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Abbreviations:

NMR

EDTA

EBPR

EPS

nuclear magnetic resonance
ethylenediaminetetraacetic acid
enhanced biological phosphorus removal
extracellular polymeric substances
inductively coupled plasma
polyphosphate

parts per million

31p chemical shift

polyphosphate accumulating organism
solid state nuclear magnetic resonance

total phosphorus
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Abstract: Polyphosphate (poly-P) is a major constituerddtivated sludge from wastewater
treatment plants with enhanced biological phosphoemoval due to poly-P synthesis by poly-P
accumulating organisms where it plays an impontalet for recovery of phosphorus from waste
water. The aim is to develop a reliable protocoldoly-P quantification by'‘P NMR spectroscopy.
This has so far been complicated by the risks efficient extraction and poly-P hydrolysis in the
extracts. A protocol for complete extraction, idiceition and quantification of poly-P in activated
sludge from a waste water treatment plant was ifiiethbased on test and evaluation of existing
extraction protocols in combination with poly-P el@ination and quantification by solution and
solid state’’P NMR spectroscopy. The total poly-P middle groaptent was quantified by solid
state NMR for comparison with the poly-P middlewgwe quantified by solution NMR, which is
novel. Three different extraction protocols usetiterature were compared: 1) a single 0.25 M
NaOH-0.05 M EDTA extraction, 2) a 0.05 M EDTA pret@action followed by a 0.25 M NaOH
main extraction and 3) a 0.05 M EDTA pre-extractioltowed by a 0.25 M NaOH-0.05 M EDTA
main extractionThe results showed that the extraction protocob® wptimal for fresh activated
sludge, extracting 10.8+0.4 to 11.4+1.2 mgP/gDWyglExtraction protocols 1 and 3 extracted
less than 9.4+0.5 mgP/gDW poly-P. A comparisorhefduantification of poly-P b¥/P solution
NMR and by*'P solid state NMR spectroscopy of lyophilised aattdd sludge showed 86 +9%
extraction efficiency of poly-P, which confirms ththe extraction protocol recovered most of the

poly-P from the samples without pronounced polyeBrddation.

Keywords: polyphosphate, identification, quantificatidf®, solid state NMR, EBPR, biological

waste water treatment
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1. Introduction

Phosphorus (P) recovery from waste water is annaltee P resource that becomes increasingly
important as global P reserves are limited (Corekedll. 2011). P recovery from domestic waste
water can cover up to 20% of the global phosphoomsumption (Yuan et al. 2012). Phosphorus
and nitrogen are removed during the treatment stevaater in order to protect the recipient from
excess nutrients. Today, the most common methoBsremoval from municipal waste water
include enhanced biological P removal (EBPR) (&ihgl. 1992) and precipitation by
aluminum(lll) (AP or iron(lll) (F€*") compounds. Enhanced biological P removal relies o
aerobic uptake of phosphate and conversion tonaténorganic polyphosphate (poly-P) by poly-P
accumulating organisms (PAOs) (Yuan et al. 201Bg Uise of EBPR is cost-effective, as it saves
chemicals and enhances the value of the sludgéeasliaer (Kahiluoto et al. 2015, O'Connor et al.
2004). Furthermore, poly-P might also be useddover P, e.g., as struvite if the degradation of
poly-P and the subsequent release of orthophospioatePAOs can be controlled (Yuan et al.
2012). Optimisation of the P uptake in PAOs by EByBRems and control of the subsequent
phosphate release requires correct identificatmmhcuantification of the total amount of poly-P in
the sludge. In order to better understand and aggithe EBPR process, and retain more P, one
should be able to precisely quantify and identify poly-P formed by the PAOs to, e.g., monitor
changes in the poly-P accumulation under diffecemiditions. However, reliable methods for the
guantification of the poly-P species are needetba®nt methods have several shortcomings such
as inefficient extraction and poly-P degradationf¢r et al. 2008).

Although several methods exist for poly-P idenéfion and quantification, none of these methods
have been proven to reliably quantify the totalyg@lcontent of bulk activated sludge. One of the
most common methods for quantification of poly-Rnvironmental samples is staining followed

by fluorometry (Hupfer et al. 2008, Majed et al12) which often includes an alkaline extraction
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with NaOH (Diaz and Ingall 2010, Majed et al. 201®)a permeabilisation step which allows the
dye to cross cell membranes (Gomes et al. 2013Js,Tdbsolute quantification of poly-P by
staining techniques may be hindered due to, egufficient extraction/permeabilisation and the
risk of degradation of poly-P in the extract (Magtdl. 2012). Furthermore, many dyes only bind
to longer poly-P chains (>1Q)RDiaz and Ingall 2010, Hupfer et al. 2008), wheottludes short-
chain poly-P from the quantification. Raman micpe&roscopy allows for identification and
guantification of poly-P on a cellular level in metted sludge, but this has so far not been
transferred into absolute, bulk quantities (Majedle2009), even though a recent study have
successfully quantified species-specific poly-Ptents by Raman-fluorescence in situ
hybridisation (FISH) (Fernando et al. 2018).

%P NMR analyses have been used for investigatiopslgP in sludge since 1983 (Cade-Menun
2005b, Florentz and Granger 1983), e chemical shift reflects the position of the php
group in the poly-P chain: Terminal phosphate atehd of the chain (PP1 group) can be
distinguished from penultimate phosphate groups theaend of the chain (PP2 and PP3) and
phosphate groups inside the poly-P chain (PP4)s& geoups can be directly quantified*y
solution NMR spectroscopy (Hupfer et al. 2008). ld@er, comparisons among studies are
hampered by the large differences in sludge préiparaextraction procedures, and preparation of
the extracts for th&P NMR analysis. Hence, previot® solution NMR studies of organic P and
poly-P from different environmental samples inchgisludge used a wide range of combinations
of pre-treatment (air-drying, freezing/lyophilisatietc.), pre-extractant (ethylenediaminetetraaceti
acid (EDTA), trichloroacetic acid, etc.), main edtant (EDTA-NaOH, NaOH, etc.) and post-
treatments of the extracts (e.g., lyophilisatiomatary evaporation) (Cade-Menun and Liu 2013). A
list with examples of extraction protocols incluglireferences is given in supporting information

(Table S1)Often the effects of the different pre- and posatments are unknown (Cade-Menun



95 and Liu 2013, Cade-Menun 2005a). LyophilisatioMNafOH or EDTA-NaOH extracts of soil
96 followed by dissolution of the lyophilised extrdfore®'P solution NMR analysis is a very
97 common way to concentrate samples prict®ONMR analysis. However, poly-P degradation after
98 lyophilisation of EDTA-NaOH extracts has been okedr(Cade-Menun et al. 2006, Reitzel et al.
99  2009), and neutralization of the extract priolymphilisation has been suggested as a way to
100 prevent this, as demonstrated for the short-chaly+P sodium tripolyphosphate (Cade-Menun et
101 al. 2006).Thus far, there is no evidence in the literaturelie NMR analysis’ ability to accurately
102  quantify the total poly-P content, and the risksnabmplete extraction and/or degradation of poly-

103 P have not been addressed (Hupfer et al. 2008).

104  Solid state’’P magic angle spinning NMR'P SSNMR) is a non-destructive characterisation

105 technique that only requires minimum pre-analygatiment of the sample, but is sparingly used
106  for environmental samples as the resolution ielotvan for solution NMR (Turner et al. 2005).
107 SSNMR is a useful tool for sludge P characterisatioe to relatively high P concentrations in

108  activated sludge from waste water treatment plemtspared to, e.g., soil samples (Frossard et al.
109 1994, Hinedi et al. 1989, Huang and Tang 2015). éi@s, analysis by'P solution NMR is often
110  quicker than by SSNMR and produces spectra witbt@bresolution that allows identification of
111 specific organic P compounds (Cade-Menun 20058 .main limitation for quantification of poly-
112 P by*!P solution NMR spectroscopy is the unknown extoaréffeciency of the extraction protocol
113  and the possible degradation (hydrolysis) of polyyRhis (Hupfer and Gachter 1995, Hupfer et al.
114  2008).These uncertainties limit the comparability amongl®s, and to our knowledge, no

115  estimates of the poly-P extraction efficienciesh&fse protocols have been reported before.

116  In this study, SSNMR was used to quantify the g@lgriddle groups in sludge prior to extraction,
117  and this poly-P content was compared to the padytPacted by three different extraction protocols

118 and used as a reference for evaluating potentlgtpalegradation in the extracts. The advantage of
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solution NMR over SSNMR is described above, buwtddition to this, solution NMR enables the
detection of poly-P terminal groups. Our objecties to identify the best suited extraction
protocol for poly-P from activated sludge, i.epgratocol that ideally ensures full extraction ofypo
P with limited degradation. This was obtained tigioa series of laboratory experiments where
SSNMR and solution NMR were used to evaluate thresvn extraction protocols’ ability to
extract and preserve poly-P. In addition, effeétsre-concentration of the extracts prior't®
solution NMR analysis by either rotary evaporatiortyophilisation were tested. These variables
were chosen as they are most commonly used forlsgrgparation fof'P solution NMR studies
of poly-P in sludge and sediments. First, the g®iytiddle group content of lyophilised sludge
quantified directly by*P SSNMR is presented. Following this, the effeddifferent combinations
of pre-extractants, main extractants, and sampieeadration is described. A comparison of the
two methods for poly-P quantification provide irf#ignto the poly-P extraction efficiencies of the
different protocols. Finally**P SSNMR analyses of sludge pellets after extractierused to

elucidate the reason behind poly-P extraction icieficies.

2. Materials and Methods

Three different extraction protocols for poly-Paictivated sludge were tested (Figure 1):

1) A single-step EDTA-NaOH extraction (EN)

2) A two-step extraction with EDTA pre-extractionlfswed by a NaOH extraction (EN)

3) A two-step extraction with EDTA pre-extractionlfsed by an EDTA-NaOH extraction

(E>EN)
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The single-step EN extraction represents the emsimonly used extraction protocol for
environmental samples (Cade-Menun and Liu 2013y dmuet al. 2005). The-2EN extractionand

the E2N extraction protocols were tested, ase both haea lbleveloped for extraction of P from
sediments, with emphasis on organic P (Ahlgren. &0®7, Ahlgren et al. 2006) and poly-P
(Hupfer and Gachter 1995), respectively. A fourttraction protocol with a single-step 0.25 M
NaOH main extraction was tested but excluded basquteliminary studies, as the poly-P recovery

was very low (Figure S1).

31p solution NMR was used to identify and quantifyyg® in the extracts of the activated sludge,
and*’P SSNMR was used to estimate the total poly-P coutiethe sludge prior to extraction and
to examine the sludge residues after extractia@stablish whether all the poly-P was extracted.
Finally, the poly-P middle group content determifrenin *'P solution NMR and'P SSNMR were

compared to calculate the poly-P extraction efficies of the different extraction protocols.
2.1 Activated sludge sample from Ejby Mglle wasteentreatment plant

Activated sludge was sampled from Ejby Mglle wagsger treatment plant (WWTP) in Odense,
Denmark. The plant (corresponding to ca. 210 008greequivalents) receives a mixture of
domestic and industrial waste water, and P is r&udy a combination of precipitation with

iron(lll) chloride (FeC4) and biological P removal (Stokholm-Bjerregaarale2017). The

activated sludge sample was taken from the aeeatdchted sludge tank and was kept refrigerated
in a 10 L plastic bottle until analysis (maximunufdiours after sampling). All sludge samples used

for NMR extractions and SSNMR were centrifuged dadanted.
2.2 Protocols for extraction of poly-P from actigdtsludge

30 mL of activated sludge (5.7 g DW/L) was cengéd 10 min. at 2000 rpm and decanted prior to

extraction. The resulting sludge pellet (approg.70y DW) was used for the NMR extractions. The
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pellet was resuspended in 40 mL solution (detailew) at a shaking table (speed 54-60 rpm). The
duration of the pre-extraction step and main extvaavas one hour and 16 hours, respectively.
After extraction, the NMR extract was separatedhftbe sludge by centrifugation (3000 rpm, 10

min). The following three protocols were testedy(fe 1):

Protocol EN: The activated sludge pellet was extasing a one-step extraction with 40 mL of an

EDTA-NaOH solution (0.25 M NaOH and 0.05 M EDTAY ft6 hours.

Protocol E2N. The activated sludge pellet was extracted ugitwjo-step extraction, with a pre-

extraction by 40 mL by a 0.05 M EDTA solution fareohour followed by centrifugation at 3000
rpm for 10 min, followed by decanting of the EDTRtct. The resulting pellet was extracted with

40 mL of 0.25 M NaOH for 16 hours.

Protocol E2EN. The activated sludge pellet was extracted uaitwgo-step extraction, with a pre-

extraction by 40 mL of a 0.05 M EDTA solution fanehour followed by centrifugation at 3000
rpm for 10 min followed by decanting of the EDTAteact. The resulting pellet was extracted with

40 mL of an EDTA-NaOH solution (0.25 M NaOH and®M EDTA) for 16 hours.

Subsamples (5 mL) of the resulting main extracteewssed for analysis of total P by inductively
coupled plasma optical emission spectroscopy (IES)OThe subsample was centrifuged at

10,000 xg for 5 min. and diluted with milliQ water beforealysis by ICP.

The preparation of sludge for and acquisition ef*tf® solution NMR spectrum can be
accomplished within 24 hrs of sludge sampling.thasfollowing steps with the estimated duration
of each given in parentheses: Centrifugation algdu(0.5 hour), pre-extraction (1 hour),
centrifugation and separation of sludge pelletextdact (15 minutes), main extraction (16 hours),
centrifugation and separation of sludge pellet extdact (15 minutes), concentration by rotary

evaporation (1-1.5 hour), and recording of e solution NMR spectrum (3-5 hours per sample).
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2.3 Samples fot'P solid state NMR spectroscopy

3p SSNMR spectra were recorded on seven sludge saifinpin Ejby Mglle WWTP (Figure 1).
One activated sludge sample was frozen, lyophilisetisubsequently analysed ¥ SSNMR
spectroscopy (“untreated sludge”). Four samplegwgtracted by a 0.05 M EDTA solution
(“EDTA sludge”) or extraction protocol 1 to 3 (“E, “E > Nres, and “E>ENges) to evaluate
the effect of EDTA pre-extraction on poly-P recovand investigate if there was a complete
extraction of poly-P by the three extraction praisc Furthermore, two sludge pellets recovered
after a water/hexanol (release of microbial P echtHexanol+water”) (Cheesman et al. 20404l
a water extraction (a reference to water/hexanatisn, called “water”) were analysed
(experimental details in supporting information @&p, Figure S2). This was done to establish
whether the poly-P resonance in tfie SSNMR spectra should be ascribed to microbigirori
(signal removed after hexanol extraction) or tortagping Al phosphate resonances (signal present

after hexanol extraction).
2.4 Sample concentration for solution NMR spectypgc

Two different methods used to increase the P cdrat@n in the main extract prior to solution

NMR analysis of poly-P containing samples wereeidst

1) A 10-fold concentration of the samples by rotargmration (samples referred to with a
subscript “Rot”) (Hupfer and Gachter 1995).
2) Neutralization of the extracts followed by lyopkdtion and redissolution of the lyophilised

extract (samples referred to with a subscript “Dy@ade-Menun et al. 2006).

All NMR extracts for rotary evaporation were kept20 °C until the day of the NMR analysis,
where the samples were thawed at room temperatdreancentrated approximately 10-fold by

rotary evaporation at 34-38 °C. The concentratéchekwas centrifuged at 10,00@xor 5 min. to

10
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remove any particles, and 630 pL of the supernatastmixed with 70 pL deuterium oxideAD)

to give a lock signal.

The extracts for lyophilisation were neutralizedhvi M HCI to pH of 6.6-7.2 before freezing at -
20 °C and lyophilisation at -50 °C. The dried egtnaas kept at -20C until the day of the NMR
analysis, where the extract was redissolved byegaure modified from (He et al. 2009). The
dried extract was dissolved in 1 mL of a 0.25M Na@td 0.05M EDTA solution and 0.2 mL of 10
M NaOH and then centrifuged at 10,000 g for 5 rtorremove particles from the extract, and 630

pL of the supernatant was mixed with 70 piCD
2.5%P solid state NMR spectroscopy

Quantitative®P SSNMR spectra were recorded on a 500 MHz Jeol BIOR spectrometer using a
3.2 mm triple resonance magic angle spinning (MABJIR probe, 15 kHz spinning speed, & 45
pulse, and proton decoupling. Relaxation delayswetimised on each sample, typically 200-300
s for sludge-derived samples and 410 s for a stinteguvite, which served as an external intensity
reference for spin counting experiments. i SSNMR spectra were referenced relative §8®
(3(**P) = 0 ppm) and were analysed with 100 Hz line #eoéng in MestReNova (Mestrelab
Research) by absolute integration of the spinnidg sand manifold. The spectra of samples
extracted by water/hexanol or water were recorded 600 MHz Agilent spectrometer using a 3.2

mm triple resonance MAS NMR probe, 15 kHz spinrspged, 22.5pulse and proton decoupling.

31p spin counting NMR experiments (Dougherty e28D5) were acquired to quantify the amount
31p present in paramagnetic species by a modificatidhe®'P spin counting experimentsported by
(Dougherty et al. 2005) . We used a modified versgee supporting information page S7 for

further details. P bound in Fe phosphates and gidw@magnetic minerals will not be observed in

11
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3p SSNMR under the experimental conditions usetheashemical shifts are outside the recorded

chemical shift range (Kim et al. 2010).

The uncertainties associated with data-analysig wstimated by processing (phase and baseline
correction, and integration) each spectrum thrimbthe uncertainties are given as an estimated

standard deviation.
2.63'P solution NMR spectroscopy

Quantitative®'P solutiorNMR spectra were recorded on a Jeol ECZ 500R 50@ bfi¢ctrometer at
22°C using a 90° pulse (18), 2.16 s acquisition time, a relaxation delayetioh 25-30 s

(optimised for each extraction protocol) grdton decoupling. Typically, 512 scans were a@glir
The carrier frequency was set at -9 ppm to ensptienal excitation over the chemical shift range 7

ppm to -25 ppm.

The recycle delay was determined by inversionveoexperiments for representative samples
(Figure S4 and Table S2). A recycle delay of mimmfwve times the longitudinal relaxation time
(T1) was chosen to ensure full relaxation betweenssc@pectra were processed with the
MestReNova software using a 5 Hz line broadenirty an exponential window function and with
zero-filling to 64K points (32K points were recodjeThe*'P resonances were assigned by
comparison with literature (Turner et al. 2003) timed with**P 3'P correlation spectroscopy
(COSY) spectra, and a pyro-P spiking experimemtigonguish poly-P terminal groups and pyro-P

(Figures S5 and S6, Table S3).

The relative concentrations of the soluble P speeigracted from the sludge found ¥ solution
NMR spectroscopy were converted into mgP/gDW basethe TP found from the ICP-OES

measurement of the extracts.
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The total amount of poly-P present in the sludgdataot be directly quantified by SSNMR, as
only the poly-P middle group resonances can be bitarusly quantified by'P SSNMR leaving
out the contribution from the poly-P terminal greupn contrast, both groups were visiblé’iR
solution NMR spectra. However, due to the non-invasature of the SSNMR technique the chain
length of poly-P is unaffected by this techniquen€equently, it is assumed that the total poly-P
content can be quantified By solution NMR spectroscopy if a similar contenpofy-P middle

groups can be obtained throuR solution and’P SSNMR.
2.7 Statistical analyses

For the poly-P middle group content determined ffésolution NMR, a one-factor ANOVA
(significance level p = 0.05) was performed follaey Tukey’s test in Sigmaplot v. 14.0.

Normality of the data was checked by a Kolmogorow8off test.
3. Results
3.1 Quantification of poly-P middle groups B SSNMR spectroscopy

%P SSNMR spectroscopy of the lyophilised activatedge was used to estimate the amount of
poly-P middle groups in the sludge prior to any&stion, which is assumed to be the maximum
amount of poly-P that can be extracted by the etitia protocols. Thé&'P SSNMR spectrum of
activated sludge from Ejby Mglle contained two lgk@sotropic resonances along with a series of
spinning side bands from each resonance (FiguréTRa)broad resonancedt'P)= 0 ppm was
assigned to a number of overlapping resonances ftmaphate containing minerals, e.g., apatite
(Aue et al. 1984) and struvite (Bak et al. 2008)wall as biogenic P compounds such as
orthophosphate monoesters, orthophosphate diegtyeophosphate (pyro-P) and poly-P terminal

groups (Frossard et al. 1994, McDowell et al. 200&)zer et al. 2014). The second resonance at

13
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8(*'P)~ -25 ppm was assigned to poly-P middle groups baseshrlier reported'P solution NMR
chemical shifts (Hupfer and Gachter 1995, Turnexd.€2003). Furthermore, extraction of the
sludge with hexanol prior t§P SSNMR removed the resonancé@tP)= -25 ppm, which proved

the microbial origin of this resonance (Figurend &2).

Spin counting experiments were performed on the8Namples in order to correct for missing
intensity due to iron in the samples. For the atéd sludge sample from Ejby Mglle, only 66 +2%
P was visible in th&'P SSNMR due to the high Fe content (32.8 +1.3 nuji@/, Tables 1 and 2).
Thus, the measured concentration of poly-P middbegs was adjusted with a factor gfLwhich
gives a total poly-P concentration of 13.2 £0.3 igfRV (Table 1). This value served as a
reference for calculation of extraction efficierscier the three extraction protocols, by comparison
with the sum of the poly-P middle groups found®#® solution NMR spectroscopy. The total P in

the sludge was 32.5 £0.3 mgP/gDW, so the poly-Pemgd41% of all P in the sample.
3.2 Identification of poly-P resonances’i® solution NMR spectra

The resonance in the regié('P) = -4.6 to -4.0 ppm of poly-P terminal P (PP1swa
unambiguously assigned to poly-P PP1 from spikikmeaments (Figures 4, S5 and S6, Table S3)),
and constituted between 0.67 £0.10 mgP/gDW and0.2 mgP/gDW (Table 3). The three groups
of resonances in the chemical shift raﬁ@éP) = -18.4 to -21.2 ppm belonged to PP2, PP3 and
PP4 groups (Figure 4) based on earlier studiesa@uét al. 2005, Turner et al. 2003, Uhlmann et
al. 1990). These three resonances are referresd“fody-P middle groups”, and their relative
concentration varied greatly from 4.4 +0.3 mgP/gIE" ENy,) to 11.4 +1.2 mgP/gDW

(E->Ngo) (Table 3). The resonancessét'P) = -4.8 to -4.4 ppm was assigned to pyro-P based
spiking experiments, and this resonance often apexiith the end-groups from poly-P, as

observed in the NMR spectra of the lyophilised sasfFigure 4). Pyro-P constituted
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approximately 0.12 £0.2 mgP/gDW for the rotary ewaped samples (Table 3). The resolution of
the'P solution NMR spectra of the samples concentiaydgiophilisation and dissolution was
generally lower than for the samples concentrajetary evaporation, resulting in overlap of the
poly-P PP1 groups and pyro-P resonances (Figureuthermore, lyophilisation and dissolution of
the main extract resulted in a a higher chemicidt galue for the P species, as observed for, e.g.,
the orthophosphate resonance, which resonat€3'8) = 5.8 to 5.9 ppm ar&{*'P) 6.1 to 6.4 ppm

for the rotary evaporated and lyophilized samplespectively, c.f., Table S4.
3.3 Effect of the extractant protocol on the quication of poly-P by*P solution NMR

The three different extraction protocols showedisicantly different poly-P middle group
concentrations in th&P solution NMR analysis of the extracts with the i extraction being the
most efficient protocol for poly-P. Up to 86 +9%tbk poly-P observed by SSNMR (Table 3 and
Figure 4) was extracted, 10.8 £0.4 mgP/gDW)(K,y,) and 11.4 +1.2 mgP/gDW (EBNgyy), (Table
3). For the EEN extraction protocol, there was no statisticalestdnce in poly-P middle group
content in**P solution NMR for the two concentration protocs® Ngorand E>Nyyo), when

analysed by an ANOVA analysis (p = 0.05) followegdTukey’s test (Figure 4 and Table 3).

Even though the Ef; and B ENgo; extraction protocols were not statistically diéfat from the
E->Nyyo protocol, they extracted less poly-P than thRENR.: extraction protocol (11.4+1.2
mgP/gDW), with 9.3 +0.3 mgP/gDW extracted bydsind 9.4 +0.5 mgP/gDW extracted by the
E->ENRgo:protocol (Table 3). Concentration of the EDTA-Na®xktracts by neutralization and
lyophilisation resulted if'P solution NMR spectra with only 5.2 +0.4 mgP/gDEN(y.) and 4.4
+0.3 mgP/gDW (B EN,,), which was significantly less than any of therfother protocols

(Table 3).

3.4 Efficiency of the extraction protocols
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321 P SSNMR analyses were conducted on the sludgegpesimaining after the main extractions to
322 determine whether the lower poly-P recovery indkgacts was due to residual poly-P left in the
323  sludge pellet or hydrolysis of poly-P in the extsa@s none of the extraction protocols extracted
324  100% of the poly-P middle groups basedhSSNMR combined with ICP. The resonance at
325  &(*'P)=25 ppm and the associated spinning side bandsaeenpletely removed after the38\

326  extraction (Figure 2d), whereas the 26-31% of thal fpoly-P remained in the solid phase after

327  extraction (Figure 2c and 2e). Thus, only th2 & extraction protocol extracted all poly-P.

328 EDTA extracts iron-bound P, but did not alter tidygP and biogenic P, as evident from fffe

329 SSNMR spectrum and the associated integrals (F@juend Table 1). Thus, EDTA pre-extraction
330 can be safely used for activated sludge withoutiteof poly-P removal from the sludge.

331  Extraction with EDTA resulted in an increase in@tved intensity in th&'P SSNMR spectrum,

332 and a very distinct decrease in the total Fe aodnents, which dropped from 32.8 +1.3 mgFe/g
333 DWW to 8.5 0.2 mgFe/gDW and 32.5 £0.3 mgP/gDW tB82¥.3 mgP/gDW, respectively (Table
334  2). Furthermore, the Ca content of the activatadge was lowered ~10 fold by EDTA extraction
335  of the sludge from 25.3 £0.5 mgCa/gDW to 2.49 +(hifCa/gDW, and Zn levels were also

336  slightly decreased from 0.75 £0.02 mgZn/gDW to G:B32 mgZn/gDW, whereas there was less
337 effect on Al, Mg, and Cu (Table 2). This was alsfiacted in the concentrations of the metal

338 cations in the main extracts, where the & and E2 EN extracts contained less Fe, Al, Ca, Mg,
339 Mn, and Zn than the corresponding EN extract, dube EDTA pre-extraction (Table 3). Despite
340 pre-extraction with EDTA there was still Mg and N&ft in the sludge, which can be chelated by
341 EDTA in the main extract, as evident for the¢ EN samples (3.37 £0.03 mg/g DW and 0.12 £0.01
342 mg/gDW, respectively) compared with the>lsl samples extracts (0.92 +0.05 mg/gDW and 0.06

343  +0.01 mg/gDW) (Table 4). Thus, the EDTA pre-extiactof sludge mainly extracts Fe, Ca, Al,
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and Zn, which is also reflected in lower concemtrag of these metals in the main NMR extracts,

and EDTA in the main extract enhances Mg and Mraekibn from the activated sludge.
4. Discussion

The combination of'P SSNMR and solution NMR, successfully allowedifantification ofthe
optimum extraction protocol for identification agdantification of poly-P in activated sludge.
Thus, the two-step£N extraction showed an almost complete recovepobf-P from the sludge
with no signs of post-extraction hydrolysis of pélyRotary evaporation and lyophilisation of the
neutralized extracts resulted in comparable potpiitent for the EN extraction protocol, but
rotary evaporation gave a better separation opttg-P terminal groups and pyro-P in tHe
solution NMR spectra. Thus, the best protocokfdraction of poly-P from activated sludge is the

two step E>N extraction protocol based on otiP NMR results.
4.1 Quantification of poly-P middle groups B SSNMR

3lp SSNMR spectroscopy allowed for quantificationhaf total poly-P middle group content in the
activated sludge, and thereby served as a refefencalculating the extraction efficiency based on
31p solution NMR. Quantitative analysis of tH® SSNMR spectra is complicated by the presence
of paramagnetic ions such asFapplied for precipitation of P from waste wateir(etli et al.

1989, Huang and Tang 2015), but was corrected ioycgunting. These paramagnetic ions induce
faster relaxation of the NMR nuclei, as well as@é change in chemical shift for P directly
associated with the paramagnetic centre. For tdalies, it has been shown that the effect of
paramagnetic ions on the NMR signal intensity isprily due to close association of the
paramagnetic ions and the P, and not a bulk effzmtigherty et al. 2005). We therefore assume

that only P closely associated with the paramagrgtecies are subject to a decrease in intensity,
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i.e. the relative intensities of the poly-P resareanand the group of resonance®(#P)~ 0 ppm is

not affected by the presence of paramagnetic spetibe sludge.

Poly-P middle groups were identified in tH® SSNMR spectrum by the resonance located at
8(*'P)~ -25 ppm. However, several Al-phosphates have aimdi(>'P) values, e.g., berlinite AIRO
(5(**P)~ -24.5 ppm) (Bleam et al. 1989), variscite APF@H,0 (3(*'P)=~ -18.6 to -19.2 ppm)
(Bleam et al. 1989, Hinedi et al. 1989), and augdi,(OH)sPO; (5(3'P)~ -29.6 ppm) (Bleam et

al. 1989). If these Al phosphates were presentptihe P content in the activated sludge would be
overestimated. However, the hexanol extraction ketddhe resonance at25 ppm completely,
which unambiguously showed that the resonanee-2b ppm was caused by poly-P rather than Al

phosphates.
4.2 Optimal poly-P extraction from activated sludge

The variation in poly-P content from different eadtion protocol has previously been ascribed to
hydrolysis of poly-P during sample preparation (@kh et al. 2007, Hupfer and Gachter 1995).
However, our results unambiguously show that indetepextraction of poly-P is the main reason
for the poor performance of some extraction progas P SSNMR shows that poly-P middle

groups remain in the solid phase after extraction.

The E2N extraction protocol resulted in the highest pBlyecovery and performed equally well
with both post-extraction concentration method® (fk.and E>Nyyo), although with a tendency
for higher recovery when rotary evaporation waslu3ée efficiency of the two-step2N
extraction protocol was further supported by thenplete removal of the poly-P resonance in the
31p SSNMR spectra of the left-over pellet from th&astion, which demonstrates the complete
removal of poly-P by this protocol, in contrasthe other protocols. Thus, extraction by the other

protocols (i.e. EN andBEN) is not recommended for quantification of polyaRactivated sludge.
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389  The reason for incomplete extraction of poly-P B &d E> EN cannot be conclusively

390 established from our experimental setup. HoweWerjnefficiency of the EN protocol indicates
391 that some other mechanism of poly-P extraction {glay here as opposed to extraction protocols
392 used in soil research, where the EN protocol isrnonly used for soil samples due to the high

393  extraction efficiency (Cade-Menun and Preston 1996¢ high extraction efficiency of the EN

394  protocols for soil P is ascribed to a combinatibnetease of metal-bound phosphate (caused by
395 EDTA) and organic P released from the surface ofenails and organic matter, when NaOH creates
396 electrostatic repulsion between the organic P camg@nd mineral or organic matter surface

397  (Turner et al. 2005). Furthermore, organic P asgediwith minerals or organic matter through
398  bridging ions as GA or F€* can be released by replacement of the bridging veth N& (Turner

399 et al. 2005). However, poly-P is present insidetdyéal cells in activated sludge, and perhaps also
400 in the extracellular polymeric substance (EPS)aurding the cells (Li et al. 2015). Since the

401  binding of poly-P in activated sludge is very difiet from P binding found in soils this could

402  explain why the EN extraction protocol optimised $oil samples is not efficient for poly-P in

403  activated sludge. Even though extraction of polyeh activated sludge by NaOH has been

404  reported in many studies, e.g., (Huang and Tan§,20tkimann et al. 1990), the efficiency of poly-
405 P extraction has not been addressed in previodgestwand it remains unknown whether all poly-P
406  was extracted during these procedures. From oultsest appears that the combination of EDTA
407 and NaOH in the main extract retards poly-P exiwadrom sludge, rather than promoting poly-P
408  hydrolysis. However, our experimental setup dodsatlow a conclusive explanation of these

409 findings.
410 4.3 The effect of pre-extraction of activated skidg

411  Pre-extraction with EDTA has been suggested teame the amount of poly-P detected in NMR

412  extracts by removal of divalent cations from thelgle or sediment (Hupfer and Gachter 1995).
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Poly-P has been reported to be stable in alkabhdiens (Hupfer and Gachter 1995), but the
presence of divalent metal cations may catalysel¢igeadation of poly-P (Harold 1966). (Hupfer
and Gachter 1995) showed that sediment additiam talkaline solution of a synthetic poly-P
induced a degradation of the poly-P, which washatted to cations which catalysed poly-P
degradation. The catalysing effect was also obskimeextracts of sediments where sediment
particles were removed by centrifugation, whichi¢ated that the catalysing agent responsible for
poly-P degradation is soluble (Hupfer and Gach®95). As mentioned above, our results
demonstrate that it is not poly-P degradation tlaaises a lower content of poly-P in the EN and
E->EN extracts, but rather incomplete poly-P extracfrom the sludge. However these metal
cations may promote poly-P degradation in the etdrafter extraction, as observed for the
lyophilised extracts in this study. Recently?Caas been reported to decrease the rate of poly-P
degradation by phosphatase enzymes (Huang etl8),20hich together with our results indicates

that metal cations other than“Care involved in catalysis of poly-P breakdown.
4.4 Degradation of poly-P during post-extractionrgde concentration

Poly-P middle group contents were significantly é&when lyophilisation was used for
concentration of the NMR extract in the EN angtlEN protocols, which implies that rotary
evaporation is preferable for these protocols. \Wagthe low poly-P content in the giNand
E->ENRgo: extracts can be attributed to insufficient polg®raction from the activated sludge, the
very low poly-P extraction efficiencies of EfN and E>ENy, cannot be explained by insufficient
poly-P extraction alone. Hence, degradation ofpiblg-P to orthophosphate during the
lyophilisation or dissolution steps seems verylliker these two protocols, as indicated by an
increase in the relative orthophosphate contetitarNMR extracts during the Iyophilisation
procedure. However, poly-P does not always degiadeg lyophilisation/dissolution, as seen by

the high poly-P recovery of 82(3)% of the>i,,, protocol, where the poly-P content determined
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by solution NMR is not significantly different betéen the BNy, protocol and the £ Ngrot
protocol, which indicates that poly-P is conserdadng the lyophilisation and dissolution of the

E->Nyyo samples.

Both synthetic and naturally occurring poly-P h&een reported to degrade during lyophilisation
of the NMR extract (Cade-Menun et al. 2006, Reié&tadl. 2009). Neutralization prior to
lyophilisation has been reported to reduce polydakdown during lyophilisation of
tripolyphosphate extracts (Cade-Menun et al. 2006)y.E> N, samples confirm this where the
poly-P middle group recovery BYP solution NMR spectroscopy was similar to the g@lmiddle
group content determined froftP SSNMR. Neutralization of the NMR extracts didwewer, not
completely prevent breakdown of poly-P in the ENind E>ENyy, samples. The &N extract
contained four times less Mg, and only half as mdchas the EN andEN extracts, and the
presence of these two divalent cations in high eotrations could play a role in catalysing the
degradation of poly-P during lyophilisation of teesxtracts. However, this possible effect of Mg
and Mn catalysis of poly-P fragmentation was ordgerved for EN, and E>ENy, and not for
ENrot and E2 ENRggy, indicating that it is the combination of caticarsd lyophilisation that catalyses
degradation of poly-P. As a consequence, we doetoimmend the use of lyophilisation for

concentration of NMR extracts which contain EDTA.

In sediments and soils, pre-extraction by EDTA @i Has also been shown to recover more poly-P
and pyro-P/poly-P terminal groups than the sintge 8laOH-EDTA extraction (Ahlgren et al.

2007, Ding et al. 2010, Hupfer and Gachter 1995n@u2008). Also pre-extraction in a
bicarbonate and sodium dithionite solution (BD) nragrease the relative recovery of total poly-P
and poly-P middle groups (Ahlgren et al. 2007, Cildmun et al. 2015, He et al. 2009). However,

the reported spectra resulting from extraction®\BID pre-extraction and a NaOH main extraction
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seems to result in degradation of poly-P, as seen & higher concentration of PP1 compared to

PP2-PP4 in the study by (Ahlgren et al. 2007).

Hence, we recommend usingprfor extraction of poly-P from fresh sludge sincée#ds to an
almost complete recovery of the total amount of/g#in the sludge, limited
fragmentation/degradation of poly-P and a good rsgjom of poly-P PP1 resonances and pyro-P in

the NMR spectrum.
4.5 Perspectives

The recommended extraction protocol ¥ NMR analyses of activated sludge allowed direct
identification and absolute quantification of pdtyin the activated sludge. In contrast to lab-scale
phosphate release/uptake studies, this bulk giatidn of poly-P can be used as a direct measure
of the amounts of poly-P associated with the ba&ctarthe activated sludge undarsitu

conditions. Our quantification method can theredxys as a direct indicator of the phosphate
removal efficiency of the PAO community presenthia activated sludge. Improved efficiency of
the EBPR treatment of the waste water can poténtiaduce the application of Al and Fe in the
WWTP needed to reduce the effluent P concentrdu@ow the limits set by the authorities, and
may also increase P recovery in P synthesizing @sitstruvite recovery units (de-Bashan and
Bashan 2004, Marti et al. 2010). In this study,gbg/-P in activated sludge constituted ca. 13
mgP/gDW (1.3 wt% of dry sludge), with a TP of thedgie of 32.5 mgP/gDW. Our poly-P
measurements are in the same range as the 8.8+1440::0.6 mgP/gDW found in phosphate
release studies on EBPR sludge from a range ofshaWTPs (Mielczarek et al. 2013). It is
possible that the poly-P content can become ewgirehias EBPR sludge may contain up to 50-70
mgP/gDW while non-EBPR sludge only contains 10-2PigDW (Yuan et al. 2012).In addition,

quantification of poly-P by*P NMR spectroscopy could also be useful in studi¢ke poly-P
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483  speciation and breakdown along the sludge streAWMVeT Ps, from activated sludge tank to

484  digested sludge.
485 5. Conclusion

486  An efficient protocol to quantitatively extract yelP from activated sludge was identified. Two
487 large limitations of the application & solution NMR spectroscopy for reliable quantifica of
488  poly-P (unknown extraction efficiencies and riskooty-P hydrolysis) are addressed in this study

489 by a combination of'P solution and solid state NMR spectroscopy. Thimfiradings are:

490 » Complete extraction of poly-P from activated slugges only achieved by a two-step EDTA
491 and NaOH extraction protocol {EN). A single-step EDTA-NaOH extraction protocol (EN
492 or a two-step EDTA and EDTA-NaOH EN) extraction protocol both resulted in

493 incomplete extraction of poly-P from activated sladas observed ByP solid state NMR
494 on the residual sludge.

495 « The poly-P quantified by*P solution NMR constituted up to 86 +9% of the pBlyniddle

496 groups quantified by*P SSNMR, when a two-step3EN extraction was used followed by
497 concentration by rotary evaporation.

498 » Statistically equal poly-P extraction efficiencfes the two-step EN protocol result from
499 sample concentration by rotary evaporation or Iylggation of neutralized extracts prior to
500 %1p solution NMR analysis. However, lyophilisatiordatissolution of EN and BEN

501 extracts resulted in poly-P degradation.

502 « %P SSNMR is a useful supplement’t® solution NMR, as it probes the direct speciatibn
503 P. However, the better resolution and lower recaydime make&'P solution NMR better
504 suited for quantification and characterisation olypP in activated sludge systems.
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Figure 1: An overview of the samples. There are six diffe@mbinations of extraction protocols
and post-extraction sample concentration (blue)saven samples for SSNMR analysis (brown).
Samples marked with light blue or dark brown wewelied by*'P solution NMR and’P SSNMR,

respectively. Lyo = lyophilisation.

Figure 2: *'P MAS SSNMR spectra of sludge and sludge residitesextraction. a) Lyophilised
activated sludge. Residues of activated sludgeebed with b) 0.05 M EDTA, c) first 0.05 M
EDTA followed by 0.25 M NaOH, d) EDTA-NaOH, andfest 0.05 M EDTA followed by
extraction with a mixed solution with 0.05 M EDTA&O0.25 M NaOH. Spectra were recorded at

11.5 T with spinning speed 15 kHz. Asterisks demspianing side bands.

Figure 3: 3P MAS SSNMR spectra of sludge samples. a) Lyomlisctivated sludge, b)
Activated sludge pre-treated by an extraction itewand hexanol or c) pre-treated by a single
extraction in water. The spectra were recordedtdt T with spinning speed 15 kHz. Asterisks

denote spinning side bands.

Figure 4: *'P solution NMR spectra. a) Structure of poly-P viittlication of poly-P groups that
can be distinguished ByP solution NMR, and'P solution NMR spectra of b)ENgq and c)

E->Nyyo Insets show an expansion of the chemical shiforefpr PP1 and pyro-P.
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665 Table 1:*'P SSNMR results for lyophilised activated sludge Bophilised activated sludge

666 residues from extraction with 0.05M EDTA and theethdifferent extraction methods tested in this

667 study. Estimated deviations of the data analyggaren in brackets.

Treatment  Pgps Ipmy.pb Poly-P middle groups, not correctefl  Poly-P middle groups, corrected
(%) (%) (mgP/gDW) (mgP/gDW)

None 66(2) 62(2) 19.9(0.3) 13.2(0.3)
EDTA 91(2) 64(1) 15.8(0.3) 14.1(0.3)
EN 73(2) 39(2) 4.8(0.1) 3.4(0.1)
E->N 73(3) 0 0 0
E->EN 84(2) 39(3) 5.2(0.1) 4.1(0.1)

668

669

670

671

672 ®Pusis the percentage of the sample P that is obsémibe>'P SSNMR spectrum.

673 ° lpay-pis the integral of the polyphosphate resonanca.a25 ppm before correction fog,P

674 °Poly-P middle group content of the sludge, notexied for Bys

675 4 Poly-P middle group content of the sludge, cogedor Rps

676

677
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679

680

681

Table 2: ICP-OES (Total P, Fe, Al, Mg, Ca, Cu and Zn) restor lyophilised activated sludge and
lyophilised activated sludge residues from extoactvith 0.05M EDTA and the three different

extraction methods tested in this study. Standawiation (n=2) given in brackets. Unit: mg/gDW.

Treatment TP Fe Al Mg Ca Cu Zn

None 32.5(0.3) 32.8(1.3) 2.48(0.04) 5.49(0.007) 25.2(0.5) 0.16(0.004)0.75(0.002)
EDTA 24.3(0.3) 8.5(0.2) 2.08(0.003)4.60(0.02) 2.49(0.01) 0.17(0.01) 0.33(0.02)
EN 11.8(0.2) 49.0(1.3) 2.38(0.1) 1.41(0.03) 1.58(0.03) 0.15(0.02) 0.23(p.0
E->N 10.5(0.003) 24.7(0.4) 3.56(0.01) 8.65(0.03) 1.47(0.03) 0.18(0.01) 0.28B7A)
E-EN 12.4(0.3) 12.6(0.2) 2.63(0.07) 1.39(0.04) 0.71(0.002)0.18(0.01) 0.15(0.001)
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Table 3: Contents (mgP/gDW) of poly-P end group and polpiBdle group in main extracts of the three testddaetion methods and

two different concentration methods. Standard dmna (n = 3) given in brackets for P contents.URef ANOVA analysis (p = 0.05)

followed by Tukey'’s test for the poly-P middle gpsuare indicated by superscript capital letters.

TP extracted TP PP1 Pyro-P? PP2 PP3 PP4 PP2-PP4 PP2-PP4 extraction
(mg/gDW) extraction efficiency (%)b
efficiency
(%)
ENRot 28.2 86.9 0.86(0.08) 0.11(0.02) 0.68(0.07) 0.a(0.8.0(0.3) 9.3(0.3} 71(3)
ENyo 29.7 91.3 0.67(0.1) - 0.29(0.1) 0.27(0.2) 4.7(0.4)5.2(0.4§ 40(3)
E->Ngot 23.0 70.9 1.2(0.4) 0.12(0.2) 1.0(0.2) 0.91(0.2) 4(R2) 11.4(1.2% 86(9)
E->Nyo 215 66.2 1.1(0.2) - 0.95(0.2) 1.1(0.3)  8.8(0.1)10.8(0.4}° 82(3)
E->ENrot 184 56.7 0.87(0.2) 0.12(0.04) 0.71(0.1) 0.80(0.13.9(0.5)  9.4(0.5} 71(4)
E>ENy, 18.2 56.1 0.40(0.2) - 0.17(0.07) 0.27(0.2) 4.0(0.2 4.4(0.3} 34(2)

®Pyro-P could not be separated from poly-P PP1 graupll spectra, and is therefore included inititegral of PP1 for the Lyo spectra.

b Estimated uncertainties are given in brackets.
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Table 4: Metal contents from ICP of the main extracts used'P solution NMR (mgP/gDW).

Standard deviations (n = 3) given in brackets.

Fe Al Ca Mg Mn Cu Zn
EN 1.18(0.08) 1.04(0.02) 23.2(0.04) 4.09(0.06) 0.18(0.01) 0.17(0.01) 0.52(0.01)
E->N 0.78(0.07) 0.56(0.02) 2.8(0.8) 0.92(0.05)0.06(0.01) 0.17(0.01) 0.22(0.02)

ESEN  0.69(0.03) 0.57(0.01) 1.85(0.02) 3.37(0.03) 0.12(0.01) 0.16(0.01) 0.20(0.02)
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Protocol Pre Main Fraction Post extraction Sample name

extraction extraction preparation
Rotary evaporation = ENRot
Extract <
EN None EDTA-NaOH < Lyo + dissolution == EN.yo
Residue =— Lyophilization = == ENges
Rotary evaporation =—— E->Ngrot
Extract <
ESN EDTA NaOH < Lyo+ dissolution == E>Ny,
Residue == Lyophilization = == E->Nges
Rotary evaporation == E->ENgq
Extract <
ESEN EDTA EDTA-NaOH < Lyo + dissolution == E>EN,,,
Residue = Lyophilization e E->ENg.
None = None — Solid = =— Lyophilization - Untreated sludge
EDTA =—— None = Residue =— Lyophilization — EDTA sludge
None =—— Water = Residue¢ =— Lyophilization =~ == Water

None =—— Hexanol+water— Residue =— Lyophilization —  Hexanol+water
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Highlights:

31p solution NMR spectroscopy for quantification of poly-P extracted from activated sludge.
Three extraction protocols for poly-P from activated sludge were compared.

Two-step EDTA and NaOH extraction extracts al poly-P from activated sludge.

Rotary evaporation of extracts gives less poly-P degradation than lyophilisation.

Poly-P extraction efficiency was evaluated by comparison with solid state NMR resullts.



