
thorough understanding of adsorbent properties and adsorption behavior including adsorption
and desorption is a prerequisite to developing more appropriate adsorbents to improve
phosphate adsorption. Currently, popular adsorbents include metal- and biochar-based
material (Bacelo et al., 2019). Unlike phosphate adsorption, ammonium ions are physically
adsorbed by acid solutions (e.g., sulfuric acid), before which ammonium ions need to be
converted into volatile ammonia through high reaction temperature and/or pH. In this scenario,
the volatile ammonia can be transformed into ammonium salts (e.g., ammonium sulfate)
which industry could well utilize.

Additionally, an amount of phosphate can be accumulated in the sludge during
wastewater treatment (see section 2.2 below) (Kahiluoto et al., 2015; Qin et al., 2015). In this
case, wet-chemical and thermochemical treatments are exploited to release phosphate from
the sludge to solution (Appels et al., 2010), making it more accessible for recovery so that
plants and crops can use it. Acid and alkaline solutions are often utilized to transfer the
phosphate ions from the sludge phase to the liquid phase. The selection of acid and alkaline
solutions should also consider the properties of the sludge including its content and treatment
technology. For the sludge containing phosphate, thermochemical treatment could be done

with chloride additives (e.g., MgCl, and CaCl,) added at high temperatures, i.e., 800-1000 °C
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(Adam et al., 2009). This treatment could remove heavy metals (Herzel et al., 2016) to
increase the quality of the recovered phosphate as well as making available to plants the
phosphate in the treated sludge (Donatello & Cheeseman, 2013).
2.2. Biological process

Biological phosphate recovery is achieved through the phosphate’s incorporation into the
activated sludge, in which polyphosphorus accumulating organisms (PAOs) play the most
important role in the process (Wong et al., 2013). Under anaerobic conditions, cells release
the phosphate to the solution with the help of PAOs, resulting in the phosphate accumulation
in wastewater. Some metals ions such as Mg** and K* could also be released and enriched in
wastewater. This process can produce energy which is used to take up carbon sources (mainly
the volatile fatty acids (VFAS)) and then stored in the form of poly-p-hydroxyalkanoates
(PHAS). While transported to the aerobic environment, the phosphate can be taken up and
stored in the biomass through PAQOs, in which the energy used in this process is derived from
the PHAs. Simultaneously, the metal ions can be adsorbed to the biomass (Yuan et al., 2012).
The biomass finally exists in the form of surplus sludge. In conclusion, phosphate recovery in
the biological process can be divided into two processes: firstly, phosphate release and
accumulation in wastewater in an anaerobic environment; and secondly, phosphate storage in
the activated sludge under aerobic conditions. However, biological phosphate recovery has
been banned in some European countries because the sludge containing rich phosphate also
contains a certain amount of heavy metals and pathogens (Schoumans et al., 2015), which
cannot be directly applied to land.
3. Advanced technologies for nutrient recovery

As discussed above, the chemical and biological processes indeed realize the objective of
nutrient recovery in wastewater treatment. However, coexisting substances such as metal ions
and toxic materials could seriously compromise the quality of recovered products. For this
reason, membrane technology is needed due to its effective separation of nutrients from
foreign substances, and enrichment of nutrients.
3.1. Membrane system

Generally, the forward osmosis (FO), membrane distillation (MD) and electrodialysis
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(ED) processes are the three main membrane technologies employed for the nutrients
recovery. Fig.1 depicts their schematic diagrams for nutrient enrichment. The FO process
utilizes a semipermeable membrane which is placed between the feed solution and draw
solution, and the osmotic pressure gradient between the feed side and draw side forces the
water transfer from the feed side to the draw side. In the FO process, the nutrients can be
rejected by the FO membrane and enriched in the feed side (Xue et al., 2015; Zhang et al.,
2014b), which is then used for recovering nutrients. Moreover, a greater amount of phosphate
can be enriched in the feed side when compared to the ammonium due to its larger hydrated
radiuses (Kiriukhin & Collins, 2002; Zhang et al., 2014b). The FO membrane's surface is
negatively charged in the alkaline environment (Cartinella et al., 2006). Consequently, the
electrostatic repulsions between the phosphate ions and membrane may facilitate the
phosphate being retained in the feed side; in contrast, the ammonium concentration is
inhibited in this case. Given this, a neutral pH may be beneficial for both the enrichment of
phosphate and ammonium, especially given the fact that high pH results in the conversion of
ammonium into volatile ammonia. In the MD process, the feed solution is moderately heated
to generate volatile substances which can transfer to the draw solution through the MD
membrane. Therefore, the ammonium ion in the feed solution of the MD process is able to be
converted into the volatile ammonia and then received by the draw solution (Ahn et al., 2011;
Qu et al., 2013). Acid solutions (e.g., H,SO,) are always used as the draw solutions since they
can react with the ammonia to generate the ammonium salts. The solution pH and temperature
of the feeds solution greatly affect the ammonium transformation and further transport. In the
ED process, the cation-exchange membrane (CEM) and anion-exchange membrane (AEM)
are utilized to separate ammonium and phosphate from the feed solution under the current
field and enrich the nutrients in different chambers. Specifically, the ammonium and
phosphate ions are driven to the anode and cathode chambers for their concentration and
further recovery (Tran et al., 2014).
3.2. Osmotic membrane bioreactor

Based on the FO membrane technology, Qiu and Ting (2014) developed an OMBR for

recovering nutrients, in which the FO process is integrated with aerobically biological
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processes. In this scenario, direct nutrient recovery could be achieved, in which >95% of
phosphate and ammonium could be enriched in the feed side and then recovered/removed in
the form of struvite/calcium phosphate precipitates. More importantly, no chemicals were
added to realize the objective of nutrient recovery, but additional alkaline chemicals were
necessary for the pH elevation. Apart from this, using MgCl, as the draw solute could
supplement the Mg?®* ions for nutrient recovery by chemical precipitation, which is attributed
to the reverse draw flux, a particular property of the FO process.

To increase the purity of recovered nutrients, microfiltration (MF) (Qiu et al., 2015) and
ultrafiltration (UF) (Holloway et al., 2015) membranes were installed in the feed side of the
OMBR, respectively, which functions parallel with the FO membrane (see Fig. 2). In this
scenario, the MF/UF membrane could extract the nutrient concentrated by the FO membrane
and therefore ensure only a few foreign substances were in the permeation containing
nutrients. This means there is much potential of nutrient recovery in terms of technical and
economic feasibility. A fixed bed biofilm could be added into the OMBR in the feed side (Qiu
et al., 2016), in which the suspended growth could be reduced as well as curtailing the risk of
FO membrane fouling. To increase the economic feasibility of an OMBR-based system for
nutrients recovery, RO or MD membranes could be applied to extract the water from the draw
solution in order to make the draw solution recyclable (Chang et al., 2017; Luo et al., 2016).
Table 3 presents some significant factors affecting OMBR performance. Improvement of the
nutrient recovery within OMBR hybrid systems requires an enhanced rejection rate of the
membrane to nutrients as well as effective fouling control.

3.3. Bioelectrochemical system

BESs utilize electrochemical reactions and microbial metabolism to generate electricity.
Microbial fuel cells (MFCs) constitute an original type of BES, which has been explored for
the purpose of nutrients recovery in the last decade. This has extended to microbial
electrolysis cell (MEC) and microbial recovery cell (MRC) (Catal et al., 2019; Li & Chen,
2018; Yadav et al., 2020). A conventional MFC consists of two chambers (i.e., anode chamber
and cathode chamber) which are separated by a CEM. The anode chamber is responsible for

the generation of protons and electrons, and the electrons react with the electrons acceptor
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(e.g., air) in the cathode chamber to complete the electrical loop. The MFC reactions (in the
case of glucose as the carbon source) are shown as follows:

CeH1206 + 6H,0 — CO, 1 + 24H" + 24¢ (3)

2H,0 + 0, + 46" — 40H (4)

For the ammonium ions, they can transfer from the anode chamber to the cathode
chamber across the CEM through concentration-gradient-caused diffusion and current-driven
migration (see Fig. 3). As a result, the ammonium ions could be concentrated in the cathode
chamber (Kelly & He, 2014; Kuntke et al., 2012). The pH localized in the cathode is
increased due to the cathode reaction (see Eq. [4]), which could lead to the transformation of
ammonium into volatile ammonia (Ye et al., 2019b). The volatile ammonia in the cathode
chamber could be driven out of the chamber through air stripping and then adsorbed by acid
solution to produce ammonium salts. On the other hand, the phosphate ions could be
recovered through chemical precipitation since the cathode chamber can provide a high pH
zone for precipitation (Chen et al., 2015; Chen et al., 2017; Cusick & Logan, 2012; Ichihashi
& Hirooka, 2012; Kelly & He, 2014; Qin & He, 2014; Ye et al., 2019b; Zang et al., 2012;
Zhang et al., 2014a). The precipitates are often found on the surface of the cathode electrode.

The BES could also be integrated with the FO process for nutrient recovery (Qin & He,
2014; Qin et al., 2016; Zou et al., 2017). In this scenario, the volatile ammonia was recovered
in the form of ammonium bicarbonate which could be utilized as the draw solute of the FO
process. It should be noted here that ammonium bicarbonate is a promising draw solute
because it is easily recovered through moderate heating (McCutcheon et al., 2005). The
wastewater treated by the BES could be fed to the FO process for further treatment.
Integration the BES and FO process enhances the technical and economic feasibility of the
nutrient recovery system.
3.4. Membrane photobioreactor

In the last decade, microalgae-based processes have been explored for recovering
nutrients from wastewater in a photobioreactor (PBR) (Gao et al., 2015; Jankowska et al.,
2017; Ruiz-Martinez et al., 2012; Viruela et al., 2016; Viruela et al., 2018). To enhance the

growth and accumulation of biomass in the PBR, the membrane technology is combined with
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the PBR (MPBR) to decouple the SRT and HRT, which has higher nutrient recovery
efficiencies and smaller footprint than PBR. The operation costs of traditional PBRs
(US$0.65-0.96/m*) are higher than that of MPBRs (US$0.113/m?) (Sheng et al., 2017). In the
MPBR, solar energy (or other light sources) is needed and photodigestion could covert the
organics into hydrogen (Gonzalez et al., 2017). The nutrients and carbon dioxide could be
incorporated into the microalgae with the solar energy being stored. Subsequently, the
microalgae can be converted to value-added products such as feed for animals and fertilizer
biogas (Jankowska et al., 2017; Xin et al., 2010).

As discussed above, there is only physical separation involved in the membrane system
which does not require biological processes, so it is more favorable to use these membrane
systems for the nutrients recovery in: (1) some countries having insufficient energy sources;
(2) decentralized wastewater treatment systems (e.g., remote regions); (3) some regions which
fail to conduct biological process due to extreme climate; and (4) some countries that do not
have centralized wastewater treatment systems (Hube et al., 2020). From an economic
standpoint, the recovery of nutrients through FO processes in wastewater treatment plants
located close to the sea is highly recommended since readily available seawater can be used as
the draw solution to decline the overall costs through providing Mg?* ions. Besides, the MD
filtration processes can be employed to recover ammonium from complex industrial
wastewater, in which the FO processes are ineffective (Li et al., 2019b). More importantly, it
is economic for the ammonium recovery by MD processes from wastewater containing high
temperature since there is no need for additional energy source and wastewater with available
low-grade thermal energy sources (e.g., solar energy) (Hube et al., 2020). To improve the
application range of the membrane systems for recovering nutrients, they are often integrated
with biological processes, which can be utilized in centralized wastewater treatment systems.
In particular, the OMBR system used to recover nutrients can reduce the membrane fouling
potential, in which the economic feasibility of the recovery system can be improved. Apart
from this, the BES containing anaerobic treatment can treat more complex wastewater (e.g.,
industrial wastewaters) and liberate nitrogen and phosphorus in the form of ammonium (NH,")

and phosphate (PO,"), respectively, thus facilitating their recovery by subsequent chemical
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precipitation. The BES can also produce electrical energy towards being an energy-neutral
wastewater treatment. It should be noted here that the BES needs biodegradable organic
matter for realizing the energy recovery. It may take a longer time for MPBR to achieve the
nutrients recovery with additional light sources despite its lower environmental footprint.
4. Economic feasibility of nutrient recovery systems

Nutrient recovery does not only provide the supplementary fertilizers for food
production, but also results in reducing wastewater treatment costs. In Europe, for example,
some wastewater treatment plants annually spent €65000 (=~ US$72,284.55) to remove the
unexpected struvite precipitates formed in pipes and machinery (Jeanmaire & Evans, 2001),
but the nutrients recovery could greatly reduce the costs. Compared to the phosphate removal,
the cost of phosphate recovery was less €2-3 (= US$2.22-3.33)/kg-P (Dockhorn, 2009). In
this scenario, the production of surplus sludge could be decreased by 2-8% (on dry matter
basis) (Jeanmaire & Evans, 2001). Consequently, this results in the proportional reduction in
the costs associated with the sludge management and the value was reported as AUD$1.13 (=
US$0.78)/kg-struvite (Shu et al., 2006) and UK 100 pounds (= US$130.57)/ton-P (Jeanmaire
& Evans, 2001). The differences between the two values may be attributed to the different
wastewater sources and recovery processes. With the reference to the overall energy demand,
the phosphate recovery may save around €3680 (=~ US$4092.16)/day when compared to the
phosphate removal (Daneshgar et al., 2019); similarly, Levlin and Hultman (2003) indicated
that up to 27% of energy is reduced while shifting the phosphate removal to phosphate
recovery. Another benefit of nutrients recovery in wastewater treatment is to lower the
nutrient discharge, which may prevent the eutrophication in aquatic environment.
Molinos-Senante et al. (2011) utilized the concept of “shadow price” to describe the
environmental benefits of phosphate recovery, through which the value was €42.47 (=
US$47.23)/kg-P. According to the calculation, appropriately €0.218 (= US$0.24)/m? of
treated wastewater could be benefited while conducting the nutrient recovery
(Hernéndez-Sancho et al., 2010). Overall, the environmental benefits of recovering nutrients
from wastewater include: (1) less production of surplus sludge; (2) reduction in occurrence

potential of eutrophication; and (3) less generation of unexpected precipitates.
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The chemical nutrient recovery from the liquid phase (€6-10(= US$6.67-11.12)/kg-P)
costs less than that from the sludge phase (€9-16(~ US$10.1-17.79)/kg-P) in wastewater
treatment because the phosphate in the sludge needs additional treatment to make it accessible
in the solution prior to its recovery (Egle et al., 2016). Furthermore, the phosphate recovered
from the sludge may result in the generation of unexpected by-products (e.g., heavy metals),
which needs additional disposal while phosphate recovery from liquid could decrease the
phosphate loading in the back-flow and thus reduce operational costs. It was also reported that
the costs of chemical phosphate recovery range from €2.2 to 8.8 (= US$2.45-9.79)/kg-P,
which is determined by technologies and processes (Desmidt et al., 2015; Schaum, 2007).

In the chemical precipitation processes, chemicals used for the pH elevation and energy
utilized for mixing account for the major proportion of overall costs (Sakthivel et al., 2012).
Since most wastewaters are slightly acidic, a large amount of alkaline chemicals have to be
used for pH improvement, contributing to more than 90% of the total operational cost (Jaffer
et al., 2002). However, additional chemicals increase the solution’s ionic strength and the
struvite dissolution potential is thereby enhanced (Li et al., 2019a). Therefore, aeration can be
an alternative to increase the solution pH through stripping out CO, from the solution, which
could reduce the caustic chemical addition by over 50% (Fattah et al., 2010). This method is
affected by the influent composition (e.g. total alkalinity, temperature and initial dissolved
CO,, concentration) as well as the airflow rate (Korchef et al., 2011). Jaffer et al. (2002)
reported that CO, stripping is more economical for the pH elevation when compared to
adding alkaline chemicals in the chemical precipitation.

To examine these findings, Huang et al. (2015) and Huang et al. (2017) analyzed the
costs of phosphate recovery through chemical precipitation (Table 5). In their analyses,
manpower costs were not considered as well as the market value of the recovered products.
As shown in this Table, aeration costs less than adding NaOH solution for the pH elevation.
For example, using NaOH solution and air stripping for the pH increase to recover phosphate
cost US$1.85/kg-Prand 1.56/kg P, respectively, while employing CaCl, as the precipitator.
Compared to the Mg- and Ca-based precipitators, employing Fe- and Al-based materials for

the phosphate recovery is expensive; more importantly, the recovered phosphate may not
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suitable for direct land application (Yan et al., 2018). Wang et al. (2019) reported that using
plant ash for the pH elevation and magnesium metal pellet as the precipitator to recover
phosphate from swine wastewater was highly feasible economically. In this context, the
economic evaluation for the proposed method was US$0.62/kg-P, which does not include the
labor and maintenance costs.

Apart from this, it is cheaper to employ Mg/Ca hydroxides than other Mg/Ca-based
materials serving as the precipitators. The possible reason for this is that Mg/Ca hydroxides
provide additional Mg/Ca ions for chemical precipitation and simultaneously improve the
solution pH (Daneshgar et al., 2019). Therefore the overall costs would be greatly reduced.
Nevertheless, it is difficult to control the pH and Mg:P:N or Ca:P ratio at the same time.
Besides, a large dosage of Mg(OH), is always necessary due to its poor alkaline character and
low solubility if used as a precipitator (Li et al., 2019a). Liu et al. (2014) reported that 75% of
the total operational cost in some chemical precipitation process was occupied by the
magnesium dosage, so the options of magnesium materials are important for decreasing costs
and simultaneously ensuring the product’s quality and quantity. Zeng et al. (2006) compared
the effectiveness of different commercial magnesium materials at pH 9 with a Mg:P ratio of
1.75 at 20 °C, and found the order as follows: MgCl, > MgSO4 > MgO > Mg(OH), > MgCOs.
The least effectiveness of MgCO3 may be attributed to its poor solubility. In this scenario, acid
solutions should be added to dissolve it, which is detrimental to the solution pH. To further
reduce chemical costs, Etter et al. (2011) and Sakthivel et al. (2012) investigated different
magnesium sources for the struvite precipitation from source-separated urine and their
estimated struvite production costs being summarized in Table 6. Overall, in their tests, the
phosphate recovery efficiencies were all over 90%. Bittern is a waste product, which means it
can be achieved for free, but a high transport cost limits its application. As mentioned above,
magnesite can be dissolved by additional acids; besides, it could be calcined at elevated
temperature to produce magnesium oxide, both of which would greatly increase the input
costs of struvite formation. Adding MgO could be beneficial for both magnesium source and
pH increase. However, the addition of MgSO, can increase the concentration of SO, in

solution, which may negatively affect the quality of struvite precipitates. There are several
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advantages of the usage of MgCl, as the precipitator, including short dissolution time, high
solubility, being non-corrosive and non-toxic, but its cost is high and the pH improvement in
the process needs input alkaline chemicals. It is evident that wood ash costs least for the
struvite formation if it is used as a precipitator. However, the heavy metals are contained in
the wood ash and finally accumulated in the recovered products, which lowers the purity and
application prospect of the products as fertilizers. Although it is promising and economically
feasible to utilize waste products rich in magnesium in the chemical precipitation process, a
controlled process is required to remove foreign substances in their composition before they
are applied as magnesium source.

When chemical precipitation is used to recover nutrients near coastal areas, seawater is
available as a low-cost source with high magnesium content, which can provide Mg®* ions for
the chemical precipitation and thus help to save costs. The high salt concentration will not
significantly influence the process in spite of extra maintenance needed for the high salinity
(Maal et al., 2014). For example, Kumashiro et al. (2001) utilized seawater as magnesium
source to recover phosphate from municipal wastewater, where the cost of recovered struvite
was estimated at US$0.55/kg-struvite. However, high salinity may reduce the quality of the
struvite with less market value (Lahav et al., 2013). Thus, the selection of magnesium sources
should balance the product quality and overall costs. For the nutrient recovery through
wet-chemical treatment from the sludge, the acid extraction of phosphate could produce
phosphoric acid with high market values. Besides, the phosphate can be released from the
sludge by some microorganisms (Chi et al., 2006), which lowers the costs despite the stability
and reliability of bacteria being challenged. In the thermochemical treatment for nutrient
recovery, the usage of a heat exchanger facilitates the reduction in energy consumption while
methane gas could be used as a supplementary energy source.

Ammonium recovery through ammonia stripping coupled with acid absorption is a
mature technology and economically plausible, and subsequently widely explored for
wastewater treatment (Tian et al., 2019). Pradhan et al. (2017) used this method to achieve
85-99% of NH,"-N being recovered, in which about €2.25(= US$2.50)/ m*-pure urine as the

profit was obtained. Similarly, Tian et al. (2019) recovered more than 95% of nutrients from
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urine with the estimated profit being €0.26(=~ US$0.29)/ m*-urine. The ammonium sulphate
acted as the recovered product in this method, which has an estimated market value of €1.0
(RUSS$1.11)/kg-N (Desmidt et al., 2015). In the Nijhuis ammonium recovery (AECO-NAR)
system, recovery was conducted in a full-scale plant (75 m*/d), where it costs
€1.0(=US$1.11)/kg-N for ammonium recovery from the stream containing 4 g-NH;"-N/L
(Menkveld & Broeders, 2017).

Notably, the overall costs of phosphate recovery could be reduced from €2800 to €520 (=
US$3113.60 and 578.24)/ton-struvite while increasing the phosphate concentration from 50 to
800 mg-P/L (Dockhorn, 2009). Similarly, the growth in the ammonium concentration from
539 to 2470 mg/L could result in the reduction in costs of ammonia recovery from €10.70 (=
US$11.90) to 2.63 (= US$2.92)/kg-N (De Vrieze et al., 2016). Therefore, it is obvious that
nutrient enrichment is necessary to increase the recovery system’s economic feasibility.
Bradford-Hartke et al. (2012) suggested that nutrient recovery through struvite precipitation in
the membrane-based system requires less energy input (260 kwh/kg-P) compared to the
normal system (about 510 kWh/kg-P). So, the membrane hybrid system could effectively
reduce the costs of nutrient recovery.

Ward et al. (2018) investigated the ammonium recovery through the ED process in a
pilot-scale experiment and reported that the power consumption which did not include
pumping energy was 4.9+ 1.5 kWh/kg-NH,"-N. Furthermore, they concluded that the ED
process is more competitive for the ammonium recovery once the ammonium concentration is
over 1500 mg-N/L. Recently, You et al. (2019) found that nutrient recovery through the
adsorption of calcium-activated synthetic zeolites is economically profitable in a large urban
wastewater treatment plant due to a payback period of 7.5 years and an internal rate of return
of 15%, higher than the considered discount rate. This outcome was achieved in the presence
of a UF unit, but otherwise the economic evaluation may not be feasible.

While applying OMBR for nutrients recovery, there is no need to add mineral salts for
the precipitates’ formation and the costs are thereby reduced. Besides, methane fermentation
could produce energy as well as biogas generation in the anaerobic process when the OMBR

is conducted under anaerobic conditions for nutrients recovery (Hou et al., 2017). The result is
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that energy costs associated with the nutrient recovery could be offset to some extent. This is
despite the fact that the biogas containing toxic substances may require further purification
prior to being used to generate electricity (Weiland, 2010). The recovery of ammonium and
phosphate by AnMBR-based systems cost US$1.33/kgN and 3.50/kg-P, respectively (Jensen,
2015); similarly, 0.19 L-CH,/g-COD could be produced while using anaerobic OMBR
(AnOMBR) to recover nutrients (Hou et al., 2017). The BESs for the nutrients recovery
indicate high economic feasibility because of electricity generation and pH elevation caused
by cathode reaction, yet the possible formation of precipitates on the cathode surface may
impair the BES performance for recovering nutrients. Recovery of ammonium via BES is
compared to the traditional method in terms of costs, as shown in Fig. 4.

Renewable energy such as solar energy could be used as a supplementary energy source
in the nutrient recovery system, resulting in the enhanced economic feasibility; for example,
Zhang et al. (2013) utilized a solar panel which is in the €3.32 to 4.92 (=US$3.69 to 5.47)/m®
price range, in a membrane hybrid system for nutrient recovery. Other energy sources such as
waste heat energy can also be employed (Qin & He, 2014). For the nutrient recovery via the
membrane-based system, the membrane’s price remains a big challenge for practical
applications. Moreover, the membrane fouling control may account for more than 50% of
total costs in the membrane hybrid system (Sheng et al., 2017).

5. Economic analysis of recovered nutrients

In the nutrient recovery system either in lab-scale or full-scale, struvite and calcium
phosphate precipitates are common recovered products because of the solubility of such
products in soil and having high plant nutrient uptake (usually >76%) (R6mer & Steingrobe,
2018). In this scenario, calcium phosphate precipitates are more easily obtained than struvite
due to the strict stoichiometric ratio of struvite formation. This is despite the fact that struvite
is considered to be a promising fertilizer because it simultaneously contains ammonium and
phosphate, and soil enhancing properties. Due to low solubility and high P content, calcium
phosphate precipitates also have high potential to be used as a fertilizer (de Vries et al., 2016).
However, calcium phosphate precipitates’ plant availability are varied and depend on

technologies and processes (Egle et al., 2016) and they are only effective in acid soils (Amann
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etal., 2018; Egle et al., 2016; Tarayre et al., 2016). This is because the disintegration of P in
the calcium phosphate precipitates is stronger at lower pH and weaker in alkaline conditions
(Cabeza et al., 2011). Apart from this, the heavy metals and other impurities are contained in
the recovered nutrients, for instance struvite (Kataki et al., 2016), but the amount is less when
compared to the commercial fertilizers (Forrest et al., 2008; Latifian et al., 2012).
Furthermore the presence of magnesium in the struvite could enhance the plants’ and crops’
uptake of phosphate owing to synergistic outcomes (Gonzalez-Ponce et al., 2009).

Currently, the recovered nutrients have not been widely commercialized, so the precise
market values of such products are not available. Nevertheless, some estimated data can still
be found online. The struvite’s market value was reported at €310 (=<US$344.72)/ton (Etter et
al., 2011) and €2.6 (~ US$2.89)/kg-P (Desmidt et al., 2015) while Minch and Barr (2001)
estimated that the market price of struvite is around €220 (=US$244.64)/ton in Japan and
AUS$300-500 (=US$207.04-345.07)/ton in Australia, which is a little higher than that of raw
phosphate rock (€0.6-1.2 (= US$0.67-1.33)/kg-P) (Desmidt et al., 2015; Dockhorn, 2009) and
TSP (€ 1.2-2.2 (= US$1.33-2.45)/kg-P) (Mayer et al., 2016). Desmidt et al. (2015) indicated
the phosphate-based fertilizers have an average market price of €1.9-3.3 (=
US$2.11-3.67)/kg-P, which means these current fertilizers may still be more economically
viable for farmers and recovered nutrients still cannot compete with current commercial
fertilizers. Calcium phosphate precipitates could be utilized to produce triple superphosphate
(TSP) which was reported to have a market value of €498 (~ US$553.78)/ton (Desmidt et al.,
2015). Calcium phosphate precipitates could also be employed as raw material for phosphate
rock replacement, which is being sold at prices ranging from €830 to 1120 (=
US$922.96-1245.44)/ton-P (Desmidt et al., 2015). Nevertheless, Daneshgar et al. (2019)
suggested that struvite production in the recovery system consumes less energy than
production of other P-containing fertilizers such as TSP.

It should be highlighted here that not all recovered nutrients could be directly applied in
the soil (Maltais-Landry et al., 2014). There are two common methods to assess the
bioavailability of nutrients in the recover products: one is the pot or field trials, and the other

is to use chemical analogues for plant acquisition, i.e. using extractants (Melia et al., 2017).
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Investigations of struvite’s bioavailability have been widely conducted in pot or field trials
such as cultivation of corn and tomato plants, maize and tomato plants, Chinese cabbage and
maize (Liu et al., 2011; Rahman et al., 2011; Ryu et al., 2012; Uysal et al., 2014; Uysal &
Kuru, 2013). In these tests, it was found that struvite could be biologically taken up by the
plants and crops in a wide range of pH conditions and soil types. Cabeza et al. (2011)
conducted a 2-year pot experiment with maize to explore the fertilization efficiency of
recovered struvite and calcium phosphate precipitates. In this case, the struvite has a similar
level of fertilization efficiency to TSP while calcium phosphate precipitates were found to be
only effective in acid soils. Studies have reported that the recovered struvite from wastewater
promoted the growth of plants and crops in the experiment (Liu et al., 2011; Ryu et al., 2012;
Yetilmezsoy & Sapci-Zengin). In contrast, others indicated that smaller yields were obtained
while using the struvite as fertilizer (Ackerman et al., 2013; Ganrot et al., 2007), which may
be attributed to the quality of struvite obtained when studies were conducted. Furthermore,
Bauer et al. (2007) recovered phosphate from liquid swine manure and found the recovered
product could be citrate soluble, with high levels of plant-available P

The phosphate recovery through thermochemical treatment could generate
supplementary fertilizer (Hirota et al., 2010; Vogel et al., 2010), but the recovered products
contained around 10% of input chloride additives, which may negatively affect direct land
application (Adam et al., 2007). Phosphate treated through MgCl; in the thermochemical
treatment process presents higher fertilization efficiency compared to that recovered by CaCl,
(Nanzer et al., 2014). More importantly, the recovered products obtained in the presence of
MgCl, are more effective in acid soil with the effectiveness relative to a water-soluble P
fertilizer at 88%, followed by the value at 71.2% in neutral soil and 4% in alkaline soil
(Nanzer et al., 2014).

Phosphate recovered by the metal(s)-biochar adsorbents can not only help restore soil
restoration, but also be utilized for direct land application (de Rozari et al., 2016; Mosa et al.,
2018; Yao et al., 2013). It should be noted here that the phosphate-loaded biochar could
improve the bioavailability of P, but the applications of recovered products are subject to

alkaline soils (Arif et al., 2017). Li et al. (2016) used MgO-impregnated magnetic biochar
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(MMSB) for phosphate recovery and the fertilizer efficiency of phosphate-adsorbed MMSB
proved to be high in their pot experiment for ryegrass seedling growth. Mosa et al. (2018)
summarized the factors affecting the bioavailability of phosphate in the biochar-based
adsorbents, including biochar’s inherent concentration, the amount of phosphate adsorbed on
the biochar, the availability of phosphate in the phosphate-loaded biochar-based adsorbents
and antagonism/synergism between the phosphate and other nutrients.

Some researchers utilized the CaO-based adsorbents for phosphate recovery and
examined the effectiveness of the recovered products as a fertilizer in soil (Li et al., 2018). As
an example, Li et al. (2018) developed a CaO-MgO hybrid carbon composite to recover
phosphate. The phosphate-loaded adsorbents performed better compared to the control
treatments in the pot experiments with reference to the average growth height and average
fresh weight of Chinese brassica seedling above-ground parts. This indicates the recovered
phosphate could be applied as a phosphate-based fertilizer substitution. Notably, the
calcination of phosphate-loaded adsorbents could remove organics from the recovered
phosphate, which improves the quality of recovered products (Xie et al., 2015).

6. Future perspectives

Both the rapid consumption of phosphate-based rocks and costly ammonium production
indicate the necessity to recover nutrients. Investing in additional technology may be
necessary to handle the increasing heavy metals (uranium and cadmium) content caused by
more intense exploitation of mines (Sartorius et al., 2012) and greenhouse gases resulting
from the industrial ammonia production (Ye et al., 2018). Thus, looking for techniques to
recover nutrients at the wastewater treatment stage is of great significance. This process will
provide recovered products such as struvite for agriculture as a supplementary fertilizer and
calcium phosphate precipitates for industry as the raw materials. In current times, however, it
is still economical to utilize rock phosphate and industrial ammonium for nutrients-based
fertilizer production, so there are no economic incentives to recover nutrients
(Molinos-Senante et al., 2011). For example, in the NuReSys process for nutrient recovery via
struvite precipitation, the operation costs were €1.6 (= US$1.78)/kg-P (Moerman et al., 2009)

when the phosphate concentration was 120mg-PO4> -P/L. The process enabled struvite to
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have a market price of €0.38 to 0.46 (=~ US$0.42-0.51)/kg-P (Moerman et al., 2009), so it is
obvious that the economic benefits from struvite production will not cover all of the
operational costs in this case.

As well, the recovered nutrients are not yet considered to be viable as a commercially
sold product. Even though the high operation costs limit the economic feasibility of nutrient
recovery, the system could generate a wide range of other benefits. For example, the nutrient
recovery from wastewater could substantially reduce the production of sludge and undesired
precipitates, so the disposal costs related to the unexpected substances may be better
controlled or even lowered. Also, the nutrient recovery from wastewater could improve the
dewaterability of the treated sludge and decrease the scaling speed rate, both of which result
in the improvement improved wastewater management (Bradford-Hartke et al., 2015).
Evidently, nutrient recovery could also reduce the concentration of ammonium and phosphate
in the discharge generated by a wastewater treatment plant, which prevents eutrophication in
aquatic environments. Thus, both the environmental benefits and government regulations
would function to trigger nutrients recovery if there are no sufficient economic incentives. It
should be highlighted here that the market price of recovered nutrient does not only rely on
product quality and market demand, it is also be determined by government policy (Ye et al.,
2016b).

As discussed above, the membrane-based technologies for the nutrient recovery present
high technical and economic feasibility, in which the OMBR-based and BES-based hybrid
systems are greatly favored due to their low membrane fouling potential and low energy
consumption. Although the anaerobic OMBR (AnOMBR)-based hybrid system shows lower
membrane fouling and energy consumption compared to the aerobic OMBR-based hybrid
system, few studies on the AnOMBR-based hybrid system for the nutrient recovery from
wastewater have been done. Therefore, more research on the nutrient recovery through
ANOMBR hybrid systems should be considered. As the MFC could generate electricity and
offer high pH zone for chemical precipitation, it has great promise for recovering nutrients.
Thus, the MFC and its modifications should be widely explored to recover nutrients in

wastewater treatment. However, MFCs cannot enrich nutrients. In this scenario, the
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membrane systems including FO, MD and ED process are favorable to combine with MFCs
while applying MFCs to recover nutrients from diluted wastewater. Undoubtedly, such
integration could increase the quality and quantity of recovered nutrients and is viable in the
future. Another important aspect is to increase the anaerobic release of phosphate in the
existing tanks in sufficient amounts (Daneshgar et al., 2019).

In addition, feed solution’s property can determine the performance of membrane
bioreactor through exerting direct impacts on sludge properties, membrane fouling and
permeate flux (Gao et al., 2013). However, the role of feed solution in OMBR systems has not
been paid sufficient attention. It is therefore important to conduct further studies to evaluate
the feasibility of different wastewater sources with reference to the nutrient recovery and
simultaneously propose the appropriate pre-treatment for feed solution if necessary. In this
case, the technical feasibility of the nutrient recovery system can be enhanced as well as its
performance.

7. Conclusion

Nutrient recovery in wastewater treatment is important for curtailing pollution and
damage to the environment, and making societies’ production methods more sustainable.
Current and conventional technologies cannot obtain high quantity and quality of recovered
nutrients until they are integrated with membrane technology. The OMBR- and BES-based
hybrid systems are highlighted for their implementation in nutrient recovery, but more efforts
are needed to reduce their operation costs and improve their technical feasibility, which would
make the recovery system more accessible and efficient. Finally, apart from this, governments
should put into place relevant legislation, policies and/or regulations to support and encourage
nutrient recovery strategies.
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Figure caption

Figure 1. Schematic representation of membrane technology to enrich nutrients.

Figure 2. Schematic representation of the OMBR-MF/UF hybrid system for the nutrients
recovery (adapted from Qiu et al. (2015) and Holloway et al. (2015))

Figure 3. Schematic representation of the MFC for the nutrients recovery

Figure 4. Energy analysis of different systems for the N recovery (data derived from Kuntke

et al. (2012), Maurer et al. (2003) and Qin and He (2014))

*The energy consumption involves aeration, recirculation and external power.
®The ammonium recovery rate is the daily amount of ammonium being recovered vs the surface area of

CEM.
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Table caption

Table 1 Factors affecting the nutrient recovery through chemical precipitation

Table 2 Factors affecting the nutrient recovery through adsorption

Table 3 Factors affecting the nutrient recovery through OMBR hybrid system

Table 4. Economic analysis of nutrient recovery through chemical precipitation in sewage
treatment (data derived from Huang et al. (2015) and Huang et al. (2017))

Table 5. Estimated struvite production costs using different magnesium materials

Table 6. Comparison of technologies for recovering/enriching nutrients from wastewater
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Table 1. Factors affecting the nutrient recovery through chemical precipitation

Recovery
factors

Effects on nutrient recovery

References

Solution pH

Temperature

Dose

Foreign
substances

v

The reported pH for chemical precipitation is
in a range of 7-11.

The pH values affect the speciation profiles of
ammonium and phosphate ions in the aquatic
environment.

Higher pH values may result in forming
unexpected metal-based precipitates while the
precipitation rate is small at low pH level, so a
pH range of 8.0-10.5 is recommended.
Higher temperature makes the precipitates’
formation possible at lower pH.

Low temperatures (below 15 °C) are
beneficial for struvite precipitation

High temperature causes the loss of NH," ion
because it could be transformed into volatile
NHs.

Struvite can form at low pH level around 5.3
if high concentrations of ammonium and
phosphate are present.

Mg:P ratio should be more than one to obtain
struvite formation; similarly, Ca/P should be
over 1.67 for the calcium phosphate
precipitation.

The presence of calcium ions can negatively
affect the struvite precipitation.

The impacts of organic matter on chemical
precipitation vary according to their
properties, while some organics such as
pharmaceuticals and hormones were detected
in the recovered precipitates, which seriously
influenced human health and the environment
if used as a fertilizer.

Tansel et al. (2018)
Lietal. (2019a)
Zhang et al. (2012)

Tansel et al. (2018)
Adnan et al. (2004)

He et al. (2013)
Li et al. (2019a)
Yeetal. (2017)

Lietal. (2019a)
Kemacheevakul et al.
(2014)
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Table 2. Factors affecting the nutrient recovery through adsorption

Recovery

factors

Effects on nutrient recovery

References

pH value

Temperature

coexistent ions

Desorption

v The surface charge on a given adsorbent is

positive at the solution pH < pHzpc, so the
phosphate adsorption is enhanced due to
electronic attraction; by contrast, negatively
charged surface of the adsorbent would
repulse the phosphate at pH > pHzpc.

The phosphate forms are highly dependent
on solution pH.

Competition is evident between OH- ions
and phosphate at high pH, which does not
favor phosphate adsorption

Generally, the phosphate adsorption is an
endothermic process, which means higher
temperature can facilitate the phosphate
adsorption.

There are a lot of anions exiting in domestic
and industrial wastewaters, such as CO3”>",
NOs~, Fand SO4*". They would compete
with phosphate ions for adsorption sites and
their effects on phosphate adsorption greatly
depend on the given adsorbent’s property
and adsorption mechanisms.

The presence of COs*" results in increasing
pH value, which weakens the phosphate
adsorption.

Solvent washing and calcination are the
main desorption methods, which are
determined by the adsorbent property and

adsorption mechanism.

Liu et al. (2018)
Dai et al. (2014)

Ye et al. (2016a)

Liu et al. (2018)

Bacelo et al.
(2019)
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Table 3. Factors affecting the nutrient recovery through OMBR hybrid system

Fouling Effects on nutrient recovery References
factors
Membrane Flat-sheet cellulose triacetate (CTA) Xue et al. (2015)
property membranes could obtain higher rejection rate
for ammonia compared to the thin-film
composite (TFC) membranes.
Membrane Fouling layer may increase internal Viet et al. (2019)
fouling concentration polarization (ICP) and more
nutrients can be thereby permeated into the
draw side, which declines the nutrient
recovery.
Draw MgCl; is preferred to be used as a draw solute ~ McCutcheon et
solution because it could provide Mg2+ ions for the al. (2005).
chemical precipitation, which can transfer
from the draw side to the feed side due to
reverse draw flux.
NH4COgs is a promising draw solute because it
is easily recovered through moderate heating.
Hydraulic Lower HRT could increase salt accumulation  Viet et al. (2019)
retention and membrane fouling, resulting in higher
time (HRT) operating costs.
pH The effects of pH on the performance of the Qiu and Ting
OMBR process remain to be determined, but (2014)

too high pH can result in the formation of

unexpected precipitates.
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Table 4. Economic analysis of nutrient recovery through chemical precipitation in sewage

treatment (data derived from Huang et al. (2015) and Huang et al. (2017))

No. Precipitator pH increase Total costs (US$/kg-Pr)
1 CaCl, Aeration supply 1.56

2  CaCl, Additional NaOH 1.85

3 MgCl. Aeration supply 0.82

4 MgCl, Additional NaOH 0.95

5 MgO Aeration supply 0.38

6 FeSO, Additional NaOH 1.99

7 FeCl; Additional NaOH 3.13

8 AICl; Additional NaOH 3.54
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Table 5. Estimated struvite production costs using different magnesium materials

Mg Source Mg content  Mg:P Input costs References
(9/kQg) (US$/kg-struvite)
Bittern (Mg“") 85 1.1 0.19
Magnesite (MgCQO3) 244 1 0.11 Etter et al.
Magnesium sulphate 96 1.1 0.32 (2011)
(MgSO,-7H,0)
Wood ash (Solid 34.2 1.9 0.024
MgO)
Magnesium chloride 117 1.1 0.13
(MgCl,-6H,0)
Sakthivel et al.

Magnesium sulfate 96.6 1.1 0.16

(2012)
(MgSO,-7H,0)
Magnesium oxide 508 1.5 0.10
(MgO)
Bittern (Mg*") 102 1.1 0.0046-0.19
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Table 6. Comparison of technologies for recovering/enriching nutrients from wastewater

Technology Potential spots Advantages Disadvantages
Chemical - . L
e v
precipitation Liquid phase High chemical input
Adsorption Liquid phase v Further process such as desorption needed
P quidp v' High efficiency v Specific requirement for adsorbents
] : v oo -
\F:\rlgéecsr;emlcal Sludge phase High stability v" Downstream process needed
Thermochemical v" High energy input
process Sludge phase v" High chemical input
Biolodical v' Low stability
rocegs Liquid phase v Low environmental footprint v" Low applicability of recovered products
P containing foreign substances
v' Low energy input
FO process Liquid phase v" Low fouling potential v" Reconcentration of draw solute needed
v Easy fouling clean
MD Drocess Liquid phase v" Low operation pressure v" Organic accumulation
P quidp v Renewable energy available for being used v' Membrane wetting
- . . . v' Low current efficiency
v . .
ED process Liquid phase High nutrient enrichment v High energy input
v Low membrane fouling potential
- v i .
OMBR Liquid phase Organic rempval v Reconcentration of draw solute needed
v Low energy input
v" Low salinity level
BES Liquid phase v Low chemical input v Formation of recovered products on the
quidp v’ Possibility of neutral energy balance cathode surface
v Low chemical input v' Low stability
MPBR Liquid phase v' Environmental- v' Longtime
friendness v Light needed
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