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Biochar (BC) is an eco-friendly soil conditioner that mitigates climate change and
promotes sustainable agriculture. However, selecting the appropriate
commercial biochar and its application for specific soil and crop types
requires research. The present work explores the effects of two commercial
biochars (BC-I and BC-II) on sorghum plants grown in sandy loam soil under
greenhouse conditions. The study characterized themorphological and chemical
properties of BCs, including structure, surface area, porosity, elemental
composition, and functional groups. Sorghum plants were cultivated in soil
amended with biochar at varying application rates of 2.5%, 5%, 10%, and 15%,
corresponding to 7, 14, 28, and 42 tons per hectare, respectively. Plant
performance was evaluated using chlorophyll content (SPAD), relative water
content (RWC), Leaf area (LA) and biomass. Soil carbon content was analyzed
using elemental and total organic carbon analysis. Macro- and micronutrients
content in soils were also determined.Our findings suggest that compared to BC-
II, BC-I exhibited a higher abundance of surface functional groups, greater
micropore volume, and a significantly larger pore surface area, indicating its
superior physicochemical properties. Except for the 2.5% application rate, all
other biochar (BC) rates (namely, 5%, 10%, and 15%) significantly enhanced soil
carbon content. Notably, the 5% application rate resulted in the most substantial
improvement in soil nutrient levels, including calcium (Ca), potassium (K),
magnesium (Mg), and phosphorus (P), compared to the other rates. Sorghum
plants treated with lower application rates (2.5% and 5%) of both BC-I and BC-II
exhibited significantly enhanced RWC, chlorophyll content, and shoot biomass
compared to those treated with higher rates (10% and 15%). Among these, the 5%
composite BC-I application demonstrated the most consistent improvement in
plant physiological traits (RWC and SPAD) and growth parameters (LA and
biomass). However, neither BC variants significantly improved soil nitrogen
levels. Our findings indicate that a 5% application rate of composite BC-I
provides the most effective balance between enhancing plant performance
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and improving soil quality in sandy loam soil. Future research on biochar production
efforts should prioritize blending this biochar with nitrogen-rich organic fertilizers
to address nitrogen limitations and further enhance soil fertility.

KEYWORDS

application rate, biochar, nutrients, soil carbon, sorghum

1 Introduction

The world population is growing at an alarming rate, making the
need for food security urgent (Ranganathan et al., 2018).
Accordingly, the United Nations (UN), under its Sustainable
Development Goals, has emphasized the necessity to ensure
sufficient and nutritious food for the growing human population
(UN, 2023). However, these goals are challenged by climate change,
which threatens agricultural productivity and food systems around
the world (USDA, 2015). The Intergovernmental Panel on Climate
Change (IPCC) has reported rising temperatures, unpredictable
rainfall, and more frequent extreme weather events (IPCC, 2014).
These changes are affecting crop yields, making it harder to produce
enough food to meet the growing world population demand (IPCC,
2014). It is, therefore, critical to develop sustainable agricultural
practices and innovative strategies that can improve food security
while mitigating the negative effects of climate change.

Biochar represents an innovative approach within the circular
bioeconomy, facilitating the transformation of agricultural and
forestry residues into high-value soil amendments. Aligned with
the principles of the circular economy (CE), this strategy emphasizes
the sustainable and regenerative utilization of resources, aiming to
retain their economic value while mitigating environmental
degradation (Papageorgiou et al., 2022). Produced via pyrolysis
under limited or no oxygen conditions, biochar exhibits
enhanced nutrient density, porosity, adsorption capacity, and
functional group diversity (Waheed et al., 2025).

Use of biochar, as it is a carbon-rich soil conditioner, can be a
valuable strategy to mitigate climate change (Masud et al., 2023).
Adding biochar to soil can capture about 50% of the carbon in
plant biomass, which otherwise would be released into the
atmosphere as the plants decay or are exposed to fire (Nan
et al., 2022). Thus, incorporating biochar into soil increases
soil carbon storage, thereby reducing the amount of carbon
dioxide released into the atmosphere (IPCC, 2022). Moreover,
biochar is a highly stable and resistant material that does not
easily decompose in the soil (Matustik et al., 2020). Therefore, it
is an effective way to store carbon for the long term, significantly
enhancing soil’s potential to reduce greenhouse gas emissions
(Kalu et al., 2022).

Biochar also enhances soil fertility (Mousavi et al., 2023; Nepal
et al., 2023). Its porous structure allows it to absorb and store water
and nutrients, increasing their availability to plants (Dokoohaki
et al., 2019). This availability can lead to increased crop yields,
especially in degraded and poor-quality soils (Xu et al., 2021).
Moreover, biochar reduces soil acidity and increases microbial
activity, promoting healthier, more productive soils (Xia et al.,
2023; Waheed et al., 2025). Hence, integrating biochar into
agricultural practices helps farmers pursue sustainable farming
practices that support both food security and environmental
protection (Kabir et al., 2023).

Extensive research on biochar has been documented in the
scientific literature (Lehmann et al., 2021; Mehmood et al., 2022),
with a marked increase in both study and application over the past
decade. This reflects a growing global interest in its potential benefits
(Dokoohaki et al., 2019; Wang et al., 2023). Studies have shown that
various biochars have been developed, differing in size, production
methods, and feedstock sources (Mishra et al., 2019; Amalina et al.,
2022; Rajput et al., 2024).

Although several biochars have been produced, they do not equally
and similarly contribute to climate mitigation and soil improvement
(Verheijen et al., 2009). These differences occur mainly because the
effectiveness of biochar depends on the biochar’s physical, chemical,
and biological properties (Blanco-Canqui, 2017; Weber and Quicker,
2018), which are influenced by the feedstock type and production
conditions (Yaashikaa et al., 2020; Khan et al., 2023). Scientific reviews
show that biochars derived from different biomass sources vary in
nutrient content, pH, and porosity; and influence their carbon
sequestration potential and impact on soil fertility (Atkinson et al.,
2010; Wang et al., 2023). Therefore, specific biochar must be
characterized in detail and evaluated before application to ensure it
meets the desired objectives for climate mitigation and soil
improvement. In addition, it is important to determine the type of
biochar suitable for specific soil and crop conditions and its optimal
application rate (Lue et al., 2017; Zhang et al., 2019). The optimal
application rate of biochar can depend on factors such as soil type,
climate, and crop requirements (Chen et al., 2024). Considering such
factors helps to identify the most effective biochar formulations and
application strategies, which can significantly contribute to mitigating
climate change and boosting agricultural productivity (Matustik
et al., 2020).

Accordingly, for the use of biochar to be most efficient and
effective, it needs to be suited to local or regional conditions (Li et al.,
2024). This study, therefore, aimed to characterize some commercial
biochars in United States and evaluate the effects of different
application rates on soil carbon content, nutrient levels, and
plant growth. Since the research was conducted in Prairie View,
representing the Southeast Texas environment, the findings provide
a strong foundation for biochar application across Southeast Texas
in United States. In addition, this study can serve as a model for
similar research in other regions.

2 Materials and methods

2.1 Biochar selection

Two commercially available biochars (BCs) were selected. To
maintain ethical standards, we have avoided using their trade names
and referred to them as BC- I and BC-II. BC-I was derived from pine
wood pyrolysis at 500 °C, while BC-II was produced from pine wood
and other tree plants combined at 450 °C. BC-I had two forms:
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sieved (<0.13 mm) and composite (coarse); whereas BC-II was
produced in different sizes such as large (1inch or 25.4 mm-
3 mm), medium (3mm-26 mesh or 0.97 mm) and small
(26 mesh–50 mesh, which is equivalent to
0.97 mm–0.29 mm) (Figure 1).

2.2 Method of biochar characterization

We used CHNS elemental analysis (CHNS, Elementar Americas
Inc., New York) to determine the carbon, hydrogen, nitrogen, and
sulfur contents of the biochars. Oxygen was not directly measured;
instead, we applied a proxymethod based on Budai et al. (2020), who
used a reduction approach to estimate oxygen content with the
formula: %Oxygen = 100% – [%CHNS + %Ash]. Moreover, The
H/C and O/C ratios were used as proxies for assessing biochar’s
resistance to decomposition in the soil following Budai et al. (2020).
The H/C and O/C ratios are key indicators of biochar persistence in
soil (Li and Tasnady, 2023).

Cation composition of each biochar was analyzed using
inductively coupled plasma optical emission spectroscopy (ICP-
OES, 5100-ICP-OES, Agilent Technologies). Scanning Electron
Microscope (SEM) coupled with Energy Dispersive X-ray (EDX;
JOEL JSM-6010LA, Japan) analysis were employed to observe the
biochar’s surface morphology and elemental composition. The
porosity of biochar was characterized using the
Brunauer–Emmett–Teller (BET) method (Brunauer et al., 1938)
by measuring nitrogen adsorption-desorption isotherms to
determine surface area and pore volume. Fourier Transform
Infrared (FTIR) spectrometer (JASCO/FTIR-6300, Shimadzu,
Japan) was utilized to identify and analyze the functional groups
on the biochar surface, using a scanning resolution of 4 cm-1 across a
wavenumber range of 5,000 to 400 cm-1, providing insights into its
chemical composition and potential interactions in soil.

2.3 Experimental procedure

The study was conducted in a greenhouse at the Bill and Vara
Daniel Ranch and Farm, Prairie View A&M University (PVAMU),
College of Agriculture, Food and Natural Resources (CAFNR),
Prairie View, TX, United States. The study was conducted with
Sorghum plants. Each pot was filled with 10 kg of soil and treatment

mixture. The pots were arranged in a completely randomized design
(CRD) in a greenhouse with 12 h of supplementary light each day
and a daytime temperature ranging from 20 °C to 30 °C throughout
the growing period.

The experiment consisted of 20 treatment combinations,
incorporating five distinct biochar types (sieved, composite, large,
medium, and small) each applied at four different rates: 2.5%, 5%,
10%, and 15% (w/w). These application rates were determined to be
equivalent to approximately 7, 14, 28, and 42 t/ha, respectively. The
conversion was based on measurements using a soil profile sampler
with a surface area of 20 square inches and a capacity of 375 g, filled
with the same soil type used in the pot experiment. Each treatment,
along with a control, was replicated three times, resulting in a total of
63 experimental units.

Eight sorghum seeds (Sorghum bicolor (L.) (Moench)) from
Twilley Seed Company (Hodges, SC, United States) were purchased
and hand-sown in each pot. Pots were watered to field capacity (FC)
every 2 days until germination and seedlings were established. Two
weeks after sowing, seedlings were thinned to four plants per pot
(Kaliamoorthy et al., 2024). From the seedling stage to maturation,
watering occurred every 3 days.

2.4 Soil carbon content analysis

The carbon content of soil following each treatment was
quantified using CHNS elemental analysis (Elementar Americana
Inc., New York). Calibration of the CHNS analyzer was performed
using sulfanilamide, a certified reference material from the National
Institute of Standards and Technology (NIST). Additionally, total
organic carbon (TOC) content was measured using a TOC analyzer
(TOC-LCSH model, Shimadzu Company, Japan), calibrated with
high-purity Potassium hydrogen phthalate (KHP) standards. By
comparing the soil carbon content levels in the BC-treated soil to
those in control pots without biochar, we were able to determine the
amount of carbon stored in the soil due to the biochar application.

2.5 pH and electrical conductivity
measurements

The chemical properties of soil play a critical role in influencing
nutrient solubility, retention, and plant availability. Accordingly, soil

FIGURE 1
Types and sizes of commercially available biochar. The first two samples on the left—<0.13 mm and composite—represent the size categories used
for BC-I. The remaining three samples—large, medium, and small—correspond to the size classifications for BC-II.
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pH and electrical conductivity (EC) were measured both before and
after treatment applications using a portable pH meter and a
PCTSTestr™ 50 Waterproof Pocket Tester (Oakton Instruments,
Vernon Hills, IL, United States), following the manufacturer’s
guidelines. Calibration of the pH meter was performed using
standard buffer solutions at pH 4.00, 7.00, and 10.00 at room
temperature. For the EC meter, a conductivity standard solution
of 1,413 μS/cm was used in accordance with the manufacturer’s
specifications.

2.6 Nutrient analysis

Common anionic macronutrients in soil were analyzed using
ion chromatography (IC). Soil samples were initially extracted with
deionized water, followed by sonication, centrifugation, and
filtration prior to analysis using a Metrohm 930 Compact IC Flex
system (Metrohm, United States), in accordance with the
manufacturer’s instructions. Calibration of the IC system was
performed using NIST-certified anion standards, including
chloride (Cl−), nitrite (NO2

−), nitrate (NO3
−), sulfate (SO4

2-), and
phosphate (PO4

3-), each specific to its respective analysis. Similarly,
certified standards for cationic nutrients—such as B, Al, Ca, Cr, K,
Mn, P, Zn, Cu, Fe, Hg, Mg, Na, and Pb—were used to calibrate
inductively coupled plasma optical emission spectrometry (ICP-
OES), following the method described by Kapadnis and Kar (2019)
and the manufacturer’s guidelines.

2.7 Plant growth and physiological
parameters

We measured the leaf area (LA) and biomass to assess the
growth and development of sorghum plants grown on the
treatments. To calculate the leaf area, we used the equation
described by Stickler et al. (1961) and Maas et al. (1987) as
follows (Equation 1):

LA � WxL x 0.74 (1)

where LA = leaf area (cm2); W = maximum leaf width (cm); L =
leaf length (cm) and 0.74 = correction factor (the shape factor) for
sorghum. The maximum average leaf width and length were
measured with a ruler for each number of leaves.

In this study, leaf chlorophyll content and relative water content
(RWC) were considered key physiological traits due to their
relevance in assessing plant health and stress response.
Chlorophyll content serves as an indicator of photosynthetic
capacity and overall plant vitality, while RWC reflects the plant’s
water status and its ability to tolerate drought stress and support
growth (Olorunwa et al., 2021). Chlorophyll content was measured
using a SPAD-502 Plus Chlorophyll Meter (Konica Minolta, Inc.,
Japan) on two randomly selected plants per pot, with readings taken
from two leaves per plant. Measurements were conducted on the
third fully expanded leaf from the top, as it represents a mature,
photosynthetically active, and physiologically stable part of the
plant. To ensure consistency, SPAD readings were recorded
between 9:00 and 11:00 a.m. at the base, middle, and tip of each

leaf lamina, following the protocol described by Geremew et al.
(2021), to capture total leaf chlorophyll content.

Relative Water Content (RWC) assesses leaf hydration by
comparing its fully turgid state (Frantova et al., 2024). Fresh,
fully expanded leaves from four sample plants per pot were
collected and stored on ice, following Barrs and Weatherley,
(1962). In the lab, 2.5 cm × 2.5 cm leaf discs were cut, excluding
the mid-ribs. Fresh weight (FW) was recorded before soaking leaf
discs in distilled water for 24 h. After blotting dry, turgid weight
(TW) was measured. Finally, the discs were oven-dried at 80 °C for
24 h to measure the dry weight (DW), and the RWC was calculated
(Equation 2).

RWC %( ) � FW −DW

TW −DW
( )X 100 (2)

Dry biomass yield was measured after harvesting the shoots of
the sorghum plants. Plants from each treatment were wrapped in
aluminum foil, oven dried at 70 °C for 72 h, and weighed using a
milligram (mg) sensitive electronic balance (OHAUS Compass™
CX Scale).

2.8 Statistical analysis

We used both descriptive and inferential statistics to analyze the
data and draw meaningful conclusions. Descriptive analysis,
including mean, standard deviation, and frequency distribution,
was performed to summarize and organize the data, helping us
identify patterns, trends, and relationships within the dataset.
Inferential analysis was conducted using analysis of variance
(ANOVA) in R version 4.5.1 (R Core Team, 2025) to assess the
effects of different types and application rates of biochar (BC) on the
evaluated soil and plant parameters. Prior to ANOVA, the data were
tested for normality and homogeneity of variance using the Shapiro-
Wilk and Levene’s tests, respectively. Where data deviated from
normal distribution, log transformation was applied. Significant
differences among treatments were further examined using
Tukey’s Honestly Significant Difference (HSD) test for multiple
mean comparisons. Data visualization was performed using the
ggplot2 package in R to support clear and effective presentation
of results.

3 Results

3.1 Biochar characterization

A comprehensive profile was obtained through
characterizations of biochar (BC-I and BC-II), highlighting their
role in soil carbon sequestration and nutrient enhancement. The
following findings in this section outline the key properties of
biochar and their implications for climate mitigation and
agronomic performance.

The CHNS analysis revealed that carbon is the predominant
element in the two biochars (Table 1). Notably, except for the sieved
biochar of BC-I, the carbon content constitutes more than 50% of
their intrinsic composition. Additionally, while all sizes of the two
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TABLE 1 Elemental composition of BC-I and BC-II.

Biochar type Size Mesh size C (%) H (%) N (%) S (%)

Biochar I (BC-I) Sieved <0.13 mm 28.71 ± 1.48 7.17 ± 0.44 0.12 ± 0.01 0.02 ± 0.01

Composite >0.13 mm 64.88 ± 4.48 8.40 ± 0.56 0.28 ± 0.07 0.10 ± 0.03

Biochar II (BC-II) Large 3mm-1 inches 76.2 ± 1.6 1.90 ± 0.01 0.51 ± 0.03 0.03 ± 0.01

Medium 0.7mm–3 mm (26 mesh-3 mm) 64.7 ± 0.13 2.40 ± 0.02 0.46 ± 0.02 0.05 ± 0.01

Small 0.3mm–0.7 mm (50 mesh–26 mesh) 56.6 ± 0.84 1.93 ± 0.04 0.66 ± 0.04 0.09 ± 0.01

FIGURE 2
FTIR Spectra showing the functional groups of sieved (A) and composite (B) BC-I and Small (C), Medium (D) and Large (E) BC-II.

TABLE 2 FTIR absorption peaks and corresponding functional groups observed in the biochars.

Absorption peak (ν, cm-1) Corresponding functional groups Description of the functional group/s

1,000–1,300 C-O Alcohols, Carboxylic Acids, Esters

1,400–1,600 C=C Aromatic

1,520–1,590 COO Carboxylate

1700 C=O Aldehydes, Ketones, Carboxylic Acids

2,800–3,000 C-H Aliphatic

3,000–3,100 C-H Aromatic

2,857, 2,920 C-H Aliphatic

3,400–3,600 O-H Alcohols, Phenols, and Organic Acids

3,600–3,860 N-H Amino group
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biochars exhibited a high carbon fraction, they consistently showed
low levels of nitrogen and sulfur.

3.2 Biochar surface functional groups

The FTIR spectroscopy revealed that both biochars (BC-I and
BC-II) contain functional groups on their surface, such as methyl
(–CH3), hydroxyl (–OH), carboxyl (–COOH), among others
(Figure 2). These functional groups differ between the two
biochars, suggesting variations in their chemical composition.

The functional groups of the biochars are summarized in
Table 2, based on the transmittance peak band range of the
compounds (v, cm-1) displayed in Figure 2.

3.3 Surface morphology of biochar

The combination of scanning electron microscope (SEM) and
energy dispersive x-ray (EDX) analysis revealed both BC-I and
BC-II have different morphology and elemental
composition (Figure 3).

FIGURE 3
The left panel displays themorphology and chemical composition of sieved (a,b) and composite biochar (c,d) of BC-I, while the right panel illustrates
the surface features and chemical components of large (a,b), medium (c,d), and small (e,f) sized BC-II samples, respectively. The SEM images show
different biochar have different surface structure; and the peaks in the EDX spectra correspond to specific elements, and their height indicates the relative
abundance of those elements.

FIGURE 4
Surface area (A) and volume (B) of biochar pores. The graph illustrates that different biochar types exhibit varying BET surface areas, pore sizes, and
pore volumes, highlighting their structural diversity.
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3.4 Surface area and porosity of biochar

The results of BET analysis show that the studied biochars have
different pore surface areas and volumes (Figure 4). The porosity
identified in the biochars are micropores (<2 nm), mesopores
(2–50 nm), and macropores (>50 nm). The micropores
contributed mostly to the total surface area (BET), followed by
meso and macropores. Composite BC-I had the highest micropore
surface area (370 m2/g, Figure 4A) and volume (0.562 m3/g,
Figure 4B) compared to the other biochars.

3.5 Biochar stability

The stability of biochar assessed by the H/C ratio indicated that
both BC-I and BC-II are at least moderately aromatic (Figure 5).
However, the O/C ratio revealed that sieved BC-I and small-sized
BC-II are chemically unstable and less persistent in soil (O/C > 0.6).
In contrast, when comparing composite BC-I with the large and
medium fractions of BC-II, the large BC-II exhibited higher carbon
content and lower hydrogen levels (H/C < 0.1), suggesting greater
aromaticity and suitability for carbon sequestration. Meanwhile,
composite BC-I showed relatively high carbon content along with a
moderately elevated hydrogen level (H/C = 0.13). Detailed findings
for both H/C and O/C ratios are provided in Supplementary Table 1.

3.6 Nutrient contents of biochar

The detailed macro- and micro-nutrient contents of the biochars
using ICP-OES analysis are provided in Supplementary Table 2. A
summarized result of these nutrients is shown in Figure 6. Accordingly,
it can be revealed that the biochar samples contained macro- and
micronutrients of different concentrations (Figure 6). Nutrients such as
B, Mn, Zn, Pb, and Cu were found in lower quantities (6–400 ppm) in
both BC-I and BC-II. However, nutrients such as Al, Ca, K, Fe, and Mg
were recorded in relatively larger quantities (1,100–15,000 ppm);
whereas P and Na were in medium quantities (300–900 ppm) in

both biochars (Figure 6). Among the analyzed elemental composition,
both sizes of BC-I (Sieved BC and Composite BC) were found to have
non-detectable levels of toxic metals such as Cr, Hg, and Pb; whereas all
forms of BC-II (large, medium, and small) were found to contain these
heavy metals (Supplementary Table 2).

3.7 Effects of biochar types and application
rates on soil carbon content

Regardless of biochar type, increasing the application rate
significantly improved soil carbon content compared to the control
(P < 0.05; Figure 7B). Notably, higher application rates (10% and 15%)
resulted in greater enhancements in soil carbon content than lower rates
(Figure 7A). In addition to the carbon measurements obtained via the
CHNS elemental analyzer, the TOC analyzer determined the
contribution of non-recalcitrant (labile) carbon from biochar to
overall soil carbon. The results demonstrated that biochar
application significantly increases total organic carbon (TOC),

FIGURE 5
Stability evaluation of BC-I and BC-II (A), and comparison with standard BC stability metrics (B), based on Li and Tasnady (2023).

FIGURE 6
Nutrient content of the biochars (BC-I and BC-II). The graph
illustrates that BC-I does not contain heavy metals such as chromium
(Cr), mercury (Hg), and lead (Pb), in contrast to the other biochar type.
Additionally, nutrients like manganese (Mn), zinc (Zn), copper
(Cu), and boron (B) are present in lower concentrations, consistent
with their classification as micronutrients.
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thereby enhancing soil carbon levels (Figure 8B). Specifically, BC-I
applied at 5%, 10%, and 15%, and BC-II at 10% and 15%, showed
statistically significant improvements in soil carbon content (P < 0.05;
Figure 8A). The results indicate that higher biochar application rates
significantly increased TOC availability (Figure 8A; Supplementary
Table 3) and total soil carbon content (Figure 7B).

3.8 Soil pH and EC

Our findings showed that soils treated with different rates of
biochar have made the soil slightly alkaline than the untreated soil
(Figure 9). However, only the lower rates of biochar application

(2.5% and 5%) enhanced the EC of the soil, whereas the larger rates
(10% and 15%) reduced the EC of the soil (Figure 9B;
Supplementary Table 4).

3.9 Effects of biochar size and rates on
soil nutrient

The findings of our study demonstrated that the application
of BC-I generally led to a significantly greater improvement in
soil cationic nutrient content compared to BC-II. For example,
while soil Ca content increased by 1%–20% with BC-II, it
improved substantially (by 65%–406%) when amended with

FIGURE 7
Effect of BC types (A) and application rates (B) on total soil carbon content. The figure illustrates that increasing biochar application rates leads to
higher soil carbon content. Panel A compares the effects of different biochar types, while Panel B highlights the positive correlation between application
rate and carbon accumulation in the soil.

FIGURE 8
Effects of application rates (A) and BC types (B) on soil TOC content. The figure shows that BC-I significantly increases soil TOC compared to the
untreated control, although the difference between BC-I and BC-II is not statistically significant. Within BC-I treatments, application rates of 5%, 10%, and
15% resulted in significantly higher TOC levels than the 2.5% rate and the control.
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BC-I. Similarly, K and Mg contents increased by 34%–190% with
BC-II, but showed a much greater enhancement of 240%–700%
under BC-I treatment, particularly at the 5% application rate of
the composite BC-I. Additionally, our findings revealed that
soils treated with BC-II contained detectable levels of
heavy metals compared to the control, whereas soils
treated with BC-I did not exhibit such contamination
(Supplementary Table 5).

Moreover, the application of BC also influenced the levels of soil
anionic nutrients, including chloride, nitrite, nitrate, phosphate, and
sulfate. We found BC-I, particularly the composite form applied at a
5% rate, resulted in higher improvements. Additionally, the lower
application rates (2.5% and 5%) were more effective in enhancing
soil anionic nutrient content than higher rates (Table 3). However, it
is noted that soil nitrate levels did not improve at any application
rate with either type of biochar.

3.10 Effects of biochar on morpho-
physiological traits and biomass of sorghum

The present study showed that biochar types and application
rates significantly impact the physiological parameters (relative
water content and chlorophyll content), and growth parameters
(leaf area and biomass) of the sorghum plant. Lower rates of biochar
application (2.5% and 5%) improved the relative water content
(RWC) of plants, particularly those grown with BC-I and large BC-
II (Figure 10).

Additionally, the lower rates lead plants to exhibit higher
chlorophyll content compared to the control and the higher
rates, as indicated by higher SPAD values. The 5% rate of
composite BC-I resulted in the highest SPAD value compared to
other rates (Figure 11).

Our result also showed that the lower rates significantly
increased the leaf area (LA) of the sorghum plants, whereas the
higher rates (10% and 15%) reduced it (Figure 12).

Moreover, sorghum plants grown with lower BC application
rates (2.5% and 5%) exhibited greater biomass accumulation than
the control group and those treated with higher BC rates (10% and
15%). Notably, the highest biomass observed during the experiment
was achieved with the 5% application rate of composite BC-
I (Figure 13).

4 Discussion

4.1 Biochar properties and their implications
for stability and function

Comprehensive biochar characterization is crucial for evaluating
its physico-chemical properties, which determine its suitability and
performance in applications such as soil enhancement, carbon
sequestration, and environmental remediation (Ingle et al., 2024).
In this regard, our biochar characterizations presented a detailed
profile, emphasizing their role in soil carbon sequestration and
nutrient enhancement.

4.1.1 Chemical composition of the biochars
The characterization results obtained from CHNS, FTIR, SEM

and EDX analyses demonstrated the complex chemical composition
and structural diversity of biochar. Both the CHNS and EDX
analyses revealed that carbon accounted for the majority (56%–
80%) of the elemental composition in all biochar samples except
sieved BC-I (Table 1). This observation suggests that all forms of
BC-II (large, medium, and small) and composite BC-I offer
promising potential for enhancing soil carbon sequestration. Due

FIGURE 9
Impacts of biochar to soil pH (A) and EC (B). The figure demonstrates that biochar application increases soil pH, while higher application rates are
associated with a reduction in soil electrical conductivity (EC).
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to their high carbon content (Figure 3), these biochars are
considered advantageous for promoting long-term soil health
(IBI, 2015). Notably, the findings also revealed significant
deficiencies in nitrogen and sulfur content across the biochars,
implying that BC may not effectively supply these essential
nutrients to the soil. The reduced levels of nitrogen and sulfur
can likely be attributed to their volatilization and emissions from the
feedstock during pyrolysis (Leng et al., 2019).

The FTIR analyses (Figure 2; Table 2) elucidated the presence of
diverse organic functional groups on the surface of both biochar
types, notably methyl (–CH3), hydroxyl (–OH), and carboxyl
(–COOH). These groups emerge during pyrolysis through the
cleavage and realignment of chemical bonds within the precursor
biomass (Naeem et al., 2017; Weber and Quicker, 2018). Their
occurrence points to a molecular structure with varying degrees of
ordering, contributing to a highly porous architecture in the
resulting biochar (Yameen et al., 2024). Moreover, these
functional groups may function as electron donors or acceptors
in soil environments, facilitating complex interactions with soil

constituents when biochar is utilized as a soil amendment (Yuan
et al., 2022). This intrinsic quality renders biochar an outstanding
soil amendment material for enhancing soil physico-chemical
properties (Kameyama et al., 2024).

4.1.2 Adsorption property of biochar
BET analysis revealed that composite BC-I possessed the highest

adsorption potential among the biochars, with a notably greater
surface area (560 m2/g) and pore volume (0.562 m3/g) than the
others (Figure 4). Additionally, the composite biochar contained a
higher volume of micropores (370 m3/g), which provided much of
its high surface area and strong adsorption capacity (Tan et al.,
2018). It has been reported that high surface area and pore size are
critical characteristics of biochar, as these influence nutrient
retention, adsorption capacity, and soil microbial activity
(Hossain et al., 2020). A large surface area is also linked to key
biochar properties like cation exchange capacity and water
retention, which are vital for its agricultural applications (Nepal
et al., 2023). Besides, a higher surface area implies more adsorption

TABLE 3 Effects of BC-I and BC-II on the level of soil anionic nutrient content.

BC type Size Rate (%) Chloride Nitrite Nitrate Phosphate Sulfate

BC- I Sieved 2.5 0.45 ± 0.07 1.65 ± 1.42 5.62 ± 2.92 5.03 ± 0.45 4.40 ± 0.58

5 0.62 ± 0.41 2.58 ± 1.19 2.96 ± 2.57 4.90 ± 0.43 2.65 ± 2.42

10 0.20 ± 0.06 0.65 ± 0.30 2.64 ± 0.31 4.42 ± 0.44 3.27 ± 0.31

15 0.24 ± 0.10 BDL 2.92 ± 0.41 4.25 ± 0.27 3.41 ± 0.25

Composite 2.5 0.51 ± 0.20 2.51 ± 0.15 3.23 ± 2.92 5.15 ± 0.94 4.66 ± 1.52

5 0.62 ± 0.16 2.63 ± 0.17 3.16 ± 2.77 5.24 ± 0.83 9.86 ± 2.34

10 0.18 ± 0.01 BDL 3.48 ± 1.63 4.26 ± 0.15 3.19 ± 0.20

15 0.22 ± 0.02 BDL 2.35 ± 0.15 4.73 ± 0.21 3.69 ± 0.41

BC- II Small 2.5 0.90 ± 0.23 2.50 ± 0.12 1.91 ± 3.32 4.64 ± 0.37 8.31 ± 3.44

5 0.79 ± 0.33 2.74 ± 0.48 2.53 ± 2.24 4.41 ± 0.46 9.34 ± 4.93

10 0.19 ± 0.58 BDL 3.36 ± 1.57 4.82 ± 0.41 3.45 ± 0.46

15 0.18 ± 0.20 BDL 2.01 ± 0.39 4.07 ± 0.30 3.12 ± 0.10

Medium 2.5 1.00 ± 0.17 2.78 ± 0.06 3.38 ± 3.26 4.17 ± 0.17 6.22 ± 1.37

5 0.52 ± 0.05 2.43 ± 00.04 5.89 ± 0.35 4.89 ± 0.911 6.46 ± 0.82

10 0.17 ± 0.01 BDL 2.45 ± 0.35 4.62 ± 0.62 2.96 ± 0.10

15 0.16 ± 0.02 BDL 1.98 ± 0.11 4.436 ± 0.28 3.15 ± 0.05

Large 2.5 0.48 ± 0.08 2.52 ± 0.09 5.98 ± 0.11 4.45 ± 0.33 6.36 ± 0.71

5 0.41 ± 0.08 0.84 ± 1.42 4.36 ± 1.08 4.69 ± 0.20 5.50 ± 1.05

10 0.18 ± 0.01 BDL 1.99 ± 0.14 4.76 ± 0.27 3.07 ± 0.08

15 0.23 ± 0.11 BDL 2.69 ± 1.23 4.48 ± 0.20 3.16 ± 0.22

Control Control 0 0.30 ± 0.10 BDL 4.30 ± 1.33 3.88 ± 0.29 4.47 ± 10.15

P-value Size 7.73e-06*** 1.39e-06*** 0.16 0.11 0.01**

Rate 7.77e-09*** 1.84e-12*** 0.06 0.01* 7.81e-05***

Size*rate 0.004725** 0.32 0.23 0.26 0.13

Signif. codes: “***” 0.001, “**” 0.01, “*” 0.05, “.” 0.1, “ ” 1; BDL, means below detection limit.
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sites (Ambaye et al., 2021), especially when this feature is
accompanied by a higher pore volume (Das, 2024). Supporting
this, studies by Hossain et al. (2020), Li et al. (2021), and Zhang and
Shen (2022) reported that biochar’s water retention, nutrient
retention, and soil microbial activity increase linearly with its
surface area and porosity. In our study, large and medium-sized
BC-II showed lower surface area and pore volume compared to
composite BC-I, indicating reduced nutrient adsorption capacity
in soils.

4.1.3 Biochar stability
The IBI and other organizations, such as the European Biochar

Certificate (EBC) and the Australia, New Zealand Biochar Initiative
(ANZBI), have established standards for assessing biochar quality.
According to these guidelines, a biochar with a H/C ratio of less than
0.7 is considered high quality (IBI, 2015; ANZBI, 2020; EBC, 2019).
In this context, our study demonstrates that the biochar collected
from commercial areas meets the standards set by IBI, EBC, and
ANZBI (Supplementary Table 1). Furthermore, the low H/C and
O/C ratios of all biochars studied suggest high stability and strong
potential for soil carbon sequestration (Adhikari et al., 2024). This
method of assessing stability is widely accepted in biochar research

for its simplicity and reliability (Enders et al., 2012; Li and
Tasnady, 2023).

The findings from CHNS and FTIR analyses revealed that both
biochars consist mainly of carbon, with lower amounts of H and O2,
thus, resulting in lower H/C and O/C ratios. The composition is
largely due to the pyrolysis process, which makes biochar more
aromatic (due to the loss of H) and resistant to decomposition (due
to the reduced oxygen level during pyrolysis) (Altıkat et al., 2024). A
lower H/C ratio (<0.4) and O/C ratio (<0.6) indicates that the
carbon is more tightly bound in aromatic structures with fewer
reactive functional groups (Wang et al., 2016; Arif et al., 2021). Both
the structure stability and chemical stability of biochar enhances its
recalcitrance, leading to longer soil residence times and reinforcing
its role in soil carbon sequestration (Budai et al., 2016; Leng et al.,
2018; Li and Tasnady, 2023; Rodrigues et al., 2023).

All biochar samples in this study exhibited a H/C ratio below 0.4,
indicating high stability and resistance to decomposition in soil, with
the potential to persist for over 1,000 years Budai et al. (2020).
However, the sieved BC-I and the small-sized BC-II appeared more
reactive, with O/C ratios exceeding 0.6 (Figure 5), suggesting they
may degrade more rapidly, with estimated half-lives of less than
100 years (IBI, 2015). These findings clearly show that composite

FIGURE 10
Panels (A,B) illustrate the impact of BC-I, while Panels (C–E) represent the effects of BC-II. Among the treatments, the 5% composite BC-I
application generally resulted in the highest RWC in sorghum, indicating improved water retention and physiological response under this biochar type
and rate.
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BC-I and the large and medium BC-II are more stable and can
persist in soil for over a century. Previous 14C studies have shown
that biochar with a H/C ratio below 0.4 can retain approximately
70% of the original feedstock carbon in the soil for up to 100 years
(Wiedemeier et al., 2015; Xiao et al., 2016; Woolf et al., 2018). This
long-term carbon retention is a key aspect of soil carbon
sequestration (Mohan et al., 2018), a process that transforms
plant-derived carbon into stable forms like biochar, enabling it to
remain in the soil for extended periods. This contributes to reducing
atmospheric CO2 levels and plays a role in mitigating
climate change.

Based on the comparison of the stability analysis of composite
BC-I with large and medium BC-II, it appears that the large BC-II
has more carbon and less hydrogen (H/C = 0.02), indicating it is
highly aromatic and therefore suited mainly for carbon
sequestration rather than in agriculture. The selection of biochar
depends on its intended use (Dokoohaki et al., 2019). If the primary
goal is soil carbon sequestration, it is best to choose biochar that is
highly aromatic and chemically stable, as these properties ensure
long-term stability. On the other hand, if the aim is to enhance
agronomic performance while also contributing to climate
mitigation, a balance must be struck (Schmidt et al., 2021).

Choosing a biochar with intermediate aromaticity and reactivity
allows it to serve both purposes (Enders et al., 2012; Tomczyk et al.,
2020). In this regard, our findings indicate that composite BC-I has a
high carbon and relatively high hydrogen (H/C = 0.13) compared to
the other biochars, suggesting a balance between carbon
sequestration and soil improvement.

4.1.4 Nutrient contents of biochar
The ICP-OES analysis revealed that BC-I and BC-II contained

various elements or nutrients, including essential macro- and
micronutrients like Na, K, Ca, Mg, B, P, Mn, Cu, Zn, Fe, Cr, Hg,
Al, and Pb (Figure 6). These findings clearly demonstrate that
biochar is a nutrient-rich material that provides essential macro-
and micronutrients necessary for plant growth and soil health
(Mousavi et al., 2023). The presence of these nutrients further
suggests that biochar can enhance soil fertility, leading to
improved crop yields and supporting sustainable agricultural
practices (Ullah et al., 2024). Moreover, the analysis of biochar
nutrients showed relatively low levels of B, Mn, Zn, Cu, and Pb. This
is likely because biochar produced from woody biomass, such as
pine, typically has lower concentrations of these micronutrients than
biochar derived from other sources, such as manures or agricultural

FIGURE 11
Effects of type and application rates of BC-I (A,B) and BC-II (C–E) on the leaf chlorophyll contents of sorghum plant. Among the treatments, the 5%
composite BC-I application generally resulted in the highest chlorophyll content in sorghum, indicating enhanced photosynthetic capacity under this
biochar type and rate.
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residues (Hossain et al., 2020). Conversely, the higher levels of Ca, K,
Fe, and Mg in both BC-I and BC-II can be attributed to the inherent
composition of the pine feedstock and the pyrolysis process
(Mousavi et al., 2023).

4.2 Effects on biochar types and rates on soil
carbon and nutrients

4.2.1 Biochar improves soil carbon contents
This study demonstrates that both BC-I and BC-II significantly

increased soil carbon content (Figure 7), underscoring the
effectiveness of biochar as a soil amendment for enhancing
carbon sequestration and contributing to climate change
mitigation. These findings align with global meta-analyses, which
report average increases in soil organic carbon (SOC) ranging from
52% to 61% following biochar application (Liu et al., 2016;
Bekchanova et al., 2024).

CHNS analyses revealed that biochar application at higher rates
(10% and 15%) further increased soil carbon content (Figure 7). This
enhancement may be attributed to the elevated soil C\N ratio
associated with higher biochar inputs, which promotes microbial
nitrogen immobilization. Under such conditions, soil microbes

utilize available nitrogen to build biomass, thereby contributing
to the accumulation of organic carbon in the soil (Xu et al., 2021).

Among the biochars evaluated, BC-I demonstrated the greatest
enhancement in soil organic carbon content (Figure 8B), likely
associated with its higher non-recalcitrant (labile) carbon, which
is more readily mineralized by soil microbes (Bekchanova et al.,
2024). Additionally, BC-I exhibited a higher BET surface area and
greater pore volume compared to BC-II, characteristics that may
support increased microbial activity and accelerate the
mineralization of both native soil organic matter and the labile
fraction of the biochar (Mukherjee and Lal, 2013). Previous studies
have shown that biochars with well-developed pore structures can
improve soil aeration and water retention, thereby creating a more
favorable environment for microbial communities essential to the
decomposition of organic substrates, including the non-recalcitrant
components of biochar (Mukherjee and Lal, 2013; Tomczyk
et al., 2020).

The TOC analysis further identified the presence of total
dissolved organic carbon, reflecting the labile carbon fraction
derived from biochar (Liu et al., 2019; Qiu et al., 2023). These
findings reinforce the role of biochar in enhancing SOC and
advancing carbon sequestration efforts. Our study demonstrated
that at higher application rates, both BC-I and BC-II significantly

FIGURE 12
Effects of type and application rates of BC-I (A,B) and BC-II (C–E) on leaf area (LA) of sorghum plant. Among the treatments, the 5% composite BC-I
application generally resulted in the highest leaf area, indicating enhanced vegetative growth compared to other biochar types and application rates.
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increased SOC by approximately 48% compared to their pooled
lower-rate counterparts, and by 140% (including biochar-C) relative
to the control soil (Supplementary Table 3). This suggests that
elevated application rates are particularly effective in boosting SOC
levels. Similar findings have been reported in the literature, where
biochar applied at rates of higher rates such as 60 t/ha and 90 t/ha
significantly enhanced soil carbon content (Dokoohaki et al., 2019;
Xu et al., 2021; Ding et al., 2023).

4.2.2 Soil pH and EC
Biochar addition enhances interactions with soil fractions via

van der Waals forces and hydrophobic interactions (Verheijen et al.,
2009). Interactions at this scale determine the influence of biochar
on soil physio-chemical properties and the interactions with cations,
anions, and other organic compounds in the soil (Zhu et al., 2017).
In this regard, we found that biochar-treated soils became slightly
more alkaline than untreated soil (Figure 9A), with no significant
difference between BC-I and BC-II. The slight increase in pH in our
study occurred because BC, in general, is alkaline (Bolan et al., 2023).
In line with this, research indicates that at pyrolysis temperatures
above 300 °C, acidic groups like formyl, carboxyl, and hydroxyl are
eliminated, enriching biochar with basic cations and increasing its

alkalinity, thereby raising its pH (Naeem et al., 2017; Weber and
Quicker, 2018; Singh et al., 2022). This inference is further supported
by the FTIR analysis of the biochar samples in our study, which
showed diminished peaks corresponding to O–H (~3,400 cm-1),
C=O (~1700 cm-1), and C–O (~1,200–1,300 cm-1) functional
groups, compared to the more pronounced peaks observed in
fresh pine wood as reported in previous studies (Emandi et al.,
2011; Esteves et al., 2013).

Moreover, the alkalinity of soil due to biochar may partly result
from its porous structure, which can retain water when the soil is
watered during the experiment, absorb moisture from the
surrounding soil, or both. These processes are expected to
dissolve the organic and mineral elements on the surface of the
biochar. The dissolutions provide the soil with more organic carbon,
cations, and anions and enhance the soil nutrient concentration. The
increase in nutrients raises the EC and pH levels of the soil. Similarly,
Dokoohaki et al. (2019) have found that the pH of sandy soil from
various regions in the United States increased when biochar
was added.

Studies have shown that soil amendments, including compost,
manure, and biochar, can increase soil EC (Nepal et al., 2023). The
increases in EC that occurred at lower rates of BC application

FIGURE 13
Effects of biochar type and application rate on shoot biomass in Sorghum. Panels (A,B) represent treatments with BC-I, while Panels (C–E)
correspond to BC-II. Among the treatments, the 5% composite BC-I application resulted in the highest shoot biomass in sorghum, indicating enhanced
growth performance under this biochar type and rate.
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(2.5% and 5%) in our study (Figure 9B) may be attributed to
improved nutrient retention. A study from the USDA found an
increase in soil contents of anions and cations after the addition of
biochar (USDA, 1999), which also increased soils’ EC. However, this
lower rate of biochar (BC) did not cause an excessive rise in EC
(>4,000 μS/cm), which indicates salinity (Wang et al., 2014) and the
requirement of management practices like irrigation and drainage to
reduce salt concentration (Troeh et al., 2004). Conversely, applying
biochar at higher rates (10% and 15%) has been observed to reduce
soil EC (Supplementary Table 4). The biochar likely provides
sufficient pore space at these concentrations to adsorb and retain
more nutrients, thereby decreasing the concentration of free ions in
the soil solution and ultimately lowering EC (Zheng et al., 2016).
This behavior suggests that biochar may function as a nutrient sink
at elevated application levels. Gul and Whalen (2016) similarly
described high biochar dosages as nutrient sinks, influencing the
mobility and bioavailability of nutrients. Moreover, the observed
slight increase in pH in neutral soils highlights the potential benefits
of biochar (both BC-I and BC-II) for improving acidic soil
conditions. Studies elsewhere also reported that biochar
significantly raises the pH of acidic soils, has no effect on neutral
soils, and lowers the pH of black soils (Zhang et al., 2019).

4.2.3 Biochar improves soil nutrients
Our findings indicate that soil amendment using biochar enhances

soil nutrient content (both cations and anions, Table 3; Supplementary
Table 5) that can improve crop yields and soil health (Bekchanova et al.,
2024). In particular, the 5% application rate optimally boosted the
nutrient levels in the soil. The increase in soil nutrient content could
result either from nutrients in the biochar (Hossain et al., 2020) or
through enhancement of the soil’s nutrient retention capacity (Zhu
et al., 2025). Biochars’ role in improving soil nutrient retention capacity
has been well addressed by various authors, who have attributed it
mainly to its adsorption property (Ambaye et al., 2021) or to its porosity
(Liu et al., 2017; Wong and Ogbonnaya, 2021). This inference aligns
with our findings, as the biochars in our study exhibited a high surface
area, providing multiple sites for nutrient adsorption and functional
groups that help retain nutrients. Such characteristics of the biochars
might have allowed nutrients to adhere to its surface (Hossain et al.,
2020). Additionally, the porous structure of biochar is thought to
significantly contribute to nutrient retention since the pores
(particularly the micropores) can trap nutrients, preventing them
from being washed away (Liu et al., 2017).

4.3 Biochar improves morpho-physiological
traits and growth of sorghum plant

Our study’s findings demonstrate that applying composite BC-I at a
5% rate resulted in higher SPAD values (Figure 11), indicating increased
chlorophyll content, which is often associated with improved plant
health and greater productivity (Ngui et al., 2024). Our findings clearly
demonstrate that sorghum plants treated with a lower rate of BC-I
exhibited significantly elevated SPAD values. Leaf chlorophyll content is
known to correlate strongly with nitrogen levels (Xiong et al., 2015).
However, in our study, SPAD values remained high even when soil
nitrogen content did not show a corresponding increase. This suggests
that the elevated SPAD indexmay reflect enhanced chlorophyll content

due to increased Mg availability in the soil and its subsequent plant
uptake. The rise in soil Mg levels is likely attributable to the biochar
added, which was rich in magnesium in both types of biochar. Mg is a
crucial macronutrient and serves as the central atom in the porphyrin
ring of the chlorophyll molecule, directly influencing photosynthetic
capacity. Previous studies have reported a strong positive correlation
between SPAD values and leaf Mg concentration (Zandonadi et al.,
2016; Guan et al., 2020; Geremew et al., 2021; Shamsabad et al., 2022).

Our findings clearly indicate that biochar application enhances
the water status of sorghum tissues (Figure 10), suggesting improved
hydration that supports overall plant growth. This effect was
particularly evident with the 5% composite BC-I treatment,
which likely optimized nutrient uptake and, in turn, facilitated
greater water absorption by the plant (Thakur and Teja, 2024).
Additionally, the improved hydration may also be attributed to the
enhanced soil water retention capacity by the porous structure of the
BC (Hossain et al., 2020). These combined effects underscore the
importance of applying biochar at appropriate rates to create
favorable conditions to achieve better water status in sorghum
plants (Li et al., 2021).

In this study, sorghum plants grown in soil amended with a lower
rate of biochar-specifically the 5% composite BC-I demonstrated
significantly greater LA compared to those grown in control
conditions or with higher biochar doses (Figure 12). This finding
highlights the critical role of moderate biochar application in
improving nutrient availability and uptake, which likely contributes
to enhanced leaf expansion. The increased LA observed at the 5% rate
may reflect biochar’s capacity to stimulate beneficial microbial
communities that accelerate the decomposition of organic matter
and the mineralization of nutrients (Arif et al., 2021), thereby
making essential elements more accessible for leaf development
(Borchard et al., 2012; Pandit et al., 2018). Supporting this, several
studies have shown that biochar, when applied at optimal levels, can
significantly increase microbial activity for enhancing nutrient use
efficiency in plants, ultimately leading to increased LA and
improved photosynthetic potential (Xu et al., 2021; Mousavi et al.,
2023; Nepal et al., 2023).

Our study demonstrates that lower application rates of BC,
particularly the 5% composite BC-I treatment, significantly enhanced
sorghum biomass compared to both the control and higher BC rates
(Figure 13). This increase in biomass is closely associatedwith improved
physiological traits observed at this rate, including higher RWC,
elevated chlorophyll pigment concentrations, and expanded LA.
These factors contribute to more efficient light capture and
utilization during the light-dependent phase of photosynthesis
(Nasiri et al., 2024). Furthermore, the elevated Mg availability may
enhance the activation of ribulose-1,5-bisphosphate carboxylase/
oxygenase (RuBisCO), a key enzyme in the Calvin cycle (Hauer-
Jakli and Trankner, 2019; Shao et al., 2021), thereby promoting
carbon dioxide assimilation during the light-independent (dark)
reactions (Wang, 2024; Salesse-Smith et al., 2024). These
improvements in photosynthetic efficiency likely underpin the
observed increase in biomass accumulation under the 5% BC-I
treatment. These findings are consistent with broader research
showing that biochar improves crop yield by enhancing nutrient
uptake, water retention, and photosynthetic activity, particularly
when applied at optimal rates (Bo et al., 2023; Mousavi et al., 2023;
Nepal et al., 2023).
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4.4 Limitations of biochar

Our analysis revealed that all variants of BC-I (sieved and
composite forms) were free from heavy metals such as chromium
(Cr), mercury (Hg), and lead (Pb) (Supplementary Table 2). In contrast,
all forms of BC-II (large, medium, and small-sized biochar) exhibited
contamination with these heavy metals. This contamination is likely
attributable to the feedstock used for BC-II, which consisted of dead
wood debris and its associated biogeochemical characteristics (Jones
andQuilliam, 2014). Previous studies have indicated that feedstocks like
dead wood debris are prone to containing trace contaminants (Ben-
Haddad et al., 2025). These findings suggest that BC-I presents a
promising strategy for climate change mitigation and soil quality
enhancement, whereas BC-II poses a potential risk of heavy metal
contamination in agricultural soils.

Furthermore, although both biochar types of significantly improved
soil nutrient levels including anions and cations demonstrated a notable
effect on soil nitrate concentration (Table 3). This may be due to the
limited promotion of microbial activity responsible for nitrate
adsorption (Parasar and Agarwala, 2025). Additionally, biochar
typically possesses a negatively charged surface (Xiao et al., 2018),
which repels nitrate ions and inhibits their adsorption (Mukherjee et al.,
2011). The presence of oxygen-containing functional groups on the
biochar surface may further intensify this electrostatic repulsion,
thereby reducing nitrate retention (Zoroufchi Benis et al., 2023).
These observations are consistent with findings by Kameyama et al.
(2012), who reported no significant change in soil nitrate levels
following biochar application. In contrast, Jiang et al. (2022)
documented substantial nitrogen retention in biochar-amended soils.
This discrepancymay be due to differences in biochar feedstock and soil
types, underscoring the need for further research into biochar’s nitrogen
retention capacity to support soil health and plant nutrient availability.

5 Conclusion

From the study, it can be deduced that applying biochar at optimal
rates not only enhanced soil nutrient content but also improved plant
biomass accumulation. Moreover, the study confirmed that biochar is a
promising tool for enhancing soil carbon sequestration. Specifically,
applying composite BC-I at a 5% rate (w/w) optimized soil content of
carbon and other applicants. Additionally, the 5% application rate of
composite BC-I should be studied on different crop types, soil types,
textures, and fertility conditions to develop a broad-spectrum
application rate. Furthermore, field trials are necessary to identify
the best biochar application rate under farm conditions. This study
found that, except for nitrate, biochar increased the concentrations of
several macronutrients and micronutrients in the soil. Future research
should investigate the combined effects of biochar and nitrogen-rich
organic amendments to address the nitrogen deficit associated
with biochar.
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