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Abstract
Most recent advances for phosphorus (P) recovery using brewery yeast on lab-
oratory scale were used to scale up to a pilot-scale process (BioP-Rec module)
and applied in a full-scale wastewater treatment plant (WWTP). A P balance
was established for WWTP Markranstädt according to two thresholds: (1) the
economic feasibility threshold for P recovery of 0.05 kg/m3 of free P, and (2)
the German Sewage Sludge Ordinance (GSSO) threshold, which demands that
all WWTPs with a P content in dry matter (DM) of biosolids of 20 gP/kgDM or
higher in the coming years must perform mandatory P recovery. In terms of
defined thresholds, return and excess sludges were identified as the most fea-
sible WWTP process streams for P recovery. In a 1 m3 BioP-Rec module a 3 stage
process was established. From the P-rich water-phase of the return sludge pro-
duced in stage 1, which contained 0.051 kg/m3 of free P, 77.56% was taken up by
P-depleted brewer’s yeast Saccharomyces pastorianus in 3 h in stage 2. In stage
3, the yeast was concentrated in 1 h to produce yeast sludge as a fertilizer prod-
uct. We demonstrated a novel pilot-scale process for the production of bio-based
P-rich fertilizer.

KEYWORDS
biological phosphorus recovery, brewery yeast, pilot scale wastewater phosphorus recovery,
Saccharomyces pastorianus

1 INTRODUCTION

The recovery of critical resources from waste and their
reintegration into production streams is a current priority.
Phosphorus (P) as an EU critical raw material [1] is essen-
tial for living organisms and is primarily acquired from P

Abbreviations: BioP-Rec, biological P recovery process; DM, dry
matter; FM, fresh matter; GSSO, German Sewage Sludge Ordinance;
IBC, intermediate bulk container; P, phosphorus; WWTP, wastewater
treatment plant.
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rock ore [2, 3] which contains significant amounts of heavy
metals [2, 4, 5]. Most P is used in agriculture as a fertilizer
[6]. Without P, global food production would be impaired,
and therefore, P should be recycled wherever possible, for
example, from wastewater. In wastewater, human urine
and feces account for about 3 Mt P/a [7, 8] and if recovered
could potentially cover 20% (19.1 Mt/a) of the P needed for
agriculture worldwide [8].
P recovery technologies from wastewater are currently

focusing on full-scale chemical P recovery [9, 10] with stru-
vite as a product (P recovery up to 95%) or P recovery

Eng Life Sci. 2024;24:e2300208. www.els-journal.com 1 of 12
https://doi.org/10.1002/elsc.202300208

https://orcid.org/0000-0003-2060-6256
mailto:susann.mueller@ufz.de
http://creativecommons.org/licenses/by-nc/4.0/
http://www.els-journal.com
https://doi.org/10.1002/elsc.202300208


2 of 12 VUČIĆ et al.

from sludge ash after mono-incineration [11–13]. However,
chemical recovery to struvite needs the addition of mag-
nesium which is also an EU level critical resource [1],
or high amounts of acids and bases for P recovery from
sludge ash which is not environmentally friendly [14, 15].
Contrastingly, biological P recovery technologies are still
mainly on a laboratory scale or on pilot scale [16, 17].
Here, we have recognized a research gap, and to sup-
port biological P recovery application on a larger scale, we
demonstrate a novel biological P recovery process (BioP-
Rec) from wastewater using brewer’s yeast. Brewer’s yeast
can take up up to 28% of poly-P on a dry matter (DM) cell
basis [18] and on a laboratory scale has beenwell optimized
[18–20], which support our scale-up. Yeast is regarded as a
safe microorganism for human application (GRAS) with
around 15–18 t of surplus brewery yeast per 10,000 hec-
toliter of beer fermented available [21], qualifying it for
fertilizer application [22].
The European Union and national legislative initiatives

to support P recovery from wastewater are currently hav-
ing amajor impact on the search for solutions [1, 5, 23]. For
instance, the German Sewage Sludge Ordinance (GSSO)
demands that all wastewater treatment plants (WWTPs)
above 50,000 population equivalents (approx. 500WWTPs
that treat 2/3 of Germany’s wastewater) will need to com-
pulsory recover the P if their biosolids have a P content in
DM higher than 20 gP/kgDM [24]. Starting from 2029 this
will first impact the WWTPs with more than 100,000 pop-
ulation equivalents. Furthermore, total P above 0.05 kg/m3

is considered feasible for economical P recovery [25].
Therefore, the objectives of this study were: (i) to define,
suitable for P recovery, WWTP process streams with high
P concentrations and P content in DM above 20 gP/kgDM,
(ii) to create sludge-free water-phases from sludge with
free P (ortho-P) concentrations above 0.05 kg/m3 as only
free P can be taken up by yeast (or plants), (iii) to reduce
the P content in DM in sludge streams below 20 gP/kgDM
to comply with the GSSO, and (iv) to test if brewer’s
yeast is able to accumulate free P to produce a P-rich
fertilizer. A three-stage pilot process (BioP-Rec module)
was tested for the applicability and efficiency of biologi-
cal P recovery and the production of a biologically based
fertilizer.

2 MATERIALS ANDMETHODS

2.1 WWTP P balance

In the WWTP Markranstädt (51 ◦18′13.5″N, 12 ◦12′173″N,
Germany), 14 sampling campaigns at 21 sampling points,
representing different process streams, were performed in
a time period of 3 months as described in Supplementary

PRACTICAL APPLICATION

This work is meant to support the transfer of an
environmentally friendly, biological-based phos-
phorus (P) recovery technology using wastewater
treatment plant (WWTP) process streams. We
demonstrate a 1 m3 pilot-scale biological P recov-
ery process (BioP-Rec) that comprises three stages
to produce P-rich environmentally friendly fer-
tilizer by using brewer’s yeast – ready-to-use for
application in agriculture. The constraint for eco-
nomically feasible P concentrations for recovery
fromWWTPprocess streamswas respected, aswas
the German Sewage Sludge Ordinance law regula-
tion. The developed pilot plant is a first step toward
achieving biological P recovery from wastewater
streams and has the potential to be used on larger
scales.

Information (SI) 1. The process streams have been num-
bered according to their position in the WWTP scheme in
Figure S1.1.

2.2 BioP-Rec module process setup and
experimental design

The BioP-Rec module (Figure 1, technical details in SI 2)
was designed to use 12.return sludge as means to recover
free P. The feasibility of using 20.biosolids was also tested
(SI 3.3). The BioP-Rec module has three stages (Figure 1).
Stage 1 was used to produce a free P-rich water-phase
from 12.return sludge. Stage 2 supported yeastwashing and
growth on P-depletedmedium as a pre-treatment step (2a),
followed by the uptake of free P by this yeast (2b) by mix-
ing them with the P-rich water-phase produced in stage 1.
Stage 3 was a big bag filter that concentrated the yeast to
produce P-rich yeast fertilizer as a product. Table 1 gives an
overview of the experiments performed for the study with
12.return sludge.

2.2.1 BioP-Rec stage 1 – Free P enriched
water-phase production

The aim of stage 1 was to create a free P-rich water-phase
from 12.return sludge with at least 0.05 kg/m3 of free P and
lower the P content in sludge DM to below 20 gP/kgDM.
For free P release, an intermediate bulk container (IBC)
tank was filled up to 1000 L with return sludge and kept
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F IGURE 1 Scheme of the BioP-Rec module stages of a pilot scale of 1 m3: stage 1 anaerobic free P release from 12.return sludge to
produce a free P-rich water-phase; stage 2a yeast pre-treatment followed by stage 2b, aerobic free P uptake using stage 1 P-rich water-phase
and stage 2a yeast; stage 3 filtration to concentrate yeast sludge as a product (details SI 2).

under anaerobic conditions. Free P release was tested on
return sludge alone (positive control, experiment 3) and
supported by the addition of 1.5 L of citric acid (experi-
ment 1) and 1.85 L of citric acid (experiment 2). A stirrer (SI
2) was used at 1500 rpm to homogenize the sludge for 1 h
(experiment 1) and 3 h (experiments 2 and 3). To separate
biomass, return sludge was sedimented by gravitational
forces in experiment 2 and 3 for 24 and 72 h, respectively,
and with the addition of 600 mL of flocculant (Reiflock
RF 600, Reiflock Abwassertechnik GmbH, Baden-Baden,
Germany, Table S2.1) in experiment 1 after 1 h of free P
release, for the next 2 h. The resulting upper liquid phase
from experiment 1was low in sludge particles andmicroor-
ganisms and was used as P-rich water-phase for stage 2b
after resting overnight in stage 1. Experimental details and
chemicals are shown in SI 2 and SI 3. Free P release from
20.biosolids, methods and results are shown in SI 3.3.

Free P maintenance control for stage 1 water-phase
To ensure that there are no competing biological or
chemical free P removal mechanisms, two negative con-
trols were introduced. Free P-rich water-phase (400 L,
0.065 kg/m3 of free P) from experiment 1 was trans-
ferred from stage 1 to stage 2b within 30 min and was
treated with 200 L/min aeration and 50 rpm mixing for
free P maintenance. In addition, an artificially prepared
free P-rich water-phase of 0.065 kg/m3 (KH2PO4) in 500
L of WWTP effluent was treated in the same way. Both

experiments did not show loss of free P concentration
(Table S3.2).

2.2.2 BioP-Rec stage 2a – Yeast
pre-treatment

The Saccharomyces pastorianus lager beer strain, acquired
from an active brewery, was used for P uptake experi-
ments. The strain originated from cylindro-conical storage
tanks from up to four serial repitchings and was sampled
and transported in 20 L containers. After 48 h storage at
4◦C, the yeast sludge was separated from the free P-rich
solution (1–2 L) using a suction gun (SI 4). Following,
10.5 kg of drained yeast sludge was transferred to stage 2a,
where leftover extracellular P was removed in two sequen-
tial washing steps using 400 L of effluent water, mixed
at 50 rpm for 10 min, settled, and drained for 15 min to
leave 80 L of yeast and water. The settled yeast was then
flooded with 400 L of effluent water amended with P-
depleted medium (Table S2.1, stage 2a). The yeast was
grown for 48 h to deplete the intracellular P pools and
produce additional biomass. Growth medium was repeat-
edly neutralized using 30% KOH to keep the pH between
5 and 6 (SI 4). After 48 h the proliferated yeast was again
washed with 400 L of effluent water, settled, and drained
to leave 80 L of yeast and water. This yeast was used in
stage 2b.
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2.2.3 BioP-Rec stage 2b – Yeast free P uptake
and accumulation

For stage 2b free P recovery, P-depleted yeast (on average
4.239 kg/m3 yeast DM) from stage 2a was flooded with
400 L free P-rich water-phase created in experiment 1 from
stage 1.A 25 kg/m3 of sucrosewas added as a carbon source,
together with 30 mL of sunflower oil to prevent foaming
(Table S2.1, stage 2b). The process was run for 3 h under
aerobic conditions at 200 L/min of aeration and 50 rpm of
mixing.

2.2.4 BioP-Rec stage 3 product generation

In stage 3, a big bag filter was used to filter the P-enriched
yeast from the liquid, thus reducing the volume for later
use as fertilizer. The yeast was pumped from stage 2b to
stage 3 with 2000 L/h (SI 2) and separated from the liquid
within 1 h.

2.2.5 BioP-Rec module sensors

In all stages, as a standard, dissolved O2 (mg/L), pH, and
T (◦C) were measured with sensors (SI 2), operated, and
calibrated according to manufacturer instructions.

2.3 Analyses and calculations

2.3.1 Determination of total P, free P, and
bound P

The analysis of total P [kg/m3], free P [kg/m3], and
bound P calculation [kg/m3] for the P balance of WWTP
Markranstädt of all process streams and analysis of the P
content in DM of all process streams and yeast in the BioP-
Recmodule were done according to Vucic et al. (2021) [26].
Also in this study, the terms free P, total P, and bound P are
defined as free P dissolved in water (ortho-P = free P), as
total P of a sample, or as difference between total P and
free P, which includes P bound in microorganisms and P
precipitated, respectively. The determination of the same
values for 20.biosolids is provided in SI 3.
Measured free and total ortho-P were calculated as ele-

mental free P or total P with a conversion factor of 3.07 for
PO4

3− to P [27]. For routine analysis of free P and total P,
the Nanocolor Phosphate 15 kit (Macherey-Nagel GmbH
& Co. KG, Düren, Germany) and the Hach LCK 350, LCK
349, LCK 348 kit (Hach Lange GmbH, Düsseldorf, Ger-
many) with the D 500 spectrometer and the HACH DR
3900 spectrometer were used. The comparability between

the Nanocolor and Hach P determination kits was demon-
strated by calibration curves (SI 5). In addition, free P was
measuredwith amethodmodified fromTaussky and Shorr
(1952) [28] to mitigate costs (SI 6). All measurements with
the Taussky method were done in parallel, and as a single
or parallel when using Nanocolor or Hach cuvette tests. P
content in yeast was measured by Nanocolor cuvette test
and ICP-OES analyses (SI 8).

2.3.2 Fresh matter (FM) and dry matter
(DM) measurement

FM and DM concentrations [kg/m3] were measured using
two differentmethods forWWTP low biomass streams and
high biomass streams (SI 7). For both types of streams stan-
dardized daily measurement procedures were used. Low
biomass streams were 1.inflow municipal; 2.inflow indus-
trial, 3, 4, 5.grit chambers, 19.centrate, and 18.distribution
shaft. Here, FMwas determined by using 120mL to 600mL
of process streams to concentrate approximately 1 g of FM
with centrifugation steps at 3200 g, 10 min, 4◦C using
50mL Falcon tubes filled with a 40mL sample. The result-
ing pellet was transferred into 2 mL Eppendorf tubes and
centrifuged at 6000 g, 10 min, 4◦C. The supernatant was
discarded, and FM was measured. High biomass streams
were 6, 7, 11.nitrification basin, 8, 9, 10.denitrification
basins, 12, 13, 14.return sludge, and 15, 16, 17.excess sludge.
FM concentration was determined by using 2 mL of pro-
cess streams in 2 mL Eppendorf tubes or 40 mL of process
streams in 50mL Falcon tubes. The tubes were centrifuged
at 3200 g, 10 min, 4◦C and, after removal of the super-
natant, at 6000 g, 10min, 4◦C. For both types of streams the
tubes were dried for 3 days at 50◦C and DMwasmeasured.
All measurements were done in triplicates. For the low
biomass streams FM-DM conversion factors were deter-
mined (Table S7.1). Controls and devices are presented in
SI 7.1. In addition, a comparison between Hach TSS values
obtained from theWWTP and our values for high biomass
streams can be found in Table S7.2.
Furthermore, FM and DM concentrations [kg/m3] were

determined for yeast sludge (SI 7.2). The yeast specific
growth rate as a change of yeast DM concentration over
48 h was calculated for stage 2a. In the BioP-Rec module
stage 2b, the average yeast DM concentration was used for
calculation of P content in DM.

2.3.3 Calculation of P content in DM

The P content in DM in the WWTP P balance and for
the BioP-Rec module was measured and calculated as
described in SI 6–8. The BioP-Rec module yeast P content
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inDMwas additionally controlled by ICP-OES as shown in
SI 8. The accumulation of P in yeast cells was calculated as
a difference between the start and the end of the P content
in DM in BioP-Rec stages 2a and 2b.

2.3.4 Calculation of WWTP Markranstädt P
balance

WWTP Markranstädt P balance was calculated according
to Vučić et al. (2021) [26]. An adaptation of the calculation
pipeline due to the differences in WWTP design is shown
in SI 1.

3 RESULTS

3.1 WWTPMarkranstädt P balance

WWTP Markanstädt P balance was constructed with the
aim of finding P-rich streams with total P over 20 gP/kgDM
and above 0.05 kg/m3 and, therefore, feasible for P recov-
ery [25, 26]. The available P fractions for P recovery
were free P found in water-phases and bound P found
in solid phases of WWTP process streams, shown as a
total P (SI 1). Out of 21 sampling points, 12, 13, 14.return
sludge (0.295–0.301 kg/m3, also excess sludge with the
same properties), and 20.biosolids (0.269 kg/m3) with total
P above 0.05 kg/m3, and a P content in DM (28.459–
30.590 gP/kgDM) above the 20 gP/kgDM threshold of the
GSSO were deemed feasible for P recovery. Being the most
promising and the easiest to access, 12.return sludge was
taken to create a free P-rich water-phase for the recovery of
P using yeast. To ensure economic feasibility, we required
a concentration of 0.05 kg/m3 of free P in the P-rich water-
phase, which differs from the same value for total P in ref.
[25].

3.2 BioP-Rec process stage 1 – Free P
release from the return sludge

Stage 1 was designed to facilitate anaerobic free P release
from wastewater sludges. In the return sludge of the
WWTP Markranstädt, we found less than 1% of free P
(0.001 kg/m3, SI 1.3). Therefore, in stage 1, P bound in
sludge solid phase needed to be released to thewater-phase
as free P in an amount of at least 0.05 kg/m3. Without
any treatment of the return sludge (control experiment 3,
Figure 2A) 3 days were needed to release free P to reach
0.05 kg/m3 under anaerobic conditions (SI 3.1). Therefore,
citric acid was used to increase the release of free P from
the solid phase of the sludge in experiment 1 at a pH of

F IGURE 2 Release of free P from return sludge in BioP-Rec

module stage 1. (A) total P average of experiments 1–3. The free
P release in return sludge was tested under anaerobic conditions in

experiment 3 (positive control), after addition of citric acid:

1.5 L (experiment 1), or 1.85 L (experiment 2). 600 mL of
flocculant was added after 1 h of free P release in experiment 1. The
thick black line is the economic feasibility threshold of 0.05 kg/m3.
In the citric acid experiments, the black line was reached after a
minimum of 30 min. (B) P content in DM during free P release
decreased below 20 gP/kgDM (dashed black horizontal black line is

the GSSO threshold) in experiment 2. (C) pH profile during free

P release in stage 1. In experiment 1 – pH rose to 5.4 over 24 h,

experiment 2 – pH rose to 4.5 over 24 h. In control the pH
was stable. In all experiments dissolved O2 was 0 mg/L, and T stable
(SI 3.1).

4.1 (1.5 L of citric acid per 1000 L of sludge) within 2 h
and in experiment 2 at a pH of 4.0 (1.85 L of citric acid per
1000 L of sludge) within 24 h (Figure 2A,C). Free P reached
0.051 kg/m3 (experiment 1) and 0.106 kg/m3 (experiment 2)
within 30 min thus complying with the economically fea-
sible free P threshold. The release of free P was accelerated
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133- and 277-fold, respectively, compared to experiment 3
with a duration of 3 days. In addition, two negative controls
verified the maintenance of free P concentration in the
water-phase for 3.5 h (free P-rich water-phase from exper-
iment 1 and artificially prepared free P-rich water-phase,
SI 3.2) to ensure that no competing mechanisms reduce
the free P in the P-rich water-phase of stage 1. The neg-
ative controls were obtained from experiment 1 and from
an experiment where artificial free P concentrations were
applied (Table S3.2).
A water-phase rich in free P is required to contain

only low amounts of microorganisms. For the duration
of the free P release, in all experiments the return sludge
biomass was allowed to settle to separate the upper water-
phase from sludge. After 1 h of free P release, an iron-free
flocculant was added to accelerate the sludge settling in
experiment 1, resulting in 400 L of water-phase after 2 h
ready-to-use for P recovery in stage 2b (SI 3.2, Figure S3.3).
The flocculant did not cause a decrease of free P, creating
a water-phase with a biomass concentration of only 2%–
3% (SI 3.2). Without the flocculant, the separation of the
sludge from the water-phase took at least 24 h (experiment
2). The water-phase further used for stage 2b was from
experiment 1, after overnight resting in stage 1. In this time,
the pHof thewater-phase changed from initial pH4.1 to 5.4
(Figure 2C) and free P is present in a H2PO4

− bioavailable
form [29].
The release of free P from return sludge lowered the P

content in DM from 32.947 to 25.789 gP/kgDM after 24 h
in experiment 1. However, a higher citric acid content
resulted in a lower P content in DM below the GSSO
threshold of 20 gP/kgDM (Figure 2B). In experiment 2,
18.844 gP/kgDM was already reached within 30min.
To summarize, return sludge was the most impactful

WWTP process stream and used in stage 1 to create a low-
biomass, free P-rich water-phase within 3 h, with econom-
ically feasible free P concentrations, thereby producing
sludges that are within the GSSO compliance.

3.3 BioP-Rec process stage 2a – Yeast
pre-treatment

Brewer’s yeast had to be pre-treated before it could be used
for P recovery because it was first suspended in a solution
rich in free P coming from the brewing process and, sec-
ond, full of intracellular poly-P. Both circumstances hinder
a successful use of yeast as a means to take up the free P
from the water-phase produced in stage 1. Therefore, the
free P-rich solution of the yeast sludge must be removed,
and the yeast cells must be freed from their intracellu-
lar poly-P reserves. These two processes were performed

in stage 2a. The free P-rich solution (0.36 kg/m3) from
the yeast sludge containers was drained (1–2 L) with a
suction gun (SI 4) to be directly available as a P-rich fer-
tilizer. Following, the yeast was washed twice with 400
L effluent water to remove extracellular P from cell sur-
faces which led to only a slight decrease of total P and
free P while the yeast P content in DM did not change
(Figure S4.1A, B). The T was constant, and the pH and
dissolved O2 slightly decreased (Figure S4.1 C). Previous
reports by Christ and Blank (2019) [18] and Qin et al.
(2022) [20] demonstrated that yeast cells with low intracel-
lular P content have a high capacity to accumulate free P
and that these lower intracellular P concentrations can be
achieved by culturing yeast cells on P-depleted medium.
Therefore, to deplete the yeast of intracellular P, yeast was
grown for 48 h in P-depleted medium to urge the use of
intracellular reserves of poly-P for growth (Figure 3A–C).
Indeed, we found that during growth, P content in DM
of yeast dropped from 14.167 gP/kgDM (ICP OES 15.859
gP/kgDM) to 6.854 gP/kgDM (ICP OES 6.239 gP/kgDM) (2x
decrease, ICP 2.5x) (Figure 3B, SI 8). Therefore, intra-
cellular P was successfully lowered by growth under P
starvation conditions. Biomass increased on average from
4.480 kg/m3 of yeast DM to 9.353 kg/m3 with a specific
growth rate of 0.015 h−1 over 48 h. After growth, yeast
was sedimented to 80 L, washed with 400 L of effluent
water to remove growth medium, and sedimented again
to 80 L within 45 min. This yeast was now ready for use in
stage 2b.

3.4 BioP-Rec process stage 2b – Uptake
of free P by yeast

P-depleted yeast from stage 2a was used for P recovery
from free P-rich water-phase from stage 1 (experiment
1, with remaining sludge DM biomass concentration of
0.246 kg/m3) in stage 2b (Figure 3D–F). Within 3 h, the P
content in yeast DM (Figure 3E, SI 8) increased from 6.854
gP/kgDM (ICP OES 6.239 gP/kgDM) to 21.150 gP/kgDM (ICP
OES 16.351 gP/kgDM). This was a three-fold increase (ICP
OES 2.6x) in P content in DMwhere starved yeast accumu-
lated 14.736 gP/kgDM (ICP OES 10.112 gP/kgDM) with a free
P recovery efficiency of 77.56% of the initial 0.0518 kg/m3

free P of the water-phase. During the P recovery process,
T was on average 22◦C, dissolved O2 around 7 mg/L and
pH declined from pH 5.5 to 4 because of acidification from
yeast metabolism (Figure 3F). The experiment was per-
formed in three independent replicates. In stage 2b, we
demonstrated at a pilot scale of 1 m3 that yeast low in P
content in DM is an effective means of P recovery from
wastewater streams.
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F IGURE 3 Uptake of free P (stage 2b) from free P-rich water-phase (stage 1, experiment 1) by yeast after yeast pre-treatment (stage 2a)
and production of yeast fertilizer in stage 3. (A–C) Stage 2a – yeast pre-treatment by growth on P-depleted medium for 48 h. (D–F) Stage 2b –

yeast P uptake, and stage 3 – generation of P-rich product. Parameters: (A, D) free P and total P; (B, E) (SI 8): P content in DM

measured by Nanocolor cuvette test , P content in DMmeasured by ICP-OES and yeast DM . (C, F) + diss O2, × T, and − pH. In
(D–F) the vertical black line indicates yeast transfer and filtration into stage 3 where point 4 h shows the parameters of the product.

3.5 BioP-Rec process stage 3 – Yeast
filtration

In BioP-Rec stage 3, the fertilizer product was concen-
trated. Here, big bag filter (SI 2) was used to separate the
yeast biomass from the liquid. A 400 L of yeast solution
from stage 2b was pumped into stage 3, and after 1 h, about
5 L of the yeast product was harvested with an increase in
DM from 4.239 kg/m3 (st dev 1.877) to 11.933 kg/m3 (st dev
7.153) or 2.7-fold (4 h point black square, Figure 3E). The
variations in standard deviations of yeast DM were caused
by ineffective yeast settling and filtration due to high T,
where cells were lost due to the poor flocculation. There

was no free P release from yeast cells (Figure 3D) and no
loss of yeast P content in DM (Figure 3E) from 3 to 4 h. In
stage 3, we have shown that yeast sedimentation and filtra-
tion are viable options for the separation of the yeast from
the liquid solution to produce fertilizer.

4 DISCUSSION

On a full-scale WWTP, technologies for P recovery exist
and are based mainly on chemical P precipitation (see
overview e.g., [22]). The costs of those technologies range
from <1€/kg of P to more than 10€/kg of P recovered
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[30–32]. In this study, we tested a pilot-scale approach
based on biological P recovery which still cannot yet com-
pete with established full-scale chemical-based P recovery
technologies. But other biological-based P recovery tech-
nologies are still scarce [16, 17]. Therefore, considering
the economical feasible free P concentrations and GSSO,
and using the set of aims defined in the introduction, we
discuss the status and feasibility of the BioR-Rec mod-
ule, in which yeast was used to recovery P directly from
return sludge of a WWTP. The specific problem in this
study was that all streams (except biosolids) in the WWTP
Markranstädt had free P values below 0.01 kgP/m3. But
even under these circumstances, the BioP-Rec module
could be a first and valuable step to produce environmen-
tally friendly fertilizer while reducing the P content in the
biosolids below 20 gP/kgDM. The BioP-Rec module was a
three-stage process and was successfully applied to return
sludge. In stage 1 free P was released in concentrations
above 0.05 kg/m3. In stage 2 brewery yeast S. pastorianus
was starved of P by growth on medium depleted of P and
used to take up free P from the P-rich water-phase pro-
duced in stage 1. The P-rich yeast fertilizer was formed
and collected in stage 3. All stages are discussed in the
following chapters.

4.1 WWTPMarkranstädt P balance

Before using the BioP-Rec module for P recovery, a P bal-
ance [26] identified the WWTP process streams that are
richest in P and are therefore feasible for P recovery. The
process stream chosen for P recovery in this study was
return sludge fulfilling aim (i).

4.2 BioP-Rec process stage 1 – P release
from the return sludge

We fulfilled also aims (ii) and (iii) by creating P-rich water-
phases with free P concentrations above 0.05 kg/m3 and
lowering P contents in DM below the GSSO threshold of
20 gP/kgDM. The GSSO requires that beginning in January
2029, all WWTPs (>100,000 population equivalents) with
P levels in DM biosolids of 20 gP/kgDM and greater [24]
must recover P using available technologies.
An economically viable free P concentration of at least

0.05 kg/m3 was achieved most rapidly when citric acid
was added in stage 1 to assist P release to 0.106 kg/m3

within 30 min (Figure 2A, experiment 2). Free P release
was found to be lower with lower initial dosage of cit-
ric acid (experiment 1), similarly as reported for sludge
acidification with acetic acid [33–35]. The reason for the
faster free P release at lower pH is probably that low

pH might lead to toxification from undissociated acid
penetrating bacterial cell membranes [35]. Poly-P accumu-
lating microorganisms might be forced to pump out excess
acid which is an energy-intensive process. This energy is
obtained from poly-P degradation processes causing high
free P release [35]. The low pH caused by citric acids
might also dissolve precipitated P from metal complexes
[36]. In this study, we did not differentiate whether free P
release was biologically or also partly chemically based in
stage 1.
It has been reported that an efficient reduction of P con-

tent in DM of activated sludge also reduces P content in
DM in biosolids [37, 38]. In our pilot plant the release
of free P from sludge biomass after citric acid treatment
caused a decrease of P content in DM below 20 gP/kgDM
in the return sludge (experiment 2) from 29.725 to 18.844
gP/kgDM. Also Chaparro and Noguera (2003) found the P
content in DM in biosolids lowered from 50 to 32 gP/kgDM
after free P release from activated sludge by support of
volatile fatty acids [37]. Without using citric acid, the time
required to produce a P-rich water-phase and lower P con-
tent in DM of sludge was 72 h (experiment 3). If a WWTP
has sufficient space and basins to store return sludge long
enough to release free P, this could be a way of releasing
free P without chemicals.
We also tested the release of free P directly from dis-

solved biosolids (SI 3.3) in stage 1, but due to the lack in
separating the free P-rich water-phase from the biosolids,
we did not pursue this approach. Nevertheless, if a WWTP
comprises a digester, the biosolids can be used as carbon-
and energy source for the anaerobic microorganisms, and
due to the anaerobic conditions, the contained biologi-
cal bound P would be released into the centrate, resulting
in a free P-rich water-phase [26]. This centrate could
be fed directly to the yeast cells in stage 2b, avoiding
stage 1. We should note that the same procedure can
be done with return sludge if this material is used in a
digester.
Further possibilities may exist to increase the efficiency

of the BioP-Rec module stage 1 with additional techno-
logical upgrades. We have demonstrated that 400 L of
free P-rich water-phase low in return sludge biomass, can
be produced in 2 h using a flocculant, other flocculants
might be even more effective. Although citric acid was
required to release free P from return sludge in this study,
the use of this chemical may not be necessary in WWTPs
that have higher levels of free P in return sludge and
meet the free P threshold (0.05 kg m−3), for example,
because a WWTP operation supports enhanced biologi-
cal P removal (EBPR). Also, as mentioned above, streams
such as centrate from digesters or centrate from biosolid
dewatering stepswith iron-free flocculants can easily reach
this threshold, making the use of citric acid unnecessary.
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Furthermore, additional dewatering and filtration tech-
nologiesmight improve biomass separation to speed up the
process and avoid pathogens and other contaminants that
may be present in sludge [39].

4.3 BioP-Rec stage 2a, 2b – Yeast
pre-treatment, free P uptake, and P
accumulation

Fulfilling aim (iv) we showed that brewer’s yeast S. pas-
torianus can be used for biological P recovery from return
sludge. Yeast is known to accumulate free P in high con-
centrations (28% of poly-P on DM cell basis [18]), but they
can also lose their intracellular P upon different types of
shock, for example, high pH [40, 41]. In stage 2a, the drain-
ing and washing steps were non-invasive procedures that
removed extracellular P but not intracellular P. Recent
advances have shown that yeast initially cultivated on a
P-deficient medium is able to accumulate free P rapidly
and in high amounts. Christ and Blank (2019) reported for
benchtop experiments an increase of P content in DM of
P-starved yeast from 0.1 to 52 gP/kgDM [18] and Qin et al.
(2022) showed on the single cell level that initial growth
on P-depletedmedium led to an increased P-accumulation
capacity [20]. Based on these findings, we initiated star-
vation by a growth step for yeast on P-depleted medium
and used this yeast for P uptake from return sludge P-rich
water-phase. In stage 2b, yeast P content in DM increased
from 6.854 gP/kgDM (ICP OES 6.239 gP/kgDM) to 21.150
gP/kgDM (ICP OES 16.351 gP/kgDM) within 3 h. With this
a successful transfer of P yeast uptake from laboratory
to pilot-scale was achieved. The robustness of yeast was
demonstrated by Powell and Diacetis (2007), who found
no significant physiological differences in yeast after 135
generations [42]. Also, Bühligen et al. (2013, 2014) demon-
strated for S. pastorianus its ability to maintain longevity
due to the up regulation of autophagy, telomere silencing,
and telomere protection genes with a stable rejuvenation
rate during asmany as 20 serial fermentation runs [43, 44].
Therefore, due to the current state of research on P uptake,
robustness, and general availability, S. pastorianus seems
like a good choice as amicroorganism for P recovery. Other
bench top protocols reported also high uptake rates, up to
38 gP/kgDM [45] of P after starvation. It might be a future
possibility to use engineered yeasts such asHansenula fabi-
anii and H. anomala which are able to accumulate huge
amounts of P on the laboratory scale [46]. However, due
to the unpredicted consequences for nature and human
health [47], using genetically engineered strains is under
strict regulation [48], and cannot be used as fertilizer in
the open environment.

4.4 BioP-Rec stage 3 – Yeast filtration to
create the product

Yeast sedimentation and filtration using a big bag filter
were the main approaches to concentrate the yeast in
this study. Normally, S. pastorianus flocculates and set-
tles at a temperature of 4◦C without further intervention
[49, 50]. However, due to the high external temperature
(>20◦C), the yeast did not settle well in our pilot plant
and therefore had to be filtered. During this process the
yeast did not lose accumulated intracellular P. In future,
other filtration and dewatering technologies might be use-
ful. The product, together with the liquid drained from
the brewer’s yeast canisters could be directly used as fer-
tilizer on farmland. Yeast as a fertilizer was evaluated on
corn (Zea mays), sugarcane (Saccharum officinarum, S.
spontaneum), tomato (Solanum lycopersicum), and pine
trees (Pinus sylvestris, Armeniaca sibirica), where results
showed higher plant biomass production, higher nitrogen
and P assimilation, and improved soil quality in com-
parison to plants without yeast fertilization [22, 51, 52].
Bio-stimulating effects of yeast as a fertilizer can be direct,
such as the addition of soluble nutrients [53], production of
different phytohormones and enzymes that support plant
growth, and indirect mechanisms such as themitigation of
stress caused by high salinity, metal toxicity, or pH [54, 55].
Therefore, we believe that excess brewer’s yeast [21] can be
good microorganisms for P recovery to produce an envi-
ronmentally friendly fertilizer as an endproduct that is safe
for humans.

4.5 Summary

At a pilot scale of 1 m3, we demonstrated a three-stage P
recovery process combining the production of a free P-rich
water-phase in 3 h (stage 1), the production of P-depleted
yeast in 48 h (stage 2a), the recovery of free P using P-
depleted yeast in 3 h (stage 2b), and the production of
P-rich yeast sludge in 1 h as fertilizer (stage 3). Stage 2a
is independent of the other stages and can be carried out
in a stand-alone procedure. Therefore, the core process
takes 7 h. The development of green and environmentally
friendly nutrient recovery processes will play an increas-
ingly important role in the future. The pilot plant presented
here is a step in this direction.

ACKNOWLEDGMENTS
The authors want to thank Christine Süring, Susanne
Günther, and Lena Feissel for helping in organization
and establishment of the BioP-Rec-module and contribut-
ing with sampling and analyses to the experiments. Also,



VUČIĆ et al. 11 of 12

thank you goes to WWTP colleagues Jens Meyer, Thomas
Potzelt, Birgit Roeckl, Max Rolle, Cindy Hennig, Dario
Müller, Simone Stein, and a local brewery for yeast
supply. This work was supported by the Deutsche Bun-
desministerium fürWirtschaft und Energie [grant number
16KN043226], and the Helmholtz Association, Helmholtz-
Centre for Environmental Research – UFZ, Germany in
the frame of the Integrated Platform Electro-Biorefineries
& Biosyntheses.

CONFL ICT OF INTEREST STATEMENT
The authors have declared no conflict of interest.

DATA AVAILAB IL ITY STATEMENT
All data was made available upon manuscript submission
in pdf format.

ORCID
SusannMüller https://orcid.org/0000-0003-2060-6256

REFERENCES
1. COM (2017). Communication from the commission to the Euro-

pean parliament, the council, the European economic and social
committee and the committee of the regions on the 2017 list of
critical raw materials for the EU, COM/2017/0490 final.

2. Scholz RW, Ulrich AE, Eilittä M, Roy A. Sustainable use
of phosphorus: a finite resource. Sci Total Environ. 2013;461–
462:799-803.

3. Elser JJ. Phosphorus: a limiting nutrient for humanity? Curr
Opin Biotechnol. 2012;23:833-838.

4. Reta G, Dong X, Li Z, Su B, et al. Environmental impact
of phosphate mining and beneficiation: review. Int J Hydrol.
2018;2:424-431.

5. Santos A, Almeida P, Alvarenga P, et al. From wastewater
to fertilizer products: alternative paths to mitigate phosphorus
demand in European countries. Chemosphere. 2021;284:131258.

6. Johnston AE, Poulton PR, Fixen PE, Curtin D. Chapter five –
phosphorus: its efficient use in agriculture. In: Sparks DL, ed.
Advances in Agronomy. Vol. 123. Academic Press; 2014:177-228.

7. Yang Y, Shi X, Ballent W, Mayer BK. Biological phosphorus
recovery: review of current progress and future needs. Water
Environ Res. 2017;89:2122-2135.

8. Kok DJD, Pande S, van Lier JB, et al. Global phosphorus recov-
ery fromwastewater for agricultural reuse.Hydrol Earth Syst Sci.
2018;22:5781-5799.

9. Christiansen NH, Sorensen P, Labouriau R, et al. Characterizing
phosphorus availability in waste products by chemical extrac-
tions and plant uptake. J Plant Nutr Soil Sci. 2020;183:416-428.

10. Lam KL, Solon K, Jia M, et al. Life cycle environmental impacts
of wastewater-derived phosphorus products: an agricultural
end-user perspective. Environ Sci Technol. 2022;56:10289-10298.

11. Di Capua F, Sario S, Ferraro A, et al. Phosphorous removal
and recovery from urban wastewater: current practices and new
directions. Sci Total Environ. 2022;823:153750.

12. Alves K, Espinosa Modolo R, Martini B, et al. Systematic
mapping of phosphorus recovery from industrial wastewater.

Revista AIDIS de Ingeniería y Ciencias Ambientales Investigación
Desarrollo y Práctica. 2021;14:673-694.

13. Egle L, Rechberger H, Krampe J, Zessner M. Phosphorus recov-
ery from municipal wastewater: an integrated comparative
technological, environmental and economic assessment of P
recovery technologies. Sci Total Environ. 2016;571:522-542.

14. Amann A, Zoboli O, Krampe J, Rechberger H, et al. Envi-
ronmental impacts of phosphorus recovery from municipal
wastwater. Resour Conserv Recycl 2018;130:127-139.

15. Santos AF, Almeida PV, Alvarenga P, et al. From wastewater
to fertilizer products: alternative paths to mitigate phospho-
rus demands in European countries. Chemosphere. 2021;284:
131258.

16. Vučić V, Müller S. New developments in biological phospho-
rus accessibility and recovery approaches from soil and waste
streams. Eng Life Sci. 2021;21:77-86.

17. Quist-Jensen CA, Wybrandt L, Løkkegaard H, et al. Pilot-
scale study for phosphorus recovery by sludge acidification and
dewatering. Environ Technol. 2020;41:2928-2934.

18. Christ JJ, Blank LM. Saccharomyces cerevisiae containing 28%
polyphosphate and production of a polyphosphate-rich yeast
extract thereof. FEMS Yeast Res. 2019;19:1-13.

19. Qin W, Stärk HJ, Müller S, et al. Determination of elemental
distribution and evaluation of elemental concentration in sin-
gle saccharomyces cerevisiae cells using single cell-inductively
coupled plasma mass spectrometry.Metallomics. 2021;13:1-10.

20. Qin W, Stark HJ, Müller S, Reemtsma T. Exploring the extent
of phosphorus and heavy metal uptake by single cells of sac-
charomyces cerevisiae and their effects on intrinsic elements by
sc-icp-tof-ms. Front Microbiol. 2022;13:870931.

21. Jaeger A, Arendt EK, Zannini E, Sahin AW. Brewer’s spent
yeast (bsy), an underutilized brewing by-product. Fermentation.
2020;6:123.

22. Günther S, Grunert M, Müller S. Overview of recent advances
in phosphorus recovery for fertilizer production. Eng Life Sci.
2018;18:434-439.

23. Zhu F, Cakmak EK, Cetecioglu Z. Phosphorus recovery for cir-
cular Economy: application potential of feasible resources and
engineering processes in Europe. Chem Eng J. 2023;454:140153.

24. Ordinance on the Reorganization of Sewage Sludge Utilization,
Federal Law Gazette Vol. 2017 Teil I Nr 65.

25. Cornel P, Schaum C. Phosphorus recovery from wastewater:
needs, technologies and costs. Water Sci Technol. 2009;59:1069-
1076.

26. Vučić V, Süring C, Harms H, et al. A framework for P-cycle
assessment in wastewater treatment plants. Sci Total Environ.
2021;760:143392.

27. Macherey-Nagel. Water analysis – basic principle of water anal-
ysis. In: Schneider E, ed. Basic Principle of Water Analysis.
Macherey-Nagel GmbH & Co; 2017:49.

28. TausskyHH, Shorr E. Amicrocolorimetricmethod for the deter-
mination of inorganic phosphorus. J Biol Chem. 1953;202:675-
685.

29. Taglieri P, Milham P, Holford P, Morrison RA. Methodology to
estimate net proton: phosphorus co-adsorption ratios for acidic
soils. Adv Chem Res. 2020;2:1-16.

30. Molinos-Senante M, Hernandez-Sancho F, Sala-Garrido R,
Garrido-Basrba M. Economic feasibility study for phosphorus
recovery processes. Ambio. 2011;40:408-416.

https://orcid.org/0000-0003-2060-6256
https://orcid.org/0000-0003-2060-6256


12 of 12 VUČIĆ et al.

31. Dockhorn T. About the economy of phosphorus recovery. In:
Ashley K, Mavinic D,Koch F, eds. International Conference on
Nutrient Recovery from Wastewater Streams. IWA Publishing;
2009.

32. Nattorp A, Remmen K, Remy C. Cost assessment of different
routes for phosphorus recovery fromwastewater using data from
pilot and production plants. Water Sci Technol. 2017;76(2):413-
424.

33. Cydzik-KwiatkowskaA, NosekD. Biological release of phospho-
rus is more efficient from activated than from aerobic granular
sludge. Sci Rep. 2020;10:11076.

34. Anders A, Weigand H, Platen H. Phosphorus recovery by re-
dissolution from activated sludge – effects of carbon source and
supplementation level revisited. Environ Sci Water Res Technol.
2023;9:134-145.

35. Feng C, Welles L, Zhang X, et al. Stress-induced assays for
polyphosphate quantification by uncoupling acetic acid uptake
and anaerobic phosphorus release.Water Res. 2020;169:115228.

36. Pakdil NB, Filibeli A. Effects of organic and inorganic acids on
phosphorus release from municipal sludge. Water SCI Technol.
2007;56:87-94.

37. Chaparro SK, Noguera DR. Controlling biosolids phosphorus
content in enhanced biological phosphorus removal reactors.
Water Environ Res. 2003;75:254-262.

38. Gonzalez-Silva B, Nair A, Fiksdal D, et al. Enhancing nutrient
recovery by optimizing phosphorus stripping of bio-p sludge:
experimental analysis and modeling. J Water Process Eng.
2022;48:102857.

39. Kacprzak M, Neczaj E, Fijałkowski K, et al. Sewage sludge
disposal strategies for sustainable development. Environ Res.
2017;156:39-46.

40. Serra-Cardona A, Canadell D, Ariño J. Coordinate responses to
alkaline pH stress in budding yeast.Microb Cell. 2015;2:182-196.

41. Tijssen JPF, Dubbelman TMAR, Van Steveninck J. Isolation and
characterization of polyphosphates from the yeast cell surface.
Biochim Biophys Acta – Gen Subj. 1983;760:143-148.

42. Powell CD, Diacetis AN. Long term serial repitching and the
genetic and phenotypic stability of brewer’s yeast. J Inst Brew.
2007;113:67-74.

43. Bühligen F, Lindner P, Fetzer I, et al. Analysis of aging in lager
brewing yeast during serial repitching. J Biotechnol. 2014;187:60-
70.

44. Bühligen F, Rüdinger P, Fetzer I, et al. Sustainability of indus-
trial yeast serial repitching practice studied by gene expression
and correlation analysis. J Biotechnol. 2013;168:718-728.

45. Vagabov VM, Trilisenko LV, Kulaev IS. Dependence of inorganic
polyphosphate chain length on the orthophosphate content
in the culture medium of the yeast Saccharomyces cerevisiae.
Biochemistry (Moscow). 2000;65:349-354.

46. Watanabe T, Ozaki N, Iwashita K, et al. Breeding of wastew-
ater treatment yeasts that accumulate high concentrations of
phosphorus. Appl Microbiol Biotechnol. 2008;80:331-338.

47. PrakashD, Verma S, Bhatia R, Tiwary BN. Risks and precautions
of genetically modified organisms. ISRN Ecol. 2011;10:1-13.

48. Wesseler J, Kleter G, Meulenbroek M, Purnhagen KP. EU reg-
ulation of genetically modified microorganisms in light of new
policy developments: possible implications for EU bioeconomy
investments. Appl Econ Perspect Policy. 2023;13259:1-21.

49. VanMulders SE, GhequireM, Daenen L, et al. Flocculation gene
variability in industrial brewer’s yeast strains. Appl Microbiol
Biotechnol. 2010;88:1321-1331.

50. Müller S, Hutter KJ, Bley T, et al. Dynamics of yeast cell
states during proliferation and non proliferation periods in a
brewing reactormonitored bymultidimensional flow cytometry.
Bioprocess Eng. 1997;17:287-293.

51. Lonhienne T, Mason M, Ragan M, et al. Yeast as a biofer-
tilizer alters plant growth and morphology. Crop Sci. 2014;54:
785-790.

52. Xi Q, LaiW, Cui Y,WuH, et al. Effect of yeast extract on seedling
growth promotion and soil improvement in afforestation in a
semiarid chestnut soil area. Forests. 2019;10:76.

53. Mata R, Ratinho S, Fangueiro D. Assessment of the envi-
ronmental impact of yeast waste application to soil: an
integrated approach. Waste Biomass Valorization. 2019;10:
1767-1777.

54. Hernández-Fernández M, Cordero-Bueso G, Ruiz-Muñoz M,
Cantoral JM. Culturable yeasts as biofertilizers and biopesticides
for a sustainable agriculture: a comprehensive review. Plants.
2021;10:822.

55. Csambalik L, Tóbiás A. Application of Saccharomyces cerevisiae
for nutritional value enhancement in agricultural plants – a
review. Acta Biol Szeged. 2019;62:146-157.

SUPPORT ING INFORMATION
Additional supporting information can be found online
in the Supporting Information section at the end of this
article.

How to cite this article: Vučić V, Harms H,
Müller S. Biological recovery of phosphorus
(BioP-Rec) from wastewater streams using brewer’s
yeast on pilot-scale. Eng Life Sci. 2024;24:e2300208.
https://doi.org/10.1002/elsc.202300208

https://doi.org/10.1002/elsc.202300208

	Biological recovery of phosphorus (BioP-Rec) from wastewater streams using brewer’s yeast on pilot-scale
	Abstract
	1 | INTRODUCTION
	2 | MATERIALS AND METHODS
	2.1 | WWTP P balance
	2.2 | BioP-Rec module process setup and experimental design
	2.2.1 | BioP-Rec stage 1 - Free P enriched water-phase production
	2.2.2 | BioP-Rec stage 2a - Yeast pre-treatment
	2.2.3 | BioP-Rec stage 2b - Yeast free P uptake and accumulation
	2.2.4 | BioP-Rec stage 3 product generation
	2.2.5 | BioP-Rec module sensors

	2.3 | Analyses and calculations
	2.3.1 | Determination of total P, free P, and bound P
	2.3.2 | Fresh matter (FM) and dry matter (DM) measurement
	2.3.3 | Calculation of P content in DM
	2.3.4 | Calculation of WWTP Markranstädt P balance


	3 | RESULTS
	3.1 | WWTP Markranstädt P balance
	3.2 | BioP-Rec process stage 1 - Free P release from the return sludge
	3.3 | BioP-Rec process stage 2a - Yeast pre-treatment
	3.4 | BioP-Rec process stage 2b - Uptake of free P by yeast
	3.5 | BioP-Rec process stage 3 - Yeast filtration

	4 | DISCUSSION
	4.1 | WWTP Markranstädt P balance
	4.2 | BioP-Rec process stage 1 - P release from the return sludge
	4.3 | BioP-Rec stage 2a, 2b - Yeast pre-treatment, free P uptake, and P accumulation
	4.4 | BioP-Rec stage 3 - Yeast filtration to create the product
	4.5 | Summary

	ACKNOWLEDGMENTS
	CONFLICT OF INTEREST STATEMENT
	DATA AVAILABILITY STATEMENT

	ORCID
	REFERENCES
	SUPPORTING INFORMATION


