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Abstract: As non-renewable resource, the recovery and utilization of phosphorus from wastewater is
an enduring topic. Stimulated by the advances in research on polyphosphates (polyP) as well as the
development of Enhanced Biological Phosphorus Removal (EBPR) technology to achieve the efficient
accumulation of polyP via polyphosphate accumulating organisms (PAOs), a novel phosphorus
removal strategy is considered with promising potential for application in real wastewater treatment
processes. This review mainly focuses on the mechanism of phosphorus aggregation in the form
of polyP during the phosphate removal process. Further discussion about the reuse of polyP with
different chain lengths is provided herein so as to suggest possible application pathways for this
biosynthetic product.
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1. Introduction

With economic and industrial development, water pollution is becoming an inevitable
environmental issue and eutrophication in aqueous systems normally accompanies the
excessive emission of phosphorus wastewater. To eliminate the pollution, a treatment
targeting the removal of phosphate from contaminated water has been adopted since
the 1950s [1,2]. In general, the technologies utilized for phosphorus removal are mainly
divided into three categories, which are the chemical method [3,4], biological method [5],
and chemical-biological combination method [6]. Regarding chemical phosphorus removal
technology, the adsorption method is suggested as being more promising since the adsorbed
phosphate could be recovered for further utilization [7]. Using ferrihydrite as the adsorbent,
the maximum monolayer adsorption capacities of PO,>~ was verified as 66.6 mg-g~! [8]
and the adsorbed phosphorus could then be desorbed under alkaline conditions to be
reused. In comparison, the biological phosphorus removal method takes advantage of the
specific metabolism properties of polyphosphate accumulate organisms (PAOs) so as to
excessively absorb phosphorus from wastewater and thereafter to remove P in the form of
activated sludge [9]. Alternatively, chemical-biological combination methods have been
developed for enhancing the efficacy of biological treatment by introducing specific chemi-
cal substances to prevent the PAOs from losing their phosphorus accumulation capabilities,
particularly in environments that are not suitable for PAOs to thrive [10]. In consideration
of the corresponding properties of the above phosphorus removal technologies, decisions
on the actual treatment strategies are made based on the actual water quality conditions as
well as economic and environmental requirements.

Although current wastewater treatment methods can normally realize efficient phos-
phorus removal from the water, attention should also be paid to the provision of promising
pathways for the recovery and reuse of P. Phosphorus is an element that cannot be released
from the system through biological metabolism and typical wastewater treatment strategies
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mainly remove phosphate from water by transferring or accumulating phosphorus in
a form that can be separated. The limited utilization efficacy of phosphorus-rich waste
produced during the above treatment process leads to a lost resource, particularly consid-
ering that the existing phosphate reserves will be exhausted in the next 50-100 years at
the current rate of extraction [11]. In this regard, strategies with the potential of remov-
ing P from the system in a form that could be further applied are receiving increasing
interest. Among the available P removal strategies, Enhanced Biological Phosphorus Re-
moval (EBPR) with PAOs as the working units is considered as the best candidate for
achieving P removal and reuse simultaneously. As the drivers of this biological P removal
process, PAOs generate P from their surroundings and aggregate single phosphate to form
long-chain polyphosphate (polyP) [12], which is a type of polymer consisting of tens to
hundreds of phosphate residues. Linked by phosphoanhydride bonds, polyP has been
found in abundance in all cells in nature and it has been suggested that it is unique in
its likely role in the origin and survival of species [13,14]. Recent studies also revealed
that polyP could act as a storage for and generator of metabolic energy in the extracellular
matrix [15] and play a role in osteoblasts for promoting cartilage mineralization [16]. In
addition, polyP with different chain lengths was verified as having an impact on the activity
of blood coagulation factors [17] and thus, affecting the endogenous blood clotting ability
in animals [18]. The strong chelating ability of long-chain polyP could enable it to play a
role in food preservation and antibacterial products [19]. Given the application potential
of polyP, recovering P from wastewater via PAOs to obtain biosynthetic polyP for further
utilization is considered to be a possible strategy for improving the efficacy of P reuse.
Herein, reviews and a discussion are provided for the purpose of suggesting a feasible
pathway to collect, recycle, and reuse phosphorus from wastewater in the form of polyP.

2. Enrichment of PolyP in PAOs during EBPR Process

EBPR is a biological phosphorus removal technology that was developed in the 1970s
and is now widely used in sewage treatment plants around the world [20]. Relying on
PAOs or denitrifying phosphorous accumulating bacteria (DPAOs) [21], EBPR technology
can remove P by having the free P absorbed by functional microbes for the purpose of
growth and accumulated within the cell in the form of polyphosphate particles [22]. The
traditional EBPR process diagram is illustrated in Figure 1. Generally, by alternating
anaerobic and aerobic conditions, PAOs absorb the volatile fatty acids (VFAs) in sewage
during the anaerobic stage and store them as poly-3-hydroxyalkanoic acid (PHA). This
stored energy substance then serves as the carbon source and provides the energy required
for the phosphorus accumulation and polyphosphate synthesis in the sewage by the PAOs
during the aerobic stage [23,24]. P is subsequently removed from the system when the
abovementioned phosphorus-containing microorganisms are discharged as phosphorus-
rich sludge from the EBPR system [25]. The content of polyphosphate can be as high as
20% of its dry weight in PAO-rich sludge [26], while it accounts for no more than 2% in
normal wastewater treatment sludge. Hence, this phosphorus-rich sludge produced in the
EBPR process could be considered as having the potential to be applied as the resource for
phosphorus collection and further reuse. In addition, efforts could be put into introducing
PAOs with enhanced capabilities for phosphate accumulation so as to have more P recycled
in the form of polyP.

Although modern wastewater treatment is normally driven by biological metabolic
activity, it is still an energy- and time-consuming process. As such, how to make a profit
in recycling the resource from wastewater has been assessed [27,28]. Egle et al. [29] sum-
marized the traditional EBPR system for the treatment and recovery of phosphorus in
wastewater and believed that the recovery of 70% to 90% of the phosphorus in the sludge
in the form of ash was the best trade-off between cost and benefit. With the limited re-
covery rate of the traditional phosphorus removal process, the development of strategies
that recover dissolved phosphorus more efficiently in the form of polyP is considered to
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be beneficial with respect to the techno-economic feasibility by taking into account the

application potential of this biosynthetic product.

Waste water to be treated } Phosphorus-free supernatant

Part of the sludge is returned to the anaerobic tank

>

Phosphorus-rich sludge

Figure 1. Diagram of traditional EBPR phosphorus removal method.

2.1. Factors Affecting PolyP Accumulation in PAOs during EBPR Process
2.1.1. Glucose Accumulating Organisms (GAOs)

In the actual sewage treatment process, the phosphorus content of the sewage is
generally less than 10 mg P/L [30,31] and the concentration of P in the effluent is normally
as low as 0.1 mg P/L due to having most of the phosphorus contained within the sewage
influent removed during the aerobic stage [32,33]. However, the phosphorus removal
efficiency of EBPR could be affected by external factors, the most influential of which
is the competitive effect brought by GAOs [34]. GAOs have almost the same metabolic
processes as PAOs, and the most significant difference is that the energy source of the
matrix is absorbed in the aerobic phase [35]. As shown in Figure 2, GAOs decompose
glycogen in the body during the anaerobic stage to provide energy and restore power to
be used for organic matter absorbance and polyhydroxyalkanoates(PHA) synthesis in the
cell. During the aerobic stage, this PHA is decomposed for glycogen synthesis and the
maintenance of microorganism activity instead of having phosphorus accumulation. Due
to the competitive relationship between GAOs and PAOs for the available VAFs, the EPBR
system should be operated under conditions that are conducive to the growth of PAOs
and hence, enhance the competitive advantages of PAOs over GAOs [36]. Under such
conditions, the effect of GAOs on the dephosphorization efficacy would be eliminated and
more phosphorus could then be enriched in the form of polyP.
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Figure 2. Anaerobic/Aerobic metabolism model of PAOs/GAOs.
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2.1.2. Carbon Source

Among all environmental factors, the carbon source is considered to have the greatest
impact on the efficiency of polyP synthesis in PAOs since it provides the support for PAOs
to carry out all required activities. The variation in utilization rates for different carbon
sources make it important to consider the type of carbon source that is available in the
system as competition may occur between PAOs and GAO:s if the organic substance cannot
be metabolized efficiently by PAOs. To eliminate the competition, previous studies have
indicated that acetate and propionate are appropriate energy sources that allow PAOs
to overcome the interference brought by other competitors in the EBPR system [37-39].
When acetate is the main carbon source, the acetate permease within the PAOs enables the
microbes to maintain a higher acetate adsorption rate during the phosphate accumulation
metabolism (PAM) process than that in the glycogen accumulation metabolism (GAM)
process performed by GAOs, even with a low acetate concentration [40]. With this source,
PAOs can remove small amounts of acetic acid by maintaining superiority over acetic acid
absorption activity [41]. Propionate, as another popular carbon substrate, accounts for 24 to
33% of septic tank municipal wastewater [38]. Without transferring to an intermediate,
propionate can be absorbed by PAOs immediately and converted into propionyl-CoA,
which can then further participate in the glycogen hydrolyzed acetyl and other metabolic
processes. Coenzyme A is reduced and condensed to form PHA, which serves as a type
of energy source for the formation of polyphosphate in the eutrophic stage [42]. In fact,
compared to acetate, less energy and phosphorus release are required for the utilization of
propionate by PAOs and hence, propionate is suggested to be the carbon source that would
favor the phosphate accumulation metabolism process in PAOs [43].

In addition to the two abovementioned carbon substrates, alternative carbon sources
can also be selected according to actual conditions. For instance, glucose or its polymers can
replace PHA as the energy source for the absorption and polyP synthesis via PAOs. How-
ever, it should be noted that the introduction of glucose may induce glycogen metabolism
activity in GAOs, resulting in a reduction in polyP production by deteriorating the EBPR
process [44]. Ethanol is another economically sustainable carbon source with potential
as an EBPR substrate, although its application is specific to EBPR systems composed of
PAOs with acetaldehyde dehydrogenase [45]. Another reportedly valid carbon source
is glycerol, which is also often used as an external carbon source for denitrification. It
normally cannot induce phosphate accumulation metabolism activity in EBPR unless it is
fermented into VFA in advance [46]. In addition, research also revealed that butyric acid
cannot be metabolized well by GAOs at a high temperature (30 °C), thereby providing
PAOs with a competitive advantage [47]. In actual sewage treatment, the production of
polyP is mainly dependent on the turnover rate of PHB and polyphosphate. To obtain a
larger amount of recycled polyP, the carbon substrate should be chosen for the purpose of
having PAOs as the dominant microbial community as well as providing advantageous
conditions for ensuring sufficient energy is available for the synthesis of polyphosphate.

2.2. Inspiration of P Recovery in the Form of PolyP by One-Step Phosphorus Removal

With the continuous in-depth research on PAOs, researchers are beginning to reflect on
whether phosphorus recycling is valid and efficient within the traditional EBPR system [48].
Rather than being operated by multiple steps in EBPR, one-step phosphorus removal by
sequential batch membrane bioreactors (SBMBRs) is suggested as being a more promising
means by which the simultaneous removal and reuse of phosphorus may be realized [22].
Relying on the SBMBRs, polyP accumulation could be improved via genetic technology.
By increasing the amount of genes encoding the Pi-specific transport system (phoU) [49]
or having the overexpression of polyphosphate kinase (PPK1) [50], engineering bacteria
with enhanced capabilities for Pi transport or polyP accumulation have been constructed.
Until now, the overall amount of polyP synthesized during the phosphorus removal
process was reported to account for about 12.7% of the dry cell weight [22], indicating
the great application potential for the aims of phosphorus recovery in the form of polyP.
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Without setting pre-anaerobic zones for VFA production, the abovementioned progress in
constructing bacteria with the ability to accumulate phosphate under aerobic conditions
suggests a simpler strategy for phosphorus removal along with effective polyP synthesis
by PAOs [51].

3. PolyP Recovery from Phosphorus Removal System

Traditionally, the phosphorus-rich sludge produced from EBPR is directly used as
fertilizer or dehydrated for incineration [52,53], although chemical and biological pollution
accompany these operations. Instead, there may be less of an environmental impact and
more economical benefits if polyP is recovered properly from the phosphorus-rich sludge.
To develop an applicable polyP recovery process, the effect of the treatment on the type
and chain length of polyP should be taken into consideration as the performance of polyP
is largely dependent on these properties [54]. In general, the type of polyP is determined
by the type of PAOs and the culture conditions, while the recovery method will affect the
chain length of the obtained polyP. Herein, two recovery strategies are reviewed to provide
information regarding the practical requirements for further polyP reuse.

3.1. Organic Reagent Precipitation Method

Methods for having polyP with varying chain lengths separated from microbes were
preliminarily developed for the purpose of investigating its possible function involved
in the microorganism metabolic process. To release polyP from the cell and remove the
interference of protein, trichloroacetic acid was first applied and was followed by the
continuous extraction of polyP using a combination of saturated sodium perchlorate and
sodium hydroxide [55-60]. Kulaev et al. (1966) further optimized the protocol by replacing
trichloroacetic acid with perchloric acid [61] and other adjustments were also performed in
the following decades, depending on the specific goal of the research [62-66]. Among all
the developed organic reagent precipitation methods, the use of ethanol and barium ions
as the precipitation agents was reported as having the highest recovery rate [67-69].

Rather than recovering polyP with a wide range of chain lengths, research also tended
to isolate polyP as an intracellular polyanion with a long phosphate backbone by developing
the approach of nucleic extraction. In this method, cells are disrupted by chaotropic
substances or acidic phenol beads, and the products are then purified with chloroform
washing or silica gel column [70,71]. Contrasting with the previous strategy, this method is
mainly targeted at polyP consisting of more than 60 phosphate residues.

3.2. High Temperature Calcination Method

Compared to the use of organic reagents to fractionate and purify polyP, the utilization
of high-temperature calcination to extract the crude polyP with mixed chain lengths from
sludge in wastewater treatment plants is considered to be a more economical and efficient
approach, especially concerning polyP recovered from SBMBRs [29,72]. Relying on the
thermal stability of polyP, organic components within the sludge or cell culture are oxidized
thoroughly at a high temperature and the remaining ashes are collected for further purifi-
cation to obtain polyP as the final product [72]. Generally, this method involves several
processes, beginning with the recovery of PAOs from the phosphorus removal systems by
having the sludge dehydrated. The obtained material is then calcined at a high temperature
to remove most of the biological macromolecules, such as nucleic acid and protein. The
remaining ashes are considered as the crude polyP and the pure product is collected by
introducing further purification operations. In combination with the separation method
described in Section 3.1, polyP with different chain lengths can be recovered thereafter.

4. Application Prospects of Biosynthetic PolyP

Until now, although polyP has been suggested as being a significant participant in
various biochemical activities, such as being the activator of mitochondrial respiration regu-
lation [57,58], the accelerating inducer of HUVEC endothelial cell tube formation [59], and



Processes 2022, 10, 144

6 of 10

the scaffold for multifunctional polyanionic protein [60], the mechanism of the biosynthesis
of polyP in mammals has remained uncertain [18]. Among the various scattered functions,
applying polyP as a generator and storage of metabolizable energy in the extracellular ma-
trix (ECM) [73] in the osteoblast-led bone mineralization process [16] and supplying polyP
as a functional substance for preparing procoagulants and anticoagulants in endogenous
coagulation pathways [74,75] are considered as the most promising application directions
of biosynthetic polyP.

4.1. Application of PolyP for Bone Reparation

PolyP has been proven to be a source of inorganic phosphate, which is required in
the process of bone mineralization [76,77]. Performed by alkaline phosphatase (ALP) and
mediated polyP hydrolysis (Figure 3), polyP could be applied as the activator to convert the
initial transformation of amorphous calcium carbonate deposits into amorphous calcium
phosphate [16]. During the process of bone or cartilage formation, the forming of blood
vessels is a crucial step for tissue construction and repair. At this stage, the orientation,
guidance, and ring formation of the endothelial cells need to be mediated by adenosine
triphosphate (ATP) in the ECM, while polyP could be used as the back-up storage of high-
energy phosphate bonds for supplying the energy required during this process. Studies
have found that calcium phosphate cement (CPC) made a significant contribution to
osteogenic differentiation and bone regeneration [73,78]. However, information about the
effect of different salt types and different chain lengths of polyP on osteoblasts is limited.
As such, further research and investigation is needed.

Articular
cartilage
Cartilage
__—a Epiploysis
Diaphysis
Diaphysis
ALP
Polyp
Pi
O
ca2+
Amorphous ~—
calcium carbonate
Amorphous Hydroxyapatite
HCO3/H2C0s3 calcium phosphate

Figure 3. PolyP acts as a phosphate reserve during cartilage mineralization.

4.2. Application of PolyP for Endogenous Coagulation

Released from platelets, internal polyP was found to promote coagulation after the
activation of coagulation factor XII (FXII) [74]. In addition, the introduction of external
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calcium-containing polyP was also suggested as having the potential to enhance the above-
mentioned process [75]. When taking the chain length of polyP into consideration, the
long-chain sodium polyP (45 type) revealed an inhabitation effect on blood clotting and
hence, was suggested as a promising candidate for use as an anticoagulant [17]. However,
despite the preliminary confirmation of the effectiveness of polyP for coagulation, it is still
unclear whether there is a relationship between the properties of polyP and the resulting
thrombosis effect. To fulfil this gap, research should focus on the impact of polyP with
different chain lengths and salt types on coagulation and the mechanism may then be
explained to some extent.

5. Conclusions

The development of new technology or optimization of current phosphorus removing
strategies is an irreversible trend for realizing the effective recovery of phosphorus from
wastewater. With the successful construction of engineering bacteria by introducing func-
tional genes related with phosphorus accumulation, the use of SBMBRs to simplify the
phosphorus removing process and recover the biosynthetic polyP from treatment plants is
becoming promising via proper purification methods. We suggest further investigation
into the mechanism of the specific influence of polyP properties on potential application
areas so as to provide more fundamental information regarding the rational and practical
utilization of recycled polyP.
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