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Abstract: The aim of this work was to examine the suitability of an untreated animal sludge biochar, alone or in 

combination with municipal solid wastes compost, for amendment of a Mediterranean type soil and reduction of 

environmental risk. Raw materials were characterized by physical, chemical, and mineralogical analysis, and leaching 

experiments were carried out simulating field conditions. pH, electrical conductivity, chemical oxygen demand, 

nitrates, phosphates, phenols, and metals were measured in the leachates. The biochar studied presented greater 

carbon stability, stronger alkalinity, higher nutrient content, and lower concentration in toxic metals Cr, Pb, and Sr 

than the compost. Alkali Na and K showed increased solubility, raising the pH of the extracts. Co-application of 

biochar with compost did not prevent the leaching of nitrogen and phosphorous, reduced the chemical oxygen 

demand values significantly, allowed the slower release of nutrients to soil and decreased the leachability of heavy 

metals up to 75%, as compared to soil/compost mixture. 
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1. Introduction 

Agricultural production and animal breeding 

are intensive in most countries around the world, 

including South European countries, in order to 

meet global requirements. Hence, to keep soil 

fertility and avoid environmental problems, 

appropriate management strategies are mandatory. 

Composting of organic wastes, for being used as soil 

ameliorants, is being promoted in the last years. 

Although the application of such composts 

improves the physical, chemical, and biological 

properties of soils, providing organic and inorganic 

nutrients for plants [1,2], it could also cause 

eutrophication or contamination of soil and ground 

waters with toxic metals, if mismanaged [2-4].  

The limitations induced by composts have 

turned scientific attention to the thermal treatment 

of wastes through pyrolysis, in order to destroy 

pathogens, generate a carbon-rich product, biochar, 
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and simultaneously useful energy from bio-oil and 

gases produced [4-7]. Biochar has been found to 

contribute to carbon storage and sequestration and 

improve soil fertility, to retain nutrients and heavy 

metals by sorption, adsorption, ion exchange, 

electrostatic interaction, and other mechanisms 

[4,6,8]. The properties of biochar depend principally 

on the raw materials used, as well as on pyrolysis 

conditions [4-8]. 

There are many investigations on the effect of 

biochars on soil quality, using a great variety of 

biomass materials (woody residues, agricultural 

straws, sewage sludge), application rates, types of 

soil, and experimental set up [3,6,9]. As a result, 

great discrepancies in the performance of biochars 

were obtained, pointing to the need for separate 

studies adapted to specific conditions, prior to field 

applications. Combined treatments of biochars with 

composts, for more effective utilization of the latter, 

are limited in the literature. For the production of 

biochars hardwoods [10], agricultural [1,11], or 

kitchen wastes and poultry manure [12] have been 

used, whereas composts originated from mixtures 

of straw and vegetables [11], wood chips and pig 

slurry [1], cattle manure [10], or chemical fertilizers 

[12]. Reported results focused on microbial 

respiration, fungi/bacteria abundance, uptake of 

nitrogen, and release of polyaromatic hydrocarbons, 

Co, Cu and Zn [1,10-12]. To the authors’ 

knowledge, there is a lack of information on the co-

application of untreated swine sludge biochar with 

low-quality compost generated by municipal solid 

wastes (MSW), the recycling and reuse of which is a 

hierarchy for European Union (EU) policies on 

environment and circular economy. 

In this context, the current study aimed to 

examine the suitability of a swine sludge biochar, 

alone or in combination with MSW compost, for 

amendment of a Mediterranean type soil and 

reduction of environmental risk. Raw materials were 

characterized by physical, chemical, and 

mineralogical analysis, and leaching experiments 

were conducted, simulating field conditions. pH, 

electrical conductivity (EC), chemical oxygen 

demand (COD), nitrates, phosphates, phenols, and 

metals were measured in the leachates. 

2. Materials and Methods  

2.1. Raw materials. 

An untreated sludge, from the primary sector 

of a waste treatment unit of a swine breeding factory 

(UAS), was used for the production of biochar. The 

initial moisture content of this sludge was 75%. 

After air drying, the material was ground in a jaw 

crusher and a ball mill and sieved to a particle size 

of < 600 μm. Pyrolysis was conducted in a fixed bed 

reactor, heated by a temperature-controlled furnace 

[4]. In a typical test, ~ 20 g of UAS was weighed 

onto a stainless steel grid holder, placed into the 

reactor and purged for 30 min with nitrogen (flow 

rate 100 mL/min). The sample was pyrolyzed at 

500°C, at a heating rate of 10°C/min, and retention 

time 30 min. Volatile products were passed through 

isopropanol cooled by ice baths. Biochar was 

collected after cooling the system under nitrogen, 

weighed, and stored for further tests. 

The compost was produced in a local MSW 

management enterprise. The soil used for the 

leaching experiments was sampled from the top 20 

cm, following the rectangular grid method, at the 

Chania region in Crete. The < 2 mm fraction was 

analyzed for its proportions in sand, silt, and clays 

[13]. Biochar, compost and soil were admixed as 

follows: biochar/soil 50 g/kg, compost/soil 100 

g/kg and biochar/compost/soil 50 g/ 100 g/kg, 

representing common application rates of 0-100 

t/ha [14]. The mixtures were homogenized in glass 

pots and kept in the dark at about 25°C for one 

month. During this period, the samples were wetted 

with de-ionized water and stirred gently periodically. 

2.2. Characterization. 

Solid materials were characterized by 

proximate and ultimate analyses, according to 

European Standards CEN/TC335. Total organic 

carbon (TOC) was determined by a Carbon analyzer 

model 572-100 Gasometric. pH and EC were 

measured with a pH meter Mettler Toledo LE438 

and a conductivity meter type EC215 Hanna, 

respectively, in solid-to-deionized water mixtures of 

1:5. For cation exchange capacity (CEC), the 

ammonium acetate method was employed [15]. 

Mineral phases were detected by an X-ray 

diffractometer (XRD), model A8 Advance of 

Bruker AXS, and identified by DIFFRAC plus 

Evaluation software and JCPDS database. Chemical 

analysis in nutrients and heavy metals was 

performed by an inductively coupled plasma mass 

spectrometer, model ICP-MS 7500cx of Agilent 

Technologies, assisted by an Anton Paar Multiwave 

3000 oven, for samples digestion. 
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In the case of liquid extracts through the soil, 

the pH, EC, and the various elements were 

determined as mentioned above. A UV-VIS 

spectrophotometer, type Smart 3 of LaMotte, was 

used for measuring the COD (by the mercury 

digestion method 0077-SC), N-NO3 (by the zinc 

reduction method 3689-SC), P-PO4 (by the 

vanadomolybdophosphoric acid method 3655-SC) 

and phenols (by the aminoantipyrine method 3652-

SC). 

2.3. Leaching through the soil. 

PVC columns with ID=4.5 cm and H=50 cm, 

fitted with fiberglass into the drain opening and a 

valve at the base, were used for the leaching tests. 

About 100 g of each mixture was packed into the 

column and saturated with de-ionized water. 

Keeping the hydraulic head constant on the basis of 

communicating vessels, leaching started by 

percolating de-ionized water through the column 

and collecting the effluents at different time 

intervals. In order to simulate rainfall conditions in 

the region of Chania, Crete, leaching was 

discontinuous, lasted three months, and the amount 

of water corresponded to the average annual 

quantity of rainfall in the area (~600 mm). Two 

replicates were carried out for each solid mixture, 

and measured parameters were averaged (error ± 

3%). Leachates were filtered through micropore 

membrane filters before analyses. 

3. Results and Discussion 

3.1. Characterization of soil, compost and 

biochar. 

Comparing compost and UAS biochar in 

Table 1, it can be observed that the amount of ash 

and organic matter were similar, whereas the fixed 

carbon content of biochar was higher, implying 

greater stability when applied to soil [5]. 

Additionally, the higher carbon stability and 

aromaticity of UAS biochar are reflected by its 

lower H/C and O/C molar ratios with respect to 

compost, which is important for carbon 

sequestration in soils [4,5]. On the other hand, 

although the nitrogen content of biochar was quite 

high due to the protein content of the raw material 

(animal sludge), the N/C was lower than that of 

compost and, consequently it's potential to release 

nutrient nitrogen for plants. 

The high pH and very small EC values of the 

soil and UAS biochar, as shown in Table 1, are 

expected to have a positive effect on soil 

amelioration and the leachability of nutrients or 

toxic metals from soil system, however, the 

increased amount of soluble salts in compost, as 

measured by the EC, could have an opposite effect, 

tending to decrease nutrients and water uptake by 

plants, when applied to soils [3]. Nevertheless, the 

compost presented the highest CEC value among 

the solids studied, revealing an increased capacity 

for adsorbing cation nutrients, which are essential 

for plants [5]. The soil had a low CEC, due to its 

quarzitic nature (sand 53%, silt 43%, clays 4%). 

The mineral phases of the samples, identified 

by XRD analysis, are illustrated in Figure 1. The soil 

consisted principally of quartz and of smaller 

amounts of muscovite and rutile.  

Table 1. Physicochemical properties, proximate, and 

ultimate analyses of solids (% dry). 
Sample Soil Compost Biochar 

pH 8.2 7.7 9.0 

EC (mS/cm) 0.05 6.5 0.84 

CEC (meq/100g) 4.0 65.4 24.8 

Volatiles 1.3 22.7 13.1 

Fixed carbon 0.9 26.9 37.8 

Ash 97.8 50.4 49.1 

C 0.25 24.7 33.8 

H 0.16 2.6 1.5 

N 0.04 3.0 2.8 

O 1.7 13.7 11.7 

S - 0.38 1.1 

TOC 0.01 4.2 31.3 

H/C 7.6 1.26 0.53 

O/C 5.4 0.41 0.26 

N/C 0.15 0.10 0.07 

The compost was dominated by calcite and 

quartz. It also contained some clays, i.e., microcline, 

muscovite, and albite. Phosphorus was 

incorporated in hydroxyapatite, while the potassium 

in sylvite and aphthitalite. UAS biochar was 

enriched in Ca, Mg, P, and Fe minerals in the forms 

of calcite, anhydrite, whitlockite magnesian, and 

rodolicoite. A considerable amount of quartz and 

smaller of hematite was also detected. Potassium 

was bound in fairchildite. 

The concentrations of major elements in 

compost and biochar are compared in Figure 2a. As 

can be noticed, UAS biochar presented a greater 

nutrient content in Ca, Mg, P, but also in Fe and K 

than the compost under study. The high percentage 

of Ca and P is typical of animal wastes [16,17]. The 

level of these elements is similar or higher than 

other biochar materials reported in the literature 

[5,6,9,10], implying that present biochar could be 

used for soil amendment. However, the solubility of 
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the minerals incorporating these elements governs 

the bioavailability of nutrients in soils [9]. 

As concerns trace elements, Figure 2b shows 

that UAS biochar contained elevated amounts of 

micronutrients Mn, Cu and Zn (Zn in biochar was 

3710 mg/kg, in compost 257 mg/kg; not plotted 

due to difference in scale) and much lower 

concentrations in toxic heavy metals Cr, Pb and Sr, 

as compared to compost. The level of As of these 

materials was comparable. Hazardous species Hg, 

Cd, and Co were below detection limits. Measured 

trace element values were within limits set by EU 

directives for disposal in landfills [18].  

 

 

 
Figure 1. XRD spectra of soil, compost, and UAS biochar.
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Figure 2. Chemical analysis of compost and biochar in 

(a) major and (b) trace elements. 

 

3.2. Leaching behavior of ions and species from 

soil/compost/biochar mixtures. 

In Table 2, the variation of pH, EC, nitrate, 

and phosphate ions, as well as of phenols with 

leaching time is represented. pH values were similar 

for leaching of compost, biochar, or their mixture 

through the soil and increased gradually with time 

from 7.7 to 8.6. This increase was attributed to the 

potential dissolution of Ca and K based alkaline 

substances in water extracts, during the tests. On 

the other hand, EC was extremely low, especially 

upon leaching of biochar and dropped to nearly 

zero values after the release of soluble salts at the 

beginning of the experiment. 

As clearly seen in Table 2, practically no 

nitrates were leached from UAS biochar, in contrast 

to compost. Although the nitrogen content of 

biochar was nearly the same as that of compost, it 

could probably be bound in heterocyclic nitrogen 

compounds not easily solubilized [19]. When the 

biochar was added to the soil/compost mixture, 

nitrification of effluents was not inhibited, implying 

that nitrates could not be adsorbed on biochar 

surface. In a previous work by the authors, this 

behavior has been explained by the negative surface 

charge of biochar [20]. According to some studies 

[21], the effect could be positive in terms of efficient 

use of compost nitrogen for plant nutrition. 

Regarding the concentration of phosphates in 

the water extracts, it can be noticed that less 

phosphorous was measured in the first leachate of 

compost/biochar mixture through the soil, as 

compared to compost, and this tended to decrease 

with time. The extractability of phosphate ions is 

associated with the mineral phases in which 

phosphorous is incorporated. As previously shown 

by the XRD analysis, UAS biochar contained 

insoluble whitlockite magnesian and rodolicoite. 

However, the considerable amount leached could 

be assigned to the negative charge of the biochar 

surface at the alkaline pH of the tests, which could 

adsorb cations of Ca, Mg or Fe of phosphates, 

leading to their precipitation in liquid effluents 

[4,6,22]. Finally, phenols leached from all solid 

materials were very low. 

Changes of COD, as a function of leaching 

time, are illustrated in Figure 3. As can be seen, the 

COD corresponding to compost was significantly 

higher than that of biochar and also higher than literature 

data for composts produced by different wastes [23,24]. 

Admixing the biochar to the soil/compost system 

resulted in a great reduction of the COD values. This 

could be assigned to the adsorption of organic and 

inorganic species from soil and water on the O-rich 

biochar surface [24]. 

3.3. Leaching behavior of metals from 

soil/compost/biochar mixtures. 

Table 3 compares the cumulative 

concentrations of major and trace elements in the 

leachates. Among major elements, Na and K were 

extracted in higher amounts from all soil 

combinations.  

 
Figure 3. Variation of leachates COD with time. 

 

The increased migration of Na through soil is 

related to its great affinity with water. The 

leachability of K was correlated to the solubility of 

sylvite and fairchildite present in compost and 

biochar, respectively. The lower extractability of Ca 

and Mg were attributed to the incorporation of 
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these elements to a high extent in phosphates. 

When UAS biochar was added to soil or 

soil/compost mixture, as can be observed, the 

mobility of major elements was reduced between 

23% and 80%, suggesting that biochar provided 

retention sites for nutrient elements. 

In relation to heavy metals, Table 3 shows that 

those who were released in higher quantities in 

liquid effluents were Cu, Zn, and Sr, reaching levels 

between 300 μg/kg and 972 μg/kg. Cu presented 

the highest mobility. The concentrations of Hg and 

Cd in the extracts were below detection limits. 

Upon addition of UAS biochar to soil metals Mn, 

Co, Ni, Cu, Zn, and Pb were not leached at all, 

whereas Cr, As, and Sr was measured in minor 

amounts, reduced by 65-96%, in comparison to 

soil/compost mixture.  

Table 2. Variation of pH, EC, ions and phenols in the leachates as a function of time. 
 Leaching time (h) 

5 11.3 17.1 

Compost/soil    

pH 7.7 7.9 8.6 

EC (mS/cm) 2.6 0.3 0.3 

NO3
-(mg/L) 230 - - 

PO4
3-(mg/L) 292 95 11 

Phenols (mg/L) 8.0 4.6 3.5 

Biochar/soil     

pH 7.8 8.0 8.0 

EC (mS/cm) 0.7 0.4 0.4 

NO3
-(mg/L) 3.0 - - 

PO4
3-(mg/L) 318 148 105 

Phenols (mg/L) 2.40 0.56 0.44 

Biochar/compost/soil    

pH 8.0 8.3 8.4 

EC (mS/cm) 2.5 0.7 0.6 

NO3
-(mg/L) 330 - - 

PO4
3-(mg/L) 209 157 98 

Phenols (mg/L) 0.92 0.56 0.40 

 
Table 3. Cumulative concentrations of major and trace element in leachates, relative mass leached (%). 

 
Major element concentration (mg/kg) 

Na Mg Al K Ca Fe 

Soil 
40.3 

(22.4) 

1.9 
(0.2) 

- 
6.8 

(7.5) 
15.1 
(1.7) 

- 

Compost/soil  
583.4 
(37.1) 

56.9 
(3.5) 

69.6 
(0.9) 

378.8 
(16.3) 

144.8 
(0.5) 

30.1 
(0.8) 

Biochar/soil  
120.3 
(13.2) 

248.8 
(4.6) 

1.0 
(-) 

163.7 
(9.1) 

18.2 
(0.1) 

0.8 
(-) 

Biochar/compost/soil  
547.1 
(27.4) 

192.3 
(2.7) 

50.8 
(0.6) 

533.6 
(16.8) 

78.4 
(0.2) 

21.2 
(0.5) 

 Trace element concentration (μg/kg)  

 Cr Ni Mn Cu Zn As Pb Sr 

Soil -  
0.45 

(0.01) 
- - - - 

111.3 
(1.3) 

Compost/soil  
94.9 
(0.7) 

62.7 
(0.9) 

122.4 
(0.2) 

459.9 
(1.6) 

439.4 
(0.4) 

29.6 
(0.3) 

22.6 
(0.1) 

580.2 
(0.7) 

Biochar/soil  
3.9 

(0.1) 
2.0 
(-) 

53.8 
(-) 

- 
35.3 
(-) 

10.5 
(0.3) 

- 
48.6 
(0.1) 

Biochar/compost/soil  
37.9 
(0.2) 

48.1 
(0.4) 

123.3 
(0.1) 

972.0 
(1.6) 

423.0 
(0.1) 

89.7 
(0.7) 

20.7 
(0.1) 

300.6 
(0.3) 

 

Furthermore, when a combination of 

soil/compost/biochar was used, the concentrations 

of all heavy metals (apart from Cu and As) and their 

mobility were decreased significantly up to 60% and 

75%, respectively, as compared to soil/compost 

blend. Legislation limits stipulated by EU directives 

for soil leachates were kept in all cases [25]. 

The leachability behavior of the various species 

studied is complex and influenced by numerous 

factors, such as the mineralogical and chemical 
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compositions of the solids and their 

physicochemical properties, mainly CEC and pH. 

Obviously, the low mobility of elements through 

the soil was attributed to a high degree to the 

alkaline pH of the soil system [1,3,4,6,21]. Taking 

into consideration the low CEC of the soil,  the 

UAS biochar was responsible for the retention of 

metals. The mechanisms proposed include sorption, 

electrostatic attraction, competition between 

elements, precipitation, or complexation [26]. The 

low extractability of Mn, Co, Ni, Cu, Zn, Pb, Cr, and 

Sr implies that they could be bound in stable oxide 

surfaces or phosphates identified in biochar, such as 

quartz, hematite, lime, and whitlockite magnesian 

and rodolicoite, respectively. On the other hand, the 

increased mobility of As when compost and biochar 

were applied to the soil, could be ascribed to its 

negative oxidation state under the alkaline 

conditions of the experiments, which did not favor 

its retention by the above mechanisms. 

4. Conclusions 

The UAS biochar presented greater carbon 
stability and stronger alkalinity than the 
compost studied. Also, it had higher nutrient 
and micronutrient content in Ca, Mg, P, Fe, K, 
Mn, Cu, and Zn, while the lower concentration 
in toxic heavy metals Cr, Pb, and Sr. The 
application of biochar to soil/compost 
mixtures did not prevent the leaching of 
nitrates or phosphates in water extracts, 
however, reduced the COD values significantly. 
For all soil/compost/biochar blends, the 
elements which were released in higher 
amounts were Cu, Zn, and Sr among trace and 

alkali Na and K among major elements, which 
increased the pH of liquid effluents. The 
concentrations of heavy metals leached from 
UAS biochar were very low, and upon its 
addition to soil/compost mixture, they were 
significantly reduced, up to 60%, as compared 
to soil/compost blend and were well below 
legislation limits for soil leachates. Therefore, 
the co-application of biochar with compost 
could be beneficial for the soil amendment, 
allowing the slower release of nutrients to soil 
and retention of toxic heavy metals. 
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