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Abstract 

Pyrolysis converts nutrient-rich residues (e.g., sewage sludge and manures) into biochar with 

low levels of organic contaminants and high nutrient contents. However, the availability of 

phosphorus (P) as one of the key nutrients in such biochar tends to be low and new 

approaches are needed to enhance P-availability. In this work we tested and optimised one 

such method, doping biomass prior to pyrolysis with potassium (K) as potassium acetate. The 

treatment worked effectively in both pyrolysis units tested (microscale and lab-scale, 

continuous unit) and all three feedstocks (two types of sewage sludges and swine manure). 

The most dramatic effect was observed in the microscale pyrolysis unit at 400°C where 5% K 

doping increased the water-extractable P content 700-fold to 43% of total P. Of the added K, 

on average 90% was retained after pyrolysis of which ~50% was water-extractable. The 

proposed method enables conversion of low-value residues into valuable resources with 

agronomically relevant total and available P and K levels. This approach does not require 

specialised equipment or process modifications and is therefore easy to implement and 

relatively cheap (~US$ 60-80 t-1 treated feedstock). It can present an urgently required 

solution to fulfil regulatory requirements for P-recovery. 

Keywords: fertilizer; potentially toxic elements; sewage sludge; pig slurry; biochar doping  
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1 Introduction 

Phosphorus (P) recycling from residues, such as sewage sludge and animal manures, is an 

essential strategy to prolong limited P resources (Cordell et al., 2009). In some regions, P 

from sewage sludge could satisfy a significant amount of crop requirements, e.g., up to ~50% 

of the mineral P-fertiliser amounts used in agriculture in Germany (Krüger and Adam, 2017). 

Because of the high P recovery potential and frequent eutrophication issues in waterways, 

regulations for mandatory P recovery from wastewater will come into effect in 2026 and 2029 

in Switzerland and Germany, respectively (AbfKlärV, 2017; Schweizer Bundesrat, 2015). A 

new Fertilising Product Regulation of the European Union (EU) also focuses on facilitating 

trade with alternative fertiliser materials and hence, encourage P recycling from residues (The 

European Parliament and the Council of the European Union, 2019).  

Such P-rich residues are, however, often contaminated with compounds of concern, including 

pharmaceuticals and microplastics (Clarke and Smith, 2011; Goss et al., 2013; Hill et al., 

2019; Wohde et al., 2016) that can be present in plant-available form (Mercl et al., 2021; Wu 

et al., 2012). Application of untreated or insufficiently treated sewage sludge and manures on 

land to enable P-recycling can therefore pose an ecological and human health concern. There 

is a need to establish methods that enable safe and efficient recycling of P from P-rich 

residues. 

Thermo-chemical conversion processes, in an oxygen-rich atmosphere (incineration) and 

oxygen-poor atmosphere (pyrolysis), remove organic contaminants from sewage sludge and 

related materials (Buss, 2021). However, the P availabilities in the products from pyrolysis 

(biochar) and incineration (ash) are lower than in the feedstock materials (Adhikari et al., 

2019; Herzel et al., 2016; Xiao et al., 2018). Efficient P recycling requires new approaches to 

increase the plant-P availability and has been a focus of past research. 
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Several methods for increasing the P availability have been proposed. In case of incineration 

residues, P can be extracted from ash via acid washing, a process comparable to conventional 

P fertiliser production. However, the method also dissolves heavy metals (Fang et al., 2018) 

and is typically less efficient when high amounts of Fe and Al-phosphates are present, which 

is the case for many sewage sludge ashes (Kratz et al., 2019). An alternative approach used 

temperatures of 800-1000°C to treat a blend of sodium sulphate, sewage sludge ash and 

sewage sludge at a ratio of 2:5:1 at partial reducing, then oxidizing conditions, which resulted 

in full extractability of P in neutral ammonium citrate (NAC) (Herzel et al., 2021b). The 

approach was also successful when a mixture of sodium sulphate and potassium sulphate was 

used (Herzel et al., 2021a). 

The described methods increase P availability in incineration ashes but are energy-intensive 

and require significant modifications to the existing sewage sludge treatment process. Unlike 

incineration, pyrolysis treatments operate at lower temperatures and additionally retain around 

half of the carbon present in the feedstock material. Therefore, pyrolysis significantly reduces 

the environmental impact of P-recycling (Buss, 2021). We previously demonstrated that 

doping of sewage sludge with a potassium acetate solution prior to pyrolysis at 700°C 

converts phosphate minerals of low solubility (Al-, Ca-, Fe- and Mg-phosphates) into highly 

available K-phosphates (Buss et al., 2020). 

In this study, we conducted two sets of experiments with the aim to optimise P availability in 

P-rich residues through doping with potassium acetate followed by pyrolysis. In the first 

experimental series, sewage sludge was doped with 0.5% and 5% K and pyrolyzed in a micro-

scale pyrolysis unit (thermogravimetric analyser) at 100°C intervals between 400-900°C (full-

factorial design; 21 biochars and 3 feedstocks). In the second series, swine manure and a 

second sewage sludge (with ~3-times higher P-content than the one in the first experimental 

series) were doped with 2% and 4% K and pyrolyzed in a lab-scale, continuous pyrolysis unit 
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between 500-700°C (selected conditions; 11 biochars in total) to reflect conditions 

comparable to commercial pyrolysis operations. We performed water-extractions for short-

term P availability (biochars from both sets of experiments) and NAC extractions for longer-

term P availability (only biochars from continuous unit) (Kratz et al., 2019).  

The objectives were to (i) optimise the pyrolysis temperature for maximum P availability in 

biochars derived from different P-rich feedstocks and doped with potassium acetate, (ii) 

assess compliance of the (doped) biochars with guidelines and regulations (P content and 

availability, polycyclic aromatic hydrocarbon (PAHs) content, and heavy metals 

contamination), and (iii) evaluate the economics and scalability of the process.  
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2 Materials and Methods 

2.1 Feedstock preparation and pyrolysis 

2.1.1 Micro-scale biochar production – Thermogravimetric analyser (TGA) 

Sewage sludge provided by Scottish Water (undigested, dried, and granulated) was soaked in 

potassium acetate solution (Sigma-Aldrich, ≥99.0% purity) to achieve uptake of K equivalent 

to 0.5% and 5% (weight %) of the material. The pre-dried sewage sludge granules and 

potassium acetate solution were occasionally stirred until the solution was taken up. The total 

K contents were measured as described under section 2.2 to determine the effectiveness of K 

doping. The K contents in the control, 0.5% and 5% K-doped samples were 0.15, 0.74 and 

4.5%, respectively, equivalent to an addition of 0.58 and 4.3% K in the 0.5% and 5% K 

treatments (SI Table 1). The P content in this first type of sewage sludge (SS I) was ~1.1% 

(Buss et al., 2020). 

SS I was pyrolyzed in a thermogravimetric analyser (Mettler-Toledo TGA/DSC1) at 100°C 

intervals from 400-900°C at a heating rate of 50°C min-1 and a residence time at highest 

treatment temperature (HTT) of 10 min. Approximately 80-100 mg of (doped) SS I was 

pyrolyzed per run. Several (typically 15) runs were performed, and the biochars were pooled 

for the extractions and digestions. 

2.1.2 Continuous pyrolysis unit 

The second sewage sludge (SS II) was provided by the wastewater treatment plant in Linz-

Unkel (Germany), where the material was anaerobically stabilised, followed by 

Fe(III)chloride addition for precipitation of phosphates. The anaerobically digested sewage 

sludge was subsequently dried. It comprised small granules of max ~0.5 cm diameter and had 

a P content of ~3.2%. 
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We further used swine manure from a farm where the pigs were fed with dried feed. The 

manure was separated into liquid and solid fractions through an initial release of ~1/3 of the 

liquid within the swine manure, followed by centrifugation. After centrifugation, the material 

had dry matter, ash, nitrogen and carbon contents of 27.2%, 34.8%, 3.1% and 35.6%, 

respectively. Before pyrolysis, the material was further dried to ~65% dry matter content. The 

particle size was comparable to both sewage sludges (<0.5 cm). The swine manure had a P 

content of 4.1%. 

Potassium acetate (purity ≥99%, Roth, Karlsruhe, Germany) was dissolved in water and the 

solution was applied onto the dry SS II material and swine manure with a spray bottle, while 

the material was manually stirred with a whisk. Afterwards the materials were dried at 105°C 

in an oven. 

The pyrolysis was performed in a PYREKA lab-scale, continuous pyrolysis unit (Pyreg, 

Dörth, Germany). A schematic can be found in Hagemann et al. (Hagemann et al., 2020). The 

feedstock was placed in a feed hopper where it was transported by a screw feeder to a rotary 

valve that seals the furnace from the ambient atmosphere. The unit uses nitrogen carrier gas to 

create an inert atmosphere in the reactor. Subsequently, the material is transported through an 

electrically heated furnace (length: ~1 m). We used residence times in the heated zone of ~20 

min and 27 min (details in Table 1) and a throughput of ~2 kg h-1 and ~0.75 kg h-1 for SS II 

and swine manure, respectively, and HTTs of 500-700°C. 

2.2 Analysis of biochars from microscale pyrolysis unit 

All biochar samples produced in the micro-scale pyrolysis unit and the respective sewage 

sludge feedstock (SS I) were digested using the modified dry ashing method described 

previously (Buss et al., 2016a).  
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We also conducted deionised water extractions in 50 mL centrifuge tubes using 100 mg 

manually ground (mortar and pestle) SS I or biochar and 10 mL of water. We used the same 

water-to-liquid ratio as recommended in the EU fertiliser regulation for water-extractable P 

(The European Parliament and the Council of the European Union, 2003) and reagent blanks 

were included as appropriate. The samples were shaken on a reciprocal shaker at 150 rpm for 

2 hours, followed by filtration with Whatman No. 1 filters. 

The digests and water-extracts were analysed via ICP-OES (Varian Vista Pro) for 19 

elements, including P, K, Ca, Mg, Al, Fe, Cu and Cr using 6-point calibrations from 0.01 to 

25 ppm. Further information on the protocol can be found in Buss et al. (2016a). 

2.3 Analysis of biochars from continuous pyrolysis unit 

2.3.1 Fertiliser potential 

The SS II and swine manure biochar samples pyrolyzed in the continuous unit were analysed 

for their P fertiliser potential by a commercial lab (Eurofins Umwelt Ost, Jena, Germany). 

The samples were digested via aqua regia (method DIN 51729-11: 1998-11) and analysed for 

P via ICP-OES following method DIN EN 11885:2009-09. The P contents analysed in the 

digest were referred as “total P contents” and determined in three SS II biochar samples and 

the swine manure feedstock sample. Assuming 100% P retention at typical pyrolysis 

temperatures (≤700°C) as reported in the literature (Yuan et al., 2015), the total P content of 

all biochars was calculated based on the respective biochar yields (Table 1). 

The water-extractable P contents were determined in all biochar samples according to DIN 

EN 15958:2012-02, followed by analyses of the extracts via ICP-OES (method DIN EN 

11885:2009-09). The extractions were performed in 500 mL beakers using 5 g of biochar and 

450 mL of water. The samples were mixed for 30 min in a rotary shaker, then 50 mL of water 

was added, and the samples were subsequently filtered and analysed. 
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In addition, the NAC-soluble P content was determined. NAC is typically used to assess the 

fertilizer potential of recycled materials and is considered a good indicator for longer-term 

plant P-availability (Kratz et al., 2019; Krüger and Adam, 2017). NAC-soluble P was 

extracted according to DIN EN 15957:2011-12 and the extracts were also analysed via ICP-

OES (DIN EN 11885:2009-09). In short, the NAC solution was prepared by dissolving 370 g 

crystallised citric acid in 1,500 mL deionised water and by addition of 345 mL of ammonium 

hydroxide solution (28% NH3). The solution was adjusted to pH 7 and water was added up to 

a total volume of 2,000 mL. The NAC-extraction was performed in a beaker using 1 g of 

biochar and 100 mL of NAC-solution. The NAC-biochar blend was gently shaken for 1 hour 

on a rotary shaker and subsequently filtered and analysed via ICP-OES.  

2.3.2 Contaminants 

The sum of 16 US EPA PAHs and the content of potentially toxic elements (PTEs) were 

determined in one K-doped sewage sludge biochar sample (i.e., SS II 600°C + 4% K). For 

PAH extraction, the biochar was extracted with toluene following the protocol DIN EN 

16181:2019-08. The PAH analysis was performed by Eurofins Umwelt Ost (Jena, Germany). 

The same biochar sample was digested via aqua regia followed by ICP-OES analysis of Cr, 

Cu, Ni and Zn, ICP-MS analysis of As, Pb, Cd and Tl and CV-AAS analysis of Hg. The PTE 

analyses were performed by the Landeslabor Hessen (Kassel, Germany)  
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3 Results and Discussion 

3.1 Sewage sludge temperature series in micro-scale pyrolysis 

3.1.1 Phosphorus availability 

The water-extractable of the total P content in the undoped sewage sludge (SS I) prior to 

pyrolysis was 3.7%, and in the 0.5% and 5% K-doped samples 3.3% and 4.9%, respectively 

(Figure 1; SI Table 2). After pyrolysis, the extractable P content decreased in undoped SS I 

substantially to 0.1-0.4% of the total content, a 17-fold decrease across the six pyrolysis 

temperatures (Figure 1; SI Table 2). Other studies also report dramatic declines in P 

availability after sewage sludge pyrolysis, e.g., Zhang et al. (2015) found a 7-fold decrease for 

sewage sludge biochar produced at 400°C relative to unpyrolyzed sewage sludge (Zhang et 

al., 2015). 

Doping of SS I with 0.5% K increased the water-extractable P content relative to undoped 

biochar 3-fold to 0.4-0.8% (mean: 0.5%) (Figure 1; SI Table 2). Doping with 5% K further 

increased the water-extractable P content to an average of 27% of total P across the six 

pyrolysis temperatures (400-900°C). This is equivalent to a 200-fold increase relative to the 

undoped biochar control and is even a 5.5-fold increase relative to the SS I prior to pyrolysis. 

Our results highlight that K-treatment can substantially increase P-availability in sewage 

sludge biochar across the whole temperature range tested (Figure 1). 

The water-extractable P content in undoped and 0.5% doped biochar did not change 

consistently with pyrolysis temperature (Figure 1; SI Table 2) in contrast to other studies that 

reported decreasing P extractability with increasing pyrolysis temperature (Liang et al., 2018; 

Zhang et al., 2015). However, we did see such effect in the 5% K doped biochar where the 

water extractable P fraction decreased from ~43% in biochar produced at 400°C to 6% in the 

900°C-biochar (Figure 1). The relative change in P-availability due to K-doping was also 
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highest at lower pyrolysis temperatures; K-doping increased the P-extractability 700-fold and 

17-fold in biochars produced at 400°C and 900°C, respectively. It highlights that lower 

pyrolysis temperatures are more suitable for K-doped sewage sludge biochar pyrolysis. 

3.1.2 Fate of added potassium 

In addition to studying phosphorus availability, we also conducted K mass balances from 

feedstock to biochar. Interestingly, the results did not reveal any clear effect of temperature on 

K retention during pyrolysis (Figure 2B), although K can volatilise during pyrolysis at 

>400°C (Okuno et al., 2005). K retention was high across all pyrolysis temperatures: 

86±2.4%, 92±8.4% and 85±6.1% for undoped, 0.5% and 5% K-doped biochars, respectively. 

There was no significant difference in K retention between the doped and undoped treatments 

(one-way ANOVA, p = 0.175). This demonstrates that K doping of biomass boosts the K 

content in the biochar without elevated K losses during pyrolysis, which is a significant and 

novel finding. 

All the added K was recovered in one water extraction step in unpyrolyzed SS I doped with 

5% K (Figure 2A). A high water-extractable K content in unprocessed sewage sludge or 

biochar can be problematic as excess K can cause salinity issues and hence inhibit plant 

growth (Buss et al., 2016b). In contrast, in the 5% K-doped biochar, 40-60% of the total K 

was water-extractable across all pyrolysis temperatures (mean: 50%), with a slight decrease at 

the highest pyrolysis temperatures (Figure 2A). This buffered release of K could help provide 

K to plants in more moderate quantities. Previously, we showed that repeated water 

extractions (6-steps), simulating medium-term availability, recovered 100% of K in a K-

doped sewage sludge biochar (Buss et al., 2020). 

Overall, the total K contents in the 5% K-doped SS I biochars were 8-11% (SI Table 2) with 

~50% immediately available (one-step water-extraction) and the second proportion likely 
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plant-accessible throughout the growing season. This makes K-doped sewage sludge biochar 

a promising K fertiliser. 

3.2 Sewage sludge and manure treatment in continuous unit 

In the second set of experiments, we investigated whether the effects observed in the 

microscale pyrolysis are (i) transferrable from a batch process to a continuous pyrolysis 

process, (ii) scalable from a microscale reactor (milligram scale) to a small pilot reactor 

(kilogram scale), and (iii) transferrable to feedstocks with higher P contents and different 

composition (swine manure ~4% P and second sewage sludge (SS II) ~3.2% P). 

We produced two K-doped biochar temperature series from 500-700°C using 2% K-doped SS 

II (Figure 3A) and 4% K-doped swine manure (Figure 4A). The data confirmed the results 

from the microscale pyrolysis; the water-extractable P content decreased with increasing 

pyrolysis temperature, so did the percentage of NAC-extractable P, though to a lesser extent. 

Subsequently, we investigated the effect of 2% and 4% K-doping in both feedstocks produced 

at 600°C (Figure 3B; Figure 4B). The water-extractable P content in the SS II biochar doped 

with 2% and 4% K increased 9 and 31-fold relative to an undoped control to 1.1 and 3.7%, 

respectively (Figure 3B; Table 1). In the same biochars, the NAC-extractable P content 

increased from 21% in the undoped control to 24% and 30% with 2% and 4% K-addition 

(Figure 3B; Table 1). In the swine manure samples, the 4% K-doping nearly tripled the NAC-

extractable P content from 17% to 48% of the total P. This demonstrates that the effect of K-

doping is not feedstock-specific and can also effectively increase the P-availability in 

materials with higher P content. 

We then produced an improved SS II biochar via doping with 4% K and pyrolysis at 500°C. 

In this biochar, 67% of P was NAC-extractable and 4.1% water-extractable (Figure 3B). Only 

very few other studies showed similar increases in P availability, and only by using more 

complex treatment options (Steckenmesser et al., 2019; Vogel et al., 2017). Our results are 
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very promising for the fertiliser potential of K-doped biochar, but still need confirmation in 

plant trials (currently being conducted in Hessen, Germany using the “SS II 600°C + 4% K”-

biochar sample).  

3.3 Mechanisms responsible for unlocking P availability and 

optimisation potential 

In sewage sludges and manures, P is present in organic form, and as pyrophosphate and 

orthophosphate (Liang et al., 2018; Qian and Jiang, 2014; Uchimiya and Hiradate, 2014). 

With increasing pyrolysis temperature, organic-P and pyrophosphate peaks disappear, leaving 

orthophosphate as the sole P component (Liang et al., 2018; Qian and Jiang, 2014; Uchimiya 

and Hiradate, 2014). Pyrolysis in particular fosters the formation of insoluble P-Ca 

orthophosphates, which substantially decreases P availability in biochar (Liang et al., 2018; 

Qian and Jiang, 2014; Uchimiya and Hiradate, 2014). 

Previously, we performed P K-edge X-ray absorption near-edge spectroscopy (XANES) on 

5% K-doped sewage sludge biochar (700°C) and the equivalent undoped biochar sample 

produced from the same SS I feedstock as in the current study and compared the results to 

various reference materials containing Ca-, Al-, Fe- and K-P compounds (Buss et al., 2020). 

The results indicated that hydroxyapatite and aluminium phosphate were still present in the K-

doped biochar, however, in addition a potassium hydrogen phosphate was formed due to the 

interactions between K and phosphates during pyrolysis of K-doped sewage sludge. Such 

potassium hydrogen phosphate is much more soluble (K2HPO4; 168 g/100 g water) than Ca, 

Mg, Al and Fe phosphates typically present in undoped sewage sludge biochar (Liang et al., 

2018), which resulted in the increased extractability of P in the K-doped biochar samples. K 

needs to be present in excess of P in the biomass/biochar to meet the 2:1 molar ratio required 

for K2HPO4 formation. Herzel et al. (2016) found P-extractability in sewage sludge 

incineration ash increased linearly with K and Na addition until a K:P or Na:P ratio of 2 was 
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reached (Herzel et al., 2016). This is further evidence for the formation of K2HPO4 and related 

compounds of similar K:P or Na:P ratios during thermochemical conversion of doped 

biomass. 

In our study, the contents of water-extractable P in biochars produced from undoped SS I and 

SS II were comparable (SS I: 0.22% across the temperatures, SI Table 2; SS II: 0.12% at 

600°C, Table 1). On the other hand, the amount of water-extractable P in biochars doped with 

the upper level of K (4% and 5%) was higher in the biochars produced from SS I compared to 

SS II (e.g., 33% vs. 4.1% in the 600°C biochars). This result can be explained by the 

respective K:P ratios. The P content in SS I was ~3-fold lower than in SS II and we added less 

K to SS II (4% vs. 5% K), resulting in K:P ratios of 3 and 1 in SS I and SS II biochars, 

respectively. The swine manure biochar had an even lower K:P ratio of only 0.8. This 

highlights potential for further optimisation of P-availabilities in SS II and swine manure 

biochars in which we already detected up to 2/3 and 1/2 NAC-extractable P, respectively. 

We further discovered that lower pyrolysis temperatures promoted P-availability in K-doped 

biochar. Many studies report highest P-availability in the unpyrolyzed feedstock material and 

subsequently decreasing P-availability with pyrolysis temperature (Dai et al., 2016; Liang et 

al., 2018; Uchimiya and Hiradate, 2014). With K-doping, however, pyrolysis conditions are 

clearly required to increase P-availability. Simple addition of K acetate to sewage sludge 

without pyrolysis of the material did not increase P availability (Figure 1). During pyrolysis 

metal acetates typically start to decompose at temperatures of ~350°C (Cheng et al., 2019; 

McAdie and Jervis, 1970; Patil et al., 1968) and between 200-400°C the reactivity of K 

increases as it volatilises without loss (Jensen et al., 2000; Tian et al., 2017). This fosters 

interactions of K and P, which enable the formation of K-P compounds of high solubility. Our 

discovery that pyrolysis temperatures at the lower to medium end of pyrolysis (400-600°C) 
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are particularly effective at increasing P availability is an interesting and novel finding of 

great significance.  

Liang et al. report that Na-P compounds, which, as shown in Herzel et al., form under similar 

conditions as K-P compounds (Herzel et al., 2016), peaked at a pyrolysis temperature of 

400°C in undoped swine manure biochar (pyrolysis range 300-700°C). At higher pyrolysis 

temperatures Na-P (and likely K-P) compounds were replaced by Ca-P compounds (Liang et 

al., 2018) that display lower solubility and higher thermal stability. This shift towards more 

thermally stable compounds at the upper temperature range of pyrolysis, which fosters the 

formation of Ca-P species could explain the decrease in P-availability with temperature in 

undoped and K-doped biochars samples.  

Application of K+ ions to the feedstock material in a reactive form is the key step to ensure 

enhanced P recovery in biochar. To effectively increase P availability, K+ ions need to get into 

contact with the entire amount of P present in the feedstock. Via synchrotron X-ray 

fluorescence (XRF), we showed previously that soaking sewage sludge granules (~0.5 cm in 

size) in potassium acetate solution overnight did not result in full penetration of K into the 

interior of the sewage sludge pellet (Buss et al., 2020). Using finer sewage sludge particles or 

enhanced application of the potassium acetate solution, e.g., via a pressure sprayer, might 

enable deeper penetration of K into the sewage sludge matrix. We tried mixing solid, 

undissolved potassium acetate salt with sewage sludge prior to pyrolysis. As expected, the P 

extractability after pyrolysis was lower compared to wet application as the K was not 

incorporated into the sewage sludge matrix as fully as during wet application (SI Table 5). 

However, the differences in NAC-extractabilities between wet and dry K-doped samples were 

small and hence dry doping, which has the advantage of not adding moisture to the feedstock, 

is an option that needs further investigation. 
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In summary, to maximise P availability in biochar (i) mineral addition should be done in a 

way that ensures full contact of K with P in the feedstock material to maximise P-availability 

and (ii) adjusts the K:P ratio to ~2, and (iii) the material should be pyrolyzed at 400-600°C.  

3.4 Contaminants in K-doped sewage sludge biochars 

This work demonstrated that K doping can dramatically increase the P availability in biochar 

derived from P-rich feedstock. Alkali metals, such as K, can also promote biochar formation 

and hence increase the carbon sequestration potential of biochar by changing the dynamics 

during thermochemical conversion, which also affects the formation of polycyclic aromatic 

hydrocarbons (PAHs) (Buss et al., 2020; Giudicianni et al., 2021; Mašek et al., 2019). Since 

PAHs are contaminants of concern in biochar (Hale et al., 2012), we analysed the PAH 

content in one of the doped biochars, the “SS II 600°C 4% K”-biochar produced in the 

continuous unit. The sum of 16 US EPA PAHs was only 1.6 mg kg-1 with 1.2 mg kg-1 

attributed to NAP (Table 2), the least hazardous of the 16 US EPA PAHs (Delistraty, 1997). 

Therefore, the biochar meets the PAH limit value of the International Biochar Initiative (IBI) 

(International Biochar Initiative, 2011) and additionally achieves the highest biochar grade of 

the European Biochar Certificate (EBC) (animal feed) (EBC, 2012), with limits of 6 and 4 mg 

kg-1 respectively. It demonstrates that K doping does not pose a concern for PAH levels in 

biochar. 

The “SS II 600°C + 4% K”-biochar also meets the potentially toxic element (PTE) limit 

values of phosphorus fertilisers in the German fertiliser ordinance (SI Table 4) 

(Düngemittelverordnung, 2012). PTE contents in sewage sludges vary substantially 

depending on their origin (Herzel et al., 2016). Legal limits in different countries and 

jurisdictions are also inconsistent and therefore, whether the biochar meets local threshold 

values for total PTEs needs to be evaluated on a case-by-case basis. 
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While regulation threshold values are still mostly based on total contents of PTEs, in terms of 

an actual environmental impact the more relevant parameter is the availability of PTEs, i.e., 

the amount that is taken up and affects plants and soil organisms. Therefore, we investigated 

whether the water-extractable fraction of PTEs in biochar was influenced by K addition in the 

SS I biochars (Figure 5). Of the 8 PTEs assessed (As, Cd, Co, Cr, Hg, Ni, Pb, Zn), only the 

water-extractable levels of Cr and Cu were above the detection limit in the biochar from 

undoped sludge. The availability of both PTEs increased markedly in the 5% K-doped 

biochars relative to the undoped biochars and the sewage sludge prior to pyrolysis when 

produced at temperatures above 500°C and reached 10% and 40% of the total levels in the 

biochar produced at 900°C, rendering high temperatures undesirable (Figure 5). It is unclear 

why K-doping increased Cr and Cu availability at elevated pyrolysis temperatures, and this 

should be part of future investigations. Importantly the water-extractable levels in the 400°C 

and 500°C biochars were below the limit of detection and therefore much lower than in the 

sewage sludge prior to pyrolysis.  

We recommend ~500°C for pyrolysis of K-doped, P-rich feedstocks that also contain 

increased levels of PTEs and organic contaminants because (i) the availability of P decreases 

with pyrolysis temperature, (ii) the availability of PTEs increases with pyrolysis temperature 

and (iii) organic contaminants present in the feedstock material are almost completely 

removed at temperatures of ≥500°C as demonstrated previously (Buss, 2021). 

3.5 Environmental, agricultural and economic relevance 

Commercial single and double super-phosphate fertilisers contain 8.8% and 17% P, 

respectively. Our SS II and swine manure biochars have levels of P (9-12%) comparable to 

such fertiliser of which up to 2/3rd was NAC-extractable (Table 1). In addition, the materials 

contain ~10% K (SI Table 3) in a partially immediately, partially medium-term available 
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form. Our biochars clearly contain P and K levels of agronomical relevance and could replace 

PK fertilisers as a climate-friendly alternative.  

According to the new EU Fertilising Product Regulation, mineral fertilisers defined as 

materials with <1% organic carbon content, require a minimum NAC-P-extractability of 75% 

(The European Parliament and the Council of the European Union, 2019). However, for 

recycled P-fertilisers, the STRUBIAS report (Precipitated Phosphate Salts & Derivates, 

Thermal Oxidation Materials & Derivates and Pyrolysis & Gasification Materials) suggests 

that at least 25% of P should be water-extractable or 30% NAC-extractable (Huygens et al., 

2019). All our biochars treated with the higher K-application rates (4% / 5%) and produced 

≤700°C satisfy the requirement suggested in the STRUBIAS report. It is very likely that our 

process can even exceed the higher limit for P-NAC-extractability of 75% with further 

optimisation, such as higher K:P ratio and more efficient K-doping.  

Drying is the most energy-intensive step of the sewage sludge-pyrolysis operation (Cheng et 

al., 2020; McNamara et al., 2016; Miller-Robbie et al., 2015) and therefore, adding potassium 

acetate solution after sewage sludge drying should be avoided as additional energy is needed 

to subsequently drive off the added moisture. The potassium acetate solution could be added 

after dewatering (pressing) and before full thermal drying. Movement during the drying 

operation should ensure mixing, homogenous K application and hence maximum 

effectiveness. Dry mixing of potassium acetate should also be further investigated. In contrast 

to currently used techniques that increase the P availability in conversion products of sewage 

sludge (mainly incineration ashes) (Kratz et al., 2019), potassium acetate doping prior to 

pyrolysis does not need any process modifications and additional costs are limited to costs for 

the potassium acetate.  

To amend biomass with 4% K, 10% potassium acetate needs to be added as it contains 40% 

K. This treatment incurs costs of US$ 60-80 per tonne of dry sewage sludge at potassium 
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costs of US$ 600-800 (Alibaba.com, 2021). Our feedstock pre-treatment further supplies K 

and therefore the extra costs for K doping could be partially offset by its obtained K fertiliser 

value. The price for potash is ~US$ 300-600 t-1 K2O (US$ 250-500 t-1 K), resulting in a K-

value of US$ 25-50 per tonne K doped sewage sludge biochar (10% K), which is ~US$ 10-20 

per tonne processed sewage sludge (at 40% biochar yield). The extra K-fertiliser value 

therefore reduces potassium acetate doping costs to US$ 40-70 per tonne of dry sewage 

sludge. Ultimately, K-doped sewage sludge biochar will display increased agronomical value 

due to enhanced P-availability, a property challenging to convert into monetary value as there 

is no universal standard to assess and hence put a price on P-availability.  

Current sewage sludge incineration costs in the EU are estimated at US$ 90-500 per tonne 

processed sewage sludge (Capodaglio and Olsson, 2020) and proposed methods that increase 

the P-availability in sewage sludge ash need additional processes, such as a second stage 

~1000°C-treatment after sodium sulphate addition (Steckenmesser et al., 2019; Vogel et al., 

2017). This would incur significant additional costs to the existing sewage sludge processing 

expenses. In contrast, our simple potassium acetate addition utilises a single-step process that 

does not require extra energy inputs or process modifications and therefore, is considerably 

more cost-efficient and practical. Importantly, our method is based on pyrolysis, which retains 

and stabilises a significant part of the carbon within the biomass and incidentally, K-doping 

can further increase the carbon sequestration potential of biochar by boosting carbon retention 

and stability (Buss et al., 2022, 2020; Mašek et al., 2019). 

4 Conclusions  

We showed that K-doping coupled with pyrolysis converts sewage sludges and manures of 

different composition into valuable resources with enhanced total and available P and K 

levels. Our process can be optimised for different types of P-rich residues. A cost-benefit 
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analysis should be conducted on a case-by-case basis to decide on the most-efficient level of 

K addition considering the costs of potassium acetate and residue composition (i.e., mainly P 

content). The method described here paves the way for using sewage sludge and manure 

biochar as sustainable fertilisers that recycle nutrient at a competitive price while 

simultaneously providing long-term carbon sequestration. Pyrolysis of K-doped sewage 

sludge has distinct potential to be applied as a cost-effective, P-recycling technology. 
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Figure 1: Water-extractable of total phosphorus (P) content in sewage sludge (SS I) and 

biochars produced in a microscale pyrolysis unit at temperatures of 400-900°C without 

(undoped) and with 0.5% K and 5% K doping of the feedstock material. Means and standard 

deviation of three replicate analyses are shown.
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Figure 2: (A) Water-extractable of total potassium (K) content in sewage sludge (SS I) and biochars produced in a microscale pyrolysis unit at 

temperatures of 400-900°C without (undoped), and with 0.5% K and 5% K doping of the feedstock material. Means and standard deviation of three 

replicate analyses are shown. (B) Mass balance of K during pyrolysis, from feedstock to biochar (no replication).  
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Figure 3: Water-extractable and neutral ammonium citrate (NAC)-extractable of total phosphorus (P) content in sewage sludge (SS II) biochars 

produced with a continuous pyrolysis unit (PYREKA). (A) SS II biochar produced at 500, 600 and 700°C with 2% K-doping of the feedstock 

material. (B) SS II biochar produced at 600°C without (undoped), and with 2% K and 4% K doping of the feedstock material, and biochar produced 

at 500°C with 4% K-doping. 
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Figure 4: Water-extractable and neutral ammonium citrate (NAC)-extractable of total phosphorus (P) content in swine manure biochars produced 

with a continuous pyrolysis unit (PYREKA). (A) Swine manure biochar produced at 500, 600 and 700°C with 4% K-doping of the feedstock 

material. (B) Swine manure biochar produced at 600°C without addition (undoped), 2% K and 4% K doping of the feedstock material. 
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Figure 5: Water-extractable of total Cr (A) and Cu (B) contents in sewage sludge (SS I) biochar produced in the microscale pyrolysis unit at 

temperature of 400-900°C without (undoped), and with 0.5% K and 5% K doping of the feedstock material. Means and standard deviation of three 

replicate analyses are shown. Cr and Cu were the only potentially toxic elements out of a set of 8 (As, Cd, Co, Cr, Hg, Ni, Pb, Zn) with water-

extractable levels above the detection limit.
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Table 1: Characteristics of biochars produced with the PYREKA continuous pyrolysis unit from sewage sludge (SS II) and swine manure at selected 

conditions. HTT, highest treatment temperature; RT, residence time: NAC, neutral ammonium acetate; SS, sewage sludge  

feedstock HTT feedstock RT biochar yield P content water-extractable P NAC-extractable P  

 °C K addition min % dry wt. % mg kg-1 % total mg kg-1 % total  

SS II 600 no addition 17-20 38 8.3* 100 0.12 17100 21  

SS II 500 2% 17-20 49 5.3 940 1.8 26000 49  

SS II 600 2% 17-20 42 7.7* 860 1.1 18300 24  

SS II 700 2% 17-20 38 8.5* 340 0.40 19400 23  

SS II 500 4% 17-20 50 4.9 2000 4.1 33000 67  

SS II 600 4% 17-20 43 7.5 2810 3.7 22300 30  

           

swine manure 600 no addition 27 34 11.9# 120 0.10 20500 17  

swine manure 600 2% 27 36 11.3# 690 0.61 21100 19  

swine manure 500 4% 27 42 9.8# 1700 1.7 46000 47  

swine manure 600 4% 27 45 9.0# 1200 1.3 43000 48  

swine manure 700 4% 27 37 11.0# 200 0.18 39000 35  

           

* calculated based on P content in sewage sludge biochar produced at 600°C, using respective biochar yields and assuming 100% P retention during 

pyrolysis 
  

# calculated based on P content in swine manure feedstock, using respective biochar yields and assuming 100% P retention during pyrolysis     
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Table 2: Content of 16 US EPA PAHs in sewage sludge (SS II) biochar doped with 4% K 

prior to pyrolysis at 600°C in the PYREKA continuous pyrolysis unit (toluene extraction DIN 

EN 16181:2019-08). 

PAH content (mg kg-1) 

naphthalene 1.2 

acenaphthylene <0.1 

acenaphthene <0.1 

fluorene <0.1 

phenanthrene 0.3 

anthracene <0.1 

fluoranthene 0.1 

pyrene <0.1 

benz(a)anthracene <0.1 

chrysene <0.1 

benzo(b)fluoranthene <0.1 

benzo(k)fluoranthene <0.1 

benzo(a)pyrene <0.1 

indeno(1,2,3-cd)pyrene <0.1 

dibenz(a,h)anthracene <0.1 

benzo(g,h,i)perylene <0.1 

∑16 US EPA PAHs 1.6 

 


