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Abstract

The current utilization of wheat dust (WD) and hexane-extracted rapeseed scrap (RS) in Central Europe is inefficient and
non-ecological. Therefore, it is necessary to identify an appropriate waste treatment that supports the principles of the circu-
lar economy. For this reason, the aforementioned wastes were pyrolyzed, resulting in the production of biochars, which are
commonly used as absorbents or soil amendments. These biochars were then steam activated, characterized, and evaluated
for potential further suitable and sustainable utilization. The structure, porosity, specific surface area, and composition of
bound functional groups, nutrients, toxic elements, cation exchange capacity (CEC), and pH were analyzed as important
parameters for biochar applications. RS biochar contained high concentrations of nutrients (N 75.9, P 21.5, K 15.1, C 603,
Ca 14.3, Mg 8.31, S 5.40 g-kg™! wt. all). The CEC was remarkably high 87.0 cmol-kg™" for the RS biochar. The SSA value
increased in fivefold in both samples upon activation (11.0 m>-g~! for WD biochar and 0.8 m?.g~! for RS biochar). The pore
depth increased in accordance with activation temperature. Alkanes, aromatics, and oxygenated groups were detected on
the biochars surfaces, yet more evident in WD. WD biochar could be used as an adsorbent for organic pollutants because
its structure, surface area, and representation of functional group predict high adsorption efficiency, especially after activa-
tion. Raw RS biochar is more suited to utilization as a soil amendment, due to its high concentration of nutrients. These
utilizations of biochar support the circular economy, eliminate pollution, improve soil properties, and reduce the need for
industrially produced fertilizers and sorbents.
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1 Introduction

The biowastes utilization for biochar production by pyroly-
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the resulting biochar can have a desired porosity, high sur-
face area with various bound functional groups allowing
its utilization as an adsorbent [6—8]. The use of biochar as
an alternative to activated carbon is gaining popularity [9],
since it is considered a cleaner and cheaper material [10].
Furthermore, replacing industrially produced sorbents with
this bio-sorbent brings several environmental benefits [11].
Efforts are exerted to increase the biochar adsorption capacity
as much as possible [12]. This is accomplished by the surface
activation, which results in structural alterations, an increase
in porosity, and enhancement in the value of the specific sur-
face area [9]. Biochar activation can be carried out by physi-
cal and/or chemical methods [13]. Moreover, pyrolysis and
activation can be made into one-step (pyrolysis of biomass
with chemical activators) or two-step processes (activation of
biochar with activating agents) [14]. The physical activation
of biochar is conducted using CO, [15], steam [16], micro-
wave, or ultrasonic waves [17]. This method of activation
primarily increases the surface porosity of the biochar [18].
Chemical activation is achieved by strong acids [18], bases
[19], oxidants [20], or salts [21]. It is possible to modify the
functional groups that are bonded to its surface and thereby
produce a more specific sorption material, just by choosing
an activating solution [20]. Biochar was successfully used
for adsorption of toxic elements, dyes, pesticides, polycyclic
aromatic hydrocarbons, and antibiotics [22].

Used as a soil amendment, biochar can improve soil prop-
erties in multiple ways [23]. Biochar has a large surface,
which is particularly useful for microbial growth in soils
[24]. The addition of biochar to soil also causes aeration, as
heavy clay soil that can be lightened [25]. Due to its poros-
ity, it increases the soil’s ability to retain moisture and thus
nutrients that are dissolved in [26]. Due to its elemental
composition, it serves as a means of biological sequestration
of carbon. Additionally, it facilitates the return of nutrients
to the soil, thereby reducing their leaching [5]. The use of
this type of fertilizer will also reduce the need for industri-
ally produced fertilizers [27]. Reducing mineral fertilizer
production and replacing them bring a lot of environmen-
tal benefits, such as organic farming, reduced carbon foot-
print, circular economy, and overall sustainable agriculture
[23-26].

Based on previous research [28], two selected food wastes
evaluated as the most suitable raw materials for sustainable
and safe production biochar (the hexane extracted rapeseed
scrap and wheat dust) were pyrolyzed. These waste bio-
masses, i.e., biochars produced from the upper mentioned
raw materials, have not been studied yet. Some published
works that dealt with waste from grain or rapeseed, however,
focused only on the stems. Several published works deal
with the characterization of biochars or the effect of pyroly-
sis conditions on their properties. However, they do not solve
the question that arises—How to appropriately apply and
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utilize these materials? Therefore, a detailed analysis of the
structure, surface, and composition of the tested biochars
was performed as a key factor influencing its further appli-
cation. It is well established that biochar is employed exten-
sively as an adsorbent and soil amendment; therefore, these
two applications were subjected to assessment. Moreover, in
order to enhance the adsorption properties, both produced
biochars were steam activated at two different temperatures.
Finally, upon evaluating the results, recommendations on the
proper subsequent utilization of the biochars were stated.

The work fills the gap about the utilization of biochar
produced from unconventional local biowastes. The current
work aims to (1) extensively characterize the biochars pro-
duced from wheat dust and rapeseed meal after extraction
with hexane, (2) evaluate the effect of steam activation, and
(3) evaluate their appropriate subsequent application based
on their characterization. In contrast to studies that focus
solely on the characterization of biochar or its utilization
without evaluating the suitability of the application, this
study takes a more comprehensive approach. It recommends
the most suitable application based on the determined prop-
erties and composition of biochar. The study concludes with
an outline of the probable costs associated with the produc-
tion of these biochars.

2 Materials and methods

2.1 Raw biomass wastes

Wheat dust This waste is generated during the industrial
production of wheat flour in mills. The waste material
remains in the dust chamber, where grains are cleaned from
dust and chaff. The wheat dust may contain small amounts
of grain fragments and stems. Currently, the combustion of
wheat dust results in undesirable emissions, ash, and the
destruction of valuable components contained in the waste.

Extracted rapeseed scrap This waste material is produced
during the industrial processing of rapeseed in oil factories.
Subsequently, the harvested rapeseed was threshed, result-
ing in the separation of the straw and stem residue from the
seeds. Subsequently, the seeds were pressed to extract the
oil. The pressings that remained still contained residual oil
that had not been pressed. The oil was subsequently recov-
ered by hexane extraction, as the aforementioned waste
material remained. Rapeseed scrap is the most commonly
used as a feed additive or landfilled. However, feeding ani-
mals with hexane-soaked waste is not a convenient method.

A detailed analysis of the biomass waste used in this
study was previously published [28].
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2.2 Pyrolysis and surface activation

The pyrolysis device (Fig. S1, Supplementary Files) con-
sisted of a tubular stainless-steel reactor (1 m length, 30 cm
diameter) and was heated by a non-contact heater under
nitrogen atmosphere. Biomass was transported through the
unit by a screw conveyor at a speed of 2 m-h™!. Pyrolysis
process was performed under operating conditions: heating
rate 10 °C-min~"', final temperature 300 °C, and retention
time 30 min.

The biochar surface was activated in an autoclave using
steam at 350 °C and 450 °C with a holding time of 1 h with-
out pressure increasing. The biochar and water mixture (1:4,
m:m) was weighed into the autoclave.

Thus, the samples were further labelled as WD and RS for
raw biochar (WD is biochar produced from wheat dust and
RS from rapeseed scrap), WD350 and RS350 for activated
biochar at 350 °C temperature, and WD450 and RS450 for
activated biochar at 450 °C temperature.

2.3 Surface and structural analysis of biochar

Considering that biochar is mostly used as adsorption mate-
rial, it was crucial to characterize its surface and structure.
Scanning electron microscope (SEM) imaged the surface
morphology. Pictures were taken by scanning electron
microscope JSM-ITS00HR (JEOL, Japan). Prior to analysis,
samples were coated with a 5-nm layer of gold by plasma
sputtering. Images were acquired with a secondary electron
detector at a magnification of 500-3000 X in a vacuum, using
an accelerating voltage of 15 keV and a working distance
of 10 mm. The attenuated total reflection Fourier-transform
infrared spectroscopy (ATR-FTIR) was used to identify
organic functional groups bounded on the surface of biochar.
ATR spectra were taken by Nicolet 380 (Thermo Scientific,
USA) in a wavenumber range of 400—-4000 cm™". Prior to
analysis, the samples were spread in agate mortar. Finally,
N, adsorption/desorption isotherms and pore structure
characteristics were measured at 77 K using an automatic
adsorption instrument Quantachrome Autosorb-iQ-KR/
MP-XR (Quantachrome Instruments Boynton Beach, USA).
Prior to N, gas measurements, the samples were degassed at
110 °C in a vacuum for 24 h. Adsorption data were obtained
over relative pressure. The specific surface area (SSA) of
the sample was determined by employing the Brunauer,
Emmett, and Teller (BET) method. The pore size distribu-
tion of the biochar was obtained through the application of
the Brunauer, Emmett, and Teller (BJH) method.

2.4 Biochar elemental analysis

The dried samples were commuted in an agate mortar prior
to analyzing. The subsequent elements were identified

through the utilization of optical emission spectrometry
with inductively coupled plasma (ICP-OES) methodol-
ogy: Al, As, B, Ba, Be, Bi, Ca, Cd, Co, Cr, Cu, Fe, K, Li,
Mg, Mn, Mo, Na, Ni, P, Pb, S, Se, Sr, Ti, V, and Zn. Ele-
ments were analyzed after acid digestion according to EN
ISO 16968:2015 [29] in microwave digestion device M6
equipped with UHP10 rotor (PreeKem, China). The deter-
mination of selected elements was conducted using an ICP-
OES 5110 VDV (Agilent, USA). For calibration purposes,
multi-elemental standards AN90O9OMN, AN90401S (phos-
phorus), and AN90491H (sulfur) were employed (all Ana-
lytika s.r.0., Czech Republic). The determination of Hg was
performed by AMA 254 (Altec, Czech Republic), working
on the principle of the atomic absorption spectrometry. For
calibration, Hg standard was used AN90241N (Analytika
s.r.0., Czech Republic). Subsequently, elements C, N, and
H were measured by Flash 2000 (Thermo Scientific, USA).
The analysis of each sample was conducted in triplicate,
and the resulting values were averaged. The standard devia-
tion of these measurements was calculated, giving maximal
relative standard deviation (RSD) 10% for all the analyzed
samples.

2.5 Basic physico-chemical properties of biochar

In the raw biochar samples, cation exchange capacity (CEC)
and pH value (H,O) were determined according to EN ISO
23470:2019 [30] and EN ISO 10390:2021 [31], respectively.
Each sample was analyzed two times, and the values were
averaged + standard deviation (SD) for CEC and + 10%
widespread uncertainty (U) for pH.

3 Results
3.1 Biochar surface and structure analysis

Biochars were prepared from different raw materials
(Fig. S2, Supplementary Files).

3.1.1 ATR-FTIR spectra of biochar

ATR-FTIR analysis allows the identification of the func-
tional groups bonded to the biochar surface. Figure 1 shows
the ATR-FTIR spectrum for WD biochars and Fig. 2 for RS
biochars.

Peaks that appeared within the 2900-2850 cm™! range
were attributed to the C-H stretching vibration of alkanes
[32]. In both tested biochars, the intensity of these peaks
decreased due to activation. A signal noise caused by CO,
from the measurement background appeared in the area
around 2300 cm™! occurred in all obtained spectra. A wide
area around 1700 cm™! was obvious in all biochars samples.
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Fig.1 ATR-FTIR spectra of

‘WD biochars, WD-raw wheat
dust biochar, WD350-wheat
dust biochar after steam activa-
tion at 350 °C, WD450-wheat
dust biochar after steam activa-

tion at 350 °C
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Fig.2 ATR-FTIR spectra of
RS biochars. RS, raw rapeseed
scrap biochar; RS350, rapeseed
scrap biochar after steam activa-
tion at 350 °C; RS450, rapeseed
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It was caused by C =0 stretching vibration of various oxy-
gen functional groups, probably from carboxylic acids or
ketones [10]. In the case of WD biochar (Fig. 1), an increase
in the intensity of these peaks due to surface activation was
evident. For both types of tested biochar samples, peaks
appeared around 1600 cm™!. For the WD biochar sample, an
increase in these peaks was again visible after surface acti-
vation. It can be attributed to stretching vibrations of C=C
bonds in aromatic rings [33]. The bands located in the range
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from 1200 to 1000 cm™~! may indicate the presence of C-O
stretching bonds in alcohols, phenols, acids, and ethers [34].
As a result of the activation, there was again an increased
signal in WD biochar spectrum. Furthermore, the bands that
appeared around 800 cm™! can be assigned to C=C bending
bonds into the aromatic ring [35] and out-of-plane bend-
ing vibrations of C—H bonds in the aromatic rings [36]. It
has been reported that during the process of carbonization,
the occurrence of the aromatization process may lead to the
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enhancement in the intensities of the above-mentioned peaks
[37]. For WD biochar, the activation caused a substantial
increase in intensity in these areas. Peaks occurring below
700 cm™! can be assigned to the mineral matter (bonds with
metals, semi-metals, non-metals, or halogens) present in the
carbonaceous material structure [38].

3.1.2 Surface morphology and pore structure of biochar

As expected, the two types of biochar samples differ from
each other (supplementary, Fig. S3-S8). WD biochar con-
sisted of fine brown fragments with different shapes and
sizes. The surface of the fragments was rough, and a fibrous
structure was visible. Using a higher magnification, porous
structure and tubes forming honeycomb can be seen. Follow-
ing the application of steam, the formation of globular clus-
ters of agglomerates was observed on the surface, while the
porous structure remained intact. The crushing of biochar
particles increases with higher activation temperature, due
to the evolution of volatile matter. In contrast, RS biochar
consisted of black solid agglomerates of diverse sizes that
have a smooth surface. In higher resolution, it was noticeable
that surface is wrinkled. The surface layer appears consist-
ent, but holes can be seen in after zooming. However, it can
be observed that in several places, the surface layer has been
peeled off, and under which the spongy structure is hidden.
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At a higher activation temperature, the severe damage of the
upper surface layer can be seen, and the spongy structure
was much more visible.

3.1.3 BET adsorption isotherm and pore analysis of biochar

The adsorption properties and capabilities of biochars were
investigated based on nitrogen sorption isotherms. Figure 3a
illustrates the adsorption/desorption isotherms (BET) for the
WD samples, while Fig. 4a depicts the same for the RS sam-
ples. Figures 3b, c, d, and 4b, c, d illustrate the outcomes of
the BJH pore analysis. Figures 3b and 4b illustrate the cor-
relation between pore volume and pore diameter. The curves
in Figs. 3c and 4c are derived and illustrate the size range of
pores, as well as which of them contribute the most to the
total pore volume and total surface area, respectively. The
difference curves represent the change in volume between
two neighboring pore sizes, divided by the difference in
diameter of those pores. Therefore, they exhibit a prefer-
ence for small pores, as the volume change is divided by a
relatively small number. This shortcoming is offset by the
frequency curves (Figs. 3d and 4d), which employ a loga-
rithmic division of the volume change by the pore diameter.
BHIJ pore analysis results are summarized in Table 1.

The shape of adsorption isotherm can provide prelimi-
nary qualitative information on the adsorption mechanism
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Fig.3 WD biochars BET and BHJ pore analysis: a nitrogen adsorption/desorption isotherms; b pore size distribution, ¢ difference curve, d fre-

quency curve
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Table 1 Summary of BJH pore Pore diameter (nm)

Pore volume (mm3~g") Pore surface area (mz-g‘l)

analysis. Results are presented

as minimum and maximum Min Max Average Min Max Average Min Max Average

value and average of pore

diameter, pore volume, and WD 34 335 47.9 0.017 3.93 1.82 0.02 1.30 0.92

pore surface area for all tested WD350 3.4 196 29.6 0.30 1.42 0.53 0.35 3.97 2.68

samples WD450 3.1 257 38.4 0.23 3.64 167 031 115 747
RS350 3.1 328 44.4 0.031 0.86 0.35 0.04 0.28 0.21
RS450 3.1 337 45.0 0.040 1.21 0.53 0.05 0.46 0.35

as well as on the porous structure of sample. All observed
isotherms are IV type with H4 hysteresis loop, according
to IUPAC classification. The isotherm type illustrates the
simultaneous presence of micropores and mesopores in the
structural composition of the analyzed samples [10]. As
seen in Fig. 3a, the surface activation increased the adsorp-
tion capacity of the WD biochar. The SSA value was 2.2
m?-g~! before activation. Activation at 350 °C resulted in
a threefold increase in SSA, reaching 6.2 mz-g_l, and at
450 °C, the SSA exhibited a fivefold increase, reaching
11.0 m>g~". In the case of RS biochar sample (Fig. 4), the
SSA was lower than the detection limit of the instrument
(<0.1 m* g_l) and therefore BET and BHJ analysis could
not be performed. Activation at 350 °C increased SSA to
0.7 m?>.g~! and at 450 °C to 0.8 m>.g~".
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The data summarized in Table 1 showed that the effect
of the activation temperature played a significant role on the
surface properties. In the case of WD, the activation resulted
in a significant decrease in pore diameter, but an increase in
their depth, which can be observed as an enlargement of the
pore volume. The pore diameter remained unaffected in the
RS sample. Only an increase in pore depth was observed at
higher activation temperatures. Detailed BJH pore analysis
revealed that all biochar samples had pores larger than 3 nm.
According to the ITUPAC definition, the size of micropores
is less than 2 nm. The type of BET isotherm indicated that
micropores would also be presented in the samples, but BIJH
analysis did not confirm this. The most contained pores in
the samples had a diameter from 5 to 50 nm for WD and
from 3 to 25 nm to RS biochar. As illustrated in Figs. 3b, c,
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d and 4b, c, d, the activation process resulted in a signifi-
cant expansion of the these mesopores. This increase was
observed to be directly proportional to the rise in activation
temperature.

3.2 Biochar elemental analysis

Considering that the biochars were prepared from vari-
ous waste biomasses, different elemental composition is
expected. An extensive elemental analysis was performed
on the tested samples (Table S1, Supplementary Files).
The carbon and nitrogen concentrations stay preserved
in the biochars even after activation (Table S1, Supple-
mentary Files). The concentration of hydrogen decreased
due to activation. In the case of RS sample, by activation,
the sulfur content was reduced, probably due to loss of vol-
atile forms. For all other measured elements, in contrary,
element concentrations increased proportionally with the
activation temperature. The activation temperature was
higher than the pyrolysis temperature, so it can be assumed
that the biomass was not fully decomposed after pyroly-
sis and finally decomposed by activation. Volatile com-
pounds also evaporated by higher activation temperature,
so therefore elements became even more concentrated, up
to twice after 450 °C activation. Nitrogen, calcium, mag-
nesium, phosphorus, manganese, sulfur, sodium, and zinc
contents were higher for RS compared to WD biochar. A
comparison is presented in detail on Fig. 5. These ele-

than RS biochar. The content of boron, barium, copper,
and strontium is comparable. The measured mercury con-
centrations were below the limit of quantification (LOQ),
which was 0.2 mg-kg~! wt. The concentrations of these
elements were below the LOQ of the used method in all
samples: <5 mg~kg‘1 wt. for As, Bi, Li, Mo, Ni, Pb, Se,
and<?2 mg-kg_1 wt. for Be, Cd, Co, Cr, and V.

3.3 Basic physico-chemical properties

Basic physicochemical properties such as pH value and
CEC (Table 2) were determined in biochar samples. For
utilization as a soil amendment, it is not necessary to acti-
vate its surface; therefore, these analyses were done only
for raw biochars.

The results show (Table 2) that the CEC value is twice
as high for RS biochar, which is consistent with the sig-
nificantly higher total concentrations of total elements in
the biochar (Table S1, Supporting Information). The pH
values (Table 2) of both studied biochars were neutral,
indicating that their application in the environment will
not affect the pH value of water or soil.

Table2 pH and CEC values of WD and RS biochars. Data are pre-
sented as an average (n=2)+SD for CEC and average (n=2)+10%
for pH
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and micronutrients and biogenic elements. On the other CEC k! 1162 70285
. . . . . 1+6. 0+8.
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4 Discussion

Subsequent appropriate and safe application of biochar
can be suggested based on extensive composition, prop-
erties, and surface characterization. The properties and
composition of the biochars are given by the raw mate-
rial that was processed and the pyrolysis conditions. The
latter primarily impacts the biochar properties, including
pH value, structure, surface area, and functional groups
bonded to it [39]. The raw material on the other hand
has greater influence on the biochar composition [40]. In
this work, the most frequent applications of biochar were
assessed, namely soil amendment and adsorbent for pol-
lutants removal from environment.

4.1 Evaluation of biochars utilization
as an adsorbent

Various functional groups bonded to the biochar surface
making it heterogeneous. In addition, the heterogeneity
of biochar surface exhibits hydrophilic or hydrophobic
properties. Bonded functional groups play a significant
role in the adsorption process, because they determine the
resulting polarity of the surface tension. Surface polar-
ity and aromaticity of biochar are crucial factors of the
adsorption process. Less polar and more aromatic biochars
showed higher adsorption efficiency to organic pollutants
in water treatment [36]. Specifically, the extent of aro-
matics and oxygenated functional groups in biochar could
effectively bind to soil pollutants [41]. Upon exposure to
O, and water during adsorption, the surface of biochar gets
oxidized and forms more carboxylic and phenolic groups,
and thus becomes hydrophilic. The results obtained by
ATR-FTIR demonstrated differences in the type and con-
centration of functional groups bonded on surface (mainly
aromatics and oxygenated), which may affect the capacity
and mechanism of adsorption. The RS biochar had fewer
functional groups compared to WS biochar. It is assumed
that after steam activation, the composition of the func-
tional groups will not change as in the case of chemical
activation. The concentration of these functional groups
increased with the higher activation temperature used,
which agrees with similar published study [42]. Based on
the H/C and O/C ratios obtained (Table S1, Supplemen-
tary Files), it is apparent that both biochars were equally
aromatic. However, the WD biochar had a higher concen-
tration of oxygenated compounds, making it more polar
and hydrophobic than the RS biochar, and predicted high
adsorption efficiency for organic pollutants.

Surface heterogeneity also exhibits the acidic/basic
properties of biochar. The pH value is a critical parameter
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in the context of adsorption processes, as it exerts a pro-
found influence on the efficiency and the underlying mech-
anism. It affects not only the adsorbent surface charge, but
also the degree of ionization and speciation of the adsorb-
ate [43]. At low pH value, most of these functional groups
bonded on biochar surface are protonated and presented in
positively charged form, thus favoring adsorption of the
anions [44]. The surface of biochar is negatively charged
in higher pH range, so that the cations can be easily cap-
tured by biochar surface. The pH value was neutral for both
tested biochars, so the resulting pH of the soil or water will
not be affected in case of applying the biochar as adsorbent.
Due to the neutral pH, it is impossible to estimate whether
they will be more effective for cations or anions.

The H/C and O/C ratios are used as basic predictors of
the characteristics of biochar. A lower H/C ratio indicates a
greater degree of carbonization and increased aromaticity,
whereas higher O/C ratio indicates an elevated proportion
of bound oxygen groups, resulting in a more hydrophobic
and polar biochar [45]. Elevated H/C ratio was proved to be
associated with enhanced adsorption efficiency of organic
substances [46]. Furthermore, the aromaticity of biochar
affects its absorption mechanism. It can be assumed that a
higher H/C ratio results in a strong chemical bonding and
high adsorption efficiency of organic substances for both
tested biochars during the adsorption process [47].

Another important factor for the adsorption process is
the biochar surface. In examining the structure of biochar,
it was observed that a honeycomb structure was present in
the WD biochar sample. This type of structure indicates
good possibility for the dyes to be adsorbed [48]. In RS
biochar, a spongy structure was detected, hidden under an
upper layer. The activation caused the destruction of biochar
surface as an effect of further devolatilization. The level of
devolatilization has a considerable influence on the biochar
characteristics. As known, the volatile matter release con-
tributes to decreasing the biochar density and increasing the
porosity [49]. A biochar with considerable destroyed surface
could promote infiltration into the porous structure. In the
RS biochar sample case, it would be necessary to choose a
more aggressive method of surface activation to completely
break the upper surface layer to improve the biochar sorp-
tion potentials.

Higher porosity helps improving the sorption properties
of biochars through the facilitation of pollutants into the
carbon matrix [50]. The suggestion is that micropores and
small mesopores (2—20 nm) have a substantial influence on
the biochar adsorption efficiency to organic compounds via
pore-filling mechanisms [51]. For both tested biochar sam-
ples, the activation process improved the adsorption capaci-
ties of surface in correlation with the activation temperature
raise. This can be considered an effect of the evolution of
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volatile matters out of the biomass matrix by increasing
temperature [52]. The activation resulted in a decrease in
pore diameter, but an increase in their depth, which can be
observed as an enlargement of the pore volume. Activa-
tion caused an increase in the amount of mesopores. Con-
sequently, RS biochar prepared under the given pyrolysis
conditions is not a suitable adsorption material, because the
resulting SSA is incredibly low even after activation. On
the other hand, WD biochar with sufficient SSA value, pore
surface area, and amount of mesopores and pore volume
increasing even after activation seems to be a promising
adsorption material.

4.2 Evaluation of biochars utilization as a soil
amendment

From the point of view of using biochar as a soil amend-
ment, its nutrient content is firmly important. Biochar will
not only return these elements to the soil, but also reduce
their leaching. In the case of carbon, its biological seques-
tration will take place. The main components as C, H, N,
and O have different values in biochars [53]. In addition,
the content of minor elements such as alkali metals and
non-metals varies greatly in biochars depending on the raw
biomass [54]. The tested samples contained a high concen-
tration of carbon, which could lead to desirable sequestra-
tion to the soil. From the point of view of overall elemental
composition, RS biochar seems to be a suitable material
for utilization as a soil amendment. It contains many times
higher concentration of main and micronutrients includ-
ing trace elements than WD biochar. When comparing the
nitrogen content in other types of biochar, the highest pub-
lished nitrogen content found was reported as 7.30% wt. in
microalgae biochar [55]. In this work, the nitrogen content
was even 7.59% wt. in RS biochar. Moreover, 14.3 g-kg™!
wt. of calcium was determined in the RS sample. Similar
concentration was reported in chlorella biochar [40] and in
straw biochar [56]. In RS, 22.9 g-kg™" wt. of potassium was
detected. Analogous concentration was observed in grape-
vine biochar [57]. The highest magnesium concentration of
8.31 g-kg™! wt. was displayed in RS, which is compared to
the concentration published in switchgrass biochar [58]. RS
biochar also recorded extremely high phosphorus content
of 21.5 g-kg™! wt., while the highest published phosphorus
concentration found was 13 g-kg™' wt. in corn stover biochar
[59]. The sulfur content of RS biochar was determined to
be 5.4 g-kg~! wt., which is the closest match to the value of
3 g-kg™! wt. observed in blackbutt wood biochar [60]. As
can be seen from this comparison with worldwide character-
ized biochars originating from various sources, RS biochar
contained exceedingly high concentrations of all macro- and
micronutrients. In most of the tested biochar samples, high
concentrations were limited to only one nutrient, in contrary

to RS biochar that displayed elevated concentrations of mul-
tiple elements.

There are very few works dealing with comprehensive
elemental analysis of produced biochars, including trace
element determination. Especially the high content of risk
elements can limit the use of biochar in agriculture. Both
tested biochars contained concentrations of trace elements
that meet the maximum acceptable limits, while all risk ele-
ments were below the limiting values in the decree 474/2000
coll. of the Ministry of Agriculture, Czech Republic and
European Biochar Certificate—Guidelines for a Sustainable
Production of Biochar [61, 62].

The pH value of biochars is quite variable and fluctu-
ates from acidic to highly alkaline [63]. Soil pH is one of
the most important soil parameters, as it affects most soil
processes and has a stimulating or inhibiting effect on plant
growth. The pH value also determines the ionic form and
solubility of nutrients in the soil and thus their bioavailabil-
ity to plants [64]. Addition of acidic biochar to the soil may
result in unwanted acidification of the soil, or, conversely,
the application of alkaline biochar may result in the desired
neutralization of already acidic soil [65]. The neutral pH
value of both tested biochars will not impact soil pH in case
of applied as amendments.

CEC is often used to describe the fertility of soils. In the
case of biochar, it indicates the availability of desirable alka-
line elements in ranges usually from 5 to 50 cmol-kg™! [65].
The application of biochar to soil results in the discharge of
alkaline cations from the biochar, which then replace AP
and H" in the soil [66]. This results in an enhancement of the
CEC of the soil. RS biochar exhibited a very high CEC value
(87 cmol-kg™!) that was double that of the WD biochar, thus
making it a considerably more suitable soil amendment.

In contact with water and oxygen in the soil, biochar
exhibits increased hydrophilicity. The hydrophilic surface
of biochar has been demonstrated to significantly enhance
the CEC, nutrient retention capacity (NRT), and water hold-
ing capacity (WHC) of soil [67]. The hydrophilic surface of
both tested biochar samples is beneficial for their intended
soil application.

Having a large and porous surface, biochar can serve as a
substrate for the growth of microorganisms. Its high content
of carbon and other nutrients as well provides the microor-
ganisms with the necessary nutrition [68]. From this point of
view, WD biochar is more suitable based on higher porosity,
despite that RS biochar also had certain porosity and surface
which would also serve as a sufficient substrate.

4.3 Cost analysis
The estimation of the cost of biochar production from the

raw materials tested is complicated by the fact that the final
price is highly dependent on several currently unknown
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factors. According to published studies, the cost of produc-
ing a ton of biochar ranges from $200 to $2,000 [69]. This
amount includes 30% attributed to the cost of the feedstock
and its processing, 30-45% allocated to the pyrolysis process
itself, and the remaining percentage allocated to storage,
transportation, and packaging expenses [70].

The price of the input material, therefore, exerts a sub-
stantial influence on the total cost of biochar production.
In the case of biomass grown directly for biochar produc-
tion, it is necessary to include the costs of its processing,
i.e., harvesting, cutting, chipping, transport, and storage.
Conversely, when biowaste is purchased from the producer,
these costs are not incorporated into the biochar production
cost. However, the selling price of this input raw material
must be considered. It is noteworthy to state that both waste
biomasses examined in this study lack effective waste man-
agement systems and their subsequent sale is minimal. This
is evident in the current selling price, which is consequently
high. In the case of extracted rapeseed scrap, which is pri-
marily utilized as animal feed, the price per ton is $287.
However, assumptions indicate that the price would be con-
siderably lower if this raw material was purchased in bulk.
Conversely, grain dust is a significantly more economical
raw material, with a price of $10 per ton.

A notable expense is the cost of pyrolysis, which includes
the energy expended and the operational costs of the pyroly-
sis unit. This cost is influenced by various factors, including
the type of pyrolysis unit used, its capacity, and the pyrolysis
conditions. In our case, low-temperature pyrolysis was per-
formed in a short time, which is an energy-saving process. It
is noteworthy that both the tested biomass samples yielded
approximately 77% biochar at the pyrolysis temperature
used, which is an impressively high yield [71]. This high
yield reduces the total costs necessary for biochar produc-
tion. Another significant parameter in biomass processing
via pyrolysis is its moisture content. In both cases, the bio-
masses exhibited a moisture content of 10%, thereby remov-
ing the necessity for pre-pyrolysis drying, which can signifi-
cantly reduce processing costs.

The costs associated with material storage, transportation,
and packaging are not yet available; however, for both bio-
chars, these costs are considered fixed and can be expressed
as a constant in the calculation of total costs, as they will
remain constant for both.

This study examined two distinct biochars, with the cost
of input material serving as the primary factor in determin-
ing their production costs. The findings and hypotheses can
be outlined as follows: The cost of biochar derived from
grain dust is projected to be at least $100 per ton, while that
of biochar derived from extracted rapeseed meal is estimated
to be $960 per ton, based on the current prices of the input
raw materials. However, it is imperative to evaluate biochar’s
economic potential and value beyond its production costs.

@ Springer

The price of biochar can be recalculated based on its carbon
sequestration potential and nutrient content. Savings on the
necessary additional fertilization can be considered as well.
The application of more expensive biochar has the potential
to yield greater benefits, including long-term cost savings
or increased profits from crop harvesting. A comprehensive
assessment of the pyrolysis process is essential, as it pro-
duces more than just biochar. The pyrolysis of biochars gen-
erates approximately 23% pyrolysis gas, a valuable fuel that
can be utilized to heat the pyrolysis unit. The production of
pyrolysis oil is also probable, constituting a highly valuable
raw material. The effective and economic management of
these pyrolysis by-products is likely to result in substantial
cost savings in biochar production.

4.4 Future directions

To confirm the obtained conclusions, further work should
deal with the verification of the effectiveness of WD biochar
as an adsorbent for organic pollutants. Our newly published
study [72] already confirmed that RS biochar is an effective
soil amendment that returns nutrients to the soil and stimu-
lates plant growth. Depending on this, our next goal is to
carry out a life cycle assessment in order to bring the results
obtained closer to the real application.

5 Conclusion

A significant amount of waste is generated during food pro-
cessing, which presents a challenge in terms of its sustain-
able further processing. It is therefore necessary to identify
new possibilities for transforming and utilizing this waste.
In this study, the wheat dust and hexane-extracted rapeseed
scrap were pyrolyzed and transformed into biochars, which
can be used as a valuable new product. Furthermore, the
biochar surface was activated by steam at two different tem-
peratures (350 °C and 450 °C).

A satisfactory value of SSA (11.0 m*-g~!) was determined
for WD biochar upon activation at 450 °C. This sample also
had sufficient porosity, structure, and composition of func-
tional groups (aromatics and oxygenated) bonded on its
surface, which predicted high adsorption efficiency. Due to
its hydrophobicity, polarity, and aromaticity, the effective
adsorption of organic substances could be expected, which
will be supported by a high content of mesopores. The mean
pore diameter after steam activation at 450 °C was 38.4 nm,
while the mean pore volume was 1.67 mm>-g"!. Based on
neutral pH value, it is impossible to estimate whether the
biochar will be more suitable for cations or anions adsorp-
tion. It will probably be more universal for effective sorp-
tion of diverse types of pollutants. In addition, the pH of
the water or soil will not be adversely affected during using
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biochar. Based on the obtained results, WD biochar can be
recommended as propriety material for adsorption of organic
pollutants (e.g., dyes, pesticides, pharmaceuticals) from
environment. It is assumed that following the activation of
the steam, the sorption capabilities will be enhanced.

Raw RS biochar elemental composition was more than
suitable for utilization as a soil amendment. It contained
exceedingly high levels of macro- and micronutrients (N
75.9 gkg™! wt., P21.5 gkg™! wt., K 15.1 g-kg™! wt., Ca
14.3 g-kg™! wt., Mg 8.31 gkg™! wt., S 5.40 g-kg™! wt.).
All toxic and risk elements had a concentration below
the limit that would make its application to the soil pos-
sible. Biochar has a neutral pH value and therefore will
not significantly affect its value in the soil. The CEC value
was also remarkably high (87.0 cmol-kg™), so it can be
assumed that soil fertility will increase after biochar appli-
cation. Biochar’s porosity and high carbon content (60.3
wt. %) will be beneficial for the growth and nutrition of
soil microorganisms. Its use in agriculture would lead to
the improvement of soil properties and especially to the
return of nutrients back into the soil.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s13399-025-06524-6.

Author contribution Zdenka Kwoczynski: conceptualization, investiga-
tion, writing—original draft, visualization; Jifi Cmelik: formal analysis,
resources, writing—review and editing, supervision; Hana Burdova:
writing—review and editing; Karim Suhail Al Souki: resources, writ-
ing—review and editing.

Funding Open access publishing supported by the institutions par-
ticipating in the CzechELib Transformative Agreement. The author
acknowledges the assistance provided by the Research Infrastructure
NanoEnviCz, supported by the Ministry of Education, Youth and
Sports of the Czech Republic under Project No. LM2018124. The
publication is a result of the project “Modern trends in the field of
sustainability” (8232202) carried out at ORLEN UniCRE Inc.

Data availability Data will be available upon request.

Declarations

Consent for publication The manuscript adheres to the Ethics in Pub-
lishing Policy, and the all authors and relevant institutional authorities
approved its publication.

Competing interests The authors declare no competing interests.

Open Access This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing, adapta-
tion, distribution and reproduction in any medium or format, as long
as you give appropriate credit to the original author(s) and the source,
provide a link to the Creative Commons licence, and indicate if changes
were made. The images or other third party material in this article are
included in the article’s Creative Commons licence, unless indicated
otherwise in a credit line to the material. If material is not included in
the article’s Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will

need to obtain permission directly from the copyright holder. To view a
copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

References

1. Chen W et al (2020) Bamboo wastes catalytic pyrolysis with
N-doped biochar catalyst for phenols products. Appl Energy 260.
https://doi.org/10.1016/j.apenergy.2019.114242

2. Gul E et al (2021) Production and use of biochar from lignin and
lignin-rich residues (such as digestate and olive stones) for waste-
water treatment. J Anal Appl Pyrol. https://doi.org/10.1016/j.jaap.
2021.105263

3. Bartocci P et al (2017) Thermal degradation of driftwood: deter-
mination of the concentration of sodium, calcium, magnesium,
chlorine and sulfur containing compounds. Waste Manage 60.
https://doi.org/10.1016/j.wasman.2016.08.035

4. Mundike J, Collard FX, Gorgens JF (2016) Torrefaction of inva-
sive alien plants: Influence of heating rate and other conversion
parameters on mass yield and higher heating value. Bioresource
Technol 209. https://doi.org/10.1016/j.biortech.2016.02.082

5. Qian K, Kumar A, Zhang H, Bellmer D, Huhnke R (2015) Recent
advances in utilization of biochar. Renew Sustain Energy Rev.
https://doi.org/10.1016/j.rser.2014.10.074

6. Lian F, Cui G, Liu Z, Duo L, Zhang G, Xing B (2016) One-step
synthesis of a novel N-doped microporous biochar derived from
crop straws with high dye adsorption capacity. ] Environ Manage
176. https://doi.org/10.1016/j.jenvman.2016.03.043

7. Taheran et al (2016) Adsorption study of environmentally relevant
concentrations of chlortetracycline on pinewood biochar. Sci Total
Environ 571. https://doi.org/10.1016/j.scitotenv.2016.07.050

8. Zhou Y et al (2017) Modification of biochar derived from saw-
dust and its application in removal of tetracycline and copper from
aqueous solution: adsorption mechanism and modelling. Biore-
source Technol 245. https://doi.org/10.1016/j.biortech.2017.08.178

9. Genuino DAD, de Luna MDG, Capareda SC (2018) Improving
the surface properties of municipal solid waste-derived pyrolysis
biochar by chemical and thermal activation: optimization of pro-
cess parameters and environmental application. Waste Manage
72. https://doi.org/10.1016/j.wasman.2017.11.038

10. Amen R et al (2020) Lead and cadmium removal from wastewa-
ter using eco-friendly biochar adsorbent derived from rice husk,
wheat straw, and corncob. Clean Eng Technol 1. https://doi.org/
10.1016/j.clet.2020.100006

11. Inyang M, Dickenson E (2015) The potential role of biochar in
the removal of organic and microbial contaminants from potable
and reuse water: a review. Chemosphere. https://doi.org/10.1016/].
chemosphere.2015.03.072

12. Vaughn SF et al (2017) Chemical and physical properties of Pau-
lownia elongata biochar modified with oxidants for horticultural
applications. Ind Crops Production 97. https://doi.org/10.1016/j.
indcrop.2016.12.017

13. Islam MA, Benhouria A, Asif M, Hameed BH (2015) Methylene
blue adsorption on factory-rejected tea activated carbon prepared
by conjunction of hydrothermal carbonization and sodium hydrox-
ide activation processes. J Taiwan Inst Chem Eng 52. https://doi.
org/10.1016/j.jtice.2015.02.010

14. Oginni O, Singh K, Oporto G, Dawson-Andoh B, McDonald L,
Sabolsky E (2019) Influence of one-step and two-step KOH acti-
vation on activated carbon characteristics. Bioresource Technoyl
Rep 7. https://doi.org/10.1016/].biteb.2019.100266

@ Springer


https://doi.org/10.1007/s13399-025-06524-6
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1016/j.apenergy.2019.114242
https://doi.org/10.1016/j.jaap.2021.105263
https://doi.org/10.1016/j.jaap.2021.105263
https://doi.org/10.1016/j.wasman.2016.08.035
https://doi.org/10.1016/j.biortech.2016.02.082
https://doi.org/10.1016/j.rser.2014.10.074
https://doi.org/10.1016/j.jenvman.2016.03.043
https://doi.org/10.1016/j.scitotenv.2016.07.050
https://doi.org/10.1016/j.biortech.2017.08.178
https://doi.org/10.1016/j.wasman.2017.11.038
https://doi.org/10.1016/j.clet.2020.100006
https://doi.org/10.1016/j.clet.2020.100006
https://doi.org/10.1016/j.chemosphere.2015.03.072
https://doi.org/10.1016/j.chemosphere.2015.03.072
https://doi.org/10.1016/j.indcrop.2016.12.017
https://doi.org/10.1016/j.indcrop.2016.12.017
https://doi.org/10.1016/j.jtice.2015.02.010
https://doi.org/10.1016/j.jtice.2015.02.010
https://doi.org/10.1016/j.biteb.2019.100266

Biomass Conversion and Biorefinery

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

Yan S et al (2023) Enhanced adsorption of bio-oil on activated
biochar in slurry fuels and the adsorption selectivity. Fuel 338.
https://doi.org/10.1016/j.fuel.2022.127224

Deng W et al (2023) Pyrolysis of sludge briquettes for the prepara-
tion of cylindrical-shaped biochar and comparison between CO2
and steam activation. Fuel 338. https://doi.org/10.1016/j.fuel.
2022.127317

Colomba A, Berruti F, Briens C (2022) Model for the physical
activation of biochar to activated carbon. J Anal Appl Pyrolysis
168. https://doi.org/10.1016/j.jaap.2022.105769

Pathy A, Pokharel P, Chen X, Balasubramanian P, Chang SX
(2023) Activation methods increase biochar’s potential for heavy-
metal adsorption and environmental remediation: a global meta-
analysis. Sci Total Environ 865. https://doi.org/10.1016/j.scito
tenv.2022.161252

Mokrzycki J, Magdziarz A, Rutkowski P (2022) The influence of
the Miscanthus giganteus pyrolysis temperature on the applica-
tion of obtained biochars as solid biofuels and precursors of high
surface area activated carbons. Biomass Bioenergy 164. https://
doi.org/10.1016/j.biombioe.2022.106550

Wang J et al (2022) Biochar-based activation of peroxide: multi-
variate-controlled performance, modulatory surface reactive sites
and tunable oxidative species. Chem Eng J. https://doi.org/10.
1016/j.cej.2021.131233

Angin D, Altintig E, Kose TE (2013) Influence of process param-
eters on the surface and chemical properties of activated carbon
obtained from biochar by chemical activation. Bioresource Tech-
nol 148. https://doi.org/10.1016/j.biortech.2013.08.164

Ahmad M et al (2014) Biochar as a sorbent for contaminant man-
agement in soil and water: a review. Chemosphere. https://doi.org/
10.1016/j.chemosphere.2013.10.071

Kavitha B, Reddy PVL, Kim B, Lee SS, Pandey SK, Kim KH
(2018) Benefits and limitations of biochar amendment in agricul-
tural soils: a review. J Environ Manage. https://doi.org/10.1016/j.
jenvman.2018.08.082

Wang X, Song D, Liang G, Zhang Q, Ai C, Zhou W (2015) Maize
biochar addition rate influences soil enzyme activity and microbial
community composition in a fluvo-aquic soil. Appl Soil Ecol 96.
https://doi.org/10.1016/j.aps0il.2015.08.018

Wang YY et al (2019) Simultaneous alleviation of Sb and Cd avail-
ability in contaminated soil and accumulation in Lolium multiflo-
rum Lam. After amendment with Fe-Mn-Modified biochar. J Clean
Production 231. https://doi.org/10.1016/j.jclepro.2019.04.407
El-Naggar A et al (2019) Biochar composition-dependent impacts
on soil nutrient release, carbon mineralization, and potential envi-
ronmental risk: a review. J Environ Manage. https://doi.org/10.
1016/j.jenvman.2019.02.044

Oldfield TL, Sikirica N, Mondini C, Lépez G, Kuikman PJ,
Holden NM (2018) Biochar, compost and biochar-compost blend
as options to recover nutrients and sequester carbon. J Environ
Manage 218. https://doi.org/10.1016/j.jenvman.2018.04.061
Kwoczynski Z, Cmelik J (2021) Characterization of biomass
wastes and its possibility of agriculture utilization due to bio-
char production by torrefaction process. J Clean Production 280.
https://doi.org/10.1016/j.jclepro.2020.124302

ISO (2015) CSN EN ISO 16968: Solid biofuels — determination
of minor elements

ISO (2019) CSN EN ISO 23470: Soil quality - determination
of effective cation exchange capacity (CEC) and exchangeable
cations using a hexamminecobalt trichloride solution

ISO (2021) CSN EN ISO 10390: soil, treated biowaste and sludge
— Determination of pH

Saikia R et al (2017) Removal of arsenic and fluoride from aque-
ous solution by biomass based activated biochar: optimization
through response surface methodology. J Environ Chem Eng 5(6).
https://doi.org/10.1016/j.jece.2017.10.027

Springer

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

Qian K et al (2013) Effects of biomass feedstocks and gasifica-
tion conditions on the physiochemical properties of char. Energies
(Basel) 6(8). https://doi.org/10.3390/en6083972

Zeghioud H, Fryda L, Djelal H, Assadi A, Kane A (2022) A com-
prehensive review of biochar in removal of organic pollutants
from wastewater: characterization, toxicity, activation/function-
alization and influencing treatment factors. ] Water Process Eng.
https://doi.org/10.1016/j.jwpe.2022.102801

Tian X et al (2020) Influence of torrefaction pretreatment on corn-
cobs: a study on fundamental characteristics, thermal behavior,
and kinetic. Bioresource Technol 297. https://doi.org/10.1016/j.
biortech.2019.122490

Chen B, Zhou D, Zhu L (2008) Transitional adsorption and parti-
tion of nonpolar and polar aromatic contaminants by biochars of
pine needles with different pyrolytic temperatures. Environ Sci
Technol 42(14). https://doi.org/10.1021/es8002684

Ray A (2020) Characterization of biochars from various agricul-
tural by-products using FTIR spectroscopy, SEM focused with
image processing. Int J Agric Environ Biotechnol 13(4). https://
doi.org/10.30954/0974-1712.04.2020.6

Szewczuk-Karpisz K, Nowicki P, Sokotowska Z, Pietrzak R
(2020) Hay-based activated biochars obtained using two differ-
ent heating methods as effective low-cost sorbents: solid sur-
face characteristics, adsorptive properties and aggregation in
the mixed Cu(I)/PAM system. Chemosphere. https://doi.org/
10.1016/j.chemosphere.2020.126312

Pariyar P, Kumari K, Jain MK, Jadhao PS (2020) Evaluation of
change in biochar properties derived from different feedstock
and pyrolysis temperature for environmental and agricultural
application. Sci Total Environ 713. https://doi.org/10.1016/j.
scitotenv.2019.136433

Zhao L, Cao X, Masek O, Zimmerman A (2013) Heterogeneity
of biochar properties as a function of feedstock sources and
production temperatures. J Hazard Mater 256-257. https://doi.
org/10.1016/j.jhazmat.2013.04.015

Uchimiya M, Bannon DI, Wartelle LH, Lima IM, Klasson KT
(2012) Lead retention by broiler litter biochars in small arms
range soil: impact of pyrolysis temperature. J Agric Food Chem
60(20). https://doi.org/10.1021/j£300825n

Liu Y, Ma S, Chen J (2018) A novel pyro-hydrochar via sequen-
tial carbonization of biomass waste: preparation, characteriza-
tion and adsorption capacity. J Clean Production 176. https://
doi.org/10.1016/j.jclepro.2017.12.090

Tan X et al (2015) Application of biochar for the removal of
pollutants from aqueous solutions. Chemosphere. https://doi.
org/10.1016/j.chemosphere.2014.12.058

Oh TK, Choi B, Shinogi Y, Chikushi J (2012) Effect of pH con-
ditions on actual and apparent fluoride adsorption by biochar in
aqueous phase. Water Air Soil Pollution 223(7). https://doi.org/
10.1007/s11270-012-1144-2

Ahmad M et al (2012) Effects of pyrolysis temperature on soy-
bean stover- and peanut shell-derived biochar properties and
TCE adsorption in water. Bioresour Technol 118. https://doi.
org/10.1016/j.biortech.2012.05.042

Xiao X, Chen Z, Chen B (2016) H/C atomic ratio as a smart
linkage between pyrolytic temperatures, aromatic clusters and
sorption properties of biochars derived from diverse precursory
materials. Sci Rep 6. https://doi.org/10.1038/srep22644

Wei L et al (2020) The ratio of H/C is a useful parameter to pre-
dict adsorption of the herbicide metolachlor to biochars. Envi-
ron Resour 184. https://doi.org/10.1016/j.envres.2020.109324
Foo KY, Hameed BH (2011) Preparation and characterization
of activated carbon from pistachio nut shells via microwave-
induced chemical activation. Biomass Bioenergy 35(7). https://
doi.org/10.1016/j.biombioe.2011.04.023


https://doi.org/10.1016/j.fuel.2022.127224
https://doi.org/10.1016/j.fuel.2022.127317
https://doi.org/10.1016/j.fuel.2022.127317
https://doi.org/10.1016/j.jaap.2022.105769
https://doi.org/10.1016/j.scitotenv.2022.161252
https://doi.org/10.1016/j.scitotenv.2022.161252
https://doi.org/10.1016/j.biombioe.2022.106550
https://doi.org/10.1016/j.biombioe.2022.106550
https://doi.org/10.1016/j.cej.2021.131233
https://doi.org/10.1016/j.cej.2021.131233
https://doi.org/10.1016/j.biortech.2013.08.164
https://doi.org/10.1016/j.chemosphere.2013.10.071
https://doi.org/10.1016/j.chemosphere.2013.10.071
https://doi.org/10.1016/j.jenvman.2018.08.082
https://doi.org/10.1016/j.jenvman.2018.08.082
https://doi.org/10.1016/j.apsoil.2015.08.018
https://doi.org/10.1016/j.jclepro.2019.04.407
https://doi.org/10.1016/j.jenvman.2019.02.044
https://doi.org/10.1016/j.jenvman.2019.02.044
https://doi.org/10.1016/j.jenvman.2018.04.061
https://doi.org/10.1016/j.jclepro.2020.124302
https://doi.org/10.1016/j.jece.2017.10.027
https://doi.org/10.3390/en6083972
https://doi.org/10.1016/j.jwpe.2022.102801
https://doi.org/10.1016/j.biortech.2019.122490
https://doi.org/10.1016/j.biortech.2019.122490
https://doi.org/10.1021/es8002684
https://doi.org/10.30954/0974-1712.04.2020.6
https://doi.org/10.30954/0974-1712.04.2020.6
https://doi.org/10.1016/j.chemosphere.2020.126312
https://doi.org/10.1016/j.chemosphere.2020.126312
https://doi.org/10.1016/j.scitotenv.2019.136433
https://doi.org/10.1016/j.scitotenv.2019.136433
https://doi.org/10.1016/j.jhazmat.2013.04.015
https://doi.org/10.1016/j.jhazmat.2013.04.015
https://doi.org/10.1021/jf300825n
https://doi.org/10.1016/j.jclepro.2017.12.090
https://doi.org/10.1016/j.jclepro.2017.12.090
https://doi.org/10.1016/j.chemosphere.2014.12.058
https://doi.org/10.1016/j.chemosphere.2014.12.058
https://doi.org/10.1007/s11270-012-1144-2
https://doi.org/10.1007/s11270-012-1144-2
https://doi.org/10.1016/j.biortech.2012.05.042
https://doi.org/10.1016/j.biortech.2012.05.042
https://doi.org/10.1038/srep22644
https://doi.org/10.1016/j.envres.2020.109324
https://doi.org/10.1016/j.biombioe.2011.04.023
https://doi.org/10.1016/j.biombioe.2011.04.023

Biomass Conversion and Biorefinery

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

Tomczyk A, Sokotowska Z, Boguta P (2020) Biochar physico-
chemical properties: pyrolysis temperature and feedstock kind
effects. Rev Environ Sci Bio/Technology. https://doi.org/10.
1007/s11157-020-09523-3

Singh RK, Sarkar A, Chakraborty JP (2020) Effect of torrefac-
tion on the physicochemical properties of eucalyptus derived
biofuels: estimation of kinetic parameters and optimizing tor-
refaction using response surface methodology (RSM). Energy
198. https://doi.org/10.1016/j.energy.2020.117369

Hao F et al (2013) Molecular structure of corncob-derived bio-
chars and the mechanism of Atrazine sorption. Agronomy J
105(3). https://doi.org/10.2134/agronj2012.0311

Masto RE, Ansari MA, George J, Selvi VA, Ram LC (2013) Co-
application of biochar and lignite fly ash on soil nutrients and
biological parameters at different crop growth stages of Zea mays.
Ecological Eng 58. https://doi.org/10.1016/j.ecoleng.2013.07.011
Chew JJ, Doshi V (2011) Recent advances in biomass pretreat-
ment - torrefaction fundamentals and technology. Renew Sustain
Energy Rev. https://doi.org/10.1016/j.rser.2011.09.017

Kan T, Strezov V, Evans TJ (2016) Lignocellulosic biomass
pyrolysis: a review of product properties and effects of pyrolysis
parameters. Renew Sustain Energy Rev. https://doi.org/10.1016/j.
rser.2015.12.185

Hossain FM et al (2017) Experimental investigations of physi-
cal and chemical properties for microalgae HTL bio-crude using
a large batch reactor. Energies (Basel) 10(4). https://doi.org/10.
3390/en10040467

Brewer CE, Schmidt-Rohr K, Satrio JA, Brown RC (2009) Char-
acterization of biochar from fast pyrolysis and gasification sys-
tems. Environ Progress Sustain Energy 28(3). https://doi.org/10.
1002/ep.10378

Colantoni A et al (2016) Characterization of biochars produced
from pyrolysis of pelletized agricultural residues. Renew Sustain
Energy Rev. https://doi.org/10.1016/j.rser.2016.06.003

Kim P et al (2011) Surface functionality and carbon structures
in lignocellulosic-derived biochars produced by fast pyrolysis.
Energy Fuels 25(10). https://doi.org/10.1021/ef200915s

Mullen CA, Boateng AA, Goldberg NM, Lima IM, Laird DA,
Hicks KB (2010) Bio-oil and bio-char production from corn cobs
and stover by fast pyrolysis. Biomass Bioenergy 34(1). https://doi.
org/10.1016/j.biombioe.2009.09.012

Wilson F, Tremain P, Moghtaderi B (2018) Characterization of
biochars derived from pyrolysis of biomass and calcium oxide
mixtures. Energy Fuels 32(4). https://doi.org/10.1021/acs.energ
yfuels.7b03221

Decree of the Ministry of Agriculture on the establishment of
requirements for fertilizers. Czech Republic: 474/2000 coll

EBC (2012-2023) ‘European biochar certificate - guidelines for a
sustainable production of biochar.” Carbon Standards International
(CSI), Frick, Switzerland. http://european-bio

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

Li H, Dong X, da Silva EB, de Oliveira LM, Chen Y, Ma LQ
(2017) Mechanisms of metal sorption by biochars: biochar char-
acteristics and modifications. Chemosphere. https://doi.org/10.
1016/j.chemosphere.2017.03.072

Pessarakli M (Ed.) (2019) Handbook of plant and crop stress,
fourth edition (4th ed.), CRC Press. https://doi.org/10.1201/97813
51104609

Munera-Echeverri JL, Martinsen V, Strand LT, Zivanovic V, Cor-
nelissen G, Mulder J (2018) Cation exchange capacity of biochar:
an urgent method modification. Sci Total Environ 642. https://doi.
org/10.1016/j.scitotenv.2018.06.017

Nkoh JN et al (2021) A critical-systematic review of the interac-
tions of biochar with soils and the observable outcomes. Sustain-
ability. https://doi.org/10.3390/su132413726

Kambo HS, Dutta A (2015) A comparative review of biochar and
hydrochar in terms of production, physico-chemical properties
and applications. Renew Sustain Energy Rev. https://doi.org/10.
1016/j.rser.2015.01.050

Ghezzehei TA, Sarkhot DV, Berhe AA (2014) Biochar can be used
to capture essential nutrients from dairy wastewater and improve
soil physico-chemical properties. Solid Earth 5(2). https://doi.org/
10.5194/se-5-953-2014

Campion L, Bekchanova M, Malina R, Kuppens T (2023) The costs
and benefits of biochar production and use: a systematic review. J
Clean Prod. https://doi.org/10.1016/j.jclepro.2023.137138
Nematian M, Keske C, Ng’ombe JN (2021) A techno-economic
analysis of biochar production and the bioeconomy for orchard
biomass. Waste Manage 135. https://doi.org/10.1016/j.wasman.
2021.09.014

Kwoczynski Z, Cmelik J (2020) Characterization of hazardous
gases evolved from various biomass wastes during biochar pro-
duction using TGA-MS. Int J Environ Sci Technol. https://doi.org/
10.1007/513762-020-03028-w

Kwoczynski Z, Burdova H, Al Souki KS, Cmelik J (2024)
Extracted rapeseed meal biochar combined with digestate as a
soil amendment: effect on lettuce (Lactuca sativa L.) biomass
yield and concentration of bioavailable element fraction in the
soil. Scientia Horticulturae 329. https://doi.org/10.1016/j.scienta.
2024.113041

Publisher's Note Springer Nature remains neutral with regard to
jurisdictional claims in published maps and institutional affiliations.

@ Springer


https://doi.org/10.1007/s11157-020-09523-3
https://doi.org/10.1007/s11157-020-09523-3
https://doi.org/10.1016/j.energy.2020.117369
https://doi.org/10.2134/agronj2012.0311
https://doi.org/10.1016/j.ecoleng.2013.07.011
https://doi.org/10.1016/j.rser.2011.09.017
https://doi.org/10.1016/j.rser.2015.12.185
https://doi.org/10.1016/j.rser.2015.12.185
https://doi.org/10.3390/en10040467
https://doi.org/10.3390/en10040467
https://doi.org/10.1002/ep.10378
https://doi.org/10.1002/ep.10378
https://doi.org/10.1016/j.rser.2016.06.003
https://doi.org/10.1021/ef200915s
https://doi.org/10.1016/j.biombioe.2009.09.012
https://doi.org/10.1016/j.biombioe.2009.09.012
https://doi.org/10.1021/acs.energyfuels.7b03221
https://doi.org/10.1021/acs.energyfuels.7b03221
https://doi.org/10.1016/j.chemosphere.2017.03.072
https://doi.org/10.1016/j.chemosphere.2017.03.072
https://doi.org/10.1201/9781351104609
https://doi.org/10.1201/9781351104609
https://doi.org/10.1016/j.scitotenv.2018.06.017
https://doi.org/10.1016/j.scitotenv.2018.06.017
https://doi.org/10.3390/su132413726
https://doi.org/10.1016/j.rser.2015.01.050
https://doi.org/10.1016/j.rser.2015.01.050
https://doi.org/10.5194/se-5-953-2014
https://doi.org/10.5194/se-5-953-2014
https://doi.org/10.1016/j.jclepro.2023.137138
https://doi.org/10.1016/j.wasman.2021.09.014
https://doi.org/10.1016/j.wasman.2021.09.014
https://doi.org/10.1007/s13762-020-03028-w
https://doi.org/10.1007/s13762-020-03028-w
https://doi.org/10.1016/j.scienta.2024.113041
https://doi.org/10.1016/j.scienta.2024.113041

	Wheat dust and extracted rapeseed scrap biochar: a comprehensive characterization and assessment of potential utilization in the context of the circular economy
	Abstract
	1 Introduction
	2 Materials and methods
	2.1 Raw biomass wastes
	2.2 Pyrolysis and surface activation
	2.3 Surface and structural analysis of biochar
	2.4 Biochar elemental analysis
	2.5 Basic physico-chemical properties of biochar

	3 Results
	3.1 Biochar surface and structure analysis
	3.1.1 ATR-FTIR spectra of biochar
	3.1.2 Surface morphology and pore structure of biochar
	3.1.3 BET adsorption isotherm and pore analysis of biochar

	3.2 Biochar elemental analysis
	3.3 Basic physico-chemical properties

	4 Discussion
	4.1 Evaluation of biochars utilization as an adsorbent
	4.2 Evaluation of biochars utilization as a soil amendment
	4.3 Cost analysis
	4.4 Future directions

	5 Conclusion
	References


