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SEWAGE SLUDGE BIOCHAR EFFECTS ON PHOSPHORUS 
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Abstract:  In the course of analysing sewage sludge biochar (BC) as a material containing phosphorus loads, we 
determined the following: effect of thermal conversion of three different sewage sludge biochars on the content 
and availability of P in biochars (BC-1, BC-2 BC-3), effect of their application on selected forms of P in soil and 
on the accumulation of this component in Poa pratensis L. biomass. Regardless of the type of BC, the contents of 
P-H2O and P-CaCl2 were lower than the contents determined in unconverted sewage sludge. A significant increase 
in the content of P-CaCl2 compared to the control was noted in the soil of treatments where 1 and 2 % additions of 
BC-2 and BC-3 were applied. Soil pH (r = 0.826; p ≤ 0.05) and the content of Ca-exchangeable (r = 0.712;  
p ≤ 0.05) had the strongest effect on the content of P-CaCl2 in soil; however, no significant relationship was found 
between the amount of P-introduced with BC, the contents of Al-ox., Fe-ox. and the content of P-CaCl2. 
Significant (p ≤ 0.05) increase in the phosphorus content in plant biomass was noted in all treatments compared to 
the control. Regardless of the type of biochar applied, the highest amount of P-uptake was determined in 
treatments where the greatest addition of BC (2 %) was introduced into the soil. A significant relationship between 
P-uptake and the amount of P-introduced with BC into the soil (r = 0.726; p ≤ 0.05) was demonstrated. 
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Introduction 

The need to improve methods of managing waste such as sewage sludge is dictated by 
the systematic increase in their quantity and the growing threat to the environment.  
The amount of sewage sludge produced in European Union is over 10 Tg, and it is 
estimated that by 2020 it will increase to 13 Tg [1]. Directions of sewage sludge 
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management in European countries usually depend on the country’s economic growth 
indicator. Until now, sewage sludge in Poland has been used mainly in agriculture and land 
recultivation or has been disposed of in landfills. Due to legislative changes since 2013, 
there are significant restrictions on the sewage sludge storage. This is mainly related to the 
carbon content (C content cannot exceed 5 % of dry matter) and the heat of combustion 
(maximum 6 MJ/kg of dry matter) [2]. 

Considering substantial technological progress in the field of waste substance 
treatment, thermal methods of municipal sewage sludge conversion are at the forefront. 
Such a form of municipal sewage sludge conversion may give a product that can be re-used 
in nature. 

Studies carried out by Qian and Jiang [3] proved that the application of phosphorus 
accumulated in thermally converted sewage sludge is an important element of the global P 
flows, which is of great importance in the aspect of raw materials critical for the UE [4]. 
The low availability of P for plants is a global problem, limiting plant production especially 
in arid and semi-arid regions of the world. Due to the care for the natural environment, 
more and more emphasis is placed on sustainable fertilisation aimed at improving the 
retention of key nutrients for plants, such as P. The management of P reserves in soil is 
difficult, because its uptake by plants is closely related to, inter alia, soil pH. Insoluble and 
inaccessible to plants phosphorus compounds can be formed in a very acidic environment, 
when the activity of Fe, Al, or Mn ions is increased, as well as in alkaline environment, 
when there is a risk of binding with Ca and Mg ions. The global demand for food is 
constantly growing which, at the same time, increases the demand for fertilisers containing 
P. Therefore, attention should be paid to the depletion of phosphate rock resources and the 
problem of decreasing amount of raw materials for the production of fertilisers containing 
phosphorus [4-6]. 

There are many studies devoted to the subject of increasing the effectiveness of 
fertilising with fertilisers containing P. However, only a few studies are focused on the use 
of sewage sludge biochar to increase its amount in soil. This is somewhat surprising, 
because for many years biochar has been known as an organic P fertiliser [7]. Recently, 
also Arif et al. [8] have noticed that, despite the availability of data on the mechanisms for 
the uptake and use of P by plants from soils fertilised with conventional fertilisers, 
information on the effectiveness of phosphorus use by various plants from soils fertilised 
with biochar is very limited. 

It should be noted that in the process of thermal conversion organic compounds 
containing P (phytates, lipids) are transformed into mineral forms (e.g. FePO4, AlPO4 and 
CaPO4). Unlike organic compounds, mineral forms of P do not require enzymatic 
hydrolysis with phytase and alkaline phosphatases [6]. The total P content in solid products 
of thermal conversion depends on the conditions of the pyrolysis process and is generally 
higher that the content in the feedstock used. As stated by Novak et al. [9], the application 
of biochar to soil increases the retention of P. Sandeep et al. [10] discovered that the 
application of biochar to soil influences the availability of phosphorus but is determined by 
the soil type. In addition, Prendergast-Miller et al. [11] reported that the addition of biochar 
can inhibit the development of root hairs which are most responsible for the uptake of water 
and minerals from the soil. According to Prendergast-Miller et al. [11], this phenomenon is 
due to the greater availability of P in the soil enriched with biochar. 

Considering the lack of unambiguous opinion about and understanding of the potential 
of biochar in increasing the phosphorus content available for plants, especially in  
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low-fertile, light and acidic soils, comprehensive studies were conducted aimed at:  
(i) determining the total P content and the P content available for plants in sewage sludge 
and sewage sludge biochars, (ii) determining the total and available P contents in soil after 
the application of BC, and (iii) assessing the use of P from the soil fertilised with sewage 
sludge biochar by determining the amount of P-uptake by Poa pratensis L. biomass. 

Materials and methods 

Soil, sewage sludge and biochars  

Studies were carried out with the use of acidic soil (loamy sand) containing 50 g/kg of 
particles with a diameter of < 0.02 mm, collected from 0-20 cm layer in southern Poland. 
The soil contained 165 mg/kg  d.m. (dry matter) of total phosphorus and had the natural 
content of trace elements. The properties of the soil used in the tests are presented  
in Table 1. 

Biochars were produced from stabilised municipal sewage sludge. Sewage sludge 
came from wastewater treatment plants in which the system of mechanical and biological 
wastewater treatment is used. Sewage sludge was collected in Wastewater Treatment Plants 
in Krakow (SS-1), Krzeszowice (SS-2), and Slomniki (SS-3) (Malopolskie Province). 

Thermal conversion of air-cured sewage sludge was carried out under laboratory 
conditions using biomass gasification unit under a limited supply of air (1-2 %) [12]. 
Samples of 100 g were placed in the combustion chamber. Temperature in the combustion 
chamber was 300 ±10 ºC, and exposure time was 15 minutes. 

 
Table 1 

Selected chemical and physical properties of soil 

Determination Unit Value 
pH (H2O) [-] 5.79 ±0.07 
pH (KCl) [-] 4.60 ±0.01 

Hydrolytic acidity, Hh [mmol(+)/kg d.m.] 27 ±3 
Electrical conductivity, EC [µS/cm] 21 ±9 

Soil Organic C [g/kg d.m.] 4.20 ±0.10 
N-total [g/kg d.m.] 0.87 ±0.04 
P-total [g/kg d.m.] 0.17 ±0.00 

P-CaCl2 [mg/kg d.m.] 1.54 ±0.16 
Ca-exch. [mg/kg d.m.] 103 ±3 
Mg-exch. [mg/kg d.m.] 11 ±0 

Fe-ox. [mg/kg d.m.] 746 ±43 
Al-ox. [mg/kg d.m.] 541 ±47 
Sand [g/kg d.m.] 870 ±56 
Silt [g/kg d.m.] 80 ±6 
Clay [g/kg d.m.] 50 ±4 

Each value represents the mean of three replicates ± SD (standard deviation), d.m. - dry matter 
 
In order to identify the properties of biochars used in the studies (BC-1, BC-2, BC-3), 

they were ground in a laboratory mill (1 mm sieve mesh diameter), then dried at 105 °C for 
12 hours [13] and analysed. The pH of biochars (biochar : water = 1 : 5) was determined 
electrochemically using a pH-meter (pH-meter CP-505). Elemental composition (C, H, N, 
S) was determined using a CHNS Vario EL Cube analyser manufactured by Elementar. 
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Content O [% w/w] was derived by subtraction according to DIN 51733 [7] method as 
follows (1): 

 O = 100 – (ash + C + N + H + S) (1) 

where: ash - ash content [% w/w], C - carbon content [% w/w], N - nitrogen content  
[% w/w], H - hydrogen content [% w/w] and S - sulphur content [% w/w]. 

Total contents of ash elements, including P-total, were determined after ashing the 
sample in chamber furnace at 450 °C for 12 hours and mineralising its residues in a mixture 
of concentrated nitric and perchloric acids (3 : 2) (v/v). The content of P-H2O was 
determined after extraction with redistilled water (material : water = 1 : 10), and of P-CaCl2 
after extraction with 0.01 M of CaCl2 (material : solution = 1 : 10). The contents of P and 
other macroelements in the obtained solutions and extracts were determined by inductively 
coupled plasma optical emission spectrometry (ICP-OES, Perkin Elmer Optima 7300 DV) 
[14]. 

Specific surface area (SBET) of organic materials and pore volume (Vtot
0.99) were 

determined using multifunction accelerated surface area and porosimetry analyser ASAP 
2010 manufactured by American company - Micromeritics. SBET was determined by 
physical nitrogen adsorption at liquid nitrogen temperature (–196 °C) using  
Brunauer-Emmett-Teller equation. Before measuring specific surface area, test samples 
were subjected to desorption at 105 °C under vacuum conditions, and washed with pure 
helium. Sample degassing time was 16 hours. The status of surface degassing was 
controlled in an automatic manner [15]. 

Growing experiment 

Growing tests were carried out under laboratory conditions in PVC containers 
containing 500 g of soil to which 0.5, 1, and 2 % (w/w) of BC-1, BC-2, and BC-3 biochars 
were added. The control sample (soil) was stored with no biochar added. After introducing 
biochars into the soil, the material was wetted with distilled water and thoroughly mixed. 
Then, the soils with and without additions of biochars were placed in PVC containers. After 
24 hours, P. pratensis seeds of Bariris variety were sown. During plant vegetation, moisture 
content in the soil sample was maintained at 50 % of soil water capacity. The moisture loss 
was supplemented with distilled water to the calculated mass of the soil container.  
The experiment was conducted for 200 days. After that time, the aboveground parts of 
plants were collected, the roots were separated from the soil and thoroughly washed with 
distilled water. The collected biomass of aboveground parts and roots was dried to  
a constant weight at 105 oC and then, its amount was determined. 

Selected chemical properties of soil 

The following parameters were determined in dried and 1 mm sieved soil samples: pH 
- potentiometrically in the suspension of soil and 1 M KCl (soil : solution = 1 : 2.5), 
electrical conductivity (EC) - conductometrically (soil : solution = 1 : 2.5). The carbon 
content was determined on CNS analyser (Vario MAX Cube, Elementar). Exchangeable 
calcium (Ca-exch.) and magnesium (Mg-exch.) were extracted with 1 M ammonium acetate 
(pH = 7) [16]. Poorly crystalline iron (Fe-ox.) and aluminium (Al-ox.) were extracted with 
0.2 M ammonium oxalate buffer solution (pH = 3) [17]. Ca-exch., Mg-exch., Fe-ox. and  
Al-ox. were determined by inductively coupled plasma optical emission spectrometry  
(ICP-OES, Perkin Elmer Optima 7300 DV) [14]. Total phosphorus content (P-total) was 
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determined after ashing the sample in chamber furnace at 550 °C for 12 hours and 
mineralising its residues in a mixture of concentrated nitric and perchloric acids (3 : 2) 
(v/v). P-CaCl2 was extracted from soil with 0.01 M CaCl2 (soil : solution = 1 : 10) [18].  
The P content in the obtained solutions and extracts was determined by inductively coupled 
plasma optical emission spectrometry (ICP-OES, Perkin Elmer Optima 7300 DV) [14]. 

Analysis of plant material 

Samples of plant materials were mineralised in a chamber furnace at 450 °C.  
The residue was dissolved in dilute nitric acid (1 : 2), and the P content was determined in 
the obtained solutions by inductively coupled plasma optical emission spectrometry  
(ICP-OES, Perkin Elmer Optima 7300 DV) [14]. In the presented studies, the phosphorus 
content was presented as the weighted arithmetic mean (P-content [g/kg d.m.]) for 
aboveground parts and roots of P. pratensis (2): 

 P-content = [(Pap · Bap) + (Pr · Br)] / (Bap + Br) (2) 

where: Pap - P content in aboveground parts [g/kg d.m.], Pr - P content in the roots  
[g/kg d.m.], Bap - biomass of aboveground parts [g d.m./pot], Br - biomass of roots  
[g d.m./pot]. 

Amounts of taken up P (P-uptake [mg/kg] were calculated on the basis of the amount of 
biomass (aboveground parts and roots) of P. pratensis and the P content in biomass (3): 

 P-uptake  = (BY · Pc) / 1000  (3) 

where: BY - biomass yield [g d.m./pot], Pc - P content in biomass [g d.m./kg]. 

Statistical analysis 

The experiment was performed in three replicates. The obtained data were compiled 
with the use of STATISTICA 12.5 (StatSoft Inc.). The mean values of analysed properties 
were compared using Tukey’s multiple comparison test at p ≤ 0.05. The value of the 
correlation coefficient r was calculated for selected parameters. Variations in the treatments 
were determined by calculating the standard deviation (± SD). 

Results and discussion 

Characteristics of biochars and soil 

Biochars used in the study and collected in Krakow (BC-1), Krzeszowice (BC-2) and 
Slomniki (BC-3) had different chemical properties, which was conditioned by the origin of 
sewage sludge (Table 2). Among the tested parameters, the greatest variation concerned the 
content of trace elements. Significant differentiation between biochars also concerned the 
determined values of SBET and Vtot

0.99. Less variation was found in the values of pH, ash 
content, and elementary composition of the tested biochars (CHNOS). 

As it results from the studies carried out by Manolikaki et al. [19], most biochars 
produced at 300 and 500 °C had an alkaline pH. According to Windeatt et al. [20], the pH 
values of biochars are generally in the range from 6.1 to 11.6, depending on the feedstock 
from which they were produced. In our own study, the pH values of sewage sludge biochars 
were within the range given by Windeatt et al. [20]. Singh et al. [21] explained that the 
frequent alkaline character of biochar is due to the carbonate content and the release of 
alkaline elements such as Na, K, Ca, and Mg during thermal conversion of biomass.  
As stated by Gai et al. [22] and Jindo et al. [23], the temperature used in the process of 
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thermal conversion of organic material greatly affects losses of volatile elements such as N, 
O, H, and C. These authors indicated that the temperature increase during pyrolysis results 
in a greater loss of H and O compared to C. However, according to Manolikaki et al. [19], 
the temperature and type of pyrolysed feedstock are decisive factors for the loss of volatile 
elements. In addition to volatile elements, the contents of ash and ash components undergo 
changes during pyrolysis, and their concentration increases [19, 24]. Our results related to 
the contents of ash and ash components were similar to these obtained by Méndez et al. 
[25]. The porosity and specific surface area of biochars are important physical properties 
taking into account the effect of this type of materials on soil properties. Jindo et al. [23] 
obtained higher values of SBET compared to these determined in the present study. However, 
it should be noted that these authors analysed biochars produced from different materials 
and at higher temperatures of the pyrolysis process. 

 
Table 2 

Selected properties of sewage sludge biochars 

Determination BC-1 BC-2 BC-3 
Dry matter [%] 96 ±8 97 ±10 97 ±9 

pH (H2O) 6.89 ±0.08 7.06 ±0.04 7.18 ±0.04 
Ash [g/kg d.m.] 692 ±13 614 ±14 761 ±15 

N [%] 2.81 ±0.11 3.66 ±0.07 2.57 ±0.00 
C [%] 19 ±0 26 ±0 16±1 
S [%] 2.27 ±0.20 0.87 ±0.07 0.44 ±0.07 
H [%] 2.05 ±0.06 2.39 ±0.07 1.38 ±0.07 
O [%] 4.90 ±0.42 5.75 ±0.45 1.52 ±0.27 

K [g/kg d.m.] 4.32 ±0.14 3.54 ±0.31 3.92 ±0.28 
Mg [g/kg d.m.] 12.4 ±0.3 9.6 ±0.3 5.9 ±0.3 
Ca [g/kg d.m.] 42 ±3 65 ±2 34 ±2 
Na [g/kg d.m.] 1.15 ±0.04 0.93 ±0.04 1.57 ±0.09 

Cu [mg/kg d.m.] 467 ±14 182 ±6 100 ±6 
Cd [mg/kg d.m.] 2.79 ±0.09 3.87 ±0.05 1.12 ±0.04 
Pb [mg/kg d.m.] 81 ±2 70 ±1 22 ±1 
Zn [mg/kg d.m.] 2321 ±30 1436 ±26 723 ±30 
Cr [mg/kg d.m.] 586 ±10 52 ±4 87 ±19 
Ni [mg/kg d.m.] 89 ±4 28 ±1 23 ±1 
Mn [mg/kg d.m.] 515 ±8 496 ±17 600 ±68 
Fe [mg/kg d.m.] 47895 ±551 16304 ±569 11610 ±802 

SBET [ m2/g] 24.9 11.9 2.2 
Vtot

0.99 0.075 0.039 0.007 

Each value represents the mean of three replicates ± SD (standard deviation), d.m. - dry matter 
 
The soil used in the studies was sandy and acidic and contained 4.20 g/kg d.m. of total 

carbon and 0.87 g/kg d.m. of total nitrogen (Table 1). Before the tests, the total phosphorus 
content (P-total) in the soil was 0.17 g/kg d.m. of soil, while of P-CaCl2 1.54 mg/kg d.m. of 
soil. The total contents of the tested trace elements were typical for uncontaminated soils 
[26]. 

The content of phosphorus in biochars 

The content of P-total was the highest in BC-1 biochar produced from SS-1 sewage 
sludge (Table 3). The increase in P-total in BC-1 was over 40 % compared to SS-1. Lower 
increase in the P content was noted in BC-2 and BC-3 biochars compared to BC-1 biochar. 
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The total P content in biochar is important for determining its fertilisation potential, 
whereas the content of P-H2O and P-CaCl2 informs about the availability of P for plants [6]. 
Regardless of the extractant used, the P content was the highest in BC-2. The share of  
P-H2O and P-CaCl2 in P-total in biochars was diverse. The lowest share of P-H2O and  
P-CaCl2 in the total phosphorus  content was determined for BC-1 biochar. 

Results obtained by Atienza-Martinez et al. [27] showed that sewage sludge biochar 
contains significant resources of P compounds, which can be a renewable source of this 
element. These authors suggested that it is possible to completely leach P from thermally 
converted sewage sludge.  
 

Table 3 
The total and available phosphorus contents in sewage sludge and biochars 

Determination P-total 
[g/kg d.m.] 

P-H2O 
[mg/kg d.m.] 

Share of 
P-H2O in 
P-total 

[%] 

P-CaCl2 
[g/kg d.m.] 

Share of 
P-CaCl2 in 

P-total 
[%] 

SS-1 31.8 ±0.8 152 ±5 0.48 81 ±3 0.25 
SS-2 24.1 ±0.3 560 ±25 2.65 167 ±16 0.69 
SS-3 12.7 ±0.1 1250 ±76 9.84 507 ±55 3.99 
BC-1 45.4 ±0.7 32 ±2 0.07 12 ±1 0.03 
BC-2 33.2 ±0.7 60 ±6 0.18 48 ±2 0.14 
BC-3 15.5 ±0.8 44 ±1 0.28 22 ±1 0.14 

Each value represents the mean of three replicates ± SD (standard deviation), d.m. - dry matter 
 

However, the process developed by the abovementioned authors requires the use of  
a very high temperature (900 °C) and then leaching of phosphorus compounds. In our 
study, the process of thermal conversion of sewage sludge increased the content of P-total, 
but, at the same time, significantly reduced the contents of P-H2O and P-CaCl2. Qian and 
Jiang [3] and Sun et al. [6] argued that the temperature of sewage sludge conversion may 
significantly affect the total and available P contents in biochars. Qian and Jiang [3] 
indicated that pyrolysis of sewage sludge at 400-600 °C results in a greater content of P 
compounds available for plants in the short term, while, at 600-800 °C, it results in the 
formation of phosphorus  compounds available for plants in the long term. Also Mackay et 
al. [28] showed that thermally converted SS contained a greater proportion of P within 
recalcitrant pools. According to Qian and Jiang [3] and Dai et al. [29], thermal conversion 
of organic materials causes the formation of P compounds which are less soluble. These 
authors admitted that the presence of multivalent metal cations such as Al3+, Fe3+, Ca2+ and 
Mg2+ in biochars promotes the formation of poorly soluble P compounds.  

Soil pH, electrical conductivity (EC) and total carbon content 

The pH values determined in the suspension of soil and KCl solution depended on the 
type and amount of the biochar used (Table 4). In addition to BC-1 biochar, even the 
smallest addition of BC-2 and BC-3 biochars to the soil significantly reduced the pH value 
compared to the control soil. When analysing the largest biochar additions it can be 
concluded that compared to the control, the lowest pH increase (by 0.51 pH units) was 
present after the application of BC-1 biochar, and the highest (by 1.44 pH units), after the 
application of BC-3 biochar.  
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Table 4  
Selected chemical properties of soil after biochar application 

Treatment pH (KCl) EC 
[µS/cm] 

C-total 
[g/kg d.m.] 

Soil 4.65a ±0.03 27.3a ±0.8 4.53a ±0.13 
Soil + 0.5 % BC-1 4.77ab ±0.01 102b ±11 4.76a ±0.04 
Soil + 1 % BC-1 4.92bc ±0.03 273c ±35 5.44ab ±0.43 
Soil + 2 % BC-1 5.16cd ±0.04 386c ±45 5.99bc ±0.57 

Soil + 0.5 % BC-2 4.96bc ±0.05 52.3a ±2.6 4.76a ±0.31 
Soil + 1 % BC-2 5.26de ±0.07 52.1a ±2.6 5.18ab ±0.30 
Soil + 2 % BC-2 5.71f ±0.09 64.2a ±4.1 5.56bc ±0.38 

Soil + 0.5 % BC-3 5.05cd ±0.21 43a ±10 4.61a ±0.20 
Soil + 1 % BC-3 5.45e ±0.10 49.3a ±3.5 5.38ab ±0.53 
Soil + 2 % BC-3 6.09g ±0.07 64a ±11 6.58c ±0.34 

Each value represents the mean of three replicates ± SD (standard deviation), d.m. - dry matter. The different 
letters within a column indicate a significant difference at p ≤ 0.05 according to Tukey’s multiple range tests, 
factor: type of biochar × dose 

 
The beneficial effect of biochars used on the soil pH results from the significant Ca 

and Mg contents in these biochars (Table 2). The deacidifying effect of biochars 
demonstrated in the present study is also confirmed by the results obtained by Nigussie et 
al. [30] and Kloss et al. [24]. These authors proved the increase of pH values of soils used 
in their studies after the application of biochars produced from various materials.  

The value of electrical conductivity in the soil of treatments in which biochars were 
applied was higher compared to the EC value determined in the control soil (Table 4). 
However, no significant increase in the parameter value was proved in the soil of treatments 
with BC-2 and BC-3 biochars applied, regardless of the dose. On the other hand, compared 
to both the control treatment and all other treatments of the experiment, the EC value was 
significantly higher in all treatments with BC-1 biochar applied. Compared to electrical 
conductivity values identified for treatments in which BC-2 and BC-3 biochars were 
applied, EC values were on average 2-, 5- and 6-times higher after applying 0.5, 1 and 2 % 
doses of BC-1. 

Also Kloss et al. [24] noted a significant increase in electrical conductivity in soil after 
the use of biochar produced from maize stalk. According to Solaiman and Anawar [31], the 
biochar application to soil does not have to be identified with an increase in the EC value. 
These authors stated that, due to its sorption capacity, biochar can, under soil conditions, 
reduce the content of salts easily soluble in soil solution. 

The C content in the soil increased significantly only after introducing the largest, 2 % 
addition of biochars (Table 4). The increase in C-total content in treatments with 2 % 
addition of BC-1, BC-2, and BC-3 biochars applied was 32, 22, and 45 %, respectively, 
compared to the control treatment.  

As stated by Hernandez-Sariano et al. [32], the use of biochar can contribute to C 
storage in soil. According to these authors, upon addition of biochar, there is a spatial 
reorganisation of C within soil particles, and soil respiration is lower in biochar-amended 
soils than in residue-amended soils. According to Jiang et al. [33], causes of higher C 
content in soil after application of biochar compared to thermally unconverted materials 
should be mainly sought in the material’s resistance to microbial decomposition.  
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Phosphorus content and availability in soil 

The content of P-total in the soil increased with the increase of BC-introduced, 
regardless of the type of BC. A significant positive relationship was found between the 
amount of P-introduced into the soil with BC and the P-total content in soil (r = 0.736;  
p ≤ 0.05). The highest contents of P-total were found in treatments amended with BC-1 
(Table 5). The increase in P-total compared to the control treatment was, depending on the 
dose: for BC-1 from 64 to 296 %, for BC-2 from 24 to 78 %, and for BC-3 from  
45 to 177 %. 

The P-CaCl2 content in soil depended on the type and amount of biochar (Table 5).  
A significant increase in the content of P-CaCl2 compared to the control treatment was 
noted in the soil of treatments where 1 and 2 % additions of BC-2 and BC-3 were applied. 
Compared to the control, the increase in P-CaCl2 content in these treatments was 65 and 
236 % as well as 119 and 290 %, respectively. It should be noted that a significant effect on 
the content of P-CaCl2 in soil had: soil pH (r = 0.826; p ≤ 0.05), the content of Ca-exch.  
(r = 0.712; p ≤ 0.05) and of Mg-exch. (r = 0.389; p ≤ 0.05). However, we did not prove  
a significant effect of the amount of P-introduced with BC and the content of Fe-ox. and 
Al-ox. on the content of P-CaCl2 in soil. The contents of Ca-exch. and Mg-exch. increased 
in the soil into which biochars were introduced, and such increase was relative to the dose 
used. Except for treatments with BC-1, the Fe-ox. content decreased with the increase of 
BC dose, while the content of Al-ox. showed no targeted changes (Table 6). 

 
Table 5  

Total (P-total) and bioavailable (P-CaCl2) P contents in soil; increments of contents of both forms compared to 
these contents in control soil (Soil = 100) 

Treatment 
P-total 

[mg/kg d.m.] 

Increment to 
control soil 

[%] 

P-CaCl2 
[mg/kg d.m.] 

Increment to 
control soil 

[%] 
Soil 182a ±5 100 1.25a ±0.20 100 

Soil + 0.5 % BC-1 300ab ±25 165 1.56ab ±0.41 125 
Soil + 1 % BC-1 407bc ±7 224 1.74ab ±0.16 139 
Soil + 2 % BC-1 722d ±99 397 1.94ab ±0.23 155 

Soil + 0.5 % BC-2 227a ±7 125 1.64ab ±0.05 131 
Soil + 1 % BC-2 261ab ±10 143 2.07b ±0.30 163 
Soil + 2 % BC-2 324abc ±16 178 4.12c ±0.44 330 

Soil + 0.5 % BC-3 265ab ±16 146 1.78ab ±0.15 142 
Soil + 1 % BC-3 347abc ±20 191 2.74b ±0.17 219 
Soil + 2 % BC-3 505cd ±3 277 4.88c ±0.56 390 

Each value represents the mean of three replicates ± SD (standard deviation), d.m. - dry matter. The different 
letters within a column indicate a significant difference at p ≤ 0.05 according to Tukey’s multiple range tests, 
factor: type of biochar × dose 

 
Dai et al. [5] argued that biochar is characterised by lower release of P after 

introduction into the soil, which influences its long-lasting effect in providing this 
component to plants. Therefore, the application of biochar to the soil, especially the one 
produced from materials rich in P, will increase the total contents of this element, which 
was also confirmed in our own study. At the same time, it should be emphasised that the 
content of persistent P bonds in biochars will also be crucial in reducing the loss of this 
component from the soil [5]. The relatively low solubility of P compounds in the soil has, 
on the one hand, the environmental dimension, because it limits the losses of P and, on the 
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other, the fertilisation dimension, because it provides a long-term source of this component 
for plants. An essential element affecting the available P content in the soil are soil 
properties, including its pH, which is confirmed in the present study and in the study of Dai 
et al. [3]. 

 
Table 6  

The contents of Ca-exch., Mg-exch., Al-ox., and Fe ox. in soil 

Treatment 
Ca-exch. Mg-exch. Fe-ox. Al-ox. 

[mg/kg d.m.] 
Soil 108a ±5 13.2a ±0.7 758a ±95 498a ±98 

Soil + 0.5 % BC-1 175b ±6 27.9bc ±1.9 1122bc ±10 567a ±33 
Soil + 1 % BC-1 255def ±30 42.7de ±0.4 1396c ±64 601a ±93 
Soil + 2 % BC-1 275f ±4 67.0f ±3.1 1834d ±35 623a ±66 

Soil + 0.5 % BC-2 186bc ±8 24.0ab ±1.8 1152bc ±24 644a ±49 
Soil + 1 % BC-2 229de ±16 26.2bc ±3.4 974ab ±74 653a ±59 
Soil + 2 % BC-2 265ef ±7 36.8cd ±1.1 912ab ±80 563a ±75 

Soil + 0.5 % BC-3 219cd ±8 23.7ab ±3.5 1098abc ±92 680a ±96 
Soil + 1 % BC-3 255def ±2 27.9bc ±6.0 1044abc ±65 640a ±98 
Soil + 2 % BC-3 361g ±24 50.6e ±8.6 909ab ±46 619a ±77 

Each value represents the mean of three replicates ± SD (standard deviation), d.m. - dry matter. The different 
letters within a column indicate a significant difference at p ≤ 0.05 according to Tukey’s multiple range tests, 
factor: type of biochar × dose 

 
As it was mentioned before, biochar application to the soil usually reduces soil 

acidification [34, 35], and this, in turn, leads to a reduction in the activity of metal ions such 
as Al3+ and Fe3+ which form sparingly soluble compounds with P. On the other hand, the 
content of Ca2+ and Mg2+ ions is increased, which also can form sparingly soluble 
compounds with P. In our study, a significant relationship between P-CaCl2 and 
exchangeable Ca2+ and Mg2+ ions was observed. The soil of treatments with the highest  
P-CaCl2 content also had the highest pH values. It should also be mentioned that despite the 
largest P load introduced into the soil from BC-1 biochar, no significant increase of  
P-CaCl2 was identified even after the application of the largest dose of this biochar. This 
was due to the relatively low effect of BC-1 on soil pH, as well as the lowest available P 
content in this material (Table 3). According to Murphy and Stevens [36] and Mukherjee et 
al. [37], the increase in the pH value for acidic soils translates into an increase in the 
number of negative charges of soil colloids, leading to an increase in anionic repulsion and 
reduction of sorption of phosphate anions. As stated by Hong and Lu [38] and Martinez et 
al. [39], the addition of biochar to the soil favours P desorption, which leads to the element 
increase in soil solution. In our study, this relationship was noted for BC-2 and BC-3 
biochars used at 1 and 2 % doses. The obtained results and the results presented by other 
authors show that there is a large discrepancy regarding the biochar’s effect on the available 
P content in soil [39-41].  

The amounts of P. pratensis biomass 

In the present study, the largest total amount of P. pratensis biomass (aboveground 
parts and roots) was collected in the treatment with 2 % addition of BC-1 biochar 
introduced (Fig. 1). 
 



Sewage sludge biochar effects on phosphorus mobility in soil and accumulation in plant 

 

377

S
o

il

S
o

il+
 0

.5
 %

 B
C

-1

S
o

il+
 1

 %
 B

C
-1

S
o

il+
 2

 %
 B

C
-1

S
o

il+
 0

.5
 %

 B
C

-2

S
o

il+
 1

 %
 B

C
-2

S
o

il+
 2

 %
 B

C
-2

S
o

il+
 0

.5
 %

 B
C

-3

S
o

il+
 1

 %
 B

C
-3

S
o

il+
 2

 %
 B

C
-3

0.2

0.4

0.6

0.8

1.0

1.2

1.4

1.6

A
m

o
u

n
t o

f b
io

m
as

s 
[g

 d
.m

./p
o

t]

 Mean 
 Mean±standard error 
 Mean±SD

ab

ab ab

bc abc
bc bc

bc

c

a

 
Fig. 1. The amount of biomass P. pratensis harvested. Each value represents the mean of 3 replicates  

±standard deviation. The different letters indicate a significant difference at p < 0.05, according 
to the Tukey multiple range test (factor: type of biochar × dose) 

In treatments amended with BC-1 biochar, the amounts of biomass obtained increased 
in proportion to the dose of biochar applied. A similar relationship, although with a smaller 
biomass amount, was noted after the use of BC-2 biochar. The application of 1 % dose of 
BC-3 biochar decreased the amount of P. pratensis biomass compared to treatments with 
0.5 and 2 % additions of this material.  

The study results published so far on biochar’s effect on crop yielding are not 
unambiguous. According to Manolikaki et al. [19], the introduction of biochar into slightly 
acidic soil increased the amount of pant biomass. This relationship was not identified by 
these authors for alkaline soil. Borchard et al. [42] reported about a negative effect of 
biochar on maize growth. Also Kloss et al. [24] indicated a reduction in mustard and barley 
yield after the use of biochar. In the present study, no negative effect of the biochars used 
on the amount of P. pratensis biomass was observed. When it comes to plant yielding, the 
physical properties of the soil, especially its structure are very important, just as 
deacidifying properties of biochar and nutrients introduced with it [43]. This aspect is 
particularly important in the case of sandy soils. The improvement of soil physical 
properties after the application of biochar concerns, inter alia, greater soil capacity for 
retaining water and nutrients in the root zone. 
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The contents and amounts of phosphorus  taken up by P. pratensis biomass 

The weighted average content of phosphorus  in P. pratensis biomass (P-content) and 
the amounts of P taken up (P-uptake) are shown in Table 7. 

 
Table 7  

P. pratensis weighted average (above-ground parts and roots) content of phosphorus  (P-content)  
and total uptake of P with biomass (P-uptake) 

Treatment P-content 
[g/kg d.m.] 

P-uptake 
[mg/pot] 

Soil 2.77a ±0.34 1.52a ±0.08 
Soil + 0.5.% BC-1 4.35bc ±0.43 3.20bc ±0.40 
Soil + 1.% BC-1 5.29c ±0.68 4.74cd ±0.83 
Soil + 2.% BC-1 4.08bc ±0.84 4.98d ±1.36 

Soil + 0.5.% BC-2 3.11b ±0.63 2.62b ±0.25 
Soil + 1.% BC-2 3.89bc ±0.83 3.49bcd ±0.19 
Soil + 2 % BC-2 3.82bc ±0.24 3.60bcd ±0.24 

Soil + 0.5.% BC-3 3.41b ±019 2.67b ±0.05 
Soil + 1.% BC-3 4.23bc ±0.52 2.96bc ±0.29 
Soil + 2 % BC-3 4.58bc ±0.35 4.33bcd ±0.98 

Each value represents the mean of three replicates ± SD (standard deviation), d.m. - dry matter. The different 
letters within a column indicate a significant difference at p ≤ 0.05 according to Tukey’s multiple range tests, 
factor: type of biochar × dose 

 
Significant (p ≤ 0.05) increase in the P content in plant biomass was noted in all 

treatments compared to the control. After the use of 2 % doses of BC-1 and BC-2 biochars, 
the P content in plant biomass was lower than its contents determined in plants collected in 
treatments with 1 % addition of both biochars. This was not the situation in the case of  
BC-3 biochar.  

Regardless of the type of biochar applied, the highest amount of P-uptake was 
determined in treatments where the greatest addition of BC (2 %) was introduced into the 
soil. 

This situation resulted from the fact that the highest amount of P. pratensis biomass 
was collected in these treatments. It should be noted that the amount of P-introduced with 
biochar had a significant effect on P-uptake by plant biomass (r = 0.726; p ≤ 0.05).  

The studies carried out so far on the effect of biochar on the availability and uptake of 
phosphorus  are divergent. The increased availability of P for plants after the introduction 
of biochar in alkaline environment was discovered by Vaccari et al. [44], in acidic 
environment by Kloss et al. [24], while the studies of Gaskin et al. [45] did not show any 
differences in P availability in soil after the biochar application. According to Faria et al. 
[46], the application of sewage sludge biochars to the soil affects its chemical properties, 
including increases soil fertility in P. These authors also stated that sewage sludge biochar 
could replace the use of mineral fertilisers containing P. Biederman and Harpole [47] 
showed a substantial increase in P concentration in plant tissues after application of 
biochar. Also Shen et al. [48] reported that the introduction of biochar into the soil with P 
deficiency increased its amount taken up by plants. Nigussie et al. [30] identified  
a significant increase in P uptake, and Lehmann and Joseph [35] increase in P content in 
plants after biochar application. The authors quoted above explained this increase of P 
content in plant biomass mainly with a high P content in biochar. In our own study, also  
a significant positive relationship between P-uptake by P. pratensis and the amount of  
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P-introduced with BC into the soil was demonstrated. However, our results did not confirm 
a significant relationship between the content of P-CaCl2 in the soil and the amount of P 
taken up by P. pratensis.  

Conclusions  

The conversion of sewage sludge in the pyrolysis process reduces the contents of  
P-H2O and P-CaCl2. A significant positive relationship was found between the amount of 
phosphorus  introduced into the soil with BC and the total contents of this element in the 
soil. A significant increase in the content of P-CaCl2 compared to the control treatment was 
noted in the soil of treatments where 1 and 2 % additions of BC-2 and BC-3 were applied. 
The content of P-CaCl2 in soil was greatly affected by pH and the contents of  
Mg-exch. and Ca-exch. No significant effect of the amount of P-introduced with BC and 
the contents of Al-ox. and Fe-ox. on the content of P-CaCl2 in soil was proved. Significant 
increase in the phosphorus  content in plant biomass was noted in all treatments with the 
addition of sewage sludge biochar compared to the control. Regardless of the type of 
biochar, the highest amount of P-uptake was determined in treatments where the greatest 
addition of BC (2 %) was introduced into the soil.  
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