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Abstract
Biochar (BC) is a carbon-rich pyrolyzedmaterial widely used in agriculture for soil amendment in order to enhance crop production
and improve soil quality, carbon sequestration (C-sequestration), and mitigation of atmospheric C. Various functions of BCmake it
valuable; however, the heterogenic properties of BC raise questions regarding its suitability in a particular environment. The present
study explored the heterogenic properties of BCwith the aim of aligning its uses for soil and the environment. Different types of BC
were prepared from feedstocks (FS) of sludge (S), animal waste (AW), and plants originating in the Mediterranean region. Physical
and chemical characterization of BC was performed to evaluate its suitability for use in the Mediterranean region with regard to
plant nutrient availability. To achieve this, pH, electrical conductivity (EC), and proximate, ultimate, and nutrient analyses were
performed. Moreover, scanning electron microscopy (SEM) was also undertaken, and the C-stability of BC was observed using
thermogravimetric analysis. Plant FS–derived BC exhibits a high moisture content, volatile matrix, and fixed and total carbon (TC)
compared with sludge biochar (SBC) and AW-derived BC. A high calcium carbonate (CaCO3) content was observed in AW-
derived BC. Furthermore, the porosity of BC revealed that soil microbes may be sustained inside the porous structure if used for soil
amendment. The different FS-oriented BC studied here could potentially be used to amend soil. The AW-derived BC and plant FS–
derived BC could be a good source of immediate nutrient release for plant growth in agriculture and C-sequestration, respectively.
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Introduction

The thermal decomposition of biomass in the presence of
oxygen results in a black carbonaceous product recognized
as biochar (BC). This final carbon-enriched product is pro-
duced by pyrolyzing organic wastes and feedstocks (FS) un-
der anoxic conditions at 250–900 °C (Xie et al. 2015). The FS
used for BC production are organic in nature such as animal
manure (AM), i.e., chicken manure, cow manure, sheep and
goat manure, poultry litter, etc., and plant-based material
(wood biomass, agricultural and forestry residues) (Cantrell

et al. 2012). BC enhances the soil moisture content and nutri-
ent retention, increases stable organic-C, and also aids in pol-
lutant adsorption along with C-sequestration in soil (Kookana
et al. 2011). It has also been suggested that BC helps to avoid
major environmental and soil quality repercussions associated
with the removal of crop residue from land (Hansen et al.
2008). Certain physical and chemical characteristics, micro-
porous structuring, active functional groups, and accessibility
to cost-effective feedstock highlight the potential use of BC in
agricultural and environmental industries (Tan et al. 2016). It
is also considered to be one of the most efficient organic soil
amendments that can increase stable C-stock and enable high
nutrient availability in soil (Chan and Xu 2009). The sludge
(S)-, animal waste (AW)-, and plant FS–derived BC have
different physicochemical properties that can increase certain
characteristics of soil such as C-sequestration, nutrient avail-
ability in soil, and liming (Joseph and Lehmann 2009). The
nutrient availability potential of BC directly influences plant
growth and also improves soil quality in both short and long
terms. An additional benefit includes the fact that waste treat-
ment via pyrolyzation helps lessen the problem of waste dis-
posal by decreasing the volume and weight (Johannes and
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Stephen 2009). The variation in nutrient concentration,
C-concentration, and surface structure of BC was ob-
served under various pyrolysis conditions, and FS nature
and quality (Joseph et al. 2010; Spokas 2010). The py-
rolysis process alters the composition of the C-compound
by increasing aromaticity in BC, which makes it recalci-
trant against decomposition and a potential product for
C-sequestration (Lehmann et al. 2006). During pyrolysis,
20–60% of the C in the biomass is carbonized into
aromatic-C (Enders and Lehmann 2017). A thermochem-
ical property of BC is proposed to evaluate the long-term
C-stability in soil (Mašek et al. 2013). Moreover, BC
assists the plant to cope with heavy metal stress and
promotes plant growth by heavy metal absorption
(Sehrish et al. 2019). Regarding the recent environmental
concerns, salinity and drought are widespread problems
and BC is found suitable in minimizing the salinity and
drought stress effects on plant growth (Ali et al. 2017;
Hafeez et al. 2019). The BC addition into soil is also
reported to reduce trace element stress which varies with
plant species, genotypes, growth conditions, duration of
stress imposed, BC type, and preparation methods
(Rizwan et al. 2016).

The present study was designed to characterize the
sludge (S), animal waste (AW), i.e., chicken manure
(ChM), cow manure (CM), sheep manure (SM), and
plant-derived feedstock (FS), i.e., eucalyptus (Eu) and
phragmites (Ph), in addition to their respective pyrolyzed
products, i.e., sludge biochar (SBC), chicken manure bio-
char (ChMBC), cow manure biochar (CMBC), sheep ma-
nure biochar (SMBC), eucalyptus biochar (EuBC), and
phragmites biochar (PhBC). The physical and chemical
properties of both FS and BC were studied in order to
explore the contemporary modifications from FS to BC.
Moreover, C-sequestration and the nutrient availability
potential of BC were evaluated. Accordingly, the aim
of this study was a quality assessment of engineered
BC prepared from Mediterranean region-based S, AW,
and plant-derived FS.

Materials and methods

Biochar preparation

The FS (ChM, CM, S, SM, Eu, and Ph) were collected from
Cukurova municipality in Adana (37.0990° N, 35.1489° E),
Turkey, for the production of BC (ChMBC, CMBC, SBC,
SMBC, EuBC, and PhBC). Air-dried FS were charred at
550 °C for 2 h in a closed container under oxygen-limited
conditions in a muffle furnace (RD50, REF-SAN, Turkey).
The BC was milled by passing through a 2-mm sieve for
further analyses.

Electrical conductivity and pH

The pH values of BC were obtained in triplicate by mixing
1.0 g BC in 20 mL deionized water with a shaking time of
up to 1.5 h. It was modified to ensure sufficient equilibra-
tion between the solution and BC surface. The EC was
then determined using an Orion model 115A plus conduc-
tivity meter (Thermo Fisher Scientific, Waltham, MA)
(Rajkovich et al. 2012).

Moisture, volatile matrix, and ash content

The moisture, volatile matrix (VM), and ash content of BC
were measured following standard ASTM D1762 – 84
methods (ASTM2007). Briefly, 5.0 g of an oven-dried sample
was weighed into a pre-ignited crucible and heated at 500 °C
overnight (> 8 h). The crucible was then cooled to room tem-
perature in a desiccator and weighed again. The ash content
was calculated:

Ash content %ð Þ ¼ weight of ash gð Þ
dry mass of biochar gð Þ � 100 ð1Þ

Total nutrient analyses

Total P, K, Ca, Mg, Fe, Mn, and B were determined after dry
combustion by heating BC up to 500 °C for 2 h. The samples
were further stayed at 500 °C for 8 h. HNO3 (5mL) was added
to each vessel and digested at 120 °C until dry. Tubes were
removed from the block and allowed to cool before adding
1.0 mL HNO3 and 4.0 mL H2O2. Samples were placed back
into a preheated block and processed at 120 °C until dryness,
dissolved in 1.43 mL HNO3; the volume was then raised with
18.57 mL deionized water and filtered (Enders and Lehmann
2012). The nutrient concentration in digested plant samples
was analyzed by inductively coupled plasma optical emission
spectrometry (ICP–OES, Optima 8000, PerkinElmer Inc.,
USA).

Carbon analysis

Different types of C-fractions in the BC and their stability
were analyzed. Total carbon (TC) and nitrogen content of
the BC samples were determined by combustion using a
Thermo Fisher Scientific FLASH 2000 Series CN elemental
analyzer (Thermo Fisher Scientific, Waltham, USA).
Approximately 3.5–5.5 mg of the BC sample was analyzed
and compared with the calibrated reference material as
aspartic acid (2-aminobubutanedioic acid). Fixed carbon
(FC) was derived from the mass balance equation:

FC %ð Þ ¼ 100−VM−Ash ð2Þ
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The CaCO3 content was estimated using a calcimeter.
Moreover, C-stability of BC against mineralization was eval-
uated using the dichromate oxidation method (Schumacher
2002). Briefly, 0.1 g of BC (< 0.15 mm) was weighed into a
500-mL conical flask, followed by the addition of 10 mL
K2Cr2O7 (0.167 M) and 20 mL concentrated H2SO4. The
mixture was settled on a bench until room temperature was
achieved. Deionized water was added to bring the mixture to
60 mL. The solution was pipetted into a 250-mL conical flask
and titrated with freshly standardized 0.5 M FeSO4 to end-
point using 0.2% N-phenoanthranilic aqueous solution as an
indicator. The blank without BC addition was considered to be
the control. Unstable organic carbon (OC) in BC was calcu-
lated as:

unstable OC g kg−1
� � ¼ V0−Vð Þ � C � 7:5

dry mass of biochar gð Þ � 100 ð3Þ

where Vo is the volume (mL) of FeSO4 consumed in titrating
the control, V is the volume (mL) of FeSO4 consumed in
titrating the BC sample, and C is the concentration (mol L−1)
of the freshly standardized FeSO4 solution. Stable/recalcitrant
OC was calculated using the difference between total OC and
unstable OC content of the BC.

Scanning electron microscopy

Samples were analyzed using an environmental Quanta FEI
650 model scanning electron microscope (ESEM) (FEI,
Netherlands). The surface of the sample was coated with a
thin, electric conductive gold film prior to observation.

Fourier transform infrared spectroscopy

Fourier transform infrared spectroscopy of FS and BC sam-
ples was performed to characterize the surface functional
groups. Both FS and BC were ground and mixed with KBr
to 0.1% and pressed into pellets. Spectra were recorded over
the range of 4000–500 cm−1 with a resolution of 4 cm−1 using
a PerkinElmer Spectrum One spectrometer.

Thermogravimetric analysis

Thermogravimetric analysis (TGA)/DTAwas used to measure
the thermal decomposition of biomass and the respective BC
under a nitrogen atmosphere and was assessed using a thermal
analyzer (PerkinElmer STA 6000, simultaneous thermal ana-
lyzer); moreover, the devolatilization rate was also deter-
mined. Samples of 5–9 mg were heated from 50 to 105 °C
at a rate of 20 °C min−1 and kept at 105 °C for 10 min to
remove the moisture. Samples were then heated from 40 to
800 °C at 20 °Cmin−1 (air flow rate of 90mLmin−1) to collect
thermal decomposition curves. The treatment of thermal

curves involved the analyses of TG and DT combustion ther-
mograms. Samples lost weight at a particular temperature and
the rate of weight loss was determined by following the TG
and DT combustion curves, respectively.

Statistical analysis

All the samples were analyzed in triplicate, and the Pearson
correlation was used to evaluate the correlation among BC
properties for quality assessment. The correlation was consid-
ered statistically significant at a 95% confidence interval
(P < 0.05). All data analyses and plotting were performed
using OriginPro 9.0 data analysis software (OriginLab
Corporation, Northampton, MA).

Results and discussion

Electrical conductivity and pH

The EC and pH of BC are given in Table 1. The pyrolysis
temperature increased the pH value, indicating alkalinity of
the BC (Zhang et al. 2015). The alkalinity of the BC might
be due to the separation of FS minerals from the organic ma-
trix at high pyrolytic temperatures (Cao and Harris 2010).
Removal of acidic functional groups from the surface and
leaving behind the hydrophobic aromatic-C surface led to in-
creased alkalinity (Mukherjee et al. 2011). Moreover, varia-
tion in EC could be attributable to loss of VM leaving behind
the ash content (Cantrell et al. 2012). The ChMBC had the
highest EC among all studied biochar. The EC values (0.61–
3.37 mS cm−1) showed that BC is non-saline and could be
used for soil amendment. The pyrolytic process and release of
VM lead to concentration of the elements responsible for EC
enhancement, which could be considered for sustainable
large-scale BC application (3–30 t ha−1) (Johannes and
Stephen 2009).

Moisture, volatile matrix, and ash content

Variability in moisture content was observed in all types of BC
ranging from 1.7 to 3.9% (Table 1), and the BC of plant FS
had comparatively more moisture content. A desirable mois-
ture content in BC is up to 10% by weight (Bridgwater and
Peacocke 2000). In our study, BC attained a desirable mois-
ture content range which could be useful in its handling and
reduction in loss of nutrients during its potential use for soil
amendment (Ahmad et al. 2012). The volatile matrix (VM)
also varied from 44.3 to 66.6%. The VM is well correlated
with elemental ratios, and it could be a suitable predictor of
carbon stability in BC (Spokas 2010). The ash content ranged
from 44.3 to 66.6% in BC depending on their FS type. Plant-
derived BC had significantly lower ash content enriched with
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P, S, K, Ca, and Mg (Gaskin et al. 2008). The ash content and
C are strongly correlated to each other, with a high amount of
C being observed in low-ash content BC. Agricultural resi-
dues and different types of manure produce BC with a high
ash content in comparison with woody FS (Demirbas 2004).

Mean nutrient analyses

In this study, total nutrient analyses were performed to evalu-
ate the potential nutrient supply from BC to soil. The nutrient
(N, P, K, Ca, Mg, Fe, Mn, and B) concentration in BC was
abundant in S- and AW-derived BC. Maximum N was found
in ChMBC (1.6%), while SB exhibited the minimum (1.2%)

(Table 1). Similarly, the highest P concentration was found in
SBC at 1.3%, while it was the lowest in SMBC (0.6%). Some
elements such as P are relatively stable at low pyrolytic tem-
perature and may release slowly into the soil (Knoepp et al.
2005). However, increasing the total P concentration did not
always affect the P-available fraction, which has agronomical
value. Furthermore, using P-solubilizing organisms in the soil
canmake it available. The highest K (3.0%) concentration was
found in SMBC whereas the lowest (0.3%) was noted in
CMBC. Similarly, the micronutrient content was higher in
S- and AW-derived BC. The concentration of Fe ranged from
0.6 to 1.6%with an increasing order: PhBC < EuBC < SMBC
< CMBC < ChMBC < SBC. During the pyrolytic process,

Table 1 pH, EC, proximate and ultimate analyses, and nutrient concentration of S-, AW-, and plant-derived BC

Element Biochar

ChMBC CMBC SBC SMBC EuBC PhBC

pH 9.90 ± 0.02 8.11 ± 0.24 9.24 ± 0.12 10.26 ± 0.01 9.15 ± 0.06 8.98 ± 0.06

EC (mS cm−1) 3.37 ± 0.29 0.84 ± 0.06 0.61 ± 0.04 2.82 ± 0.18 1.31 ± 0.97 2.38 ± 0.32

Proximate analysis

Moisture (%) 2.69 ± 0.14 1.65 ± 0.12 2.58 ± 0.12 3.89 ± 0.22 3.69 ± 0.07 5.47 ± 0.30

Asha (%) 64.82 ± 0.56 64.35 ± 0.11 66.62 ± 0.06 44.34 ± 1.33 7.70 ± 0.20 11.96 ± 0.15

VMb (%) 25.21 ± 0.34 20.56 ± 1.38 20.61 ± 0.11 32.27 ± 1.28 31.26 ± 1.00 30.23 ± 1.13

FCc (%) 7.27 ± 0.55 13.45 ± 1.25 10.19 ± 0.25 19.49 ± 0.97 57.35 ± 0.89 52.35 ± 1.54

Ultimate/nutrient analysis

C (%) 20.67 ± 1.18 29.92 ± 1.47 17.65 ± 1.67 34.07 ± 1.83 73.63 ± 12.63 68.31 ± 1.29

N (%) 1.62 ± 0.23 1.43 ± 0.80 1.21 ± 0.14 1.52 ± 0.32 0.63 ± 0.13 0.51 ± 0.03

P (%) 1.12 ± 0.11 1.00 ± 0.03 1.33 ± 0.06 0.56 ± 0.00 0.06 ± 0.00 0.23 ± 0.01

K (%) 2.17 ± 0.11 0.29 ± 0.00 1.18 ± 0.03 2.95 ± 0.03 0.44 ± 0.02 2.56 ± 0.11

Ca (%) 5.65 ± 0.62 10.15 ± 0.00 4.24 ± 0.07 3.27 ± 0.11 3.41 ± 0.25 0.37 ± 0.02

Mg (%) 5.55 ± 0.32 1.34 ± 0.02 2.64 ± 0.00 4.17 ± 0.12 0.20 ± 0.01 0.22 ± 0.01

Fe (%) 1.199 ± 0.03 0.768 ± 0.02 1.526 ± 0.02 0.633 ± 0.03 0.017 ± 0.00 0.014 ± 0.00

Mn (mg kg−1) 123.80 ± 15.40 78.05 ± 1.95 177.00 ± 2.80 59.25 ± 1.85 11.20 ± 0.50 6.95 ± 0.45

B (mg kg−1) 19.15 ± 0.45 4.30 ± 0.60 12.65 ± 2.05 20.45 ± 0.85 4.85 ± 0.15 1.10 ± 0.00

a Ash on a dry basis; b Volatile matrix on a dry basis; c Fixed carbon on a dry basis, BC: ChMBC chicken manure biochar, CMBC cow manure biochar,
SBC sludge biochar, SMBC sheep manure biochar, EuBC eucalyptus biochar, PhBC phragmites biochar

Table 2 Stable, unstable, and
calcium carbonate content in BC BC Stable C (%) Unstable carbon (%) Biochar CaCO3

content (%)

ChMBC 20.67 ± 1.2 0.0002 ± 0.0000 6.28 ± 0.09

CMBC 29.92 ± 10.5 0.0010 ± 0.0001 15.74 ± 0.37

SBC 17.65 ± 1.7 0.0014 ± 0.0002 3.20 ± 0.07

SMBC 34.07 ± 12.8 0.0006 ± 0.0000 3.98 ± 0.09

EuBC 73.63 ± 12.6 0.0001 ± 0.0000 3.46 ± 0.34

PhBC 68.31 ± 1.3 0.0014 ± 0.0000 0.19 ± 0.04

BC: ChMBC chicken manure biochar, CMBC cow manure biochar, SBC sludge biochar, SMBC sheep manure
biochar, EuBC eucalyptus biochar, PhB phragmites biochar
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VM escapes from FS (DeLuca et al. 2015) leaving behind the
high concentration of nutrients in BC. These results suggested
that S- and AW-derived BC could be used in crop improve-
ment by providing more concentrated nutrients in the soil
environment.

The pyrolytic temperature changes the nutrient concentra-
tion by volatilization in FS following a particular order. The N
volatilizes at a low temperature (200 °C), P and K volatilize at
700–800 °C, and remainder of the nutrients need higher than
1000 °C to volatilize (DeLuca et al. 2015). Although low-
temperature BC has a lower amount of N, it is more efficient
in absorbing N–NH4 (Chan and Xu 2009). Iron plays a

significant role in the stabilization of organic-C and uptake
of nutrients by plants. The oxides of Fe can cause precipitation
or adsorb onto the surface of microorganisms forming an
amorphous phase (Gilbert and Banfield 2005).

Carbon analyses

BC is considered to be the third most pure form of C after
diamond and graphite (Aller 2016). This study showed that
plant FS–derived BC has a high amount of total carbon (TC).
The concentration of TC in S was 17.6%, whereas, in AW-
derived BC, it ranged from 20.7 to 34.1%. In addition, in plant

Fig. 1 SEM images of BC obtained at different pyrolysis temperatures and feedstock sources. At 550 °C: a chicken manure biochar (ChMBC), b cow
manure biochar (CMBC), c sludge biochar (SBC), d sheep manure biochar (SMBC), e eucalyptus biochar (EuBC), f phragmites biochar (PhBC)
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FS–derived BC, it was 68.3% in PhBC and 73.6% in EuBC.
The maximum TC was observed in EuBC which was 317%
higher than SBC which had 17.6%. Similarly, the amount of
FC in S- and AW-derived BC ranged from 7.3 to 19.5%
whereas in plant-derived BC, it was 52.4% (PhBC) and
57.4% (EuBC). A similar pattern was observed in the TC of
plant-derived BC. A higher concentration of FC in high pyro-
lytic BC (Song and Guo 2012) demonstrates that recalcitrant-
C increases at high temperatures. Our results are in accordance
with those of Enders et al. (2012) who reported the difference
of FC in ChM and ChMBC was 60%. Observed stable-C was
different to TC and the range was 0.0001–0.0014 (Table 2). It
can be concluded from the data that TC is also stable and
recalcitrant to the environment.

Furthermore, the CaCO3 content in the BC was in-
teresting as it ranged from 0.2 to 15.7%. Plant FS–
derived BC had the lowest amount of CaCO3. The
CMBC had 391% more content than SBC whereas, in
plant-derived BC, EuBC had 1721% more CaCO3 than
PhBC. Similar results for CM (3.5–4.8% CaCO3) were
found in BC prepared at 400–500 °C, respectively
(Singh et al. 2010. Results from the current study reveal
that the alkalinity and acidity of BC are dependent on
C-fractions and the presence of various functional
groups on its surface. Moreover, the BC produced at
low pyrolytic temperatures is prone to biological decay
which cannot persist for a long time in the terrestrial
system due to the slow release of CO2 (Al-Wabel et al.
2013). The content of VM in the BC directly relates to
its stability (Enders et al. 2012). The C:N of BC was
12.8–40.5, which is important for soil microbial activity
associated with BC incorporation into soil. The S- and
AW-derived BC had a narrow C:N which could be use-
ful for enhanced soil fertility. Regarding C:N, plant FS–
derived BC had a wide C:N which mineralizes quickly
in the soil (Keiluweit et al. 2010). All the data was
found to be within a normal and acceptable range ac-
cording to previous studies (Al-Wabel et al. 2018; Tan
et al. 2018).

Scanning electron microscopy

The SEM images exhibited a considerable difference, as illus-
trated in Fig. 1. The S- and AW-derived BC surfaces, partic-
ularly ChMBC and CMBC, are amorphous. A variety of po-
rous structuring and shape formation can be seen in the SEM
photographs that reveals the diversity of porous structures in
plant-derived FS. Spherical cavities along with smooth sur-
faces were observed in some BC. This diverse illustration is
normal since the plant material has a vesicle system and the
nutrient content of FS is different; moreover, the
crystallization structure is also supposed to be different. Tan
et al. (2018) reported that the morphology, specific surface
area, pore size distribution, and element content of the biochar
were increased.

Structural modifications under pyrolysis conditions were
observed during the analysis of SEM micrographs (Uzun
et al. 2010). The formation of an amorphous surface and po-
rous structure showed the establishment of vesicles due to the
release of VM (Uzun et al. 2010). The BC produced at a
higher temperature exhibited homogenous and well porous
structures (Uzun et al. 2010). Large pores in plant-derived
BC might originate from the vascular bundles of the starting
wood biomass (Hernandez-Mena et al. 2014). The porous
texture of BC is beneficial in soil quality improvement by
providing habitats for symbiotic microorganisms such as bac-
teria and mycorrhizal fungi (Ortas 2016).

Fig. 2 a, b Fourier transform infrared (FTIR) spectra of FS as chicken
manure (ChM), cow manure (CM), sludge (S), sheep manure (SM),
phragmites (Ph), and sawdust (SD), and biochar (BC) as chicken manure
biochar (ChMBC), cow manure biochar (CMBC), sludge biochar (SBC),
sheep manure biochar (SMBC), eucalyptus biochar (EuBC), and phrag-
mites biochar (PhBC)
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Fourier transform infrared spectroscopy

The environmental interaction with BC is dependent on its
surface chemistry. The Fourier transform infrared (FTIR)
spectroscopy peaks showed that aliphatic and aromatic func-
tional groups were predominant in S-, AW-, and plant FS–
derived BC while most of the functional groups were alike
(Fig. 2). Dominant peaks (3600–3000 cm−1) were observed
for O–H and N–H groups. A detailed description of the par-
ticular peak range and functional groups of BC is presented in
Table 3. The C–H, CH3, and CH2 stretches were also domi-
nant in all FS and BC at 3000–2600 cm−1 except for Eu and
EuBC. The plant-derived BC was dominated by O–H bend-
ing, carboxyl C=O stretch, and aliphatic C–H stretch. During
pyrolysis, aliphatic CH peaks shifted to aromatic. The

interpretation of FTIR spectra is based on data presented in
numerous studies (Silverstein et al. 2014).

In S, NH and organic OH groups are unstable at pyrolytic
temperatures. An increase in the peak of SBC demonstrates
the stability of aromatic compounds and may be due to cycli-
zation (Hossain et al. 2011). During the pyrolysis process,
peaks at 2900–2800 cm−1 disappeared due to the loss of ali-
phatic compounds which enhances the recalcitrance property
of BC (Wang et al. 2013). Moreover, loss of C–H and –OH
groups during pyrolysis results in the formation of a porous
BC structure (Bagreev et al. 2001). Thermodecomposition of
C–OH and aliphatic C–H groups increases the C=O peak in
ChMBC. After pyrolysis, C=O groups remain intact in the
peptide structures. An increase in stability with decreasing
aliphatic C–H and O–H groups concurrently increases the

Table 3 FTIR spectroscopy wave number (cm−1) for feedstocks and their respective BC

Feedstock Biochar Wave number (cm−1) Assignments

ChM ChMBC, SBC 3600–3000, O–H (hydroxyl), phenols, organic acids, H–bonded N–H groups

Ph PhBC, SMBC 3620–2500 O–H (stretching), alcohol

ChM, Ph, ChMBC, SBC, SMBC, PhBC, CMBC 3000–2600 C–H (stretching), CH3–stretch, CH2–stretch, NH2

– SMBC, EuBC 2360–2364 P–H (organophosphorus group), C–O vibrations of CO2 molecule

– SMBC 1882–1797 C–O (stretch)

ChM, Ph SMBC 1800–1514 Carboxylic acids C=O (stretching) and C–C

– ChMBC, EuBC 1685–1461 Cyclic amides, out-of-plane bending of carbonates

– SBC 1600–1580 Quinones

Ph PhBC 1636–1600 O–H bending (of H2O), C=O, C=C

– ChMBC 1574–1330 Nitro groups

– SBC, EuBC 1570–1550 Ketones (C=O stretching), amides II, aromatic C=C

ChM – 1543 Amide

– EuBC 1510 Substituted benzene carbon skeleton vibration

ChM – 1457 CH2 deformations

ChM SBC, EuBC 1450–1380 CH2 and CH3 bending, C–OH deformation of CO2H,
COO– symmetric stretch, OH of phenol

Ph – 1371 O–H bending

– ChMBC 1314 C–N stretch of primary amines

ChM, Ph ChMBC, SBC, SMBC 1400–1000 Phenolic groups C–OH (stretching), C–O stretching

Ph PhBC 1400–1000 Ethers (C–O stretching, bending), C–O–H
(OH association), –CH2–

ChM 1314–1190 C–N stretch

– EuBC, PhBC 1120–1117 C=O stretching and bending of ketones

Ph – 1061 C–OH bending

CM – 1100–1035 Angular deformation of O–H

Ph SBC 1070–1030 C–O–C stretching (pyranose ring skeletal)

– SMBC 775 C–H and O–H

– ChMBC 757–714 β–ring of pyridines

– EuBC 700–500 OH (bending), N–H bending of amides,
CH– of alkenes and alkanes

FS: ChM chicken manure, CM cow manure, S sludge, SM sheep manure, Eu eucalyptus, Ph phragmites; BC: ChMBC chicken manure biochar, CMBC
cow manure biochar, SBC sludge biochar, SMBC sheep manure biochar, EuBC eucalyptus biochar, PhBC phragmites biochar
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presence of aromatic C–H and C=C groups, which appears in
response to an increase in pyrolytic temperature (Wang et al.
2016). The presence of cellulose and hemicellulose in plant-
derived BC was further confirmed by the occurrence of oxy-
genated hydrocarbons (Ghani et al. 2013). Results showed
that the presence of carboxyl and hydroxyl groups in the BC
makes it a potential amendment for acidic soils in order to
raise the pH value and enhance the cation exchange capacity
(Oh et al. 2012).

Thermogravimetric analysis

The thermogravimetric analysis was performed for S-,
AW-, and plant-derived FS along with the respective BC
(Figs. 3 and 4 ). By analyzing the TG and DTA curves
generated for S and its BC, three main peak areas were
recognized. In the first peak area (20–250 °C), water that
was physically adsorbed to the BC was lost. In the second
peak area (250–600 °C), VM in S was lost by
degasification which resulted in a 37.7% weight loss.
The third peak area continued up to 800 °C where inor-
ganic matter (such as CaCO3) decomposition occurs
(Zielińska et al. 2015). In ChM, adsorbed water was re-
moved up to 220 °C while in the second phase (220–
600 °C), 15% weight was lost. At the beginning, CM
exhibited a weak endothermic peak followed by an exo-
thermic peak. In manures, endothermic decomposition at
220–250 °C leads to the formation of SO2 and CO2 just
like nitrate in manures. Along the way, the reaction be-
came exothermic (Gabbott 2008). In Eu and EuBC, weight
loss started due to the evaporation of adsorbed moisture at
90 °C. Additionally, thermal degradation of cellulose,

lignin, and hemicellulose at 160 °C and 500 °C was con-
sidered to be major weight loss areas by 31% and 51%,
respectively. In particular, the thermal degradation of cel-
lulose and hemicellulose continued between 250 and
350 °C (Jung et al. 2008). Moreover, lignin degradation
continues throughout the temperature range (Kumar et al.
2010). The structure of lignin is aromatic, and it is found
in excess in spaces between cellulose crystals which
makes lignin resistant to thermal degradation (Braga
et al. 2014). The first peak in PhBC was located at
100 °C, the second at 330 °C, and the third ranged from
330 to 540 °C, which resulted in a weight loss of 2%
(moisture), 4.5% (cellulose and hemicellulose), and 22%
(cellulose decomposition). These results are inconsistent
with the data on different types of biomass (Salaheldeen
et al. 2014). For lignin decomposition, there was no peak
for any of the plants studied, which could be due to its
wide range of decomposition temperatures from 150 to
800 °C without a sharp weight loss peak (Huang et al.
2015). The TGA curve patterns showed that plant-
derived BC had a higher thermal stability than S- and
AW-derived BC. All plant-derived BC was thermally sta-
ble up to 400 °C due to the high VM content (Conti et al.
2016). On the other hand, BC with a high organic matter
content is more suitable for soil amendment.

Pearson’s correlation showed a positive interaction between
pH and EC (Table 4) which are key factors in the selection of
suitable BC for soil amendment. Similarly, a positive correla-
tion between pH and ash showed the availability of nutrients in
alkaline BC which was further confirmed by N availabil-
ity depending on pH value. Similarly, EC and VM were
positively correlated in BC. Moreover, TC was enhanced
in high VM-produced BC. Also, C:N has a significant
correlation with TC, N, and ash. Correlation among the
parameters observed in the study further assisted in char-
acterization of biochar on basis of their utilization in
agriculture and environment.

Fig. 4 TGA-DTA curves of plant-derived BC at 550 °C: a phragmites biochar (PhBC) and b eucalyptus biochar (EuBC)

Fig. 3 TGA-DTA curves of various animal FS and their BC at 550 °C: a
sludge (S), b cowmanure (CM), c sheepmanure (SM), d chickenmanure
(ChM), e sludge biochar (SBC), f cow manure biochar (CMBC), g sheep
manure biochar (SMBC), and h chicken manure biochar (ChMBC)

R
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Conclusion

The preparation and characterization of biochar from sludge-,
animal waste-, and plant-derived feedstock are of vital impor-
tance for a number of uses such as sustainable agriculture and
environmental protection. Six different biochars were pre-
pared at 550 °C by using different feedstocks from the
Mediterranean region of Turkey, and their characterization
was performed. Based on the analysis, plant-derived biochars
were potentially suitable for long-term carbon sequestration
and the slow release of nutrients due to the higher amount of
total carbon. Furthermore, sludge- and animal waste–derived
biochars had a low amount of carbon, but they are potentially
suitable to plants due to their readily available high nutrient
content. The porous structure of biochar provides space for
soil microbes which may facilitate plant growth. It appears
that plant-derived biochars are significantly different. The
evaluation of a particular biochar type in relation to a specific
plant with different types of soil is needed in order to explore
its potential either as a fertilizer or for full carbon
sequestration.

Funding information This work was financially supported by The
Scientific and Technological Research Council of Turkey (TÜBİTAK)
[grant number 114O448] and TÜBİTAK under the program of
Research Fellowship Programme for International Researchers [grant
number 21514107–115.02-188888].

Compliance with ethical standards

Conflict of interest The authors declare that they have no conflict of
interest.

References

AhmadM, Lee SS, Dou X, Mohan D, Sung J-K, Yang JE, Ok YS (2012)
Effects of pyrolysis temperature on soybean stover- and peanut
shell-derived biochar properties and TCE adsorption in water.
Bioresour Technol 118:536–544

Ali S, Rizwan M, Qayyum MF, Ok YS, Ibrahim M, Riaz M, Arif MS,
Hafeez F, Al-Wabel MI, Shahzad AN (2017) Biochar soil amend-
ment on alleviation of drought and salt stress in plants: a critical
review. Environ Sci Pollut Res 24:12700–12712

Aller MF (2016) Biochar properties: transport, fate, and impact. Crit Rev
Environ Sci Technol 46:1183–1296

Al-Wabel MI, Al-Omran A, El-Naggar AH, Nadeem M, Usman ARA
(2013) Pyrolysis temperature induced changes in characteristics and
chemical composition of biochar produced from conocarpus wastes.
Bioresour Technol 131:374–379

Al-Wabel MI, Hussain Q, Usman ARA, Ahmad M, Abduljabbar A,
Sallam AS, Ok YS (2018) Impact of biochar properties on soil
conditions and agricultural sustainability: a review. Land Degrad
Dev 29:2124–2161

ASTMA (2007) Book of standards volume 15.01: refractories, activated
carbon. Advanced ceramics. American Society for Testing
Materials, West Conshohocken

Bagreev A, Bandosz TJ, Locke DC (2001) Pore structure and surface
chemistry of adsorbents obtained by pyrolysis of sewage sludge-
derived fertilizer. Carbon 39:1971–1979

Braga RM, Melo DM, Aquino FM, Freitas JC, Melo MA, Barros JM,
Fontes MS (2014) Characterization and comparative study of pyrol-
ysis kinetics of the rice husk and the elephant grass. J Therm Anal
Calorim 115:1915–1920

Bridgwater A, Peacocke G (2000) Fast pyrolysis processes for biomass.
Renew Sust Energ Rev 4:1–73

Cantrell KB, Hunt PG, UchimiyaM, Novak JM, Ro KS (2012) Impact of
pyrolysis temperature and manure source on physicochemical char-
acteristics of biochar. Bioresour Technol 107:419–428

Cao X, Harris W (2010) Properties of dairy-manure-derived biochar per-
tinent to its potential use in remediation. Bioresour Technol 101:
5222–5228

Chan KY, Xu Z (2009) Biochar: nutrient properties and their enhance-
ment. Biochar for environmental management: science and technol-
ogy 1:67–84

Conti R, Fabbri D, Vassura I, Ferroni L (2016) Comparison of chemical
and physical indices of thermal stability of biochars from different
biomass by analytical pyrolysis and thermogravimetry. J Anal Appl
Pyrolysis 122:160–168

DeLuca TH, Gundale MJ, MacKenzie MD, Jones DL (2015): Biochar
effects on soil nutrient transformations. Biochar for environmental
management: science, technology and implementation 2, 421–454

Demirbas A (2004) Effects of temperature and particle size on bio-char
yield from pyrolysis of agricultural residues. J Anal Appl Pyrolysis
72:243–248

Table 4 Pearson’s correlation
values among biochar properties
for quality assessment

pH EC Moisture (%) Ash (%) VM (%) FC (%) TC (%) N (%) C:N

pH 1

EC 0.59* 1

Moisture (%) 0.22 0.45* 1

Ash (%) 0.53* 0.10 − 0.55* 1

VM (%) − 0.77* − 0.18 0.11 − 0.75* 1

FC (%) − 0.13 − 0.027 0.67 − 0.82* 0.23 1

TC (%) − 0.43* − 0.08 0.51* − 0.91* 0.57* 0.85* 1

N (%) 0.50* 0.26 − 0.42* 0.74* − 0.50* − 0.67* − 0.69* 1

C:N − 0.54* − 0.17 0.49* − 0.86* 0.54* 0.80* 0.89* − 0.90* 1

*Significant correlation—shows a negative correlation

  391 Page 10 of 11 Arab J Geosci          (2019) 12:391 



Enders A, Lehmann J (2012) Comparison of wet-digestion and dry-
ashing methods for total elemental analysis of biochar. Commun
Soil Sci Plant Anal 43:1042–1052

Enders A, Lehmann J (2017): 2 proximate analyses for characterising
biochars. Biochar: a guide to analytical methods, 9

Enders A, Hanley K, Whitman T, Joseph S, Lehmann J (2012)
Characterization of biochars to evaluate recalcitrance and agronomic
performance. Bioresour Technol 114:644–653

Gabbott P (2008) Principles and applications of thermal analysis. Wiley
Gaskin J, Steiner C, Harris K, Das K, Bibens B (2008) Effect of low-

temperature pyrolysis conditions on biochar for agricultural use.
Trans ASABE 51:2061–2069

Ghani WAWAK, Mohd A, da Silva G, Bachmann RT, Taufiq-Yap YH,
Rashid U, Al-Muhtaseb AH (2013) Biochar production from waste
rubber-wood-sawdust and its potential use in C sequestration: chem-
ical and physical characterization. Ind Crop Prod 44:18–24

Gilbert B, Banfield JF (2005) Molecular-scale processes involving
nanoparticulate minerals in biogeochemical systems. Rev Mineral
Geochem 59:109–155

Hafeez F, Rizwan M, Saqib M, Yasmeen T, Ali S, Abbas T, Zia-ur-
Rehman M, Qayyum MF (2019) Residual effect of biochar on
growth, antioxidant defence and cadmium (Cd) accumulation in rice
in a Cd contaminated saline soil. Pak J Agric Sci 56:197–204

Hansen J, Sato M, Kharecha P, Beerling D, Berner R, Masson-Delmotte
V, Pagani M, Raymo M, Royer DL, Zachos JC (2008) Target atmo-
spheric CO2: where should humanity aim? arXiv preprint arXiv:
0804.1126

Hernandez-Mena LE, Pécoraa AA, Beraldob AL (2014) Slow pyrolysis
of bamboo biomass: analysis of biochar properties. Chem Eng 37

Hossain MK, Strezov V, Chan KY, Ziolkowski A, Nelson PF (2011)
Influence of pyrolysis temperature on production and nutrient prop-
erties of wastewater sludge biochar. J Environ Manag 92:223–228

Huang S, Wu Q, Zhou D, Huang R (2015) Thermal decomposition prop-
erties of materials from different parts of corn stalk. BioResources
10:2020–2031

Johannes L, Stephen J (2009): Biochar for environmental management:
an introduction. Biochar for environmental management-science
and technology, UK, Earthscan

Joseph S, Lehmann J (2009) Biochar for environmental management:
science and technology. Earthscan, London

Joseph S, Camps-Arbestain M, Lin Y, Munroe P, Chia C, Hook J, Van
Zwieten L, Kimber S, Cowie A, Singh B (2010) An investigation
into the reactions of biochar in soil. Soil Res 48:501–515

Jung S-H, Kang B-S, Kim J-S (2008) Production of bio-oil from rice
straw and bamboo sawdust under various reaction conditions in a
fast pyrolysis plant equipped with a fluidized bed and a char sepa-
ration system. J Anal Appl Pyrolysis 82:240–247

Keiluweit M, Nico PS, Johnson MG, Kleber M (2010) Dynamic molec-
ular structure of plant biomass-derived black carbon (biochar).
Environ Sci Technol 44:1247–1253

Knoepp J, DeBano L, Neary D (2005) Soil chemistry, RMRS-GTR 42-4.
US Department of Agriculture, Forest Service, Rocky Mountain
Research Station, Ogden

Kookana RS, Sarmah AK, Van Zwieten L, Krull E, Singh B (2011) 3
biochar application to soil: agronomic and environmental benefits
and unintended consequences. Adv Agron 112:103–143

Kumar G, Panda AK, Singh R (2010) Optimization of process for the
production of bio-oil from eucalyptus wood. J Fuel Chem Technol
38:162–167

Lehmann J, Gaunt J, Rondon M (2006) Bio-char sequestration in terres-
trial ecosystems–a review.Mitig Adapt Strateg Glob Chang 11:395–
419

Mašek O, Brownsort P, Cross A, Sohi S (2013) Influence of production
conditions on the yield and environmental stability of biochar. Fuel
103:151–155

Mukherjee A, Zimmerman A, Harris W (2011) Surface chemistry varia-
tions among a series of laboratory-produced biochars. Geoderma
163:247–255

Oh T-K, Choi B, Shinogi Y, Chikushi J, Xiangzhi L, Erlang Z (2012)
Characterization of biochar derived from three types of biomass.
Bulletin of Kyushu University Graduate School of Agricultural
Research 57:61–66

Ortas I (2016): Role of mycorrhizae and biochar on plant growth and soil
quality. In: Bruckman VJ, Varol EA, Uzun BB , Liu JF (Editors),
Biochar, a regional supply chain approach in view of climate change
mitigation. Cambridge Universitey Press, Cambridge. UK. , pp. 398

Rajkovich S, Enders A, Hanley K, Hyland C, Zimmerman AR, Lehmann
J (2012) Corn growth and nitrogen nutrition after additions of bio-
chars with varying properties to a temperate soil. Biol Fertil Soils 48:
271–284

Rizwan M, Ali S, QayyumMF, Ibrahim M, Zia-ur-Rehman M, Abbas T,
Ok YS (2016) Mechanisms of biochar-mediated alleviation of tox-
icity of trace elements in plants: a critical review. Environ Sci Pollut
Res 23:2230–2248

Salaheldeen M, Aroua M, Mariod A, Cheng SF, Abdelrahman MA
(2014) An evaluation of Moringa peregrina seeds as a source for
bio-fuel. Ind Crop Prod 61:49–61

Schumacher BA (2002) Methods for the determination of total organic
carbon (TOC) in soils and sediments. Ecol Risk Assess Support
Center 2002:1–23

Sehrish AK, Aziz R, HussainMM, Rafiq MT, RizwanM,Muhammad N,
Rafiq MK, Sehar A, Din J, Al-Wabel MI, Ali S (2019) Effect of
poultry litter biochar on chromium (Cr) bioavailability and accumu-
lation in spinach (Spinacia oleracea) grown in Cr-polluted soil. Arab
J Geosci 12:57

Silverstein RM,Webster FX, Kiemle DJ, Bryce DL (2014) Spectrometric
identification of organic compounds. John wiley & sons

Singh B, Singh BP, Cowie AL (2010) Characterisation and evaluation of
biochars for their application as a soil amendment. Soil Res 48:516–
525

Song W, Guo M (2012) Quality variations of poultry litter biochar gen-
erated at different pyrolysis temperatures. J Anal Appl Pyrolysis 94:
138–145

Spokas KA (2010) Review of the stability of biochar in soils: predictabil-
ity of O: C molar ratios. Carbon Manag 1:289–303

Tan X-F, Liu Y-G, Gu Y-L, Xu Y, Zeng G-M, Hu X-J, Liu S-B, Wang X,
Liu S-M, Li J (2016) Biochar-based nano-composites for the decon-
tamination of wastewater: a review. Bioresour Technol 212:318–333

Tan ZX, Zou JH, Zhang LM, Huang QY (2018) Morphology, pore size
distribution, and nutrient characteristics in biochars under different
pyrolysis temperatures and atmospheres. J Mater Cycles Waste
Manag 20:1036–1049

UzunBB, Apaydin-Varol E, Ateş F, Özbay N, Pütün AE (2010) Synthetic
fuel production from tea waste: characterisation of bio-oil and bio-
char. Fuel 89:176–184

Wang Y, Hu Y, Zhao X, Wang S, Xing G (2013) Comparisons of biochar
properties from woodmaterial and crop residues at different temper-
atures and residence times. Energy Fuel 27:5890–5899

Wang J, Xiong Z, Kuzyakov Y (2016) Biochar stability in soil: meta-
analysis of decomposition and priming effects. GCB Bioenergy 8:
512–523

Xie T, Reddy KR, Wang C, Yargicoglu E, Spokas K (2015)
Characteristics and applications of biochar for environmental reme-
diation: a review. Crit Rev Environ Sci Technol 45:939–969

Zhang H, Voroney R, Price G (2015) Effects of temperature and process-
ing conditions on biochar chemical properties and their influence on
soil C and N transformations. Soil Biol Biochem 83:19–28

Zielińska A, Oleszczuk P, Charmas B, Skubiszewska-Zięba J, Pasieczna-
Patkowska S (2015) Effect of sewage sludge properties on the bio-
char characteristic. J Anal Appl Pyrolysis 112:201–213

Arab J Geosci          (2019) 12:391 Page 11 of 11   391 


	Biochar engineered to enhance the potential performance of soil in the Mediterranean region of Turkey
	Abstract
	Introduction
	Materials and methods
	Biochar preparation
	Electrical conductivity and pH
	Moisture, volatile matrix, and ash content
	Total nutrient analyses
	Carbon analysis
	Scanning electron microscopy
	Fourier transform infrared spectroscopy
	Thermogravimetric analysis
	Statistical analysis

	Results and discussion
	Electrical conductivity and pH
	Moisture, volatile matrix, and ash content
	Mean nutrient analyses
	Carbon analyses
	Scanning electron microscopy
	Fourier transform infrared spectroscopy
	Thermogravimetric analysis

	Conclusion
	References


