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From sewage sludge ash to calcium phosphate fertilizers
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Our work presents the results of the research on the utilization of ashes after sewage sludge combustion 
comprising phosphorus recovery in the form of useful products. The investigations were divided into three 
parts: selecting the combustion parameters of sewage sludge, examining ash leaching with mineral acids 
(nitric and phosphoric) to high phosphorus selectivity assuring a low content of iron and heavy metals 
in the extracted solutions and precipitation of CaHPO4

.2H2O. Suitable temperature of a sewage sludge 
combustion enables selective extraction of phosphorus compounds from ash because of hematite phase 
forming, insoluble in mineral acids. The extracts from phosphoric acid leaching, where the extraction 
of phosphorus compounds was 96.1%, have very good properties for its further use as the initial solu-
tion for CaHPO4

.2H2O with 6% lime milk. The obtained product is characterized by high purity  and 
phosphorus availability compatible even with the feed phosphate standard.
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INTRODUCTION

Meeting the human demands on phosphorus products, 
more than 80% of them  can be met in phosphorus 
fertilizers and 12% in detergents and animal feed. 
Presently, over 30 countries exploit natural phosphorus 
deposits, mostly of a sedimentary nature. 65% of  the 
world raw material production in 2009 was covered by 
China, United States, Marocco and Western Sahara. 
66% of the world phosphate rock reserves are present 
in those countries1,2,3. According to the forecasts, the 
world phosphorites and apatites reserves will become 
exhausted during the next 60–130 years3,4. On the other 
hand, increased phosphorus contents at superfi cial waters 
contribute to its contamination and eutrophication3,4,5. In 
order to minimize the environmental impact, phosphorus 
must be removed from the industrial, farming and mu-
nicipal sewage during  treatment processes. Meeting the 
requirements for the quality of purifi ed sewage involves 
applying high-effective biological and chemical treatment 
methods, therefore we generate a sewage sludge – a waste 
containing phosphorus compounds concentrated into the 
cellular matter or as an insoluble phosphates – potential 
substitute of a natural phosphate rock. 

A sewage sludge, with respect to the quantity, is a 
relatively small part of all wastes generated at municipal 
and economic sector, but due to their environmental 
impact the importance of that group is signifi cant. Due 
to more restrictive regulations applied to the conditions 
of sewage sludge utilisation and phosphorus ore deposits 
depletion, investigations related to phosphorus recovery 
from sewage sludge have become more relevant6–9. Ther-
mal processing of a sewage sludge, where phosphorus is 
removed by chemical precipitation, is proposed to be a 
preferable method for their utilisation and obtaining the 
product in the form of ash could be potentially used as 
a substitute of natural ore.

The sewage sludge processing technologies are still 
being developed10–12. The best known and advanced is 
Combi/KreproTM process, being the combination of the 
earlier systems Combi and Kemira/Alfa Laval8,13,14. The de-

hydrated sewage sludge is hydrolyzed at the temperature 
of 150°C in order to eliminate an organic material and 
leach the phosphorus and metal compounds. Sulphuric 
acid is used for hydrolysis and at the fi nal stage iron (III) 
phosphate in 75% is recovered. A concentrated fraction 
of sludge can be used as a biofuel13. The pilot installation 
has worked since 1995 at the Sewage Treatment Plant 
at Helsingborg in Sweden. The Bio-Con process makes 
use of sewage sludge combustion in a grate furnace at 
the temperature of 850°C within 2 seconds and the ob-
tained ash is processed with the use of sulphuric acid8,13.  
The application of an ionic exchange process allowed to 
eliminate the impurities and phosphorus recovery in the 
form of phosphoric acid. The Japanese EBPR process 
proposes intensive ash washing with demineralised water 
at 53oC or sulphuric acid6,13. A new technology of melted 
calcium-magnesium phosphate production from ash after 
sewage sludge combustion was also developed15,16. The 
ash with a relevant calcium and magnesium addition 
was melted at the temperature of 1350–1500°C. The 
obtained product meets the requirements of Japanese 
fertilizer standards. In the year 2000 the technology of 
white phosphorus production from sewage sludge was 
patented17. The process is performed at 1000–1250°C in 
oxygen-free conditions. The sewage sludge after earlier 
carbonization at the temperature of 400–700°C or mixture 
of ash and coal was used as a furnace charge.

The pathways to recover phosphorus from a sewage 
sludge via thermal treatment is the main goal of the SU-
SAN project (Sustainable and Safe Re-Use of Municipal 
Sewage Sludge for Nutrient Recovery), funded under the 
EU 6th Framework R&D Programme. Treating the sew-
age sludge ash through a thermal process (850–1100°C) 
with a chlorine addition (MgCl2, CaCl2, KCl) in order to 
remove heavy metals and transform phosphorus  into an 
available mineral form was proposed18–22. On the other 
hand, leaching processes of sewage sludge ash with 
mineral acids are strongly developed. At the proposed 
solutions sewage sludge ash is leached with sulfuric acid, 
the solution is then purifi ed on ion exchange columns 
to produce technical grade phosphoric acid. As a sec-
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ond product powdery fertilizers in the form of calcium 
phosphate can be also manufactured23–24.

The research results presented below use a 
three-stage method: combustion of sewage sludge, 
then the extraction of received ash with nitric or 
phosphoric acid and precipitation of  CaHPO4·2H2O 
with 6% lime milk25–29.

EXPERIMENTAL 

Studies on the sewage sludge incineration were carried 
out with the mixture of biological sludge (excessive and 
preliminary) from the sewage treatment plant Kujawy 
at Kraków (Poland). That unit treats approximately 
54 000 m3 of the sewage per day from 250 000 residents 
(equivalent  number of residents = 310 000). From the 
raw sewage, which contains 7mg total P/dm3, mechanical 
residue, suspended solid matter, substances cause BOD, 
nitrogen and phosphorus compounds are removed. Mostly 
chemical precipitation is used for phosphorus removal. 
100g of the precipitation agent -PIX (40.5% solution of 
Fe2(SO4)3) is used per 1 m3 of sewage. After the treat-
ment processes phosphorus concentration obtained in 
the sewage obtain is 1.1 mg/dm3. Additionally sludge is 
treated by methane fermentation, gravitationally concen-
trated than disposed in quantity ~55Mg/day (70% H2O). 

The chemical characteristic of sewage sludge ash cal-
cined at the temperature of 950°C for 3h was: 22.86% 
PO4

-3, 16.8% Fe, 11.8% Ca, 1,12% Mg, 0.54% Zn, 
0.012% Pb, 0.054% Cu, 0.017% Ni, 0.070% Cr, 0.0020% 
Cd, 0.005 % Co. According to X-ray analysis the main 
phases of the obtained ash was SiO2,  anhydrite, hematite 
and Ca9Fe(PO4)7.

RESULTS AND DISCUSSION 

The conducted investigations, applied to infl uence 
sewage sludge combustion temperature on the obtained 
ash composition, reveal that phosphorus compounds re-
covery depends signifi cantly on the parameters of thermal 
processing. In the instance when sewage treatment plant 
uses chemical precipitation for phosphorus removal in 
the form of  iron phosphate, the sewage sludge, as well 
as the obtained ash, contain unwanted iron ions, which 
have an unfavourable impact on phosphorus availability.

It was found that the selective extraction of phosphorus 
compounds from ash calcined at 600–1000°C was possible 
because of the appearance of insoluble hematite phase 
(Fe2O3). An increase of the sewage sludge incineration 
temperature resulted in iron bounding into hematite 
phase and as a consequence the concentration of iron 
extracted simultaneously with phosphorus into solution 
decreased (Fig. 1). 

Further investigations were carried out with the purpose 
of the selection of the best conditions for phosphorus 
compounds extraction from ash after thermal processing 
of sewage sludge at 950oC with the use of nitric and also 
phosphoric acids. The main goal was the determination 
of the minimum amount of acid usage together with 
high phosphorus leaching effi ciency and selectivity in 
relation to iron ions. The extractions trials were carried 
out with the concentration of nitric and phosphoric acid 
varied from 2.7 to 3.7 mol/dm3 while the mass ratio of 

the extracted ash to acid mixture were changed in the 
range of 0.5–0.7 g/g.

The increase of ash to acid mass ratio, decreases PO4
3- 

extraction degree (α) from 97.4% to 94% (nitric acid) 
and from 96.6 to 86.9% (phosphoric acid) but enlarges 
the capacity of the extraction process (n) from 0.25 to 
0.45 mole PO4

3- leached from ash per mole of used nitric 
acid and from 0.25 to 0.35 mole PO4

3- leached from ash 
per mole of used phosphoric acid. 

The initial increase of ash to phosphoric acid mass 
ratio from 0.33 to 0.41 results in solution saturation 
with extracted components, but further increase causes 
supersaturation of the solutions, which initiates a pre-
cipitation processes.

Over 97% (97.3–99.6%) of iron from ash is contained 
in the solid residue after the extraction process with 
nitric as well as phosphoric acid, which indicates the 
effectiveness of the preliminary stage of ash treatment.

Finally, in the case of nitric acid, application of 
0.45 g/g acid to ash mass ratio and acid concentration 
2.71 mol/dm3 was admitted as favourable. Using these 
conditions results in 94.89% of PO4

3- ions recovery and 
high extraction productivity – 0.42 mol PO4

3-/mol HNO3.
In the case of phosphoric acid, application of 0.37 g/g 

acid to ash mass ratio and acid concentration 2.68 mol/m3 
was admitted as favourable. Under those conditions 
PO4

3- extraction degree (α) reaches 96.1%, and one 
mole of the used acid extracts 0.35 moles of phosphate 
ions with good mixing conditions. Moreover, phosphate 
compounds precipitation did not appear despite the high 
total phosphate ions concentrations in the solution near 
347.5 g/dm3.

Figure 1. Infl uence of sewage sludge combustion temperature 
on Fe and PO4

3- concentration in solutions after ash 
extraction with 3.68 mol/dm3 HNO3 
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The extracts from phosphoric acid leaching have more 
advisable properties for its further use as the initial so-
lution for the precipitation process of useful phosphate 
compounds (Table 1). 

Using the fuzzy logic method with assessment criteria 
specifi ed in table 2 it was found that the best conditions 
for CaHPO4·2H2O precipitation were obtained when the 
extracts after ash leaching with 2.68 mol/dm3   phospho-
ric acid were used. The precipitation process should be 
conducted to complete solution neutralization (pH = 7) 
with 6% lime milk. That process receive six acceptable 
grade and only one admissible grade (Table 3). The ob-
tained product is characterized by high purity (Table 4) 
and phosphorus availability compatible with the feed 
phosphate standard. Only Pb content is insignifi cantly 
exceeded.

On the basis of the conducted research the fl ow 
sheet of phosphorus recovery from sewage sludge was 
proposed (Fig. 2).

Sewage sludge (70% of water content) is charged 
into the rotary furnace and calcined at temperature of 
950oC within 3h. The obtained ash is than extracted 
with phosphoric acid (2.68 mol/dm3 and ash to acid ratio 
~0.37 g/g) within 4 hours at reactor with a stirrer and 
cooling circulation. After fi ltration on the fi lter-press the 
solution is directed into precipitation process and the 
solid residue after rinsing is directed on the stockyard 
or further treatment (iron recovery).

At the crystallization point the lime milk is dosed into 
the reactor with a stirrer and pH-measurement until 
complete neutralization (pH = 7) is achieved. Then 
the mixture should be stirred for further 2h. After the 
fi ltration on the press-fi lters, the solid residue is rinsed 
and prepared for fertilizer purposes while the water with 
the fi ltrate is recycled into the process.

The obtained product CaHPO4·2H2O – DCP – dical-
cium phosphate is one of the most popular feed phosphate 
and also fertilizer phosphate. The lowest possible fl uorine, 
arsenic and heavy metals content as well as phosphorus 
availability are the crucial criteria of its usability.

Table 1. Chemical constitution of extracts after ash leaching 
with 2.71 mol/dm3 HNO3 and 2.68 mol/dm3 H3PO4

Table 2. Assessment criteria for CaHPO4
.2H2O precipitation process

Table 3. The assessment of conducted experiments of CaHPO4
.2H2O precipitation

The aim of the third part of the research was defi ning 
proper conditions for selective precipitation of phospho-
rus compounds in the form of CaHPO4·2H2O from the 
extracts and analysing its physicochemical properties in 
terms of probable application. The experiments were 
carried out on the model solutions, in which the con-
centration of all the analysed ingredients were analogical 
as in the extracts after ash leaching with nitric and pho-
sphoric acid under the most benefi cial conditions. The 
product precipitation was carried out at pH= 2.5; 3; 4 
and 7, in each experimental series, with 6% lime milk.
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CONCLUSIONS

On the basis of the conducted research the following 
conclusions were drawn:

– The selective extraction of phosphorus compounds 
from ash calcined at (600–1000°C) was possible because 
of insoluble hematite phase formation (Fe2O3). The best 
condition for sewage sludge combustion temperature was 
determined to be 950oC. 

– Using nitric and phosphoric acid as extraction 
agents for ash leaching is possible. In the case of nitric 
acid, application of 0.45 g/g acid to ash mass ratio and 
acid concentration 2.71 mol/dm3 resulting in 94.89% 
of PO4

3- ions recovery and high extraction productivi-
ty – 0.423 mol PO4

3-/mol HNO3 was found as a favoura-
ble condition. As the best conditions for the extraction 
process with the use of phosphoric acids 0.49 g/g  ashes 

Table 4. Comparison of  precipitants properties to standard requirements for feed phosphate

Figure 2. The fl ow sheet of  proposed phosphorus recovery process from sewage sludge
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to acid mass ratio were determined. In those conditions 
PO4

3- extraction degree (α) reaches 92.09%, and one 
mole of used acid extracts 0.354 moles of phosphate ions 
with good mixing conditions. Moreover, the phosphate 
compounds precipitation does not appear despite the 
high total phosphate ions concentrations in solution 
near 457 g/dm3.

– The best conditions for CaHPO4·2H2O precipitation 
were obtained when extracts after ash leaching with 
2.68 mol/dm3   phosphoric acid are used. The precipita-
tion process should be conducted to complete solution 
neutralization with 6% lime milk. The obtained product 
is characterized by high purity and phosphorus availability 
compatible with the feed phosphate standard.
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