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Abstract
The present paper discusses the properties of biochars produced from different feedstocks, 
namely sewage sludge (SS), olive tree pruning (OTP) and walnut shells (WS), after slow 
pyrolysis at 300–400 °C. The techniques used for their characterization are Χ-Ray Diffrac-
tion (XRD), X-Ray Fluorescence (XRF), Fourier transform infrared spectroscopy (FTIR), 
Thermogravimetric analysis (TG) and Scanning Electron Microscopy (SEM). In addition, 
the toxicity of the feedstocks and the produced biochars was assessed with the use of ΕΝ 
12457-2 test. Furthermore, the phytotoxicity of substrates, containing test soil, 20 wt% 
biochar and / or 190 mg/kg Cu was evaluated for three seeds, namely Lepidium sativum 
(LS), Sinapis alba (SA) and Sorghum saccharatum (SC), with the use of Phytotoxkit mi-
crobiotest kit (MicroBioTests Inc., Belgium) and the determination of the germination 
index (GI). The experimental results clearly show that both the feedstock type and the 
pyrolysis temperature affect the physicochemical properties of the produced biochars. The 
pyrolysis yield decreases with the increase of pyrolysis temperature and may reach values 
as low as 10% for OTP biochar. According to the International Biochar Initiative (IBI) 
sewage sludge biochar is classified as Class III because its Corg content varies between 
10% and 30%, while OTP and WS biochars belong to Class I as their Corg content is 
well above 60%. The application of EN 12457-2 test indicates that the produced biochars 
exhibit no toxicity. Finally, the addition of biochar in substrates has either phytostimulant 
or phytotoxic effect depending on the type of the seed used and the contamination with 
Cu ions. 
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BSI	� Backscattered electron images
Corg	� Organic carbon
EBC	� European Biochar Certificate
EC	� Electrical conductivity
FTIR	� Fourier transform infrared spectroscopy
GHG	� Greenhouse gas
GI	� Germination index
IBI	� International Biochar Initiative
LS	� Lepidium sativum
OTP	� Olive tree pruning
SA	� Sinapis alba
SC	� Sorghum saccharatum
SS	� Sewage sludge
SEM	� Scanning Electron Microscopy
TG	� Thermogravimetric analysis
TS	� Total solids
VM	� volatile matter
WS	� Walnut shells
XRD	� Χ-Ray Diffraction
XRF	� X-Ray Fluorescence
yp	� Pyrolysis yield

Introduction

Βiochar is a carbon-rich material with a fine-grained and porous structure, that is produced 
after pyrolysis of biomass (i.e. wood, agricultural and food wastes, sewage sludge, etc.) at 
low to average temperature (250–700 °C) in an inert atmosphere [1]. It has significant chem-
ical and physical properties; thus, it may be suitable for several agricultural applications 
[2, 3]. Due to its varying carbon and nutrients content it can be used as soil supplement to 
enhance nutrient availability in plants and improve crop growth [4]. In addition, the hydro-
phobic nature of most biochars and the presence of both aliphatic and aromatic compounds 
result in increased C stability in soils [5–7]. Biochars with an O/Corg ratio less than 0.2 have 
very high stability and their half-life may exceed 1000 years [8]. Thus, biochar addition on 
soils may prove as an effective climate change mitigation practice and prevent to a certain 
degree global warming [9, 10].

Biochar can also act as slow-release fertilizer and improve soil properties, i.e. water 
retention capacity, moisture and nutrient content [11, 12]. Due to its porous structure, high 
specific surface area, cation exchange capacity and adsorption potential, it can be success-
fully used as soil amendments, as well as for the adsorption of contaminants, including 
heavy metals and metalloids, and the remediation of contaminated soils [13]. It is mentioned 
that the porosity and the surface area of biochars can be substantially increased after modi-
fication with several chemical agents [14].

So far, various types of feedstocks have been tested for the production of biochar. One 
of them is sewage sludge (SS) that is produced in huge quantities in wastewater treatment 
plants and in several cases is not managed properly and causes environmental problems [15, 
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16]. Zong et al. [17] discussed in detail the production of SS biochar after thermal treatment 
and its application on soils. In addition, the biochar produced from SS can be also used in 
several environmental applications as catalyst and support material in advanced oxidation 
processes, or as adsorbent for the removal of contaminants from waters, wastewaters and 
soils [18]. On the other hand, only a relatively small number of studies investigate its use 
in agriculture. Racek et al. [19], studied the effect of pyrolysis conditions on the physical 
and chemical properties of SS biochar and its potential application in agriculture. In another 
review paper the use of SS biochar to remediate soils, reduce CO2 emissions, and remove 
contaminants from waters is highlighted [20]. He et al. [21]. state that biochar addition has 
a positive effect on several chemical, biological and physical properties of soils, including 
pH, nutrient retention capacity and C stability. SS biochar can also enhance soil health and 
crop productivity; it is reported that soils amended with 2 wt% biochar results in higher 
biomass yield of winter wheat and spinach crops and in improved soil aggregates stability 
[22]. Lilli et al. [23]. mention that SS biochar addition in field tests during tomato cultiva-
tion resulted in improved soil characteristics, higher C and P sequestration and higher yield. 
Zong et al. [17] also observed that the addition of SS biochar on two different ultisols buff-
ered soil acidity and improved its physical properties.

Another source of agricultural waste that is produced in significant quantities in many 
Mediterranean countries and can be used for the production of biochar is olive tree pruning 
(OTP); it is known that burning, which is a common OTP management practice, results in 
increased greenhouse gas (GHG) emissions [24]. On the other hand, biochar derived from 
OTP may be used as soil amendment to improve plant growth and carbon stability [25] as 
well as to adsorb contaminants from soils [26–28].

Walnut shells (WS) is another type of agriculture waste that is abundant in several coun-
tries and can be utilized for biochar production. Most studies dealing with the valorisation 
of walnut shells focus on their use in cosmetics and pharmaceutical applications [29–31], 
while some other explore their use as absorbents for the removal of harmful compounds 
from wastewaters [32–34]. So far, only a few studies investigated the production of biochar 
from walnut shells and its addition in soils to improve seed germination and early growth of 
seedlings of fodder crops [35–37].

Overall, most studies concerning the application of biochar in agriculture focus on its use 
as soil amendment as well as for C sequestration, uptake of contaminants and phytotoxicity 
reduction. It is known that high content of certain contaminants in soil hinders water and 
nutrients uptake, induces oxidative stress and disrupts photosynthesis, resulting in reduced 
biomass production and yield [38–40].

The present study characterizes in detail three different biochars, two of which are pro-
duced from the pyrolysis of agricultural wastes and one from sewage sludge, a municipal 
waste that is produced in large quantities in almost every city. In addition, the study focuses 
on (i) the identification of biochar microstructure with the use of analytical techniques, (ii) 
the assessment of its toxicity with the use of ΕΝ 12457 - 2 test, and (iii) the effect of biochar 
addition on the phytotoxicity of three seeds, namely Lepidium sativum (LS, garden cress), 
Sinapis alba (SA, mustard) and Sorghum saccharatum (SC, Sorgho), in substrates contami-
nated with Cu ions.
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Materials and Methods

For the production of biochar three different feedstocks namely (i) sewage sludge (SS) pro-
vided by the Wastewater Treatment Plant (WWTP) of Chania, Crete, Greece, (ii) olive tree 
pruning (OTP) obtained from a local farm in Chania and (iii) walnut shells (WS) obtained 
from a farm in Lamia, central Greece, were subjected to slow pyrolysis. All biomasses 
were initially oven - dried (Carbolite, Germany) at 105 °C for 24 h. The pyrolysis of the 
biomasses was carried out in a laboratory furnace (LHT08/17 Nabertherm), at three differ-
ent temperatures i.e. 300 oC, 350 °C and 400 oC. In order to maintain an inert atmosphere, 
nitrogen was fed in the furnace at a rate of 100 mL/min. The heating rate was maintained 
at 10 oC min− 1 and the retention time of the feedstock in each of the selected temperature 
was 60 min.

Proximate analysis of biomasses and the produced biochars was performed using the 
following standards; total solids (TS), APHA–AWWA–WΕF 2540 B; moisture, ASTM 
D2216–19; volatile solids (dry basis) (VS), APHA–AWWA–WΕF 2540 G; and ash content 
(AC) (dry basis), ASTM E1755–01. Pyrolysis yield (yp) was determined for all biochars 
from the % weight loss of the associated feedstocks.

XRD analysis was performed using an X–ray diffractometer (Bruker AXS, D8–Advance, 
Bruker, Karlsruhe, Germany) with a Cu tube, LynxEye detector with Ni filter and scanning 
range from 0 to 70o 2 Theta (2θ), step size of 0.02o, and 0.4 s/step measuring time. Mineral-
ogical phases were identified with the DiffracPlus Software (EVA v. 4.2, Bruker, Karlsruhe, 
Germany) and the Crystallographic Open Database (COD database), while for the quantita-
tive determination of mineralogical phases the Rietveld software AutoQuan v.2.8 (Seifert 
GE) was used.

Chemical analysis of biochars for the determination of inorganic compounds was car-
ried out using an X-Ray fluorescence energy dispersive spectrometer (XRF-EDS) Bruker-
AXS S2 Range Type. Elemental analysis C, H, S and N analysis was performed according 
to ASTM 5373 standard in a flash 2000 elemental analyzer thermo scientific calibrated 
using 2,5-Bis(5-tert-butyl-benzoxazol- 2-yl)thiophene (BBOT) standards. Inorganic C was 
determined by the addition of 1 N HCl as described in ASTM D4373 standard. Organic C 
(Corg) was determined by deducting the content of inorganic carbon from the content of total 
carbon. pH and electric conductivity (EC), (EPA Method 9045D, ASTM D4972 - 19) were 
measured using a solid to liquid (L/S) ratio of 1/10 (w/v) and a Hanna 211 pH/Eh meter and 
bench conductivity EC215 meter, respectively.

Thermogravimetric analysis (TG) was performed after heating all feedstocks to 850 oC 
to determine the percentage weight loss and estimate the volatile matter (VM) and char 
content (%). The test was conducted using the TGA- 6/DTG analyzer (Perkin Elmer) with a 
temperature accuracy of ± 2 ºC and a balance sensitivity of < 5 µg.

Fourier-transform infrared (FTIR) spectroscopy analysis was carried out to identify 
the functional groups present in biomass and the produced biochars using KBr pellets; 
each sample was mixed with KBr at a ratio 1:100 w/w in a Perkin Elmer Spectrum 1000 
Spectrometer.

The microstructure of the samples was determined by Scanning Electron Microscopy 
(SEM) using a JEOL 6380LV scanning electron microscope equipped with an EDS INCA 
microanalysis system.

1 3

7468



Circular Economy and Sustainability (2025) 5:7465–7488

EN 12457 - 2 (L/S = 10 L/kg) [41] compliance test was performed in all samples to 
determine leaching of potentially hazardous elements (PHEs). The concentration of Cr, Ni, 
Zn, Cd, Pb and Cu in the extract was determined using an Agilent Technologies 7500c x 
inductively coupled plasma mass spectrometry (ICP-MS) analyzer (Agilent Technologies, 
Santa Clara, CA, USA).

Finally, the phytotoxicity of the substrates was evaluated using the Phytotoxkit micro-
biotest (MicroBioTests Inc., Belgium) test that uses a control reference soil as indicated by 
the Organisation for Economic Co-operation and Development (OECD). The treatments 
investigated were:

i)	 test soil (garden soil).
ii)	 test soil and addition of 20 wt% (200 g/kg) of SS, WS and OTP biochar; each biochar 

was added separately.
iii)	 test soil contaminated with 190 mg/kg Cu.
iv)	 test soil contaminated with 190 mg/kg Cu and addition of 20 wt% of SS, WS and OTP 

biochars.

The soil was contaminated with 190 mg/kg Cu because this is the Intervention Value pro-
posed in the Dutch standards for soils and sediments [42].

20 g of the above-mentioned substrates, moistened with a specific amount of deionized 
water that corresponds to soil water holding capacity, were transferred in a container with 
a lid. A filter paper was placed on the top of the hydrated soil - biochar layer. Ten seeds of 
LS, SA and SC were placed on the filter paper in equal spacing. The number of germinated 
seeds and their mean root length was evaluated after 3 days of incubation. The germination 
index (GI), an indicator of biochar toxicity, was calculated using the following Eqs. [43, 44]:

	
GI = gtlt

gclc
100%

where,
gt: number of germinated seeds in test soil (%), lt: average root length in test soil, in mm, 

gc: number of germinated seeds in control soil (%), and lc average root length in control 
soil, in mm.

All tests were carried out in triplicate.

Results and Discussion

Physico-chemical Properties

The chemical analysis of biochars, produced after slow pyrolysis at 400 oC, in the form of 
oxides, is shown in Table 1.

It is observed from this data that the SS biochar has high content of CaO (17.8%), P2O5 
(17.5%), Na2O (11.9%), SiO2 (10.5%), and Fe2O3 (10.1%). These results are in general 
terms similar to those derived from earlier studies; however, minor differences may occur 
due to the quality of the sewage sludge that depends on the treatment methods used in dif-
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ferent wastewater treatment plants [45–48]. On the other hand, both OTP and WS biochars 
have lower CaO and K2O content, namely 9.8% and 5.5% for OTP, and 1.9% and 1.8% for 
WS, respectively. The chemical analyses of the biochars produced at 300 and 350 oC (not 
shown) are quite similar with those presented in Table 1.

Selected physico-chemical properties of feedstocks and the produced biochars are shown 
in Table 2. It is seen that all feedstocks exhibit pH values higher than 8 which increase 
slightly in the biochars produced at higher pyrolysis temperature, due to the decomposition 
of functional groups and the formation of carbonates. The high pH value (8.5) of SS feed-
stock is due to the addition of lime, a common practice followed in wastewater treatment 
plants (WWTPs) to eliminate pathogens and odors. Thus, biochars with higher pH may be 
applied in acidic soils to buffer pH and improve seed germination [35, 49]. Also, as shown 
in other studies, alkaline amendments may be used for the reduction of aluminum toxicity in 
acidic soils [50, 51], or for the adsorption of negatively charged ions [52, 53].

Electrical conductivity (EC) is a key parameter that denotes the amount of total dissolved 
salts in feedstocks and biochars and thus affects soil characteristics and the leachability of 
hazardous elements. The EC in all feedstocks and the produced biochars has low values 
ranging from 0.7 to 2.4 mS cm− 1 and 0.3 to 1.7 mS cm− 1, respectively, as also mentioned 
in earlier studies [25, 54].

The specific surface area (SSA) of all feedstocks is low; on the other hand, the SSA of 
the produced biochars increases with pyrolysis temperature and reaches higher values, rang-
ing between 25 and 45 m2 g− 1 at 400 oC. SSA indicates the potential of biochars to act as 
adsorbents, slow-release fertilisers or soil conditioners. It is known that further increase in 
the SSA, if required for a specific application, can be achieved through chemical activation 
[55, 56]. However, this step increases production cost and may have adverse impacts after 
the application of biochar in soils.

Furthermore, pyrolysis yield decreases with increased pyrolysis temperature; this is more 
clearly seen in the OTP biochar that has a very low yield at 400 oC, only 10%. The decrease 

SS OTP WS
Na2O 11.9 2.6 0.9
MgO 5.6 1.3 0.3
Al2O3 3.3 0.2 0.03
SiO2 10.5 1.1 0.1
P2O5 17.5 2.0 0.5
SO3 3.8 0.9 0.1
K2O 0.8 5.5 1.8
CaO 17.8 9.8 1.9
TiO2 0.8 0.03 0.003
Cr2O3 0.021 0.004 0.001
MnO 0.1 0.01 0.003
Fe2O3 10.1 0.2 0.04
CoO n.d* 0.001 0.01
NiO 0.01 0.01 0.001
CuO 0.1 0.004 0.002
ZnO 0.3 0.01 0.002
As 0.001 n.d n.d
Se 0.0007 0.0001 n.d

Table 1  Chemical analyses 
(wt.%) of the produced biochars 
at 400 °C

n.d not detected
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in yield is the result of the condensation of aliphatic compounds and the generation of CH4, 
H2 and CO during pyrolysis. Dehydration of hydroxyl groups and thermal degradation of 
lignocellulose structures occurs at higher temperature range (500–700 oC) and can result in 
even lower yield [57].

Moisture content is a crucial parameter that influences the yield of the biochar for a given 
pyrolysis time. As the temperature increases, the moisture content of all biochars decreases 
and may become as low as 1% after pyrolysis at 400 oC.

Finally, sewage sludge biochar contains a higher percentage of ash (max. 47%), followed 
by the WS (max. 22%) and OTP (max. 15%). The increase of pyrolysis temperature results 
in increased ash content for all biochars. This is mainly, at least for SS, due to its high min-
eral content that is accumulated into the ash after pyrolysis at higher temperature [18], as 
well as the decomposition of volatile compounds [58].

The elemental analysis of biomasses and the produced biochars is presented in Table 3.
It is seen that the content of C, H, N, S and O varies widely among feedstocks and the 

produced biochars. A low content of S (1.8 wt%) is only present in the as-received sample 
of SS.

As anticipated, sewage sludge, obtained from the local wastewater treatment plant, has 
higher content of nutrients. The content of nutrients in biochars determine their agricul-
tural application potential, that also depends on the availability of nutrients in soils and the 
respective needs of cultivated species.

The C content in the SS biochar decreases from 31 to 12 wt% with the increase of the 
pyrolysis temperature to 400 oC, as also mentioned in other studies [59]. This decrease is 
associated with the volatilization of the C species and also depends on the wastewater treat-
ment process and the quality of the sewage sludge [60, 61]. On the other hand, the carbon 
content of OTP and WS biochars increases with the increase of the pyrolysis temperature 
and varies between 75 and 80% at 400oC.

Sewage sludge biochar, with a Corg content exceeding 10% is classified as Class III [1, 
8]. On the other hand, OTP and WS biochars belong to Class I, as their Corg content is much 
higher than 60%.

Furthermore, it is mentioned that the H/Corg molar ratio is an indicator of carbon stabil-
ity. Values of H/Corg lower than 0.7 indicate that the biochar has not been thermochemically 
altered. All biochars produced in this study have very low H/Corg ratios, due to the presence 
of resistant to decomposition aromatic ring structures, and thus they are characterised by 
high carbon stability [58].

On the other hand, the O/Corg ratio varies broadly in the produced biochars; in the SS 
biochar it varies between 5 and 10, while in the OTP and WS biochars between 0.2 and 0.4 
and 0.3–0.7, respectively. Lower O/Corg ratios indicate longer biochar half-lives and higher 
potential for C sequestration [8]. When this ratio is higher than 0.6 biochars may have half-
life smaller than 100 years, while ratios ranging from 0.2 to 0.6 indicate a half-life between 
100 and 1000 years, and ratios lower than 0.2 indicate a half-life exceeding 1000 years [62].

Finally, the C/N ratios vary widely among the feedstocks and the produced biochars. 
High C/N ratios, as observed in both OTP and WS biochars, indicate noticeable content of 
recalcitrant C. As mentioned in other studies, the application of biochar with a high C/N 
ratio on soil, may result in immobilisation of nitrogen by microbes and increased number of 
carbon species [63, 64].
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Mineralogical Analysis -morphology

Figure 1 shows the XRD patterns of SS feedstock and the produced biochars. The feedstock 
has several crystalline phases, including quartz (Q), calcium compounds namely calcite 
(CaCO3), larnite (Ca2SiO4), and hedenbergite (CaFe2Si2O6), as well as hematite (Fe2O3) and 
halite (NaCl) (Fig. 1a); the intensity of these peaks changes after pyrolysis at higher temper-
ature (Fig. 1b and d). It is also seen that the feedstock has a peak of cellulose that is modified 
in the produced biochars as a result of partial decomposition of organic compounds [65].

The XRD patterns of OTP feedstock and the produced biochars are shown in Fig. 2. The 
peak seen at 22o 2-theta is attributed to cellulose (C) (Fig. 2a) and is shifted slightly after 
pyrolysis, as also mentioned in other studies [28]. When pyrolysis takes place at above 350 
oC cellulose, hemicellulose and lignin present in the feedstocks are partially decomposed 
(Fig. 2b and d) [66]. At higher pyrolysis temperature crystalline phases, such as magnesium 
calcite (MC) (Ca0.94Mg0.06)CO3 and halite (H) are detected (Fig. 2d).

Figure 3 shows the XRD patterns of WS feedstock and the produced biochars. It is seen 
that cellulose is the main phase shown in the feedstock whereas no other phases are identi-
fied in the produced biochars in sufficient quantities.

Figure 4 shows the FTIR spectra of SS feedstock and the produced biochars. The spec-
trum of SS (Fig. 4a) has several intense peaks, while fewer and smaller peaks are observed 
in the produced biochars (Fig. 4b-d). The peaks at 2930 cm− 1, 2840 cm− 1 and 1576 cm− 1 in 
SS are associated with organic compounds, while the peaks at 1650 cm− 1, 1440 cm− 1, and 
888 cm− 1 are attributed to calcium compounds [67, 68]. The peak intensity at 1650 cm− 1 
and 1440 cm− 1 in the produced biochars is reduced. The peaks at 1140 cm− 1 and 456 cm− 1 
are attributed to either stretching vibrations of the C-O bond or the presence of inorganic 
compounds [69].

In OTP spectra (Fig. 5), the initial peak at 3400 cm− 1, which is more clearly shown in the 
feedstock, corresponds to hydroxyl bonds (-OH). The peaks at 2910 cm− 1 and 2858 cm− 1 
are associated with symmetric and asymmetric stretching vibrations, respectively, of the 
CH2 bonds of cellulose, hemicellulose, and lignin. As the pyrolysis temperature increases, 
these bonds become less intense. The small peak shown only in the feedstock at 2364 cm− 1 
corresponds to a triple bond of nitrile or alkynes [6]. The peaks at 1578 cm− 1 shown in 
feedstock and at 1633 cm− 1 in biochars are due to vibrations of the stretching mode of the 
C = O bonds. The absorption band at 1378 cm− 1 is attributed to vibrations of the C = H bond 
in alkane and alkyl groups. The absorption band at 888 cm− 1 is associated with out-of-plane 
bending vibrations of the C-H bond [48], while the absorption bands at 1428 cm − 1 and 492 
cm − 1 are assigned to carbonates and inorganic compounds, respectively.

Τhe FTIR spectrum of the WS feedstock (Fig. 6a) show the presence of peaks at 2910 
cm− 1 and 2858 cm− 1 as in Fig. 5a, with much lower intensity though. The peaks observed 
near 1600 cm− 1 and 1700 cm− 1 in biochars (Fig. 6b-d) are mainly due to the stretching 
vibrations of the (C = C) bonds in aromatic compounds and alkenes. Similarly, the peak at 
1380 cm− 1, more clearly shown in OTP biochars, corresponds to vibrations of the C = H 
bond, while the peak at 1220 cm− 1 is attributed to stretching vibrations of the C-O bond. 
Finally, the peaks at 888 cm− 1 and 550 cm− 1, which are more intense at higher pyrolysis 
temperatures, are attributed to the presence of inorganic compounds [70].

Figure 7 presents the thermogravimetric (TG) analysis of the feedstocks. The weight 
loss of about 10% at 100 °C is associated with the removal of moisture, while the weight 
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Fig. 2  XRD patterns of (a) OTP sludge feedstock and the produced biochars (b) OTP300 oC, (c) OTP350 
oC and (d) OTP400 oC (C: cellulose H: halite. MC: Magnesium calcite)

 

Fig. 1  XRD patterns of (a) sewage sludge feedstock (a) and the produced biochars (b) SS 300 oC, (c) SS 
350 oC and (d) SS400 oC (C: cellulose, Ca: Calcite, Q: Quartz, L: Larnite, H: Halite, He: Hedenbergite, 
Hem: Hematite)
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Fig. 4  FTIR spectra of (a) sewage sludge feedstock and the produced biochars (b) SS 300, (c) SS 350, 
and (d) SS 400 oC

 

Fig. 3  XRD patterns of (a) walnut shell feedstock (WS) and the produced biochars (b) WS300 oC, (c) WS 
350 oC and WS400 oC (d) (C: cellulose)
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Fig. 6  FTIR spectra of (a) WS feedstock and the produced biochars (b) WS 300, (c) WS 350, and (d) WS 
400 oC

 

Fig. 5  FTIR spectra of (a) OTP feedstock and the produced biochars (b) SS 300, (c) SS 350, and (d) SS 
400 oC
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loss observed between 100 and 400 °C, is due to the decomposition of organic compounds. 
Finally, the weight loss observed above 600 °C is mainly due to the conversion of cellulose 
and hemi-cellulose into more stable carbon forms and the partial decomposition of inorganic 
compounds. SS, due to its mineralogical composition, exhibits a significantly lower weight 
loss (40%), compared to OTP (70%) and WS (80%), as also shown in other studies [71, 72].

The char and the volatile matter (VM) content of the feedstocks after heating to 850 oC, 
as determined from TG analysis, is shown in Table 4.

Figures 8, 9 and 10 present the SEM backscattered electron images (BSI) of SS, OTP and 
WS biochars respectively, produced after pyrolysis at 350 oC.

Τhe decomposition of SS biomass pyrolyzed at 350 oC results in a biochar with an unde-
veloped and heterogeneous structure (Fig. 8a, b) exhibiting several cracks and agglomer-
ates. EDS analysis results on several particles of the SS biochar reveals the presence of 
elements such as calcium, sodium, iron, potassium, phosphorus, silicon and magnesium, 
which can directly contribute to soil fertility and thus can be significantly beneficial to 
plant health [60, 73]. The chemical roughness and surface heterogeneity is probably due to 
the presence of several mineral phases present in the feedstock and the production of new 
mineral phases on biochars during pyrolysis. In this context, SEM-EDS analyses revealed 
the formation of aggregated prismatic crystals of calcium carbonate and fibrous crystals of 
manganese phosphate on the structure of the produced biochar as shown in Fig. 8c and Fig. 
8 d, respectively.

Parameter SS OTP WS
Char content, % 59.2 26.4 24.5
Volatile matter, % 40.8 73.6 75.5

Table 4  Char and volatile matter 
content of SS, OTP and WS 
feedstocks

 

Fig. 7  Thermogravimetric (TG) analysis of sewage sludge (SS), olive tree pruning (OTP), and walnut 
shells (WS) feedstocks
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Τhe OTP biochar obtained after pyrolysis at 350 οC presents a highly porous network 
comprising numerous cellular microstructures of interconnecting pores along with several 
notable fibrous microchannels (Fig. 9a, b). The biochar pore size ranges from 1.2 to 17.6 
μm, while the average size is 4.5 μm (Fig. 9c); such pore size promotes its capillary water-
holding capacity and allows the diffusion of dissolved ions and nutrients through the water-
filled pores [74, 75].

In the case of the WS biochar that is produced after pyrolysis at 350 οC, a more con-
tinuous structure morphology, compared to OTP and SS biochars, is observed along with 
a surface area that contains mesopores unevenly spread on the surface (Fig. 10a, c). These 
mesopores are spherical, ovoid in shape while their size varies from about 18 to 36 μm. 
Previous studies have shown that biochars with spherical pores exhibit higher adsorption 
capacity as a result of their capability to easily enlarge their internal porous network after 
pyrolysis at higher temperature [76–78].

It is evident from these figures that all biochars present a well-defined network of distinct 
pores and channels suitable for their use as soil amendments and effective adsorbents of 
contaminants in water and wastewater treatment [79, 80].

Finally, it is underlined that the structure of the different mineral phases present in the 
initial feedstocks and biochars affect the properties of the substrates, mainly the release of 
toxic compounds and the availability of nutrients for plants. Biochars may adsorb nutri-
ents and act as slow release fertilizers during irrigation (controlled application of water) of 

Fig. 8  SEM-BSI images of the SS biochar structures at (a) × 250 and (b) × 500 magnification. Energy 
dispersive X–ray spectroscopy (EDS) spectra at (c and d) × 1000 magnification show in several spot 
locations the presence of crystalline phases and newly formed products (C: Calcite, Mp: Magnesium 
Phosphate)
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plants and also adsorb contaminants and prevent/reduce their release in deeper soil hori-
zons, avoiding thus contamination of groundwater [81].

Toxicity of Biochars

In Table 5 the toxicity of biochars produced at 350 oC is presented. It is seen that the leached 
concentrations of some heavy metals present in the SS biochar, namely Cr, Ni, Cu and Zn 
exceed the thresholds set by ΕΝ 12457 - 2 test for inert wastes but are much lower than the 
respective thresholds for non-hazardous wastes. The elevated concentrations shown in the 
SS biochar are due to the presence of these elements in the feedstock; this is mainly due 
to the fact that sewage sludge is produced in wastewater treatment plants which apart from 
municipal may accept limited quantities of industrial wastes. On the other hand, the leached 
concentrations of these elements when OTP and WS feedstocks are subjected to the EN 
12457 - 2 leaching test are well below the thresholds for inert wastes.

On the other hand, the leached concentrations of all elements from the produced biochars 
are well below the ranges/thresholds proposed by IBI [1] and EBC [81]. Therefore, it is 
deduced that the addition of the produced biochars in soils is not expected to affect its qual-
ity. It is also interesting to note the variability of the thresholds provided by these two organ-
isations, namely the International Biochar Initiative and the European Biochar Certificate. 
Finally, the elevated leached concentrations of Mn measured in the leachates produced from 
two biochars are not alarming, due to the fact that Mn is one of the most abundant elements 

Fig. 9  SEM-BSI images of the OTP biochar structures at (a) × 250 and (b) × 500 magnification as well as 
at (c) × 1000 for measurement of micropores
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in nature, comprises ∼0.1% of the Earth’s crust, has seven oxidation states ranging from − 1 
to + 7, and therefore can be easily transferred in biomass and the produced biochars. This is 
why no thresholds are proposed for Mn by ΕΝ 12457 - 2 test or IBI and EBC.

The phytotoxicity of biochars as indicated by the values of the germination index (GI) 
determined for three different seeds (LS, SS, and SC) are presented in Fig. 11. It is known 
that GI values indicate negative, neutral or positive effect on seed germination in various 
treatments (i.e., involving different substrates, addition of amendments and presence of 

Table 5  Toxicity of SS, OTP and WS biochars produced at 350 oC—Thresholds (mg/kg) provided by ΕΝ 
12,457–2 test [41], IBI [1], EBC Agro and EBC AgroBio [82]
Element Biochar type Thresholds (mg/kg)

SS OTP WS EN 12457–2
Inert wastes

EN 12457–2
Non-hazardous wastes

IBI EBC-Agro EBC-AgroBio

Cr 4.2 0.2 0.1 0.5 10 93–1200 90 70
Mn 22.6 4.1 1.2 - - - - -
Ni 2.2 0.2  < DL 0.4 10 47–420 50 25
Cu 8.9 0.9  < DL 2 50 143–600 100 70
Zn 8.6 0.03  < DL 4 50 416–7400 400 200
As  < DL  < DL  < DL 0.5 2 13–100 13 13
Mo 0.1  < DL  < DL 0.5 10 5–100 - -
Cd  < DL  < DL  < DL 0.04 1 1.4–39 1.5 0.7
IBI International Biochar Initiative, EBC European Biochar Certificate

Fig. 10  SEM-BSI images of the WS biochar structures at (a) × 250 magnification, (b) × 250 for measure-
ment of mesopores as well as at (c) × 500 magnification

 

1 3

7481



Circular Economy and Sustainability (2025) 5:7465–7488

chemical substances). Thus, values of the GI higher than 100% indicate that the treatment 
under study has a clear phytostimulant effect. On the other hand, values between 80% and 
100% indicate no phytotoxicity (neutral effect), whereas values between 50 and 80% sug-
gest moderate phytotoxicity and values less than 50% high phytotoxicity [83, 84].

The main conclusions deriving from the data shown in Fig. 11 are:

	– the phytotoxicity noticed differs for each seed when biochar or Cu are added in the 
substrates.

	– for Lepidium sativum (LS) seeds: a phytotoxic effect is noticed in all treatments, involv-
ing addition of biochar and/or contamination of the substrate with 190 mg/kg Cu; in the 
latter case the GI values are less than 25%.

	– for Sinapis alba (SA) seeds: the addition of biochar exhibits a clear phytostimulant effect 
(GI values vary beween170 and 270%); this effect is the most positive among all seeds 
tested. However, contamination of the substrates with Cu, results in significant inhibi-
tion of seed germination, especially when SS and OTP biochars are added in soil. On the 
other hand, the addition of WS biochar has a clear phytostimulant effect.

	– for Sorghum saccharatum (SC) seeds: the addition of SS and OTP biochar seems to 
have a phytostimulant effect. Furthermore, the contamination of the substrate with 190 
mg/kg Cu does not seem to affect the germination of the seeds and induces a rather 
phytostimulant effect.

Overall, the effect of the use of biochar as soil amendment in order to improve plant growth 
may depend on various factors, as for example, the specific conditions used for the produc-
tion of biochar, the soil type and quality as well as the type and nutrient needs of the cul-
tivated species. Several studies indicate that biochar improves soil structural and physical 
characteristics, i.e. pH, EC, specific surface area, water and nutrient retention [85–87].

Fig. 11  Gemination index for LS, SA and SC seeds in all treatments
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Conclusions

The present study critically discusses the physico-chemical properties and the morphology 
of biochars produced from sewage sludge, olive tree pruning and walnut shells, after slow 
pyrolysis at relatively low temperature, 300–400 oC.

All biochars exhibit alkaline pH, higher than 8.5, and may be used for the buffering of 
acidity in acidic soils. The specific surface area of the biochars produced at 400 oC ranges 
between 25 and 45 m2 g− 1 and indicates that they can be used as adsorbents, slow release 
fertilisers or soil conditioners. The pyrolysis yield decreases with the increase of pyrolysis 
temperature and can be as low as 10%; however, the correct pyrolysis temperature is an 
issue that needs to be determined through a cost – benefit analysis, by taking into account 
the production cost of the biochar, its yield and its desired properties. SS biochar, with Corg 
content close to 20% is classified as Class III, while OTP and WS biochars with Corg content 
higher than 70 and 80% respectively, are classified as Class I.

SEM analysis indicates that the OTP and WS biochars have a porous network compris-
ing interconnecting pores and fibrous microchannels with mesopores unevenly spread on 
the surface. On the other hand, the SS biochar has an heterogenous structure with several 
cracks and agglomerates.

The produced biochars exhibit no toxicity. The leached concentrations of Cr, Ni, Cu and 
Zn, only from the SS biochar, exceed the thresholds proposed by ΕΝ 12457 - 2 test for inert 
wastes but are much lower than the respective thresholds for non-hazardous wastes. On the 
other hand, the leached concentrations of all elements from all biochars are well below the 
ranges/thresholds proposed by IBI and EBC.

The phytotoxicity of substrates amended with 20 wt% biochar and/or contaminated with 
190 mg/kg Cu, as indicated by the values of the germination index (GI), varies for the three 
different seeds (LS, SS, and SC) tested. Finally, it is mentioned that the results obtained from 
the present study are indicative and therefore pilot tests with sufficient duration, i.e. 1–2 cul-
tivation periods, are needed to reliably assess the phytotoxicity of substrates amended with 
biochar and/or contaminated with heavy metals.
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