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A B S T R A C T

This study aims to investigate the possibility of replacing a critical raw material - graphite - with an ecological 
biochar material used as a functional additive to mineral greases thickened with lithium stearate. Biochar is 
obtained by pyrolysing wheat (Triticum aestivum) straw at 500◦C in an inert nitrogen atmosphere. To compare the 
properties of mineral greases including biochar (BW) and graphite (G) additives, six grease compositions were 
prepared, taking into account the analysis of the effect of carbon additive concentrations (1 %, 3 %, and 5 % BW, 
and 1 %, 3 %, and 5 % G). Graphite (f < 35 µm) used in commercially available mineral greases serves the 
purposes of comparative studies. A grease made from a mixture of mineral oils and thickened with lithium 
stearate is the base grease. No significant changes resulting from replacing graphite with ecological biochar were 
observed in the rheological tests. The values of the parameters responsible for anti-scuffing properties also 
suggest that completely replacing graphite with eco-friendly biochar material has no negative effect on these 
properties of the grease (3 % G - 2617 ± 111 N/mm², 3 % BW - 2595 ± 220 N/mm²). Anti-wear tests reveal the 
micrometer graphite used has a detrimental effect on surface wear. However, the BW addition raises the wear 
limit by up to 43 % compared to the base grease. The analysis of the wear traces, along with the determination of 
surface roughness, demonstrated that the protective mechanism of the biochar-added grease is a consequence of 
several overlapping processes resulting from the specific properties of biochar.

1. Introduction

The friction and wear of surfaces of mechanical components in 
contact generate significant energy losses. It is estimated that up to 25 % 
of global energy is lost to overcoming friction and wear, which in 
developed economies translates into a loss of several percent of gross 
domestic product (Holmberg and Erdemir, 2017; Vazirisereshk et al., 
2019). To reduce these losses, lubricants are used, materials that create a 
thin lubricating layer between moving parts, reducing the coefficient of 
friction and protecting against wear. Lubricants can have a mineral or 
synthetic base. Mineral greases, made of base oils derived from petro
leum, dominate the market due to their low price and easy availability. 
Numerous chemical additives and solid particles are used to achieve 
good lubricating properties. The main groups of 2D lubricant additives 
include graphite (Kumar et al., 2020b; Kumar et al., 2021; Wu et al., 
2020) and its derivatives (graphene, graphene oxide (GO), reduced 
graphene oxide (rGO) (Larsson et al., 2021; Song et al., 2016; Li et al., 

2020, Marlinda et al., 2023)) and 1D materials (carbon nanotubes 
(CNTs) (Zhang et al., 2009)). Their favorable lubricating properties 
result from their characteristic structure and high mechanical strength. 
Graphite is an arrangement of parallel layers of carbon atoms that slide 
one over the other, acting as moving bearings between contacting sur
faces (Rahman et al., 2022). Similarly, graphene exhibits very high 
mechanical strength and extremely high thermal conductivity, which 
helps reduce friction and wear. Graphene can achieve ultra-low co
efficients of friction (so-called superlubrication, COF < 0.01) (Liu et al., 
2022). In addition to its layered structure, graphene oxides (GO, rGO) 
possess numerous functional groups that improve wettability and the 
ability to form protective layers at interfaces (Wakchaure and Menezes, 
2025). Carbon nanotubes (cylindrical windings of graphene sheets) have 
high strength and conductivity, and thanks to their cylindrical structure, 
they can act as nano-ball bearings between interfaces (Rahman et al., 
2022). Graphene and its derivatives offer excellent tribological proper
ties in laboratory conditions, but their high cost, quality control and 
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dispersion issues, potential interactions with existing additives, regula
tory uncertainty, and the lack of a broad performance database make 
them cautious in the lubricant industry. High-quality single-layer gra
phene (CVD) is still expensive to mass-produce. However, cheaper 
methods (liquid exfoliation, GO reduction) produce material of variable 
quality. Therefore, we are currently seeing more pilot and specialized 
applications than mass replacement of traditional additives.

Graphite has long been used as a classic EP (extreme-pressure) 
lubricant additive. Its distinctive lubricating properties result from its 
layered structure (Kumar et al., 2020b; Kumar et al., 2021; Rahman 
et al., 2022). Graphite is also characterized by high resistance to 
oxidation and high temperatures, as well as very good thermal con
ductivity, which allows for effective removal of friction heat from the 
surface (Kumar et al., 2020b). However, natural graphite has been 
recognized by many countries, including the European Union, as a 
critical and strategic raw material. Currently, over 100,000 tons of 
graphite are imported into the European Union annually (ECGA, 2022; 
Regulation of the European Parliament, 2024). Moreover, artificial 
graphite is much more expensive than natural graphite, which further 
limits its wide application possibilities.

Biochar, obtained from biomass through pyrolysis, appears to be a 
promising ecological substitute for graphite in lubricants. It is an 
amorphous material with a diverse structure, characterized by high 
porosity and a significant specific surface area. This allows biochar 
particles to penetrate surface irregularities and form durable protective 
films. Surface functional groups (hydroxyl, aldehyde, carboxyl) increase 
biochar's wettability with oil and facilitate adsorption on steel surfaces. 
Unlike pure graphite, biochar has slightly lower thermal conductivity, 
but its partial graphite content and porous structure still promote fric
tional heat dissipation (Guan et al., 2025). It has been proven that the 
addition of biochar can reduce the coefficient of friction and the wear of 
friction pairs, improving the performance properties of lubricants 
(Kozdrach and Radulski, 2025a, 2025b; Molenda et al., 2025b). Another 
great advantage of biochar is its biodegradability, low production cost, 
and because it comes from plant waste, it is an easily available material. 
Agricultural waste is often used for biochar production because it is an 
easily accessible and low-cost lignocellulosic raw material, which is 
consistent with the concept of a circular economy. Its use not only re
duces the problem of waste biomass overproduction and the associated 
cost of its disposal but also allows for the production of value-added 
material (Gotore et al., 2024; Patel and Panwar, 2023). One such 
product is straw, a crop byproduct remaining in fields after harvesting 
the main crop. It is primarily used as organic fertilizer, feed, or mulch. 
Changes in agricultural structure, manifested by a significant decline in 
livestock farming and an increase in cereal sowing, resulted in an 
average surplus of 12.5 million tons harvested straw over agricultural 
use in Poland between 1999 and 2018. Straw harvest significantly ex
ceeds demand, prompting researchers to explore other uses for this type 
of waste (Gradziuk et al., 2020; Ziętara and Zieliński, 2018).

The aim of this study is to investigate the possibility of replacing 
graphite, a critical raw material, with ecological biochar, used as a 
functional additive in mineral greases thickened with lithium stearate, 
while maintaining their functional properties. Lubricant compositions 
with some varying concentrations of carbon additives are tested for their 
rheological and tribological properties. The criterion is adopted that the 
introduction of biochar should not degrade the tested lubricant prop
erties compared to the graphite addition.

2. Methodology

2.1. Biomass pyrolysis

Agricultural waste in the form of T. aestivum straw is used as the raw 
material for pyrolysis processes. Based on the authors' previous experi
ence, the following thermal conditions are applied: i) heating to 200◦C 
for 15 min, hold 15 min; ii) heating to 450◦C for 30 min, hold 15 min; iii) 

heating to 500◦C for 15 min, hold 15 min (Barszcz et al., 2024; 
Kaźmierczak et al., 2021; Kozdrach and Radulski, 2025a, Kozdrach and 
Radulski, 2025b, Makowska and Dziosa, 2024; Molenda et al., 2025b). 
Pyrolysis is carried out in a nitrogen atmosphere. Drawing on the au
thors' experience in producing biochar from different lignocellulosic 
biomasses and in tribology, selecting such pyrolysis parameters is 
assumed to endow resulting biochar material with properties essential 
for our aim. Pyrolysis processes were conducted on a laboratory stand 
equipped with a Czylok FCF-V12RM muffle furnace. The pyrolysis effi
ciency during biochar production from wheat straw is 26.7 %. The 
resulting biochar material is ground to obtain a particle size of 
< 150 µm.

2.2. The characteristics of carbon materials

The elemental composition of the produced biochar is analyzed using 
a Hitachi SU-70 Scanning Electron Microscope (SEM) with Energy 
Dispersive Spectroscopy (EDS) microanalyzer. Moisture and ash content 
are analyzed gravimetrically by heating at 105◦C and 815◦C, respec
tively, using a Binder laboratory drying oven and a Thermo Scientific 
muffle furnace in accordance with the PN-ISO 1171:2002 and ISO 18134 
standards. The percentage content is determined based on the mass 
difference before and after heating. The crystalline structure of the 
biochar is assessed using Raman spectroscopy with a 532 nm laser 
excitation wavelength and an exposure time of 60 s. A Jasco NRS 5100 
spectrometer is used for the studies. The spectra were recorded in the 
range from 100 cm− 1 to 3600 cm− 1 with a resolution of 3.62 cm− 1. Each 
char is analyzed at 10 measurement points (three repetitions at each 
point) using the regular grid method. The presence of functional groups 
on the biochar surface is assessed by FTIR spectra using a Jasco FTIR 
6200 spectrometer equipped with a Pike Diamond ATR. A TGS detector 
serves the analyses in the 4000–650 cm− 1 range and 4 cm− 1 resolution. 
The specific surface area of the biochar is determined by means of the 
multipoint Brunauer–Emmett–Teller (MBET) method based on N2 
adsorption isotherms (77 K) obtained using an Autosorb IQ analyzer 
from Quantachrome. Before the analysis, the samples are degassed in 
vacuum (10− 7 bar) at 300◦C for 12 h.

2.3. Preparation of mineral grease compositions

The base mineral grease (designated MG) is formulated from a 
mixture of mineral oils (technical cleanliness, Nynas) with a kinematic 
viscosity of 209.3 ± 2.2 mm2/s. Lithium stearate (96 %, Roth) serves as a 
thickener. The mixture is homogenized and heated to 220◦C, then 
cooled to room temperature to solidify the grease. Carbon additives, in 
the form of powdered biochar and graphite, are added at 1 %, 3 %, and 
5 % levels while slowly mixing with a planetary homogenizer for 
15 min. The resulting greases are designated as 1 % BW, 3 % BW, and 
5 % BW for greases with biochar, and 1 % G, 3 % G, and 5 % G for greases 
with graphite. This study utilized commercially available graphite with 
a particle size of < 35 µm, commonly used in commercial graphite 
mineral lubricants, particularly those intended for the automotive in
dustry. Obtaining fine graphite fractions is, however, expensive, time- 
consuming, and difficult to achieve on a small scale. The use of bio
char with a higher particle size (<150 µm) compared to graphite par
ticles was driven by two factors. First, we aimed to demonstrate that 
replacing graphite with eco-friendly biochar does not require lengthy 
grinding to achieve tribological and rheological properties at least 
similar to those of commercial graphite lubricants. Second, laboratory 
limitations and difficulties in obtaining such fine material fractions were 
the goal, thus reducing the cost and time required to prepare biochar 
materials. To assess the uniformity of carbon additive dispersion within 
the lubricant matrix, the prepared lubricants are spread on a microscope 
slide and imaged using a Keyence 3D microscope at 500x optical 
magnification. To assess particle agglomeration within the lubricant 
structure, carbon particles are sized at 5 randomly selected points at 
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1000x magnification.

2.4. Rheological tests

The consistency class of the greases is determined in accordance with 
the PN-ISO 2137:2021–07 standard. This method involves measuring 
the depth of gravity immersion of a standardized falling cone for 5 s in 
the tested grease after 60 kneading cycles. The mechanical stability of 
the greases is tested in accordance with the PN-62/C-04144 standard. 
After penetration tests, the grease is placed in a rolling apparatus, and 
the test is continued at 60℃ at 165 rpm for 4 h. Then a second pene
tration test is undertaken. Mechanical stability is determined from the 
difference in penetration values before and after the rolling process. The 
viscosity curves of the tested greases are obtained using an Anton Paar 
Physica MCR 102 rotational rheometer equipped with an air diffusion 
bearing connected to a pneumatic supply: an oil-free Jun-Air compressor 
and an air drying block. Rheoplus software controls the rheometer and 
analyze the measurement data. The measurements are taken in a cone- 
plate configuration (25 mm, 2◦) with a constant measurement gap of 
106 μm, within a shear rate range of 0.01–300 s− 1 (600 measurement 
points) at 20℃ and 40℃ in three measurement series. A temperature of 
20◦C corresponds to laboratory conditions and allows for the compari
son of the properties of different lubricant compositions and the com
parison of the obtained results with other literature studies. The 
temperature of 40◦C was chosen as representative of the conditions 
prevailing in the friction pair during tribological tests in a four-ball 
system. Therefore, adopting 40◦C as the rheological measurement 
temperature allows for the assessment of the lubricant properties within 
a range corresponding to the actual heating during system operation. 
Before each measurement, the system temperature is stabilized for 
5 min. Viscosity curves serve to assess the rheological properties, used to 
determine the yield stress (Casson model).

2.5. Tribological tests

A T-02 four-ball tester with the ability to measure the temperature of 
the friction node serves to determine the tribological properties of the 
tested lubricant compositions. The test elements are balls with a diam
eter of 12.7 mm, made of ŁH 15 bearing steel, with a surface roughness 
of Ra = 0.32 μm, and a hardness of 60–65 HRC. Anti-seizure parameters 
are determined using the following parameters: weld load (WL), scuffing 
load (SL), the limiting load of seizure (LLS), and the limiting pressure of 
seizure (LPS). The weld load (WL) is measured in accordance with the 
PN-76/C-04147 standard. This test involves running a set of four balls 
for 10 s in the presence of lubricant under increasingly higher loads until 
the balls welded. Lubrication properties under conditions of continu
ously increasing load are measured according to a methodology devel
oped at the Łukasiewicz Research Network - Institute for Sustainable 
Technology. The test is conducted with a load linearly increasing from 
0 to 7200 N over 18 s, at a spindle speed of 500 rpm and a load ramp rate 
of 409 N/s. When the friction torque suddenly increases, the node load 
level is referred to as the scuffing load (SL). Measurements continue until 
the limiting friction torque of 10 Nm or the maximum device load of 
7200 N is reached. This point is referred to as the limiting load of seizure 
(LLS). The arithmetic mean of at least three measurements is used as the 
final result. The limiting pressure of seizure (LPS), a measure of the anti- 
seizure properties of greases under scuffing conditions, is calculated 
based on the LLS value, the wear scar diameter (d), and a factor taking 
into account the distribution of forces in the friction node (0.52), ac
cording to Eq. (1). 

LPS = 0.52 •
LLS
d2 (1) 

The anti-seizure properties of the tested greases are determined by 
establishing the limiting load of wear (LLW). For this purpose, tests are 
conducted in accordance with the WTWT-94/MPS-025 guidelines at a 

constant load of 392.4 N, a ball speed of 500 rpm/min, and a test 
duration of 3600 s. The LLW parameter is a measure of the grease's 
resistance to wear and is calculated based on a coefficient that takes into 
account the force distribution in the friction node (0.52), the load value, 
and the diameter of the wear scars (d), according to Eq. (2). 

LLW = 0.52 •
392.4

d2 (2) 

A Keyence 3D microscope serves to image the resulting scars and 
determine the surface roughness parameters of the scars on the test balls. 
Surface roughness is determined on the basis of the parameters Sa, Sz, Sp, 
Sv, and Ssk. The arithmetic mean surface height Sa is a parameter 
defining the average absolute value of the height of surface points 
relative to a reference plane. The maximum surface height Sz is the 
height difference between the highest (Sp) and lowest (Sv) points on an 
analyzed surface. The skewness parameter Ssk shows the asymmetry of 
height distribution on a trace surface. A positive value of the Ssk 
parameter indicates that a studied surface is dominated by peaks. A 
negative value indicates that a studied surface is dominated by valleys.

3. Results and discussion

3.1. The characteristics of carbon materials

The carbon materials were compared in terms of their structure using 
Raman spectroscopy, the presence of surface functional groups using 
FTIR spectroscopy, and the specific surface area based onN2 adsorption/ 
desorption isotherms. Additionally, the resulting biochar is analyzed for 
moisture and ash content using the gravimetric method by heating the 
sample at 105◦C and 815◦C, respectively, as well as for its chemical 
composition (EDS).

The BW biochar is characterized by a moisture content of 2.815 
± 0.050 % and an ash content of 10.940 ± 0.020 %dm. Our ash content 
results correlate quite well with the EDS results. This analysis reveals the 
presence of various elements on the BW biochar surface, primarily 
carbon and oxygen (totaling 85 %). The ash components are primarily 
mineral elements such as silicon, calcium, magnesium, potassium, 
phosphorus, and sodium. The sum of these elements from the EDS 
analysis of biochar (excluding carbon, oxygen, and nitrogen) is over 
8 %. The remaining content may consist of both carbon residues (e.g., 
when the material may contain more stable forms of carbon-graphite- 
like structures) and oxygen (originating from metal oxides present in 
the ash, e.g., SiO2, CaO, or from residual functional groups). Similar ash 
content values in biochar samples produced by the pyrolysis of wheat 
straw at 500◦C were also obtained by other authors: 12.5–13.5 % 
(Zhang et al., 2022), 11 % (Ghorbani et al., 2022), 12.7 % (Kloss et al., 
2012).

The structure of the carbon materials is analyzed using Raman 
spectrometry. The spectra are shown in Fig. 1.

Two peaks can be observed in the recorded spectrum for the graphite 
sample: a G band (first-order) and a 2D band (second-order). In the case 
of biochar, two peaks originating from the D and G bands are observed. 
The G band (1586 cm− 1) is associated with the in-plane E2 g mode of 
single-crystalline graphitic carbon atoms in the honeycomb lattice. The 
D band (1358 cm− 1) reveals the presence of defects in the graphite 
lattice with A1 g symmetry. The presence of the 2D band (2692 cm− 1) 
results from the double resonance activation mechanism of the D peak. 
The absence of the D band and the presence of the 2D band in the 
graphite spectrum indicate that it is a purely crystalline, defect-free 
graphite (Beyssac and Lazzeri, 2012; Reich and Thomsen, 2004). In
formation about in-plane defects and the disordered structure of biochar 
can be inferred from the ID/IG ratio. The calculated ratio of the D and G 
peak intensity heights for the BW sample is 0.0684 ± 0.0070. This is a 
very low value, indicating a highly ordered structure. Such low ID/IG 
ratio values have been observed in available literature data regarding 
Raman analyses of graphite samples. Vidoeski et al. obtained an ID/IG 
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ratio of 0.06 for highly ordered pyrolytic graphite (HOPG), which is a 
pure and ordered form of synthetic graphite (Vidoeski et al., 2016). 
Similar ID/IG values were also obtained by other authors studying nat
ural graphite powder: 0.04 (Kim et al., 2013), 0.05 (Ostyn et al., 2021), 
0.13 (Gu et al., 2013). Comparing our values for samples BW and G and 
the available literature data for graphite, it can be concluded that the 
biomass and pyrolysis process were selected correctly, as they generated 
a material with a graphite-like structure.

Fourier transform infrared (FTIR) spectroscopy analysis serves to 
identify surface functional groups. The FTIR spectra of graphite and 
biochar obtained from straw, following pyrolysis in a nitrogen atmo
sphere at 500◦C, are shown in Fig. 2.

The FTIR spectroscopic spectrum of the analyzed commercial 
graphite shows a band at 1991 cm− 1, which can be attributed to the 
stretching vibrations of C––O (carbonyl) bonds (Kozdrach and Radulski, 
2025b; Ţucureanu et al., 2016). In turn, the band observed at 2102 cm− 1 

may correspond to the presence of alkyne groups (–C–––C) Nandiyanto 
et al., (2019)). In the FTIR spectrum for the BW sample, some charac
teristic bands can be observed, reflecting the presence of functional 
groups remaining after a partial degradation of the main lignocellulosic 
components, such as cellulose, hemicellulose, and lignin. A very weak 
but clearly defined narrow peak can be seen at a wavelength of 
approximately 3635 cm− 1. This is attributed to the stretching of O–H 
groups, which may originate from water physically adsorbed on the 
biochar surface. Although this signal is not typical for temperatures of 
500◦C, its presence may indicate moisture accumulated after pyrolysis, 
especially if the sample is exposed to humid air (Nazari et al., 2019). The 
presence of this band is also confirmed by gravimetric analyses, which 
indicated the presence of moisture at a level of approximately 3 %.

In the broader range of 3000–3600 cm− 1, an extended, broad band is 
observed, with a maximum at approximately 3300 cm− 1. This band is 
typical of O–H bond stretching, occurring in alcohols, phenols, and 
polysaccharide residues. The fact that this band is still present in biochar 
suggests that some hydroxyl groups survived the pyrolysis process or 
were transformed into more stable structures that still retain the ability 
to form hydrogen bonds (Behazin et al., 2015; Miller et al., 1998). 
Around 3050 cm− 1 occurs a very weak signal, which can be attributed to 
C–H bond stretching in aromatic structures (Lawrinenko and Laird, 
2015). Although there is no distinct peak at 2920 cm− 1, a slight 
deflection of the baseline is visible, which may indicate the presence of 

methyl and methylene groups – aliphatic fragments typical of cellulose 
and hemicelluloses. Their distinct weakening is typical of thermal 
decomposition of these compounds during pyrolysis (Behazin et al., 
2015; Molenda et al., 2025b). The strongest signal in the mid-frequency 
region is located at 1586 cm− 1 and corresponds to the stretching vi
brations of C––C bonds in aromatic structures, which indicates the 
presence of lignin or its aromatization products (Özsin et al., 2019). A 
band resulting from an asymmetric stretching of carboxylate groups 
COO⁻ may also be present in the same range, especially when a sym
metric band is also visible. In the spectrum of BW biochar, such a signal 
indeed appears – a distinct peak is observed at 1412 cm− 1, which is 
attributed to the symmetric stretching of the COO⁻ group. The presence 
of these groups is particularly interesting because at 500◦C, some of the 
carboxyl groups (–COOH) are decomposed by decarboxylation. How
ever, some of them can survive in a more stable form as carboxylate 
anions. Their source is most likely uronic acids – such as glucuronic or 
galacturonic acid – naturally present in hemicelluloses. Though partially 
decomposed during pyrolysis, their fragments may remain bound to the 
biochar surface in the form of COO⁻ (Vaghela et al., 2023). At a wave
length of 1379 cm− 1, a much weaker peak appears, which can be asso
ciated with the bending of C–H groups in the methyl organic residues. It 
may originate from undegraded cellulose, hemicelluloses, or methyl 
fragments of lignin. However, the low intensity of this band suggests 
that most aliphatic compounds were decomposed during the pyrolysis 
process (Nazari et al., 2019; Vaghela et al., 2023). There is no distinct 
peak in the 1158 cm− 1 range, but a noticeable bend in the curve suggests 
the presence of a signal from C–O–C ether bridge vibrations, likely 
originating from cellulose and/or lignin residues. Right next to it, at 
1095 cm− 1, there is a strong band that may represent both C–O bond 
stretching vibrations and overlapping C–O–C signals. Both the bands 
indicate that some ether bonds remained intact or were transformed into 
more stable forms present in the biochar structure (Behazin et al., 2015; 
Miller et al., 1998). In the lower range of the spectrum, below 900 cm− 1, 
characteristic peaks at 873, 810, 753, and 695 cm− 1 stand out. These 
correspond to some out-of-plane vibrations of C–H bonds in aromatic 
rings, typical of condensed carbon structures formed as a result of lignin 
aromatization. The presence of these bands strongly confirms structural 
transformations occurring during pyrolysis, indicating the trans
formation of some organic compounds into more ordered aromatic 
systems, which impart hydrophobic properties to biochar and increase 

Fig. 1. Comparison of Raman spectra for carbon materials: graphite (a) and biochar (b).

Fig. 2. Comparison of FTIR spectra for samples G (a) and BW (b).
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its chemical stability Behazin et al., 2015; Vaghela et al., 2023).
The G and BW carbon materials are also analyzed when it comes to 

their specific surface area. The N2 adsorption and desorption isotherms 
are shown in Fig. 3.

The isotherm obtained for the graphite sample, according to the 
IUPAC classification, is a type III isotherm. There is no clearly defined B 
inflection point, therefore, there is no identifiable monolayer formation. 
Adsorbent-adsorbate interactions are relatively weak, and adsorbed 
molecules cluster around the most favorable sites on the surface of a 
nonporous or macroporous solid (Thommes et al., 2015). However, the 
isotherm for the BW sample, according to the IUPAC classification, is a 
type II isotherm. These isotherms are characteristic of nonporous, 
macroporous, or low-surface-area materials. Their shape results from 
unconfined mono- and multilayer adsorption up to a high p/p0. A sharp 
inflection of the isotherm plot is also be observed, which corresponds to 
the completion of monolayer coverage. Based on these obtained iso
therms and using multipoint BET theory, the specific surface areas of 
10.1 m2/g for G and 177.4 m2/g for BW are determined. These specific 
surface area values for graphite are close to those obtained by other 
authors: 7.7 m2/g (Fouda et al., 2021), 8.2 m2/g (Naboka et al., 2021), 
4.2 m2/g and 15.2 m2/g (Blyth et al., 2000), ~15 m2/g (Mohan et al., 
2020). Also, in the case of biochars, these values are close to the results 
for biochars obtained by the pyrolysis of various lignocellulosic bio
masses. Liu et al. arrived at a specific surface area of 201.3 m2/g and 
212.6 m2/g for biochars produced at 500◦C from corn stalks and cobs, 
respectively (Liu et al., 2014). Similar values were shown by Wijitkosum 
and Jiwnok for biochar made of cassava stems – 200 m2/g (Wijitkosum 
and Jiwnok, 2019). On the other hand, Srinivasan and Sarmah obtained 
green waste biochar with a specific surface area of 153 m2/g (Srinivasan 
and Sarmah, 2015). Maple biochar studied by Choudchury and Lansing 
was characterized by a specific surface area of 161 m2/g (Choudhury 
and Lansing, 2020). However, literature data on biochar from wheat 
straw show very diverse results – from several m2/g to approximately 
100 m2/g (Ćwieląg-Piasecka et al., 2023; Sieradzka et al., 2022; Wang 
et al., 2022; Wystalska and Kwarciak-Kozłowska, 2021; Zhao et al., 
2013).

In summary, the parameters we assumed for the wheat straw py
rolysis process were correct. The pyrolysis process yielded a biochar 
material characterized by an ordered structure while retaining oxygen- 
containing surface functional groups. The resulting material has a 
moisture content of approximately 3 %, an ash content of 11 %, and a 
specific surface area of 177.4 m2/g. Based on the parameters of BW 
biochar, it can be concluded that it can potentially be used as a modifier 
for mineral oil-based lubricants. The increased specific surface area 
compared to graphite and the presence of oxygen groups may have a 
beneficial effect on lubricant properties.

3.2. Assessment of the dispersion homogeneity of carbon additives in the 
grease matrix

Mineral greases with BW biochar (1 %, 3 %, 5 %) and G graphite 
(1 %, 3 %, 5 %) additives are prepared according to the methodology 
given in 2.3. In order to assess the homogeneity of dispersion of carbon 

additives, the prepared grease compositions are spread as a thin layer on 
microscope slides and imaged using a Keyence 3D microscope. Illus
trative images obtained at 500x magnification are shown in Fig. 4.

Based on the images of lubricant compositions, it can be concluded 
that the adopted methodology for preparing mineral greases with BW 
and G additives is appropriate. Based on the obtained images, it can be 
concluded that the BW and G additives are evenly distributed 
throughout the lubricant compositions. Additional sizing of the carbon 
particle size was performed at 1000x magnification and confirmed the 
absence of agglomeration in the grease structure. The correctness of the 
grease composition preparation procedure was also confirmed in our 
previous studies using computed tomography (Molenda et al., 2025a).

3.3. Rheological properties

To determine the consistency class of the greases, penetration mea
surements are performed on the tested lubricant compositions after 60 
kneading cycles. Mechanical stability tests were also conducted to 
determine changes in the structure of the tested greases caused by shear 
forces. The results are presented in Fig. 5.

The consistency class of the greases is assessed based on the NLGI 
classification. The base grease, with a penetration value of 260.67 
± 0.58 mm/10, can be classified as Class 1/2. All the other greases, with 
both BW and G additives, have penetration values above 265 mm/10. 
These greases are classified as NLGI Class 2. They are characterized by 
moderate hardness, sufficiently compact to adhere to surfaces, yet soft 
enough to spread and flow well.

Mechanical stability studies have shown that the introduction of 
carbon additives to the structure of mineral greases increases their sta
bility. An increase in penetration values after rolling was observed in all 
greases tested. Both carbon additives have a graphite or graphite-like 
structure, which can strengthen the lithium soap network by pene
trating between its fibers, thereby minimizing friction between the fi
bers and preventing fiber breakage. This results in favorable changes to 
mechanical stability compared to the base grease. However, the oper
ating mechanisms of the additives vary. In the case of the BW additive, 
as its concentration in the grease increases, the resulting lubricant 
composition becomes more mechanically stable. The opposite trend is 
observed for the addition of graphite; with growing graphite concen
tration, greater changes in the grease's consistency are observed after 
rolling. Biochar, a porous material containing polar oxygen groups, 
adsorbs base oil more strongly to its surface, making the grease structure 
more resistant to shear. However, comparing the BW and G additives, 
the most similar results are noted for the 3 % additive concentrations: 
4.28 ± 0.36 % and 4.78 ± 0.54 %, respectively.

The next stage of the rheological tests is to determine the yield point 
at temperatures of 20◦C and 40◦C. This parameter is determined based 
on the flow curves of the tested greases using the Casson rheological 
model. The results are presented in Fig. 6.

The analysis of yield point values for the base grease (MG) and the 
grease modified with biochar (BW) and graphite (G) additives at 20◦C 
and 40◦C shows that the effect of carbon additives is not very variable, 
although some differences can be observed depending on the type of 

Fig. 3. Comparison of N2 adsorption/desorption isotherms for G (a) and BW (b).
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additive and its concentration. The MG grease has a yield point of 427.7 
± 3.4 Pa at 20◦C and 244 ± 15 Pa at 40◦C. Introducing a 1 % BW ad
ditive to the structure of the base mineral grease lowers the yield point to 
398 ± 16 Pa (20◦C) and 246 ± 25 Pa (40◦C), indicating an initial flu
idification of the lithium soap network due to oil adsorption on the 
porous biochar structure. 3 % BW increases this parameter to 431 

± 34 Pa (20◦C) and it remains at 246 ± 25 Pa at 40◦C, while at 5 % BW 
it reaches the highest values of 438 ± 21 Pa (20◦C) and 295 ± 28 Pa 
(40◦C). In the case of graphite, a reduction in the yield point is observed 
for 1 % G (409.8 ± 5.0 Pa at 20◦C and 230 ± 15 Pa at 40◦C) and 3 % G 
(408 ± 23 Pa at 20◦C) compared to the base grease. For 3 % and 5 % G, 
an increase in the yield point at 40◦C is observed – 252.1 ± 4.2 Pa and 

Fig. 4. The illustrative images of grease compositions with: a) 1 % BW, b) 3 % BW, c) 5 % BW, d) 1 % G, e) 3 % G, f) 5 % G.

Fig. 5. The penetration and mechanical stability of the base grease and greases 
with BW and G additives.

Fig. 6. Yield point values for mineral greases.
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251 ± 12 Pa, respectively. However, in the case of 5 % G at 20◦C, the 
yield point (428 ± 19 Pa) returns to the value achieved for the base 
grease.

A linear relationship between the additive concentration and the 
yield point can only be observed in studies conducted at 20◦C with the 
addition of biochar (R2=0.87). In the remaining cases, no such rela
tionship exists. Our previous studies indicate that the effect of biochar 
additives on the yield point can be nonlinear and concentration- 
dependent [15]. Kozdrach and Radulski observed that a small addition 
of biochar (1 %) significantly lowers the yield point. When the con
centration rises to 3 %, the yield point may increase, then, when the 
additive concentration increases to 5 %, the yield point is significantly 
reduced (Kozdrach and Radulski, 2025a). Graphite, on the other hand, 
typically lowers the yield point compared to the base grease. Czarny and 
Paszkowski, studying lithium greases, demonstrated that the addition of 
graphite particles reduces the shear stresses (including the yield point) 
of the system (Czarny and Paszkowski, 2007). This is also confirmed by 
our results: 1–3 % G results in a slightly lower yield point than the base 
grease (e.g., from 427 Pa to ~408–410 Pa), while 5 % G results in a 
value close to the base value. Furthermore, research into nanomaterials 
in lithium greases (e.g., graphene addition) indicates that very small, 
well-dispersed carbon particles can compress the thickener structure 
and enhance its viscoelastic properties. However, our studies suggest 
that graphite of a size of several tens of microns does not achieve such 
densification, but rather induces network relaxation.

Comparing carbon additives of the same concentration, it can be 
observed that there are no significant differences in the results obtained 
for 1 % (398.5 ± 9.0 Pa for BW and 409.8 ± 5.0 Pa for G) and 5 % (438 
± 11 Pa for BW and 428.1 ± 8.0 Pa for G) at 20◦C and for 3 % (246.0 
± 8.0 Pa for BW and 252.1 ± 4.2 Pa for G) at 40◦C. The largest differ
ences are observed for additives of 5 % concentration at 40◦C - 295.0 
± 9.0 Pa for BW and 251 ± 12 Pa for G. The mechanisms of interaction 
of carbon additives with the lithium soap network are different due to 
the particle structure. Amorphous biochar containing oxygenated 
groups can penetrate between lithium soap fibers or bind oil molecules, 
partially replacing the binder role and attaching an additional molecular 
network to the base oil chain (Kozdrach and Radulski, 2025b). This 
strengthens the grease structure, which can be observed as an improved 
resistance to deformation at 3–5 % BW. Graphite, on the other hand, as a 
chemically inert layered material, acts primarily mechanically. Its par
ticles do not chemically interact with the lithium soap network but 
disperse, facilitating the separation of the lithium and oil networks. As a 
result, the addition of graphite weakens the cohesion of the lithium 
grease fibers and causes a reduction of the yield point (at low concen
trations) or no significant change (at higher concentrations), without 
any major jumps in values. Unlike amorphous carbon, graphite forms 
layered films on surfaces rather than solid structures within the grease 
(Czarny and Paszkowski, 2007).

3.4. Tribological properties and wear scar characteristics

The anti-scuffing properties of the tested greases are assessed by 
analyzing the following parameters: weld load (WL), scuffing load (SL), 
limiting load of seizure (LLS), and limiting pressure of seizure (LPS). For 
the WL and LLS, no differences were observed between the values ach
ieved for the base grease and the greases with carbon additives. For all 
the tested greases, the weld load value is 4905 N, and the limiting load 
of seizure is 7200 N. The values of SL and LPS are presented in Fig. 7.

For all the tested greases with carbon additives, the scuffing load (SL) 
declines compared to the base grease. This may be due to the hardness of 
the carbon particles and their irregular shape. The initial stage of their 
polishing due to friction may negatively impact the time until the first 
signs of scuffing compared to the base grease (Kumar et al., 2020b). 
However, considering the values of LPS (Fig. 7), the carbon additives 
used have a very beneficial effect on anti-scuffing properties. This effect 
varies and depends on the type of additive and its concentration. When 

biochar is used as an additive in mineral grease, LPS value rises while its 
concentration grows. For 1 % BW, the LPS value is lower than the base 
value for MG. It can be concluded that this concentration of BW is 
insufficient to improve anti-scuffing properties. Increasing the BW 
concentration to 3 % raises the LPS value to 2595 ± 220 N/mm2 (a 
155 % increase compared to MG). Further increasing the BW concen
tration brings the LPS even higher – 3096 ± 113 N/mm2 (a 205 % in
crease compared to MG). In the case of graphite, such a relationship is 
not observed. The LPS value for 1 % G is 2347 ± 56 N/mm2. However, 
for 3 % and 5 % graphite, similar values are generated– 2617 
± 111 N/mm2 and 2560 ± 127 N/mm2, respectively. For all the 
graphite concentrations tested, the LPS value rises considerably 
compared to the base grease, by 131 %, 158 %, and 152 % for 1 %, 3 %, 
and 5 % G, respectively.

Comparing the results for various carbon additives at the same 
concentrations, with a 1 % addition, more favorable values are obtained 
for the graphite additive, an increase in LPS values by 146 % compared 
to 1 % BW. For the 3 % concentration, the LPS values are similar – 2595 
± 100 N/mm2 for BW and 2617 ± 111 N/mm² for G. However, at a 5 % 
concentration, higher values were observed for the biochar additive 
–LPS values are 21 % greater than for the graphite additive.

Based on these results, it can be concluded that, in terms of the 
limiting pressure of seizure, the optimal graphite concentration is 3 %. 
There are numerous scientific studies confirming the effectiveness of 
graphite as an additive that improves anti-scuffing properties (e.g. 
Azman et al., 2024; Kamis et al., 2024; Kumar et al., 2020a; Kumar et al., 
2021; Tan et al., 2022). Comparing our results for BW and G, it can be 
concluded that, in terms of anti-scuffing properties, biochar, an 
ecological material, can be successfully used as a replacement for 
graphite additives in mineral greases thickened with lithium stearate. A 
complete replacement of graphite with biochar while maintaining 
anti-scuffing properties is possible for a 3 % additive concentration (3 % 
G - 2617 ± 111 N/mm2, 3 % BW - 2595 ± 220 N/mm²). However, 
increasing the BW additive concentration to 5 % can further signifi
cantly raise LPS values (by 18 % compared to 3 % G).

In order to assess anti-wear properties, tribological tests of the tested 
greases are carried out at a constant friction node load of 392.4 N. Based 
on the diameters of the scar wear, the limiting load of wear (LLW) values 
are determined, shown in Fig. 8.

Based on the obtained data, it can be observed that the LLW depends 
on the type of carbon additive used and its concentration. The LLW 
values for greases with BW additive, its values are 1277 ± 64 N/mm2, 
1493 ± 81 N/mm2, and 1584 ± 176 N/mm2 for 1, 3, and 5 % G, 
respectively. For the graphite additive, they are 757 ± 58 N/mm2, 550 
± 36 N/mm2, and 455 ± 27 N/mm2 for 1, 3, and 5 % G, respectively. In 
both cases, very strong linear correlations are observed at the assumed 
significance level of 0.05. r coefficients for the dependence of the LLW 

Fig. 7. The scuffing load and limiting pressure of seizure obtained for the 
tested greases.
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value on the concentration of BW and G additives are 0.989 and − 0.966, 
respectively. For greases with BW additive, the LLW value increases with 
growing BW concentration. The use of biochar raises the limiting load of 
wear by 15 %, 35 %, and 43 % for 1 %, 3 %, and 5 % BW, respectively, 
compared to the base grease, for which the LLW is 1105 ± 51 N/mm2. 
However, for the G additive, a negative r coefficient was obtained, 
indicating that the LLW diminishes with increasing additive concen
tration. The LLW falls by 31 %, 50 %, and 59 % for 1 %, 3 %, and 5 % G, 
respectively, compared to the base grease. Comparing the LLW values 
obtained for the same concentrations of carbon additives, it was 
observed that in each case the results obtained with the biochar additive 
are more favorable than for the graphite additive – an increase of 69 % 
for 1 %, 171 % for 3 %, and 248 % for 5 %. The graphite used in the 
research is used in commercial mineral greases designed especially for 
the automotive industry, including truck fifth wheels. Operating con
ditions for such grease include high surface pressures (the total weight of 
the trailer and the dynamic forces during starting, braking, and turning 
cause very high loads), low relative speed, and boundary lubrication 
(the oil film may be very thin or broken in places, especially under heavy 
loads) (Graco, 2025; Shell, 2025). Therefore, the additives used in such 
greases must primarily fulfill anti-seize functions. Graphite is a widely 

known and used EP (extreme-pressure) additive for greases (Morstein 
and Dienwebel, 2021). Excellent anti-seize properties characterize it. 
However, this effect depends on many factors, including their origin, 
purity, granulation, and shape (Harne et al., 2022; Tamashausky, 2002). 
Its main function is to protect metal surfaces from seizure under high 
pressures or boundary lubrication, i.e., in conditions where the oil film is 
broken. To provide anti-wear properties, graphite is often used in 
combination with molybdenum disulfide, which is also primarily an 
anti-seize additive, but also possesses anti-wear properties (EP/AW). 
The synergistic effect of these additives provides the grease with a 
broader range of anti-seize protection (from moderate to very high 
loads) across a wider operating temperature range and in various 
environmental conditions (Vazirisereshk, 2019). Our research has 
shown that biochar obtained from the pyrolysis of wheat straw can be 
used as a graphite additive replacement, as it has excellent anti-seize 
properties and significantly improves the anti-wear properties of min
eral oil-based greases, eliminating the need to add molybdenum 
disulfide.

To characterize the tribological wear mechanism, the wear scar of 
steel balls is visualized after tribological tests conducted at a constant 
load of the friction node (Fig. 9), and their surface roughness is analyzed, 
including the determination of Sa, Sz, Sp, Sv, and Ssk (Table 1).

Based on the wear scar images, it can be concluded that the primary 
tribological wear mechanism in all cases is grooved wear. This typically 
results from the plastic deformation of a material under the influence of 
abrasive grains, used as carbon additives in the tested greases. Only 
some minor irregularities can be observed with BW as an additive. 
However, with graphite, the resulting V-shaped grooves are significantly 
deeper, and material deposition is observed at the outer edges of the 
trace. Furthermore, pitting is also noted for the highest graphite 
concentration.

Based on the roughness results, the roughness values do not differ 
with the biochar additive. For the BW additive, the Sa values are3.47 
± 0.60 µm, 2.43 ± 0.66 µm, and 4.61 ± 0.48 µm for 1 %, 3 %, and 5 % 
BW, respectively, and the Sz values are 13.3 ± 2.7 µm, 9.6 ± 3.0 µm, 
and 18.1 ± 2.5 µm, respectively. This trend in the result distribution is 
also maintained for the other analyzed parameters. This means a 
reduction in roughness by 70 %, 79 %, and 60 %, respectively, 
compared to the MG base grease. The roughness values obtained for the 

Fig. 8. The limiting load of wear of a tribological system lubricated with the 
tested greases.

Fig. 9. The images of wear scar after the tribological testing of greases: a) MG, b) 1 % BW, c) 1 % G, d) 3 % BW, e) 3 % G, f) 5 % BW, g) 5 % G.
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BW additive indicate that the tested scar surface can be classified as 
moderately rough. For the graphite additive, the roughness parameters 
Sa, Sz, Sp, and Sv increase with a growing graphite concentration. 
Comparing the roughness values obtained for the same concentrations of 
carbon additives, for each analyzed concentration, the scar wear sur
faces after the tribological testing of greases with graphite additives 
exhibit a higher roughness compared to the scar wear surfaces after tests 
with greases including BW additives. The values obtained for 5 % G are 
similar to those obtained for the base grease. The positive surface 
skewness values obtained for all the tested wear scars indicate that peaks 
dominate the tested surfaces. These are the side effects of the groove 
formation process, where some of the removed material is deposited on 
groove edges. This is also confirmed by the results obtained for the Sp 
and Sv parameters. In all the traces, the Sp peak heights exceed the valley 
depths below the Sv surface core.

The biochar protective mechanism is likely the result of several 
overlapping processes, which ultimately lead to improved anti-wear and 
anti-scuffing properties in lithium stearate-thickened mineral greases. 
The irregular shape of biochar can produce a surface polishing effect, 
contributing to reduced wear scar roughness (Adeniyi et al., 2021), but 
also causes the formation of micro-cavities. These micro-cavities help 
retain oil in the shear zone, creating a thin protective layer that reduces 
local peak pressures and thus prevents micro-seizure (Kumar et al., 
2020b). Ash contained in biochar can also settle in the depressions, 
reducing the depth of the valleys (a low Sv value), while simultaneously 
absorbing some of the load and thus providing additional surface pro
tection against wear (Akhtar et al., 2016). Unlike graphite particles, BW 
biochar has polar oxygen groups that strongly adsorb oil and thickener 
molecules, forming a durable, thin protective film on metal contacts (Yu 
et al., 2023). Thanks to these mechanisms, mineral greases with biochar 
additives provide better anti-wear properties compared to graphite 
additives.

The proposed wear mechanism is also confirmed by our previous 
preliminary studies on the use of biochar as a lubricant additive 
(Molenda et al., 2025b). These studies demonstrated that adding biochar 
to mineral grease reduced friction, but XPS analysis revealed no signif
icant differences in the spectral band positions recorded in the wear scar 
after tests with the base grease and the biochar grease. This indicates 
that no organic oxygen products form a boundary layer in the wear scar 
during friction under the test conditions. The decisive factor for the 
tribological properties is the presence of ordered graphite-like structures 
in the biochar, which facilitate lubricant interaction under friction 
conditions, rather than the formation of boundary layers (including 
lubricant components) that chemically bond with the tribosystem 
material.

4. Conclusion

The aim of the research presented in this article is to investigate the 
possibility of replacing graphite with biochar in mineral greases thick
ened with lithium stearate. This is an important issue because graphite is 
a critical raw material, meaning its availability and strategic importance 
are crucial to the economy. Graphite with a particle size below 35 µm, 
successfully used in commercially available mineral greases, is utilised 
for the study. Biochar is produced by the pyrolysis of wheat straw at 
500◦C. Both the carbon additives are compared in terms of their 

structure, the presence of functional groups, and specific surface area. 
The graphite used displays a low specific surface area and a lack of 
surface functional groups. The resulting biochar, on the other hand, has 
an ordered structure while retaining surface functional groups con
taining oxygen, a moisture content of approximately 3 %, an ash content 
of 11 %, and a specific surface area of 177.4 m2/g. To evaluate the po
tential for replacing graphite with biochar and compare the effect of 
carbon additive concentration on the properties of mineral greases 
thickened with lithium stearate, lubricant compositions are prepared 
with varying concentrations of biochar and commercial graphite (1 %, 
3 %, and 5 %).

The studies of the rheological and tribological properties of mineral 
greases thickened with lithium stearate demonstrate that biochar from 
wheat straw has significant potential as a graphite substitute. Among the 
parameters tested, the optimal concentration enabling a complete 
replacement of graphite with biochar is 3 %. Grease with 3 % BW added 
does not negatively influence rheological properties (3 % G: NLGI 2, 
mechanical stability – 4.78 ± 0.54 %, yield point at 20◦C - 408 ± 10 Pa, 
yield point at 40◦C – 252.1 ± 4.2 Pa; 3 % BW: NLGI 2, mechanical sta
bility – 4.28 ± 0.36 %, yield point at 20◦C - 431 ± 10 Pa, yield point at 
40◦C – 246.0 ± 8.0 Pa) and anti-scuffing properties (LPS values: 3 % G - 
2617 ± 111 N/mm2, 3 % BW - 2595 ± 220 N/mm2) and significantly 
improves anti-wear properties (LLW values: 3 % G - 550 ± 36 N/mm², 
3 % BW - 1493 ± 81 N/mm²). On an industrial scale, to impart anti- 
wear properties, graphite requires the use of other additives, most 
commonly molybdenum disulfide. This compound occurs naturally in 
the environment as the mineral molybdenite, but the improper handling 
of MoS2 causes soil and water contamination. Our results show that the 
BW additive has a positive effect on the anti-wear properties of mineral 
greases without requiring other additives.

The likely protective mechanism of biochar is a consequence of its 
specific properties, which impart beneficial properties to mineral 
greases. Irregular particle shapes and sharp edges can cause surface 
polishing on the one hand and the formation of micro-cavities on the 
other. The latter can serve a dual purpose: they can retain oil in the shear 
zone, leading to the formation of a protective layer, and they can serve 
as a deposition site for ash particles, which will absorb some of the load. 
The porosity of the biochar and the presence of polar oxygen groups on 
its surface also have a beneficial effect, strongly adsorbing oil and 
thickener molecules and creating a protective film on metal contacts.

The obtained research results also showed that replacing the graphite 
additive with eco-friendly biochar while maintaining the rheological 
and tribological properties of mineral lubricants eliminates the need for 
lengthy biochar grinding processes, which reduces the time and cost of 
pre-preparing biochar additives. The effect of biochar fraction size on 
the rheological and tribological properties of mineral lubricants thick
ened with lithium stearate will be the subject of our further, more 
detailed studies.

Data statement

Data sets are available at: https://doi.org/10.5281/zenodo.16925 
172

Table 1 
Surface roughness parameters of wear scar after tribological tests.

Parameters MG 1 % BW 1 % G 3 % BW 3 % G 5 % BW 5 % G

Sa [µm] 11.5 ± 1.6 3.47 ± 0.60 4.69 ± 0.52 2.43 ± 0.66 10.5 ± 1.0 4.61 ± 0.48 12.42 ± 0.79
Sz [µm] 48.8 ± 2.0 13.3 ± 2.7 18.2 ± 7.0 9.6 ± 3.0 36.9 ± 6.6 18.1 ± 2.5 41.1 ± 4.1
Sp [µm] 34.6 ± 3.7 9.3 ± 1.5 15.6 ± 6.8 6.1 ± 1.4 27.6 ± 4.9 13.6 ± 2.4 29.3 ± 3.1
Sv [µm] 14.2 ± 2.0 4.0 ± 1.3 2.59 ± 0.75 3.5 ± 1.5 9.2 ± 1.7 4.47 ± 0.32 11.9 ± 1.4
Ssk 0.53 ± 0.38 0.65 ± 0.14 1.98 ± 0.32 0.41 ± 0.19 0.83 ± 0.05 0.97 ± 0.18 0.54 ± 0.14

M. Łożyńska et al.                                                                                                                                                                                                                              Industrial Crops & Products 242 (2026) 122913 

9 

https://doi.org/10.5281/zenodo.16925172
https://doi.org/10.5281/zenodo.16925172


CRediT authorship contribution statement
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