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A B S T R A C T   

Vivianite (Fe3(PO4)2⋅8H2O) is a potential phosphorus (P) recovery product from wastewater treatment plants 
(WWTPs). However, routine methods for quantification of vivianite bound P (vivianite-P) are needed to establish 
the link between vivianite formation and operating conditions, as current approaches require specialized 
instrumentation (Mössbauer or synchrotron). This study modified a conventional sequential P extraction protocol 
by insertion of an extraction step (0.2% 2,2′-bipyridine + 0.1 M KCl) targeting vivianite-P (Gu et al., Water 
Research, 2016, 103, 352–361). This protocol was tested on digested and dewatered sludge from two WWTPs, in 
which vivianite (molar Fe:P ratios of 1.0–1.6) was unambiguously identified by optical microscopy, powder X- 
ray diffraction, and scanning electron microscopy with energy dispersive X-ray spectroscopy. The results showed 
that vivianite-P was separated from iron(III)-bound P (Fe(III)-P) in the sludge. Vivianite-P constituted about half 
of the total P (TP) in the sludge from a Fe dosing chemical P removal (CPR) WWTP, but only 16–26% of TP in the 
sludge from a WWTP using a combination of Fe dosing CPR and enhanced biological P removal (EBPR). The 
modified protocol revealed that Fe-bound P (Fe-P, i.e., vivianite-P + Fe(III)-P) was the dominant P fraction, in 
agreement with quantitative 31P nuclear magnetic resonance (NMR) experiments. Moreover, it was shown that 
the conventional P extraction protocol underestimated the Fe-P content by 6–35%. The established protocol 
represents a reliable in-house analytical method that can distinguish and quantify vivianite-P and Fe(III)-P in 
sludge, i.e. facilitate optimized vivianite production at WWTPs.   

1. Introduction 

Phosphorus (P) in the form of inorganic phosphate is an essential 
nutrient for all living organisms, therefore P fertilizers are extensively 
used in agriculture. However, the P rock reservoirs, the main source for 
fertilizer production, are non-renewable and the depletion is predicted 
within a century (Mew, 2016). Simultaneously, P is a pollutant in 
aquatic systems and is removed from wastewater to meet environmental 
discharge limits and prevent eutrophication of receiving waterbodies. 
Thus, recovery of phosphate from wastewater is a promising secondary 
P resource in line with a “Circular Economy”. It is estimated that P 
recovered from domestic wastewater could fulfill 15–20% of the global 
P demand (Yuan et al., 2012). German legislation has since 2017 
required that P in sewage sludge must be recovered for all wastewater 

treatment plants (WWTPs) larger than 50,000 person equivalents if the P 
content exceeds 2% of the dry weight (BMU, 2017). The majority of P in 
WWTP is concentrated in the sludge due to chemical P removal (CPR), 
mainly by iron (Fe) dosing (Wilfert et al., 2015), and enhanced biolog-
ical P removal (EBPR) in which P is stored as polyphosphate (poly-P) by 
P accumulating organisms (PAOs) (Staal et al., 2019). Precipitation of P 
as struvite (NH4MgPO4⋅6H2O) has been extensively studied and is 
commercially available in WWTP (Wu et al., 2019). However, the low P 
recovery efficiency (10–50%), demand for an EBPR process, and the 
addition of magnesium salts impede its general application (Wu et al., 
2019). The demand for energy-efficient WWTP has increased the use of 
Fe dosing and anaerobic treatment (Wang et al., 2018), which favors 
vivianite formation from Fe reduction and phosphate liberation. This 
makes vivianite (Fe3(PO4)2∙8H2O) a promising P recovery product from 
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WWTP (Wilfert et al., 2015, 2016). The presence of vivianite in both 
chemically and biologically treated sludge (Wilfert et al., 2016), a wide 
range of potential applications, e.g., fertilizer, pigments, and battery 
materials, and a higher market price than struvite (10,000 vs 500 €/ton) 
(Wu et al., 2019) render P recovery as vivianite attractive. In addition, 
the magnetic properties of vivianite facilitate P recovery by magnetic 
separation (Prot et al., 2019). Vivianite has been observed in many parts 
of WWTP including excess, digested, and activated sludge (Deng et al., 
2020; Wilfert et al., 2016). In Fe dosing CPR WWTP, 40–50% of the total 
P (TP) was vivianite-bound P (vivianite-P), whereas a lower content 
(10–30% TP) was observed in WWTP with EBPR (Wilfert et al., 2016). 
The highest concentration has been reported in digested sludge, which is 
ascribed to the favorable combination of anoxic conditions, i.e., reduc-
tion of Fe(III) to Fe(II), and orthophosphate (ortho-P) liberation from 
biogenic P during anaerobic digestion (Frossard et al., 1997; Prot et al., 
2020; Salehin et al., 2020; Wilfert et al., 2018, 2016). Moreover, viv-
ianite formation can be enhanced by a higher Fe dosing. For example, 
70–90% of phosphate was bound in vivianite when Fe was dosed at a 
molar Fe:P ratio of 2.5 in sludge (Wilfert et al., 2018). Recently, Prot 
et al. (2020) observed that the content of vivianite-P in digested sludge 
increased from 20% to 50% of TP after doubling the Fe dosing (molar Fe: 
P from 0.46 to 0.85). 

It should be emphasized that the term “vivianite” in most studies, 
especially environmental studies of sludge, sediments, and soils, refers to 
a blue mixture of vivianite (Fe3(PO4)2∙8H2O, colorless in pristine state) 
and its oxidation products, since vivianite is vulnerable to oxidation upon 
exposure to oxygen (Rothe et al., 2016). The characteristic blue particles 
of vivianite are a mixture of vivianite and the different Fe(II) and Fe(III) 
phosphates formed by oxidation, e.g., metavivianite (Fe2+Fe2

3+(PO4)2 
(OH)2⋅6H2O), lipscombite (Fe2+Fe2

3+(PO4)2(OH)2), santabarbaraite 
(Fe3

3+(PO4)2(OH)3⋅5H2O), strengite (FePO4⋅2H2O), and a poorly crystal-
line Fe(III) oxide-hydroxide (lepidocrocite, γ-FeO(OH)), c.f., Table S1 and 
Fig. S1 (Rothe et al., 2016; Wilfert et al., 2018). In addition, vivianite in 
environmental samples usually contains impurities due to the presence of 
Mg, Ca, and Mn which readily substitute for Fe(II) in vivianite (Salehin 
et al., 2020). Thus, the vivianite formed at WWTP may differ chemically 
in oxidation state, purity or crystallinity as compared to ideal vivianite 
(Fe3(PO4)2∙8H2O) (Prot et al., 2020). 

Understanding the relation between vivianite formation and oper-
ating conditions at WWTP will facilitate optimized recovery of vivianite. 
However, this requires detailed knowledge about the speciation of Fe 
and phosphate in the sludge. Today, powder X-ray diffraction (PXRD) 
(Salehin et al., 2020), X-ray absorption spectroscopy (XAS, e.g., X-ray 
absorption near edge structure (XANES) spectroscopy) (Li et al., 2018b, 
2015), and Mössbauer spectroscopy (Wang et al., 2019; Wilfert et al., 
2016) have been employed for vivianite quantification in sludge and 
other environmental samples (e.g., sediments). Quantification by PXRD 
is an in-house method, but only crystalline vivianite (ideally 10–50 µm 
particles) is detected, whereas poorly crystalline vivianite may be 
invisible (Salehin et al., 2020). Thus, PXRD is at best a qualitative 
method. A relatively reliable quantification can be obtained from XAS 
techniques and Mössbauer spectroscopy, which are not available on 
demand to most researchers. XAS and Mössbauer spectroscopy require 
synchrotron access and specialized instrumentation, respectively. In 
addition, the inevitable oxidation of vivianite during sample processing, 
e.g., drying, and transport to these facilities, may alter the sample 
(Salehin et al., 2020; Wilfert et al., 2018). Hence, in-house methods 
based on conventional analytical techniques are desired. Sequential P 
extraction, which successively extracts different phosphate fractions, is a 
common approach for operational P speciation in environmental sam-
ples such as sludge (Li et al., 2018a), soils and sediments (Rothe et al., 
2016). Phosphate in the sample is divided in different P pools such as 
loosely adsorbed P, Fe(III)-bound P (Fe(III)-P), and Ca-bound P (Ca-P) 
based on their solubility in different extractants, e.g., H2O, reducing 
agents, and acids (Li et al., 2018a). Several sequential P extraction 
protocols are available, including a scheme for P extraction in marine 

sediments (“SEDEX”) (Ruttenberg, 1992), and a method for P extraction 
from freshwater sediments (Paludan and Jensen, 1995; Reitzel, 2005). 
However, these common extraction protocols cannot differentiate be-
tween vivianite-P and Fe(III)-P, nor specifically target vivianite-P 
(Rothe et al., 2016). To evaluate the potential of P recovery as viv-
ianite, it is important to distinguish between vivianite-P, Fe(III)-P, and 
other phosphate phases, i.e., quantify vivianite-P as an independent 
fraction in sludge. 

Vivianite is also an important Fe phosphate in aquatic sediments 
(O’Connell et al., 2015; Rothe et al., 2014). Thus, Gu et al. (2016) 
developed an approach for quantification of vivianite-P in lake sedi-
ments by including an additional extraction step with an aqueous so-
lution of 0.2 wt% 2,2′-bipyridine in 0.1 M KCl (referred to as “Bipy 
solution” in the following) to the SEDEX protocol of Ruttenberg (1992). 
This extraction step relies on the complexation of 2,2′-bipyridine 
(“Bipy”) with the Fe2+ dissolved from vivianite (Fe3(PO4)2⋅8H2O). The 
formation of the [Fe(Bipy)3]2+ complex enhances dissolution of viv-
ianite, i.e., releases the phosphate in vivianite (Gu et al., 2016):  

Fe3(PO4)2⋅8H2O (s) ↔ 3Fe2+ (aq) + 2PO4
3− (aq) + 8H2O (l)                  (1)  

3Bipy (aq) + Fe2+ (aq) → [Fe(Bipy)3]2+ (aq)                                      (2) 

It is noted that the Fe(II) phosphate extracted by this step was 
assigned to vivianite-P (Gu et al., 2016), as vivianite has a very low 
solubility product (Ksp = 10− 40) (Liu et al., 2018), and has been iden-
tified as the predominant Fe(II) phosphate under environmental con-
ditions both in sediments and at WWTP (Gu et al., 2016; Li et al., 2020; 
Wilfert et al., 2018). Furthermore, a high selectivity towards vivianite-P 
with a recovery rate of 89–100% was demonstrated by the Bipy solution 
(Gu et al., 2016). 

The objective of our study was to establish a protocol for reliable 
quantification of vivianite in sewage sludge by addition of the Bipy- 
extraction step (0.2% 2,2′-bipyridine + 0.1 M KCl) proposed by Gu 
et al. (2016) to a sequential P extraction method generally used on 
freshwater sediments and sludge samples (Dithmer et al., 2016; Paludan 
and Jensen, 1995; Reitzel, 2005; Staal, 2018). This allows for separation 
as well as quantification of vivianite-P and Fe(III)-P in sludge, which has 
not been previously reported to our knowledge. Gu et al. (2016) assessed 
the efficiency of the Bipy solution on vivianite extraction using synthetic 
vivianite and PXRD analysis of lake sediments. Here, we also employed a 
combination of inductively coupled plasma-optical emission spectros-
copy (ICP-OES) and quantitative solid-state 31P nuclear magnetic reso-
nance (NMR) spectroscopy (spin counting), which provided a more 
reliable approach to validate the efficiency of the modified P extraction 
protocol on vivianite-P and Fe(III)-P quantification. The validated pro-
tocol was employed on digested and dewatered sludge from a Fe dosing 
CPR WWTP and a C-EBPR WWTP (C-EBPR represents Chem-
ical-Enhanced Biological PRemoval as a combination of Fe dosing CPR 
and EBPR), in which vivianite was unambiguously identified by optical 
microscopy, PXRD, and scanning electron microscopy with energy 
dispersive X-ray spectroscopy (SEM-EDS). 

2. Materials and methods 

2.1. Sludge samples 

2.1.1. Sampling 
Sludge samples were collected from two local WWTPs in Denmark: 

Søndersø WWTP which uses CPR (sampling February 2020), and Ejby 
Mølle WWTP which uses EBPR combined with CPR (sampling June 
2020). Ferric sulfate (PIX113) was used for Fe dosing at both. At 
Søndersø WWTP, sludge from the concentration tank (termed as diges-
ted sludge, DG-S, as digestion could occur in this closed system) and 
dewatered sludge (DW-S) were collected, whereas digested sludge (DG- 
E) and dewatered sludge (DW-E) were collected from Ejby Mølle, c.f., 
Fig. 1. 
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Synthetic vivianite and a vivianite precipitate collected from the heat 
exchanger pipes in the anaerobic digester at Ejby Mølle WWTP were 
used for validation of the modified P extraction protocol. Synthesis of 
vivianite and characterization of the reference materials are described in 
detail in Fig. S2. 

2.1.2. Sludge processing in laboratory 
The sludge samples were sealed immediately after collection and 

transported to the laboratory for processing within 1 h. DG-S and DG-E 
(slurry samples) were centrifuged at 3000 rcf for 10 min to separate the 
supernatant from the solid fraction, which was used for further inves-
tigation. The two dewatered sludge samples (DW-S and DW-E) were 
solid pastes and not centrifuged. The sludge samples were extracted 
within 16 h (see Section 2.3.2). In addition, 25 mL of the solid fraction 
from each sludge sample was freeze-dried and ground into fine particles 
( <250 µm) for solid- and liquid-state 31P NMR and ICP-OES. Another 25 
mL solid fraction from each sample was rinsed with 75% ethanol, freeze- 
dried, and ground (<250 µm) for optical microscopy, PXRD, and SEM- 
EDS analyses due to hygiene concern. The dried sludge samples were 
sealed in 20 mL glass vials with snap caps, covered with tin foil to 
minimize light exposure, and stored in a desiccator under vacuum. 

2.2. Characterization of the sludge samples 

2.2.1. Bulk elemental analysis of the sludge samples by ICP-OES 
Ten mL 65% nitric acid (HNO3, Emsure-Merck KGaA) was added to 

0.02 g freeze-dried sludge for microwave assisted acid digestion (200 ◦C 
for 15 min). After cooling, the supernatant was diluted and the Fe, P, Al, 
Mg, Ca, and Mn were quantified by ICP-OES (Optima 2100 DV, Perki-
nElmer, USA). 

2.2.2. PXRD and optical microscopy 
The PXRD diffractograms of the sludge samples and vivianite refer-

ence materials were recorded on a Panalytic X’Pert Pro-diffraction sys-
tem with Cu Kα radiation (40 kV, 30 mA) at a step size of 0.026̊/s from 5̊
to 90̊. An optical microscopy (OPTIPHOT-100, Nikon, Japan) was used 
to visually examine the existence of vivianite in the sludge samples with 
magnification of 100. 

2.2.3. SEM-EDS 
The morphology and elemental mapping (P, Fe, Ca, Al, Mg, Mn, S, 

and Si) of the sludge samples and vivianite reference materials were 
analyzed by SEM (Hitachi S-4800, Japan) coupled with an EDS (XFlash 
6160, Bruker, Germany). The powdered sludge sample was dispersed in 
96% ethanol (approx. 1 mg/mL), and a drop of the suspension was 
placed on a piece of silicon wafer and dried on a hot plate at 50 ◦C. The 
dry sample was coated with Pt/Pd (80%/20%, 15 nm) using a high- 
resolution sputter coater (Cressington 208HR, Cressington Scientific 
Instruments, Watford, United Kingdom) before SEM-EDS analysis. The 
elemental mapping of Fe and P in the sludge samples was recorded and 
the elemental composition of the Fe & P overlaps, i.e., possible vivianite 
particles (Wilfert et al., 2016), was further analyzed by EDS. 

2.3. Modified P extraction protocol 

2.3.1. Solutions used for extraction 
Preparation of the solutions used in the P extraction protocol 

(Fig. S3), including the Bipy solution, 0.11 M bicarbonate dithionite 
(BD), 0.1 M sodium hydroxide (NaOH), 0.5 M and 1.0 M hydrochloric 
acid (HCl), as well as 0.2 M potassium peroxodisulfate (K2S2O8, for wet 
oxidation) are reported in the Supplementary Material. 

2.3.2. Extraction procedures 
Wet, fresh sludge was used for P extraction in this study (solid: liquid 

(S/L) ratio of 0.5 g/25 mL based on wet weight) to minimize oxidation of 
Fe(II) to Fe(III), e.g., degradation of vivianite during drying (Gu et al., 
2016). P was extracted following the original sequential P extraction 
scheme which successively used H2O, BD, NaOH, and HCl (Reitzel, 
2005), except that a Bipy-extraction step (0.2% 2,2′-bipyridine + 0.1 M 
KCl) was added between the H2O- and BD-extraction steps (Fig. S3). The 
Bipy solution was used directly without nitrogen purging because Fe(II) 
oxidation is inhibited as 2,2′-bipyridine is bound to the surface of the 
sample (Gu et al., 2016). The potential P species in each P fraction from 
the modified P extraction protocol are listed in Table 1. 

The Bipy-extraction step proposed by Gu et al. (2016) was slightly 
modified in this study as described below. The [Fe(Bipy)3]2+ complex 

Fig. 1. Schematic diagram of the main processes at (a) Søndersø and (b) Ejby 
Mølle WWTP. The positions of sample collection are highlighted in red. For 
sludge dewatering, a belt press with polyacrylamide (Poly) addition is used in 
Søndersø WWTP, whereas centrifugation with polyacrylamide addition is 
employed in Ejby Mølle WWTP. AN and A denote anaerobic and aerobic, 
respectively. DG-S and DW-S are digested sludge and dewatered sludge from 
Søndersø WWTP, respectively. DG-E and DW-E are digested sludge and dewa-
tered sludge from Ejby Mølle WWTP, respectively. 

Table 1 
Operational speciation of P in each step of the modified P extraction protocol 
with the added Bipy-extraction step (b) in italic.  

Step Extractant P fraction P species Notes 

a MilliQ H2O H2O-P Loosely bound P, 
Porewater P  

b 0.2% 2,2′- 
bipyridine +
0.1 M KCl 

Bipy-P Vivianite-P 2,2′-bipyridine 
complexes with Fe(II) 
and releases the bound P 

c 0.11 M BD BD-P P bound to 
reducible metals, 
e.g., Fe(III) and 
Mn(IV) 

Dithionite reduces Fe 
(III) and Mn(IV) and 
releases the bound P 

d 0.1 M NaOH NaOH-P P bound to clay 
minerals   

e 0.5 M HCl HCl-P Ca- and Mg- 
bound P   

f 520 ◦C 
ignition & 1 
M HCl boiling 

Residue-P Refractory 
organic-P 

Sludge residue after 
above extraction 

g 520 ◦C 
ignition & 1 
M HCl boiling 

Humic-P Humic acids- 
bound P 

Precipitate from NaOH 
extract  

h Wet oxidation Non- 
reactive P 
(nrP) 

Biogenic P, e.g., 
organic-P, poly- 
P, pyro-P 

Sum of the difference 
between TP and ortho- 
P in H2O-, Bipy-, BD-, 
and NaOH-extracts 

Notes: Organic-P – Organic phosphate; Poly-P – Polyphosphate; Pyro-P – 
Pyrophosphate. 
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has an intense red color, which can interfere with P quantification by the 
molybdenum blue method, as the complex adsorbs at 880 nm (Fig. S4). 
Thus, Gu et al. (2016) used activated carbon from which P was removed 
prior to use (i.e., non-P activated carbon) to remove color from the Bipy 
extract in the presence of 0.5 M KCl (to impede P adsorption). We noted 
that the original work contains a typo (5.0 M KCl, which should be 0.5 M 
KCl) (Li, 2019). However, our preliminary experiments showed that the 
non-P activated carbon might still absorb P in addition to the intended 
color removal even though 0.5 M KCl was used. This could result in bias 
for P quantification of the Bipy extract treated with the activated carbon. 
Hence, we modified the extraction and removed the red color of the Bipy 
extract by dilution and acidification. Specifically, 1.0 mL Bipy extract 
was mixed with 8.8 mL MilliQ water and 0.2 mL 2 M sulfuric acid 
(H2SO4). This solution was left for 12 h prior to P measurement. The acid 
degraded the [Fe(Bipy)3]2+ complex and the red color disappeared. The 
colorless Bipy extract was subject to P measurement using the molyb-
denum blue method. The procedures for the Bipy-extraction are 
described in Fig. 2. 

2.3.3. Validation of the modified P extraction protocol 
To investigate the efficacy of Bipy-extraction on sludge, Bipy solu-

tions with 0.1%, 0.2% (Gu et al., 2016), 0.4%, and 0.6% 2,2-bipyridine 
(wt%) were used for vivianite-P extraction from a sludge sample 
collected in the dewatering step of Ejby Mølle WWTP in November 2019 
(S/L ratio = 0.5 g/25 mL based on wet weight, followed the procedures 
in Fig. S3). Moreover, the two reference vivianite materials (the syn-
thetic vivianite and the vivianite precipitate) were extracted with a S/L 
ratio of 0.01 g/25 mL to examine the efficacy of the modified P 
extraction protocol. Furthermore, solid-state 31P MAS NMR spectros-
copy was used to gain further insight into the phosphate species 
extracted by the Bipy solution, as well as to validate its efficiency for 
vivianite-P and Fe(III)-P extraction based on spin counting experiments, 
c.f., Section 2.4. 

2.3.4. Analysis of sludge by the modified P extraction protocol 
The four sludge samples, i.e., DG-S, DW-S, DG-E, and DW-E, were 

analyzed following the modified P extraction protocol (Fig. S3) in trip-
licates with the averaged result reported. Moreover, the sludge samples 
before and after Bipy-extraction were analyzed by PXRD to assess viv-
ianite extraction. For a comparison, the sludge samples were also 
extracted using the original sequential P extraction protocol (Fig. S3) 
(Paludan and Jensen, 1995; Reitzel, 2005). 

2.3.5. Quantification of P in the different extracts 
The ortho-P concentration in each extract was determined by the 

molybdenum blue method using an UV–vis spectrophotometer (Genesys 
10uv, Thermo Electron corp., USA) at 880 nm (Koroleff, 1983; Reitzel, 
2005). TP in the H2O, Bipy, BD, and NaOH extracts was measured after 
wet oxidation with K2S2O8. Briefly, 5.00 mL sample solution was diluted 
by a factor of 5 to 50 and then mixed with 1.00 mL of a 0.2 M K2S2O8 

solution and boiled at 120 ◦C for 1 h before P measurement by the 
molybdenum blue method. The difference between TP and ortho-P in 
these extracts is defined as non-reactive P (nrP, c.f., Table 1). 

Total Fe and P in the Bipy extracts were also analyzed by ICP-OES to 
examine the extraction of vivianite. 

2.4. Solid- and liquid-state 31P NMR spectroscopy 

All NMR experiments were performed on a JEOL ECZ 500R 500 MHz 
spectrometer (Japan) equipped with an 11.7 T Oxford magnet. Solid- 
state 31P single pulse (SP) magic-angle spinning (MAS) NMR experi-
ments were conducted using a 3.2-mm double resonance MAS NMR 
probe, zirconium oxide rotor, and 15 kHz spinning speed. The 31P SP 
MAS NMR spectra of the sludge samples were obtained with a 45̊ pulse 
of 1.4 µs, acquisition time of 8.2 ms, and 1000 scans. The relaxation 
delays were optimized for each sludge sample and were 20–60 s. A 31P 
SP MAS NMR spectrum of struvite was used as an external reference for 
P quantification by spin counting (described below) using identical 
conditions except for a 300 s relaxation delay. Phosphoric acid (85 wt% 
H3PO4) was used as an external chemical shift reference (δiso(31P) = 0 
ppm). 

31P spin counting NMR experiments were employed to quantify the 
Fe-bound P (Fe-P) in the sludge samples (Staal et al., 2019). Briefly, the 
amount of Fe-P was estimated as the difference between the TP content 
determined by ICP-OES and the P content determined from the quanti-
tative 31P SP MAS spectrum of the diamagnetic species in sludge, as Fe-P 
cannot be detected in the standard NMR spectral window (e.g., − 500 to 
500 ppm) due to paramagnetic effects (Wang and Nielsen, 2020). 

The P species in the sludge samples were also investigated by liquid- 
state 31P NMR. P was extracted from the freeze-dried sludge using a 
solution of 0.25 M NaOH and 0.05 M ethylenediaminetetraacetic acid 
(EDTA, ≥ 99%, Sigma-Aldrich) with a S/L ratio of 1 g/20 mL (16 h, 500 
rpm, room temperature), based on the method from Huang and Tang 
(2015). Given the high P concentration in the sludge extract, the su-
pernatant (0.6 mL, filtered through a 0.45 µm cellulose acetate mem-
brane filter) was mixed with 0.1 mL deuterium oxide (D2O, Eurisotop, ≥
99.9%) to facilitate 2H locking and referencing for liquid-state 31P NMR 
analysis (Huang and Tang, 2015; Li et al., 2018a). Liquid-state 31P NMR 
spectra of the sludge extracts were recorded using a 5 mm Royal probe 
with a 45̊ pulse (5.0 µs), acquisition time of 0.33 s, a relaxation delay of 
10 s to ensure full relaxation, and 8000 scans. All NMR spectra were 
processed and analyzed using MestReNova 12.0. 

3. Results and discussion 

Bulk analysis of the sludge was performed first to obtain information 
about the bulk sample properties, e.g., elemental composition and Fe:P 
ratio for the following discussion. With identification of vivianite in the 
sludge by optical microscopy, PXRD, and SEM-EDS, the concentration of 
vivianite was determined by the modified P extraction protocol, which 

Fig. 2. The procedures for the Bipy-extraction and pretreatment of the Bipy extract for P measurement. The Bipy step was performed at 50◦C, which was optimized 
by (Gu et al., 2016). The rinsing steps by KCl and MilliQ H2O were at ambient temperature. 
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was validated and used for sludge for the first time to our knowledge. 
The results from the modified protocol were also compared with those 
from the original protocol (Paludan and Jensen, 1995; Reitzel, 2005). 
Furthermore, the quantification of vivianite-P and Fe(III)-P was 
confirmed by 31P spin counting NMR experiments. The characterization 
method is illustrated in Fig. 3. 

3.1. Characterization of the four sludge samples and identification of 
vivianite 

3.1.1. Elemental analysis of the sludge samples by ICP-OES 
To examine the concentrations of elements relevant to the P speci-

ation in sludge, P, Fe, Al, Mg, Ca, and Mn in the sludge samples prior to P 
extraction were quantified by ICP-OES. The results are summarized in 
Table 2 along with basic information of the sludge and the bulk Fe:P 
molar ratios derived from ICP-OES. For both WWTPs, the elemental 
analysis showed that P, Fe, and Ca were the major elements (0.5–1.1 
mmol/g), whereas Mg and Al were presented in lower concentrations 
(0.1–0.2 mmol/g) and Mn was negligible (< 0.02 mmol/g). It is also 
clear that Ejby Mølle sludge had nearly twice as much P and Ca as 
Søndersø sludge, whereas the Fe contents were similar. This resulted in a 
higher Fe:P ratio in Søndersø sludge (1.1) as compared with Ejby Mølle 
sludge (0.7), which suggested a higher potential for vivianite formation 
in Søndersø sludge since a higher Fe:P ratio favors vivianite (Fe:P = 1.5) 
formation in sewage sludge (Prot et al., 2020; Wilfert et al., 2018). 

3.1.2. PXRD and optical microscopy analyses 
The crystalline minerals in the sludge samples were determined by 

PXRD. As shown in Fig. 4, the three distinct reflections at 2θ = 11.3̊, 
13.4̊, and 18.3̊ from vivianite as well as reflections from quartz (SiO2, 
sand) were observed in the PXRD diffractograms of all samples. No re-
flections from other phosphates or iron minerals such as struvite, 
apatite, and hematite were observed. Thus, PXRD indicated that viv-
ianite was the main crystalline phosphate and iron species present in the 
sludge samples. Similar results were observed in the digested sludge 
from a WWTP in Netherland and one in Finland (Prot et al., 2019). The 
presence of vivianite, in the form of its characteristic blue particles due 
to partial oxidation (Rothe et al., 2016), was also visually confirmed by 
optical microscopy (Fig. S5). 

3.1.3. SEM-EDS analysis 
Further insight into the chemical composition of different particles in 

the sludge was obtained from elemental mapping by SEM-EDS. Particles 
which contained both Fe and P were observed for all samples, as evi-
denced by a strong overlap of Fe & P signals (in yellow with circles in 
Fig. 5a). The molar Fe:P ratios of these yellow areas quantified by EDS 
were in the range from 1.0 to 1.6, which was in excellent agreement with 
earlier reported EDS values for vivianite particles in digested sludge (Fe: 
P = 1.1–1.7) (Wilfert et al., 2016) and matched the observation of 
crystalline vivianite by PXRD, c.f., Fig. 4. The Fe:P ratios of the vivianite particles were below the theoretical 1.5, which was ascribed to the 

partial oxidation of vivianite (Table S1) and/or the substitution of Fe(II) 
by Mg(II), Ca(II), or Mn(II) in vivianite (Prot et al., 2020; Rothe et al., 
2016; Salehin et al., 2020). This was supported by the elemental analysis 
of the vivianite precipitate, in which Mg, Ca, and Mn were detected in 
addition to Fe and P (Fig. S2) and the total molar ratio of 
(Fe+Mg+Ca+Mn):P was 1.5 (Fe:P = 1.3). 

The particle size (1–10 µm) agreed with that of vivianite recovered 
from in-sewer Fe(III)-dosed digested sludge (Salehin et al., 2020) albeit 
larger vivianite particles (20–150 µm) has also been reported (Wilfert 
et al., 2016). We ascribed this difference to variation in the chemical 
conditions, e.g., temperature, pH, and solids retention time (SRT), which 
can influence the particle size in sludge (Liu et al., 2018). Furthermore, 
the possible vivianite particles with overlap of Fe & P signals were 
examined at higher magnification (Fig. 5b, left; from DG-E with Fe:P =
1.1, images from other sludge samples were similar and not shown). 

Fig. 3. Experimental set-up and analytical methods used in this study. SSNMR 
represents solid-state NMR. 

Table 2 
Sample information and elemental analysis (based on dry weight) of the sludge 
samples.   

Søndersø WWTP (CPR) Ejby Mølle WWTP (C-EBPR) 
DG-S DW-S DG-E DW-E 

Sampling 
site 

Concentration 
tank 

Dewatering 
step 

Anaerobic 
digester 

Dewatering 
step 

Water 
content 

90% 80% 85% 77% 

Loss on 
ignition 

69% 69% 64% 63% 

P (mmol/g) 0.58 ± 0.02 0.61 ± 0.01 1.06 ± 0.03 0.99 ± 0.03 
Fe (mmol/ 

g) 
0.65 ± 0.02 0.69 ± 0.03 0.76 ± 0.03 0.74 ± 0.02 

Ca (mmol/ 
g) 

0.50 ± 0.01 0.51 ± 0.01 1.06 ± 0.02 1.05 ± 0.01 

Al (mmol/ 
g) 

0.15 ± 0.01 0.15 ± 0.01 0.12 ± 0.00 0.12 ± 0.01 

Mg (mmol/ 
g) 

0.11 ± 0.00 0.13 ± 0.00 0.17 ± 0.01 0.16 ± 0.01 

Mn (mmol/ 
g) 

0.005 ± 0.000 0.005 ±
0.000 

0.014 ±
0.001 

0.013 ±
0.000 

Fe:P 1.13 1.14 0.72 0.74  

Fig. 4. PXRD diffractograms of the sludge samples and reference materials 
(synthetic vivianite and vivianite precipitate) with reflections from vivianite 
(V) and quartz (Q) indicated. 
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Unlike the synthetic vivianite (Fig. 5b, right) but similar to the vivianite 
precipitate (Fig. 5b, center), vivianite particles in the sludge had an 
irregular shape indicative of an agglomerate of smaller particles, which 
is characteristic to vivianite formed in sludge (Prot et al., 2020; Salehin 
et al., 2020). 

3.2. P extraction by the modified extraction protocol 

3.2.1. Validation of the Bipy step for vivianite extraction 
Gu et al. (2016) demonstrated that the Bipy solution (0.2% 2, 

2′-bipyridine + 0.1 M KCl) had a high selectivity on vivianite-P, and it 
extracted negligible Fe and phosphate from other Fe and phosphate 
bearing minerals such as AlPO4, FePO4⋅2H2O, Ca5(PO4)3OH, FeS2, and 
FeCO3. In addition, a 0.2% 2,2′-bipyridine solution was sufficient to 
extract vivianite in normal lake sediments, where vivianite may account 
for about half of the TP (Gu et al., 2016). 

In this study, the concentration of 0.2% for 2,2′-bipyridine in the 
Bipy solution was also sufficient to extract vivianite from the sludge 
samples (Fig. S6). For the two vivianite reference materials, i.e., syn-
thetic vivianite and vivianite precipitate, it was observed that 70% of TP 
was extracted in the Bipy step (Fe(II)-P) and the remaining P was dis-
solved in the BD step (Fe(III)-P) by using the modified P extraction 
protocol (Fig. S7 and Table S2). This indicated that the oxidized part of 
vivianite (Fe(III)-P) can be separated from the ideal vivianite-P (Fe(II)-P) 
by the modified P extraction protocol. Thus, a more accurate quantifi-
cation of pure vivianite, ideally as Fe3(PO4)2⋅8H2O, can be achieved. We 
noted that the Fe:P ratios determined by extraction and EDS were in very 
good agreement, c.f., Table S2. This indicated efficient vivianite 
extraction as well as separation of vivianite-P and Fe(III)-P (i.e., oxidized 
vivianite in the two vivianite reference materials, c.f., blue and dark blue 
color in Fig. S2). In addition, the sludge before and after the Bipy- 
extraction was analyzed by quantitative solid-state 31P NMR spectros-
copy (Fig. S8 and Table S3). It revealed that poly-P of biological origin in 
the sludge was dissolved during the Bipy step, which was probably due 
to the high temperature applied in the extraction (50 ◦C for 24 h, c.f., 
Fig. S3). However, this P fraction should not interfere with the quanti-
fication of vivianite-P, as it was not degraded to ortho-P during the Bipy 
step and only determined by the molybdenum blue method after wet 
oxidation, i.e., included in nrP. Specifically, ortho-P was 6.4 ± 0.1 mg/g 
in the Bipy extract and 7.6 ± 0.0 mg/g after wet oxidation. This 

difference (1.2 mg/g) matched well with the loss of poly-P (1.23 mg/g) 
during Bipy-extraction as estimated by quantitative solid-state 31P NMR, 
c.f., Fig. S8. 

3.2.2. Quantification of the different P fractions in the sludge samples 
Following validation of the modified P extraction protocol (Section 

3.2.1), the different P fractions, especially vivianite-P and Fe(III)-P, in 
the sludge samples were extracted and quantified. In addition, the PXRD 
diffractograms of the four sludge samples before and after Bipy- 
extraction were recorded (Fig. S9). Vivianite was present in the orig-
inal sludge but absent after Bipy-extraction, indicating the complete 
extraction of vivianite in the Bipy step by using the modified P extraction 
protocol. 

The operational P speciation in the sludge samples determined by the 
modified P extraction protocol (ME) is shown in Fig. 6a. It indicates that 
Fe-P, i.e., the sum of vivianite-P (Bipy-P) and Fe(III)-P (BD-P), accounted 
for the majority of TP in the sludge, with Søndersø sludge (72–73%) 
higher than Ejby Mølle sludge (63–64%). The higher proportion of Fe-P 
in Søndersø sludge was in agreement with the higher Fe:P ratio observed 
in Søndersø sludge compared with that in Ejby Mølle sludge (1.1 vs 0.7, 
Table 2). Furthermore, 52% and 48% of TP were found as vivianite-P 
(Bipy-P) in DG-S and DW-S, respectively, whereas only 26% and 16% 
of TP were vivianite-P in DG-E and DW-E, respectively. This implied that 
Søndersø sludge had a higher potential of vivianite formation than Ejby 
Mølle sludge, in agreement with the observation that a higher Fe:P ratio 
favors vivianite formation in sewage sludge (Prot et al., 2020; Wilfert 
et al., 2018). The determined vivianite-P concentrations were consistent 
with previous studies. For example, 40–50% of TP at WWTP relying on 
Fe dosing (e.g., Søndersø WWTP in this study), whereas only 10–30% of 
TP at WWTP with EBPR (e.g., Ejby Mølle WWTP in this study), were 
bound in vivianite as quantified by Mössbauer spectroscopy (Wilfert 
et al., 2016). In contrast, higher concentrations of Fe(III)-P (BD-P), 
which may include Fe(III) phosphate and phosphate adsorbed on Fe(III) 
(hydr)oxides, were observed in DG-E and DW-E than in DG-S and DW-S 
(37.6–47.5% vs 20.6–24.8%). This may be due to the higher concen-
tration of P in the former sludge samples (1 vs 0.6 mmol/g, Table 2), and 
thus more P adsorbed on Fe(III) (hydr)oxides. It is noted that P bound to 
reducible Mn(IV) could be disregarded in BD-P, as the Mn content in the 
sludge samples was less than 2% of Fe based on ICP-OES analysis 
(Table 2). The higher NaOH-P in DG-E and DW-E was probably due to 

Fig. 5. (a) SEM images and Fe & P elemental mapping of the sludge samples. (b) SEM images of a vivianite particle in DG-E (left), vivianite precipitate (center), and 
synthetic vivianite (right). In elemental mapping, Fe signals are in green and P signals are in red. The particles with overlap of Fe & P signals (merged in yellow, 
marked by circles) are vivianite. 
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the more significant phosphate adsorption on minerals given the much 
higher concentration of P in Ejby Mølle sludge than in Søndersø sludge as 
described above. In addition, it could also result from the dissolution of 
unreacted Fe(III)-P in the BD step, e.g., incomplete extraction due to the 
high P content in Ejby Mølle sludge. This was consistent with the slightly 
lower quantity of Fe-P estimated from extraction than that based on spin 
counting (5–10% lower, c.f., Table 4 and Section 3.3). The sludge 
samples showed 12–20% of TP as nrP due to the extraction of biogenic P 
such as organic-P and poly-P in the H2O-, Bipy-, BD-, and 
NaOH-extraction steps. The HCl-P (1–2%), Residue-P (1–2%), and 
Humic-P (2–5%), c.f. Fig. 6a, were all less than 5% and not discussed 
further (Table S4). A comparison of the digested and dewatered sludge 
revealed a lower vivianite-P content in dewatered sludge than in 
digested sludge, especially for the sludge from Ejby Mølle (16% vs 26% 
of TP, Fig. 6a). We ascribed the lower content of vivianite-P in dewa-
tered sludge to the partial oxidation of vivianite to Fe(III)-P during the 
dewatering, which was operated in open air. This was consistent with 
the higher amounts of BD-P determined in dewatered sludge than in 
digested sludge (25% of TP in DW-S vs 21% of TP in DG-S; 48% of TP in 
DW-E vs 38% of TP in DG-E). 

To examine the effect of Bipy-extraction on the other extraction 
steps, the four sludge samples were also analyzed by the original P 
extraction protocol (Fig. S3) for a comparison. As Fig. 6a (marked as OE) 
shows, BD-P, which represented phosphate bound to Fe(III), c.f., 
Table 1, comprised 57%, 47%, 58%, and 57% of TP in DG-S, DW-S, DG- 
E, and DW-E, respectively, which all exceeded the BD-P values obtained 
by the modified P extraction protocol with separate vivianite extraction 
before the BD step. This indicated that some vivianite-P, e.g., the 
oxidized vivianite in the sludge, was dissolved in the BD step using the 

original P extraction protocol. Remanent vivianite would then dissolve 
in NaOH and be included in the NaOH-P. Thus, the Fe-P fraction in 
sludge was underestimated using the original P extraction (BD-P) as 
compared with the modified P extraction protocol (Bipy-P + BD-P), c.f., 
Fig. 6b. This may explain the higher amount of NaOH-P determined by 
the original P extraction (6.9–21.6%) than the values obtained from the 
modified P extraction (1.0–11.9%), as shown in Fig. 6a. The total Fe-P in 
the sludge, i.e., the sum of vivianite-P and Fe(III)-P from the modified P 
extraction, matched well with the Fe-P content estimated by the 31P spin 
counting NMR experiments (Table 4). In contrast, the original P 
extraction method, which only considers Fe(III)-P, resulted in the Fe-P 
values 6–35% lower than those from the modified P extraction 
method (Fig. 6b). Thus, the original extraction method underestimated 
the Fe-P content in sludge, as some vivianite-P was extracted in the 
subsequent NaOH step, which may also be the case for other sequential P 
extraction methods without a separate vivianite extraction step. 

Fig. 6. (a) Different P fractions in sludge by using the modified extraction (ME) and original extraction (OE), and (b) comparison of the Fe-P content obtained from 
the two methods. Bipy-P is P bound to ideal vivianite “Fe3(PO4)2⋅8H2O”. BD-P is Fe(III)-P, including oxidized vivianite-P, Fe(III) phosphate, and P adsorbed on Fe(III) 
(hydr)oxides, as all iron phosphate species are extracted in a single step. 

Table 3 
Elemental analysis of the Bipy extracts of the sludge samples (µmol/g). Molar Fe: 
P was calculated based on the Fe concentration determined by ICP-OES and the 
ortho-P concentration from the molybdenum blue method. For synthetic viv-
ianite and vivianite precipitate, the values of TP and ortho-P were similar as all P 
should exist as ortho-P in the minerals.   

Fe (µmol/g)a TP (µmol/g)a Ortho-P (µmol/g)b Molar Fe:P 

DG-S 309.9 ± 19.2 354.7 ± 18.9 309.1 ± 13.9 1.0 ± 0.03 
DW-S 253.6 ± 7.8 306.0 ± 11.9 269.7 ± 3.1 1.0 ± 0.03 
DG-E 223.3 ± 14.0 271.7 ± 21.0 216.7 ± 14.9 1.0 ± 0.05 
DW-E 216.8 ± 5.6 151.8 ± 6.4 141.2 ± 0.4 1.5 ± 0.04 
Synthetic vivianite 2.87 ± 0.12 2.25 ± 0.18 2.29 ± 0.04 1.3 ± 0.05 
Vivianite precipitate 2.63 ± 0.21 2.21 ± 0.70 2.28 ± 0.21 1.2 ± 0.03 

Notes: a – Determined by ICP-OES, b – Determined by the molybdenum blue 
method. 

Fig. 7. Solid-state 31P MAS NMR spectra of the sludge samples. Asterisk de-
notes spinning sidebands. 
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3.2.3. Elemental analysis of Fe and P in the Bipy extracts 
The Fe and ortho-P content in the Bipy extract of the sludge probed 

vivianite dissolution in the Bipy step, c.f., Table 3. The Fe:P ratios of DG- 
S, DW-S, DG-E, and DW-E Bipy extracts were 1.0, 1.0, 1.0, and 1.5, 
respectively. The ratios were lower than the stoichiometry of vivianite 
(Fe:P = 1.5), and this was ascribed to partial degradation of biogenic P 
and/or dissolution of other phosphate minerals (e.g., Ca-P) during the 
Bipy-extraction step (24 h, 50 ◦C). For the two vivianite reference ma-
terials, the Fe:P ratio of the Bipy extract matched the Fe:P ratio from ICP- 
OES and are lower than the ideal 1.5, c.f. Table 3 and Fig. S2. Gu et al. 
(2016) observed that less than 10% of phosphate extracted by the Bipy 
solution was from Ca-P dissolved from the lake sediments. Furthermore, 
the oxidation of in vivianite to strengite or lepidocrocite γ-FeO(OH) will 
result in a molar Fe:P ratio lower than 1.5 in the Bipy extract. Moreover, 
release of Mg and Ca substituted for Fe in vivianite will also lower the Fe: 
P ratio below 1.5, which both ICP-OES and SEM-EDS clearly showed for 
the vivianite precipitate. c.f., Section 3.1.3 and Fig. S2. Thus, further 
studies on the structure and chemical composition of vivianite are 
needed, but beyond the scope of this work. 

3.3. Solid-state 31P NMR analysis of the sludge samples 

3.3.1. P speciation in the sludge samples by solid-state 31P NMR 
spectroscopy 

Solid-state 31P NMR spectroscopy probed the diamagnetic P-con-
taining phases, e.g., Ca-, organic-, and poly-P species, in the four sludge 
samples (Fig. 7). The main resonance (δiso(31P) = 15 to − 12 ppm) was 
observed in the 31P MAS NMR spectra with the center of gravity at − 1.2 
ppm for Søndersø sludge (DG-S and DW-S) and 2.6 ppm for Ejby Mølle 
sludge (DG-E and DW-E). A weaker resonance from poly-P middle 
groups at δiso(31P) = − 23 ppm, which accounted for ca. 6–17% of the 
total intensity, was also observed for Søndersø sludge. The spinning 
sidebands were attributed to paramagnetic effects from the high content 
of Fe species in sludge, c.f. Table 2 (Wang and Nielsen, 2020). In com-
bination with the liquid-state 31P NMR spectra, which observed ortho-P, 
organic-P, and poly-P in Søndersø sludge and only ortho-P in Ejby Mølle 
sludge (Fig. S10), the main resonance in the 31P MAS NMR spectra of 
DG-S and DW-S most likely was an overlap of ortho-P (δiso(31P) = 9–3 
ppm), orthophosphate monoesters (δiso(31P) = 6–3 ppm), orthophos-
phate diesters (δiso(31P) = 2.5 to − 1.0 ppm), and poly-P terminal P 
groups (δiso(31P) = − 4 ppm) (Cade-Menun, 2005), while those of DG-E 
and DW-E were mainly attributed to ortho-P, e.g., apatite mineral Ca-P 
at δiso(31P) = 2.6 ppm, in agreement with δiso(31P) being more negative 
for biogenic P such as organic-P and poly-P than inorganic ortho-P 
(Huang and Tang, 2015). 

3.3.2. Quantification of Fe-P by spin counting 
The amount of P in paramagnetic species in sludge was estimated by 

spin counting as the difference between the TP of sludge (e.g., TP 
determined by ICP-OES) and the diamagnetic P quantified by 31P MAS 
NMR spectra (Fig. 7) (Staal et al., 2019). P bound to paramagnetic ele-
ments like Fe and Mn is invisible in 31P MAS NMR spectra under the 
experimental conditions used (Wang and Nielsen, 2020), as confirmed 
by 31P MAS NMR analysis of the two vivianite reference materials 
(spectra not shown). 

All P in paramagnetic species was assigned to Fe-P, e.g., vivianite-P 

and Fe(III)-P, a valid assumption as the Mn content was nearly two or-
ders of magnitude lower than Fe (Table 2). It was estimated that the Fe-P 
content in DG-S, DW-S, DG-E, and DW-E was 12.6, 12.5, 17.7, and 18.7 
mg/g, respectively. These values were very close to the contents of Fe-P 
obtained by the modified P extraction protocol, i.e., sum of vivianite-P 
and Fe(III)-P (Table 4). In contrast, the original P extraction method 
underestimated the Fe-P by 6–35%, c.f., Fig. 6b. Thus, 31P NMR spin 
counting experiments supported that the modified P extraction protocol 
was a reliable method to extract and quantify vivianite-P and Fe(III)-P in 
sludge. 

3.4. Application of the modified P extraction protocol for vivianite 
quantification 

To ensure complete extraction of vivianite, it is recommended that 
the concentration of 2,2′-bipyridine in the Bipy solution and S/L ratio 
are assessed, when the modified P extraction protocol is used on a new 
type of sample. For example, a sample with a high vivianite content may 
require a higher concentration of 2,2′-bipyridine (> 0.2%) and/or a 
lower S/L ratio ( <0.5 g/25 mL, wet weight). If the objective is only 
quantification of vivianite-P, a simplified extraction method consisting 
of the first two steps, i.e., H2O- (for loosely bound P and P in porewater 
of wet samples) and Bipy-extraction (for vivianite-P) can be used, 
thereby reducing the number of extraction steps from six to two and the 
experimental time to about 30% of the full protocol (Fig. S3). 

3.5. Future perspectives for vivianite quantification 

P recovery in the form of vivianite from WWTP is an emerging 
technology and the analytical techniques of vivianite are still under 
development (Prot et al., 2020). Even XAS and Mössbauer spectroscopy, 
two advanced methods used for vivianite quantification (Deng et al., 
2020; Li et al., 2018b; Prot et al., 2020; Wilfert et al., 2018, 2016), bear 
limitations and inaccuracy due to the impurities commonly present in 
environmental samples and the vulnerability of vivianite to oxidation 
during sample collection, storage, and preparation for analysis (Prot 
et al., 2020; Salehin et al., 2020). The modified P extraction protocol 
established in this study provides an accessible approach for vivianite 
quantification by in-house analytic techniques, which will facilitate the 
analysis of vivianite and optimization of P recovery in WWTP. Further 
investigation of vivianite formation in complex environments, e.g., 
wastewater and sludge, and its authentic structure, and how does viv-
ianite aggregate with its oxidation products as well as Ca, Mg, or Mn 
impurities, is expected in the future for better vivianite quantification no 
matter which type of analytical method is used. 

4. Conclusions 

This study developed a modified P extraction protocol for quantifi-
cation of vivianite in sewage sludge, which only relies on conventional 
analytical equipment, and provided detailed insight into the P speciation 
in the sludge samples.  

• The modified P extraction protocol was validated on sludge using 
SEM-EDS, PXRD, 31P NMR spectroscopy, and ICP-OES, with 

Table 4 
Quantification of Fe-P by 31P spin counting NMR experiments. The Fe-P content was calculated as the sum of the Bipy-P (vivianite-P) and BD-P (Fe(III)-P) by the 
modified P extraction protocol, and as the BD-P by the original P extraction method (Fig. 6b).  

Sludge TP (mg/g) P quantified by NMR (mg/g) Estimated Fe-P (mg/g) Fe-P by modified P extraction (mg/g) Fe-P by original P extraction (mg/g) 

DG-S 17.8 ± 0.6 5.2 12.6 13.7 ± 0.1 11.9 ± 0.6 
DW-S 18.9 ± 0.3 6.4 12.5 12.7 ± 0.2 8.3 ± 0.1 
DG-E 32.7 ± 0.9 15.0 17.7 16.4 ± 0.5 14.8 ± 0.5 
DW-E 30.7 ± 0.9 11.9 18.7 17.7 ± 0.2 16.7 ± 0.6  
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synthetic vivianite and a vivianite precipitate from a WWTP as 
reference materials.  

• A higher proportion of P was bound to vivianite in the CPR WWTP 
(48–52%) than in the C-EBPR WWTP (16–26%).  

• Fe-bound phosphate (Fe-P), which was separated into two fractions 
(vivianite-P and Fe(III)-P) by the modified protocol, was the domi-
nant P in the sludge samples (72–73% of TP in the CPR WWTP and 
63–64% of TP in the C-EBPR WWTP). In contrast, the conventional 
protocol underestimated Fe-P by 6–35%.  

• A short P extraction protocol consisting of the first two steps is 
applicable if the objective is quantification of only vivianite. 

Thus, the established protocol quantifies vivianite in sewage sludge 
thereby facilitating the link between vivianite formation and WWTP 
operating conditions towards a circular P economy. 
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