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Abstract. Hassan MAM, El-Sayed MEA, Abdallah MH, Gahlan AA. 2026. Characterization of acid-modified corn cob biochar for 

potential alkaline soil remediation. Asian J Agric 10 (1): g100125. https://doi.org/10.13057/asianjagric/g100125. Biochar (BC), derived 

from agricultural residues, is increasingly recognized for its capacity to enhance soil quality and contribute to the reduction of 

greenhouse gas emissions. Conversely, the typically high pH of BC limits its effectiveness in alkaline soils, such as those prevalent in 

Egypt. In order to overcome this difficulty, this study produced BC from corncobs via slow pyrolysis at 350°C for an hour at a heating 

rate of 10°C min-1. Its surface was modified with phosphoric acid, sulfuric acid, and humic acid, resulting in PBC, SBC, and HBC, 

respectively. Biochar and its modified forms were characterized by elemental analysis,  Fourier Transform Infrared  (FTIR) spectroscopy, 

X-Ray Diffraction (XRD),  Brunauer-Emmett-Teller (BET) surface area, and Field-Emission Scanning Electron Microscopy (FE-SEM). 

The findings revealed that the pH of MBCs has decreased from 7.87 to 7.13 compared to 8.32 for BC. This adjustment can improve the 

compatibility of BC with alkaline soils. In addition, all Modified Biochars (MBCs) have higher surface areas of 83.73, 79.60, and 75.23 

m²/g for HBC, SBC, and PBC, respectively, compared to 73.41 m²/g for unmodified BC. Pores of MBCs were microporous, while BC is 

composed of mesopores. The elemental analysis demonstrated that the MBCs have more functional groups than BC, which improves 

BC properties and applications. Overall, the MBCs demonstrated enhanced specific physicochemical properties, particularly in pH 

adjustment, functional groups, surface areas, and pore size distribution following the order: HBC>SBC>PBC>BC, suggesting their 

potential as effective ameliorants for alkaline soils. These results highlight the benefits of agricultural waste and tailoring BC properties 

to address the specific needs of alkaline soils, while also contributing incidentally to carbon sequestration as a beneficial secondary 

outcome. 
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INTRODUCTION 

Today, the world faces significant social, economic, 

and environmental challenges, including climate change, 

energy scarcity, soil degradation from nutrient loss, and 

limited freshwater resources, particularly in arid and semi-

arid regions such as Egypt (Jubori and Kaynak 2025). To 

sustain agricultural productivity, the use of low-quality 

irrigation water, such as saline water, has become 

increasingly necessary. However, saline irrigation often 

leads to soil salinity and sodicity buildup, which degrade 

soil structure, reduce infiltration, and impair crop 

performance (Zhang et al. 2024). Where approximately 

900,000 hectares of Egypt's irrigated land are affected by 

salinity, leading to substantial yield reductions when saline 

water is used for irrigation (Tessema et al. 2022; Otaibi et 

al. 2024). Consequently, soil salinity remains a major 

constraint to soil fertility, water use efficiency, and 

sustainable agricultural development (Hammam and 

Mohamed 2020).  

The inappropriate burning (often through open burning) 

of agricultural residues such as rice straw, corncobs, and 

maize stalks poses environmental challenge (Ashour and 

Belal 2020). Pyrolysis in an oxygen-limited environment 

(slow at 300-700°C and fast at 550-1000°C) provides a 

sustainable way to turn these leftovers into biochar (BC) 

(Phares et al. 2020; Tenic et al. 2020). BC, a porous 

substance rich in carbon, not only enhances soil fertility 

and structure but also helps mitigate salinity by adsorbing 

soluble salts, reducing exchangeable sodium, and 

improving water retention, thereby alleviating salt stress 

and supporting sustainable agriculture (El-Naggar et al. 

2019; Wu et al. 2024). BC is usually alkaline with a pH 

ranging from 7 to 10, which makes it beneficial for 

improving acidic soils by enhancing nutrient availability. 

Unfortunately, most Egyptian agricultural soils are neutral 

to alkaline (pH 7-8.5) because of salt accumulation from 

saline irrigation and poor drainage, which reduces the 

immediate benefits of BC. The physicochemical properties 

of BC, such as surface area, pore structure, and functional 

groups, depend on its feedstock type and production 

conditions, which can restrict its effectiveness. To 

overcome this limitation, post-production modification 

techniques, particularly acid modification, have been 

employed to increase surface acidity and add oxygenated 

functional groups, decreasing the pH of BC, making MBCs 

more suitable for improving alkaline soils and wider 

environmental applications (Ippolito et al. 2020). 
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Despite progress in biochar research, limited studies 

have systematically compared different acid modification 

techniques for BC derived from local agricultural wastes 

like corncobs, especially under the alkaline soil conditions 

common in arid regions like Egypt. Most research has 

focused on single modification agents or general adsorption 

improvements without considering high soil pH and 

salinity challenges (Joshi et al. 2023).  

The acid treatments with sulfuric, phosphoric, or Humic 

Acid (HA) can significantly enhance BC’s 

physicochemical and agronomic properties. Phosphoric 

acid modification, commonly used, enriches BC with 

phosphate groups, improving nutrient availability such as 

phosphorus, potassium, and micronutrients, while HA 

modifies BC’s surface chemistry, increasing microbial 

activity and soil enzyme functions, which may 

synergistically enhance soil fertility and plant growth. 

Overall, acid modifications of BC with these acids improve 

its nutrient content, soil interaction, and environmental 

remediation capacities by altering surface functional groups 

and bioavailability of nutrients (Hammerschmiedt et al. 

2021; Alhawas et al. 2023; Kopp et al. 2024).  

This study aims to fill this gap by preparing corncob-

based BC and modifying its surface using various acids 

(humic acid, sulfuric acid, and phosphoric acid) to 

overcome its limitations for future applications in alkaline 

soils, thereby offering a sustainable pathway for 

agricultural waste valorization and improved soil 

management in alkaline environments (Tomczyk et al. 

2020). Consequently, the following research questions are 

addressed in this study: (i) How do different acid 

modifications alter the physicochemical properties of 

corncob-derived BC to overcome its inherent limitations 

for future applications in alkaline soils? and (ii) Which 

modified BC, based on its modified physicochemical 

properties, is best suited to be advanced to future 

incubation and field studies for alkaline soil amendment? 

To answer these questions, the research aims to: (i) 

produce and characterize unmodified and acid-modified 

biochars; (ii) thoroughly evaluate and compare the 

resulting acid-modified biochar's physicochemical features; 

and (iii) Relate these characteristics to their potential 

relevance in improving alkaline soil conditions in future 

applications. Hence, this research offers new insights into 

the thorough characterization, evaluation, and systematic 

comparison of three different acid modifications applied to 

BC derived from a locally available agricultural waste 

material. It also explicitly links the physicochemical 

improvements that result from these acid modifications to 

their potential use as soil amendments for alkaline soils in a 

subsequent experimental phase. 

MATERIALS AND METHODS 

Corncob biomass 

Corncob samples were collected from an experimental 

farm at the shandwell agricultural research station, sohag 

governorate, egypt. After air drying in the sun for one week 

to remove moisture, the samples were crushed and ground 

to pass through a 2 mm sieve. The powders were then 

washed with deionized water to remove potential 

contaminants and dried at 70±3°C until a constant weight 

was achieved (Figure 1). Then, it was stored in covered 

porcelain dishes. 

 

 

 
 

Figure 1. Schematic illustration of the biochar and modified biochars' preparation 
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Preparation of biochar 

To prepare BC, corncob samples were placed in a 

covered ceramic crucible and heated in an electrical 

furnace at 350°C for 1 hour, with a heating rate of 10°C 

/min under oxygen-limited conditions, to obtain the initial 

BC (Figure 1) (Reza et al. 2020; El-Sayed et al. 2021). This 

temperature was chosen for BC production to preserve 

functional groups (e.g., carboxyl and hydroxyl) and inhibit 

pH elevation to improve soil fertility, as indicated in 

references (El-Sayed et al. 2021; Yuanbo et al. 2025). The 

yield of BC was then determined by weighing the crucible 

as in equation 1. 

BC yield (%) = (m1 / m0) x 100%      [1] 

Where m0 (g) is the dry weight of corncob samples 

before pyrolysis, and m1 (g) is the weight of BC after 

charring. The BC yield was 53%. After that, these BC 

samples were sealed and kept for later use.  

A specific amount of BC was placed in a ceramic 

crucible at 105°C in an electrical furnace, and the weight 

was recorded after a constant value was reached. This made 

it possible to determine the moisture content using equation 

2, which is based on mass loss. 

Moisture content (%) = (m0 - m1) / m0 x 100%     [2] 

Where m0 (g) represented the weight of the BC before 

to its entry into an electrical furnace, and m1 (g) 

represented the weight of the BC following drying.  

A specific quantity of BC was placed in a ceramic 

crucible, charred at 800°C in an electrical furnace, and the 

weight was recorded once a consistent value was achieved 

in order to determine the ash content as in equation 3. 

Ash content (%) = (m1 / m0) x 100%      [3] 

Where m0 (g) was the BC dry weight before charring, 

and m1 (g) was the BC weight after charring.  

The Debye-Scherrer equation in equation 4 was used to 

determine the average particle size (D) of BC (El-Sayed et 

al. 2018). 

D = Kλ / βcosθ         [4] 

Where λ, β, and θ stand for the X-ray wavelength light, 

the diffraction angle, and the whole breadth of the half 

maximum of the diffraction peak, respectively. The form 

factor K is often considered to be 0.89. 

The pH and EC were measured in the lab by means of 

combined digital pH and EC meter, respectively. All 

measurements of pH, EC, moisture content, and ash 

content were performed in triplicate to ensure analytical 

accuracy. Scanning Electron Microscopy (SEM), FT-IR 

spectra, elemental analysis, X-Ray Diffraction (XRD), and 

BET surface area were used to characterize BC (Assirey 

and Altamimi 2021).  

Humic Acid (HA) 

According to Swift (1996), humate salt (Sigma-Aldrich 

Co., Germany) is used to prepare HA. HA is precipitated 

by dissolving humate salt in distillate water with potassium 

hydroxide (5 M) and adjusting the pH to 2 with HCl. The 

precipitated HA was redissolved again in 0.5 M potassium 

hydroxide, and the pH was also adjusted to 2 by adding 

HCl. This dissolution and precipitation were repeated three 

times to ensure the purification of the HA from other 

metals, such as silicate, aluminum and iron. FT-IR and 

elemental analysis were used to describe HA, with 

elemental analysis being one of the most straightforward 

and significant methods of HA characterization (Bai et al. 

2024). The HA's elemental analysis results for the 

percentages of carbon, hydrogen, nitrogen, sulfur, and 

oxygen were 40.06, 4.57, 0.79, 0.73, and 53.83, 

respectively. 

Preparation of biochar and humic acid stock solutions  

For the adsorption experiment, the stock solutions of 

BC suspensions (30 g/ L) were set at pH 6 and KCl (0.01 

M). In a 250 mL beaker, distilled water and HA powder 

were combined. To improve the solid-state HA's 

dissolution, a few drops of KOH (0.05 M) were added 

while stirring. The pH was then adjusted to 6 by adding 

potassium hydroxide or hydrochloric acid, and the ionic 

strength of HA solutions was adjusted to 0.01 M by adding 

KCl salt. The concentration of HA in the stock solution 

was 1.5 g / L. At 4±0.1°C, the prepared solution was kept. 

Humic acid adsorption on biochar 

Batch adsorption experiments were conducted by 

mixing 30 g/L of BC with varying HA concentrations 

(0.125 to 1 g/L) in an orbital shaker at 500 rpm for 24 

hours (pH 6, ionic strength 0.01 mol dm-3 KCl) in order to 

reach equilibrium. A UV spectrophotometer was used to 

determine the amount of unadsorbed HA in each sample 

supernatant (Bai et al. 2024). The results were reported 

using the average of the triplicate trials. 

Equation 5 is used to express the adsorption capacity, qe 

(mg/g) (El-Sayed et al. 2018):  

qe = V (C0 - Ce) / m         [5] 

Where Co and Ce (mg/L) are the initial and equilibrium 

HA concentrations, V (L) is an aqueous solution containing 

HA volume, and m (g) is the BC weight. The results were 

reported using the average of the triplicate trials.  

Experimental data is often fitted and interpreted using 

equations from the Freundlich and Langmuir models. The 

heterogeneity surface is described by the Freundlich 

equation; the n value represents the degree of nonlinearity 

between adsorption and solution concentration, and 

monolayer coverage on a homogenous surface with similar 

adsorption sites is assumed by the Langmuir isotherm 

(Elkony et al. 2020).  

Equation 6 displays the Freundlich isotherm equation in 

its linear version, which was utilized to simulate the 

equilibrium data:  

Log qe = Log Kf + (1 / n) Log Ce      [6] 

Where n is the adsorption strength and kf 

(mg/g)(mg/L)1/n is the Freundlich parameter. Plotting log qe 

vs log Ce allowed for the determination of both kf and n 

parameters.  

Equation 7 below provides a mathematical expression 

of the Langmuir isotherm in linear form, which is used to 

simulate the equilibrium data: 

Ce / qe = 1 / (qm KL) + Ce / qm        [7] 

Where qm (mg/g) is the monolayer adsorption capacity, 

KL (L/g) is the Langmuir constant, Ce (mg/L) is the 

equilibrium concentration of HA in solution, and qe (mg/g) 

is the concentration of HA on the surface. Plotting Ce/qe 
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versus Ce allowed for the determination of both qm and KL 

parameters, define the adsorption isotherm. 

Preparation of humic acid-modified biochar, H3PO4-

modified biochar, and H2SO4-modified biochar  

The humic acid-modified BC, H3PO4-modified BC, and 

H2SO4-modified BC, designated HBC, PBC, and SBC, 

respectively, were prepared separately using three different 

acids: HA, H₃PO₄, and H₂SO₄, respectively, through 

different chemical mechanisms. HA (a complex organic 

acid) for surface functionalization, whereas H₃PO₄ and 

H₂SO₄ (strong mineral acids) for chemical activation and 

surface etching as shown in Figure 1. First, for preparation 

of HBC, 30 g of BC were submerged in 1 L of HA solution 

at a concentration of 0.9 g/L, based on the adsorption 

experiment conducted in this study to yield optimal 

modification efficiency. Second, for PBC preparation, 30 g 

of BC were submerged in 294 mL of H₃PO₄ (2 M), 

equivalent to a solid-to-liquid (w/v) ratio of 1:9.8 and 

corresponding to a 1:1.92 mass ratio of BC to pure acid in 

accordance with the phosphoric acid treatment 

methodology described by Dechapanya and Khamwichit 

(2023). Third, for SBC preparation, 30 g of BC were 

submerged in 281.4 mL of H₂SO₄ (2 M), equivalent to a 

solid-to-liquid (w/v) ratio of 1:9.38 and corresponding to a 

1:1.84 mass ratio of BC to pure acid, in agreement with the 

method reported by Wang et al. (2023). All mixtures were 

agitated at 500 rpm for 24 hours at 25±2°C. Subsequently, 

the MBCs samples were separated using a Büchner funnel 

with Whatman no. 1 filter paper and washed with distilled 

water about 3-4 times until the pH of the wash water 

remained constant (pH~7). Then, it was oven-dried 

overnight at 70±3°C after discarding the supernatants, and 

it was stored in sealed containers until use (El-Sayed et al. 

2018). The moisture content and ash content of MBCs was 

calculated in the same way as last described. The pH and 

EC were also measured in the lab in the same way as last 

described. All measurements of pH, EC, moisture content, 

and ash content were performed in triplicate to ensure 

analytical accuracy. The MBCs were also characterized by 

elemental analysis, X-Ray Diffraction (XRD), FT-IR 

spectra, Scanning Electron Microscopy (SEM), and BET 

surface area. 

Characterization of biochar and modified biochars 

The contents of C, H, N, and S were determined using a 

CHNS elemental analyzer. The oxygen contents were 

calculated by difference. The surface functional groups of 

BC and MBCs were determined using Fourier Transform 

Infrared Spectroscopy (FT-IR) spectra over 450-4,000 cm-

1, and peaks were compared. The crystalline structure was 

characterized using X-Ray Diffraction (XRD). The specific 

surface area, pore volume, and pore diameter were obtained 

from N₂ adsorption-desorption isotherms at 77 K using the 

BET method. Additionally, the surface morphology of BC 

and MBCs was observed using Scanning Electron 

Microscopy (SEM). 

Data processing and statistical analysis  

Microsoft Excel 2019 was used to arrange and tabulate 

all experimental data and computed values. OriginPro 8 

was used for the processing and graphical representation of 

FTIR, XRD, and adsorption isotherm (Langmuir and 

Freundlich) data. These tools were used to ensure accurate 

data computation, visualization, and presentation. 

Statistical analysis was performed using SPSS Statistics 

version 26. All measurements were conducted in triplicate 

(n=3). To determine significant differences among sample 

means, a one-way Analysis of Variance (ANOVA) was 

applied, followed by Duncan’s Multiple Range test for 

post-hoc comparisons. The significance level was set at α = 

0.05. Results are presented as mean ± standard deviation 

(SD), with different superscript letters indicating 

statistically significant differences (p < 0.05).  

RESULTS AND DISCUSSION 

Humic acid adsorption on biochar  

In order to assess the distribution of HA on the BC 

surface during the adsorption process, it was crucial to fit 

the adsorption data. Complete HA coverage on BC could 

be achieved with 0.9 g/L HA, according to adsorption 

isotherm data (Figure 2). This exact concentration was used 

to prepare HBC.  

Table 1 lists the intercept and slope parameters that 

were obtained from the Freundlich and Langmuir isotherm 

plots, both of which showed strong linear fits. A value of 

1.71703 was found for n in the Freundlich isotherm, 

indicating favorable adsorption and falling between 1 and 

10. The Langmuir isotherm, however, offered the greatest 

match to the experimental data according to the coefficient 

of correlation (R2) values, (R2=0.9968). Additionally, 63.29 

mg/g was determined to be the maximal monolayer 

adsorption capacity (qm) using the Langmuir equation. 

 

 
 

Figure 2. Adsorption isotherm for HA adsorption onto BC by 

fitting the Langmuir and Freundlich isotherm models at 25±2°C, 

pH 6, ionic strength 0.01 mol dm-3 KCl, initial HA concentration 

range = 0.125 to 1 g L-1, and shaking rate = 500 rpm for 24 hours. 

The data points were the average of triplicates 
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Table 1. Comparisons between Freundlich and Langmuir adsorption isotherm constants for HA onto BC at 25±2°C, pH 6, ionic strength 

0.01 mol dm-3 KCl, initial HA concentration range = 0.125 to 1 g L-1, and shaking rate = 500 rpm for 24 hours 

 

Adsorbent 
Langmuir  Freundlich 

qm (mg g-1) KL (L mg-1) R2          n  Kf (mg/g) (mg/L)1/n    R2 

BC 63.29 ± 4.16 0.01452 ± 0.0026 0.9924  1.71703 ± 0.112 2.39883 ± 0.15806 0.9450 

 

 

Chemical and physical characterization of biochar and 

modified biochars 

The values of pH, EC, composition of elements, atomic 

ratio, ash content, moisture content, specific surface area, 

total pores volume, and average pore diameter of BC and 

MBCs are shown in Table 2. These values are presented in 

this table as the mean of triplicate measurements ± standard 

deviation. Statistical analysis in Table 2 revealed highly 

significant differences (p < 0.01) among HBC, PBC, SBC, 

and BC for most measured chemical and physical 

properties, significant differences (p < 0.05) for EC 

(ms/cm) and total pores volume (cc/g), while insignificant 

differences among the biochars were observed for C % 

[F(3,8) = 0.64, p = 0.613] and moisture content % [F(3,8 = 

1.76, p = 0.233]. This suggests that despite variations in 

preparation conditions, the fundamental carbonaceous 

structure and moisture content remained similar across all 

samples. Post-hoc analysis using Duncan’s Multiple Range 

test indicated that most pairwise comparisons were 

statistically significant (p < 0.05). Different superscript 

letters within a row in Table 2 indicate significant 

differences according to Duncan’s Multiple Range test at 

the p < 0.05 level of significance. A single superscript letter 

within a row indicates not significant difference.  

The results in Table 2, show that the pH value 

decreased significantly (p < 0.01) in the case of MBCs 

compared to BC alone before modification that had an 

alkaline pH (Fakhar et al. 2025). These lower-pH MBCs 

can enhance the soil’s cation exchange capacity, causing 

the soil to release essential alkaline cations (e.g. Ca2+ and 

Na⁺) and instead adsorb more hydrogen (H+) and aluminum 

(Al3+) ions, which contributes to lowering soil pH and 

availability of essential nutrients such as phosphorus, iron, 

and zinc, which are often limited under high-pH conditions 

(Liu et al. 2025). Basic cations, which undergo pyrolysis to 

form oxides, hydroxides, and carbonates, as well as high 

electrical conductivity (EC), which suggests the existence 

of soluble salts, are typically responsible for the alkaline 

nature of BC. HBC had the lowest salinity in this 

investigation, whereas BC had the greatest salinity (as EC).  

From Table 2, the carbon content and hydrogen content 

in the MBCs decreased, while nitrogen content and oxygen  

content increased. The increase in oxygen content and the 

decrease in carbon content after acid modification might be 

the result of acid treatment, where unsaturated carbon on 

BC surfaces is oxidized by H+ ions, strengthening oxygen-

containing functional groups, which raise the oxygen 

content. At the same time, decarbonization gases such as 

CO2 and CO are released, causing a relative decline in 

carbon content (Fu et al. 2025).  

The H/C and O/C atomic ratios were calculated to 

evaluate the aromaticity and hydrophilicity of the particles, 

respectively. An increase in the O/C ratio indicates the 

finding of more oxygen-containing functional groups, 

while the decline in the H/C ratio suggests a rise in 

aromatic character, which may improve stability and utility 

of the MBCs (Ippolito et al. 2020). Clearly, the activation 

of BC by acids does not inhibit the decomposition of 

organic fractions. No significant differences in moisture 

content were found among all BC and MBCs. All BC and 

MBCs contained a small amount of moisture content (4.34-

4.51%), which is consistent with the data in the available 

references. While the slight rise in ash content after acid 

modification (from 5.45 to 5.82%) may be the consequence 

of the development of new insoluble inorganic phases, as 

acid-derived anions can react with metal ions in the BC 

matrix, consistent with observations reported by Wang et 

al. (2022). However, these results indicate that the ash 

content of BC and MBCs fell within the medium range (5-

10%wt), agreeing with Xiu et al. (2017).  

The results in Table 2 also show that activation of BC 

by acids provided high specific surface area and total pores 

volume. Most of which are composed of micropores except 

BC is composed of mesopores. The average pore diameter 

of all MBCs materials was typical for microporous 

materials (< 2nm), while the average pore diameter of BC 

was characteristic of mesoporous materials (2-50 nm) 

(Marzeddu et al. 2022). The HA significantly (p < 0.01) 

improved the surface area of BC compared to sulfuric and 

phosphoric acids by adding active functional groups (e.g., -

COOH and -OH), increasing microporosity, and dissolving 

carbon agglomerates, enhancing its ability for absorption 

and nutrient exchange. Therefore, these physicochemical 

improvements suggest that the MBCs, particularly HBC, 

could potentially ameliorate alkaline soil conditions and 

enhance nutrient availability for plant growth (Lan et al. 

2024). 

XRD analysis of biochar and modified biochars 

Figure 3 explains the XRD spectra of BC and MBCs 

crystalline phase patterns. The result showed that BC 

patterns have some degree of crystallinity, particularly at 

specific angles (around 22° and 43°, corresponding to the 

(101) and (002) planes, respectively (Liu et al. 2020a)), 

indicating a partially ordered structure. These peaks were 

matched with ICDD standard cards (PDF‑00‑041‑1487 for 

hexagonal graphite and PDF‑01‑073‑5918 for 

rhombohedral graphite), confirming the crystalline phases. 

While the degree of crystallization of SBC patterns 

decreased a little. 
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Table 2. Characteristic of the biochar and modified biochars. Values are presented as mean ± standard deviation (n=3) 

 

Characteristic BC 
MBCs 

F (3,8) p-value sig 
PBC SBC HBC 

pH† 8.32±0.03a 7.87±0.02b 7.58±0.01c 7.13±0.02d 1666.89 <0.01 ** 

EC‡ (ms / cm) 0.22±0.01a 0.21±0.01ab 0.20±0.01ab 0.19±0.01b 5.00 0.031 * 

Carbon (%) 67.92±2.32a 65.78±1.82a 65.82±3.06a 67.07±1.52a 0.64 0.613 ns 

Hydrogen (%) 3.84±0.02a 3.66±0.04b 3.68±0.03b 3.13±0.06c 141.47 <0.01 ** 

Nitrogen (%) 1.81±0.04a 1.97±0.01b 2.13±0.00c 2.52±0.02d 529.67 <0.01 ** 

Sulfur (%) 0.05±0.00c 0.04±0.01c 1.21±0.14a 0.81±0.13b 110.52 <0.01 ** 

Ash content (%) 5.45±0.04c 5.67±0.03b 5.73±0.08b 5.82±0.06b 23.83 <0.01 ** 

Oxygen (%) “by difference” 20.93±0.08c 22.88±0.02a 21.43±0.06b 20.65±0.02c 1141.87 <0.01 ** 

Hydrogen / Carbon (H / C) 0.057±0.002a 0.056±0.001a 0.056±0.001a 0.047±0.001b 37.71 <0.01 ** 

Oxygen / Carbon (O / C) 0.31±0.02b 0.35±0.01a 0.33±0.02ab 0.31±0.01b 9.98 0.004 * 

Moisture content (%) 4.34±0.09a 4.41±0.07a 4.45±0.07a 4.51±0.13a 1.76 0.233 ns 

BET surface area (m² / g) 73.41±2.32c 75.23±3.08bc 79.60±2.14ab 83.73±2.69a 11.90 0.003 ** 

Total pores volume (cc / g) 0.05±0.00b 0.06±0.00ab 0.07±0.01a 0.07±0.01a 5.50 0.024 * 

Average pore diameter (nm) 3.72±0.05c 1.86±0.04ab 1.83±0.02a 1.92±0.03b 1904.50 <0.01 ** 

Note: † Measured in BC / H2O slurry at a 1:20 (w/v) ratio after stirring for 30 min. ‡ Measured in BC / H2O slurry at a 1:10 (w/v) ratio 

at 25°C. BET surface area measured by N₂ adsorption at 77 K using the BET method. Pore size distribution calculated by BJH method. 

Different superscript letters within a row indicate significant differences according to Duncan’s Multiple Range test at the p < 0.05 level 

of significance. A single superscript letter within a row indicates the not significant difference. ** (p < 0.01), * (p < 0.05), and 

ns indicates not significant difference (p ≥ 0.05)  

 

 

The PBC patterns showed a more amorphous structure 

compared to BC and SBC patterns, where PBC may have 

disrupted the crystalline order in BC. The HBC patterns 

displayed the broadest and least defined peaks, indicating a 

highly amorphous structure. This amorphous nature 

enhances the number of reactive sites available for ion 

exchange and adsorption processes (Elbana et al. 2025). 

Hence, the results indicated that acid modification resulted 

in noticeable changes in peak intensity, indicating partial 

removal or transformation of mineral phases, and the 

greatest decrease was for HBC. Consequently, this 

decreasing enhances its ability to retain water and nutrients 

in the soil, making them more available to plants (Zhu et al. 

2023). The crystallite size of BC and MBCs particles 

obtained from the Debye-Scherrer equation was on the 

nanoscale. 
 

 

 
 

Figure 3. XRD patterns of BC and MBCs (PBC, SBC, and 

HBC). The major crystalline peaks correspond to 101, 100, and 

minor mineral components 

FTIR spectra of biochar and modified biochars 

Utilizing FTIR analysis (wavenumber range of 4000-

450 cm-1), the functional groups of BC and other MBCs 

(HBC, PBC, and SBC) were examined. Figure 4 shows 

numerous bioactive carbons with comparable infrared 

peaks but varying strengths. There were many peaks 

attributed to the stretching vibration of -CH2 and -CH3 in 

aliphatic hydrocarbons, as well as a large peak at 2950-

3650 cm-1 associated with the stretching vibration of 

functional groups phenolic/carboxylic OH and C=O groups 

in -COOH (Ippolito et al. 2020; Swelam et al. 2020). The 

aliphatic -CH was represented by the peaks at 2862 cm−1 

and 2921 cm-1 (Suriano et al. 2024). -COOH and C=O were 

represented by the peak at 1700 cm-1 (Mohammed et al. 

2023).  

A few reasonably stable aromatic compounds were 

progressively produced, as evidenced by the peak at 1610 

cm−1, which represented aromatic C=C. Phenolic C-OH 

was indicated by the peaks at 1187 cm-1 and 1260 cm-1 (El-

Sayed et al. 2021). A trace amount of Si material in the 

biomass from dust or soil residuals created the peak at 1060 

cm-1, which displayed Si-O-Si (Liu et al. 2020b). The 

aromatic CH was shown by the peaks at 975 cm-1, 836 cm-

1, and 795 cm-1 (Nandiyanto et al. 2022). FT-IR analysis 

revealed that the surfaces of BC and MBC were abundant 

in oxygen-containing functional groups, such as -OH, -

C=O, and -COOH, indicating enhanced surface reactivity. 

In addition, hydroxyl and carboxyl groups are represented 

by relatively broad and deep peaks in HBC compared to 

PBC and SBC. This indicates that HBC possesses more 

function groups that contribute to the enhanced 

characteristics of BC. These functional groups increase 

cation-exchange capacity and proton donation ability, 

which can neutralize excessive alkalinity and improve 

nutrient availability in alkaline soils (Howe et al. 2024). 
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Figure 4. FTIR spectra of BC and MBCs (PBC, SBC, and HBC) 

 

SEM analysis of biochar and modified biochars 

To show how the surface modification changed the 

structure, SEM images of BC were taken before and after 

modification at different magnifications (1000× and 

4000×) (Figure 5). The porosity and surface structure of 

materials influence their ability to absorb or interact with 

surrounding substances. This is crucial for applications in 

soil treatment and enhancement, especially for improving 

the condition of alkaline soils. The SEM image in Figure 

5.A shows that BC has a porous surface structure with 

interconnected channels, which likely resulted from the 

release of volatile compounds during pyrolysis (Tiwari et 

al. 2022). This porous morphology provides a high surface 

area and abundant active sites that can enhance the 

adsorption and retention of water and nutrients, thereby 

contributing to the amelioration of alkaline soils (Elbana et 

al. 2025). When comparing SEM images taken before 

(Figure 5.A) and after (Figures 5.B-D), it was found that 

the elimination of contaminants had given the MBCs a 

more developed microporous structure (Yuan et al. 2020). 

The strong mineral acids (H2SO4 and H3PO4) produced 

highly ordered, honeycomb-like etching patterns (Figures 

5. B and C). This distinct morphology is a direct visual 

confirmation of the aggressive and selective chemical 

attack that leads to the creation of a porous nanostructure.  

 

   

 
 

Figure 5. SEM images of A. BC, B. PBC, C. SBC, and D. HBC at two magnifications (1000× and 4000×) 
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These findings corroborate the BET results, which 

showed the higher specific surface area for SBC and PBC 

than BC, as the  etched nanopores significantly increase the 

available surface area. Interestingly, the HBC yielded a 

qualitatively different morphology, characterized by a 

predominantly surface roughness interspersed with narrow, 

slit-like pores (Figure 5.D). This unique structure, 

combined with the BET results which showed a slightly 

higher specific surface area for the HBC compared to the 

SBC and PBC, suggesting a highly efficient modification 

pathway. In generally, the SEM images in Figure 5 

indicated that BC and MBCs could be applied alkaline 

agricultural soils. Depending on their specific properties, 

such materials can improve water retention, nutrient 

availability, and overall soil health (Gong et al. 2024). 

SEM pictures showed that MBCs have a rougher, more 

porous surface than BC, which improves their active 

surface area, their capacity to retain water and nutrients, 

and facilitate their progressive release for improved 

alkaline soil performance (Liu et al. 2025). Additionally, 

the porous structure promotes root growth and nutrient 

uptake by increasing aeration and microbial activity (Holz 

et al. 2024). Consequently, MBCs are more efficient and 

applicable than BC for improving water availability and 

promoting steady plant growth in alkaline soils.  

In conclusion, this study revealed that acid modification 

significantly improved the specific physicochemical 

properties, particularly in surface area, functional groups, 

and pH adjustment - of BC made from corncobs following 

the order: HBC>SBC>PBC>BC, owing to their increased 

surface area, enriched functional groups, and decreasing 

pH. The specific surface area of all the MBCs increased 

(from 75.23 to 83.73 m²/g), while their pH decreased (from 

7.87 to 7.13) compared to unmodified BC (73.41 m²/g and 

8.32, respectively). The HA significantly improved the 

surface area of BC compared to sulfuric and phosphoric 

acids by adding active functional groups (e.g., -COOH and 

-OH) and increasing microporosity as evidenced by its 

maximum surface area (83.73 m² g⁻¹) and lowest pH value 

(7.13). This could potentially improve properties of 

alkaline soil by decreasing soil alkalinity, creating a more 

favorable environment for plant growth, thereby enhancing 

crop productivity, increasing farmers’ income, improving 

local food security, and reducing environmental pollution 

through lower chemical fertilizer use and decreased open-

field burning of agricultural residues. Therefore, further 

studies are needed to validate the laboratory results through 

controlled incubation and field experiments to determine 

the agronomic effectiveness, determine optimal application 

rates, and evaluate long-term field performance in terms of 

soil health and crop productivity. However, this study 

provides fresh perspectives on the comprehensive 

systematic comparison of three different acid modifications 

applied to corn cob BC. It also explicitly links the 

physicochemical improvements that result from these acid 

modifications to their potential use as soil amendments for 

alkaline soils. Moreover, long-term carbon sequestration is 

a positive side effect that helps mitigate climate change. 
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