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Abstract
A sewage sludge incineration ash contains large amounts of phosphorus, which are considered as a novel anthropogenic 
waste–based substitute for phosphorus natural resources. Phosphorus is accumulated at most in phosphate minerals of 
whitlockite structure, that contain Fe, Ca, and Mg and in the matrix composed of Si, Al, Fe, Ca, P, Mg, K, Na in various 
proportions. The goal of this study was to estimate phosphorus recovery potential. A four-stage sequential extraction, fol-
lowing the modified Golterman procedure, was applied. Separation of four independent fractions enabled to understand 
better the manner of phosphorus occurrence in the studied ash. The results of the extraction indicated the greatest release of 
phosphorus combined with organic matter using sulfuric acid. The release was on average at the level of 64%. The chelating 
Na-EDTA compound indicated lower ability to extract phosphorus (at the level of 35%), and the highest ability to extract 
heavy metals and potentially toxic elements (As, Zn, Mo). The sequential extraction led to the total recovery of phosphorus 
of around 40–60%

Keywords Sequential extraction · Golterman procedure · Incineration sewage sludge ash · Phosphorus recovery

Introduction

Phosphorus macronutrient is a key element for the growth 
of life; however, geological non-renewable in human scale 
phosphorus resources are plainly limited (Alewell et al. 
2020; Meng et al. 2021). It is estimated that phosphorus 
reserves will be exhausted within up to 400 years depend-
ing on demands and use (Van Dijk et al. 2016). For these 
reasons, phosphorous was recognized by European Commis-
sion as a critical raw material (European Commission 2014). 
This is related to the fact that the demand for phosphorus 

increases significantly. European Union countries do not 
have their own phosphate deposits that extraction would be 
profitable. The main reserves of phosphate rocks and global 
raw material production is focused around China, USA, and 
Morocco and Western Sahara (Gorazda et al. 2013). On the 
other hand, the low efficiency in phosphorus cycle causes 
phosphorus excess in nature. Due to losses related to phos-
phorus mining, processing, phosphate fertilizer production, 
and usage, serious environmental pollution occurs including 
not only eutrophication which influences water quality and 
biodiversity (Steffen et al. 2015), but also loss on landscape 
quality, greenhouse gas emissions, and fresh water consump-
tion (Schroder et al. 2009). Additionally, vast amounts of 
phosphorus end up in wastewater (Cordell et al. 2009). A 
stable supply for phosphorus raw materials and management 
is one of the major challenges for economies nowadays.

Approximately 90% of the incoming phosphorus load is 
present in the sewage sludge (Desmidt et al. 2015). In the 
liquid phase, it can reach 40–50%, while recovery rates from 
sewage sludge and sewage sludge ash can reach up to 90% 
(Cornel and Schaum 2009).

The most common option to recover phosphorus was its 
extraction from wastewater by, e.g., by struvite precipitation 
 (NH4MgPO4  6H2O) (e.g., Jaffer et al. 2002; Shu et al. 2006; 
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Le Corre et al. 2009); however, this method is expensive 
due to high cost of sterilization. The simplest and cheapest 
method is the direct application of sewage or sewage sludge 
as fertilizer, but it is significantly limited by EU law due to 
the presence of toxic elements in the sewage sludge, harm-
ful organic substances, bacteria, and parasites (e.g., Belhaj 
et al. 2016; Lamastra et al. 2018). Since, sewage sludge con-
tains not only large amounts of phosphorus but also other 
nutrients such as K, Na, Ca, and Mg, it may be directly used 
by plants in dump site reclamation process (Antonkiewicz 
2010; Antonkiewicz et al. 2018).

Another interesting option where high phosphorus recov-
ery rates are obtained is thermochemical treatment with 
chlorine-based additives, where the phosphorus fixation rate 
reaches 98.5% (Yang et al. 2019).

A potential source of phosphorus is sewage sludge incin-
eration ash. Waste stream materials such as sewage sludge 
incineration ashes are more often considered as novel 
anthropogenic waste–based substitutes for natural resources 
(Kasina et al. 2020), thus maximizing natural resources 
protection and returning elements into the production cycle 
by recycling, reuse and at the same time fulfilling assump-
tions of close-loop economy. Obtaining phosphorus from a 
sewage sludge incineration ashes seems to be a reasonable 
and promising option, since the average phosphorus con-
tent corresponds to medium-rich ores (Kasina et al. 2021). 
Another important aspect in favor of using sewage sludge 
incineration ash as a phosphorus source is the fact that their 
amount of fly ash will increase in the coming years, since 
waste incinerations is considered as one of the most reason-
able options to significantly reduce the amount of landfilled 
waste. Additionally the easy availability of material and the 
expected increase in exploitation prices of natural deposits 
will cause fly ash an extremely attractive and cost-competi-
tive material in terms of phosphorus recovery.

The goals of this study were:

– to evaluate the raw material potential of sewage sludge 
incineration ashes from one of the Polish incineration 
plants located in the South of Poland;

– to identify and quantify a share of various forms of phos-
phorus

– to characterize phosphorus mineral phases

To achieve the goals, a four-stage sequential extraction 
based on the modified Golterman procedure (Golterman 
1996) was applied.

Over the last years, numerous works have been published 
on the raw material potential of incineration ashes, and dif-
ferent recovery methods have been tested. Nevertheless, due 
to the fact that ashes from different locations differ from 
each other, it is necessary to approach individually the incin-
eration residues. These differences are related to various 

aspects such as the level of advancement of local waste 
management, seasonal changes, the level of development 
of the region which can strongly influence the composition 
of ashes, and thus their recovery potential as well as release 
potential of undesirable components such as environmen-
tally toxic elements.

Materials and methods

For the purpose of this study, fly ash from sewage sludge 
incineration plant located in the South of Poland was 
considered.

Four sewage sludge incineration ash (ISSA) samples, 
namely SZ01, SZ02, SZ03, and SZ04 were collected from 
the plant with 3–4 months intervals: autumn, spring, sum-
mer, and winter, respectively. Details concerning collection 
of samples and their affiliation are listed in Table 1.

The ISSA is classified as non-hazardous waste in accord-
ance with the Guidance on classification of waste according 
to EWC-Stat categories (2010) and Annex III to Commis-
sion Decision of 18 December 2014 amending Decision 
2000/532/EC on the list of waste pursuant to Directive 
2008/98/EC of the European Parliament and of the Coun-
cil, n. d). It is red in color, fine-grained material composed 
of quartz, feldspar, hematite, and phosphorus-rich phases 
(Kasina et al. 2019) as main mineral phases.

Sampling site

A sewage sludge incineration plant was located in the 
South of Poland in a ca. 800,000 population city. There, 
partly dewatered sludge is incinerated in a fluidized bed 
boiler (supplier Pyrofluid™) at 850–900 °C. Fluidiza-
tion is obtained by the addition of silica sand and air 
stream introduction at high pressure. Detailed technical 
aspects of incineration facility are described in Kasina 
et al. (2019).

Table 1  ISSA classification and sampling time

1 Fly ash other than those mentioned in 19 01 13*, where 19 01 13* is 
a fly ash containing dangerous substances

Sample Waste code Sampling

ISSA SZ01 19 01  141 November 2015
SZ02 19 01 14 March 2016
SZ03 19 01 14 July 2016
SZ04 19 01 14 December 2016
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Sequential extraction

A four-stage sequential extraction based on the modified 
Golterman method from 1996 (Fig. 1) was applied, in order 
to separate four individual fractions (F), using the following 
chemical reagents:

F1 — a 24-h extraction with deionized water — allowed 
for the removal of easily soluble components
F2 — an 18-h extraction with 0.1 M Na-EDTA — phos-
phorus bound with carbonates
F3 — a 2-h extraction with 0.5 M sulfuric acid — phos-
phorus from soluble compounds with organic matter
F4 — a 2-h extraction with 2 M NaOH solution — resid-
ual phosphorus, bond with aluminosilicates and in bonds 
that have not been broken in the reaction sulfuric acid.

This procedure was chosen due to the fact that it delivers 
well-defined fractions and gives an information about bio-
availability in the specific fraction (Wang et al. 2013).

In accordance with the assumption of the method, the 
chemical reagents do not dissolve the extracted phosphorus 
compounds.

The sequential extraction was carried out in two paral-
lel series which enable verification of results. In a set of 
four averaged ISSA samples (6 g each; in the original pro-
cedure), the extraction was performed on 1 g of the sample, 
and in order to obtain the appropriate amount of material 
for mineralogical analyses, the sample mass and the vol-
ume of chemical reagents was increased accordingly. After 
each extraction step, the pH was measured using Elmetron 
CP-401 pH-meter, which, prior to measurement, was cali-
brated using standard buffering solutions (pH = 4, pH = 7, 
and pH = 9) and measured after each step of extraction.

The leachates (100 mL) were poured into polypropyl-
ene containers and prepared for analysis. A total of 32 

post-extraction solutions (16 from each series) and 1 sam-
ple of deionized water as reference material were obtained.

The leachability was calculated using the following 
formula:

The results of the extraction are listed in Tables 2 and 3.

Analytical methods

The chemical composition of ISSA was obtained using 
inductively coupled plasma mass spectrometry (ICP-MS) 
and inductively coupled plasma atomic emission spectros-
copy (ICP-AES), performed by Bureau Veritas Minerals 
(formerly AcmeLabs Analytical Laboratories) in Vancou-
ver, Canada. To determine the chemical composition of 
leachates, ICP-MS analyses were performed by Activation 
Laboratories Ltd. (Actlabs) in Ancaster, Canada.

X-ray diffraction (XRD) was used for mineralogical char-
acterization ISSA samples. A Philips X’Pert (APD type) 
diffractometer with a PW 3020 vertical goniometer equipped 
with a curved graphite crystal monochromator (CuKα radia-
tion, analytical range 2–64° 2Θ, step 0.02°, counting time 
2  s/step) was used. For the phase identification Philips 
X’Pert software (associated with the ICDD database) was 
used. The analyses were performed at the Institute of Geo-
logical Sciences, Jagiellonian University in Krakow, Poland.

A field emission scanning electron microscope (SEM) 
Hitachi S-4700 combined with a Noran energy dispersive 
spectrometer was used for detailed microscopic observation 
of post-extraction solid residues. The residue grains mounted 
on carbon discs were coated with carbon. Observations were 

R = c
(

solved,mgL−1
)

× V(L)

×
(

c(total,mg∕kg)−1 × m(sample, kg)−1
)

R% = R × 100

Fig. 1  The overview of experimental setup
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done at accelerating voltage of 20 kV and beam current of 
10 mA, using the secondary electron (SE) imaging mode. 
The analyses were performed at the Institute of Geological 
Sciences, Jagiellonian University in Krakow, Poland.

Results and discussion

Chemical composition of ISSA

The studied ISSA was Si–Fe–P–Ca–Al dominated material, 
with relatively low content of heavy metals and potentially 
toxic elements and REE which enable the consideration of 
this material as solid mineral fertilizers (Kasina et al. 2019). 
The concentrations of major and minor elements are listed 
in Table 4.

Characteristic of phosphorus rich mineral phases

The phosphorus present in the ISSA starting samples var-
ied between 7 and 8%. These relatively high concentrations 
enable the comparison of ISSA to medium grade phosphorus 
ores (Kasina et al. 2020). The phosphorus in ISSA is usu-
ally present not as a free phosphate but combined aggre-
gates or phases (Franz 2008); therefore, its identification is 
relevant. The results of XRD analyses indicated that apart 
from non-phosphorus mineral phases such as quartz, feld-
spar, and hematite, Fe–Mg–Ca phosphate of a whitlockite 
structure (22 ± 0.8%) and Fe–PO4 phase (PDF card 15–0655) 
(1.5 ± 0.3%) were present in the studied ashes (Kasina et al. 
2019). The content of amorphous phase was estimated based 
on Rietveld refinement 19.9 ± 2.4 wt%.

The whitlockite-like minerals were characterized by vari-
ous proportions in Fe, Mg, Ca, and P contents. They were 
radially shaped and sometimes overgrown with hematite 
(Fig. 2a, b). The Fe–PO4 were usually perfectly rounded 
(Fig. 2b). Also some amounts of phosphorus were detected 
in a matrix (~ 10 wt%), a shapeless assemblage composed 
of Si, Al, Fe, Ca, P, Mg, K, and Na in various proportions.

Results of sequential extraction

The results of the sequential extraction showed that the high-
est amounts of phosphorus were released due to sulfuric acid 
leaching (on average 1470 mg  L−1) causing the release of 
phosphorus combined with organic matter in F4 at the level 
of about 64%. The efficiency was, however, low, compared 
to other studies where 80–99% of phosphorus was released, 
e.g., Baldi et al. (2021); Biswas et al. (2009); Cohen (2009); 
Franz (2008); Wang et al. (2018). In addition, Fang et al. 
(2018) noted that sulfuric acid is the most efficient acid in 
phosphorus recovery due to higher concentration of hydro-
gen ions.Ta
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Table 4  The bulk chemistry of studied samples based on ICP methods

SZ01 SZ02 SZ03 SZ04
Fly ash Fly ash Fly ash Fly ash

Major elements
  Si % 16.36 16.51 18.94 18.16

mg/L 163,600 165,100 189,400 181,600
  Al % 4.17 4.36 3.92 4.53

mg/L 41,700 43,600 39,200 45,300
  Fe % 11.08 9.97 8.71 10.26

mg/L 110,800 99,700 87,100 102,600
  Mg % 2.09 2.21 2.28 2.26

mg/L 20,900 22,100 22,800 22,600
  Ca % 9.03 9.62 8.85 7.09

mg/L 90,300 96,200 88,500 70,900
  Na % 0.53 0.55 0.53 0.47

mg/L 5300 5500 5300 4700
  K % 1.5 1.59 1.43 1.55

mg/L 15,000 15,900 14,300 15,500
  P % 7.81 7.74 7.02 7.39

mg/L 78,100 77,400 70,200 73,900
  Mn % 0.09 0.09 0.09 0.08

mg/L 900 900 800 800
Minor elements
  As mg/L 16.02 14.1 11.6 14.0
  Cd mg/L 7.0 4.8 5.0 5.7
  Cr mg/L 1046.52 779.76 827.64 526.68
  Cu mg/L 665.5 666.6 570.3 654.8
  Mo mg/L 25.5 20.6 18.3 21.5
  Ni mg/L 119.5 86.8 79.3 102.4
  Pb mg/L 138.0 127.4 125.9 151.6
  Zn mg/L 4472.0 3938.0 3550.0 3918.0
  ∑ REE mg/L 90.86 101.37 96.81 106.38

Fig. 2  a Radially shaped whitlockite rich in Mg overgrowth with hematite. SEM BSE image mode. Magnification 500 × . b Fe–PO4 in the 
rounded form (left top side), and as irregular sinter (right, down side). SEM-BSE image mode, magnification 600 × 
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Sun et al. (2018) found out that in acid leaching with 
 H2SO4, calcium, magnesium, potassium, and phosphorus are 
removed, thus we may assume that this reaction is respon-
sible mostly for whitlockite dissolution, which is the most 
abundant phosphorus mineral phase in the studied ISSA. A 
dissolution of heavy metals and potentially toxic elements 
occurred, therefore purification process needs to be applied. 
The acid extract can be subjected to organic solvent treat-
ment, as suggested by Baldi et al. (2021) or purified using 
chelating solutions, as suggested by Fang et al. (2018).

Precipitation of phosphates from the leachate may give 
additional information on the possible utilization of the lea-
chates. As suggested by Liang et al. (2019), it was possi-
ble to synthetize high purity struvite from  H2SO4 leachate, 
which can be used directly as fertilizer (Talboys et al. 2016; 
Nongqwenga et al. 2017).

The chelating compound indicated lower ability to extract 
phosphorus. The Na-EDTA leachant released on average 
890 mg  L−1 which was on average about 35%. The EDTA 
enables the formation of complexes with  Fe3+ ions, thus 
stabilizing them in the solution, which prevents their co-pre-
cipitation with phosphorus (Anawati and Azimi 2020). Here, 
in the leachates of fraction F2 the highest concentrations of 
trace elements were detected. Among which around 50% 
belonged to the As; additionally 40% of Zn and over 20% 
of Mo were released. Also, significant concentrations of Cu 
and Cd, Ni, and Pb (over a dozen%) were measured. For this 
reason, Fang et al. (2018), recognized EDTA as a relevant 
pre-treatment agent for the total trace elements reduction 
in ISSA, which reduces contamination during subsequent 
phosphorus extraction with  H2SO4 and additionally causes 
insignificant changes in the ash structure.

Only single percent of phosphorus was released in the 
reaction with deionized water and after leaching with NaOH. 
Also, a relatively low leaching rate of minor elements (REE 
and heavy metals and potentially toxic elements) occurred 
(Table 3). That might be due to the fact that metals were par-
tially immobilized in insoluble phases and ash glassy matrix 
or leached out in the previous stages of extraction.

The sequential extraction led to the recovery of phos-
phorus of around 40–60% depending on the initial sample 
(Table 2), while as suggested by Cornel and Schaum (2009) 
phosphorus recovery rates can reach up to 90%.

Ruan et al. (2019) and Anawati and Azimi (2020) indi-
cated that  Al2O3 +  Fe2O3 > 3 wt% and presence of impuri-
ties such as chlorine, fluorine, strontium, and heavy metals 
can affect  P2O5 recovery and unwanted crystallization of Al 
and Fe salts. These salts are characterized by low solubility 
and low plant availability (Kalmykova and Karlfeldt Fedje, 
2013). In the studied samples, the  Al2O3 and  Fe2O3 contents 
were higher than 20% (Table 4). Additionally, the high pH 
and the high Ca/P ratio may negatively influence the precipi-
tation of phosphate minerals over calcium carbonates (Song 

et al. 2002). In the studied samples, the pH of the starting 
solution was over 9; the Ca/P ration oscillated around 1; and 
calcium carbonates were not detected. However, Stendahl 
and Jäfverström (2004) indicated that high content of Ca 
limits the phosphorus release. In that study, 90% of phospho-
rus was leached from the sewage sludge ash containing 3% 
of Ca, whereas only 65% of phosphorus was released from 
the sewage sludge ash containing 8% of Ca. In the studied 
samples, the Ca content was on average 8.5% (Table 2) what 
could strongly influence efficiency. Here, we may assume 
that the bulk chemical composition of the sample is relevant 
in phosphorus recovery. In addition, mineral composition of 
ISSA and the phosphorus speciation are important, since the 
solubility of different mineral phases containing phosphorus 
depends on chemical reagents.

The results of X-ray diffraction can be an additional indi-
cator for solubility of phosphorus phases and thus leaching 
efficiency. The XRD results indicated, however, similar min-
eral composition as in the starting ISSA samples (Fig. 3).

Only very slight variations in peak intensities were 
observed. That may be related to the fact that the sequential 
extraction efficiency was not high enough to cause dissolu-
tion and/or recrystallization of other mineral phases due to 
sequential extraction. The phosphorus cold have been immo-
bilized as a result of closing it within matrix, which did not 
dissolve under the influence of leaching solutions.

Here, the conclusion appears that either the procedure 
used for sequential extraction requires repetition, or another 
more efficient procedure should be applied to obtain more 
satisfactory results.

Results of sequential extraction — the influence 
of the results on possible phosphorus bioavailability

The recovery of phosphorus from ISSA is an important issue 
in anthropogenic phosphorus cycle and sustainable econ-
omy; however, we must keep in mind that not all recovered 
phosphorus is mobile and bioavailable; therefore, it may 
negatively influence environment by eutrophication. It is, 
thus, important to evaluate the bioavailability of phospho-
rus recovered from waste and its possible usage in the fer-
tilizer production. The studied ISSA fulfilled requirements 
for non-hazardous waste (Kasina et al. 2021) and usage as 
solid mineral fertilizers are fulfilled following national and 
EU norms (Kasina et al. 2020) due to high content of macro-
nutrients  (K2O +  P2O5) and acceptable content of potentially 
toxic elements (As, Pb, Cd, Hg).

In the used extraction procedure, only phosphorus asso-
ciated with carbonates and the one associated with Fe and 
Al oxides can be considered mobile and bioavailable, so 
F1, F2, and F4, respectively, whereas F3 is considered 
non-bioavailable (Wang et al. 2013). The phosphorus com-
pounds released as a result of the reaction with  H2SO4 show 
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a significant potential for recovery; however, the release of 
heavy metals and potentially toxic elements occur and, this 
fraction indicates very limited bioavailability.

Conclusions

The obtained results highlight the added value of the poten-
tial use of ISSA when considering optimization of P recov-
ery from ISSA by wet chemical methods.

A four-stage sequential extraction based on the modi-
fied Golterman method is efficient enough in recovery of 
phosphorus.

Phosphorus minerals are still present in post extraction 
solid samples, indicating not complete dissolution of phos-
phorus-rich mineral phases.

Acid leaching caused not only higher phosphorus extrac-
tion than leaching using basic and chelating solutions, but 
also higher extraction of heavy metals and potentially toxic 
elements.

Even though the overall extraction level was sufficient, it 
is assumed that better result might be achieved by multipli-
cation of procedure.
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