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ABSTRACT

Phosphorus (P) in wastewater has a variety of negative effects and is usually permanently lost as a non-
renewable resource. To mitigate future P shortage, P must be recovered from wastewater, preferably by
bio-based technologies to avoid toxic side streams. A standardized procedure for the determination of P
types and P concentrations in all liquid and solid process stages was established, which is applicable to all
full-scale wastewater treatment plants (WWTP). Based on this, an equally universal calculation framework
for P-cycle assessment based on volume flow and mass load rates was designed to identify the most
promising process streams for biological P recovery. As an example, in 16 process streams of a typical
WWTP concentrations of free, bound and total P were calculated and microbial communities were
analyzed by flow cytometry over 748 days. The most promising process streams for the recovery of free
P were anaerobic digester sludge, centrate and the water-extracts of the biosolids with 0.510 kg P m™3,
0.075 kg P m3and 1.023 kg P m*3, while the best process streams for the recovery of bound P were return
sludge, excess sludge, and the solids of the biosolids with 0.300 kg P m=3, 0.268 kg P m3, and 1.336 kg P m"
3, respectively. Microorganisms capable of P accumulation were active in all process stages and it was
observed that chemical P precipitation antagonizes biological P removal. The framework for P-cycle
assessment was able to identify process streams that are economically viable to make future in-stream

technologies for biological P removal feasible.

KEY WORDS: phosphorus, biological phosphorus recovery, phosphorus accumulation, calculation of

process streams, microbial community flow cytometry, microbial community
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1 INTRODUCTION

Phosphorus (P) is one of the building blocks of life on earth and is essential for the functioning of cell
membranes, energy transfer or DNA synthesis. There is no chemical component that can substitute P in
the life cycle, and therefore P is irreplaceable (Cordell et al., 2009). In addition to the natural P cycle of
about 10 Mt a of P, there is also an anthropogenic P cycle, which covers mostly fertilizers in agriculture,
compounds in the chemical and pharmaceutical industries, and human waste. 28.6 Mt a P is mined from
the finite amount of phosphate rock (68,776 Mt; 9,005 Mt as P) for anthropogenic needs. Humanity
currently loses P at all stages of the P production system (Daneshgar et al., 2018) and about 100 % of the
P absorbed from food (3.7 Mt) (Kok et al., 2018) is discharged via wastewater (Cordell et al., 2009), where
it is lost.

As a non-renewable resource, P is classified by the European Commission as a critical raw material (COM,
2017). Efforts are therefore being made worldwide to recover P from wastewater and associated streams.
Among several European countries operating at national level, the Swiss Ordinance on Waste Avoidance
and Disposal requires the recovery of P not only from wastewater, sewage sludge, and sewage sludge ash,
but from 2026 onwards also from P in meat and bone meal (Mehr et al., 2018). In Germany, the Sewage
Sludge Ordinance (SSO) (AbfKlarV, 2017) makes the recovery of P from sewage sludge mandatory. After a
transitional period of 15 years, all wastewater treatment plants (WWTP) with a size > 50,000 population
equivalents will be obliged to recover P if the values exceed 20 g P per kg sewage sludge dry matter. This
will force about 500 largest out of the 9,300 German WWTPs, which treat 2/3 of the wastewater, to install
suitable technologies for P recovery. Sweden and Austria are on the same path with the proposal to make
P recovery from sewage sludge compulsory or to achieve specific P recycling rates (Glinther et al., 2018).

Poland is also expected to follow this example in the frame of its circular economy plan (Smol, 2019).

WWTP process streams with a P concentration above 0.05 kg m~ are considered economically feasible for
P recovery (Cornel and Schaum, 2009) and could include all liquid and solid phases of the wastewater as
well as sludge ash (Shaddel et al., 2019; Nattorp et al., 2017; Desmidt et al., 2015). The most common full-
scale recovery technologies currently in use are those which precipitate free P from liquid phases as
magnesium ammonium phosphate (MAP, 4 out of 10 plants) or MAP/calcium phosphate minerals (2 out
of 10 plants) (Law and Pagilla, 2018). These technologies avoid problems with toxic waste streams and
costly technological facilities encountered when using P recovery based on solid sludge or ash (Li et al.,
2019). However, they are dependent on the addition of Mg, which is also part of the critical list of raw

materials and has the same high supply risk and an even greater economic importance than P (COM,
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2017). Instead, upcoming biological based recovery technologies that operate without chemical additives
can easily provide P for down-stream applications by using microorganisms (Ma et al., 2018) or algae
(Orfanos and Manariotis, 2019). To prevent the loss of P due to inefficient biological P recovery strategies,
it is necessary to identify process stages where biological P removal would be feasible and which have the
potential to be applied on-spot and selectively.

P is accumulated by microorganisms as part of the biomass and as polyphosphates (polyP). The
accumulation of polyP is a universal trait and leads to values of up to 4 -5 % of sludge dry matter (Blackall
et al.,, 2002). The efficiency of microorganisms to accumulate or release P in the successive process
streams of a WWTP depends on various parameters such as oxygen availability, carbon concentration or
community composition (Ahn et al., 2007). To what extent microorganisms contribute to P accumulation
in the different process streams and how their respective capacity for P accumulation could be influenced
by chemical P precipitation techniques has not been investigated to date.

In WWTPs, the analysis of the P contents is required by the law only for the inflow and outflow. Other
streams are monitored less frequently or not at all, so that the respective P types and contents of P are
often not considered. In addition, P types are still measured as different forms and calculated in hardly
comparable units, as shown by examples in Sl Table 1, although EU and ISO standards are available to
support a global comparison of values (Cieslik and Konieczka, 2017). The currently most frequently used
analytical methods for the determination and description of P-types are listed in Sl Table 2. There seems
to be a need for a unified approach to the calculation of P contents and forms in all stages of a WWTP to
enable decision making on P recovery strategies.

In this study, we aim i) to establish a framework for P-cycle assessment for all process streams in a full-
scale WWTP considering all volume flow and mass load rates, ii) to calculate P values based on EU ISO
standards for P determination and to establish free P and bound P as most relevant P types in a WWTP,
iii) to assess the degree of involvement of the microorganisms in P accumulation and their P accumulation
capacity in the different process streams, and finally, iv) to highlight process streams where the

establishment of on-site interfaces for biological P recovery would be economically feasible.
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2 MATERIAL AND METHODS

2.1 WWTP process streams

Samples were obtained from the WWTP Eilenburg (51°28'29.7"N; 12°37'13.9"E, Germany), which treats
the wastewater of 49,000 inhabitants, i.e. up to 5,000 m3 per day. P is mainly removed by biological P
elimination, but chemical precipitation is used as a back-up to ensure discharge limits according to the
German Wastewater Ordinance (AbwV, 2020). The scheme of the Eilenburg WWTP with the
corresponding process streams and the 16 sampling points is shown in Figure 1: inflow (1.inflow), grit
chambers (2.grit chamber start, 3.grit chamber end) and primary clarifier (4.primary clarifier). In the
primary clarifier the primary sludge (5.primary sludge) is separated and pumped to meet the thickened
excess sludge (12.excess sludge) before both sludges are fed into the anaerobic digester. From 4.primary
clarifier, wastewater is pumped into the aeration tanks (6.aeration tankl, 7.aeration tank2). From there,
wastewater goes to the precipitation shaft (8.precipitation shaft) for chemical P removal if necessary.
Following, processed wastewater reaches the secondary clarifiers (9.secondary clarifierl, 10.secondary
clarifier2), and the effluent (16.effluent). Settled sludge from the secondary clarifiers is partly returned to
the aeration tanks as return sludge (11.return sludge, approx. 96.4 % of the volume load rate of settled
sludge), and partly as 12.excess sludge (approx. 3.6 % of the volume load rate of settled sludge; this value
was used to determine 11.return sludge of the last 4 sampling days, which could not obtained for
operational reasons) into the anaerobic digester after being thickened with a polymer. After digestion,
13.anaerobic digester sludge is dewatered and divided into 15.biosolids and 14.centrate, which is
recirculated to the 6. and 7.aeration tanks1,2. Hydraulic retention time for sampling points 1-7, 9- 12 and

14-15 is less than 24 h. Hydraulic retention time of 13.anaerobic digester sludge is around 30 d.

2.2 Samplings and measurements

Within a time frame of 748 days, 45 sampling campaigns including 16 sampling points were performed.
Some sampling points were less frequently available for sampling due to operational issues. The number
of samples were as follows: 1.inflow (n= 45), 2.grit chamber start (n= 44), 3.grit chamber end (n= 45),
4.primary clarifier (n= 44), 5.primary sludge (n= 11), 6.aeration tankl (n= 45), 7.aeration tank2 (n= 45),
8.precipitation shaft (n= 45), 9.secondary clarifierl (n= 44), 10.secondary clarifier2 (n= 44), 11.return
sludge (n= 16), 12.excess sludge (n= 39), 13.anaerobic digester sludge (n= 42), 14.centrate (n= 44),
15.biosolids (solids n= 42, water-extracts n=42), 16.effluent (n= 44). A total of 681 samples were analyzed
for abiotic data such as dry matter (DM), total P, bound P and free P. Cytometric data were obtained from

465 samples of the total data set and the abundances of cells were measured within 68 gates per sample
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(= subcommunities, SC). A total of 31,620 SC data were used for bioinformatics analyses (S| Table 3). All
samples (sampling points 1-14, 16) were taken from the upper third of the respective process stream using
a manual 1 L sampler. Before a sample was taken, the sampler was rinsed with the sample medium at
least once. For the process stream 15.biosolids about 0.5 kg of fresh material was taken from the
container, which was then thoroughly mixed and further treated as described below. Sampling was always
done at the same time and sequence of sampling points. Sample preparations began immediately after

sampling for all analyses.

2.3 Analyses

2.3.1 Determination of total P and free P

Of all samples 1-14 and 16, both the liquid and the solid phases were included in the analyses. For the P
analysis method, about 0.5 mL per sample were taken and diluted, depending on the expected
concentration. The total P concentration was determined with the Phosphate 15 kit (Macherey-Nagel
GmbH & Co. KG, Diiren, Germany) according to a standard method (DIN EN I1SO 6878:2004-09). The
samples were digested with the Nanocolor Vario C2 heating block (Macherey-Nagel GmbH & Co. KG,
Diren, Germany) for 30 min at 120 °C to release biologically and chemically bound P. After digestion, the
samples were treated until formation of phosphorus molybdenum blue as the end product, the
concentration of which was measured spectrophotometrically as ortho-P. The free P concentration of the
samples was determined by centrifugation of the whole samples at 3,200 g at 4 °C, 10 min (Eppendorf
Centrifuge 5804 R, Hamburg, Germany) and by using only the supernatant with the same Phosphate 15
kit. These data were measured from the concluding 11 days of sampling and the other data were assessed
on the basis of the obtained average. In this study, all values of ortho-P were calculated as elemental total
P (v (P)w, kg m3) or elemental free P (y (P)r, kg m3) with a conversion factor of 3.07 for PO,* to P
(Macherey-Nagel). In 15.biosolids, P was determined in 0.5 g biosolids suspended in 4.5 mL bidistilled
water for 10 min, during which the sample was homogenized by vortexing (PV-1 Vortex Mixer, Grant
Instruments, Cambridgeshire, UK). Afterwards, the total P in the whole sample was determined. The free
P was analyzed after centrifugation in the supernatant as before. Bound P is calculated as indicated in (Eq
1) except for 15.biosolids. Here, the bound P in dry matter was measured by an accredited external
laboratory by a standard method (DIN EN I1SO 17294-2, via ICP-MS). The total P, the free P and the bound
P values were used to calculate the respective P mass load rates of the WWTP process streams (Eq 14 -

16).
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2.3.2 Determination of dry matter (DM)

The DM measurement was done for all samples for which P concentrations were determined (S| Figure
1). The samples were collected in 50 mL or 15 mL Falcon tubes depending on biomass density and
centrifuged at 3,200 x g for 10 min at 4 °C (Eppendorf Centrifuge 5804 R, Hamburg, Germany), and the
supernatant was discarded. The pellets were transferred to 2 mL Eppendorf tubes and centrifuged a
second time at 6,000 x g for 10 min at 4 °C (Thermo Scientific Fresco 21, Langenselbold, Germany). All
initial volumes of samples are listed in Sl Table 3. After the second centrifugation step the supernatant
was discarded and the pellet dried for 3 d at 50 °C. The DM was determined using the Sartorius BP 110
balance (Géttingen, Germany) and the values corrected to the sample volumes (Eq 2). The value of (Eq 2)

was used to calculate the P content in DM (Eq 3). The procedure was performed in triplicates.

2.3.3 Determination of density in liquid and solid process streams

The density (p, kg m3) (Eq 4) of samples of liquid and solid process streams was measured to enable
conversions from volume load rates to mass load rates and vice versa. The density was calculated as
average values in a 100 mL graduated cylinder, which was weighed after filling with the respective process
stream sample (Sl Table 3). The density value of 15.biosolids was defined according to Spellman (1996) as

800 kg m?3,

2.4 Flow cytometry measurement of microbiological communities

The samples were fixed in 8 % paraformaldehyde for 30 min at room temperature (RT) with a ratio of 1:4
(volsample/VOlfixative) immediately after sampling, with a final concentration of 2 %. After centrifugation
(3,200 x g, 10 min, 4 °C) the cells were resuspended in 70 % ethanol and stored at -20 °C (Glinther et al.,
2016). Staining of the cells was performed as described in Cichocki et al. (2020) and measuring done by
flow cytometry. Before measurement, 0.5 um and 1.0 um UV Fluoresbrite microspheres (Polysciences,
Warrington, PA, USA) were added to the stained cells as an internal marker for measurement accuracy.
The samples were analyzed with a prototype CyFlow-Space (Partec, Gorlitz, Germany), equipped with a
355 nm laser (Genesis CX355 -60 STM OPS Laser-Diode System, Coherent, CA, USA) and operated at 50
mW. The sample flow rate of the cytometer was 0.5 pL s at 1000 events s™. For each sample 250,000
stained cells were recorded. Bidistilled water was used as sheath fluid and replaced daily. The instrument
was calibrated using the same microspheres as above and a DAPI stained bacterial standard with known
DNA-pattern. All raw data can be accessed at the FlowRepository (https://flowrepository.org/) under
accession numbers FR-FCM-Z2QU and FR-FCM-Z2TP. After generating a cell gate to exclude beads and
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noise, 68 gates were defined for all recorded samples to create the gate template (S| Figure 2). The
evaluation of the gate data was performed with the software FlowJo version 10.6.2 (FlowJo LLC, Oregon,
USA). Events in overlapping gates were excluded from analysis by subtracting proportional event
numbers. Only gates with an average cell frequency above 1 % were included in correlation analyses of

the data. The number of gates meeting this criterion is shown in Sl Table 4.

2.5 Bioinformatics analysis

The cytometric data were evaluated with the bioinformatic tools flowCyBar using the R packages
“flowCyBar” (Koch et al., 2013), "flowCore" (Hahne et al., 2009), "hexbin" (Car et al., 2019), "vegan"
(Oksanen et al., 2015), and "ggplot2" (Wickham, 2016) with R version 3.6.1. (RCoreTeam, 2018). NMDS
plots of flowCyBar derived data were created using Bray-Curtis dissimilarities. The centroids in NMDS plots
(Figure 3) and the distances between centroid and the sampling points (Sl Table 5) were calculated using
R packages “tcltk” (RCoreTeam, 2018) and “raster” (Hijmans and van Etten, 2014). Correlations between
the gate derived SC and the abiotic parameters were performed as described by Glinther et al. (2016)
calculating Spearmans ranked order correlation coefficient rho with a significance value P<0.05 using the
package “Hmisc” (Harrel et. al., 2018). The first correlation value is obtained using the initial 4 sampling
days and each rho and P value is written into a table. Then the next sampling day is added to the matrix
and the correlation done again for the extended data set. This procedure is repeated until all sampling
days are part of the correlation matrix. Visualization of individual rho and P values was done using

heatmaps and the summary as circos plots using R package “circlize” (Gu et al., 2014).

3 The framework of P-cycle assessment

In this study, the EU ISO standard DIN EN ISO 6878 was used to analyze and determine P concentrations
of only three different types of P (total P, free P and bound P) to calculate the P mass load rates of 16
process streams both in liquid and solid phases. To enable such an approach a framework for P-cycle
assessment was established. Free P and total P concentrations were used to calculate bound P (Eq 1). The
daily volume flow rates (Q) were either obtained from the WWTP or calculated (Eq 5 — Eq 13) and were
then used to calculate the daily P mass load rate () for free P (Eq 14, 17), total P (Eq 15, 18), and bound
P (Eq 16, 19). DM was analyzed (y(DM)) (Eq 2), and P content in the DM (Eq 3) was calculated for all
sampling points except for the 15.biosolids for which the standard DIN EN ISO 17294-2 was used. Values
for volume load rates, mass load rates and DM are provided in Sl Table 3 and are summarized as average

values in Sl Table 7 for a period of 748 days.
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3.1 P balance calculation on the basis of total P, free P, and bound P

The free and the total ortho-P in the sample was measured and calculated as elemental free P (y (P)ep, kg
m=3) and elemental total P (y (P)r, kg m™) (SI Figure 1). Bound P (v (P)sr, kg m3) was calculated as the
difference between total P and free P as follows:

Eq (1) v (P)er[kg m™] =y (P)re [kg m™] =y (P)rr [kg m]

The P concentrations values obtained from this step were used to calculate the P mass load rates, the P
removal rates and to investigate interrelations between P concentrations and the structures of the

microbial communities in the respective sampling point.

3.2 Calculation of DM and P content in DM
The DM was calculated as mass concentration (yom, kg m3) with regard to initial sample volume (Vsample,
m?3), and DM (mpw, kg) as follows:

Eq (2) Yom [kg m-3] = Mpwm [kg] / Vsample [m3]

The P contents in the DM (Powm content, € P kgom™) for sampling points 1.-14. and 16. were calculated using
the mass concentration of bound P (ysp, g m™3) divided with mass concentration of DM (yom, kg m3) as
follows:

Eq (3) Pom content [ P kgom™] = ver [g M>] / yom [kg m?]

3.3 Calculation of density
To calculate the density (p, kg m3) the following equation was used:

Eq (4) p [kg m?]=m[kg] / V[m?]

3.4 Calculation of daily volume load rate per sampling point

To assess daily volume (Q, m® d) and mass (m, kg d?) load rates of all the sampling points, daily volume
load rate data were 1) acquired directly from the WWTP Eilenburg, 2) assessed as tank volume or 3)
calculated as sum or difference from other known process streams (S| Table 6). Furthermore, stream daily

volume load rates were used to calculate P mass load rates.

3.5 Calculation of the volume load rate of the primary sludge
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To calculate 5.primary sludge volume load rate (Qs, m3 d), firstly the volume load rate of the thickened
excess sludge (Qus, m*® dl) and secondly the volume load rate of the anaerobic digestion feed were
required (Qseeqan, M3 d1). The volume load rate of the thickened excess sludge (Qis, m® d) must be
calculated, whereas the volume load rate of the digester feed (Qfeedan, m* d!) was provided by the WWTP
operators.

The volume load rate of thickened excess sludge (Qis, m3 d*) was calculated from the volume reduction
parameter of the 12.excess sludge (Qi;, m*® d?) as estimated by Peirce et al. (1998), which was most
suitable for this case. Their reduction parameter of the excess sludge was 80 % and resulted in excess
sludge with increased DM between 3 % and 5 %. In the WWTP Eilenburg the DM of excess sludge was
increased during the monitoring campaign from around 1.3 % to 7 %. The polymer used to thicken excess
sludge by binding the water was Reiflock RF600 (Reiflock Abwassertechnik GmbH, Baden-Baden,
Germany).

Eq (5) Qies[m3d1]=Q[m3d?*x0.2

Lastly, 5.primary sludge volume load rate (Qs, m® d!) was assessed by subtracting assessed volume load
rate of thickened excess sludge (Qis, m® d*) from the known volume load rate of anaerobic digester feed
(Qteedan, m* d):

Eq (6) Qs [m3 dl] = Qfeedap [m3 dl] - Ques [I’Tl3 d1]

3.6 Calculation of volume load rates of the aeration tanks 1 and 2

The volume load rate for 6. and 7.aeration tank1,2 (Qs,» m3 d?, (Qs= Q7)) was calculated using the sum of
volume load rates of 9. and 10.secondary clarifier1,2 (Qs 10 m3 d?, (Qs = Quo)) (Eq 9) and 12.excess sludge
as follows (Qaz, m3 d?):

Eq (7) Qs,7[m? d] = (Qo[m3* d™'] + Quo[m?* d™*] = Qi [Mm3 d]) / 2

3.7 Calculation of the volume load rate of the precipitation shaft
The volume load rate for 8.precipitation shaft (Qs, m® d!) was calculated as equal to the sum of the volume
load rate of 6. and 7.aeration tank1,2 (Qs,7 m3®d™):

Eq (8) Qs[m*d?1] =Qg7[Mm3d? x2

3.8 Calculation of the volume load rates of the secondary clarifiers 1 and 2
The volume load rate for 9. and 10.secondary clarifier1,2 (Qo,10 m® d?, (Qo = Qi0)) was calculated using the

volume load rate of 16.effluent (Qis, m* d) and 11.return sludge (Qi1, m® d!) as follows:
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Eq (9) Qo,10[M?* d*] = (Que [M? d™] + Qu1 [m* d]) / 2

3.9 Calculation of the volume load rate of the centrate

13.anaerobic digester sludge is transported to the sludge dewatering (digester sludge dewatering Qpsp, m3
d?), where it is then divided in two streams: 14.centrate (Qi4, m3 d'!) and 15.biosolids (Qis, m* d2).

DSD (Qpsp, m® d?) volume load rate and 15.biosolids (Qis, m® d!) volume load rates were acquired from
the WWTP process operators. The mass load rate of 14.centrate (rni4, kg d?) was calculated from volume
load rates of DSD (Qpsp, m*® d*) and 15.biosolids (Qis, m® d 1), which were converted to mass load rates (Eq
10 — 11). The densities of the DSD (posp, kg m3) and the 15.biosolids (pis, kg m3) streams are not similar
and were included accordingly:

Eq (10) mosp [kg d™*] = Qoso [M® d] x posp [kg M™]

Eq (11) mas [kg d] = Qus[m* d] x p1s [kg m™]

To get the mass load rate of 14.centrate (mus, kg d2), the mass load rate of 15.biosolids (s, kg d!) was
subtracted from mass load rate of DSD (mpsp, kg d2):

Eq (12) m1a [kg d] = mpsp [kg d] - mis [kg d?]

The mass load rate of the 14.centrate was converted back to the volume load rate (Qis, m3 d!) with the
known density of the 14.centrate (p1s, kg m™3):

Eq (13) Qa4[m? d™] = 14 [kg d*] / p1a[kg m™]

3.10 Calculation of the daily P mass load rate
The daily P mass load rates (Msample point, kg d*) were calculated from volume load rates and concentrations
Of free P (V(P)FP sample point, kg m>3), tOtal P (V(P)TP sample point, kg m_3); and bound P (V(P)BP sample point, kg m_3) per

respective sample points as follows:

Eq (14) Mep sample point [kg d—l] = Qsample point [m3 d—l] X V(P)FP sample point [kg m—3]
Eq (15) mTP sample point [kg d—l] = Qsample point [m3 d—l] X V(P)TP sample point [kg m—3]
Eq (16) rhBP sample point [kg d-l] = Osample point [m3 d-l] X V(P)BP sample point [kg m-3]

3.11 Calculation of the anaerobic digester sludge P mass load rate

To calculate the P mass load rates of free P (mp 13, kg d%), bound P (mgp 13, kg d2), and total P (mrp 13, kg d-
) in 13.anaerobic digester sludge, the volume load rate of anaerobic sludge that is pumped to the
dewatering step (DSD, digester sludge dewatering Qpsp, m® d!) was used. DSD volume load rate was

acquired from the WWTP plant operators:

10
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Eq (17) mep1s [kg d™'] = Qpso [M® d™] x v (P)rp 13 [kg m™]
Eq (18) mrp1s [kg d™'] = Qoso [M*® d™*] x y (P)re 13 [kg m™]
Eq (19) ap 13 [kg d™*] = Qoso [M® d™'] x v (P)ep 13 [kg m™]

3.12 Differentiation between biologically and chemically removed P

At the WWTP Eilenburg, P concentration is routinely measured only in the inflow and effluent and
removed biologically via bacterial biomass extraction. If a high inflow of P is measured, P is additionally
precipitated by adding the chemical precipitant Ferriflock (Kronos International Inc., Leverkusen,
Germany). To determine the quantities of both biologically removed P and chemically precipitated P, the

total P mass load rate in 1.inflow and in 16.effluent were taken as system boundaries.

3.12.1 Calculation of the total P mass load rate in the 1.inflow
The total P mass load rate of the l.inflow (m 1, kg d) was calculated from the volume load rate of
1.inflow (Qi, m3® d!) and total P concentration in the 1.inflow (y(P)tp 1, kg m3):

Eq (20) mrp1 [kg d'] = Q1 [M3 d!] x y(P)re1 [kg m3]

3.12.2 Calculation of the total P mass load rate of the 16.effluent
The total P mass load rate of the 16.effluent (e 16 kg d) was calculated from the volume load rate of
16.effluent (Qis, m® d!) and the total P concentration in the 16.effluent (y(P)tp 16, kg m3):

Eq (21) mre 16 [kg d'] = Que [M? d™] x y(P)re 16 [kg M?]

3.12.3 Calculation of the amount of chemically precipitated P

The daily volume load rate of Ferriflock (Qrerrifiock, M3 d) was acquired from WWTP operators and the
Ferriflock density (prerifiock, kg m3) from the manufacturer (Kronos International Inc., 2012). The chemical
P precipitant Ferriflock has a density (prerrifiock) Of 1520 kg m™ and contains 123 g iron per kg Ferriflock (wre-
rerrifiock = 0.123). The mass load rate of added Ferriflock (Meerrifioc, kg d) was calculated from Ferriflock
volume load rate (Qrerrifioc M3 d) and Ferriflock density (prerrifiock,, kg m3):

Eq (22) Mrerrifiock [K8 d™'] = Qrerrifioc[M? d™] X Prerrifiock [kg M]

The mass load rate of iron (Fe ion) in Ferriflock (mre, kg d*) was calculated from known mass load rate of
added Ferriflock (Mrerrifiock, kg d) and iron mass content in the Ferriflock (Wre-rerrifiock):

Eq (23) mFe [kg dl] = mFerriroc [kg d_l] * Wre-Ferriflock

11



344
345
346
347
348
349
350
351
352
353
354
355
356
357
358
359
360
361
362
363
364
365
366

367

368
369
370
371
372
373
374
375

The Fe ion dosage of Ferriflock is 1.5 Fe ions for every elementary P (WWTP operator, personal
communication 2019). The molar ratio of Fe to P is 2.7, which means that 2.7 kg of Ferriflock precipitates
1 kg of P under the assumption that each Fe ion is used without by-product formation. Therefore,
precipitated P mass load rate (Mpprecip, kg d) can be calculated as follows:

Eq (24) mPprecip [kg d_l] = mFe [kg d_l] / 2.7

3.12.4 Calculation of the amount of biologically removed P

The P mass load rate of biologically removed P (rmpyio, kg d) was calculated by subtracting the total P
mass load rate precipitated (Mpprecip, kg d*) and the total P mass load rate in the 16.effluent (mrp 16, kg d)
from total P mass load rate of 1.inflow (mrp 1, kg d2):

Eq (25) Mebiol [kg '] = Mp1 [kg d™'] - Mpprecip [kg d™'] - M 16 [kg d7]

3.12.5 Calculation of the WWTP P removal efficiency

To calculate the WWTP P removal efficiency the total P mass load rate of the 1.inflow (mrp1, kg d?) and of
the 16.effluent (mrp 16, kg d2) must be known. The total P mass load rate of the 1.inflow and the 16.effluent
was calculated as shown in Eq 20 and 21.

With total P mass load rate of the 1.inflow and that of the 16.effluent known, the removal efficiency (RE,
%) was calculated:

Eq (26) RE [%] = 100 [%] — ((rhrp 16 [kg d*] / e 1 [kg d]) x 100 [%])

All values and results of the calculations are shown in Sl Table 3.

4 RESULTS

4.1 P concentrations in process streams

P should be removed from WWTP process streams and made available to the market at certain levels of
P concentrations. In this study, the critical level of P concentration was set to 20 g P kgom™* (AbfKI4rV, 2017)
and to 0.05 kg m™ free P and bound P according to Cornel and Schaum (2009), who first established this
limit for feasibility of P recovery. Economically inefficient process streams were: 1.inflow, 2.grit chamber
start, 3.grit chamber end, 4.primary clarifier, 9 and 10.secondary clarifierl,2 and 16.effluent. These
process streams do not reach either of the two critical levels required (Figure 2, lower left quarter of the

graph) to make P recovery economical. Process streams, where free P concentrations and bound P
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concentrations together were above the defined economically feasible P concentration threshold were:
5.primary sludge, 6. and 7.aeration tank1,2, 11.return sludge, 12.excess sludge, 13.anaerobic digester
sludge, 14.centrate and 15.biosolids. Therefore, these process streams seem to be suitable as a means to
reduce P concentrations in the liquid and solid phases. Both phases contain bound P and free P in different
proportions. In comparison to bound P, free P is the economically more interesting component.

The following process streams were found to contain even free P concentrations above a threshold of
0.05 kg m: 5.primary sludge, 13.anaerobic digester sludge, 14.centrate and water-extracts of 15.biosolids
with 0.131 kg m3,0.510 kg m3, 0.075 kg m= and 1.023 kg m?3, respectively. The daily P mass load rate of
free Pwas 7.279 kg d?,38.226 kg d*!, 4.820 kg d* and 9.919 kg d}, respectively (Sl Table 7). All four sources
of high free P quantities are represented in the upper part of Figure 2. Process stream 5.primary sludge
should not be used for P recovery due to significant health implications of the still nearly untreated
wastewater constituents. Therefore, the most obvious locations for free P recovery would be
13.anaerobic digester sludge, 14.centrate and 15.biosolids (water-extracts).

Bound P consists of biomass bound P and chemically precipitated P. Bound P concentrations were above
an economically feasible level of 0.05 kg m™ in process streams 5.primary sludge, 6. and 7.aeration
tank1,2, 11.return sludge, 12.exces sludge, 13.anaerobic digester sludge, and 15.biosolids. Here too,
5.primary sludge was excluded from P recovery strategies for hygienic reasons. Also, the most active part
of the wastewater purification system 6. and 7.aeration tank1,2 should not be part of a P-recovery
solution in order not to impair its active wastewater treatment function. Thus, the process streams with
high bound P load were 11 - 13 and the solids of 15 with bound P concentrations of 0.300 kg m3, 0.268 kg
m=3, 0.213 kg m?3, and 1.336 kg m?3, respectively, and daily bound P mass load rates of 1147.548 kg d?,
31.880kg d!, 17.180 kg d* and 13.156 kg d?, respectively (S| Table 7). The four process streams are
visualized in the upper part of Figure 2. The highest concentration of bound P was found in the solids of
15.biosolids. The shares of bound P within total P in 13.anaerobic digester sludge and 15.biosolids were
29.5 % and 57.01 % (Figure 2, S| Table 7). Bound P from 11.return sludge was returned to the 6. and
7.aeration tanks1,2 and, if P is not recovered, the P content in these process streams is always similar to
11.return sludge. The amounts of bound P in these streams reached 80-96 % of the total P (Figure 2).
Ultimately, the most promising stages for the recovery of bound P are 11.return sludge and somewhat
less, due to the lower bound P mass load rate, the 12.excess sludge as well as the 13.anaerobic digester
sludge and the solids of the 15.biosolids.

The P content in DM of process streams leaving the WWTP should be below the limit of 20 g P kgom™,

otherwise P must be mandatory recovered by any available P recovery technology (AbfKlarV, 2017). In the
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following process streams the P content in DM was above this limit: 6. and 7.aeration tank1-2, 11.return
sludge, 12.excess sludge and 15. biosolids with 24.843g P kgom?, 25.671g P kgom?, 32.591g P kgom?, 26.519
g P kgom?, and 24.420 g P kgom®. With exception of the final waste stream 15.biosolids, none of these
process streams are subject to the legal limit. Nevertheless, these numbers also indicate that 11.return
sludge and 12.excess sludge are valuable sources for the recovery of bound P. Figure 2 highlights 11.return
sludge and 12.excess sludge in the right part of Figure 2, far from the vertical red line marking the legally
allowed amount of 20 g P kgom™.

Furthermore, in 16.effluent the P content in DM was high with 18.040g P kgom®. Due to the low amount
of biomass in 16.effluent, the daily mass load rate of bound P was 1.645 kg d* within the total P

concentration of 0.0011 kg m3.

4.2 P removal efficiency

The WWTP P removal efficiency RE is described as difference between the total P concentrations of
16.effluent and 1.inflow (Eq 26). The P removal average amount per day was 89.21 % (+ 6.2 %, Sl Table 3).
Sl Figure 3 shows a graphical representation on the mass load of total P (mTP [kg day]) arriving at the
WWTP and how much of it is biologically removed or chemically precipitated and how much of it is lost
via the 16.effluent. The removal efficiency can be derived from the mTP against the loss of P via
16.effluent. The variation of the observed values of the mTP results from the differing daily volume load
rates and total P concentration of the 1l.inflow, while the P loss of the 16.effluent is determined by the

daily P removal either chemically and biologically.

4.3 Proportions of biologically removed and chemically precipitated P

In this study, P was frequently chemically precipitated with iron salts at the sampling point 8.precipitation
shaft. Chemically precipitated P cannot easily be used for biological P recovery strategies. To know the
effect of the chemical precipitation on biological P removal, the different proportions of chemically
precipitated and biologically bound P were calculated by subtracting the mTP precipitated by Ferrifloc
(12.45 kg d%, +7.74) and the mTP lost via the effluent (4.47 kg d?, +2.14) from mTP entering the WWTP
(43.15 kg d, £10.55), thereby gaining the mTP, which is biologically removed (27.05 kg d?, #11.51) (SI
Figure 3, Sl Table 3). The Sl Figure 3B, C shows the mTP for either chemically precipitated P or biologically
removed P, which are later used to distinguish days with rather biological removal from days with rather

chemical precipitation in order to infer the role of precipitation in biological removal. Complete calculation
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steps for the determination of amounts of precipitated P vs. biologically bound P were provided (Eq 20 —

Eq 25).

4.4 The composition of the microbial communities in the process streams

To describe the different capacities of the microorganisms to bind P in the different process streams, the
structures of the microbial community were analyzed by flow cytometry (exemplary cytometric data are
shown in Sl Figure 4 and the whole data set as a video in Sl video 1). Cell abundance calculations per
subcommunity are visualized in NMDS-plots for each of these microbial communities (Figure 3), visualizing
similarities between communities per process stream for all sampling days based on Bray-Curtis
dissimilarity measure. Each circle in Figure 3 represents a community and the size of the circles
corresponds to the time sequence of sampling per sampling point. The similarity between microbial
communities per sampling point is the higher, the closer the circles are to each other, and the closer the
circles are to the NMDS-plot centroid (black cross in the respective plots). Differences between the
microbial communities are observed both by the spread of the circles and by their distance changes from
the centroid of an NMDS-plot (centroids and average distances are given in Sl Table 5). In general, it was
found that the microbial community structures were different between all 16 process streams although
similar process steps also showed similar microbial community structures such as l.inflow to 4.primary
clarifier or 6. and 7.aeration tanks1,2 and 12.return sludge. But the variation within the communities of
each of the individual process streams was often small and only the communities in 9. and 10.secondary

clarifier1,2, 14.centrate and 16.effluent changed their structure over time (Figure 3).

4.5 The functional relationship between microbial communities and free P and bound P values

As P accumulation is a universal trait in microorganisms it can be expected that many of them are capable
of binding P in high quantities. In the following analyses, only process streams with bound and free P
concentrations above economically feasible concentrations for P recovery were included (process streams
in the upper part of Figure 2). Furthermore, microbial community data, obtained by flow cytometry and
evaluated using the tool flowCyBar, were included in the analysis. As shown in Figure 3, no major dynamics
in the community structures were found for the relevant process streams. To investigate the depth of
interaction of the microbial communities with bound P and free P a correlation analysis using Spearmans
ranked order correlation coefficient rho was performed. The correlations were done in iterative steps
adding a further sampling day in each step for each process stream until the end of the sampling campaign.

Correlations between P types with SCs with a significance value P<0.05 were counted per process stream
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and day and the sum of all correlations per process stream was corrected by the number of days and the
number of involved SCs (SCs = nr.gates). Only those SCs were included that showed an average cell
abundance above 1%. The resulting values are given as 5 corr. d! nr.gates®. An overview of all obtained
data is given in form of heatmaps in Sl Figure 5. A circos plot (Gu et al., 2014) was used to visualize the
corrected number of correlations between microbial communities and bound P and free P concentrations
(Figure 4).

We found strong positive correlations between bound P and the microbial communities of all process
streams, indicating a high capacity of cells to accumulate P both by cell growth and by storage of P as poly-
P. For P accumulation they need to feed on free P. Negative correlations between microorganisms and
free P concentrations reflect this episode. All process streams except 5.primary sludge show negative
correlations within this context. The sum of the number of positive correlations with bound P was
Neorr.=0.17 5 corr. d* nr.gates?, while that of negative correlations with free P was n¢=0.45 5 corr. d*
nr.gates™ (Figure 4). Negative correlations of cell abundances to bound P values were also observed for all
process streams except 5.primary sludge and are expected to indicate organisms that have not
contributed to P accumulation. This is to be expected since not all organisms can be assumed to have the
ability to store P or grow during wastewater treatment. Strong positive correlations between
microorganisms and free P indicate release of P, e.g. by anaerobic conditions. The number of negative
correlations with bound P (ncorr.=0.31 5 corr. d! nr.gates) was higher than the positive ones, while positive
correlations to free P, which coincided with P release, were lower (neorr=0.17 5 corr. d* nr.gates™, Figure 4).
The last two types of correlations were found in all sampling points except 5.primary sludge were only
positive correlations were found. As a result, we can state that the capacity for biological accumulation of
P was high in all relevant process streams, but an almost equal number of correlations indicated also

organisms that were not strongly involved in this function.

4.6 The influence of chemical P precipitation on the P accumulation capacity of microorganisms

How chemical precipitation might impact the ability of the cells to bind P was investigated by determining
the number of functional interactions of microbial SCs with chemically precipitated or biologically bound
P and the amount of free P using the strong correlations (P<0.05). Again, only process streams with bound
and free P concentrations above economically feasible concentrations for P recovery were included into
the analyses as well as the 8.precipitation shaft, where the precipitant was added. To achieve a separation
of days with high biological P removal and those with high chemical P precipitation, the days fitting into

the upper 25 % quintile (8 days with highest P removed biologically > 36.28 kg d, 8 days with highest P
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chemically precipitated > 15.65 kg d* Sl Figure 3) were used for the correlation analysis, respectively. An
overview of the correlation and corresponding P values is given in form of heatmaps in S| Figure 6. On
days with rather biological P removal, an average of 42.69 kg d! P was biologically removed P compared
t0 9.46 kg d! chemically precipitated P, the amounts of which were reversed on days with rather chemical
P precipitation with 16.99 kg P d! compared to 23.64 kg P d™*.

On days with rather biological P removal, high numbers of positive correlations to biologically bound P
(Nposcorrar.=0.09 5 corr. d* nr.gates™) were found (Figure 5). The number of negative correlations with free P
was also high (Nnegeorrrr= 0.24 3 corr. d? nr.gates?). All process streams showed a capacity to bind P
biologically and the ability to take up free P (except 13.anaerobic digester sludge, Figure 5, right side),
similar to the P removal capacity shown in Figure 4.

Chemical treatment led to a decreased number of positive correlations with biological bound P (Nposcorrer=
0.05 5 corr. d nr.gates?) and an equally lower number of negative correlations with free P (Nnegcorrsr= 0.15
S corr. d! nr.gates®; Figure 5, left side). In 11.return sludge no evidence for biological P removal could be
found in contrast to the days with rather biological P removal. Obviously, the chemical precipitation of P
seems to negatively impact the availability of free P and to cause a decreased ability of microorganisms

to accumulate P biologically.

5 DISCUSSION

5.1 The framework for P-cycle assessment

P can be recovered from both the liquid and solid phases of the process streams and potential operators
of P recovery plants can choose from a wide range of technologies (Schénberg et al., 2018; Egle et al.,
2016; 2015; Petzet and Cornel, 2013). Updated lists of full-scale recovery plants can be found on the ESPP
platform (https://www.phosphorusplatform.eu/activities/p-recovery-technology-inventory), or in (Kabbe
et al., 2017; Walker, 2017). Newly emerging P bio-based recovery technologies, which are mostly still on
research or pilot stages with a few demonstration plants, are summarized in Carrillo et al., 2020; Roy,
2017 and Tarayre et al., 2016. However, bio-based P recovery technologies that can be applied on-site at

a full-scale WWTP and in-time of the ongoing operation of wastewater treatment are not yet available.

This study helps to prevent the loss of anthropogenic P by providing a framework for P-cycle assessment
in typical full-scale WWTPs to mark the process stages where P can be immediately recovered on-site. The

legally permitted 20 g P kgom® (AbfKI&rV, 2017) and the 0.05 kg P m™ (Cornel and Schaum, 2009) were set
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as thresholds both for free P and bound P as well as for the respective P types. In a first step, the study
relied on a common basis of generated P-data with total P, bound P and free P as the only P types. In a
second step, a framework for P-cycle assessment was established, which is universal, even though there
may be different technological levels and operational backgrounds between WWTPs. Currently, there is
no consensus on a uniform calculation basis for P types in different process streams of a WWTP. In this
study generally available and EU ISO standards were used, which ensures repeatability and comparability
of the data. All values were calculated using the developed framework for P-cycle assessment and allow
decisions to be made on process streams feasible for (biological) P recovery as well as for the reduction

of P in liquid and solid phases.

In the example full-scale WWTP investigated in the study, feasible options for the P recovery of bound P
in the sludge were process streams 11.return sludge, 12.excess sludge, 13.anaerobic digester sludge, and
15. biosolids. Both the 11.return sludge and the 12.excess sludge had a P content in DM above the legally
permissible values with similar values as they are coming from the same source, but their daily P mass
load rates were quite different with a proportion of about 26 : 1. In these two process streams the bound
P usually remains in a WWTP unless it is recovered by special in-stream technologies, which would be an
option to keep the over-all P content low in a WWTP. The in-stream treatment of the 13.anaerobic
digester sludge is also a possibility to reduce its P content, as otherwise the 14.centrate as a successive
process stream returns the P back into the 6. and 7.aeration tanks1,2. This is different for the bound P in
15.biosolids, which is a waste stream that leaves the WWTP and can be straightforwardly handled for
biological P removal at the end of the process.

Feasible options for free P recovery were 13.anaerobic digester sludge, 14.centrate and 15.biosolids. The
best biological P recovery approach for free P would be the use of the liquid phases. For 13.anaerobic
digester sludge and 14.centrate there are already technological-scale solutions available but only for
applications connected to chemical precipitation (Schonberg et al.,, 2018; Egle et al.,, 2016). For
15.biosolids an enormous release of free P after treatment with water with up to 1.023 kg m was found.
The high extractability of free P from biosolids with water has already been described (Torri et al., 2017)
and seems to be a promising and practicable solution for biological P recovery. 15.biosolids would
therefore be a good source for recovery of free P if they are first dissolved in water before disposed of,
e.g. by mono-incineration. Thus, in the example full-scale WWTP promising process streams were
identified from which free or bound P could be recovered in large quantities. This would not only help to

meet the legally prescribed limits for P concentrations in waste streams, but also to prevent struvite
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formation in pipes and anaerobic digesters, where high P concentrations have been shown to reduce the

methane production (Glinther et al., 2016).

5.2 P accumulation by microbial communities

Active microbial communities are at the functional basis of a WWTP. Arriving with the incoming
wastewater they build up distinct communities with water cleaning capabilities (Ali et al., 2019; Saunders
et al., 2016). Flow cytometry is a highly suitable method to study the dynamics in composition of
immanent microbial communities (Haange et al., 2020; Liu et al., 2019; Liu et al., 2018; Koch et al., 2014)
and this method was also used in this study to link WWTP microbial community dynamics to P distribution.
Significant differences in the composition of the communities between different process stages were
already described (Numberger et al., 2019; Zhang et al., 2019; Glinther et al., 2016; Wells et al., 2014) and
similar results were obtained in this study. The process streams 1 to 5 (1.inflow to 5.primary sludge)
belong to the stage of mechanical wastewater treatment and proved to be very similar. The process
streams of biological wastewater treatment with process streams 6 - 8 and 11, 12, 15 were also similar in
structure and even showed no intermittent fluctuations in the composition over the two years of
sampling. Process stages with low cell density and low nutrient content (process streams 9, 10, and 16)
differed significantly from the other process stages and showed strongly fluctuating patterns over the
period studied. It can be assumed that concrete weather events (Isazadeh et al., 2016; Otterpohl and
Freund, 1992) and temperature (Numberger et al., 2019; Tejaswini et al., 2019) could have had a greater
impact on these community structures compared to the preceding streams. The community compositions
of 13.anaerobic digester sludge and the 14.centrate differed in their structure from all others, which can
be attributed to the need for different functionality of these two process stages, as demonstrated earlier
(Glnther et al., 2016). A relatively constant community composition was also shown at the phylum level
by de Celis et al. (2020) and Zhang et al. (2018), where selected streams or different types of activated
sludge were analyzed up to a period of two years. Similar to our findings, they found a higher community
dispersion only in stages with low biomass contents such as the liquid fractions of the secondary clarifiers,
the centrate and the effluent. In general, however, it can be assumed that core communities are found in
most communities. Wu et al. (2019) recently described the global core community of activated sludge,
which comprises 28 OTUs. We found 13 to 26 constant SCs in the (activated) sludge stages (S| Table 8),
which is comparable to these results.

The uptake of free P into the biomass is either by growth (Zhao and Liu, 2013) or by poly-P accumulation

(Feng et al., 2020). Instead, P is released by cell degradation (Sharma et al., 2013) or by release of free P
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under anaerobic conditions, as in anaerobic digestion or in the anaerobic stages of activated sludge
treatment and all stages containing sludge (Feng et al., 2020; Yang et al., 2017). The high correlation
numbers between the free and bound P fractions in all process streams with sludge fractions and even for
14.centrate suggested the uptake of free P and its binding into the biomass (Figure 4). The same
correlation pattern was also found in the 13.anaerobic digester sludge, although here the P binding occurs
under anaerobic conditions. Denitrificating phosphate accumulating organisms from 11.return sludge,
such as species belonging to the Proteobacteria like Candidatus Accumulibacter phosphatis, could be
responsible for this (Mukherjee et al., 2019; Yang et al., 2017; Glinther et al., 2012). It has also been shown
that archaea of the genera Methanosarcina, Methanoregula, Methanolobus accumulate polyphosphates
(Paula et al., 2019). Members of the genus Methanosarcina were found to be present in the investigated

digester (Glnther et al., 2016).

5.3 The influence of chemical P precipitation on the P accumulation capacity of microorganisms

As the results have shown, high P concentrations are to be expected in most of the process streams. High
P concentrations in the sludge are likely to lead to struvite formation in the pipes and digesters, which
may affect maintenance costs and operation (Kehrein et al., 2020; Giinther et al., 2016; Fattah et al.,
2008). Therefore, chemical P precipitation is an efficient back-fall solution in WWTPs if the P
concentrations in the process streams are too high. Nevertheless, biologically P removal is most often
preferred because the costs are reduced if chemical precipitation of P can be dispensed with (Cramer et
al., 2018; Paul et al., 2001). In addition, P precipitated by metals cannot be easily recovered and would
require forceful chemical P desorption technologies (Bashar et al., 2018; Wilfert et al., 2015). For the
WWTP Eilenburg, chemical P removal was performed frequently, indicating that there is room for
improvement in biological P recovery, yet the discharge of P into the environment was always below the
legal maximum limit.

The correlation analyses revealed that the biological P removal functions between days with rather
biological P removal were different compared to days with rather chemical P precipitation at the WWTP
Eilenburg (Figure 5). Although P accumulating bacteria inhibiting concentrations of iron (40 g m?3, Yilmaz
et al., 2017) were not reached, the adverse effect of limited availability of free P, which affects the
biological capacity to form bound P appears to be reduced. In a P recovery technology based on biological
P removal, high concentrations of chemically precipitated P can have serious consequences for recovery
efficiency, as chemically precipitated P amasses and cannot be taken up directly by microorganisms. The

biological uptake of P is a fast process, but chemical precipitation is much faster and P is therefore lost to
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microorganisms as soon as precipitants are added (de Haas et al. 2001). Experiments with ferric chloride
have shown that lower amounts of iron (10-20 g m3) lead to a competition between biological P uptake
and P precipitation if the available amount of free P is small (Liu et al.,, 2011; de Haas et al., 2001).
However, the fact that biological P removal indicators are still found on days with rather chemical

precipitation shows that there is no permanent impact on the microbial P removal activity.

6 CONCLUSION

A framework for P-cycle assessment in WWTPs was developed on the basis of standardized P types and P
type analyses methods. An example full-scale WWTP was studied and a unified approach for P
concentration assessment was run to calculate P mass load rates for 16 process streams for about two
years. Using the framework for P-cycle assessment, we were able to identify WWTP process streams that
can be used for biological P recovery from an economic point of view, making it easier in future to comply
with legal regulations on P contents. In addition, we gained insight into the dependencies of the microbial
communities to the antagonistic impacts of chemical precipitation on biological P accumulation in the
different process streams.

The framework for P-cycle assessment can lead to large amounts of unified data gathered from WWTP
process streams in further studies and will facilitate decisions on application of recovery strategies. Based
on knowledge of the distribution of free and bound P between process streams new in-stream P recovery
strategies can be designed, preferably on-site and in-time, that fit to the individual design of a WWTP
without disrupting the functioning of the wastewater purification and at the same time avoiding the loss

of a non-renewable resource.
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FIGURES

Figure 1: Scheme of the WWTP Eilenburg process streams. The numbers highlight the sampling points for
P determination: 1.inflow, 2.grit chamber start, 3.grit chamber end, 4.primary clarifier, 5.primary sludge,
6.aeration tankl, 7.aeration tank2, 8.precipitation shaft, 9.secondary clarifierl, 10.secondary clarifier2,
11.return sludge, 12.excess sludge, 13.anaerobic digester sludge, 14.centrate, 15.biosolids, 16.effluent.
Wastewater streams are marked by brown arrows, sludge streams are marked by grey arrows, biosolids
are marked with black arrow and effluent marked with blue arrow. Sampling points are named according

to the WWTP process stages.

Figure 2: Graphical summary of the WWTP P balance with regard to free P, bound P, total P, daily P mass
load rates, and P content in DM. The total P mass load rates were weighted against P content in DM. The
economically feasible P thresholds for application of P recovery technologies were set for the total P (free
and bound P) concentration of 0.05 kg m (horizontal red line) and for P content in DM of 20 g P kgom™
(vertical red line). The value of total P mass load rates is represented by the size of the circles within which
the percentages of bound P vs. free P were highlighted. Promising P recovery process streams towards
high amounts of total P (free P and bound P) and high daily P mass load rates were visualized by the circles
above the red horizontal line. Process streams that have P contents higher than 20 g P kgom® were

visualized on the right side of the vertical red line.
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Figure 3: Variation of community structures over 748 days of sampling, visualized by NMDS plotting of the
Bray-Curtis distance measure. The cytometric data were evaluated with the tool flowCybar. All 16
individual sampling points are shown. Each circle represents a community and the size of each circle
corresponds to the time of sampling, starting with day 1 as the smallest circle. The centroids are marked
with a black cross. The average distance to centroid (DTC) within each community is shown on the lower
left side of each plot and the centroid coordinates in Sl Table 5. l.inflow, 2.grit chamber start, 3.grit
chamber end, 4.primary clarifier, 5.primary sludge, 6.aeration tankl, 7.aeration tank2, 8.precipitation
shaft, 9.secondary clarifierl, 10.secondary clarifier2, 11.return sludge, 12.excess sludge, 13.anaerobic

digester sludge, 14.centrate, 15.biosolids, 16.effluent.

Figure 4: Circos plot representing the interactions between microbial SCs and concentrations of bound
and free P based on Spearmans correlation coefficient rho, which was calculated by successive addition
of sampled days per process stream until the end of the sampling campaign. Correlations are given as
colored lines between the color coded sampling points and the respective P type (red: positive
correlations, grey: negative correlations). The axis indicates the number of all significant correlations
(P<0.05) per process stream corrected by the number of days and the number of SCs with at least 1%
average relative cell abundance (SCs = nr.gate). Only sampling points with economically feasible
concentrations of bound P and free P were included in the analysis (5.primary sludge, 6. and 7.aeration
tank1,2, 11.return sludge, 12.excess sludge, 13.anaerobic digester sludge, 14.centrate, 15.biosolids). For
the microbial communities data obtained with the tool flowCyBar were used for the analysis. Additional

information can be found in the corresponding heatmaps (S| Figure 5).

Figure 5: Circos plot representing the interactions between microbial SCs and concentrations of
biologically bound P and free P for either days with rather chemically removed P (upper 25% quintile:
15.65 kg d*P; left side) or days with rather biologically removed P (upper 25% quintile: 36.28 kg d* P; right
side), indicating times with inefficient and efficient biological P removal. Spearmans correlation coefficient
rho and successive addition of the data of the sampling points was used for the correlation analysis.
Colored lines between the color coded sampling points and the respective P type highlight the type of
interactions. The axis indicates the number of all significant correlations (P<0.05) per process stream
corrected by the number of days and the number of SCs with at least 1% average relative cell abundance

(SCs = nr.gate). Sampling points 6. and 7.aeration tank1,2, 8.precipitation shaft, 11.return sludge,

29



940
941

12.excess sludge, 13.anaerobic digester sludge, 14.centrate, and 15.biosolids were investigated.

Additional information can be found in Sl Figure 3 and corresponding heatmaps (Sl Figure 6).
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