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Abstract

This study characterized standard biochars produced at 300, 400, and 500 °C alongside a locally made
biochar (LBC, drum kiln method with newly devised method of Bababe) to assess fertilizer value and
toxicity against IBI thresholds. Pyrolysis temperature strongly influenced properties: electrical
conductivity and salt content increased with temperature (BC300 and BC500 highest; LBC lowest).
All standard biochars were highly alkaline (pH 10.26-10.57), while LBC was near-neutral (7.84).
Maximum carbon content occurred at 300-400 °C (56.8-56.9 %). At 10kgha-!, standard biochars
supplied 308-331kgha! K, with BC400 providing the highest Ca and Mg. LBC had the highest
volatile micronutrients (B, Cu, Fe, Mn), which decreased with rising temperature. It can be
particularly well suited to fertilizer coating or blending systems, especially for salt-sensitive soils
where application rates are kept low (<10 t ha™!), thereby limiting agronomic risks such as Mo
contaminant loading. Nevertheless, molybdenum levels in all biochars were 5-8 times above IBI safe
limits (5-75 mg kg), posing toxicity risk at 10 t ha™ application. Cd was undetectable, reduced Pb by
90 % at 400-500 °C, and kept Ni and Pd within limits. SEM revealed BC400 had optimal honeycomb
porosity and homogeneous mineral distribution. BC400 is most suitable for agricultural fertilizer
value, BC500 for carbon sequestration, BC300 for potassium supply, and LBC as a low-cost, low-
salinity material. However, excessive molybdenum across all biochars relates feedstock composition
as the paramount safety factor. The weakness and limitation of this studies lies in the resource
constraints from use of one feedstock, absence of direct measurement of surface area and phosphorus,
and absence of measurement of biochar stability.

Keywords: biochar; temperature international biochar initiative; nutrients; temperature; fertilizer
value

1. Introduction

According to the International Biochar Initiative (IBI), biochar (BC) is a solid substance that is
formed as a result of thermochemical transformation of biomass under oxygen-limiting conditions][1,
2]. This is a sustainable soil amendment that has received growing interest because of its ability to
alter the soil structure, increase nutrient retention, water-retention, and microbial activity, which play
a vital role in soil health and crop productivity [3-5]. Owing to its elevated carbon content, biochar
also leads to long term carbon sequestration in soils, thus leading to mitigation of climate change.

Feedstock type and production conditions, especially pyrolysis temperature, have a very high
influence on the physicochemical property of biochar. Some of the important parameters are pH,
electrical conductivity (EC) which differ considerably in terms of ash content as well as soluble salts.
Further, biochar has key macro- and micronutrients, such as nitrogen, phosphorus, potassium,
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calcium, magnesium, and the trace elements, which affect its agronomic potential[6-8]. Nevertheless,
the properties are heterogeneous, and each of them requires a deep characterization to make sure
that the quality and performance remain consistent [9-12].

Although biochar is beneficial, it can be a hazard to the environment without proper evaluation.
As an example, trace amounts of heavy metals may be found in it depending on the feedstock and
the pyrolysis conditions. Although biochar could be used to stabilize heavy metal levels in polluted
soils, the elements themselves need to be monitored in biochar to avoid unintentional
contamination[2, 13, 14]. The IBI has developed to ensure the safe use of biochar in agriculture
through the establishment of standardized guidelines and maximum allowable amounts of heavy
metals[2, 14, 15].

Structural characterization also helps to improve the knowledge on biochar functionality. The
use of Scanning Electron Microscopy (SEM) to examine its porous nature and high surface area are
some of its major characteristics that aid in adsorption processes, nutrient retention, and overall
performance of soil amendment [15-17]. These features offer biochar a viable alternative to traditional
organic amendments like animal manure, and other advantages are lower greenhouse gas emissions
and enhanced carbon storage[18].

The increased supply of agricultural residues is an opportunity of producing sustainable
biochar. There is a great potential of using crop residues as rice straw, wheat straw, maize cobs and
husks which have been underutilized or disposed of in open burning resulting in loss of nutrients
and environmental pollution[19, 20]. Recycling the nutrients in the form of biochar is one of the
effective ways of recycling these residues to the soil to reduce the environmental impacts. Simple and
portable biochar production systems are especially significant in countries such as Nigeria where
agriculture is mostly practiced in rural settings. An example of such innovation is a local kiln
developed by Bababe at the University of Maiduguri [21]; nevertheless, the characteristics of biochar
produced with the help of this system are not thoroughly studied.

Rice residues such as rice straw and rice husk are particularly high and have a lot of potential in
biochar production. Past research has obtained that biochar produced with the help of cereal waste
can significantly enhance the fertility of the soil and the yield of crops. As an example, biochar of
wheat straw has been shown to boost the productivity of rice grains by up to 49 percent[22] which
indicates the agronomic advantages of these materials. Though there are few data on Borno State,
Nigeria produces significant amounts of rice residues, which are typically improperly managed and
present environmental risks[23]. The use of these residues to produce biochar might thus help to
create sustainable agricultural development[24].

Nevertheless, no research has been conducted to compare the physicochemical characteristic,
nutrient profile, and possible hazardousness of biochar generated through the Bababe kiln.
Specifically, there has been no thorough evaluation on its macronutrient and micronutrient
composition, nitrogen forms or trace metals against the biochar produced conventionally.

This study intends to fill this gap by systematically describing rice straw biochar prepared using
the local Bababe kiln and comparing it to standard biochar prepared at pyrolysis temperatures of 300,
400 and 500°C. Among the key parameters measured were pH, electrical conductivity, carbon (C),
nitrogen (N), sulfur (S), nitrogen species (ammonia-N, nitrate-N, nitrite-N), macronutrients (Ca, Mg,
K, Na), micronutrients (B, Cu, Fe, Mn, Mo, Zn), and trace metals (Cd, Pb, Ni, Pd), and microstructural
analysis by SEM. The objectives were goals to: (1) examine the effect of temperature on the biochar
characteristics in comparison with the locally produced biochar; (2) evaluate the fertilizer value of
the LBC and the standard biochar and determine the agronomic relevance; and (3) test the compliance
with the IBI safety limits, especially with reference to trace metal levels, to identify the suitability of
the biochar type in the agricultural application.
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2. Materials and Methods

2.1. Site Characteristics

According to [25, 26], Jere is located in the semi-arid Sahel Savanna zone, Jere is characterized
by a hot climate, with average temperatures around 33°C, low average humidity of about 29%, and
low and variable rainfall, with some sources reporting annual precipitation of 850 mm and others
giving a range of 500 to 800 mm. From their reports, the natural vegetation consists mainly of savanna
grasslands with scattered trees and shrubs. The local economy relies heavily on agriculture, with
crops such as maize, rice, millet, and sorghum, along with livestock rearing, but the area faces
challenges from land degradation and desertification [27].

2.1. Rice Straw Collection and Handling

Sufficient rice straw was collected at rice filed in Gongulong, Jere, Local Government of Borno
State, Nigeria. The rice straw was air dried and chopped to smaller sizes for onward use.

2.2. Local and Standard BC Production

The local BC was produced using the Bababe kiln as described in [21] and the standard BC was
produced using batch reactor as described by [28]. At the end of the pyrolysis, the solid char that
remained in the kiln and reactor were collected, weighed and recorded. Part of the biochar was
grinded and passed through 10 mm stainless steel used for further analysis and experiment. The yield
of biochar was determined gravimetrically.

2.3. Laboratory Analysis

All analysis were carried out in three (3) replicates. The EC and pH were determined in a 1:20
(w/v) water extract after shaking according to [29]; the salt content was obtained by EC using a
conversion factor and KCl standardization. Inorganic nitrogen (NOz, NOs, NHs*) was extracted
using 2M KCl and read spectrophotometrically (according to [30] through Griess reaction (nitrite),
cadmium reduction (nitrate), and indophenol blue (ammonium). The exchangeable cations (Ca, Mg,
K, Na) were extracted by 1M HCI following the procedure described by [31] and were analyzed by
flame photometry. Percentage C, N and S were determined through dry combustion (Elementar
Vario Max Cube). Micronutrients and heavy metals were analyzed by HNOs/H20: digestion followed
by MP-AES detection while surface imaging of biochar samples were done using scanning electron
microscopy. The SEM (HITACHI S-4700 Field emission-SEM) was used to examine the morphology
of the biochar samples. Before analysis, the samples were prepared in an ion-sputtering device.
Backscattered electron (BSE) was used to obtain atomic number contrast, allowing to distinguish the
carbonaceous matrix (darker regions) and mineral phases (brighter regions). The following
magnifications were used to take the images:

LBC: 800x (scale bar 50.0 pm)

BC300: 400x (scale bar 100 pm)

BC400: 500x (scale bar 100 pm)

BC500: 1,500% (scale bar 30.0 pum)

2.4. Statistical Analysis

All statistical analyses were conducted in R (RStudio). Data were screened for missing values
and organized by treatment prior to analysis. Descriptive statistics including mean, standard
deviation (SD) and standard error (SE) were calculated. Assumptions of normality and homogeneity
of variance were assessed before inferential analysis using the Shapiro-Wilk test and Levene’s test,
respectively. Variables that violated normality (p <0.05) were log-transformed using logio(x + 1), after
which assumptions were re-evaluated. Treatment effects were tested using analysis of variance
(ANOVA). Where significant differences were detected, means were separated using Tukey’s Honest
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Significant Difference (HSD) test at a = 0.05. Results were reported as mean + SD with statistical
significance indicated by letter groupings.
conducted with R packages of dplyr[32, 33] and car[34], and post-hoc comparisons were conducted
with agricolae. The ggplot2[35, 36] was used to create graphical visualizations and writex] was used

The statistical analyses and data manipulation were

to export the results.

3. Results

3.1. Biochar Physicochemical Properties

Pyrolysis temperature significantly (p<0.05) affected all measured physicochemical properties
(Table 1 and Fig. 1:A-F). Biochar pH increased from about neutral in LBC (7.84) to strongly alkaline
in all the other temperature treatments (10.26-10.57), with BC400 resulting in the highest (10.57) while
BC300 and BC500 were statistically the same. Electrical conductivity (EC) and salt content (%) had
similar patterns, with BC300 and BC500 having the highest values and being statistically equivalent
groups, with BC400 having intermediate and LBC showing significantly the lowest results. Carbon
percentage was highest in BC400 (56.94%), which was followed closely by BC300 (56.83%), with both
significantly higher than LBC (49.35%) and BC500 (44.06%). Nitrogen (%) increased with an increase
in pyrolysis temperature, which ranged from 0.66 to 1.30% in BC300 and BC500, with BC400 and LBC
having statistically equal results and intermediate levels. An increase in pyrolysis temperature
decreased biochar yield significantly (P < 0.05) from 34.3% (300°C) to 28.5% (500°C).

Table 1. Biochar physicochemical properties.

Treatment pH EC(uS cm™) Salt (%) Carbon (%) Nitrogen (%) Yield (%)
BC300 10.31+0.013ab 3635+57a 2.08+0.033a 56.83+0.006b 0.66+0.006c 34.3+0.0a
BC400 10.57 +0.006a 3335+80b 1.91+.046b 56.94+0.006a 0.89+0.009b 31.8+0.0b
BC500 10.26+0.012b 3705 +56a 2.12+0.032a 44.06+0.006d 1.30+0.058a 28.5+0.0c

LBC  7.84+0.098c 1805+67c 1.03+0.038c 49.35+0.006¢ 0.92+0.009b 23.0+0.0d

Values are mean + SD and different letters in a row indicate statistically significant differences among treatments
(Tukey HSD, p < 0.05).
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Figure 1. Physicochemical properties of biochar. Bars represent mean values with standard error (SE) as error

bars. Different letters above bars indicate significant differences among treatments (Tukey HSD, p < 0.05).

3.2. Nitrogen Forms

Ammonia-N concentration significantly (p < 0.05) resulted in a complex pattern that was
temperature-dependent (Table 2 and Fig. 2:A-C). BC500 resulted in the highest concentration of 38.53
mg kg1, LBC resulted in an intermediate concentration of 20.42 mg kg while BC300 and BC400
resulted in the lowest concentration, which ranged from 10.73 to 14.20 mg kg'. Results obtained from
nitrate-N concentration showed no significant differences (p>0.05) among treatments with mean
values ranging from 4.72 to 6.49 mg kg. The nitrite-N results obtained were significantly higher in
BC400 with a concentration of 0.098 mg kg, with all other treatments statistically equivalent and
lower with concentrations ranging from 0.083-0.089 mg kg, though all concentrations remained in
the trace range.

Table 2. Nitrogen Forms (ammonia-N, nitrate-N, nitrite-N (mg kg™) in various biochar types.

Treatment Ammonia-N Nitrate-N Nitrite-N
BC300 14.20 +4.08b 6.49 + 0.82a 0.089 + 0.001b
BC400 10.73 +0.31b 4.87 +0.31a 0.098 + 0.003a
BC500 38.53 +8.10a 594 +0.21a 0.087 £ 0.001b
LBC 20.42 £ 0.55ab 4.72 +1.33a 0.083 + 0.002b
Values are mean + SD and different letters in a row indicate statistically significant differences among treatments
(Tukey HSD, p <0.05).

Nitrite-N

Nirate-N (mga)

e

Figure 2. Nitrogen forms (ammonia-N, nitrate-N, nitrite-N) in biochar. Bars represent mean values with
standard error (SE) as error bars. Different letters above bars indicate significant differences among treatments
(Tukey HSD, p < 0.05).

3.3. Macronutrients

Results obtained showed calcium concentration from the different biochar treatments was
significantly (p < 0.05) higher in BC400 with a value of 15.140 mg kg, equivalent to about a 4.5-fold
increase over LBC, with BC300 and BC500 at intermediate levels (Table 3 and Fig 3:A-E). Magnesium
concentrations did not differ significantly among treatments despite an apparent increase with high
variability in BC400 (2.287 mg kg™).

Potassium concentration was significantly higher (p< 0.05) in BC300, BC400 and BC500 ranging
from 30,775 to 33,079 mg kg compared to LBC with a concentration of 22,268 mg kg™. Sodium
concentration was highest at BC400 with a concentration of 1303 mg kg, followed by BC300 (1152
mg kg1), BC500 (1005 mg kg and LBC (753 mg kg), with all treatments significantly different except
BC300 which was intermediate. Results obtained for all the biochar showed no significant differences
among treatments, with all biochars statistically the same with a concentration range of 0.043-0.06%.
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Table 3. Macronutrients concentration (mg kg™) in various biochar types.
Treatment Calcium (Ca) Magnesium (Mg) Potassium (K) Sodium (Na) Sulfur (S%)
BC300 12347+ 303ab 1380 + 42a 32805+100a 1152 +12ab 0.05+0.006a
BC400 15140+1232a 2287 +657a 30775+ 653a 1303 +29a  0.06 +0.006a
BC500 11260 + 693b 1907 + 278a 33079 +612a  1005+16b 0.043 + 0.003a
LBC 3400 + 303c 740 + 53a 22268 +1,476b 753 +69c  0.06 + 0.006a
Values are mean + SD and different letters in a row indicate statistically significant differences among treatments
(Tukey HSD, p <0.05).
Ca e K
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%m I I | i ' §m
BCI00 =) et BCE00 BC N P o — e N
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a S
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oatment BC500 LBC . BC300 BC400 Treatment BCS500 I.BCE

Figure 3. Macronutrients concentration in biochar. Bars represent mean values with standard error (SE) as error

bars. Different letters above bars indicate significant differences among treatments (Tukey HSD, p < 0.05).

3.4. Micronutrients

Pyrolysis temperature had a significant impact on the concentration of micronutrients, with
most elements, including boron (B), copper (Cu), iron (Fe), manganese (Mn), molybdenum (Mo), and
zinc (Zn). Detailed results for each micronutrient are presented in Table 4 and Figure 4. LBC resulted
in the highest B concentration with a value of 24.75 mg kg™ and significantly lower in BC500 with a
value of 11.73 mg kg, and BC300 and BC400 at intermediate levels. It was observed that Cu
concentration reduced from 17.13 mg kg™ in LBC to 4.46 mg kg in BC500, with BC400 resulting in
the lowest concentration of 5.40 mg kg'. Fe concentrations in the biochar results obtained were
significantly higher (p < 0.05) in LBC, with a mean value of 504 mg kg when compared to the
remaining biochars, which were statistically the same and ranged from 304 to 383 mg kg'. Mn also
followed a similar pattern, with LBC having the highest concentration of 132 mg kg and BC300,
BC400 and 500 were statistically the same, with concentrations ranging from 85 to 100 mg kg
Molybdenum was significantly higher in LBC with a concentration of 633 mg kg™ when compared to
all other biochar samples which ranged from 395 to 433 mg kg™ and statistically equivalent. Zinc
concentration was highest in LBC and BC400 (76.5-79.6 mg kg™!) while results obtained showed
BC300 was significantly the lowest (56.9 mg kg) and BC500 intermediate (62.5 mg kg™).
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Table 4. Micronutrients (mg kg™') concentration in various biochar types.
Treatmen Copper Manganese = Molybdenum
¢ Boron (B) (Cu) Iron (Fe) (Mn) (Mo) Zinc (Zn)
BC300 19'3551'94@ 9.10+1.45ab 383+26b  85.4+6.9b 433 £29b 56.9+4.1c
BC400 17'08]?0'72;3 5.30£0.09b 349+12b  100.0+1.9b 395 £12b 76.5+1.5ab
BC500 11.73+0.78b 4.46+0.50b 304+21b  92.6 +8.4b 399 +29b 62.5+4.6bc
LBC 2:'5765; 17.13+3.79a 504 +6a 132.0 +2.6a 633 +10a 79.6+2.8a
Values are mean + SD and different letters in a row indicate statistically significant differences among treatments
(Tukey HSD, p <0.05).
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Figure 4. Micronutrients concentration in biochar. Bars represent mean values with standard error (SE) as error

bars. Different letters above bars indicate significant differences among treatments (Tukey HSD, p <0.05).

3.5. Trace Elements

Pyrolysis temperature significantly affected the concentration of trace elements in the biochars.
Results for cadmium (Cd), lead (Pb), nickel (Ni), and palladium (Pd) are shown in Table 5 and Figure
5. Results obtained showed that Cd was detected with LBC alone with a concentration of 1.00 mg kg
and was non-detectable in the remaining biochar samples (BC300, BC400, and BC500). Although
statistical analysis showed no significant differences due to high variability in LBC. The mean
concentration of Pb from the biochar samples decreased from 5.49 mg kg (LBC) to 0.56 mg kg™
(BC500), with BC400 and BC500 statistically the same and the lowest. There was no significant
difference observed for Ni concentration among the biochar samples with all biochars statistically
equal at a concentration of 3.41-6.05 mg kg'. Pd results obtained showed similar findings to Ni with
no significant differences in concentration, with all the biochar statistically equivalent at 8.40-14.57
mg kg1, though BC500 exhibited remarkably low variability.
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Table 5. Trace elements (mg kg') ') in various biochar types.
Treatment  Cadmium (Cd) Lead (Pb) Nickel (Ni) Palladium (Pd)
BC300 0.00 +0.00a 1.70 + 0.98ab 3.41+097a 10.25 £ 0.92a
BC400 0.00 +0.00a 0.58 £ 0.58b 3.53 +0.06a 8.81 +0.93a
BC500 0.00 +0.00a 0.56 + 0.56b 5.04 +0.08a 8.40 +0.13a
LBC 1.00 £ 0.51a 549 +1.4la 6.05 +1.05a 14.57 + 3.05a
Values are mean + SD and different letters in a row indicate statistically significant differences among treatments
(Tukey HSD, p <0.05).
cd Pb
0.1 b b
de e s | I e
5550 B a0 = T e
Pd
20 a
| | . .a
B8C300 BC400 Treatment BC500 LBC c BC300 BC400 Treatment BC500 LBC b

Figure 5. Trace elements concentration in biochar. Bars represent mean values with standard error (SE) as error

bars. Different letters above bars indicate significant differences among treatments (Tukey HSD, p<0.05).

3.6. SEM Results

The SEM photographs are given in Fig. 6 for all the bochar samples. The LBC micrograph
indicates an irregular surface morphology of lignocellulosic biomass that is moderately pyrolyzed.
Long, channel-shaped deposits, symbolizing the preserved vascular tissue of plants (xylem vessels
and tracheids), are obvious. The pore structure is partially developed but shows indications of early
thermal modification but less than at elevated temperatures in BC300. The long cellular structures of
the original feedstock are retained in their original forms. This preservation shows that at 300 °C,
hemicellulose and some celluloses have broken down, but lignin, the structural framework, is still
rather intact.

The BC400 exhibited a well-defined honeycomb pore structure with continuous cellular
channels and extensive secondary porosity. Compared with BC300, cell walls were thinner and pore
density was higher. Mineral phases appeared more uniformly distributed within the carbon matrix.
The BC500 showed the highest degree of structural modification, characterised by increased pore
density and extensive perforation of cell walls. At 1500x magnification, cellular channels were
disrupted and walls were markedly thinner than in BC400. Mineral phases appeared as larger,
aggregated clusters.
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Hitachi TM4000 5kV 8.4mm x8i

Hitachi TM4000 5kV 8.3mm x600.BSE H 50.0 30.0pm

BC500

Figure 6. SEM of biochars produced at different temperatures: LBC (800x), BC300 (400x), BC400 (500x), BC500
(1500x%). Backscattered electron (BSE) mode; scale bars = 30-100 pm.

4. Discussion

4.1. Biochar Physicochemical Properties

The continues decline in biochar yield with increasing temperature (34.3% to 28.5%) denotes
greater devolatilization and carbonization at higher temperatures[37, 38]. The dramatic pH increases
to strongly alkaline in pyrolyzed biochars (10.26-10.57) is attributable to the concentration of alkali
and alkaline earth metals and decomposition of acidic functional groups[39, 40]. The peak pH
recorded at 400°C and a decline at 500°C show that transformations in the biochar samples are
dependent on temperature changes. This is possibly due to enhanced volatilization of certain alkali
species at 400°C, which is followed by reduced release or stabilization at higher temperatures
according to reports of [40, 41]. At 400°C, the consistency of pH (SD = 0.01) represents a better
improvement over LBC. This proves that controlled pyrolysis temperature enhances biochar product
consistency. EC and salt content were higher with LBC and all pyrolyzed biochars. BC300 and BC500
exhibiting the highest values. Moderate values were observed with BC400. LBC was found to be
significantly lower, denoting changes in transformation that depend on temperature in salt
speciation. The incorporation of soluble ions into less soluble mineral phases (phosphates,
carbonates) may be the cause of the decline at 400°C[42], whereas the formation of new soluble
species or continuous concentration effects may be the cause of the subsequent increase at 500°C[37,
42].

Percentage carbon was higher at 300-400°C (56.8-56.9%) then declined sharply at 500°C (44.1%),
indicating carbon gasification losses at the highest temperature[43]. Considering its uncontrolled
production temperature, LBC showed an intermediate carbon content of 49.35%. This value is in
between the lower value that results from pyrolysis at 500°C and the high carbon concentrations
attained under sustained optimum temperatures (300-400°C). Nitrogen (%) rose from 0.66% to 1.30%
at 300 and 500°C under regulated conditions, indicating the concentration of nitrogen in thermally
stable heterocyclic structures, even though labile nitrogen molecules volatilized at lower
temperatures[44]. The local biochar produced in the drum kiln was adequate to concentrate nitrogen
above the levels observed at 300°C, albeit not to the amount attained under sustained 500°C
controlled pyrolysis, as demonstrated by LBC's nitrogen concentration of 0.92%, which was
statistically equal to BC400. The final carbon and nitrogen contents were impressively consistent
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throughout the batch despite the local biochar kiln's uncontrolled temperature, as seen by the
relatively low variation in both carbon and nitrogen content in LBC (SD = 0.01% for both).

4.2. Nitrogen Forms

Ammonia-N had a maximum concentration of 38.5 mg kg at 500°C, which implies that it was
more effectively retained or formed through adsorption onto developed pore surfaces or
incorporation into heterocyclic structures[45]. LBC results showed an intermediate ammonia-N
concentration of 20.42 mg kg'. This is statistically equivalent to the standard BC produced at 500°C
and the lower temperature biochars. This intermediate range of LBC indicates the dynamic
temperature gradient in the drum kiln where some fraction of the feedstock were at a temperature
high enough to hold ammonia and some at low temperatures where ammonia losses might dominate.
The poor uniformity in LBC (SD = 0.96mg kg) relative to the high uniformity in BC500 (SD = 14.04
mg kg) and the exceptional uniformity in BC400 (SD = 0.54mg kg') emphasize the potential of
uncontrolled production processes to produce intermediate, but relatively stable concentrations of
ammonia, albeit with no possibility of maximising either of the ammonia content or uniformity.

The concentration of nitrate-N showed no temperature dependence. with the all the temperature
treatments, including LBC, were statistically identical indicating that the condition of pyrolysis
within this range did not have any proper effect on nitrate-N. The absence of temperature effect as
well as low absolute concentrations (4.7-6.5 mg kg™') implies that nitrate from the biochar produced
is not likely to become agronomically relevant, regardless of the method of production. The
concentration of nitrate in LBC (4.72 mg kg™) was in the small range of all the treatments, which
implies that the uncontrolled production of nitrates does not put a disadvantage or advantage to the
nitrate content compared to the standard pyrolysis.

Nitrite-N, though statistically significant at 400°C, was at trace levels (less than 0.1mg kg™) in all
treatments including LBC, and showed neglible differences agronomically. LBC had the lowest
concentration of nitrite (0.083 mg kg), but it was statistically identical to BC300 and BC500. The
slight decrease in LBC could be due to the thermal history variability of production by drum kiln
whereby sustained intermediate temperatures optimal to the production of nitrite may not have
obtained in a consistent manner.

4.3. Macronutrients

Pyrolysis temperature was found to have a considerable element-specific effect on
macronutrient concentration and variability on different biochar types. This is consistent with known
thermochemical transformations during biomass carbonization. Ca concentration significantly rises
from LBC (3400 + 524 mg kg) to BC300 (12347 + 525 mg kg) and was maximum at BC400 (15140 =
2134 mg kg) and declined at BC500 (11260 + 1200 mg kg™). This trend could indicate the effects of
concentration of the ash at intermediate temperatures followed by a gradual conversion to more
crystalline and partly soluble mineral phases such as calcite and Ca-silicates at higher temperatures,
making it less extractable but not necessarily total Ca content[46, 47]. Magnesium (Mg) concentrations
increased from LBC (740 + 92 mg kg) to BC300 (1380 + 72 mg kg') and BC500 (1907 + 482 mg kg™).
The highest but most variable concentrations was observed at BC400 (2287 + 1137 mg kg'). But these
differences were not statistically significant, probably because there was large within-treatment
variability, especially in BC400, indicating heterogeneous formation of Mg-bearing mineral phases
under different temperature[48]. All pyrolyzed biochar samples contained a large concentration of
potassium (K), with BC300 (32805 + 173 mg kg), BC400 (30775 + 1131 mg kg), and BC500 (33079 +
1060 mg kg) having statistically comparable concentrations that were much higher than LBC (22268
+ 2556 mg kg). This increase aligns with the stable behavior of K during pyrolysis and its
accumulation in highly soluble and exchangeable forms (e.g., K* salts and carbonates) when organic
matter is volatilized[49]. The concentration of Na rose with an increase in LBC from 753 + 69 mg kg™
to 1152 + 21 mg kg ' at BC300 and the peak observed with BC400 (1303 + 51 mg kg™). It decreased at
BC500 (1005 + 28 mg kg) which indicates that it was partially volatilized or converted to less
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exchangeable mineral forms at higher temperatures. The consequences of Na addition will depend
on the soil cation exchange capacity, the leaching processes, and the occurrence of divalent cations
like that can counteract the Na-induced clay dispersion[50-52]. There was no significant difference in
S concentrations across the treatments. This may imply that the S exists in thermo-stable forms in the
organic or mineral-associated forms, which could be heterocyclic sulfur structures formed in the
process of carbonization. Standard deviations were low in BC300 (e.g., K: £173 mg kg'; Mg: £72 mg
kg?; Na: £21 mgkg™), which indicated high homogeneity of chemical composition. BC400 was,
however, much more heterogeneous particularly with regard to divalent cations.

4.4. Micronutrients

Most of the micronutrients (boron, copper, iron and manganese) exhibited a decrease with rise
in temperature. It contrasts with the patterns of macronutrient concentration, and this can be due to
the volatilization of organically complexed forms or incorporation into recalcitrant mineral
phases[53]. Copper had the highest reduction in concentration with temperature increase and BC400
showed the highest consistency (SD = 0.15 mgkg), which was 44 times lower than that of LBC (SD =
6.57mg kg?). Among pyrolyzed biochars, BC400 had the best combination of moderate Fe
concentration (349 mg kg™) and high level of uniformity (SD =21.04 mg kg), as iron declined steadily
with increasing temperature.

Manganese concentration was maintained at 400°C in comparison to 300°C, and BC400 and
showed superior homogeneity (SD = 3.28 mg kg). The multi-phase nature of the behavior of
manganese, decreasing at 300°C, increasing at 400°C, and decreasing at 500°C, indicates that the
oxidation states (Mn?, Mn¥», Mn#*) are changing based on their volatility and solubility
characteristics[54].

Zinc was maintained at 400°C in concentrations similar to those of LBC, which suggested
formation of thermally stable zinc[55]; zinc oxides, zinc silicates and zinc phosphates at this
intermediate temperature. The lowest variability was observed with BC400 (SD = 2.62 mg kg), and
BC300 and BC500 had larger variability. Zinc retention at temperatures of 400°C, along with an
outstanding level of consistency, ensures that BC400 is the most suitable option in the case of uniform
zinc supplementation.

4.5. Trace Elements

Cadmium was completely not detected for BC300, C400 and BC500 and was from 1.00 mg kg™
in LBC to non-detectable levels in all pyrolyzed biochars. This complete removal with no variability
shows the effectiveness of thermal treatment of this volatile heavy metal with low melting point[56,
57]. The high variability of LBC reflected by the statistical non-significance (p = 0.0533) and not the
uncertainty of removal efficiency. Lead revealed gradual 90% reduction at 400-500°C with BC400
and BC500 attaining concentrations of less than 0.6 mg kg. The statistical similarity between BC400
and BC500 indicates that both temperature conditions are adequate to reduce lead. Nickel reductions
were substantial but not significant. BC400 had remarkably low variability with SD = 0.10 mg kg™
despite no significant mean changes being observed. The rise in concentration to 5.04 mg kg at 500°C
compared to lower temperatures with concentrations ranging from 3.41 to 3.53 mg kg™ (however,
not statistically significant), implies probable transformation into recalcitrant inorganic phases at
higher temperatures. Palladium concentration showed no significant decreases. However, BC500 had
demonstrated remarkable consistency with SD =0.23 mg kg~ equalling about a 23-fold improvement
over LBC. Regardless of the non-significant ANOVA result, BC500 remains the best option for
palladium reductions due to its exceptional consistency and low mean concentration.

5. Fertilizer Value

Fertilizer value of different biochars produced were evaluated by adopting an application rate
of 10 t ha™ which corresponds to a common biochar application range of 5-20 t ha! [58-60]
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Elements reported in mg kg will be calculated as:

supply (g ha™) = concentration x 10.

For nutrient elements measured in percentages will be calculated as:

supply (kg ha') = concentration x 100.

This will allow for comparison of possible nutrient inputs from various types of biochar. Table
6 and 7 presents a detailed review of all nutrient supply data.

5.1. pH, Electrical Conductivity and Salt Content

The pyrolyzed biochar had strong alkaline conditions (10.26 -10.57) in contrast to almost neutral
LBC (7.84), with the highest pH of BC400 (10.57). This rise is attributed to the concentration of alkali
metals during pyrolysis which forms oxides and carbonates which are hydrolyzed in water[61, 62].
BC400 has the highest liming potential of acidic soils and uniformity (SD = 0.01) is remarkable and
make it possible that pH adjustment can be predictable. The electrical conductivity rose significantly
between LBC (1,805 uS cm™) and pyrolyzed biochars (3,335-3,705 puS cm™), which is close to the 4
mS/cm and a critical value for non-salt tolerant crops. The same trend was observed with salt content.
BC300 (2.08%) and BC500 (2.12%) were the highest, BC400 was intermediate (1.91%) and LBC the
lowest (1.03%). Salt additions of up to 103 kg ha (LBC) and 212 kgha (BC500) can built up at 10
tha! biochar application. Therefore, LBC can be safest and then followed by BC400 considering salt
sensitive crops.

5.2. Carbon Content

The maximum percentage of carbon was observed with biochar produced at 300-400 °C (56.8 to
56.9%) and reduced drastically at 500°C (44.1%), with LBC having intermediate results (49.35%).
Carbon additions vary between 4.41 t C ha™' (BC500) and 5.69 t C ha! (BC400) at 10 t ha'. Therefore,
BC400 has the highest carbon sequestration potential, and it is very uniform (SD=0.01) with carbon
stability yet to be investigated.

5.3. Nitrogen Forms

Immediate availability of inorganic nitrogen (ammonia-N + nitrate-N + nitrite-N) at 10 t ha -1
was in this order; BC500 (445 g ha™), LBC (252 g ha™), BC300 (208 g ha') and BC400 (157 g ha™). The
dominating inorganic fraction was ammonia-N that has a 68-87 % contribution. Although BC500
offers the best immediate available nitrogen although it is still low compared to crop demands of
about 100 to 200 kg Nha'. Biochar nitrogen can be considered a slow-release source and BC300 may
have significant mineralization in the longer term owing to its higher C (56.8%) as well.

5.4. Macronutrients

Potassium: Pyrolyzed biochars (BC300, 400 and 500) proof good as source of K (308-331 kg K
ha at 10 tha™), much higher than LBC (223 kg ha™) and adequate to most crops as K application of
150-200 kg K ha™ was reported to have increased yield and K uptake in rice[63]. BC300 provides
superior uniformity (SD=173.27) and easy prediction to K management.

Calcium: BC400 is the best source of Ca (151 kg ha), which supplies a 4.5 fold higher than LBC
(34 kg ha™), much higher than the crop requirements as 40-80kg Ca/ha reported to have 16% yield
increase of potato in low Ca soil[64]. BC300 and BC500 supply 113-123 kg ha-'.

Magnesium: BC400 provides 22.9 kg Mg ha!, which is above some crop requirements as 16 kg
Mg ha™ was reported to be optimal for maize (Ahmed et al., 2020)[65], but with great variability
(SD=1137.4). BC300 has a higher uniformity (SD=72.1) potentially supplying 13.8 kg Mg ha™).

Sodium: Additions vary between 7.5 kg ha™' (LBC) and 13.0kg ha™ (BC400). Fr sodium-sensitive
crops consideration, LBC has the less risk.

Sulfur: All biochars potentially can supply 4.3-6.0 kg S ha™!, which can augment crop needs of
about 20-40 kg ha'[66]. BC500 provides superior predictability (SD=0.0).
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5.5. Micronutrients

Boron: LBC can potentially supply 248 g B ha!, BC300 (194 g ha), BC400 (171 g ha), and BC500
(117 g ha™'). BC500 potential supply can be marginal with the crops that are boron demanding.

Copper: Potential additions are between 45 g ha™' (BC500) and 171 g ha™' (LBC). LBC and BC300
have the potential to treat the deficiency of Cu, and the BC400 is exceptionally uniform (SD=0.1).

Iron: All the biochars potentially can supply 3.04 to 5.04 kg Fe ha™!, which is well beyond crop
removal (for example 0.87 kg ha™ uptake by urdbean after application of 5.0 ha™ of Fe as reported
by[67] although when alkaline the availability can be lower.

Manganese: Potential supplies are 0.85 kg ha! (BC300) up to 1.32 kg ha! (LBC), which are above
the crop requirements (0.048-0.065 g/kg for sunflower as reported by [68, 69]1. BC400 provides an
outstanding uniformity (SD=3.3).

Zinc: LBC and BC400 can potentially supply 765-796 g Zn ha!, which is about the optimum Zn
required by some crops per year (e.g., 10 kg Zn ha™ optimum for maize-wheat system as reported
by[70]. BC400 is a combination of higher Zn content with outstanding uniformity (SD=1.5) compared
to LBC (SD=2.8).

Molybdenum - Critical Concern: All biochars can potentially supply (3.95-6.33 kg Mo ha) at 10
tha™ and against 50 g ha™ required by some legumes and pastures (Morton, 2023). This is a great
toxicity hazard, especially in livestocks that graze on forages planted on amended soils, where
molybdenum causes secondary copper deficiency[71]. All biochars are 5-8 times higher than IBI
safety thresholds (5-75 mg kg), which is a major limitation that must be overcome by feedstock
selection or removal prior to agricultural application.

Table 6. Summary of Nutrient Supply from Biochars at 10 t ha™ Application Rate.

Parameter Unit BC300 BC400 BC500 LBC
Salt kg ha! 208 191 212 103
Carbon t hat 5.68 5.69 441 494
Total N kg ha™ 66 89 130 92
Available N g ha! 208 157 445 252
Potassium (K) kg ha 328 308 331 223
Calcium (Ca) kg ha™ 123 151 113 34
Magnesium (Mg) kg ha™ 13.8 229 19.1 7.4
Sodium (Na) kg ha! 11.5 13.0 10.1 7.5
Sulfur (S) kg ha 5.0 6.0 43 6.0
Boron (B) g ha 194 171 117 248
Copper (Cu) g ha 91 53 45 171
Iron (Fe) kg ha™ 3.83 3.49 3.04 5.04
Manganese (Mn) kg ha™ 0.85 1.00 0.93 1.32
Molybdenum (Mo) kg ha 4.33 3.95 3.99 6.33
Zinc (Zn) gha' 569 765 625 796

Table 7. Summary of Fertilizer Value by Biochar Type.

Bioch

ar Key Strengths Limitations Best Suited For
' ) o/ Lowest total N; . ; .o
Highest yield (34.3%); excellent K high salinity High-yield production;

BC300 (328 kg ha') with exceptional
uniformity; good B and Cu retention

precision K fertilization;

risk; variable for bulk applications

other elements

Best overall balance; highest pH High variability General agricultural use;

BC400 (liming); highest C (5.69 t ha™);
highest Ca (151 kg ha); highest Mg

for Ca and Mg; liming acidic soils; carbon
moderate sequestration; precision
salinity nutrient management
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(22.9 kg ha™); preserved Zn (765 g
ha!); exceptional uniformity
Substantial B
and Cu losses;
highest salinity
risk; lowest
yield

Highest total N (130 kg ha); highest
available N (445 g ha™'); highest K
(331 kg ha'); maximum

Nitrogen supplementation;
contaminated soils; carbon
BC500 .
sequestration where

contaminant removal nutrients secondary

Salt-sensitive and low
High variability;  quantity applications;

LBC Highest B, Cu, Fe, Mn; lowest detectable Cd; fertilizer coating,
salinity risk; no pyrolysis cost uncontrolled micronutrient
production supplementation where

uniformity not critical

5.6. 1BI Metal Thresholds and Trace Element Safety

The International Biochar Initiative (IBI) defines set limits of the concentration of heavy metals
in biochar, to allow safe usage in agriculture. Grades (Premium, Standard) have different thresholds,
where the lowest threshold is the strictest one[72]. All biochars, including LBC, contain cadmium,
copper, lead, nickel and zinc at levels that are far below the IBI levels (Table 8).

Table 8. Comparison of Biochar Metal Concentrations with IBI Safety Thresholds (mg kg™).

Metay [Pl Threshold(mg -\ p posgy  Beaoo Bespo COmPlance

kg1)* status

Cadmium 14-39 1.000.512 0.00+0.00a O'OOzO'OO 0'0020'00 All compliant
17.13+3.799.10+1.45a 5.30+ 4.46+ .

Copper 143 — 6000 a b 09 50b All compliant
549+ 170:098a 058+  0.56+ ,

Lead 121 -300 141a b 58b 56b All compliant

M"lyrzde““ 5-75 633+10a 433+29b 395+12b399+29b  All exceed

, 605+ 341+ 5.04+ ,

Nickel 47 - 420 1.05a 0.97a 3.53+ .06a 08a All compliant

Zinc 416-7400  79.6+2.8a56.9 +4.1c 76'5?‘55‘ 62'5i4'6b All compliant

*Source:[72]

Cadmium is entirely removed in terms of BC300, BC400 and BC500 (below detectable limits) and
1.00 mg kg in LBC. This 100 percent elimination with zero variability shows the final attainment of
the reduction of contaminants and guarantees the absence of cadmium levels as a limiting factor to
biochar application in agriculture.

At 400-500°C, lead is gradually decreased by about 90%, and concentrations below 0.6 mg kg,
which is well below the IBI limit of 121 mg kg-!. The statistical equivalence of BC400 and BC500 gives
options to the producer who aims at minimizing lead.

Copper exhibits about 74% reduction at 500 C, BC400 and BC500 over LBC and have very good
safety margin and which are still above deficiency levels. The high uniformity (SD = 0.15 mg kg™ ) of
BC400 guarantees a consistent content of copper.

Nickel and zinc are well under limits in all treatments with BC400 providing exceptional
consistency in both elements. The non-significant differences of nickel signify that all biochar is
equally safe in terms of this element.
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5.7. Molybdenum as Metal of Concern

Molybdenum is present in all biochars, including the locally produced LBC, at 5-8 times higher
than the IBI maximum allowable level (5-75 mg kg'). LBC has 633 mg kg!, which is over 8 times the
upper limit. Further pyrolysis at 300 and 500°C have lower molybdenum level of 395-433 mg kg,
which is 5-8 times higher than the limit.

This is a severe drawback, which would exclude IBI certification and may limit the agricultural
application, especially livestock systems, where molybdenosis (molybdenum toxicity) poses an issue.
Molybdenosis is caused by livestock feeding on forages with a high molybdenum content, and lead
to secondary copper deficiency, which is manifested by diarrhea, anaemia, and retarded growth[62,
73]. Molybdenum toxicity of ruminants is found at a level of about 5-10 mg kg™ in forage[74, 75]).
and biochar at agronomically relevant levels could raise soil molybdenum to a point of causing
toxicity in plants.

The problem lies with the feedstock and cannot be solved by pyrolysis at any temperature.
Molybdenum has a large melting point (2610-2620 °C) [76, 77] and boiling point and therefore its
compounds are usually non-volatile at the temperatures of pyrolysis. This is one of the limitations as
itis not possible to treat a feedstock containing a lot of molybdenum by pyrolysis. BC400 has the least
molybdenum concentration (395 mg kg ) and the highest uniformity (SD =12 mg kg 1), still, it is 5.3-
fold exceeding the IBI threshold.

5.8. Biochar Morphology

LBC had cell structure in a good condition and had elongated channels that resembles plant
initial vascular tissue. The pore structure was made of macropores that showed signs of mesopore
formation on the cell wall surfaces. The heterogeneity may show distributed mineral phases (Ca, K,
Mg, Si compounds) were indicated by bright areas on BSE mode. This microstructure promotes
moderate functionality but is the reason moderate to high elemental variability of LBC (e.g., Cu SD =
6.57).

BC300 exhibited semi-formed pore structure featuring intact cellular channels. The mineral
phases were possibly present in small specks and clusters and were more plentiful than LBC but less
concentrated than higher temperatures (BC400 and BC500). There was surface cracking but not
extensive. This intermediate microstructure is the reason why BC300 has high elemental variability
(Fe SD =45.34, Cu SD = 2.51), and is more representative of intermediate nutrient availability, and its
K uniformity (SD = 173) is indicative of uniform mineral distributions.

BC400 contained well-formed honeycomb-like porosity having thinner walls on its cells, strong
development of secondary pores and interrelationship of channels. The mineral phases were evenly
spread as small grains throughout the carbon skeleton, which constituted the physical basis of high
levels of elemental uniformity (pH SD = 0.01, Mn SD = 3.28, Mo SD = 20.02, Zn SD = 2.62). Signs of
perforation and thinning of cell walls augmented discrete surface area without structural damage.
This optimum change accounts for peak Ca (15140 mg kg™') and Mg (2287 mg kg™) levels, maximum
pH (10.57) and retained Zn levels.

The pore development in BC500 was seen to be the most widespread one and had much thinner
and perforated cell walls and high levels of microporosity, possibly forming high surface area.
Mineral phases were observed to be replaced by discrete, larger aggregates which were evidence of
thermal melting or recrystallization, and this can explain the decreases of Ca (11260mg kg™') and Mg
(1907 mg kg™?). The contribution to low yield (28.2%), was possibly the degradation and
fragmentation of the cell wall. Moderate to high elemental variability (Mo SD = 50.14, Fe SD = 36.45)
can be due to heterogeneous modification of the surface, whereas exceptional uniformity of Ni (SD =
0.14) and Pd (SD = 0.23) may be due to homogeneous volatilization of these elements.

The highest ammonia-N (38.53 mg kg) of BC500 is justified by large volumes of microporosity
with numerous adsorption sites and the high porosity of BC500 and the change in mineral phases are
the reasons why it has high removal of Cd (100%), Pb (90%), and Cu (74%). Table 9 gives summary
of features and their relationship to functions.
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Table 9. Possible structure-function relationship of biochar types.
Feature LBC BC300 BC400 BC500
1lul
Cellu ar High High Moderate Low
Preservation
Pore Development Moderate Moderate Well-developed Extensive
Secondary Porosity =~ Limited Limited Abundant Extensive
Mineral Heterogeneou  Discrete Uniform fine Large
Distribution s clusters dispersion aggregates
Uniformity Moderate Low Exceptional Variable

6. Conclusion and Recommendation

The nature of pyrolysis temperature essentially dictates the nature of physicochemical
characteristics, elemental composition, and microstructure of biochar with far-reaching effects on
agronomic value and environmental safety.

Pyrolyzed biochars were strongly alkaline (10.26-10.57) relative to near-neutral LBC (7.84);
BC400 was found to have the greatest pH value (10.57) and displayed the greatest degree of
uniformity, which is the most effective liming material. EC and salt content were significantly higher
in pyrolyzed biochars compared to LBC (BC300 and BC500 contained the highest values, 3,705 mS
cm-1 EC, 2.12 percent salt), and the salinity risk was greatest with LBC (salt load 1.03 percent). Carbon
levels were highest at 300-400 degC (56.8-56.9%), then decreased at 500 degC (44.1%); LBC was
intermediate in carbon (49.35%). Therefore, BC400 presents the maximum carbon sequestration
capacity and the liming effect.

Pyrolyzed biochars had high concentrations of potassium, calcium, magnesium, and sodium
compared to LBC. Biochar pyrolysates were all good sources of K (308-331 kg ha-1), far better than
LBC (223 kg ha-1), and BC300 offered outstanding uniformity of K. Calcium reached the peaks of
BC400 (151 kg ha-1 a 4.5-fold increase compared to LBC) and magnesium peaked at BC400 (22.9 kg
ha-1). The highest sodium additions were in BC400 (13.0 kg ha-1), and the lowest ones in LBC (7.5 kg
ha-1). Sulfur did not have a significant temperature effect with LBC and BC400 supplying 6.0 kg ha".

LBC had the highest levels of volatile micronutrients (B, Cu, Fe, Mn), indicating its less severe
thermal history. Boron declined with temperature (LBC 248 g ha-1, BC500 117 g ha-1); copper
declined in the same manner (LBC 171 g ha-1, BC500 45 g ha-1). LBC had the highest amount of iron
(5.04 kg ha-1) but went down with temperature. LBC had also the highest level of manganese (1.32
kg ha-1). Zinc was maintained in BC400 (765 g ha-1) at the same levels as LBC (796 g ha-1), with great
losses observed in BC300 and BC500.

At all temperature of pyrolysis (0.00 mg kg™), cadmium was totally removed, but LBC was
found to contain detectable Cd (1.00 mg kg™). The 549 mg kg™ Lead in LBC had been reduced to
0.56-0.58 mg kg-1 at 400-500degC. Nickel and palladium were numerically, but statistically
nonsignificant decays, with BC400 showing outstanding uniformity in both.

All biochars meet IBI safety thresholds of Cd, Cu, Pb, Ni and Zn. Nevertheless, the issue of
molybdenum is decisive: all biochars, LBC included contain Mo in the levels of 5-8 times more than
the IBI limit (5-75 mg kg™). Mo additions at 10 tha’, i.e. 3.95 kg ha™ (BC400) and 6.33 kg ha* (LBC),
are actually lower than crop removal (10-30 g ha™). This represents a critical toxicity threat, especially
to livestock (molybdenosis), and has to be mitigated by avoiding feedstock or by moderation.

Fertilizer value: BC400 is the most balanced one, maintaining the levels of Ca, Mg, and Zn, with
an unparalleled uniformity of products and maximum liming effect. BC500 maximizes the total N,
the available N, the available K and the total contaminants removal, but this is at the cost of the loss
of B, loss of Cu, loss of Fe, and loss of Mn and the maximum salinity. BC300 provides the best yield
(34.3 %) and excellent uniformity of K, appropriate in large-scale fertilization of K. LBC has the
greatest concentration of numerous volatile micronutrients and the least salinity, but is high in
variability and can be detected Cd, thus it can be used in low-cost and salt-sensitive systems where
accuracy is not demanded such as fertilizer coating.
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SEM analysis showed that there were progressive changes in microstructure. LBC had a well-
preserved cellular structure with homogenously distributed minerals, which is why it contained
moderate nutrient content and was highly varied. BC300 exhibited partially formed pore and
incomplete carbonization giving rise to high elements variability but remarkable uniformity of K.
BC400 exhibited a well-developed, honeycomb like porosity and fine mineral masses were uniformly
distributed and the structure was incredibly homogeneous-the physical characteristic of its excellent
uniformity, high Ca and Mg and retained Zn. BC500 had the largest microporosity, aggregated
mineral phases, and cell walls degradation, which justified the high ammonia-N-retention,
contaminant-removal, and carbon-stability, yet caused the nutrient losses and heterogeneity.

Higher pyrolysis temperature has critical influence on biochar properties as a result of
combination compositions and microstructural alterations. BC400 will be the best option when it
comes to balanced agricultural uses, as it will eliminate the need to compromise on nutrient
preservation, uniformity, and liming capacity. IB 500 is the most appropriate in carbon sequestration
and remediation, BC300 in high-yielding K fertilization, and LBC in low-cost and salt-sensitive
applications of micronutrients. Nevertheless, the widespread presence of molybdenum in all biochars
is too overwhelming of all other factors and needs to be eliminated first to be able to use it in
agriculture. The screening of feedstock of Mo is necessary because even the best pyrolysis cannot cure
this natural pollutant. Future research ought to consider Mo mitigation, field testing of nutrient
availability and combining with organic processes including composting to increase the agronomic
properties of biochar further.

The present research shows that the composition, fertilizer value and structure of biochar have
a high dependence on pyrolysis temperature, with clear trade-offs across treatments. BC400 offers
the best balance of performance with high calcium and zinc content and excellent uniformity of the
product. BC300 will be more preferable in potassium fertilization and high-yield production, but
BC500 will make more sense in nitrogen retention and contaminant elimination (Cd, Pb, Cu) at the
cost of the preservation of the micronutrients and yield. LBC has more volatile micronutrients (B, Cu,
Fe, Mn) as well as less salinity, yet it has a high degree of variation and discernible cadmium.

Pyrolyzed biochar samples are also high-potassium (308-331 kg K ha™) sources, which is
adequate to supply crops, with calcium being highly enriched at 400 C (151 kg Ca ha'), and having
considerable liming potential. Micronutrients tend to be larger than the crop removal, but their
supply can be pH-sensitive. Nevertheless, the major constraint is molybdenum contamination with
input of 3.95-6.33 kg Mo ha at 10 tha! are both much greater than that absorbed by crops and exceed
safe levels (5-75mg kg -1). This shows how important feedstock selection is since pyrolysis cannot
remove naturally found contaminants.

Microstructurally, rise in temperature promotes pore formation and mineral change. BC400 has
the best porosity and uniformity of the mineral that favors low levels of variability and high rates of
nutrient retention. BC500 forms large quantities of microporosity, thereby preferring adsorption and
elimination of contaminants, but decreases nutrient content, whereas BC300 partially carbonizes with
larger variation. LBC retains original structure yet it is not consistent.

Altogether, BC400 is the most suitable choice in terms of nutrient retention, uniformity, and
functionality in the majority of agricultural applications, especially where there is a need to provide
a uniform nutrient supply. BC500 is more appropriate to remediation and carbon sequestration and
BC300 to high yield potassium applications where variability is not critical. LBC is a low-cost strategy,
average nutrient delivery, and retained structure but low reliability since it is heterogeneous and
contains contaminants. Nevertheless, it can be used suitably in fertilizer coating or blending processes
in which much lower application rates (<10 tha™') can mitigate the effects of contaminant loading and
variability. Although all materials have agronomic potentials, the problem of molybdenum toxicity
should be taken care of before the field. The research in the future must be directed at field validation,
mitigation, and integration with other practices.
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