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ABSTRACT
This study focused on the valorization of different types of waste biomass through 
biochar production at two pyrolysis temperatures (400 and 600°C). The different 
feedstocks being used included three materials of municipal origin, specifically 
two types of sewage sludge and the organic fraction of municipal solid waste, and 
three materials of agroindustrial origin, specifically grape pomace, rice husks and 
exhausted olive pomace. The scope of the research was to characterize the resulting 
materials, in order to evaluate their possible uses in agronomic and environmental 
applications. Biochar characterization included the determination of several physical 
and chemical parameters, while germination assays were also carried out. Under the 
investigated conditions, both pyrolysis temperature and feedstock type appeared to 
significantly affect biochar characteristics, leading to the production of versatile ma-
terials, with many different possible uses. Specifically, results implied that biochars 
of both municipal and agroindustrial origin have the potential to effectively be used 
in applications including the improvement of soil characteristics, carbon sequestra-
tion, the removal of organic and inorganic contaminants from aqueous media, and 
the remediation of contaminated soil, with the degree of suitability of each material 
to each specific use being estimated to differ depending on its particular character-
istics. For this reason, with these characteristics in mind, before proceeding to larger 
scale applications a cautious selection of materials should be conducted.

1. INTRODUCTION
In recent years, the continuous increase of wastes has 

directed global interest to the development of sustainable 
waste management strategies. One of the most represent-
ative examples of rapidly increasing waste production is 
that of municipal waste (Elkhalifa et al., 2019). In fact, both 
municipal solid waste (MSW) and sewage sludge (SS) ob-
tained from municipal wastewater treatment plants con-
stitute two priority waste categories which, as a result of 
the increasing population in urban centers, are continuous-
ly generated in large quantities. The importance of these 
wastes comes not only from their high production rates, 
but also from their particular composition, since they often 
contain various potentially toxic elements (e.g. potentially 
toxic metal(loid)s, pathogens, organic contaminants, etc.) 
(Agrafioti et al., 2013; Ahmad et al., 2014; Gunarathne et al., 
2019; Rybova et al., 2018).

Waste and by-products originating from agroindustrial 
activities represent another category of residual materials 

with a quite elevated generation rate, especially in coun-
tries where agriculture and agro-industries represent im-
portant sectors of the economy (Fountoulakis et al., 2008). 
The wine and olive oil production and the rice processing 
industries are among the most profitable agroindustries, 
yet they generate considerable quantities of wastes and 
by-products. In EU-28 in 2019, the production of grapes for 
wine, olives for oil, and rice, reached 22,370, 10,255 and 
2,841 thousand tonnes, respectively, with Greece account-
ing for 466, 935 and 222 thousand tonnes, respectively (EU-
ROSTAT, 2020).

Lately, more and more attention has been focusing on 
the use of waste as resources for both energy and add-
ed-value materials, in the framework of a circular economy 
(Elkhalifa et al., 2019). In this context, waste biomass of 
not only municipal, but also of agroindustrial origin, could 
prove quite promising due to both composition and avail-
ability.

Converting waste into biochar through pyrolysis is 
considered a viable method for valorizing such residual 
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resources (Gunarathne et al., 2019). The reason for the in-
creasing interest in biochar comes from the fact that, apart 
from being an effective method for reducing health and en-
vironmental hazards associated with waste biomass, it can 
find various beneficial applications, including its use as an 
adsorbent for contaminant removal from water or waste-
water, as an amendment for improving soil characteristics 
and for remediation of contaminated sites (Ahmad et al., 
2014; Aller, 2016). This high versatility of biochar is attrib-
uted to its wide variety of properties, which depend not only 
on the pyrolysis conditions being adopted, but also on the 
type of feedstock being used (Aller, 2016; Fryda et al., 2019; 
Rehrah et al., 2016).

Biochar characterization usually includes the investi-
gation of several properties, with each one of them playing 
a different role in the potential biochar applications. For 
example, proximate and ultimate composition can give in-
sights regarding biochar stability in soil. High fixed carbon 
contents, as well as high aromaticity and hydrophobicity 
have been associated with greater carbon stability and 
thus a greater ability of biochars to act as carbon seques-
tration agents (Ahmad et al., 2012; Tag et al., 2016). Such 
biochars are usually produced at higher temperatures and 
are more resistant to microbial degradation and mineral-
ization. On the other hand, biochars that are produced at 
lower temperatures are more hydrophilic and can contrib-
ute to increasing soil water holding capacity (Rehrah et al., 
2016; Zhao et al., 2017). Determining the electrical con-
ductivity of biochars can reveal their effect on soil quality 
and fertility (Rehrah et al., 2016; Zhao et al., 2017), while 
biochars with a large amount of surface functional groups 
and a high cation exchange capacity can be used in soils 
for enhancing nutrient exchange sites and for preventing 
nutrient leaching (Tag et al., 2016; Zhao et al., 2017). Bi-
ochar pH can be very important for both agronomic and 
environmental applications. Since biochars are often 
moderately to highly alkaline, they can exert liming effects 
resulting in acid soil amelioration, immobilization of met-
als in contaminated soils and removal of them from aque-
ous media (Ahmad et al., 2014). The point of zero charge 
(pHPZC) is another very important characteristic in terms of 
contaminant removal from water and wastewater. It repre-
sents the pH value at which the surface charge of biochar 
is zero. More specifically, when the pH of the solution is 
greater than pHPZC, the biochar is negatively charged and 
tends to attract cations, while when the pH of the solution 
is lower than pHPZC, the biochar is positively charged and 
tends to attract anions (Li et al., 2017; Tan et al., 2015). 
Moreover, while biochars produced at higher pyrolysis 
temperatures tend to be more effective for sorbing organ-
ic contaminants, as a result of their usually higher surface 
area, microporosity and hydrophobicity, those generated 
at lower temperatures are more prone to sorbing inorgan-
ic and polar contaminants through electrostatic interac-
tions, precipitation/co-precipitation, as well as interaction 
with surface functional groups (Ahmad et al., 2014). All 
the above, highlight the importance of a comprehensive 
characterization, and of the use of such information to 
thoroughly evaluate biochars for their use in more than 
one types of applications at the same time. Such an ap-

proach will be helpful in directing research towards the 
most efficient, effective and profitable solutions. In the 
literature there is a limited number of studies (Ibn Ferjani 
et al., 2019; Oh et al., 2012; Pariyar et al., 2020; Stylianou 
et al., 2020; Taskin et al., 2019) referring to biochar char-
acterization aiming at both agronomic and environmental 
uses. 

The present study contributes to this regard, by charac-
terizing and investigating biochars of different natures re-
garding their potential environmental and agronomic uses 
Six different waste biomass feedstocks, specifically three 
of municipal origin, namely two types of sewage sludge 
and the organic fraction of municipal solid waste, and 
three of agroindustrial origin, namely grape pomace, rice 
husks and exhausted olive pomace, were used to produce 
biochar through pyrolysis at two different temperatures, 
i.e. 400 and 600°C. The resulting carbonaceous materials 
were then characterized through a series of physical and 
chemical analyses, and used in germination assays, in 
order to reveal eventual beneficial, inhibitory or toxic fea-
tures. The objective of the study is to ultimately be able to 
assess, on the basis of the obtained results, the potential 
uses of each biochar for either agronomic or environmen-
tal purposes.

1.1 Nomenclature
CEC  cation exchange capacity
EC  electrical conductivity
EOP  exhausted olive pomace
FC  fixed carbon
FT-IR  Fourier Transform Infrared spectra
GP  grape pomace
OF  organic fraction
OFMSW  organic fraction of municipal solid waste
pHPZC  point of zero charge
PTMs  potentially toxic metal(loid)s
SS  sewage sludge
SSC  sewage sludge from Chania
SSP  sewage sludge from Psyttalia
RH  rice husks
VM  volatile matter

2. MATERIALS AND METHODS
2.1 Waste biomass feedstocks

Six types of biomass were used as feedstocks for bi-
ochar production, namely two types of digested sewage 
sludge (SS), the organic fraction of municipal solid waste 
(OFMSW), grape pomace (GP), rice husks (RH) and ex-
hausted olive pomace (EOP). The first SS sample (SSC) 
was obtained from the Municipal Wastewater Treatment 
Plant of Chania, Crete, Greece and consisted of anaer-
obically digested SS that had been mechanically dewa-
tered. The second SS sample (SSP) was obtained from 
the Psyttalia Wastewater Treatment Plant, Athens, Greece 
and consisted of anaerobically digested SS that had been 
dewatered through drying. OFMSW originated from the 
Inter-municipal Enterprise of Solid Waste Management 
(DEDISA) of Chania. GP was obtained from a local winery 
in Chania, while RH originated from a rice mill in northern 
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Greece. Finally, EOP was obtained from the local food in-
dustry Mills of Crete.

Prior to pyrolysis the six materials were subjected to 
a preparation procedure, which differed slightly depending 
on the material. More specifically, SSC was initially oven 
dried at 60 ± 5°C for 3 days and then ground to a parti-
cle size lower than 500 µm, while for SSP the procedure 
included only the grinding step, since the material was al-
ready dry when received. In the case of OFMSW, the sam-
ple was initially manually screened, aiming at removing 
any unwanted materials (e.g. inert, plastic, metallic and/or 
hazardous materials) and at leaving only putrescibles and 
(tissue) paper. Afterwards, the sample was oven dried at 
60 ± 5°C for 3 days, further screened for unwanted mate-
rials that may have remained after the first screening, and 
finally ground to a particle size lower than 500 µm. GP was 
prepared through oven drying and grinding, as earlier men-
tioned, while RH and EOP were received as agro-industri-
al productsand were not further processed. The grinding 
procedures were carried out using either a food processor 
or a universal cutting mill (Pulverisette 19, Fritsch). After 
the above mentioned preparation procedures, all biomass 
feedstocks were stored in closed containers until further 
use.

2.2 Biochar preparation
The pyrolysis process was carried out in a muffle fur-

nace (Linn High Therm) at two different temperatures, 400 
and 600°C, with a heating rate of 3°C/min and a residence 
period (at the target temperature) of 1 h. These two pyrol-
ysis temperatures were chosen on the basis that below 
300°C pyrolysis of biomass may be incomplete, while above 
700°C the amount of carbon left on char is minimum. Inert 
conditions were ensured by purging nitrogen in the furnace 
interior with a flow rate of 200 L/h. After cooling, the result-
ing materials were subjected to a washing procedure with 
the purpose of removing excess ash and eventual organic 
substances that may have been produced during pyrolysis. 
This procedure was adopted as a step in the production 
process aiming at limiting potential toxic effects of the bio-
chars in future environmental and agronomic applications. 
In brief, the samples were mixed with deionized water at a 
solid/liquid ratio of 1/15 g/mL and agitated on an orbital 
shaking table at 200 rpm for 1 h. The solid and liquid frac-
tions were then separated through vacuum filtration and 
the solid fractions were finally rinsed with deionized wa-
ter and oven dried. The final products were homogenized 
using a mortar and ultimately stored in closed containers 
until use. Twelve types of biochar were obtained through 
the above-mentioned procedure, which are presented in 
Table 1.

2.3 Characterization and analytical methods
The biochar materials were characterized regarding 

certain basic properties, aiming at evaluating their potential 
use in agronomic and environmental applications. These 
include proximate (ash, volatile matter (VM), fixed carbon 
(FC)) and ultimate (CHNS%) composition, contents in min-
eral elements and major oxides, pH, electrical conductivity 
(EC), point of zero charge (pHPZC), cation exchange capaci-

ty (CEC), zeta potential, bulk density, specific surface area, 
as well as determination of surface functional groups. The 
pyrolysis yields were calculated as well, by taking into con-
sideration the initial mass of feedstock and the final mass 
of carbonaceous material obtained at the end of pyrolysis. 
Moreover, all biochars were used in germination assays, 
with Lepidium sativum as a test plant.

Waste biomass feedstocks were also characterized, 
albeit focusing on proximate and ultimate analyses, pH 
and EC determination, as well as compositional analysis 
regarding mineral elements.

2.3.1 Proximate and ultimate analyses
Proximate analysis of biochars was carried out on the 

basis of ASTM method D1762-84, while for biomass feed-
stocks APHA (American Public Health Association) meth-
od 2540G and ASTM method E897-88 were used. Ultimate 
analysis was determined by flash combustion at 1,020°C 
using a EuroVector EA300 series elemental analyzer.

2.3.2 pH, EC, pHPZC, CEC, zeta potential
pH and EC were measured in the slurry obtained after 

agitating the materials with the respective liquid media. In 
the case of biochars, the materials were agitated both in 
deionized water (for pH and EC) and in KCl (1N) (only for 
pH), with a solid/liquid ratio of 1/20 g/mL for 1.5 h (Rajk-
ovich et al., 2012). For the biomass agitation took place 
in deionized water with a solid/liquid ratio of 1/10 g/mL 
for 24 h. In order to determine the pHPZC of the different 
biochars, the pH 'drift' method was adopted, as reported 
by Uchimiya et al. (2011). On the other hand, CEC was de-
termined according to EPA method 9081 using sodium ac-
etate and ammonium acetate (EPA, 1986). Zeta potential 
was measured following the methodology reported by Yao 
et al. (2011). The measurements were conducted by using 
a Zetasizer Nano-ZS (Malvern Instruments).

2.3.3 Bulk density and specific surface area
Bulk density was determined according to the meth-

od reported by Ahmedna et al. (1997), while the specific 
surface area of carbonaceous materials was determined 

Feedstock Pyrolysis temperature (°C) Biochar coded name

SSC 400 SSC400

600 SSC600

SSP 400 SSP400

600 SSP600

OFMSW 400 OFMSW400

600 OFMSW600

GP 400 GP400

600 GP600

RH 400 RH400

600 RH600

EOP 400 EOP400

600 EOP600

TABLE 1: Biochar codification.
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using a Nicolet 380 (Thermo), after degassing all samples 
at 200°C.

2.3.4 Mineral elements and major oxides contents
Mineral element contents of the produced carbona-

ceous materials and their precursors were determined via 
Inductively Coupled Plasma Mass Spectrometry (ICP-MS) 
(CX 7500, Agilent) after sample acid digestion with HNO3. 
On the other hand, major oxides contents were determined 
via Energy Dispersive X-ray fluorescence (XRF) (S2 Ranger, 
Bruker) after fusion (Claisse Fluxer M4) of ignited (1,050ºC) 
biochar samples (ash samples) with Li-tetraborate.

2.3.5 Surface functional groups
The presence of surface functional groups on the bio-

chars was evaluated by recording the materials’ FT-IR spec-
tra with a Fourier transform infrared spectrometer (Perkin 
Elmer Spectrum 1000) using the KBr pellet technique (sam-
ple:KBr = 1:100).

2.3.6 Germination assays
Germination assays were conducted in order to assess 

the eventual phytotoxic effect of the investigated biochars 
on Lepidium sativum seed germination and early seedling 
growth in terms of root elongation. In order to conduct the 
assays, the twelve biochars were mixed at a 1% rate, on 
dry basis, with PhytotoxkitTM (MicroBioTests Inc.) reference 
soil (85% sand, 10% kaolin and 5% peat, according to the 
supplier). The amendment rate value (1%) was selected as 
a representative intermediate value that would provide an 
indication of the potential effects, either positive or neg-
ative, that the investigated biochars may have on higher 
plants. Briefly, equal quantities of each soil-biochar mixture 
were placed in circular Petri dishes (90 mm diameter) and 
wetted with a quantity of deionized water equivalent to 80% 
of the water holding capacity of the soil (Mumme et al., 
2018). The same procedure was also followed using the 
reference soil with no amendments (Control assay). After-
wards, a piece of filter paper, which was also wetted to 80% 
of its water holding capacity, was placed inside each dish, 
on top of the soil mixtures and 10 seeds of Lepidium sa-
tivum were arranged in line on the filter paper, at a distance 
of at least 1 cm from the edge of the dish. Finally, both test 
(soil-biochar mixtures) and control dishes were covered 
with their lids and placed inside an incubation chamber set 
at 25°C at a 50-60° angle. After 3 d, digital images of the 
dishes were acquired and root lengths were determined 
through image analysis, using the ImageJ software. All as-
says were conducted in triplicates.

In order to evaluate the results, two parameters, i.e. 
the Germination Index (GI) and the Root Growth Inhibition 
(RGI), were calculated, according to literature (Nieto et al., 
2016; Oleszczuk and Hollert, 2011):

GI=G·(RLt/RLc)     (1)
RGI=(RLc-RLt)/RLc    (2)

where G is the percentage of seeds germinated in the test 
assays (germination rate), RLt is the mean root length of the 
seeds germinated in the test assays, and RLc is the mean 
root length of the seeds germinated in the control assays.

3. RESULTS AND DISCUSSION
3.1 Yield and proximate analysis

As shown in Figure 1 the pyrolysis yield was negative-
ly correlated with the increase in pyrolysis temperature. In 
fact, while the yield obtained at 400°C ranged between 30.4 
and 54.9%, the yield obtained at 600°C varied from 26.3 to 
46.2%. Moreover, when comparing different feedstocks, 
higher yields and thus higher biochar quantities were ob-
tained from the two sewage sludge types, SSC and SSP, 
followed by OFMSW, RH and GP. The lowest yields were 
associated with EOP pyrolysis.

Proximate analysis (Figure 2) showed that the carbona-
ceous materials produced at 400°C contained less ash and 
more volatile matter, as compared to those produced at 
600°C. As far as the FC contents are concerned, the results 
depended on the material origin. For biochars obtained 
from feedstocks of municipal origin, FC appeared to be de-
creasing as a function of pyrolysis temperature, while the 
opposite was observed for biochars obtained from feed-
stocks of agroindustrial origin.

The decrease in pyrolysis yield with increasing temper-
ature has been associated with decomposition of organic 
matter, as well as with dehydration of hydroxyl groups (Reh-
rah et al., 2016; Stefaniuk and Oleszczuk, 2015). This phe-
nomenon was corroborated by the analogous reduction in 
VM contents (Zhao et al., 2017), which in turn resulted in an 
increase in the concentration of inorganic matter (Suliman 
et al., 2016; Tag et al., 2016; Zhao et al., 2017) and thus, 
in increased ash content. As far as FC is concerned, the 
trends observed in the present study, i.e. both increasing 
and decreasing trends as a function of temperature, has 
also been reported by other authors (Ahmad et al., 2012; 
Ahmad et al., 2014; Gómez et al., 2016; Hossain et al., 2011; 
Jin et al., 2014; Pellera and Gidarakos, 2015; Rajkovich et 
al., 2012; Suliman et al., 2016; Taherymoosavi et al., 2017; 
Zhao et al., 2017), and they may be associated with the ash 
content of the investigated materials. In fact, Enders et al. 
(2012) noticed that for materials with ash content above 
20%, FC decreased as a function of pyrolysis temperature, 
while the opposite happens for materials with ash contents 
below 20%. These authors attributed this phenomenon to 
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Figure 1. Pyrolysis yields for the six feedstocks at two temperatures (error bars 
represent standard deviation) 
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FIGURE 1: Pyrolysis yields for the six feedstocks at two tempera-
tures (error bars represent standard deviation).
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interactions between organic and inorganic constituents of 
the pyrolyzed materials during thermal treatment (Enders 
et al., 2012).

As far as the influence of feedstock type is concerned, 
the ash and VM contents of the six feedstocks exerted a 
significant effect both on the pyrolysis yield and on the 
proximate composition of the resulting biochars. In fact, 
pyrolyzing the material with the highest ash content, i.e. 
SSP, yielded not only a higher amount of biochar, but also 
higher-ash-containing materials. Such a relation between 
yield and ash content was highlighted also in previous 
studies (Song and Guo, 2012; Suliman et al., 2016).

3.2 Ultimate analysis
Ultimate analysis results (Table 2) demonstrated that 

feedstock origin played an important role in biochar com-
position. This was particularly evident when observing the 
biochar C content. Indeed, while biochars of municipal or-
igin were characterized by C content ranging from 25.9 to 
39.5%, for biochars of agroindustrial origin a much higher 
range of values was noticed, from 42.2 to 93.7%. H and N 
contents also presented differences in their range of values 
for different materials, with biochars of agroindustrial ori-
gin being characterized by generally lower values. As far as 
the influence of pyrolysis temperature is concerned, higher 
temperatures seemed to be generally associated with low-
er H and N contents, while in the case of C, reduced and 
increased values were observed for materials of municipal 
and agroindustrial origin, respectively.

The decrease in H and O contents with increasing py-
rolysis temperature is quite common in the literature and 
is usually attributed to breakage of weak bonds in the bi-
ochar structure (Al-Wabel et al., 2013; Rehrah et al., 2016). 
As far as the C content is concerned, the most commonly 
observed behavior is its increase as a function of tempera-
ture (Colantoni et al., 2016; Gómez et al., 2016; Ibn Ferjani 
et al., 2019; Tag et al., 2016) and it is usually an indication 
of an intensified carbonization (Rehrah et al., 2016). On the 

other hand, C loss has also been reported (Cao and Harris, 
2010; Kah et al., 2016; Lu et al., 2013). This phenomenon 
can most likely be associated with the composition of the 
biomass feedstocks being used, and particularly with their 
relatively high ash content, as was also concluded by Kah 
et al. (2016).

The ratios H:C and O:C are often used in order to de-
termine the degree of aromaticity and polarity of biochars, 
respectively, with lower H:C ratios characterizing more ar-
omatic materials and lower O:C ratios characterizing less 
hydrophilic materials (Ahmad et al., 2012; Rehrah et al., 
2016). As it is observed in the Van Krevelen diagram (Fig-
ure 3), in this study both ratios decreased with increasing 
pyrolysis temperature, a behavior that has previously been 
associated with the occurrence of dehydration reactions 
during pyrolysis, as well as with a higher degree of car-
bonization for the obtained materials (Rehrah et al., 2016; 
Tag et al., 2016; Zhao et al., 2017). The highest H:C and 
O:C values were observed for biochars produced from the 
two sewage sludge feedstocks, i.e. SSC and SSP, at 400°C. 
Such elevated values may be attributed to the existence 
of residual organic material in the biochar (Ahmad et al., 
2012; Rehrah et al., 2016). Moreover, the lower H:C values 
of biochars produced at 600°C suggest higher aromaticity, 
thus higher recalcitrance for these materials, while higher 
O:C values of biochars produced at 400°C indicate lower 
hydrophobicity, which could result in a higher water reten-
tion ability (Rehrah et al., 2016). Apart from the two above-
mentioned ratios, (O+N):C is also used as a polarity index 
(Ahmad et al., 2012; Oh et al., 2012). This ratio presented a 
generally decreasing trend with pyrolysis temperature (Ta-
ble 2), indicating a progressive loss of polar surface func-
tional groups (Ahmad et al., 2012).

3.3 pH, EC, pHPZC, CEC, zeta potential
Pyrolysis resulted in materials with higher pH values 

(Table 4) compared with their respective precursors (Ta-
ble 3), while biochar pH also increased with increasing 
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FIGURE 2: Proximate analysis of feedstocks and biochars.
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production temperature. This behavior may be attribut-
ed to phenomena occurring during pyrolysis, such as 
the progressive loss of acidic functional groups from 
the materials surface (Mukherjee et al., 2011; Stefaniuk 
and Oleszczuk, 2015), as well as the separation of alka-
li salts from the materials organic matrices (Al-Wabel et 
al., 2013). It has also been previously associated with the 
increase in ash content of the biochars during pyrolysis 
(Rehrah et al., 2016; Tag et al., 2016). According to the 
obtained data all tested carbonaceous materials can be 
characterized as alkaline, with biochars of agroindustrial 

origin generally showing higher values, with the exception 
of RH400, which not only was associated with the lowest 
pH values among all materials, but it was also character-
ized as acidic.

In terms of pHPZC, the results were consistent with pH 
data, with values being lower compared with the respec-
tive pH values. The differences were more significant for 
biochars of agroindustrial origin. On the contrary, CEC of 
the tested materials decreased with increasing production 
temperature. CEC presented relatively high values ranging 
from 119 to 494 meq/kg. This behavior for both parame-

Element
Municipal feedstocks Biochars

SSC SSP OFMSW SSC400 SSC600 SSP400 SSP600 OFMSW400 OFMSW600

C (%) 35.8 ± 0.0 36.4 ± 0.5 37.3 ± 0.3 29.3 ± 0.8 27.5 ± 0.3 27.3 ± 0.2 25.9 ± 0.4 39.5 ± 1.8 30.3 ± 0.8

H (%) 11.9 ± 0.0 12.4 ± 0.3 9.33 ± 0.25 3.01 ± 0.99 1.88 ± 0.03 2.77 ± 0.18 0.56 ± 0.09 2.06 ± 0.02 0.75 ± 0.03

N (%) 4.84 ± 0.38 4.71 ± 0.10 1.49 ± 0.06 3.64 ± 0.14 2.57 ± 0.11 3.07 ± 0.11 2.23 ± 0.22 1.57 ± 0.08 1.13 ± 0.05

S (%) < DL < DL < DL < DL < DL < DL < DL < DL < 0.4

O * (%) 17.4 ± 0.4 13.8 ± 0.3 25.2 ± 0.4 17.8 ± 1.4 7.65 ± 0.38 21.1 ± 0.4 7.15 ± 0.32 14.0 ± 1.8 13.0 ± 0.9

H:C 3.98 ± 0.01 2.50 ± 0.01 3.01 ± 0.08 1.24 ± 0.40 0.82 ± 0.02 1.22 ± 0.08 0.26 ± 0.05 0.63 ± 0.03 0.30 ± 0.00

O:C 0.36 ± 0.01 0.22 ± 0.00 0.51 ± 0.01 0.46 ± 0.05 0.21 ± 0.01 0.58 ± 0.01 0.21 ± 0.01 0.27 ± 0.05 0.32 ± 0.03

(O+N):C 0.48 ± 0.00 0.39 ± 0.01 0.54 ± 0.01 0.56 ± 0.05 0.29 ± 0.01 0.68 ± 0.01 0.28 ± 0.01 0.30 ± 0.05 0.35 ± 0.03

Element
Agroindustrial feedstocks Biochars

GP RH EOP GP400 GP600 RH400 RH600 EOP400 EOP600

C (%) 48.1 ± 0.7 40.0 ± 0.6 47.3 ± 0.2 69.1 ± 5.3 83.9 ± 1.3 42.2 ± 1.2 43.4 ± 1.8 83.2 ± 0.9 93.7 ± 0.4

H (%) 9.23 ± 0.56 8.62 ± 0.13 9.84 ± 0.06 5.34 ± 0.08 2.17 ± 0.19 2.05 ± 0.10 1.19 ± 0.02 1.84 ± 0.90 1.32 ± 0.13

N (%) 2.53 ± 0.20 0.54 ± 0.06 1.00 ± 0.19 2.82 ± 0.57 0.71 ± 0.12 0.38 ± 0.02 0.27 ± 0.03 0.02 ± 0.00 < DL

S (%) < DL < DL < DL < DL < DL < DL < DL < DL < DL

O * (%) 36.2 ± 0.6 32.5 ± 0.5 38.9 ± 0.3 14.9 ± 4.8 1.10 ± 1.06 17.6 ± 1.3 9.54 ± 1.78 10.6 ± 1.0 <0.1

H:C 2.30 ± 0.16 2.59 ± 0.06 2.50 ± 0.01 0.93 ± 0.06 0.31 ± 0.03 0.58 ± 0.02 0.33 ± 0.02 0.27 ± 0.13 0.17 ± 0.02

O:C 0.56 ± 0.01 0.61 ± 0.02 0.62 ± 0.01 0.16 ± 0.06 0.01 ± 0.01 0.31 ± 0.03 0.17 ± 0.04 0.10 ± 0.01 0.00 ± 0.00

(O+N):C 0.61 ± 0.01 0.62 ± 0.02 0.64 ± 0.01 0.20 ± 0.07 0.02 ± 0.01 0.32 ± 0.03 0.17 ± 0.04 0.10 ± 0.01 <0.01

DL: Detection Limit , * determined by difference , values are expressed as average ± standard deviation

TABLE 2: Ultimate analysis of feedstocks and biochars, on a dry basis.
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Figure 3. van Krevelen diagram (error bars represent standard deviation) 
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ters was a consequence of the intensified removal of sur-
face functional groups at higher pyrolysis temperatures 
(Inguanzo et al., 2002; Lu et al., 2013; Suliman et al., 2016; 
Tag et al., 2016; Zhao et al., 2017).

In the case of EC, its variation as a function of pyrolysis 
temperature followed a different behavior for materials of 
different origin (Table 4). Specifically, for biochars of mu-
nicipal origin a decrease was observed, while for those of 
agroindustrial origin the values were found to increase. 
Most studies refer to a positive correlation between EC, 
pH and ash contents (Rehrah et al., 2016; Song and Guo, 
2012), which in turn comes as a result of volatile material 
loss (Stefaniuk and Oleszczuk, 2015); however an opposite 
behavior has also been observed in previous studies (Hos-
sain et al., 2011; Luo et al., 2014; Manolikaki et al., 2016; Oh 
et al., 2012). In addition, biochar EC values were lower com-
pared with those of their respective precursors (Table 3).

EC is often used to estimate salinity and as an index for 
evaluating the quality of fertilizers. More specifically, if a bi-
ochar is characterized by high salinity, it is usually not rec-

ommended for soil applications, due to potential harmful 
effects on plants, while very low salinity is also undesirable 
(Tag et al., 2016). According to a classification reported 
by Belyaeva et al. (2012), materials with EC values (deter-
mined with a 1:5 soil:water ratio) between 500 and 1500 
μS/cm are considered moderately saline, those in the range 
1500-2000 μS/cm, extremely saline, while those above 
2000 μS/cm, too saline for most plants. Assuming that the 
dilution factor between the above mentioned ratio and the 
one used in the present study (1:20) applies for EC values 
(Singh et al., 2017), most biochars might be characterized 
as moderately saline, whereas SSC400, GP400 and GP600 
as extremely saline, and OFMSW400 and OFMSW600 as 
too saline for most plants.

As far as zeta potential is concerned, negative values 
for all biochars revealed the negative surface charge of 
the materials (Yargicoglu et al., 2015), while the increas-
ing electronegativity with increasing pyrolysis tempera-
ture is in agreement with previous results (Mukherjee et 
al., 2011).

Properties
Municipal feedstocks Agroindustrial feedstocks

SSC SSP OFMSW GP RH EOP

pH 7.09 ± 0.03 7.10 ± 0.08 6.11 ± 0.04 3.82 ± 0.06 5.91 ± 0.02 5.50 ± 0.23

EC (mS/cm) 2.00 ± 0.01 2.18 ± 0.06 7.95 ± 0.12 2.53 ± 0.02 0.79 ± 0.01 2.01 ± 0.04

Properties
Biochars of municipal origin

SSC400 SSC600 SSP400 SSP600 OFMSW400 OFMSW600

Chemical properties

pH (DW) 7.53 ± 0.04 7.45 ± 0.04 7.94 ± 0.05 8.63 ± 0.06 8.50 ± 0.06 9.76 ± 0.04

pH (KCl) 7.40 ± 0.05 7.43 ± 0.02 7.27 ± 0.01 8.05 ± 0.01 8.38 ± 0.03 9.50 ± 0.04

pHPZC 7.14 ± 0.05 7.20 ± 0.05 7.11 ± 0.05 7.41 ± 0.05 8.30 ± 0.05 9.47 ± 0.05

EC (μS/cm) 429 ± 7 326 ± 12 333 ± 9 199 ± 2 1785 ± 80 871 ± 7

CEC (meq/kg) 176 ± 1 126 ± 2 371 ± 2 180 ± 2 388 ± 17 257 ± 10

Zeta potential (mV) -9.84 ± 1.24 -11.5 ± 1.8 -10.2 ± 2.8 -11.9 ± 1.7 -9.97 ± 1.93 -13.8 ± 2.9

Physical properties

Specific surface area (m2/g) 2.87 ± 0.03 23.8 ± 3.4 14.4 ± 0.1 52.5 ± 5.9 8.03 ± 0.82 101 ± 4

Bulk density (kg/m3) 711 ± 12 945 ± 11 652 ± 9 751 ± 3 400 ± 2 464 ± 0

Properties
Biochars of agroindustrial origin

GP400 GP600 RH400 RH600 EOP400* EOP600*

Chemical properties

pH (DW) 9.05 ± 0.04 9.93 ± 0.22 6.49 ± 0.06 9.23 ± 0.03 9.52 ± 0.16 10.05 ± 0.04

pH (KCl) 7.76 ± 0.04 9.23 ± 0.10 4.44 ± 0.03 7.36 ± 0.06 8.02 ± 0.27 9.03 ± 0.06

pHPZC 7.45 ± 0.05 8.14 ± 0.05 6.33 ± 0.05 7.72 ± 0.05 7.32 ± 0.05 7.75 ± 0.05

EC (μS/cm) 422.7 ± 26.2 468.0 ± 55.7 179.6 ± 3.2 190.5 ± 3.7 267.3 ± 7.8 341.3 ± 7.4

CEC (meq/kg) 196 ± 28 134 ± 3 494 ± 25 212 ± 2 203 ± 4 119 ± 2

Zeta potential (mV) -20.4 ± 1.3 -19.3 ± 1.7 -12.2 ± 0.4 -13.4 ± 1.1 -11.2 ± 1.5 -15.7 ± 2.7

Physical properties

Specific surface area (m2/g) 1.29 ± 0.05 21.8 ± 5.4 59.4 ± 2.3 215 ± 7 6.85 ± 2.76 128 ± 7

Bulk density (kg/m3) 515 ± 22 516 ± 12 303 ± 27 312 ± 11 357 ± 23 365 ± 29

* these materials were analysed in particle form in all cases except specific surface area analysis (materials ground in mortar), values are expressed as 
average ± standard deviation

TABLE 3: pH and EC of feedstocks.

TABLE 4: Chemical and physical properties of biochars.
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3.4 Specific surface area and bulk density
In terms of physical characteristics (Table 4), specific 

surface area and bulk density, a positive effect of pyrolysis 
temperature on these two parameters was observed. In-
creased surface area for biochars produced at 600°C is in 
agreement with the findings of other authors (Cao and Har-
ris, 2010; Randolph et al., 2017) and is most likely a result of 
the progressive decomposition of organic matter and the 
more intense formation of micropores and channels within 
the structure of the biochars (Ahmad et al., 2012; Zhao et 
al., 2017). However, in the present study, the differences 
between lower- and higher-temperature biochars were very 
pronounced, or in other words, the specific surface areas of 
all materials produced at 400°C were comparatively quite 
low. Such a phenomenon has been previously reported in 
the literature and has been associated with partial block-
age of pores by condensed volatile materials (tars), inor-
ganic compounds (ash), and/or other amorphous decom-
position products (Rehrah et al., 2014).

As far as bulk density is concerned, this parameter is of-
ten determined for biochar materials, especially when they 
are intended for soil applications, since it affects soil qual-
ity, particularly in terms of porosity and compaction (Reh-
rah et al., 2016). In this study there was a positive relation 
between bulk density and pyrolysis temperature, in agree-
ment with Rajkovich et al. (2012) and Rehrah et al. (2016). 

3.5 Mineral elements contents
Table 5 presents the results regarding the mineral ele-

ments content of the twelve biochars, obtained after acid 
digestion. Generally, biochars of municipal origin were rich-
er in mineral elements compared with biochars of agroin-
dustrial origin, with total concentrations ranging at levels 
of approximately 47-91 g/kg and 3.4-20 g/kg, respectively. 
For the former biochars, the most abundant element was 
Ca, with particularly elevated concentrations ranging from 
32 g/kg (SSC400) to 82 g/kg (OFMSW600). Among other 
elements found also at relatively elevated concentrations, 
in the region around 1-10 (±2) g/kg, were, for SS-derived 
biochars Fe, Mg and Al, plus K and Na for SSP400 and 
SSP600, and for OF-derived biochars Mg, K, Na, Fe and Al. 
All the other tested elements, including potentially toxic 
metal(loid)s (PTMs), were found in concentrations not ex-
ceeding 0.8 g/kg (or even 0.2 g/kg in certain cases). Never-
theless, to this regard, the fact that in SS-derived biochars 
there was a more pronounced presence of Zn, Pb, Cu, Mn 
and Cr, compared with OF-derived biochars, is noteworthy. 
As far as agroindustrial biochars are concerned, the ele-
ments with the two highest concentrations were Ca and K, 
with the former being the most abundant for GP-derived 
biochars (max. ~11.6 g/kg), and the latter for RH- and 
EOP-derived biochars (max. ~4.6 g/kg). Intermediate con-
centrations, with values around 0.1-1.2 (±0.02) g/kg de-
pending on the material, were measured for elements such 
as Mg, Fe, Mn, Al and Na. Finally, in this case, all elements 
found in lesser quantities reached values below 0.1 g/kg. It 
is worth mentioning that the orders of magnitude, as well 
as rank orders in each case, varied depending on the bio-
char feedstock.

Regarding the mineral elements detected in more sig-
nificant amounts, i.e. Ca, Fe, Al, Mg, K, Mn and Na, pyrolysis 
resulted in increase in their concentrations (Table 5), while 
further increase in pyrolysis temperature led to mostly in-
creased and mostly decreased concentrations for munic-
ipal and agroindustrial biochars, respectively. The results 
of the present study agree, in general, with similar findings 
reported elsewhere (Al-Wabel et al., 2013; Cao and Harris, 
2010; Hossain et al., 2011; Jin et al., 2014; Lu et al., 2013; 
Rehrah et al., 2016; Shen et al., 2017; Song and Guo, 2012; 
Zhao et al., 2017). Regarding PTMs, their values were in 
general terms comparable to those in the literature (Do-
mene et al., 2015; Jin et al., 2014; Kah et al., 2016; Pituello 
et al., 2015), while they did not exceed the limit values set 
by the Council Directive 86/278/EEC on the use of sludge 
in agriculture (EC, 2009). As far as the effect of pyrolysis 
temperature on these elements is concerned, their behav-
ior was characterized by high variability, with both increas-
ing and decreasing trends being noticed. This is most likely 
due to the ability of certain elements to volatilize at high 
temperatures (Hossain et al., 2011; Li and Jiang, 2017; Luo 
et al., 2014; Pituello et al., 2015; Zhao et al., 2017).

3.6 Surface functional groups
The presence of surface functional groups on biochars 

was evaluated through the FT-IR spectra illustrated in Fig-
ure 4. At first glance, it is evident that there is a high de-
gree of pattern similarity between the spectra of the two 
sewage sludge-derived biochars, as well as between those 
of GP- and EOP-derived biochars. Moreover, the spectra of 
the OFMSW-derived biochars, although presenting bands 
at similar wavenumbers as the SS-derived biochars, differ 
in terms of band intensity.

In more detail, biochars of both municipal and agroin-
dustrial origin, all presented distinct bands with highest 
points in the range 3418-3350 cm-1 and 3442-3328 cm-1, 
as well as 1616-1558 cm-1 and 1614-1574 cm-1, respec-
tively. The former broad bands indicate the presence of 
hydrogen bonds and may be assigned to O-H stretching 
(Coates, 2000). As far as the latter bands are concerned, 
they are usually associated with the presence of aromatic 
compounds (Coates, 2000) and may be assigned to C=C 
stretching (Chen et al., 2008) and/or to carboxylate, which 
is especially likely in the cases of GP400 and EOP400, for 
which weak peaks at 1384 and 1372 cm-1, respectively, 
were also observed (Coates, 2000). Moreover, all biochars, 
except those derived from RH, presented peaks around 
1434 and 874 cm-1, which may be assigned to carbonates 
(Coates, 2000). Specifically in the case of biochars of mu-
nicipal origin, these peaks combined with weak peaks at 
712 cm-1, are consistent with the possible presence of cal-
cite, whose typical peaks are found around 1433, 874 and 
713 cm-1 (Jimoh et al., 2017; Nasir et al., 2019). In addition 
to the above mentioned bands which were common to all 
biochars, some others were common only among certain 
materials. Indeed, weak bands with highest points between 
2954 and 2864 cm-1, as well as medium to strong peaks 
between 1046 and 1034 cm-1, were observed only for bi-
ochars of municipal origin. The former bands indicate the 
presence of aliphatic groups, with specific assignments to 
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–CH3 and –CH2 symmetric and asymmetric stretching (Ah-
mad et al., 2012; Coates, 2000; Hossain et al., 2011), while 
the latter peaks are most likely attributed to C-O stretch-
ing (Zhao et al., 2017). Similarly, weak bands in the range 
1698-1694 cm-1 appeared only in the spectra of biochars of 
agro-industrial origin and could be assigned to C=O groups 

(Gai et al., 2014; Tran et al., 2016), possibly associated 
with the presence of carboxylic acids on these materials 
(Coates, 2000). In turn, both RH-derived biochars also pre-
sented a characteristic set of peaks, at 1096, 800 and 468 
cm-1, which may be assigned to Si-O-Si groups (Wang et al., 
2018). Finally, weak bands around 750, 780 and 800 cm-

El
em

en
t Municipal feedstocks Biochars

SSC SSP OFMSW SSC400 SSC600 SSP400 SSP600 OFMSW400 OFMSW600

B 7.27 ± 0.09 6.91 ± 0.12 9.23 ±  0.43 9.17 ± 1.47 8.30 ± 0.33 8.82 ± 0.02 8.24 ± 0.87 11.9 ±  0.4 15.7 ±  1.7

Na 274 ± 28 722 ± 9 1931 ± 8 314 ± 50 340 ± 8 700 ± 8 890 ± 102 1044 ± 61 1236 ± 9

Mg 1165 ± 8 2521 ± 15 1222 ± 84 1773 ± 284 1930 ± 62 3838 ± 7 4423 ± 505 1949 ± 59 2496 ± 8

Al 689 ± 8 4503 ± 65 395 ± 38 1070 ± 181 1593 ± 54 7293 ± 116 8074 ± 844 869 ± 14 1996 ± 35

K 212 ± 7 641 ± 6 3999 ± 123 314 ± 54 348 ± 10 992 ± 8 1181 ± 128 1788 ± 130 1890 ± 14

Ca 20637 ± 360 31035 ± 523 38679 ± 4658 32123 ± 5619 36036 ± 1205 51945 ± 411 55461 ± 6504 65207 ± 2162 81895 ± 793

Cr 12.1 ± 0.0 156 ± 2 5.34 ± 0.80 18.9 ± 3.1 16.3 ± 0.4 237 ± 5 191 ± 19 6.72 ± 0.35 9.13 ± 0.25

Mn 65.6 ± 0.1 55.9 ± 1.8 42.6 ± 10.7 109 ± 16 129 ± 3 102 ± 1 107 ± 11 85.9 ± 11.2 94.0 ± 4.2

Fe 9987 ± 153 2282 ± 8 716 ± 42 10462 ± 1404 10521 ± 396 2862 ± 82 3027 ± 175 905 ± 31 1213 ± 133

Co 0.52 ± 0.00 1.02 ± 0.01 0.40 ± 0.04 <1.37 <1.37 <1.37 <1.36 <1.36 <1.37

Ni 7.38 ± 0.15 22.4 ± 0.0 13.5 ± 15.0 16.4 ± 2.4 10.1 ± 0.2 34.1 ± 0.7 27.7 ± 3.5 5.29 ± 0.53 9.05 ± 0.14

Cu 87.1 ± 12.5 195 ± 7 30.0 ± 3.0 94.5 ± 8.9 102 ± 2 225 ± 2 205 ± 17 35.1 ± 0.3 59.7 ± 35.5

Zn 283 ± 0 379 ± 10 71.1 ± 3.7 515 ± 61 546 ± 21 705 ± 2 688 ± 63 127 ± 4 125 ± 0

As 1.18 ± 0.01 2.16 ± 0.04 0.20 ± 0.06 1.17 ± 0.11 1.06 ± 0.02 1.87 ± 0.03 1.68 ± 0.11 0.39 ± 0.01 0.54 ± 0.04

Se <0.33 <0.32 <0.33 0.50 ± 0.22 <0.33 <0.33 <0.33 <0.33 <0.33

Mo 5.07 ± 0.08 3.73 ± 0.04 0.91 ± 0.06 6.97 ± 0.76 6.81 ± 0.13 4.92 ± 0.04 4.69 ± 0.44 0.89 ± 0.32 1.45 ± 0.06

Cd 0.28 ± 0.03 0.46 ± 0.09 <0.030 0.57 ± 0.06 0.58 ± 0.06 0.89 ± 0.03 0.94 ± 0.06 0.059 ± 0.005 0.060 ± 0.004

Hg 1.69 ± 0.05 1.45 ± 0.02 0.32 ± 0.00 0.35 ± 0.07 0.32 ± 0.08 0.44 ± 0.04 0.65 ± 0.14 0.34 ± 0.02 0.30 ± 0.01

Pb 55.9 ± 0.3 74.3 ± 1.7 23.3 ± 6.4 104 ± 13 110 ± 1 148 ± 1 148 ± 16 37.0 ± 3.0 40.4 ± 1.1

El
em

en
t Agroindustrial feedstocks Biochars

GP RH EOP GP400 GP600 RH400 RH600 EOP400 EOP600

B 21.6 ± 0.1 2.29 ± 0.15 3.98 ± 0.08 35.2 ± 1.7 10.1 ± 0.3 2.69 ± 0.04 2.34 ± 0.12 6.83 ± 0.12 1.44 ± 0.07

Na 52.5 ± 24.1 54.3 ± 10.9 170 ± 55 49.9 ± 0.5 32.1 ± 6.8 82.0 ± 40.8 60.1 ± 4.6 196 ± 5 88.6 ± 1.1

Mg 589 ± 20 302 ± 77 104 ± 0 1296 ± 71 522 ± 22 470 ± 5 277 ± 20 199 ± 3 42.1 ± 1.3

Al <0.059 151 ± 118 <0.059 37.4 ± 4.9 36.7 ± 4.0 100 ± 20 128 ± 14 14.3 ± 12.5 4.47 ± 1.26

K 3721 ± 130 1199 ± 47 2935 ± 248 6899 ± 255 2472 ± 72 2074 ± 83 2136 ± 86 4616 ± 68 1908 ± 123

Ca 5407 ± 195 <471 <311 11551 ± 189 8780 ± 339 833 ± 265 520 ± 97 2469 ± 438 636 ± 98

Cr 1.19 ± 1.01 2.88 ± 2.99 0.33 ± 0.05 4.43 ± 5.16 0.38 ± 0.02 1.16 ± 0.36 0.88 ± 0.09 0.33 ± 0.06 0.26 ± 0.00

Mn 7.62 ± 0.16 176 ± 105 4.56 ± 1.91 18.2 ± 0.5 7.22 ± 0.21 202 ± 12 161 ± 8 4.51 ± 0.18 1.69 ± 0.18

Fe 78.4 ± 13.0 61.7 ± 49.7 48.3 ± 27.5 144 ± 22 56.3 ± 6.7 43.5 ± 1.4 73.3 ± 12.5 55.4 ± 17.3 29.5 ± 11.4

Co <0.22 <0.21 <0.21 <1.36 <1.37 <1.36 <1.37 <1.37 <1.37

Ni 0.24 ± 0.14 0.46 ± 0.49 <0.12 0.57 ± 0.10 0.30 ± 0.17 0.56 ± 0.19 2.10 ± 0.45 1.07 ± 0.86 <0.082

Cu 30.3 ± 1.2 32.4 ± 40.0 26.6 ± 33.2 41.2 ± 0.9 7.77 ± 1.12 4.52 ± 0.03 4.60 ± 0.16 4.81 ± 0.12 1.66 ± 0.13

Zn 14.9 ± 2.1 19.1 ± 7.0 5.86 ± 1.50 32.4 ± 4.3 12.7 ± 3.6 30.8 ± 7.6 23.5 ± 1.7 7.19 ± 2.35 3.36 ± 0.18

As <0.040 0.12 ± 0.03 <0.040 <0.017 <0.017 0.22 ± 0.01 0.10 ± 0.01 <0.017 <0.017

Se <0.33 <0.33 <0.32 <0.33 <0.33 <0.33 <0.33 <0.33 <0.33

Mo 0.39 ± 0.09 1.19 ± 1.25 0.20 ± 0.01 0.20 ± 0.01 0.31 ± 0.05 0.21 ± 0.09 0.30 ± 0.02 0.19 ± 0.02 0.22 ± 0.01

Cd <0.029 <0.029 <0.029 <0.075 <0.068 <0.029 <0.030 <0.030 <0.030

Hg 0.37 ± 0.00 0.35 ± 0.06 0.38 ± 0.08 0.56 ± 0.02 0.55 ± 0.03 0.91 ± 0.04 0.64 ± 0.00 0.49 ± 0.02 0.53 ± 0.00

Pb 0.65 ± 0.40 1.51 ± 1.86 <0.002 1.08 ± 0.08 0.51 ± 0.20 0.63 ± 0.26 0.56 ± 0.16 0.31 ± 0.26 0.13 ± 0.04

values are expressed as average ± standard deviation

TABLE 5: Mineral element content (mg/kg) of feedstocks and biochars, on a dry basis.
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1, and below 600 cm-1, could probably be associated with 
aromatic out-of-plane C-H bending (Coates, 2000), and the 
presence of metal bonds (Hossain et al., 2011), respective-
ly. FT-IR spectra patterns and bands similar to those of the 
present study have also been observed in previous studies 

investigating materials of similar origins (Chen et al., 2014; 
Lu et al., 2013; Mitchell et al., 2018; Yi et al., 2016; Tahery-
moosavi et al., 2017; Trakal et al., 2017; Zhang et al., 2018).

As far as the influence of pyrolysis temperature is con-
cerned, it was noticed that the increase to 600°C result-
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Figure 4. FT-IR spectra of (a) municipal and (b) agroindustrial biochars 

FIGURE 4: FT-IR spectra of (a) municipal and (b) agroindustrial biochars.
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ed in a general intensity reduction for O-H bands around 
~3000 cm-1, as well as for aromatic bands around ~1600 
cm-1. On the other hand, the peaks attributed to carbonates 
were preserved, with slight intensity variations. Moreover, 
while –CH3 and –CH2 bands, present on municipal bio-
chars produced at 400°C, were completely eliminated with 
the increase in temperature, such an effect was not no-
ticed for C-O peaks being observed for the same materials, 
with them being preserved. At the same time, while there 
was no significant change in the carboxylic acid bands of 
agro-industrial biochars, the increase in temperature most 
likely caused a reduction in carboxylate groups on the 
same materials, manifested by the elimination of peaks 
around ~1380 cm-1. Finally, the bands being observed be-
low 800 cm-1 were maintained only for municipal biochars 
produced at 600°C.

3.7 Germination assays
According to the results, none of the biochars had a 

negative effect on Lepidium sativum germination, since in 

all assays a 100% germination rate was noted (data not 
shown). As far as root growth is concerned, according to 
a scale reported by Nieto et al. (2016), phytotoxicity is in-
dicated when GI values are below 80%, while values above 
100% are an indication of phytostimulatory effects. Conse-
quently, none of the examined biochars could be consid-
ered as phytotoxic at a 1% amendment rate, since GI val-
ues were all above 80% (Figure 5). Moreover, six biochars, 
specifically SSC600, SSP600, GP400, GP600, EOP400 and 
EOP600 could be considered as phytostimulant under the 
examined conditions, as a result of their corresponding GIs 
being greater than 100%. Nevertheless, some degree of in-
hibition, manifested by positive RGI values (Figure 5), was 
noted for the remaining six biochars, specifically SSC400, 
SSP400, OFMSW400, OFMSW600, RH400 and RH600.

In the literature, root growth inhibition has been main-
ly associated with the effect that the addition of biochar 
can exert on the soil solution salinity, by inducing osmotic 
stress (Buss et al., 2016; Intani et al., 2018; Mumme et al., 
2018). This was most likely the reason for the inhibition no-
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Figure 5. (a) Germination Index (GI) (%) and (b) Root Growth Inhibition (RGI) 
(%) obtained from germination assays with biochar amendment rate 1% 
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ticed in the present study for the four biochars of munici-
pal origin, even if this negative effect was quite moderate. 
Although EC values corresponding to these biochars could 
suggest such an effect, in reality they could only partially 
predict the outcome. More specifically, if only EC was con-
sidered, the municipal biochars OFMSW400, OFMSW600 
and SSC400 would be more likely to cause some inhibition, 
as mentioned earlier (§3.3.). Nevertheless, SSP400 also 
showed similar results, although its EC was not equally ele-
vated. Therefore, EC values should not be used as the sole 
indicator for salinity levels. Such a conclusion was also 
drawn in a previous study (Buss et al., 2016). What indeed 
contributed to the increased salinity was most probably the 
elevated mineral load of the biochars in question (Table 5), 
especially in terms of PTMs. In fact, the elevated presence 
of such elements, including PTMs, in more soluble form 
has been previously associated with osmotic stress (Ru-
cińska-Sobkowiak, 2016). Interestingly, OFMSW-derived bi-
ochars appeared to cause a lower degree of inhibition com-
pared with the other materials. This could be attributed to 
the counterbalancing between their high EC and their low 
cumulative PTMs content, high pH and high macro-nutrient 
(Ca, K, Na, Mg) content. Indeed, it has been previously re-
ported that at low amendment rates biochars with high pH 
and K concentrations could have a positive effect on root 
growth (Buss et al., 2016). Moreover, although SSC600 and 
SSP600 were also characterized by quite elevated PTMs 
loads, they showed no inhibiting effects. This could be 
related to their production temperature, since it has been 
shown that the bioavailability of PTMs is reduced for bio-
chars produced at higher pyrolysis temperatures (Zeng et 
al., 2018).

As far as biochars of agroindustrial origin are con-
cerned, the only materials that appeared to cause some 
inhibition were the two RH-derived biochars, which in fact 
were those ultimately being associated with the highest 

RGI values among all tested biochars. These results are not 
consistent with EC data, since GP400 and GP600, which 
presented higher EC values than RH400 and RH600, did 
not cause inhibition, but instead they exerted a phytostim-
ulant effect on Lepidium sativum seeds, as did EOP400 
and EOP600. The positive effect of GP- and EOP-derived 
biochars may most likely be attributed to their pH and mac-
ro-nutrient contents (Buss et al., 2016), as well as probably 
to their comparatively lower PTMs content. On the other 
hand, the inhibition caused by RH400 and RH600 may be 
mainly related to the quite pronounced SiO2 content of 
these biochars (Table 6), considering that SiO2 has been 
reported to eventually have toxic effects on root elongation 
at elevated concentrations (Lee et al., 2010).

It is worth mentioning that some authors have linked 
root growth inhibition with the presence of organic wa-
ter-soluble potentially toxic elements (e.g. PAHs, phenol-
ic compounds, etc.) on biochars (Buss and Mašek, 2014; 
Gell et al., 2011; Intani et al., 2018). In the present study 
it was unlikely that such a phenomenon took place, since 
all biochars were washed before being used in germination 
assays and this procedure would have removed toxic or in-
hibitory water-soluble substances (Intani et al., 2018).

3.8 Major oxides contents
XRF results presented in Table 6 refer only to selected 

biochars, chosen on the basis of the other characterization 
analyses and germination assays. Specifically, the selected 
materials were biochars of municipal origin and RH-derived 
biochars. According to the data, CaO was present in all bi-
ochars derived from SS and OFMSW, which is consistent 
with the FT-IR spectra regarding the presence of calcite in 
biochars before ignition (Leontakianakos et al., 2015), es-
pecially in the case of OFMSW400 and OFMSW600. Other 
oxides being detected in considerable amounts in munici-
pal biochars include Fe2O3, SiO2, P2O5 and Al2O3, while lower 

SSC400 SSC600 SSP400 SSP600 OFMSW400 OFMSW600 RH400 RH600

Al2O3 2.37 3.66 9.35 10.8 1.85 5.02 0.79 0.78

CaO 21.6 27.7 28.9 29.3 48.7 47.1 0.73 0.89

Cr2O3 1.18 0.41 0.80 0.56 0.48 0.14 0.002 0.007

CuO 0.09 0.08 0.13 0.12 <0.005 <0.005 <0.005 <0.005

Fe2O3 42.5 28.5 14.2 10.7 8.98 4.59 1.17 1.21

K2O 0.75 1.04 1.84 2.14 2.01 3.20 0.06 0.20

MgO 0.80 <0.005 2.90 2.90 2.00 3.67 0.84 0.82

MnO 0.43 0.15 0.15 0.11 0.17 0.11 0.15 0.17

Na2O <0.005 <0.005 <0.005 2.10 <0.005 2.55 0.78 0.54

NiO 0.73 0.14 0.25 0.15 0.21 0.06 0.02 0.02

P2O5 11.4 15.0 16.0 16.0 2.57 2.48 0.13 0.24

PbO <0.005 <0.005 0.25 <0.005 <0.005 <0.005 <0.005 <0.005

SiO2 15.4 20.7 22.5 22.8 23.3 25.3 89.2 97.1

SO3 0.50 <0.005 0.28 0.22 7.27 5.40 <0.005 <0.005

TiO2 0.90 1.13 1.13 1.12 0.63 0.85 <0.005 <0.005

ZnO 0.28 0.24 0.38 0.38 0.11 0.12 <0.005 <0.005

TABLE 6: Major oxides content (%) in ash samples of selected biochars, on a dry basis.
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percentages of metal oxides in these materials are consist-
ent with the considerations regarding metal bonds made in 
§3.6. Similarly, the results obtained for RH400 and RH600 
confirmed the highly significant presence of SiO2 in these 
materials, again corroborating the FT-IR analysis.

4. CONCLUSIONS
The present study focused on the characterization of 

twelve biochars derived from six types of biomass and pro-
duced at two temperatures, aiming at evaluating their po-
tential use in agronomic and environmental applications. 
Both pyrolysis temperature and feedstock type appeared 
to have a significant effect on biochar characteristics, with 
the data implying various potential applications for the ex-
amined materials.

In terms of agronomic application, based on the char-
acterization results, biochars generated at 400°C may 
be more able to improve soil characteristics, as well as 
enhance nutrient and water retention, compared to high-
er-temperature materials, due to their lower bulk density, as 
well as higher CEC and hydrophilicity, respectively. On the 
other hand, biochars obtained at 600°C could offer great-
er carbon stability due to their higher aromaticity, and thus 
be more suitable for carbon sequestration. Moreover, al-
most all biochars of agroindustrial origin, as well as some 
biochars of municipal origin may be good candidates for 
ameliorating acid soils, as a result of their high pH values. 
Although the germination assays showed no phytotoxic 
effects of the investigated biochars on Lepidium sativum 
seeds, under the examined conditions and at a soil amend-
ment rate of 1%, prior to real-case use of these materials 
at rates >1%, a thorough assessment of their potential in-
hibitory or toxic effects should be performed in relation to 
the specific application for which they are intended (type 
of soil, type of plant, etc.). Attention should be given on the 
biochars’ salinity and mineral contents, especially in terms 
of bioavailability.

As far as environmental applications are concerned, 
higher CEC as well as the stronger presence of surface 
functional groups in biochars produced at 400°C, suggest 
that these materials may be more suitable for metal reten-
tion in both soil and aqueous media compared with those 
produced at 600°C. Moreover, the presence of functional 
groups coupled with the higher polarity of the low tempera-
ture biochars is an indication of a potentially better perfor-
mance with polar organic contaminants. On the contrary, 
biochars produced at 600°C, being characterized by higher 
specific surface area and higher hydrophobicity, may be 
more effective in remediating contamination by non-polar 
organic compounds. Furthermore, pH values suggest that 
several of the studied biochars could be effectively used to 
induce metal precipitation, while pHPZC values reveal a po-
tential affinity of OFMSW400, OFMSW600 and GP600 also 
for anionic contaminants.
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