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26 Abstract

27 Soil degradation is a major constraint to agricultural productivity in Ethiopia, particularly in 

28 highland regions where erosion, acidity, and nutrient depletion are widespread. Although 

29 biochar has shown promise in restoring soil health, its effectiveness depends heavily on 

30 feedstock type and production conditions. Rumex abyssinicus, a culturally significant and 

31 abundant Ethiopian plant, has been studied for activated carbon but not for biochar synthesis 

32 or soil rehabilitation using stem biomass. This study addresses that gap by optimizing biochar 

33 production from Rumex. abyssinicus stems using response surface methodology (RSM), and 

34 evaluating its impact on degraded soil. Pyrolysis parameters: temperature, time, heating 

35 rate, and particle size, were optimized to maximize yield, achieving 31.98% under ideal 

36 conditions. The resulting biochar exhibited high fixed carbon (78.8%), large surface area 

37 (455.1 m²/g), and favorable properties including pHpzc (9.2), WHC (5.56 g/g), and CEC 

38 (15 meq/100g). A 100-day pot experiment using soil from Wolayta showed significant 

39 improvements in bulk density (−49.24%), porosity (+81.47%), pH (+24.57%), and organic 

40 matter (+531.33%). Statistical analysis confirmed treatment effects across key parameters. 

41 These findings demonstrate that Rumex abyssinicus biochar is a viable, locally sourced 

42 amendment for degraded soils. Its use is recommended for sustainable land restoration and 

43 climate-resilient agriculture in Ethiopia.

44 Key words:  Biochar; Rumex abyssinicus; Pyrolysis optimization; Soil restoration; Response 

45 surface methodology; Highland soils

46
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54 1. Introduction

55 The degradation of agricultural soils has emerged as a critical global issue, particularly in 

56 regions reliant on subsistence farming 1. In sub-Saharan Africa, extensive soil erosion, 

57 nutrient depletion, and organic matter loss are impairing land productivity, undermining 

58 food security, and intensifying environmental vulnerability 2. Ethiopia, in particular, faces 

59 acute challenges due to unsustainable land management practices, rapid population growth, 

60 and recurrent droughts 3. Addressing this crisis necessitates the development of low-cost, 

61 scalable, and ecologically sound soil restoration approaches.

62 Among the promising solutions, biochar has gained considerable attention for its potential 

63 to enhance soil quality and support sustainable agriculture 4. Produced via pyrolysis, a 

64 thermochemical process that converts biomass into a stable, carbon-rich material under 

65 limited oxygen conditions, biochar is known to improve soil structure, nutrient retention, 

66 water-holding capacity, and cation exchange capacity (CEC) 5,6. Additionally, biochar’s 

67 resistance to microbial degradation contributes to long-term carbon sequestration, offering 

68 climate mitigation benefits alongside agronomic gains 7. However, the performance 

69 characteristics of biochar are highly dependent on the feedstock material and pyrolysis 

70 parameters, which necessitates systematic optimization for specific applications.

71 Rumex abyssinicus, a herbaceous plant native to tropical Africa, including Ethiopia, presents 

72 an underutilized biomass resource with potential for biochar production 8. Belonging to the 

73 Polygonaceae family, Rumex abyssinicus is widely distributed across the Ethiopian highlands 
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74 9. Locally referred to as Gogocha in Amharic and Gogosa in Oromiffa, the plant is well known 

75 for its diverse traditional uses, including medicinal, culinary, and dyeing applications 10. 

76 Although Rumex abyssinicus has been widely investigated for activated carbon production 

77 11–13, its potential as a biochar feedstock remains largely unexplored, with only one known 

78 study addressing this application 8. This represents a significant research opportunity, 

79 especially given the need for regionally appropriate, resource-efficient strategies for soil 

80 rehabilitation in degraded landscapes.

81 To maximize the utility of biochar derived from this species, it is essential to optimize the 

82 pyrolysis process to enhance both yield and agronomic functionality 14. Response Surface 

83 Methodology (RSM) offers a robust statistical framework for process optimization, allowing 

84 researchers to model the complex interactions between pyrolysis variables such as 

85 temperature, residence time, and feedstock particle size 15. Through RSM, biochar 

86 production can be fine-tuned to achieve optimal performance characteristics tailored to 

87 specific soil amendment goals.

88 Despite extensive research on biochar for soil amendment 16–19, no studies to date have 

89 investigated the synthesis optimization of biochar derived from Rumex abyssinicus, nor its 

90 application in soil rehabilitation using stem biomass as feedstock. This represents a critical 

91 gap, particularly in the context of Ethiopia’s degraded highland soils and the need for locally 

92 sourced, cost-effective amendments. Moreover, the use of Response Surface Methodology 

93 (RSM) to optimize pyrolysis conditions for this specific biomass has not been previously 

94 reported. This study, therefore, aims to (i) optimize biochar production from Rumex 

95 abyssinicus stems using RSM to maximize yield and agronomic functionality, and (ii) evaluate 

96 its effectiveness in improving key soil physicochemical properties. The findings are expected 

97 to advance regionally adapted biochar technologies and contribute to sustainable land 

98 management strategies in sub-Saharan Africa.
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99 2. Materials and Methods

100 2.1. Sample Collection and Preparation of Biochar and Degraded Soil

101 Stems of Rumex abyssinicus were harvested from the premises of Addis Ababa Science and 

102 Technology University (AASTU), Addis Ababa, Ethiopia. The collected biomass was washed 

103 with distilled water to remove surface impurities, oven-dried at 105 °C for 24 h (Model BOV-

104 T50F), and manually chopped. The dried material was milled to uniform particle sizes using 

105 a high-speed multifunction mill (Model HC-700) for further processing (Figure 1).

106   

107   

108 Figure 1. Preparation Stages of Biochar: (A) Steam treatment of Rumex abyssinicus, (B) 

109 Oven drying, (C) Grinding, and (D) Synthesized biochar experimental runs

110 Degraded soil samples were collected from Humbo Woreda, located in the Wolaita Zone of 

111 the Southern Nations, Nationalities, and Peoples’ Region (SNNPR), Ethiopia. The area, 

112 situated at 6° N latitude and 37° E longitude, lies within the Great Rift Valley, approximately 

113 330 km southwest of Addis Ababa. It features altitudes ranging from 1,100 to 2,335 m, with 

114 an average annual rainfall between 840–1,400 mm and temperatures ranging from 15 to 

115 29 °C. The region's geology is dominated by Precambrian formations, sedimentary layers, 

116 and volcanic ash, and its primary soil type is brownish-red clay. Despite its agricultural 

117 potential, much of the land is affected by visible degradation and low fertility 20,21. A 10 m² 

A B

C D
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118 plot of visibly infertile, uncultivated land was selected for soil sampling. The site exhibited 

119 sparse vegetation and compacted, poorly aggregated soil, indicators of degradation. The site 

120 was intentionally chosen to avoid cultivated land, which may contain synthetic fertilizers or 

121 organic amendments, ensuring that the experiment accurately assessed the biochar’s 

122 amendment potential on naturally degraded soil. As the sampling area was uncultivated and 

123 not privately owned or restricted, no formal permission was required for soil collection. Five 

124 evenly distributed points across the plot were sampled using a grid method. Surface soil (0–

125 30 cm depth) was collected with a shovel and composited to ensure representativeness 22. 

126 The samples were sealed in airtight plastic bags, transported to the laboratory, and air-dried 

127 for one month. Subsequently, the dried soils were ground using a mortar and pestle and 

128 passed through a 2 mm sieve prior to characterization.

129 2.2. Optimization of Biochar Synthesis

130 Biochar synthesis optimization was conducted using a Central Composite Design (CCD) 

131 under Response Surface Methodology (RSM) with 30 experimental runs (6 center and 24 

132 factorial points), designed in Design Expert v13. The number of experiments (M) was 

133 calculated using Equation 1. 

134 M = 2L +2L + Bo                                                                                                                                   (1)

135 Where: L denotes the number of factors, and Bo indicates the number of replicates at the 

136 central point. For this study, the parameters are defined as follows: M = 30, L = 4, and Bo 

137 = 6.

138 Axial points were positioned face-centered (α=1.0) to ensure rotatability. Experimental runs 

139 were randomized to minimize bias. The responses (yield) was modeled using a quadratic 

140 polynomial equation (Equation 2). The experimental sequence was randomized to minimize 

141 the influence of uncontrolled variables. The resulting data were fitted to a second-order 

142 polynomial model to describe the relationship between the response variables and the 

143 experimental factors. This quadratic model was used to predict both the biochar yield and 
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144 surface area across various parameter combinations. Additionally, the model allowed for 

145 evaluating individual effects and interactions among the factors.

146 R = βo + ∑k
i=1 βixi + ∑k

i=1 βii(xi)2 + ∑k-1
i=1. ∑k

j=i+1 βijxixj                                                                 (2)

147 Where: R represents the predicted response, with β₀ denoting the constant coefficient, βᵢ 

148 indicating the coefficients for linear effects, βᵢᵢ representing the coefficients for quadratic 

149 effects, and βᵢⱼ signifying the coefficients for interaction effects. The variables xᵢ and xⱼ 

150 correspond to the independent variables, while k represents the total number of independent 

151 variables in the equation.

152 The yield of the synthesized BC was calculated using Equation 3. 

153 Y (%) = (AB) * 100                                                                                                                       (3)

154 Where: Y represents the yield, B denotes the dry weight of the original sample (mg), and A 
155 indicates the dry weight of the synthesized sample (mg).

156 Carbonization temperature, carbonization time, heating rate, and particle size are 

157 considered as factors, with their values fixed according to literature values. The sample 

158 pyrolysis was performed in a muffle furnace (Model Naberthem F 330) under an inert 

159 atmosphere created by nitrogen gas (N₂ flow rate of 50 mL/min) 23. The pyrolysis process 

160 was conducted at varying carbonization temperatures ranging from 600 °C to 900 °C 24, 

161 different carbonization times of 60 min to 120 min 25–27, and heating rates between 10 °C/min 

162 and 20 °C/min 28. Additionally, the particle size of the samples was adjusted between 125 µm 

163 to 180 µm 29. Table 1 presents the factor and their values.   

164 Table 1. Variables Selected for Biochar Synthesis Optimization

Levels of Coded VariablesFactors Code
-1 0 +1

Carbonization Temperature 
(oC)

CT 600 750 900

Carbonization Time (min) T 60 90 120
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Heating rate (oC/min) HR 10 15 20
Particle size (µm) PS 125 150 180

165

166 2.3. Effect of Individual Factors

167 The effect of individual process parameters on biochar yield was systematically examined by 

168 varying one factor at a time, while holding the others constant to isolate their respective 

169 influences. Carbonization temperature was varied at five levels: 600, 675, 750, 825, and 900 

170 °C. Carbonization time was studied at 60, 75, 90, 105, and 120 minutes. Heating rate was 

171 adjusted at 10, 13, 15, 18, and 20 °C/min. Particle size was controlled using standard ASTM 

172 E11 test sieves with openings of 106 µm (140 mesh), 125 µm (120 mesh), 150 µm (100 mesh), 

173 180 µm (80 mesh), and 212 µm (70 mesh). These sieve sizes define the maximum particle 

174 diameter that can pass through, effectively categorizing the biomass into discrete particle 

175 size fractions. For all trials, parameters not under investigation were maintained at their 

176 central values: 750 °C for carbonization temperature, 90 minutes for carbonization time, 15 

177 °C/min for heating rate, and 150 µm for particle size.

178 2.4. Characterization of Synthesized Biochar

179 Following optimization, bulk quantities of biochar were produced and subjected to 

180 comprehensive characterization. The analyses included proximate composition, elemental 

181 estimation (C, H, O, N), and surface chemistry assessments. Structural and morphological 

182 properties were investigated using X-ray fluorescence (XRF), scanning electron microscopy 

183 (SEM), Fourier-transform infrared spectroscopy (FTIR), and X-ray diffraction (XRD). Thermal 

184 behavior was evaluated via thermogravimetric analysis (TGA), while surface area was 

185 determined using Brunauer-Emmett-Teller (BET) analysis. Additional physicochemical 

186 properties, including the point of zero charge (pHpzc), pH, electrical conductivity (EC), bulk 

187 density, particle density, specific gravity, water holding capacity (WHC), and cation 

188 exchange capacity (CEC), were also measured to assess the suitability of the biochar for soil 

189 amendment applications.
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190 2.3.1 Proximate Analysis

191 Proximate analysis of the biochar was conducted following ASTM standards to determine 

192 moisture content, volatile matter, ash content, and fixed carbon. These parameters provide 

193 essential information on the thermal stability and composition of the biochar, which influence 

194 its performance in environmental applications 13.

195 2.3.2 Elemental Analysis

196 Elemental composition (C, H, O, and N) was estimated using empirical correlations derived 

197 from proximate analysis data 30. This approach is useful when direct CHNS/O analysis is 

198 unavailable, utilizing fixed carbon, volatile matter, and ash content to calculate elemental 

199 percentages, thereby providing a comprehensive compositional profile (Equations 4-7)

200 C (wt%) = 0.635 * FC + 0.460 * VM - 0.095 * AC                                                                                   (4)

201 H (wt%) = 0.059 * FC + 0.060 * VM + 0.010 * AC                                                                                   (5)

202 O (wt%) = 0.340 * FC + 0.469 * VM - 0.023 * AC                                                                                   (6)

203 N (wt%) = 100 - (C + H + O + AC)                                                                                                           (7)

204 2.3.3 X-ray Fluorescence (XRF) Analysis

205 XRF spectroscopy was employed to elucidate the elemental composition and distribution 

206 within the biochar. Finely ground samples were pelletized and analyzed using a Thermo 

207 Scientific Mobile Test Standard XRF Analyzer at 40 kV and 30 µA. Both major and trace 

208 elements were detected across 1–40 keV, with elemental concentrations converted to oxide 

209 percentages to represent typical chemical forms present 31.

210 2.3.4 Scanning Electron Microscopy (SEM)

211 The surface morphology and microstructural characteristics of the biochar and soil samples 

212 were examined using a VEGA3 TESCAN scanning electron microscope operated at an 

213 accelerating voltage of 20 kV. Images were captured at a working distance (WD) of 

214 approximately 29 mm and a magnification of 500×, with a view field of about 554 µm. 

ACCEPTED MANUSCRIPTARTICLE IN PRESS



ARTIC
LE

 IN
 PR

ES
S

215 Secondary electron (SE) detection mode was employed to reveal detailed surface topography 

216 and porosity features relevant to adsorption capacity and soil structural changes. Scale bars 

217 representing 100 µm were included in all micrographs to indicate spatial dimensions. 

218 Multiple images at varying magnifications were acquired to comprehensively assess texture, 

219 pore distribution, and particle aggregation 32.

220 2.3.5 Fourier Transform Infrared Spectroscopy (FTIR)

221 Functional groups present on the biochar surface were identified by FTIR spectroscopy. 

222 Samples were mixed with potassium bromide (KBr) in a 2:200 ratio, ground into a 

223 homogeneous powder, and pressed into pellets. Spectra were recorded from 4000 to 400 

224 cm⁻¹ using a Shimadzu IR Affinity-1s spectrophotometer, revealing chemical bonds 

225 responsible for adsorption and reactivity 33.

226 2.3.6 X-Ray Diffraction (XRD)

227 XRD analysis was performed to investigate the crystalline and amorphous phases of the 

228 biochar. Measurements utilized Cu Kα radiation (λ = 0.15406 nm) over a 2θ range of 10° to 

229 80°, at 40 kV/40 mA with a scanning speed of 4.2°/min. Data analysis enabled phase 

230 identification and crystallite size estimation via the Debye-Scherrer equation, providing 

231 insights into structural order and stability 34.

232 2.3.7 Thermogravimetric Analysis (TGA)

233 To assess the thermal stability and decomposition behavior of biochar intended for soil 

234 amendment, thermogravimetric analysis was performed using a Shimadzu DTG-60H 

235 analyzer. A 7.444 mg sample was placed in a platinum crucible and heated from 23 °C to 

236 800 °C at a rate of 10 °C/min under a nitrogen atmosphere (flow rate: 50 mL/min). The mass 

237 loss profile was recorded to identify key degradation stages and evaluate the structural 

238 resilience of the biochar under inert conditions. This thermal characterization was essential 

239 for understanding how biochar performed in soil environments, particularly its resistance to 

240 breakdown and its potential for long-term carbon retention in degraded soils 35.

ACCEPTED MANUSCRIPTARTICLE IN PRESS



ARTIC
LE

 IN
 PR

ES
S

241 2.3.8 Brunauer-Emmett-Teller (BET) Surface Area Analysis

242 The surface area of the biochar was measured using the BET method with a Horiba SA-9600 

243 analyzer. Approximately 0.4 g of sample was degassed at 100 °C for 2 hours before nitrogen 

244 adsorption/desorption analysis at 700 mm atmospheric pressure, providing key porosity and 

245 surface property data 36.

246 2.3.9 Point of Zero Charge (pHPZC)

247 The pH at the point of zero charge (pHPZC) was determined via the salt addition method. 

248 Biochar samples (0.5 g) were equilibrated with 0.01 M NaCl solutions adjusted to initial pH 

249 values from 2 to 12. After 36 hours of shaking at 25 ± 1 °C, final pH values were recorded. 

250 The pHpzc corresponds to the point where initial and final pH values intersect, indicating 

251 the surface charge neutrality of the biochar 37.

252 2.3.10 pH and Electrical Conductivity (EC)

253 pH and EC measurements were conducted in a 1:5 biochar-to-distilled water suspension. 

254 After shaking for 30 minutes and equilibrating for 1 hour, measurements were taken with 

255 calibrated portable meters. Triplicate analyses ensured reliability, with the averaged data 

256 reported as 38.

257 2.3.11 Bulk Density, Particle Density, and Specific Gravity

258 Bulk density was calculated by measuring dry mass and volume using the core method. 

259 Particle density was determined through ethanol displacement, measuring volume changes 

260 upon immersion. Specific gravity was computed as the ratio of particle density to water 

261 density at 4 °C, providing insight into packing and porosity characteristics 39.

262 2.3.12 Water Holding Capacity (WHC)

263 WHC was assessed gravimetrically by saturating 5 g of oven-dried biochar with deionized 

264 water, allowing drainage for 24 hours at room temperature, then drying at 105 °C. The 

265 difference between wet and dry weights quantified the biochar’s water retention capacity, 

266 critical for soil amendment applications 40.
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267 2.3.13 Cation Exchange Capacity (CEC)

268 CEC was measured using an equilibrium pH method, involving treatment of 1 g biochar with 

269 25 mL of 1 M acetic acid under stirring for 1 hour. The pH difference between the solution 

270 and acetic acid blank was used with a conversion factor to calculate CEC, indicating nutrient 

271 retention potential 41.

272 2.5. Characterization of Degraded Soil

273 Physicochemical characterization of the degraded soil was carried out to evaluate its fertility 

274 status, structural integrity, and suitability for biochar amendment. Key parameters such as 

275 bulk density, moisture content, cation exchange capacity, and nutrient availability were 

276 analyzed using standardized laboratory techniques. These measurements are essential for 

277 establishing baseline conditions and assessing the effects of biochar application. Table 2 

278 summarizes the instruments and methods used to characterize soil samples using basic 

279 physicochemical parameters.

280 Table 2. Soil sample parameters with their respective methods for characterization

No. Parameter Instrument/Equipment Standard Method Reference

1 Bulk Density Core Sampler, Balance Core Method 42

2 Particle Density Graduated cylinder, 
Balance

Liquid 
Displacement 
Method

42

3 Specific Gravity Calculated from Particle 
Density and Water 
Density

Ratio of Particle 
Density to Water 
Density

42

4 Porosity Graduated Cylinder, 
Balance, Water (or 
Mercury)

Water displacement 
Method 

42

5 Moisture Content Oven, Balance Gravimetric Method 43

6 Water Holding 
Capacity

Saturation Setup, 
Balance, Oven

Gravimetric Method 
after Saturation

44
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7 pH pH Meter 1:2.5 Soil: Water 
Suspension

45

8 Electrical 
Conductivity (EC)

EC Meter 1:2.5 Soil: Water 
Suspension

46

9 Cation Exchange 
Capacity (CEC)

pH Meter, Magnetic 
Stirrer, Glass Beaker

Equilibrium pH 
Shift Method using 
1 M Acetic Acid

47

10 Organic Matter 
(OM)

Muffle Furnace, Balance Loss on Ignition 48

11 Total Kjeldahl 
nitrogen (TKN)

Kjeldahl Apparatus Modified Kjeldahl 
Digestion

49

12 Available 
Phosphorus (P)

Spectrophotometer 
(Molybdenum Blue 
Method)

Olsen P Method 
(NaHCO₃ 
Extraction)

50

13 Available Potassium 
(K)

Flame Photometer 1 M Ammonium 
Acetate Extraction 
(pH 7.0)

51

14 Exchangeable 
Sodium (Na)

Flame Photometer 1 M Ammonium 
Acetate Extraction 
(pH 7.0)

52

15 Exchangeable 
Calcium (Ca)

Flame Photometer 1 M Ammonium 
Acetate Extraction 
(pH 7.0)

52

16 Exchangeable 
Acidity (H⁺ + Al³⁺)

Titration 1 M KCl Extraction 53

17 Soil Texture Sieve, Hydrometer, 
Pipette

Hydrometer 54

281

282 2.6. Soil Amendment Experiment

283 The amendment potential of biochar (BC) was assessed through a 100-day outdoor pot 

284 incubation experiment under natural sunlight conditions 55. This setup aimed to simulate 
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285 field-relevant environmental conditions while evaluating the effects of BC on key soil 

286 physicochemical properties. Air-dried, homogenized degraded soil (1 kg per treatment) was 

287 amended with different BC application rates: 0% (control), 10%, 15%, and 20% by weight 

288 56,57. The biochar used for amendment was produced under the optimized pyrolysis 

289 conditions identified in Section 3.4. The amended soils were thoroughly mixed and 

290 transferred into 9.43-liter polyethylene pots (20 cm diameter × 30 cm height). To maintain 

291 soil moisture consistent with natural field conditions, deionized water was added twice 

292 weekly at a rate of 30 mL per pot, equating to approximately 50% of estimated field capacity. 

293 The use of deionized water ensured no external ions were introduced, preserving the native 

294 soil chemistry.

295 At the end of the incubation period, soil samples from each treatment were analyzed in 

296 triplicate for physicochemical properties, including bulk density, particle density, specific 

297 gravity, porosity, moisture content, water holding capacity, pH, electrical conductivity (EC), 

298 cation exchange capacity (CEC), and organic matter (OM). These replicated analyses 

299 ensured statistical reliability and supported robust comparison of treatment effects.

300 3. Results and Discussion 

301 3.1. Synthesis Optimization of Biochar

302 The optimization of Rumex abyssinicus-derived biochar synthesis was performed using RSM, 

303 considering four independent process variables: carbonization temperature, residence time, 

304 heating rate, and particle size. The experimental matrix, consisting of 30 runs (Table 3), was 

305 designed to systematically evaluate their influence on biochar yield. The experimental results 

306 demonstrated a narrow variation in yield, ranging from 28.21% to 31.98%, with the highest 

307 yield obtained at Run 9, corresponding to a carbonization temperature of 600 °C, a residence 

308 time of 120 minutes, a heating rate of 20 °C/min, and a particle size of 180 µm.

309 The observed increase in yield at moderate carbonization temperature (600 °C) with 

310 prolonged residence time aligns with the thermochemical behavior of lignocellulosic 
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311 biomass, where extended exposure facilitates complete devolatilization and solid char 

312 formation without excessive thermal degradation 58. Additionally, the selected heating rate 

313 (20 °C/min) likely provided a balance between thermal diffusion and reaction kinetics, 

314 preventing structural collapse or excessive tar formation, both of which can reduce solid 

315 yield 59. The finer particle size (180 µm) may have enhanced thermal uniformity during 

316 pyrolysis, contributing to improved mass and heat transfer efficiency 60.

317 A comparison between the actual and predicted values showed a high level of agreement, 

318 with minimal deviation across all runs, indicating the robustness of the developed RSM 

319 model. The optimized condition (Run 9) was selected for subsequent characterization and 

320 application studies, as it provided the maximum biochar yield under thermally practical and 

321 scalable conditions. These findings highlight the importance of tuning operational 

322 parameters collectively, as the interaction effects between temperature, time, heating rate, 

323 and particle size can significantly influence the biochar yield even in the absence of chemical 

324 activation or catalysts.

325 Table 3. Optimization of Biochar Synthesis

Yield (%)
Run

Carbonization 
Temperature 

(oC)
Carbonization 

Time (min)
Heating 

Rate 
(oC/min)

Particle 
Size 
(µm)

Actual 
Value

Predicted 
Value

1 750 90 15 125 30.225 30.40
2 600 60 10 180 31.69 31.71
3 600 60 10 125 31.66 31.39
4 750 90 20 150 31.53 31.33
5 750 90 10 150 31.54 31.73
6 750 90 15 180 31.43 31.25
7 750 90 15 150 30.19 30.22
8 600 60 20 125 30.13 30.17
9 600 120 20 180 31.98 32.00
10 900 60 20 180 30.17 30.03
11 750 90 15 150 30.28 30.22
12 600 120 20 125 31.31 31.21
13 900 120 20 125 28.61 28.63
14 900 120 20 180 29.79 30.02
15 750 60 15 150 28.56 28.69
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16 900 60 10 180 31.74 31.82
17 750 90 15 150 30.06 30.22
18 600 60 20 180 30.7 30.77
19 900 90 15 150 29.82 29.68
20 750 90 15 150 30.37 30.22
21 900 120 10 180 29.58 29.56
22 600 90 15 150 30.81 30.94
23 900 120 10 125 28.543 28.45
24 750 120 15 150 28.21 28.07
25 900 60 10 125 30.89 30.90
26 900 60 20 125 28.78 28.84
27 600 120 10 125 30.03 30.19
28 600 120 10 180 30.78 30.70
29 750 90 15 150 30.12 30.22
30 750 90 15 150 30.26 30.22

326

327 This study was compared with previous investigations on biochar production from different 

328 biomass sources under varying carbonization conditions, as summarized in Table 4. 

329 Table 4. Comparison of biochar yields from various biomass sources under different 
330 carbonization conditions

Biomass 
Source

Carbonizatio
n 

Temperature 
(°C)

Carbonizati
on Time 

(min)

Heating 
Rate 

(°C/min)

Particl
e Size 
(µm)

Yield 
(%)

Refere
nce

Rice husk 400 30 - - 38.5 61

Eucalyptus Saw 
Dust

300 - 5 425 41.9 62

Eucalyptus Chips 400 - 5 300 32.2 62

Sewage Sludge 500 - 5 250 65.3 62

Spent coffee 
grounds 

350 20 5 710 48.35 63

Prosepis Juliflora 400 - 10 - 46.53 64

Prosepis Juliflora 500 - 10 - 40.24 64

Prosepis Juliflora 600 - 10 - 36.38 64

Rice Straw 
Segment

600 - 5 - 32.0 65

Water buffalo 
manure

350 - 10 - 47.0 66

Rumex 
abyssinicus

600 120 20 180 31.98 This 
study

331

332 Although the yield from Rumex abyssinicus biochar (31.98%) appears lower than some 

333 reported values, it reflects a deliberate optimization of carbonization parameters aimed at 
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334 enhancing structural stability and surface functionality. Elevated temperature (600 °C) and 

335 extended residence time (120 min) promote devolatilization, reducing bulk yield but 

336 improving fixed carbon content and porosity, attributes essential for environmental 

337 applications. This biochar was specifically engineered and applied as a soil amendment for 

338 degraded soils, where its physicochemical properties contribute to improved retention, 

339 nutrient availability, and long-term carbon sequestration. The trade-off between yield and 

340 functionality is therefore justified by its targeted role in soil rehabilitation. 

341 3.2. ANOVA and Development of the Regression Model Equation

342 The statistical robustness of the regression model was assessed using analysis of variance 

343 (ANOVA), as presented in Table 5. This analysis evaluates the significance of individual 

344 model terms and their interactions, guiding the refinement of the predictive model for 

345 biochar yield.

346 Table 5. Analysis of variance (ANOVA) for the quadratic regression model of biochar yield

Source Sum of 
squares

df Mean of 
square

F-
value

P-value

Model 31.41 14 2.24 69.66 < 
0.0001

significant

A-Carbonization 
Temperature

6.89 1 6.89 214.02 < 
0.0001

B-Carbonization Time 1.67 1 1.67 51.76 < 
0.0001

C-Heating Rate 0.6575 1 0.6575 20.41 0.0004
D-Particle Size 3.28 1 3.28 101.79 < 

0.0001
AB 1.55 1 1.55 48.07 < 

0.0001
AC 0.7069 1 0.7069 21.95 0.0003
AD 0.3639 1 0.3639 11.30 0.0043
BC 5.01 1 5.01 155.68 < 

0.0001
BD 0.0373 1 0.0373 1.16 0.2986
CD 0.0768 1 0.0768 2.38 0.1434
A² 0.0234 1 0.0234 0.7268 0.4073
B² 8.72 1 8.72 270.85 < 

0.0001
C² 4.48 1 4.48 139.11 < 

0.0001
D² 0.8371 1 0.8371 25.99 0.0001
Residual 0.4831 15 0.0322
Lack of Fit 0.4192 10 0.0419 3.28 0.1011 not 

significant

ACCEPTED MANUSCRIPTARTICLE IN PRESS



ARTIC
LE

 IN
 PR

ES
S

Pure Error 0.0639 5 0.0128
Cor Total 31.89 29

347
348 The statistical analysis of the quadratic regression model reveals a Model F-value of 69.66, 

349 indicating that the model is highly significant, with only a 0.01% probability that such a large 

350 F-value could arise due to random noise. Among the model terms, factors A (carbonization 

351 temperature), B (carbonization time), C (heating rate), D (particle size), and their 

352 interactions AB, AC, AD, BC, along with the quadratic terms B², C², and D², were statistically 

353 significant with p-values less than 0.05, confirming their substantial influence on biochar 

354 yield. In contrast, terms with p-values exceeding 0.10 are considered insignificant and may 

355 be candidates for removal to improve model simplicity and predictive accuracy, provided 

356 they are not required to preserve model hierarchy. The Lack of Fit F-value of 3.28 suggests 

357 that lack of fit is not significant relative to pure error, with a 10.11% probability that such a 

358 value could be due to noise, indicating that the model fits the experimental data well. 

359 Furthermore, the Predicted R² value of 0.9165 shows strong agreement with the Adjusted R² 

360 of 0.9707, with a difference well below the 0.2 threshold, validating the model’s predictive 

361 strength. The Adequate Precision ratio of 30.925 exceeds the minimum desirable value of 4, 

362 demonstrating a high signal-to-noise ratio and confirming that the model is suitable for 

363 navigating the design space. The final regression model, expressed in terms of coded 

364 variables, is presented in Equation (8) and describes the relationship between the process 

365 parameters and the predicted biochar yield.

366 Y (%)
= 30.25 - 0.6189A - 0.3043B - 0.1911C + 0.4268D - 0.3111AB - 0.2102AC + 0.1507AD

+ 0.5598BC + 0.0483BD + 0.0693CD + 0.0951
367 A2 -1.83B2 +1.32C2 +0.5735D2                        (8)

368 The reliability and robustness of the developed quadratic regression model for predicting 

369 biochar yield were assessed using diagnostic plots. Figure 2A (Predicted vs. Actual values) 

370 illustrates a strong linear relationship, indicating that the model accurately predicts the 

371 experimental data, with minimal deviation from the ideal 45-degree line. This alignment 

372 signifies high model accuracy and low prediction error. Figure 2B (Residuals vs. Run order) 

A B
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373 evaluates the randomness of residual distribution across the experimental runs. The absence 

374 of discernible patterns confirms that the residuals are independently and randomly 

375 distributed, which validates the assumption of constant variance and model stability 

376 throughout the design space. Figure 2C (Residuals vs. Predicted values) further tests the 

377 homoscedasticity of the model; the uniform scatter around zero without funneling or 

378 curvature suggests that the variance of residuals remains constant over the prediction range. 

379 Collectively, these diagnostic plots validate the adequacy of the model and affirm its 

380 suitability for navigating the experimental design space. 

381    

382  
C
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383 Figure 2.Diagnostic plots for regression model adequacy in biochar yield prediction: (A) 

384 Predicted vs. Actual yield showing excellent agreement, (B) Residuals vs. Run order 

385 confirming random distribution, and (C) Residuals vs. Predicted values indicating constant 

386 variance and no bias

387 3.3. The Effect of Factors’ Interaction on Biochar Yield

388 The interaction between carbonization temperature and carbonization time had a 

389 pronounced influence on biochar yield, as supported by the significant interaction term AB 

390 (p < 0.0001). Yield increased when both temperature and time were raised to an optimal 

391 range, after which further increases, particularly in temperature, led to a decline. This 

392 behavior is associated with the thermal decomposition characteristics of lignocellulosic 

393 biomass, where moderate temperatures (~750 °C) allow adequate volatile release and 

394 biochar formation, while excessive temperatures near 900 °C promote secondary cracking 

395 and degradation of the fixed carbon, reducing solid yield 67. Additionally, longer 

396 carbonization times enhance devolatilization, but at very high temperatures, prolonged 

397 exposure exacerbates carbon loss through combustion or secondary reactions 68. These 

398 synergistic effects are visually presented in Figure 3, showing a dome-shaped surface where 

399 the peak biochar yield lies within the mid-range of both factors.

400
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402

403 Figure 3. Interaction between Carbonization Temperature and Carbonization Time on 

404 biochar yield: (A) 3D surface plot and (B) contour plot.

B

A
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405 A statistically significant interaction was also observed between carbonization temperature 

406 and heating rate (term AC, p = 0.0003). Yield improved with increasing temperature, 

407 particularly at a moderate heating rate of around 15 °C/min. However, at higher heating 

408 rates, the yield began to drop despite elevated temperatures. This is likely due to uneven 

409 thermal diffusion in the biomass structure during rapid heating, which can lead to incomplete 

410 carbonization, formation of tar, and potential collapse of the porous matrix 69. At the optimal 

411 heating rate, thermal transfer is sufficiently balanced with reaction kinetics, supporting 

412 efficient char formation without overheating the sample. The influence of this interaction is 

413 illustrated in Figure 4, which depicts a curved surface response where excessive heating rate 

414 beyond a threshold negates the benefits of high carbonization temperature.

415
A
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417 Figure 4. Interaction between Carbonization Temperature and Heating Rate on biochar 

418 yield: (A) 3D surface plot and (B) contour plot

419 The effect of carbonization temperature and particle size interaction (term AD, p = 0.0043) 

420 highlights the importance of particle geometry in thermal processing. As shown in Figure 5, 

421 finer particles (around 125 µm) resulted in higher biochar yields, especially when coupled 

422 with increasing temperatures. The increased surface area and reduced diffusion resistance 

423 of small particles enhance heat penetration and volatile escape, which promotes a more 

424 controlled pyrolysis process and limits tar deposition or incomplete charring 70. In contrast, 

425 coarser particles (180 µm) experience slower heat transfer, leading to heterogeneity in 

426 thermal decomposition and a drop in yield at higher temperatures due to insufficient inner-

427 core conversion 71. This interaction suggests that optimizing particle size is crucial for 

428 ensuring uniform carbonization, particularly when operating at elevated temperatures. 

B
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430

431 Figure 5. Interaction between Carbonization Temperature and Particle Size on biochar yield: 

432 (A) 3D surface plot and (B) contour plot

A

B
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433 The interaction between carbonization time and heating rate was highly significant (term 

434 BC, p < 0.0001), indicating a strong dependency between these variables. As reflected in  

435 Figure 6, increasing carbonization time generally enhanced yield at low to moderate heating 

436 rates (10–15 °C/min). Longer durations provide more opportunity for primary pyrolysis 

437 reactions to complete, especially under slower heating conditions that prevent thermal shock 

438 or structural degradation 72. However, at high heating rates (20 °C/min), the effect of time 

439 becomes less influential, as the rapid temperature rise leads to flash devolatilization and 

440 limited thermal uniformity, negating the benefits of prolonged residence time 73. This 

441 observation suggests that the heating rate must be carefully calibrated with time to maintain 

442 thermal control and avoid premature loss of carbon content.

443
A
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445 Figure 6. Interaction between Carbonization Time and Heating Rate on biochar yield: (A) 3D 

446 surface plot and (B) contour plot.

447 While the interaction between carbonization time and particle size (term BD, p = 0.2986) was 

448 not statistically significant, the trend shown in Figure 7 provides some qualitative insight. 

449 There appears to be a modest improvement in yield for smaller particles (125–150 µm) with 

450 extended carbonization times, possibly due to better heat transfer and more complete 

451 volatile release 74. However, the insignificant p-value suggests that, within the experimental 

452 range tested, this interaction did not contribute meaningfully to the predictive power of the 

453 model. The relatively uniform surface also indicates that these factors act more 

454 independently rather than synergistically in influencing biochar yield. 

B
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456

457 Figure 7. Interaction between Carbonization Time and Particle Size on biochar yield: (A) 3D 

458 surface plot and (B) contour plot.

A

B
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459 The interaction term between heating rate and particle size (CD, p = 0.1434) was statistically 

460 insignificant; however, the response surface in Figure 8 revealed meaningful variation in 

461 yield across the factor space. Notably, higher biochar yields were observed at both extremes 

462 of particle size, particularly under low heating rate conditions. At low heating rates 

463 (~10 °C/min), both fine (125 µm) and coarse (180 µm) particles resulted in improved yield, 

464 likely due to enhanced thermal stability and more gradual pyrolysis. Additionally, high 

465 heating rate combined with large particle size also led to elevated yield, possibly because 

466 the larger biomass structure prevented excessive tar formation or structural collapse 68. In 

467 contrast, the combination of fine particle size and high heating rate resulted in the lowest 

468 yield region (yellow zone), likely due to rapid devolatilization and volatile loss, where fast 

469 heating of fine particles promotes excessive tar formation or reduced carbon retention before 

470 stable char can form 75. Despite the lack of statistical significance, the observed trends 

471 support known thermal decomposition behavior where heat transfer uniformity and particle 

472 mass play key roles in determining solid product retention.

473
A
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475 Figure 8. Interaction between Heating Rate and Particle Size on biochar yield: (A) 3D surface 

476 plot and (B) contour plot.

477 3.4. Process optimization for yield

478 Numerical optimization was performed using the response surface methodology (RSM) to 

479 maximize biochar yield while maintaining feasible processing conditions. The optimization 

480 criteria were set to minimize carbonization temperature, carbonization time, and heating 

481 rate, while maximizing particle size and yield. Out of 92 generated solutions, the most 

482 desirable set of parameters was identified as: carbonization temperature of 600 °C, 

483 carbonization time of 62.694 minutes, heating rate of 10 °C/min, and particle size of 179.996 

484 µm, which collectively yielded a maximum predicted biochar yield of 31.98% with an overall 

485 desirability of 0.991.

486 This optimal point is visually supported by the ramps plot (Figure 9A), which clearly 

487 illustrates how each factor contributes to achieving the optimal yield within the defined 

488 boundaries. All input variables converge near their respective extremes, highlighting the 

B
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489 sensitivity of biochar synthesis to these critical process parameters. Additionally, the 

490 desirability overlay plot (Figure 9B) affirms the robustness of the optimization, with 

491 individual desirability values approaching unity: carbonization temperature (0.999998), 

492 carbonization time (0.955092), heating rate (0.999999), particle size (0.999926), and yield 

493 (1.000000). These high individual scores indicate strong agreement between model 

494 prediction and optimization goals, confirming that the selected conditions offer both 

495 operational feasibility and superior yield potential. Taken together, these results validate the 

496 model's utility for guiding scalable, high-yield biochar production under optimized thermal 

497 and physical conditions.

498
A
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500 Figure 9. Optimization plots for biochar yield: (A) Ramps plot showing optimal conditions for 

501 each process variable contributing to maximum yield, and (B) Desirability overlay plot 

502 indicating high desirability scores for all factors, with an overall desirability

503 3.5. The Effect of Individual Factors on Biochar Yield

504 Biochar yield exhibited a decreasing trend with increasing carbonization temperature across 

505 the tested range (600–900 °C). The maximum yield of 30.96% was observed at 600 °C, 

506 followed by a steady decline to 29.72% at 900 °C. This monotonic decrease suggests a 

507 negative linear relationship between temperature and solid yield under fixed time, heating 

508 rate, and particle size conditions (90 min, 15 °C/min, 150 µm). Although temperature showed 

509 a strong effect, as confirmed by its highly significant p-value in the ANOVA table (p < 0.0001), 

510 the overall variation was relatively narrow (only ~1.24 percentage points across the full 

511 range). This indicates that temperature, while impactful, caused more subtle changes in solid 

512 recovery compared to other factors. The trend is visually captured in Figure 10.

B
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513

514 Figure 10. Effect of Carbonization Temperature on Biochar Yield

515 While the individual factor analysis revealed a monotonic decrease in biochar yield with 

516 increasing temperature (Figure 10), the interaction plots in Section 3.3.1 and 3.3.2 indicated 

517 that yield can initially improve with temperature when paired with specific levels of 

518 carbonization time or heating rate. This reinforces that temperature’s influence is not purely 

519 independent but is shaped by its synergistic behavior with other process parameters.

520 As illustrated in  Figure 11, yield initially increased with carbonization time from 60 to 

521 90 minutes (from 28.72% to 30.26%) and then declined to 28.11% at 120 minutes. This non-

522 linear, bell-shaped trend suggests that 90 minutes is an optimal point for maximizing biochar 

523 retention. The total variation across the range (~2.15%) is more pronounced than that 

524 observed for temperature, and ANOVA results confirm the statistical significance of time 

525 (p < 0.0001). The sharp decline at longer durations highlights the importance of controlling 

526 residence time to avoid excessive devolatilization or carbon loss. Although similar dynamics 

527 were discussed in the interaction section, this univariate profile reinforces that carbonization 

528 time is a critical tuning parameter even when other factors are held constant.
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529

530 Figure 11. Effect of Carbonization Time on Biochar Yield

531 In contrast to the smooth, bell-shaped trend seen under fixed conditions in Figure 11, 

532 interaction effects (particularly with temperature and heating rate in Sections 3.3.1 and 

533 3.3.4) showed sharper peaks or valleys in biochar yield depending on the specific 

534 combinations. This reflects that the effectiveness of residence time is context-dependent, 

535 varying with the rate of heat exposure and thermal severity.

536 The effect of heating rate on biochar yield, presented in Figure 12, was more complex than 

537 a linear trend. The yield peaked at the lowest level (10 °C/min) with 31.75%, declined to 

538 30.34% at 15 °C/min, and then rose slightly again to 31.37% at 20 °C/min. This irregular 

539 pattern indicates that the heating rate had a relatively weaker and less predictable influence 

540 when other parameters were fixed (750 °C, 90 min, 150 µm). Despite its statistical 

541 significance in the ANOVA table (p = 0.0004), the range of variation (about 1.41%) was 

542 narrower than that observed for carbonization time or particle size. 
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543

544 Figure 12. Effect of Heating Rate on Biochar Yield

545 Although heating rate showed a relatively weak and inconsistent trend in the individual 

546 factor plot (Figure 12), its impact was much more pronounced when interacting with 

547 temperature and carbonization time (Sections 3.3.2 and 3.3.4), where even small changes in 

548 rate significantly influenced the pyrolysis dynamics. This suggests that heating rate plays a 

549 more interactive role, modulating thermal gradients and mass transfer depending on 

550 surrounding conditions.

551 The effect of particle size on yield, depicted in Figure 13, showed a consistent increasing 

552 trend across the range of 106–212 µm. Yield rose from 30.04% at the finest size (106 µm) to 

553 31.42% at the coarsest (212 µm), indicating a direct, positive linear effect. The variation 

554 (~1.38%) was moderate, and the trend was clear, supporting particle size as a meaningful 

555 individual contributor. The statistical analysis (p < 0.0001) further confirms its influence. 

556 Unlike time and temperature, where peak values occurred at intermediate levels, particle 

557 size exhibited no sign of an optimum within the tested range, suggesting that even larger 

558 sizes may further enhance char retention.
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559

560 Figure 13. Effect of Particle Size on Biochar Yield

561 Interestingly, particle size showed a direct and consistent increase in yield under fixed 

562 conditions (Figure 13), yet its interaction with temperature and heating rate (Sections 3.3.3 

563 and 3.3.6) revealed that finer particles often improved yield due to better thermal uniformity 

564 and faster volatile release. This contrast underscores the importance of considering 

565 interaction effects before drawing general conclusions from univariate trends.

566 3.6. Characteristics of Optimized Biochar

567 3.6.1. Proximate Analysis

568 Proximate analysis of the synthesized biochar was performed to determine its moisture 

569 content (MC), volatile matter (VM), ash content (AC), and fixed carbon (FC). These 

570 parameters provide insights into the thermal stability and quality of the biochar for soil 

571 amendment applications. The results are presented in Table 6.
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575 Table 6. Proximate composition of biochar synthesized in this study compared with values 

576 reported in previous literature

Feedstock MC 

(%)

VM 

(%)

AC 

(%)

FC 

(%)

Reference 

Rumex abyssinicus 3.6 12.8 4.8 78.8 This 

study

Chlorella Pyrenoidosa Microalgae 1.9 31.62 12.18 54.3 76

Chlorella Vulgaris 3.81 17.4 13.45 65.34 77

Jatropha Seed 2.3 36.4 12.8 48.5 78

Mahua 5.14 36.17 8.66 50.03 79

Rice Husk 4.8 16.8 23.1 55.2 80

Oil Palm Fronds 5.7 19.9 2.4 72 81

577

578 The biochar exhibited low moisture (3.6%) and ash content (4.8%), indicating high thermal 

579 resistance and minimal inorganic residue, which are desirable for soil application 82.  The 

580 volatile matter content of the biochar was found to be 12.8%, which falls within the expected 

581 range for biomass pyrolyzed at 600 °C. This value reflects a moderate presence of labile 

582 organic compounds, suggesting that the biochar retains some capacity to stimulate microbial 

583 activity and enhance short-term nutrient cycling when applied to soil 83. Compared to higher-

584 VM biochars such as Jatropha seed (36.4%) or Mahua (36.17%), the lower VM in Rumex 

585 abyssinicus biochar implies a more thermally stable material with better resistance to 

586 biological degradation over time.

587 The most notable feature of the biochar was its high fixed carbon content, measured at 

588 78.8%. This value exceeds that of many biochars in the literature, including those derived 

589 from Chlorella vulgaris (65.34%), oil palm fronds (72.0%), and rice husk (55.2%). High fixed 

590 carbon reflects a greater degree of carbonization and a higher potential for long-term carbon 
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591 sequestration in soils 84. It also contributes to the structural stability of the biochar, 

592 enhancing its ability to persist in the environment and act as a long-lasting soil amendment 

593 85.

594 3.6.2. Elemental Analysis

595 The elemental composition of the biochar was estimated using empirical correlations 

596 developed in 30, which provides valuable insight into its role as a soil amendment for 

597 rehabilitating degraded soils. Based on the proximate analysis results, the calculated carbon, 

598 hydrogen, and oxygen contents were approximately 43.92 wt%, 5.53 wt%, and 41.20 wt%, 

599 respectively, while nitrogen was estimated at 4.55 wt%. The moderate carbon content 

600 suggests a significant presence of both aromatic and less-condensed carbon structures, 

601 indicative of biochars produced at intermediate pyrolysis temperatures, which can 

602 contribute to both medium-term carbon sequestration and soil structural improvement 86 . 

603 Carbon-rich biochars such as this promote soil aggregate formation, enhance water 

604 retention, and reduce bulk density, key factors for restoring physically degraded soils 87. The 

605 hydrogen content, while moderate, reflects a balance between aliphatic and aromatic 

606 compounds, supporting the biochar’s physicochemical reactivity and interaction potential 

607 within the soil matrix 88. The substantial oxygen content indicates the presence of polar 

608 functional groups, such as carboxyl and hydroxyl moieties, which enhance cation exchange 

609 capacity, improve nutrient retention, and mediate interactions with soil colloids and 

610 microbial communities 89. Notably, the nitrogen content, higher than initially expected, 

611 suggests potential nutrient contribution, especially when biochar is used alongside other 

612 organic or inorganic soil amendments 87. Collectively, this elemental profile supports the 

613 biochar’s multifunctionality: acting as a physical and chemical soil conditioner while 

614 influencing biogeochemical cycling in degraded soils.

615 3.6.3. X-ray Fluorescence (XRF) Analysis

616 The elemental composition of the biochar derived from Rumex abyssinicus was determined 

617 by X-ray fluorescence (XRF) analysis. The results were converted into their corresponding 
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618 oxide forms to better represent the mineralogical profile and assess the biochar’s chemical 

619 reactivity (Table 7).

620  Table 7. XRF Analysis of Elemental and Oxide Composition of Rumex abyssinicus Biochar

Element Elemental Concentration (%) Oxide Form Oxide Concentration (%)
K 17.31 K₂O 41.71
Ca 9.31 CaO 13.03
Cl 4.81 Cl₂O 11.80
Si 1.57 SiO₂ 3.36
P 1.15 P₂O₅ 5.27
Fe 0.65 Fe₂O₃ 1.86
Ti 0.59 TiO₂ 0.99

Mn 0.13 MnO₂ 0.20
V 0.31 V₂O₅ 1.11

Mo 0.066 MoO₃ 0.099
Al 0.51 Al₂O₃ 1.93
Pb 0.014 PbO 0.015
Zn 0.020 ZnO 0.025
Nb 0.17 Nb₂O₅ 0.49
Sr 0.029 SrO 0.034
Zr 0.041 ZrO₂ 0.055
Rb 0.004 Rb₂O 0.008
U 0.006 U₃O₈ 0.010

621

622 Biochar exhibited a mineral-rich composition dominated by potassium oxide (K₂O, 41.71%), 

623 calcium oxide (CaO, 13.03%), and chlorine oxide (Cl₂O, 11.80%). These elements contribute 

624 significantly to the biochar’s alkalinity, which may aid in modifying soil pH and enhancing 

625 nutrient availability. The high potassium and calcium contents indicate the biochar’s 

626 potential for improving soil fertility and nutrient stabilization 90. 

627 Silica (SiO₂, 3.36%) and titanium dioxide (TiO₂, 0.99%) presence highlights the biochar’s 

628 mineral framework. Silica enhances soil physical properties such as aeration and water 

629 retention, while titanium dioxide may confer photocatalytic properties, beneficial for 

630 degradation of organic contaminants and metal adsorption 91,92.

631 Trace metal oxides like iron oxide (Fe₂O₃, 1.86%) and manganese dioxide (MnO₂, 0.20%) 

632 suggest catalytic potential for redox reactions, relevant for pollutant immobilization and 

633 degradation in soil remediation contexts 93. Other micronutrients detected, including 

634 phosphorus pentoxide (P₂O₅, 5.27%), molybdenum trioxide (MoO₃, 0.099%), vanadium 
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635 pentoxide (V₂O₅, 1.11%), and zinc oxide (ZnO, 0.025%), indicate biochar’s role in supporting 

636 microbial activity and plant nutrient cycles 94,95. Low levels of potentially toxic elements such 

637 as lead oxide (PbO, 0.015%) and uranium oxide (U₃O₈, 0.010%) warrant further safety 

638 evaluation before extensive agricultural use, although their concentrations are minimal 96.

639 3.6.4. Scanning Electron Microscope (SEM)

640 The SEM micrographs of the produced biochar reveal a highly porous microstructure 

641 characterized by numerous irregularly shaped dark regions, which correspond to pores of 

642 varying sizes, some relatively large (Figure 14). This pronounced porosity is indicative of a 

643 substantial internal surface area, a critical attribute that enhances the biochar’s capacity for 

644 water retention, nutrient adsorption, and microbial colonization 97.

645 The irregular pore morphology reflects the complex and heterogeneous nature of the biochar 

646 matrix, formed during pyrolysis under optimized conditions 98. Such porous architecture 

647 facilitates improved interaction with soil particles when applied as an amendment, 

648 contributing to enhanced soil aeration and moisture dynamics.

649 This microstructural feature aligns with biochar’s known ability to improve soil physical 

650 properties by providing additional pore spaces that mitigate compaction and increase 

651 aggregate stability. Consequently, the observed biochar porosity is expected to play a pivotal 

652 role in remediating degraded soils by promoting favorable conditions for root growth and 

653 microbial activity, thereby supporting soil fertility and resilience.
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654
655 Figure 14. SEM image of the Biochar

656 3.6.5. Fourier Transform Infrared Spectroscopy (FTIR)

657 The FTIR spectrum of the biochar reveals a range of functional groups that contribute to its 

658 reactivity and suitability for soil amendment applications, as shown in Figure 15. The broad 

659 absorption band at 3621 cm⁻¹ corresponds to O–H stretching vibrations, indicative of 

660 hydroxyl groups from phenolic structures or residual moisture 99. The peak at 3027 cm⁻¹ is 

661 associated with aromatic C–H stretching, while the band at 2001 cm⁻¹ may reflect overtone 

662 or combination bands linked to conjugated systems or residual unsaturated structures. A 

663 prominent peak at 1550 cm⁻¹ is attributed to aromatic C=C stretching, confirming the 

664 presence of thermally stable carbon frameworks 100. Absorptions at 1383 cm⁻¹ and 1261 

665 cm⁻¹ are assigned to C–H bending and C–O stretching, respectively, suggesting partial 

666 retention of oxygenated organic matter 101. The strong band at 1117 cm⁻¹ corresponds to C–

667 O–C vibrations typical of ether linkages 102. The peaks at 808 cm⁻¹ and 617 cm⁻¹ suggest out-

668 of-plane bending of aromatic rings and possible metal–oxygen interactions 103. These surface 

669 functionalities enhance the biochar’s ability to retain nutrients, adsorb contaminants, and 

670 interact with soil microbiota, making it a promising candidate for restoring degraded soils. 

671 Similar FTIR profiles have been reported for biochars derived from lignocellulosic biomass, 

672 where oxygenated groups play a key role in improving soil fertility and water retention 104. 
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674 Figure 15. FTIR analysis of the Biochar

675 3.6.6. X-Ray Diffraction (XRD)

676 The X-ray diffraction (XRD) pattern of Rumex abyssinicus biochar, presented in Figure 16, 

677 reveals a predominantly amorphous structure with several low-intensity peaks scattered 

678 across the 2θ range. Compared to the biomass, the biochar shows broader and less defined 

679 reflections, indicating a loss of crystalline order due to thermal decomposition during 

680 pyrolysis. Notable peaks were observed at 21.36°, 24.68°, 28.28°, 29.4°, 30.32°, 33.36°, 

681 40.58°, and 43.08°, suggesting the presence of residual mineral phases such as silica, 

682 aluminosilicates, or thermally stable oxides 105. The absence of sharp graphitic peaks 

683 confirms that the carbon structure remains largely disordered, which is typical for biochar 

684 produced under moderate-to-high temperatures in inert atmospheres 106. Using the Debye-

685 Scherrer equation and the peak at 28.28°, the average crystallite size was estimated to be 

686 approximately 23.6 nm, indicating the presence of nanocrystalline domains embedded within 
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687 the amorphous matrix. This amorphous nature enhances the material’s surface reactivity and 

688 porosity, contributing to its effectiveness in soil amendment applications by improving water 

689 retention, nutrient adsorption, and microbial colonization. Similar XRD profiles have been 

690 reported for rice straw–derived biochars used in soil remediation, where increased pyrolysis 

691 temperature led to reduced crystallinity and enhanced carbon sequestration potential 107. 
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693 Figure 16. XRD analysis of the Biochar

694 3.6.7. Thermogravimetric Analysis (TGA)

695 The thermogravimetric analysis of the biochar revealed a multi-stage decomposition profile 

696 under a nitrogen atmosphere, as shown in Figure 17. The initial weight loss below 150 °C is 

697 attributed to the evaporation of physically bound moisture and volatile organics 108. A 

698 pronounced degradation phase occurs between approximately 250 °C and 400 °C, 

699 corresponding to the breakdown of hemicellulose and cellulose fractions, which are typical 

700 in lignocellulosic biomass-derived biochars 109. A second major weight loss event is observed 
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701 between 450 °C and 600 °C, likely associated with the decomposition of more thermally 

702 stable components such as lignin and residual carbon structures 110. Beyond 600 °C, the 

703 curve stabilizes, indicating the formation of a carbon-rich matrix with high thermal 

704 resistance 111. This residual mass fraction is critical for soil amendment applications, as it 

705 reflects the biochar’s potential for long-term carbon sequestration and structural persistence 

706 in degraded soils. Similar thermal behavior has been reported for biochars derived from 

707 agricultural residues, where high-temperature stability correlates with enhanced sorption 

708 capacity and reduced leaching risk in soil systems 112. 

709
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710 Figure 17. TGA graph of the Biochar

711 3.6.8. Brunauer-Emmett-Teller (BET) Surface Area Analysis

712 The BET surface area of the optimized biochar produced from Rumex abyssinicus was 

713 measured at 455.1 m²/g, indicating the development of a well-structured porous matrix. 

714 While this value is notably higher than the 45.8 m²/g reported by Teweldebrihan and Dinka 8 

715 for Rumex abyssinicus biochar produced at 500 °C for 2 hours without chemical activation, 
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716 this discrepancy can be attributed to key differences in process parameters. In the present 

717 study, pyrolysis was conducted at a higher final temperature (600 °C), which is known to 

718 enhance pore development and surface area. Additionally, a slower heating rate (20 °C/min 

719 vs. 25 °C/min) and smaller feedstock particle size (180 μm vs. 250 μm) may have contributed 

720 to more effective thermal decomposition and pore formation. Although the residence time 

721 was the same (120 minutes), these combined factors likely account for the observed increase 

722 in surface area 8. These thermal and physical variables are known to significantly influence 

723 the physicochemical characteristics of biochar, particularly pore formation 113. Higher 

724 temperatures and longer residence times enhance devolatilization and the carbonization 

725 process, promoting the development of micro- and mesopores. Moreover, a smaller particle 

726 size facilitates more uniform heat distribution and greater surface reactivity during pyrolysis 

727 114. Although no chemical activation was applied, the observed surface area falls within the 

728 higher end of the range typically reported for thermally optimized lignocellulosic biochars 

729 (Table 8). This elevated surface area supports the potential of the material for soil 

730 remediation applications, as it enhances sorption capacity, improves nutrient and moisture 

731 retention, and promotes interactions with soil colloids. Additional characterization of pore 

732 volume and distribution would further elucidate the material’s adsorption behavior.

733 Table 8. BET Surface Area Comparison of Biochar from This Study and Other Reported 
734 Biochars

Feedstoc
k

Carbonizatio
n 

Temperature 
(oC)

Carbonizatio
n Time (min)

Heating 
Rate 

(oC/min
)

Particl
e Size 
(µm)

BET 
Surfac
e Area 
(m²/g)

Referenc
e

Rumex 
abyssinicu
s 

600 120 20 180 455.1 This study

Rice husk 650 180 - 1000 261.72 115

Corn cob 800 120 1 - 17.03 116

Willow 
tree

700 - - - 840.6 117

Oak wood 800 120 10 - 231.15 118

Furfural 
residue

500 60 10 - 567 119

Rumex 
abyssinicu
s 

500 180 25 250 45.8 8
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Coconut 
shells

800 60 10 - 174.51 120

Broom and 
gorse 
wastes

600 180 3 2000 150 121

735

736 3.6.9. Determination of Point of Zero Charge (pHPZC)

737 The biochar produced from Rumex abyssinicus exhibited a point of zero charge (pHpzc) of 

738 approximately 9.2, indicating that its surface carries a neutral net charge at this pH (Figure 

739 18). At soil pH values below 9.2, typical of acidic degraded soils, the biochar surface becomes 

740 positively charged. Conversely, at pH values above 9.2, the surface charge switches to 

741 negative.

742 In acidic soils (pH < 7), despite the biochar surface also being positively charged, the 

743 amendment effectively increases soil pH through its inherent alkaline properties rather than 

744 purely electrostatic mechanisms 122. The biochar’s mineral ash content and alkaline 

745 functional groups contribute to neutralizing excess H+ ions, thereby buffering soil acidity. 

746 This chemical buffering is crucial for improving nutrient availability and microbial activity in 

747 degraded soils 123.

748 Moreover, the porous biochar structure provides adsorption sites that can immobilize acidic 

749 ions and heavy metals, enhancing soil remediation beyond simple charge interactions 124. 

750 The pHpzc thus provides insight into the charge dynamics influencing nutrient retention and 

751 soil chemistry, but the overall soil pH improvement is primarily driven by the biochar’s 

752 alkaline mineralogy and surface chemistry.
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753

754 Figure 18. pHpzc of the Biochar

755 3.6.10. pH and Electric Conductivity 

756 The synthesized Rumex abyssinicus biochar exhibited a moderately alkaline pH of 8.57, 

757 which is advantageous for remediating acidic or degraded soils by buffering acidity and 

758 enhancing nutrient availability 125. Its electrical conductivity (EC) was measured at 

759 1,010 µS/cm, indicating a moderate concentration of soluble salts. This EC level reflects the 

760 presence of essential mineral ions that can contribute to soil fertility, while remaining below 

761 salinity thresholds that typically pose agronomic risks, provided the biochar is applied at 

762 appropriate rates 126. Guideline literature suggests that soils with EC below 4 dS/m 

763 (4,000 µS/cm) are generally considered non-saline and suitable for most crops 127, placing 

764 this biochar well within safe application limits.

765 3.4.11. Bulk Density, Particle Density, and Specific Gravity

766 The Rumex abyssinicus biochar exhibited a notably low bulk density of 0.095 g/cm³, which is 

767 significantly lower than the 0.136–0.185 g/cm³ range reported for agricultural residue 

768 biochars and the 0.12–0.17 g/cm³ range for pine and straw biochars 128,129. This reduced 

769 density reflects its highly porous structure, likely resulting from the lignocellulosic 

770 composition of the biomass and the slow pyrolysis process used, which promotes extensive 
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771 pore development. While such low-density biochars can pose logistical challenges in terms 

772 of transport and field application due to their high volume-to-mass ratio, they offer agronomic 

773 advantages such as improved soil aeration, moisture retention, and microbial habitat. 

774 Additionally, their high porosity enhances surface area, potentially improving sorption 

775 capacity and long-term carbon sequestration in soils.

776  In contrast to its low bulk density, the Rumex abyssinicus biochar exhibited a particle 

777 density of 1.11 g/cm³, which falls within the expected range for lignocellulosic biochars and 

778 is comparable to values reported for other biomass sources, such as giant reed (1.44–

779 1.68 g/cm³) 130. Particle density represents the density of the solid material itself, excluding 

780 interparticle voids, and the value observed for Rumex abyssinicus indicates a well-developed 

781 carbon matrix with appreciable internal porosity. This density reflects a favorable balance 

782 between structural integrity and internal pore volume, suggesting the presence of 

783 predominantly amorphous carbon with moderate ash content. Such characteristics are 

784 advantageous for soil applications, as they promote enhanced water and nutrient retention, 

785 microbial colonization, and potential for long-term carbon sequestration without 

786 compromising material stability.

787 The specific gravity, matching the particle density at 1.11, confirms the material’s light solid-

788 phase composition relative to water. As specific gravity is a dimensionless quantity, it serves 

789 as a comparative metric for understanding the biochar's potential interaction with water-

790 based systems, including slurry formulations or soil moisture retention dynamics.

791 The large difference between bulk and particle density suggests that the biochar contains a 

792 very high proportion of void space, a key indicator of its total porosity. This highly porous 

793 architecture enhances the biochar's capacity for water retention, gas exchange, and the 

794 adsorption of nutrients or contaminants. These properties are particularly valuable in soil 

795 remediation, where the material must both physically improve soil structure and chemically 

796 interact with ions and organic compounds in the soil solution.
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797 In practical terms, the combination of low bulk density, moderate particle density, and high 

798 internal porosity positions Rumex abyssinicus biochar as a promising amendment for 

799 improving soil physical properties in degraded or compacted landscapes. Its structure allows 

800 it to enhance aeration, reduce compaction, and support beneficial microbial habitats, while 

801 also enabling potential use as a carrier medium for nutrients, pesticides, or microbial 

802 inoculants in precision soil management strategies.

803 3.6.12. Water Holding Capacity (WHC), and Cation Exchange Capacity (CEC)

804 The Rumex abyssinicus biochar produced at 600 °C exhibited a water holding capacity 

805 (WHC) of 5.56 g water per gram of biochar, a value that underscores its substantial potential 

806 for enhancing soil moisture retention relative to other biomass-derived biochars at 

807 comparable pyrolysis temperatures. This WHC notably exceeds that of pine sawdust biochar 

808 (1.8 g/g at 600 °C) and hardwood biochar (~2.0–3.0 g/g at 500 °C) reported by Zhang et al. 

809 131 and Suliman et al. 132, respectively, while aligning closely with oil palm fronds biochar 

810 (5.0–6.0 g/g at ~500 °C) as documented by Ahmad et al. 133. The elevated WHC of Rumex 

811 abyssinicus biochar can be attributed primarily to its unique physical structure, 

812 characterized by its low bulk density (0.095 g/cm³) and particle density (1.11 g/cm³), which 

813 collectively signify a highly porous matrix with abundant micro- and mesopores. This porosity 

814 facilitates substantial internal void volume for water adsorption and retention, as well as 

815 enhanced surface area for hydrogen bonding with water molecules. Moreover, the low 

816 particle density indicates a predominance of amorphous carbon with hydrophilic functional 

817 groups that promote water affinity, further contributing to the observed WHC. The 

818 combination of these properties suggests that Rumex abyssinicus biochar possesses an 

819 optimal balance between porosity and surface chemistry, enabling it to retain water more 

820 effectively than many conventional biochars produced under similar thermal conditions. 

821 Consequently, this biochar represents a promising soil amendment for improving water 

822 availability in degraded or drought-prone soils, supporting microbial activity, and enhancing 

823 nutrient cycling. These attributes, coupled with the lightweight nature of the biochar, also 
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824 facilitate its field application and soil integration, offering practical advantages in 

825 sustainable land management and reclamation efforts.

826 The Rumex abyssinicus biochar produced at 600 °C exhibited a cation exchange capacity 

827 (CEC) of 15 meq/100g, placing it within the expected range for herbaceous biomass-derived 

828 biochars subjected to high-temperature pyrolysis. This value aligns with the lower end of the 

829 spectrum reported by Munera-Echeverri et al. 134, who documented CEC values ranging from 

830 3.6 to 119.6 meq/100g depending on feedstock and extraction method, with herbaceous and 

831 low-ash biochars typically falling between 10 and 20 meq/100g. Compared to manure- and 

832 straw-based biochars, which often exceed 200 meq/100g due to their mineral-rich 

833 composition and lower pyrolysis temperatures 135, the moderate CEC of Rumex biochar 

834 reflects its condensed aromatic structure and relatively low ash content. Antonangelo et al. 

835 136 further emphasized that biochar feedstock and ash content are critical determinants of 

836 CEC, noting that poultry litter biochar increased soil CEC by 91%, while switchgrass biochar 

837 reduced it by 27%. The 15 meq/100g CEC observed in this study suggests that Rumex 

838 abyssinicus biochar possesses sufficient exchangeable sites to enhance nutrient retention 

839 and reduce leaching in degraded soils, without the excessive ionic saturation that may 

840 disrupt microbial balance. This moderate CEC complements its high-water holding capacity, 

841 reinforcing its potential as a multifunctional amendment for soil restoration and sustainable 

842 land management.

843 3.7. Characteristics of Degraded Soil

844 The baseline physicochemical profile of the unamended soil (Table 9) reveals a system in 

845 clear decline, exhibiting multiple indicators of degradation as defined by FAO and global soil 

846 health frameworks. Bulk density (1.33 ± 0.04 g/cm³) falls within the upper threshold for root 

847 proliferation, yet its proximity to compaction limits suggests restricted pore space and 

848 impaired aeration. Particle density (2.31 ± 0.04 g/cm³) is notably lower than the mineral soil 

849 average, likely reflecting a depleted organic matrix and reduced structural integrity.
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850 Porosity (42.47 ± 2.00%) sits at the lower bound for loamy soils, reinforcing the inference of 

851 poor aggregation. Critically, moisture content (6.10 ± 0.60%) and water holding capacity 

852 (17.80 ± 1.20%) are both suboptimal, confirming the soil’s limited capacity to retain and 

853 supply water, an acute vulnerability under erratic rainfall regimes. The acidic pH (5.72 ± 

854 0.12) further compounds nutrient stress, particularly phosphorus and micronutrient 

855 availability, while elevated exchangeable acidity (1.65 ± 0.08 meq/100g) signals potential 

856 aluminum toxicity, a known inhibitor of root elongation and microbial activity.

857 Nutrient dynamics are similarly constrained. Organic matter (1.45 ± 0.30%) is well below 

858 the 2% threshold for biologically active soils, and total Kjeldahl nitrogen (2650 ± 90 mg/kg) 

859 falls short of optimal fertility benchmarks. Cation exchange capacity (14.80 ± 0.60 

860 meq/100g) is marginal, limiting the soil’s ability to retain and buffer essential nutrients. 

861 Available potassium (21 ± 2 mg/kg) and calcium (36 ± 6 mg/kg) are critically low, 

862 undermining plant vigor and structural resilience. Although available phosphorus (74 ± 4 

863 mg/kg) is within acceptable bounds, its bioavailability is likely compromised by the prevailing 

864 acidity.

865 The soil’s texture, sandy loam with 63.16% sand and only 5.26% clay, further exacerbates its 

866 vulnerability. Coarse particles promote rapid drainage and nutrient leaching, while offering 

867 minimal support for microbial colonization or root anchorage. Taken together, these 

868 parameters reflect a system in ecological retreat: chemically imbalanced, physically fragile, 

869 and biologically impoverished.

870 Table 9. Physicochemical Properties of Degraded Soil

Parameter Unit Mean ± SD FAO Standard Range
Bulk density g/cm³ 1.33 ± 0.04 1.1–1.6 (ideal: <1.4 for root 

growth)
Particle density g/cm³ 2.31 ± 0.04 2.60–2.65 is typical for 

mineral soils
Specific gravity – 2.31 ± 0.04 -
Porosity % 42.47 ± 2.00 40–60% for loamy soils
Moisture content % 6.10 ± 0.60 10–25% typical for healthy 

topsoil
Water holding capacity (WHC) % 17.80 ± 1.20 20–30% for loamy soils
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pH – 5.72 ± 0.12 6.0–7.5 optimal for most 
crops

Electrical conductivity (EC) µS/cm 175.00 ± 18 <400 µS/cm = non-saline
Cation exchange capacity 
(CEC)

meq/100g 14.80 ± 0.60 >15 ideal for nutrient 
retention

Organic matter (OM) % 1.45 ± 0.30 >2% preferred for healthy 
soils

Total Kjeldahl nitrogen (TKN) mg/kg 2650 ± 90 >3000 preferred for fertile 
soils

Available phosphorus (P) mg/kg 74 ± 4 15–100 depending on 
method

Available potassium (K) mg/kg 21 ± 2 >50 preferred for cropping
Exchangeable acidity (H⁺ + 
Al³⁺)

meq/100g 1.65 ± 0.08 <1.0 preferred

Exchangeable sodium (Na) mg/kg 170 ± 35 <200 = non-sodic
Exchangeable calcium (Ca) mg/kg 36 ± 6 >100 preferred for base 

saturation
Texture Sand % 63.16

Silt % 31.58
Clay % 5.26
USDA texture 
class

– Sandy loam

871

872 Because of these problems, the soil needs to be improved. Adding organic materials like 

873 biochar or compost can help fix the structure, hold more water, balance the pH, and bring 

874 back nutrients. If nothing is done, the soil will stay weak and will not support healthy crops 

875 or restore the land.

876 3.8. Soil Amendment Test 

877 3.8.1. Pot Experiment 

878 To evaluate the effect of biochar on degraded soil, a pot experiment was conducted using 

879 four amendment levels: 0%, 10%, 15%, and 20% biochar by weight. After 100 days of 

880 incubation, the soils were analyzed for key physicochemical properties. The results are 

881 presented in Table 10, and the experimental setup is shown in Figure 19. Biochar application 

882 led to clear improvements in soil structure and fertility. Bulk density decreased significantly 

883 with higher biochar rates, from 1.32 g/cm³ in the control to 0.67 g/cm³ at 20% biochar. This 

884 reduction is attributed to biochar’s inherently low density and porous architecture, which 

885 dilutes the compact mineral fraction and enhances soil aeration 137. Porosity increased from 

886 26.78% to 48.61%, reflecting the expansion of pore space that facilitates water infiltration 
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887 and gas exchange 138. Moisture content and water holding capacity (WHC) improved 

888 markedly, rising from 6.34% to 12.40% and from 18.15% to 36.23%, respectively. These 

889 enhancements are due to biochar’s high surface area and internal pore structure, which act 

890 as reservoirs for water retention 40.   

891  

892 Figure 19. Pot experiment showing biochar-amended soils at 0%, 10%, 15%, and 20% 
893 application rates

894 The increase in pH from 5.78 to 7.20 indicates a shift from acidic to near-neutral conditions, 

895 which improves nutrient availability and reduces aluminum toxicity, a common issue in 

896 degraded tropical soils 139. Electrical conductivity (EC) increased with biochar application, 

897 reaching 320.43 µS/cm at the highest rate. While this rise reflects improved mineral 

898 availability, the values remained well within agronomic safety thresholds, indicating no 

899 salinity risk under the tested conditions 140. Cation exchange capacity (CEC) increased 

900 modestly from 15.00 to 17.00 meq/100g, reflecting the contribution of surface functional 

901 groups and ash minerals in biochar that enhance nutrient retention 141.

902 Organic matter (OM) content increased substantially from 1.50% to 6.47%, consistent with 

903 biochar’s carbon-rich composition and its role in long-term carbon sequestration 142. Total 

904 Kjeldahl nitrogen (TKN) increased from 2700 to 3000 mg/kg, likely due to nitrogen 

905 adsorption on biochar surfaces and reduced leaching losses 143. Available phosphorus (P) 

906 and potassium (K) showed moderate gains, attributed to biochar’s mineral content and its 

907 ability to reduce nutrient fixation in acidic soils 144. Exchangeable acidity (H⁺ + Al³⁺) declined 

908 from 1.60 to 1.30 meq/100g, indicating reduced toxic ion concentrations and improved soil 

0% 15% 20%10%
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909 buffering capacity 145. Sodium (Na) and calcium (Ca) levels increased, contributing to better 

910 nutrient balance and flocculation of clay particles, which enhances soil structure 55,146. 

911 Importantly, soil texture remained unchanged across treatments, with all samples retaining 

912 a sandy loam classification. This confirms that biochar did not alter the mineral fraction of 

913 the soil, but rather improved its functional properties 147. These results demonstrate that 

914 biochar amendment significantly enhances the physical and chemical quality of degraded 

915 soil. 

916 Table 10. Effect of Biochar Amendment on Physicochemical Properties of Degraded Soil 
917 (Mean ± SD, n = 3)

Parameter Unit 0% BC 
Amended 
Soil

10% BC 
Amended 
Soil

15% BC 
Amended 
Soil

20% BC 
Amended 
Soil

Bulk Density g/cm³ 1.32 ± 0.03 0.95 ± 0.04 0.58 ± 0.02 0.67 ± 0.03
Particle Density g/cm³ 2.30 ± 0.05 2.10 ± 0.05 1.80 ± 0.04 1.95 ± 0.05
Porosity % 26.78 ± 1.5 34.67 ± 2.0 41.48 ± 2.2 48.61 ± 2.5
Moisture Content % 6.34 ± 0.7 8.50 ± 0.9 10.50 ± 1.0 12.40 ± 1.2
Water Holding 
Capacity (WHC)

% 18.15 ± 1.2 24.67 ± 1.5 30.53 ± 1.8 36.23 ± 2.0

pH – 5.78 ± 0.10 6.30 ± 0.10 6.75 ± 0.12 7.20 ± 0.15
Electrical 
Conductivity (EC)

µS/cm 180.34 ± 
15

240.65 ± 20 310.40 ± 
25

320.43 ± 25

Cation Exchange 
Capacity (CEC)

meq/100g 15.00 ± 0.5 16.00 ± 0.6 16.50 ± 0.6 17.00 ± 0.7

Organic Matter (OM) % 1.50 ± 0.3 4.16 ± 0.5 5.43 ± 0.6 6.47 ± 0.7
Total Kjeldahl 
Nitrogen (TKN)

mg/kg 2700 ± 80 2800 ± 90 2900 ± 90 3000 ± 100

Available Phosphorus 
(P)

mg/kg 76 ± 3 81 ± 4 86 ± 4 94 ± 5

Available Potassium 
(K)

mg/kg 22 ± 1 23 ± 1 23.5 ± 1.2 24 ± 1.2

Exchangeable Acidity 
(H⁺ + Al³⁺)

meq/100g 
soil

1.60 ± 0.08 1.50 ± 0.08 1.40 ± 0.08 1.30 ± 0.08

Exchangeable Sodium 
(Na)

mg/kg 180 ± 30 210 ± 40 350 ± 50 450 ± 60

Exchangeable 
Calcium (Ca)

mg/kg 38 ± 5 50 ± 6 70 ± 7 90 ± 8

Sand (%) 63.16 63.16 63.16 63.16
Silt (%) 31.58 31.58 31.58 31.58
Clay (%) 5.26 5.26 5.26 5.26

Texture

USDA 
Texture 
Class

Sandy loam Sandy loam Sandy loam Sandy loam

918 The changes observed in Table 10 are consistent with findings from previous studies, as 

919 shown in Table 11, and support biochar’s use as a sustainable strategy for soil restoration.
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920 Table 11. Comparison of Biochar Effects on Soil Properties with Previous Studies

Parameter % Change at 20% 
Biochar 

Amendment 
(This Study)

% Change (Other Study) Reference

Bulk Density -49.24% -20.9%, -31% 148,149

Porosity +81.47% +41%, +64% 149,150

Moisture 
Content

+95.59% +50% 151

WHC +99.56% +35.3, +18% 126,148

pH +24.57% +9.35%, +26.56%, +59% 55,151,152

EC +110.91% +40.8% 55

CEC +13.33% +45%,+77.45%,  +428%, 
+54.15%

151–154

OM +531.33% +75.76%, +154.46%, 
+110.91%

152,154,155

TKN +11.11% +81.25%, +48.86%, + 
284.6%%

152,154,156

Available 
Phosphorus (P)

+23.68% +106.56%, +333%, 
+316.67%, +365.93%

55,152,154,155

Available 
Potassium (K)

+9.09% +100.00%, +128.46%, 
+254.12%

152,154,155

Exchangeable 
Acidity

−18.75% −75.33%, −94.21% 55,154

Exchangeable 
Sodium (Na)

+444.00% +104.82%, +80.00% 154,155

Exchangeable 
Calcium (Ca)

+136.84% +892%, +138.58% 154,155

921

922 Table 11 compares the results of this study with findings from previous research. The 49.24% 

923 drop in bulk density is higher than what other studies reported (−20.9% to −31%), likely 

924 because the biochar used here had very low density and high porosity, which helped loosen 

925 the soil. Porosity increased by 81.47%, also above the reported range (+41% to +64%), 

926 showing that biochar improved the soil’s structure and air space. Moisture content and water 

927 holding capacity nearly doubled, confirming biochar’s ability to retain water. The rise in pH 

928 (+24.57%) shows that biochar helped reduce soil acidity, which can improve nutrient 

929 availability. EC increased by 110.91%, but stayed within safe limits, meaning more minerals 

930 were available without causing salt stress. CEC rose slightly (+13.33%), less than in other 

931 studies, possibly due to the type of biochar used. OM increased by over 500%, showing strong 

932 carbon input from biochar. TKN, available phosphorus, and available potassium also 

933 increased, though less than in some reports, likely due to reduced leaching and better 
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934 nutrient retention. Exchangeable acidity dropped by 18.75%, helping reduce harmful ions 

935 like aluminum. Exchangeable sodium and Exchangeable calcium levels rose sharply, 

936 improving nutrient balance and soil structure. Overall, this study shows that biochar can 

937 improve degraded soil more effectively than many previous reports, especially in terms of 

938 physical structure and water retention.

939 The one-way ANOVA results revealed statistically significant differences (p < 0.05) across 

940 several soil parameters following biochar amendment, indicating that biochar application 

941 had a measurable impact on soil physicochemical properties. Bulk density and water holding 

942 capacity (WHC) showed strong treatment effects, with F-values of 7.31 and 6.11, 

943 respectively, confirming that biochar significantly reduced compaction while enhancing 

944 moisture retention. Similarly, particle density (F = 6.51), pH (F = 6.70), and cation exchange 

945 capacity (CEC; F = 9.63) exhibited significant shifts, reflecting improved soil structure and 

946 nutrient retention potential. Available phosphorus and potassium also increased markedly 

947 (F = 7.13 and F = 24.77), suggesting enhanced nutrient availability. Electrical conductivity 

948 (EC) approached significance (F = 5.66; p = 0.0548), indicating increased ionic activity 

949 without exceeding salinity thresholds. Organic matter and exchangeable acidity both showed 

950 significant changes (F > 9.6), while exchangeable sodium and calcium displayed moderate 

951 effects (F = 5.23 and F = 5.17, respectively), supporting the role of biochar in modifying base 

952 saturation. These findings collectively demonstrate that biochar amendments significantly 

953 influence key soil parameters, validating its potential as a multifunctional soil conditioner for 

954 degraded land restoration.

955 3.8.2. Microstructural Analysis of Soil Before and After Amendment

956 The SEM micrographs of the degraded soil before biochar amendment revealed a 

957 predominance of bright, dense areas with minimal visible porosity (Figure 20A). The 

958 extensive light-reflective regions suggest a compacted, low-porosity matrix, characterized by 

959 tightly packed soil particles with limited pore spaces. This microstructure is indicative of 

960 poor soil aeration and water infiltration capacity, often observed in physically degraded soils. 
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961 The scarcity of visible cracks or pores further confirms a lack of soil aggregation and 

962 structural heterogeneity, which can restrict root growth and microbial activity 157,158.

963 Following the amendment with optimized Rumex abyssinicus biochar, the SEM images 

964 showed a marked increase in the abundance and size of pore spaces, appearing as irregularly 

965 shaped dark areas within the soil matrix (Figure 20B). This development of heterogeneous 

966 and well-distributed porosity reflects a substantial improvement in soil microstructure. The 

967 biochar particles appear to have introduced new micro-pores and facilitated particle 

968 aggregation, leading to enhanced soil aeration and water-holding capacity 153.

969   

970 Figure 20. SEM image of soil before amendment (A), and after amendment (B)

971 The transition from a compacted, low-porosity soil to a more porous, aggregated structure 

972 suggests significant amelioration of physical soil properties due to biochar amendment. 

973 Increased porosity promotes improved water retention and drainage balance, creating a 

974 more favorable environment for root penetration and microbial colonization. These 

975 microstructural improvements are consistent with enhanced nutrient availability and soil 

976 respiration, which collectively support the restoration of degraded soils. The observed 

977 changes align with known biochar effects, where high surface area and porous morphology 

978 contribute to better soil aggregation and physicochemical stability.

A B
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979 4. Conclusion

980 This study provides the first comprehensive optimization and application of biochar derived 

981 from Rumex abyssinicus stems, addressing a critical gap in biochar research for Ethiopian 

982 agroecosystems. Using response surface methodology, pyrolysis conditions were fine-tuned 

983 to maximize yield and agronomic functionality, resulting in a biochar with high fixed carbon 

984 content, large surface area, and favorable chemical properties. Characterization confirmed 

985 its suitability for soil amendment, with strong water retention, moderate cation exchange 

986 capacity, and alkaline buffering potential.

987 Application of the optimized biochar to degraded soil from Wolayta led to statistically 

988 significant improvements in physical and chemical properties, including reduced bulk 

989 density, increased porosity, enhanced moisture retention, elevated pH, and improved 

990 nutrient availability. SEM analysis revealed substantial microstructural transformation, 

991 supporting the biochar’s role in restoring soil aggregation and aeration.

992 Compared to previous studies, the biochar produced in this work demonstrated superior 

993 performance in physical soil rehabilitation, particularly in water holding capacity and organic 

994 matter enrichment. These results validate Rumex abyssinicus as a promising, locally sourced 

995 feedstock for biochar production and support its integration into sustainable land 

996 management strategies. The findings contribute to the development of scalable, climate-

997 resilient soil amendment technologies tailored to Ethiopia’s highland agroecology.
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