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Institute of Soil Science and Plant Cultivation-State Research Institute, 24-100 Pulawy, Poland;
aberbec@iung.pulawy.pl (A.K.B.); jurek@iung.pulawy.pl (J.G.)
* Correspondence: mwyzinska@iung.pulawy.pl

Abstract: The agricultural application of biocarbons (biochar) derived from different biomass sources
in the process of pyrolysis is a promising solution for crop productivity and quality, soil health
improvement, and carbon sequestration. In a three-year study, the effects of low doses of biochar
(1 t·ha−1 and 3 t·ha−1) of different origins on winter wheat grain quantity and quality were tested.
Six different biochar types were used: biochar derived from wheat husk (WHB), (2) extracted medical
plant biomass biochar (MPB), (3) wood chip biochar (WCB), (4) wood sawdust biochar (SB), (5) biochar
made from straw of rye (RSB), and (6) meat and bone biochar (MBMB). Higher doses of biocarbon
had a positive effect only on wet gluten content. The use of different types of biochar showed a
significant impact on grain parameters; however, the results were different in different years of this
study. Among the tested biochars, SB (Saw Dust biochar) showed rather good results for most of the
parameters tested (the highest grain yield in 2018, the highest weight of 1000 g in 2019, the lowest wet
gluten content and gluten index in 2020, the lowest falling number in 2019, and the highest Zellenys
index in 2019). MBMB biochar was one of the highest yielders in 2018, had the highest wet gluten
content in 2018, and the highest gluten index in 2019 and 2020; the lowest Zelleny’s sedimentation
index in 2019; and one of the lowest in 2020. Those made SB and MBMB the most promising biochars
tested in this study.

Keywords: biochar; winter wheat; cereal yields; grain quality

1. Introduction

The recent increase in the world’s population means that the demand for food is
also increasing. This demand, depending on the scenario, will have to increase by 35% to
56% between 2010 and 2050 [1]. Some estimates indicate that food production between
2005 and 2050 will have to increase even more, even up to 70% by 2050 [2]. The total
earth’s population is expected to reach 9.7 billion people in 2050 [3]. These projections are
becoming realistic through the breeding of more productive and higher-yielding varieties,
but also through agrotechnical advances and more efficient use of nutrients [4,5]. Another
way to meet those growing demands is the introduction of products and substances that
improve soil fertility and its properties, and thus soil productivity. One of the key aspects
is defining soil properties: biological, physical, chemical, and microbiological. Thanks to
such determinations, we can observe how agricultural activities affect the soil environment
and ecosystem services provided by soil [6,7]. The impact of crop cultivation under
intensive agriculture principles is rarely positive. Recently, one of the main issues and
challenges of global agriculture has been coping with negative environmental impacts,
such as the loss of soil organic matter (SOM) [8,9]. SOM is of unique importance for many
biochemical processes, including climate change mitigation potential and agricultural
water management. This is prompting a search for alternative sources of organic matter
that can contribute to soil organic matter and humus concentration and thus improve soil
fertility [10]. Significant changes in the quality and quantity of humus compounds can
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be caused by the addition of an external source of organic matter [11]. The challenge of
increased sequestration of carbon in soil is also a challenge for the European Union’s (EU)
policymakers, as reflected in recent programs and strategies, of which the European Green
Deal [12] is of the greatest importance. In the European Union (EU), current legislation
allows the legal use of biocarbon as a soil improver for agricultural purposes, including
organic farming, according to specific criteria for contaminant content, including heavy
metals and Polycyclic aromatic hydrocarbons (PAHs) [13].

One of the external sources of organic matter for soil is biochar (also known as biocar-
bon), which has been one of the leading research topics in Europe in recent years. Industries
such as biocarbon generation, its modifications, and the manufacture of biocarbon-based
products are developing rapidly. The International Biochar Initiative defines biocarbon as a
fine-grained carbonate with a high organic carbon content and low degradability, obtained
by pyrolysis of biomass and biodegradable wastes [14].

Biocarbon is primarily used as a measure in environmental protection and agriculture.
It is a solid renewable fuel extracted from various types of biomass by pyrolysis [15].
The material from which biocarbon is produced can be diverse, and almost any biomass
can be the substrate for biocarbon generation (energy crops, forestry waste, rapeseed
straw, sunflowers, maize cobs, but also sewage sludge, organic waste, or manure) [16–20].
Biochar can enhance soil fertility by providing a habitat for microorganisms and beneficial
bacteria. It acts as a porous structure, offering a refuge for soil microbes and promoting their
activities. This microbial activity helps in nutrient cycling and improves the availability of
essential nutrients to plants. Biochar has a high cation exchange capacity (CEC), meaning it
can retain and exchange essential nutrients such as nitrogen, phosphorus, and potassium.
This can lead to better nutrient availability for plant uptake and reduce nutrient leaching,
promoting more efficient fertilizer use [21]. Moreover, biochar’s porous structure also
improves water retention in soils. It can hold onto water during wet periods and release it
during dry periods, helping to maintain more consistent moisture levels. Additionally, it
improves drainage in clayey soils, preventing waterlogging and enhancing aeration. The
water-holding potential of biochar is especially visible on coarse-textured soils [22]. Biochar
can also help regulate and stabilize soil pH. It has a neutral to slightly alkaline pH, and
when added to acidic soils, it can contribute to raising the pH, making the soil more suitable
for a broader range of crops, and, again, contributing to nutrient availability for plants [23].
Some studies suggest that biochar can bind with heavy metals in the soil, reducing their
availability for uptake by plants. This may be beneficial for grain quality by minimizing
the accumulation of heavy metals in grains [24–26].

The above-mentioned properties of biocarbon indicate the great potential for the use
of this material in cereal crop production. Among cereals in the European Union, wheat
accounts for nearly 46% of grain production. It is also an important crop in Poland, as it
takes first place in terms of its share in the sowing structure (28%). In the case of wheat, it
is not only the volume of grain yield obtained that is important, but also its quality, which
is determined by the requirements of the milling and baking industry [27].

The impact of biochar (biocarbon) on wheat yield can depend on various factors
mentioned above, including the type of biochar used (determining the size of carbon
particles and its chemical composition) and its application rate as main factors. The aim of
this study was to determine the effect of the type (biochar origin) and dose of biocarbon
on winter wheat yields and selected characteristics of the technological value of grain
and flour.

2. Materials and Methods

In the three growing seasons of 2017/2018, 2018/2019, and 2019/2020, a two-factor
pot experiment was conducted in six replicates at the Vegetation Experiment Hall of IUNG-
PIB in Puławy, Poland. The first factor of the first order was the type of biochar (source
material that was used during the pyrolysis process): (0) control object (no biochar added),
(1) wheat husk biochar (WHB), (2) biochar made from extracted medical plant biomass
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(MPB), (3) wood chip biochar (WCB), (4) wood sawdust biochar (SB), (5) biochar made from
rye straw (RSB), and (6) meat and bone biochar (MBMB). WHB and MPB biocarbons were
market products with the appropriate certificates (certifying their quality and composition)
purchased in Germany. WCB biocarbon was a market product purchased in Poland (it was
available on the market at the time but is now discontinued). The other three biocarbons (SB,
RSB, and MBMB) were produced for the purposes of this experiment by an external entity.
Pyrolysis temperature and time, as well as the chemical composition of the tested bicarbons,
are given in Table 1. Subjectively, according to this study authors, MBMB biocarbon was
the most fine (smallest particle size). In contrast, the RSB biocarbon was characterized by
the largest particles (fragments of charred stalks—straws were visible). Other biocarbons
tested had medium particle sizes. Charred seed husks were visible in WHA biocarbon,
while pieces of charred plants have been visible in MPB biocarbon. Accurate particle size
measurements were not made under this study. The second factor of the experiment was
the rate (dose) of biochar: (1) 1 t·ha−1, (2) 3 t·ha−1. The experiment was conducted in a
completely randomized design, in Micherlich pots filled with 7 kg of soil. Soil was taken
from a field where the crop rotation was 100% cereals. The soil for this study was taken
from the top layer (0–30 cm) of Haplic Luvisol, made of clay. The content of selected
elements in the soil was: total carbon—0.90%; organic carbon—0.78%; total N—0.10%;
P2O5—27.7 mg·100 g−1; K2O—28.2 mg·100 g−1; pH—6.08. The soil for the experiments was
taken after 3 years of research and stored frozen. The soil was replaced in each year of this
study, and fertilizers and biocarbons were added in the same way in each year of this study.
Thus, each year, the seeds were sown in new soil with the same physical and chemical
parameters. Because of this design, it was impossible to track the addition of carbon over
time, and the results of each year must be evaluated independently. The experimental
plant was winter wheat, variety Hondia (10 plants per vase). Before filling the vases with
soil, the appropriate type of biocarbon was added to the substrate along with the relevant
fertilizers and then mixed with the soil. Nitrogen in the form of NH4NO3 was applied at a
dose of 3.6 g N·vase−1: 1/2 at the beginning of vegetation (spring) and 1/2 dose at the BBCH
30–32 (ger. Biologische Bundesanstalt, Bundessortenamt und Chemische Industrie)—a stem
shooting stage of wheat. Fertilization of the remaining components per pot was as follows:
P2O5—2.52 g in the form of KH2PO4; K2O—2.04 g in the form of K2SO4; Mg—0.5 g in
the form of MgSO4. In addition, iron (50 mg per pot), boron (5 mg per pot), manganese
(3 mg per pot), and copper (3 mg per pot) were also added to the substrate in the forms
of Fe(NH4)2, C3H6N6·xBH3O3, C10H12MnN2O8·2Na, and Cu(NH4)2, respectively. The
moisture content of the substrate was maintained at 60% water capacity throughout the
growing season. The characteristics of the biocarbon types are shown in Table 1.

Table 1. Chemical composition of the tested biochar.

Type of Biochar Total Carbon (%) N (%) S (%) P (%) pH Pyrolysis
Temperature (◦C)

Time of Pyrolysis
(min)

WHB 70.8 3.9 0.074 0.320 8.50 550 nd 1

MPB 63.5 1.8 0.890 0.095 10.00 600 nd
WCB 67.6 2.4 <0.100 0.330 6.79 500 4–7

SB 42.6 3.6 0.224 4.420 6.78 550 240
RSB 70.5 1.2 0.146 0.260 9.65 550 180

MBMB 75.6 1.9 0.136 0.120 8.32 550 240
1 nd—no data (the producer did not provide it in the certificate).

When wheat reached the full maturity-growing stage, tested plants were harvested.
After the harvest, the following were determined: grain yield per pot and selected char-
acteristics of the technological value of grain and flour: weight of 1000 grains (PN-68/R-
74017 [28]), falling number (PN-EN ISO 3093 [29]), wet gluten content (PN-A-74042 [30]),
gluten index, and Zelleny sedimentation index (PN-EN ISO 5529 [31]).
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The falling number was determined using the Hagberg-Perten method [29]. The grain
sample was ground on a laboratory mill (grinder). An automatic equipment Falling Number
1500 was used for the determination. A total of 7 g of flour with a moisture content of
15% was weighed for analysis in order to ensure a constant level of dry matter content. A
sample of middlings in a viscometric tube, together with a stirrer, was placed in a boiling
water bath. The use of equipment automatically measured the stirrer’s rate of descent in
the starch glue. The determination was performed in duplicate. The amount of wet gluten
in wheat grain and its index were determined.

The amount of wet gluten in wheat grain and its index were determined according
to PN-A-74042 [30]. Grain samples were ground on a laboratory mill (grinder). A Gluten
Index System was used to determine the amount of wet gluten and its quality. The method
involves kneading the dough (with 10 g of flour sample and 4.8 cm3 of 2% NaCl) and
washing out the starch with a 2% NaCl solution. The process was carried out automatically
in a single sequence for 5 min. Centrifugation of the formed gluten was carried out on
sieve cassettes at 6000 +/−5 rpm.

The Zeleny sedimentation index was determined according to PN-EN ISO 5529 [31]
for wheat. The determination of sedimentation index and Zeleny Test was carried out on
an apparatus consisting of a measuring panel and a SWD—89 Sadkiewicz type shaker
(Sadkiewicz Instruments, Bydgoszcz, Poland).

Average monthly temperatures during subsequent years of this study are given in
Table 2.

Table 2. Monthly temperatures during the subsequent year of the experiment and multi-year annual
(1981–2010) (◦C).

Month 2017/2018 2018/2019 2019/2020 1981–2010

IX 14.1 15.5 14.4 13.3
X 9.5 10.0 10.8 8.0
XI 4.5 4.2 6.4 2.7
XII 2.4 0.9 3.1 −1.4

I 0.6 −2.4 1.7 −3.3
II −3.5 2.9 3.4 −2.3
III 0.3 5.7 4.7 1.6
IV 13.9 10.0 8.9 8.7
V 17.7 13.9 11.9 14.5
VI 19.6 22.7 19.1 17.2
VII 21.0 19.4 19.3 19.5
VIII 21.1 20.4 20.3 17.8

The results were statistically analyzed with the Tukey test at p ≤ 0.05.

3. Results and Discussion
3.1. Winter Wheat Yields

Winter wheat grain yield did not depend on the biocarbon dose (Figure 1). However,
in the first year of this study, the type of biocarbon had a significant effect on winter wheat
grain yield. Both biocarbons from forestry waste (WCB and SB) had a positive effect on
yields (Figure 2). It should also be noted that in the other years of this study, the differences
were not statistically significant, but the introduction of biocarbon into the soil resulted
in a trend towards higher grain yields in winter wheat (Figure 2), regardless of the type
of biocarbon. On the other hand, recent studies showed that different types (origins) of
biochar can have a significant effect on yields. For example, Lilli et al. [32] have proven
that tomato yields can increase even up to 175% when treated with biochar of specific
origin and with appropriate fertilization. A study by Gebremedhin et al. [33] indicates a
beneficial effect of biocarbons on wheat yield and yield structure traits. The application
of biocarbon at 4 t·ha−1 resulted in an increase in grain and straw yield compared to
the control. Różyło et al. [24] found that amendment of sewage sludge with 5% biochar
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can significantly improve yield quantity, but also some grain quality traits. In a study
by Khan et al. [34], an increase in wheat grain yield was also observed, but after the
application of biocarbon at much higher doses than in the present study (20 t·ha−1 and
urea at 150 kg N·ha−1. A positive effect of biochar amendments on cereal yields, especially
when combined with nitrogen fertilization, has been reported in multiple studies [35–38].
Zhu et al. [39] also found that biochar amendment to soil could also stimulate the growth
of crop root systems, which can also be a factor that, over time, improves the utilization
rate of nutrients available in soil.
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No statistical differences between tested biochar (and control) were found in the third
year of this study, and all tested objects reached high yields (of about 45–50 g per pot).
The yields for almost all objects (also for control) showed a trend to be the highest, and
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at a similar level, in the third year of this study. This may indicate that in the third year
of this study, factors other than biochar amendment were mainly responsible for wheat
yields. As the soil used in the experiment was removed after each year of the experiment,
the increasing saturation of the soil sorption complex with nutrients in the following years
could not be a factor. The possible answer is that biochar impact on plant yields was
strongly affected by natural conditions, which were, naturally, slightly different in each
year of this study.

3.2. Grain Characteristics

The grain of wheat utilized for consumption must be distinguished by its quality,
which is determined by grain and flour quality parameters. In general, a distinction
is made between the physical parameters of the grain (e.g., 1000 grain weight) and the
qualitative parameters (e.g., falling number, Zelleny sedimentation index value, gluten
content, gluten index). In our study, the assessment concerned selected physical and
qualitative properties of the grain.

3.2.1. Mass of Thousand Grains

The mass of a thousand grains is a measure used in agriculture to assess the weight of
a specific number of grains. It is an important parameter as it provides information about
the size and weight of individual grains. It can be influenced by crop genotype, growing
conditions, and agricultural practices. Farmers and researchers use this information to
evaluate crop yield and seed quality and to make decisions about seed selection and
planting practices.

In all years of this study, only a trend towards higher 1000 grain weight was found
with the application of biocarbon at 3 t·ha−1. However, the differences were not sta-
tistically proven (Figure 3). Billah et al. [40] found that an amendment of biochar can
significantly improve the mass of a thousand grains. However, the strength of the effect
is supported by the size of the biochar particles—the smaller the particles; the more
visible the positive effect.
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Analysis of the effect of the type of biocarbon on the weight of 1000 grains showed that
only in the second year of this study, amendments of biocarbon significantly increased the
mass of thousand grains compared to the control object (no added biocarbon). However,
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none of the tested biochar types showed statistically better results than others in this matter.
Amendment of biocarbon obtained from woody biomass (WCB and SB) again showed
a trend to have the best potential of 1000 grain mass (similarly as for yield potential)
(Figure 4).
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3.2.2. Wet Gluten Content and Gluten Index

Gluten is a complex mixture of proteins found in wheat and related grains like barley
and rye. It plays a crucial role in the baking industry due to its unique properties that
contribute to the texture, structure, and overall quality of baked goods. Since nitrogen
fertilization is one of the key aspects influencing gluten content [41], the amendment
of biocarbons, which can hold and release nitrogen, might have a significant impact
on gluten content. In the presented study, the total dose of biocarbon significantly
differentiated the amount of wet gluten only in the first year of this study (Figure 5). The
application of biocarbon at 3 t·ha−1 resulted in a higher value for this parameter. In the
following years of this study, only a trend towards increased wet gluten amounts with
increased biocarbon doses was observed. According to Khan et al. [34], the application
of biocarbon at much higher rates than in the presented study (20 t·ha−1) resulted in
an increase in the protein content of wheat grain and straw. This was also confirmed
by Selivanovskaya [42] for biochar used at 30 t ha−1. Also, Shahzad et al. [43] found an
increase (by 6.8 g·kg−1) in the protein content of wheat grain cultivated with biochar
amendment. Kraska et al. [44] found that 20 t ·ha−1 of biochar amendment resulted in a
higher protein content of rye grain than biochar applied at 30 t ·ha−1. In the presented
study, the type of biocarbon significantly shaped the amount of wet gluten in winter
wheat grain in 2018 and 2020 (Figure 6). In 2018, the best value for this indicator was
found on the site where meat and bone meal biocarbon was used. In 2020, MPB biochar
had the highest content of wet gluten. WCB biochar showed one of the highest wet
gluten contents in both 2018 and 2020.
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The gluten index is a measure of the gluten strength in wheat flour. It provides
information about the quality of gluten and its ability to form a stable and elastic network
in dough. The gluten index is an important parameter in the baking industry, particularly
in the production of bread and other baked goods. There was no significant effect of the
biocarbon dose on the gluten index (Figure 7). There was only a trend toward better gluten
quality with a higher biocarbon dose, but the differences were not statistically proven. In
all years of this study, the type of biocarbon had an effect on the gluten index. However,
the effect was not the same in all years. In 2018, the highest value of this parameter was
found for the biocarbon amendment made from forestry waste (WCB). In 2019 and 2020, a
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significantly higher value of this index was found in the objects where biocarbon derived
from meat and bone meal was used (MBMB) (Figure 8).
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biochar types.

3.2.3. Grain Falling Number and Sedimentation Index

The falling number (FN) is a measure of alpha-amylase activity in grain and serves
as an international standard of grain quality. It is determined through a test known as
the Falling Number Test or Amylograph Test. This test is widely used in the flour milling
and baking industries to assess the enzymatic activity that affects the quality of wheat
and flour. High nitrogen fertilizer application can decrease the falling number due to
increased alpha-amylase activity caused by the higher moisture of plant tissues. However,
nitrogen application can also delay maturity, which may maintain a high falling number.
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The relationship between nitrogen application and alpha-amylase activity is complex and
context-dependent [45]. Excessive nitrogen, especially if applied late in the growing season,
can increase the risk of pre-harvest sprouting and affect enzyme activity [46]. Moreover,
grain falling can be affected by weather conditions. Barnard and Smith [47] found a negative
impact of rainfall during the late stages of grain development on FN for some of the tested
cultivars. The falling number, according to Hruskova et al. [48], can be strongly affected
by weather conditions, especially higher temperatures, which can be positively correlated
with FN. In the present study, FN showed a tendency to reach higher values in 2019, with
temperatures in June being the highest of the three years. However, at the same time, the
average temperature in April and May 2019 was lower than in 2018 and 2020 (Table 2). This
might show that temperatures, especially at the last development stages, can be crucial for
the development of quality parameters.

The Zelleny sedimentation index relates to both the quality and quantity of protein
in the grain and therefore has an impact on the quality of the bread obtained and, in
particular, its structure. Its higher values are desirable, which can be promoted by, for
example, nitrogen fertilization [49]. A high sedimentation rate should be combined
with a high content of glutein proteins, especially glutein itself, which is particularly
important for the baking industry [50]. In the present study, there was no effect of
biocarbon dose on the value of the falling number (Figure 9), however falling number was
significantly influenced by biocarbon type in 2018 and 2019 (Figure 10). The value of the
Zelleny sedimentation index was not influenced by biocarbon dose (Figure 11). However,
the type of biocarbon used significantly differentiated the Zelleny sedimentation index
values between tested objects (Figure 12). Differences in falling numbers between
different biochar types were found for 2018 and 2019. In 2018, MBMB had the highest
value of falling numbers, whereas in 2019, MBMB biochar had the lowest value of falling
numbers. This indicates that this parameter was strongly affected by other factors than
biochar amendment type, most likely weather conditions. The biochar type used had a
significant impact on the Zelleny sedimentation index in all three years of this study. In
2018, all tested objects showed low values of the index; however, the highest values were
observed for the control object and MBMB biochar. In 2019, SB biochar had the highest
value of the Zelleny index (biochar with one of the highest concentrations of nitrogen). In
2019, the MBMB biochar showed the lowest value of this parameter. In 2020, RSB biochar
had the highest Zellenys sedimentation index (biochar with the lowest nitrogen content),
while SB biochar had one of the highest values of this parameter. The results showed
one more time that the impact of biochar type on grain quality parameters is visible but
highly variable and dependent on external parameters. Zelleny’s sedimentation index,
as a grain-falling number, can be strongly influenced by weather conditions [51]. Stepien
and Wojtkowiak [52] found that higher N fertilization rates positively impact Zelleny’s
sedimentation index. However, as in our study, biochars with the highest concentration
of nitrogen (SB and RSB) had different results in Zelleny’s sedimentation index in
different years, indicating weather as the most important driving factor for Zelleny’s
sedimentation index values. As wheater conditions (minmal, maximal temperatures,
rainfall, and humidity) have a strong impact on both falling number and sedimentation
index, we assume that those parameters of wheat’s grain were strongly influenced
by both weather conditions in the following years of this study, as well as nitrogen
availability (modified by the type of biocarbon used), hence the large variations in this
factor between years and between the types of biocarbon used.
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4. Conclusions

The dose of biocarbon had little effect on the quantity or quality of winter wheat grain.
Of the parameters tested, only the gluten content showed a positive response to a higher
dose of biocarbon. The lack of a significant response from the other factors tested may
be indirectly due to the deliberate selection of low doses of biocarbon treatments. In the
literature, tested biochar doses are often 20 tons or even 30 tons per hectare. These are
doses at which the effect of biocarbon is pronounced, but the unit cost of applying this
treatment makes this treatment not feasible for everyone (the cost of 1 tonne of biochar
was estimated by Nematian et al. [53] at USD $450, even up to USD $1850). Lower doses
seem to be more realistic and thus worth testing. The type of biocarbon used, which was
inversely related to the dose, had a significant effect on many of the parameters tested. This
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could have been influenced by the characteristics of the raw material, its physical properties
(particularly the size of biochar particles) or chemical properties (carbon content, macro-
and micronutrient content), and pH. SB biocarbon (Saw Dust biochar) showed rather good
results for most of the parameters tested. Also, MBMB biochar showed interesting results,
especially in terms of gluten content. It also showed a tendency to promote high grain
yields. Those two types of biocarbons had different properties, especially in terms of carbon
content. In addition, the MBMB was the biocarbon that were physically the finest (had the
smallest size of particles), according to the authors’ data (no confirmation of this is in the
table). In the present study, those two types of biochar can be recommended for further
testing. Especially the low carbon content and high Nitrogen and Phosphorus content
are the two parameters that could make SB biochar valuable for agricultural production.
Tomczyk et al. [20] found that C content is higher in biochars produced at higher pyrolysis
temperatures. Lower C content promotes higher ash and volatile solid contents. Moreover,
sawdust is a waste that could possibly be obtained easily, in high amounts, and with a high
rate of uniformity.
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