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14 Abstract

15

16 Biochar, a carbon-rich byproduct of biomass pyrolysis, has emerged as a promising tool for 
17 sustainable agriculture due to its capacity to enhance soil health and support microbial 
18 interactions. Despite its well-documented role in improving nutrient cycling and acting as a 
19 soil amendment, limited attention has been given to its synergistic effects with plant probiotics. 
20 This review synthesizes current findings on biochar-mediated microbial interactions and their 
21 influence on soil fertility, nutrient bioavailability, and crop productivity. Biochar's unique 
22 physicochemical characteristics—such as high porosity, surface functional groups, and 
23 adsorption capacity—facilitate microbial colonization, promote enzymatic activities, and 
24 support beneficial processes like nitrogen fixation, phosphorus solubilization, and organic 
25 matter decomposition. These interactions contribute not only to improved plant growth but also 
26 to reduced greenhouse gas emissions and heavy metal toxicity. The review further highlights 
27 mechanisms like microbial immobilization and enhanced microbial resilience under stress 
28 conditions, positioning biochar as a bio-stimulant for promoting soil microbial efficiency. By 
29 integrating evidence from recent studies, this work underscores the importance of optimizing 
30 biochar formulations to suit specific microbial communities and environmental contexts. Such 
31 optimization can be achieved by tailoring pyrolysis temperatures, feedstock types, and surface 
32 functionalization to match the metabolic requirements and stress tolerance of target microbes 
33 in given agroecological zones. Ultimately, leveraging biochar–microbe synergy presents a 
34 viable strategy for enhancing agroecosystem resilience and advancing sustainable agricultural 
35 practices.

36 Keywords: Microbial Metabolism, Soil Carbon Sequestration, Enzyme Immobilization, 
37 Pollutant Detoxification, Rhizosphere Engineering.
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38

39 1.Introduction
40 Agricultural waste, encompassing crop residues, animal manure, and processing by-products, 
41 represents a significant global challenge, with an estimated annual generation exceeding 5 
42 billion metric tons (Gupta et al., 2023). Traditional disposal methods, such as open burning and 
43 landfilling, contribute to environmental degradation through greenhouse gas emissions (e.g., 
44 CH₄, CO₂), soil acidification, and water contamination via nutrient leaching (Siddiqua et al., 
45 2022). These practices not only squander valuable organic resources but also exacerbate 
46 climate change and biodiversity loss. Sustainable management strategies, including 
47 composting and anaerobic digestion, aim to convert waste into nutrient-rich amendments, yet 
48 face limitations in efficiency, scalability, and economic viability (Gomiero T 2016; Zielińska 
49 and Bułkowska 2024). Consequently, innovative approaches are imperative to transform 
50 agricultural waste from a liability into a cornerstone of circular agroecosystems.

51          Probiotic and beneficial microbes—such as Rhizobia, mycorrhizal fungi, Bacillus, 
52 and Pseudomonas spp.—play pivotal roles in sustainable agriculture by enhancing nutrient 
53 cycling (e.g., nitrogen fixation, phosphorus solubilization), suppressing phytopathogens, and 
54 producing phytohormones that stimulate plant growth (Yadav et al., 2017; Liu et al., 2024). 
55 Their integration reduces reliance on synthetic fertilizers and pesticides, aligning with the 
56 United Nations Sustainable Development Goals (SDGs) for food security and environmental 
57 stewardship. However, the efficacy of microbial inoculants is often hampered by poor survival 
58 rates, competition with indigenous microbiota, and vulnerability to abiotic stressors (e.g., pH 
59 extremes, desiccation) (Crowther et al., 2024; Kumar et al., 2022). Overcoming these barriers 
60 requires advanced delivery systems that ensure microbial viability and functionality in dynamic 
61 agricultural environments.

62          Biochar, a carbon-rich material produced via pyrolysis of organic feedstocks at 300–
63 700 °C, emerges as a promising carrier for microbial inoculants. Its porous structure, high 
64 surface area (>300 m²/g), and cation exchange capacity (CEC ~20–40 cmol/kg) provide an 
65 optimal habitat for microbial colonization, while its chemical stability shields microbes from 
66 environmental stressors (Liu et al., 2023; Sellaperumal, 2012). Recent studies highlight 
67 synergistic biochar–microbe interactions: biochar enhances microbial survival by adsorbing 
68 inhibitory compounds, while microbes accelerate biochar’s weathering, releasing embedded 
69 nutrients. This symbiosis is particularly transformative in agricultural waste recycling (Bolan 
70 et al., 2023).

71            For instance, biochar derived from wheat straw pyrolyzed at 550 °C was used to 
72 immobilize Trichoderma reesei and Aspergillus niger in a thermophilic composting system 
73 containing crop residues and poultry manure (Harindintwali et al., 2020). The biochar–microbe 
74 system reduced composting time by 30% (from 60 to 42 days) and increased total nitrogen and 
75 phosphorus content in the final compost by 22 ± 1.5% and 18 ± 2.1%, respectively, compared 
76 to non-biochar controls. Cellulase activity increased by 2.3-fold (p < 0.01), and temperature 
77 profiles indicated faster thermophilic phase onset by 48 hours. These improvements resulted in 
78 compost with higher humic acid content and lower C:N ratio (<12:1), confirming its suitability 
79 as a biofertilizer. Such biochar–microbe systems exemplify circular economy principles, 
80 repurposing waste into value-added products that close nutrient loops and mitigate greenhouse 
81 gas emissions (Wibisono et al., 2025; Cheng et al., 2022; Al-Suhaibani et al., 2020; Kumar et 
82 al., 2017).



83           This review critically examines the dual role of biochar as both a waste-derived product 
84 and a microbial carrier in agricultural waste recycling. Specifically, it elucidates the 
85 mechanisms underlying biochar-microbe interactions, evaluates the efficacy of biochar-based 
86 inoculants in composting, bioremediation, and soil amendment, and analyses the impact of 
87 feedstock selection, pyrolysis conditions, and microbial consortia on system performance. By 
88 synthesizing recent advances and identifying knowledge gaps—such as long-term field 
89 efficacy and scalability—this work aims to guide future research toward scalable, climate-
90 smart solutions for sustainable agriculture. The scope focuses on probiotic bacteria and fungi 
91 in the context of organic waste valorization, offering insights into interdisciplinary strategies 
92 that harmonize agroecology with circular bioeconomy frameworks.

93 This integration of biochar and beneficial microbes not only addresses waste 
94 management challenges but also redefines agricultural sustainability, fostering resilient 
95 agroecosystems capable of meeting future food demands while mitigating environmental 
96 impacts.

97

98 2. Biochar as a Microbial Carrier: Properties and Mechanisms

99 2.1. Structural and Chemical Properties of Biochar Favoring Microbial Immobilization
100          Biochar’s efficacy as a microbial carrier is rooted in its unique physicochemical 
101 properties, which are largely governed by the feedstock composition and pyrolysis conditions. 
102 Its porous architecture, comprising a hierarchical network of macropores (>50 nm), mesopores 
103 (2–50 nm), and micropores (<2 nm), provides an extensive surface area (>300 m²/g) that 
104 supports microbial attachment, colonization, and biofilm formation (Bolan et al., 2023; 
105 Tomczyk et al., 2020; Gul et al., 2015). These interconnected pores not only offer physical 
106 shelter but also facilitate the diffusion of nutrients, gases, and microbial signalling molecules, 
107 thereby creating heterogeneous microhabitats that promote diverse microbial interactions 
108 (Hartmann and Six, 2023; Valizadeh et al., 2022). Macropores act as conduits for microbial 
109 migration and resource exchange, while micropores provide protective refugia against 
110 desiccation, UV radiation, and protozoan predation (An et al., 2022).

111          Chemically, biochar is enriched with a range of oxygen-containing functional 
112 groups such as carboxyl (-COOH), hydroxyl (-OH), and phenolic groups, which profoundly 
113 influence microbial adhesion and metabolic activation (Zhao et al., 2015; Hossain et al., 2020). 
114 These groups contribute to a high cation exchange capacity (CEC), enabling biochar to adsorb 
115 and gradually release essential nutrients like NH₄⁺, PO₄³⁻, and K⁺, directly sustaining microbial 
116 growth and enzymatic activity. Moreover, the negatively charged surface functional 
117 groups facilitate electrostatic interactions with positively charged microbial cell walls, 
118 enhancing the initial attachment and stable colonization of bacteria and fungi. In addition, 
119 phenolic and quinone groups can serve as redox mediators, promoting electron transfer in key 
120 microbial processes such as denitrification and hydrocarbon degradation (Zhang, 2025; 
121 Saravanan et al., 2023).

122            The slightly alkaline pH of most biochars (typically 7–10) can buffer acidic soils, 
123 creating a more hospitable environment for pH-sensitive microbial taxa, while the carbon-rich 
124 matrix offers a long-lasting, slow-release energy substrate for heterotrophic microbes. These 
125 tightly coupled structural and chemical properties allow biochar to not only host a greater 



126 diversity of microbial life but also to enhance their stability, functionality, and resilience, 
127 surpassing traditional carriers such as clay, peat, or vermiculite (Khandelwal et al., 2023).

128

129 2.2.  Innovative Biochar Functionalization for Microbial Delivery

130         Functionalized biochar has emerged as a promising strategy for enhancing microbial 
131 colonization, survival, and delivery in agroecosystems. The intrinsic properties of biochar, such 
132 as high porosity, large surface area, tunable surface chemistry, and adsorption capacity, provide 
133 a conducive microenvironment for microbial attachment and proliferation. Recent innovations 
134 have focused on biochar surface engineering through nanoparticle decoration, nutrient 
135 impregnation, and pH modulation to optimize biochar-microbe-soil interactions.

136        Nanoparticle-functionalized biochars, such as Fe₃O₄ (magnetite)-coated composites 
137 synthesized via co-precipitation or mechanical milling, exhibit enhanced redox activity and act 
138 as electron shuttles, accelerating extracellular electron transfer processes crucial for microbial 
139 respiration and biogeochemical cycling (Li et al., 2020). Similarly, ZnO-loaded biochars 
140 produced via ball-milling not only promote microbial adhesion through increased surface 
141 reactivity and electrostatic interactions but also exhibit selective antimicrobial effects, 
142 modulating the microbial community structure and suppressing pathogenic taxa (Allah et al., 
143 2025). These metal oxide–decorated biochars influence colonization dynamics by altering the 
144 physicochemical cues sensed by microbes at the biochar interface.

145        Another category, nutrient-enriched biochars, are designed by co-granulating or 
146 impregnating biochar matrices with macronutrients such as nitrogen, phosphorus, and 
147 potassium (NPK), and sometimes with micronutrients like zinc and iron chelates. These 
148 composite materials function as dual carriers, simultaneously delivering essential nutrients and 
149 beneficial microbes to the rhizosphere, thereby supporting microbial metabolism, persistence, 
150 and functional expression. Such nutrient-loaded biochars not only enhance microbial biomass 
151 and diversity but also mitigate nutrient leaching compared to conventional fertilizers, 
152 contributing to sustainable nutrient cycling (de Figueiredo et al., 2024). The availability of 
153 bioavailable phosphorus and trace elements further supports enzymatic activity and microbial 
154 signaling pathways.

155         Soil pH is a critical determinant of microbial colonization, and the development of pH-
156 buffered biochars aims to address pH-associated constraints during microbial deployment. 
157 Many biochars, particularly those derived from marine biomass such as seaweed, exhibit high 
158 ash content and are rich in exchangeable base cations (Na⁺, K⁺, Ca²⁺), conferring an alkaline 
159 pH typically in the range of 7–11 (Roberts et al., 2015; Singh et al., 2021; Martins et al., 2024).        
160 These biochars act as liming agents, ameliorating soil acidity and establishing a favorable 
161 environment for neutrophilic microbes. Additionally, biochars can be doped with alkaline 
162 wastes (e.g., lime, ash, MgO) or subjected to post-pyrolysis alkaline treatments to enhance their 
163 buffering capacity. Such pH-modified biochars not only support microbial colonization but 
164 also improve phosphate solubility, enzyme activity, and microbial-mediated nutrient turnover 
165 under acidic soil conditions (Koul et al., 2022; Marathe and Sadowski, 2024) (Fig.1).

166           Pyrolysis is a thermal decomposition process that converts organic biomass into carbon-
167 rich char under limited or no oxygen conditions. Various pyrolysis techniques—slow, fast, and 
168 microwave-assisted—have been used to produce biochar with tailored properties depending on 



169 temperature, heating rate, and feedstock type. For the production of these functional biochars, 
170 advanced pyrolysis methods have been employed, including plasma-assisted pyrolysis, which 
171 utilizes electrical discharges to generate extremely high temperatures or reactive species 
172 (Zhang et al., 2024). This method can significantly alter feedstock chemistry—activating 
173 aromatic rings or incorporating oxygen/nitrogen groups—and produce highly porous biochars 
174 with distinct surface functionalities (Zhao et al., 2025; Liu et al., 2025). Plasma-treated biochar 
175 often exhibits enhanced surface activity and improved metal adsorption capacity.

176          Additionally, pyrolysis of marine or mixed feedstocks is emerging as another route to 
177 create novel biochars. For instance, macroalgae-derived biochars inherently possess high 
178 mineral content and elevated pH, while co-pyrolysis of feedstock blends (e.g., crop residues 
179 plus manure, or softwood with algae) can synergistically improve pore structure, optimize the 
180 C:N ratio, and tailor ash composition (Wang et al., 2020).

181

182           

183

184 Figure 1: A schematic illustration of pristine and functionalized biochars (nanoparticle-decorated, 
185 nutrient-loaded, and pH-buffered) and their role in enhancing microbial colonization. Each strategy 
186 enhances biochar–microbe interactions for specific environmental or agricultural applications.

187 2.3. Biochar Surface Functionalization for Enhanced Probiotic and Microbial Adhesion
188 Surface functionalization of biochar further enhances its capacity to immobilize probiotic and 
189 beneficial microbes by modifying its surface chemistry and physical properties. Techniques 
190 such as chemical oxidation, ammoniation, and metal oxide impregnation can introduce 
191 additional functional groups (e.g., amino, carbonyl, and sulfonic groups) that improve 
192 microbial adhesion (Lu et al., 2022; Bolan et al., 2023). For example, oxidation with hydrogen 
193 peroxide (H₂O₂) or nitric acid (HNO₃) increases the density of carboxyl and hydroxyl groups 
194 on biochar’s surface, promoting electrostatic interactions with microbial cell walls. These 
195 interactions are critical for the initial attachment of microbes, which is a prerequisite for biofilm 
196 formation and long-term colonization (Pignatello et al., 2024; Yao et al., 2022).



197            Coating biochar with biopolymers such as chitosan or alginate further enhances its 
198 biocompatibility and microbial adhesion properties (Chin et al., 2022). Chitosan, a natural 
199 polysaccharide derived from the deacetylation of chitin found in crustacean shells, not only 
200 improves biochar’s surface charge and hydrophilicity but also exhibits antimicrobial properties 
201 that selectively inhibit pathogenic microbes while promoting the growth of beneficial species 
202 (Zhao et al., 2025; Gao et al., 2022). Alginate, a naturally occurring anionic polysaccharide 
203 extracted from brown algae, forms hydrogels in the presence of divalent cations (e.g., Ca²⁺), 
204 creating a stable matrix that enhances microbial encapsulation and immobilization on biochar 
205 surfaces. This improves microbial survival, activity, and stress tolerance in various 
206 environmental conditions (Tang et al., 2024).

207          Similarly, impregnating biochar with metal oxides (e.g., Fe₃O₄, ZnO) can enhance its 
208 adsorption capacity for inhibitory compounds such as heavy metals and phenolic acids, thereby 
209 protecting immobilized microbes from environmental stressors (Singh et al., 2024). These 
210 functionalized biochar systems have demonstrated superior performance in various 
211 applications, including soil amendment, wastewater treatment, and bioremediation, 
212 highlighting their potential for sustainable agriculture (Qian et al., 2023; Zama et al., 2018).

213 2.3.1. Lactic Acid Bacteria (LAB) and Their Biochar Interactions

214 Lactic Acid Bacteria (LAB), including genera such as Lactobacillus and Pediococcus, exhibit 
215 unique acid tolerance and antimicrobial properties that make them critical players in biochar-
216 mediated agricultural systems (Xiang et al., 2022). LAB produce bacteriocins—antimicrobial 
217 peptides—that suppress pathogens like Salmonella and Escherichia coli in biochar-enriched 
218 composts (Xu et al., 2022). Their extracellular polymeric substances (EPS), composed of 
219 polysaccharides and proteins, facilitate robust adhesion to biochar surfaces via hydrogen 
220 bonding and hydrophobic interactions. This adhesion is enhanced by biochar’s porous 
221 structure, which provides protective niches against acidic conditions during fermentation 
222 (Atmakuri et al., 2024; Manikandan et al., 2023)

223            In composting systems, LAB-biochar synergies enhance organic matter stabilization by 
224 accelerating lignocellulose degradation. For instance, Lactobacillus plantarum immobilized 
225 on rice husk biochar increases the humification index (HI) by 25% through EPS-mediated 
226 aggregation of organic particles (Wang et al., 2022; Emmanuel et al., 2017). Additionally, 
227 LAB’s bacteriocin production reduces Clostridium spp. populations by 90% in manure 
228 composts, mitigating odor emissions. These interactions align with biochar’s role as a pathogen 
229 suppressor (Section 3.4), where its adsorption capacity complements LAB’s antimicrobial 
230 activity (Iacomino et al., 2022; Manyi-Loh et al., 2016).

231 2.3.2. Bacillus spp. and Their Adhesion Mechanisms on Biochar

232 Bacillus species, such as B. subtilis and B. amyloliquefaciens, are spore-forming bacteria 
233 renowned for their enzymatic versatility and biocontrol capabilities. Their adhesion to biochar 
234 is mediated by quorum sensing (QS)-regulated biofilm formation, where autoinducers like 
235 acyl-homoserine lactones (AHLs) trigger polysaccharide secretion (Sahreen et al., 2022; Zhao 
236 et al., 2025). Biochar’s high surface area (>300 m²/g) and mesoporous structure (2–50 nm) 
237 provide anchoring sites for biofilm development, enhancing microbial resilience against 
238 desiccation and UV radiation (Wong and Ogbonnaya 2021).



239        Bacillus-biochar systems excel in organic waste decomposition. For example, B. 
240 licheniformis immobilized on wood-derived biochar secretes cellulases and proteases that 
241 degrade lignocellulose and keratin-rich poultry feathers, reducing composting time by 30% 
242 (Kiruba and Saeid 2022). Furthermore, Bacillus spp. suppress fungal pathogens like Fusarium 
243 oxysporum through lipopeptide production (e.g., surfactin), with biochar adsorbing mycotoxins 
244 to reduce phytotoxicity (Yadav et al., 2024). These mechanisms correlate with Section 4.2, 
245 where biochar’s role as a composting enhancer is amplified by microbial enzyme activity.

246 2.3.3. Rhizobia and Their Interaction with Biochar in Nitrogen Fixation

247 Rhizobia, including Rhizobium leguminosarum and Bradyrhizobium japonicum, form 
248 symbiotic relationships with leguminous plants, fixing atmospheric nitrogen (N₂) into ammonia 
249 (NH₃) through root nodulation (Elebiyo et al., 2024). Biochar enhances rhizobial viability by 
250 buffering soil pH and adsorbing heavy metals (e.g., Al³⁺) that inhibit nodulation. Lectin 
251 proteins on rhizobial cell surfaces bind to biochar’s carboxyl groups (-COOH), stabilizing 
252 bacterial attachment to root exudates and biochar particles (Ma et al., 2019; Xiu et al., 2021).

253              In degraded soils, biochar-rhizobia systems increase nitrogen availability by up to 40 
254 kg N/ha in soybean fields, reducing synthetic fertilizer dependency (Hardy 2016). Biochar’s 
255 phosphate solubilization capacity further synergizes with rhizobial nitrogen fixation, as seen 
256 in Rhizobium-biochar treatments that boost chickpea yields by 35% in phosphorus-deficient 
257 soils (Iftikhar et al., 2024; Cheng et al., 2023). These interactions resonate with Section 3.3, 
258 where biochar-mediated nutrient retention supports microbial biofertilizer efficacy.

259 2.4. Biochar as a Protective Environment for Microbial Survival and Proliferation
260 Biochar’s ability to protect microbes from abiotic stressors is a key factor in its efficacy as a 
261 microbial carrier. Its porous structure acts as a physical barrier, shielding microbes from 
262 predation, desiccation, and UV radiation (Chakraborty and Akhtar 2021). The high water-
263 holding capacity of biochar (up to 3.5 times its weight) ensures a stable moisture regime, which 
264 is critical for microbial survival in arid or semi-arid environments (Naorem et al., 2023). The 
265 carbon-rich matrix of biochar also serves as a slow-release energy source, sustaining microbial 
266 activity over extended periods. The recalcitrant carbon fraction of biochar provides a long-term 
267 carbon sink, while the labile carbon fraction (e.g., volatile organic compounds) serves as an 
268 immediate energy source for microbial metabolism (Luo et al., 2024; Giagnoni  and Renella 
269 2022). This property is particularly important for maintaining the viability of microbial 
270 inoculants during storage and application in the field (Zhang et al., 2022).

271         Additionally, biochar’s adsorption properties mitigate the effects of toxic compounds, 
272 such as heavy metals and organic pollutants, by immobilizing them and reducing their 
273 bioavailability (Zhang et al., 2013). This protective role is particularly evident in contaminated 
274 soils, where biochar-based inoculants have been shown to enhance the survival and 
275 functionality of pollutant-degrading microbes (Xiang et al., 2022). For example, biochar has 
276 been used to immobilize Pseudomonas putida, a bacterium capable of degrading polycyclic 
277 aromatic hydrocarbons (PAHs), in petroleum-contaminated soils, significantly improving 
278 bioremediation efficiency (Armanu and Volf 2022; Zhang et al., 2025).

279 2.4 .1. Mycorrhizal Fungi and Their Colonization on Biochar

280 Mycorrhizal fungi, particularly arbuscular mycorrhizal fungi (AMF) such as Rhizophagus 
281 irregularis and Glomus mosseae, play a pivotal role in enhancing plant nutrient uptake, 



282 drought resistance, and soil structure through symbiotic associations with plant roots (Wahab 
283 et al., 2023; Jaafar 2014). The macropores (>50 µm) in biochar facilitate fungal mobility, while 
284 the micropores (<2 µm) offer protective niches against desiccation and predation. Biochar’s 
285 surface chemistry, particularly its carboxyl (-COOH) and hydroxyl (-OH) groups, enhances 
286 fungal adhesion by mimicking root exudates, which are rich in organic acids and sugars 
287 (Amesalu et al., 2020; Nardi et al., 2021; Panchal et al., 2022). This interaction is mediated by 
288 fungal lectins, which bind to biochar’s surface functional groups, stabilizing the hyphal 
289 network. Additionally, biochar’s alkaline pH (7–10) neutralizes acidic soils, creating favorable 
290 conditions for AMF colonization, which typically thrive in neutral to slightly alkaline 
291 environments (Warnock 2009).

292             In agricultural systems, AMF colonizing biochar-amended soils significantly improve 
293 phosphorus (P) uptake by 40–60% through the extension of hyphal networks into biochar 
294 pores, where P is adsorbed and gradually released (Vahedi et al., 2022). This enhanced nutrient 
295 uptake is particularly beneficial in P-deficient soils, where biochar-AMF systems have been 
296 shown to increase crop yields by 20–30%. Furthermore, fungal hyphae and biochar particles 
297 form stable soil aggregates, improving water infiltration and retention Increasing soil water-
298 holding capacity by 20–30% in drought-prone regions, reducing irrigation requirements by up 
299 to 25% (Yang et al., 2020; Akpinar et al., 2023; Ghorbani and Amirahmadi et al., 2024). 

300 2.4.2. Streptomyces spp. as Biochar-Immobilized Biocontrol Agents

301 Streptomyces species, such as S. griseoviridis and S. lydicus, are renowned for their antibiotic 
302 production and biocontrol capabilities (Orozco-Mosqueda et al., 2021; Yang et al., 2025). The 
303 porous structure of biochar stabilizes Streptomyces populations by enhancing the production 
304 of antibiotics and hydrolytic enzymes (e.g., chitinases) that degrade fungal cell walls (Xiang et 
305 al., 2022; Wang and Kuzyakov 2024), and adsorbing the inhibitory compounds, such as 
306 phenolic acids, that impede bacterial growth. These actinobacteria produce secondary 
307 metabolites, including streptomycin and actinomycin, which suppress soil-borne pathogens 
308 (El-Sayed et al., 2023). 

309         In practical applications, biochar-immobilized Streptomyces reduce Fusarium wilt 
310 incidence in tomatoes by 70–80% through the combined action of antibiotics and induced 
311 systemic resistance (ISR) in plants. This pathogen suppression is complemented by biochar’s 
312 ability to adsorb mycotoxins and other inhibitory compounds, (Liu et al., 2023; Bonanomi et 
313 al., 2023). 

314 2.5. Biochar as a Microbial Habitat and Its Role in Phytoremediation

315        Biochar provides a highly porous structure that serves as a physical habitat for microbial 
316 colonization, promoting biofilm formation and enhancing microbial proliferation (Wong and 
317 Ogbonnaya 2021). This structural property not only facilitates the retention of moisture and 
318 nutrients but also serves as a protective niche for beneficial microbes, shielding them from 
319 environmental stresses (Qadir et al., 2024).

320          Additionally, biochar’s ability to adsorb toxic compounds, including heavy metals, 
321 creates a favourable microenvironment that selectively enriches beneficial microbes. The 
322 interactions with beneficial microbial communities contributes to soil detoxification. These 
323 interactions, both direct and indirect, significantly influence the efficiency of 
324 phytoremediation, a plant-based approach for removing, stabilizing, or transforming toxic 



325 heavy metals in the soil (Gorovtsov et al., 2020; Narayanan and Ma 2022). As in the case of 
326 Bacillus, Pseudomonas, and mycorrhizal fungi, which play a crucial role in metal 
327 detoxification, organic matter decomposition, and plant growth promotion (Fig.2) (Ghani et 
328 al., 2024).

329         The interactions between biochar and microbial communities contribute to 
330 phytoremediation through several mechanisms, including metal immobilization, enhanced 
331 microbial detoxification, and improved plant nutrient acquisition. Biochar-mediated changes 
332 in soil physicochemical properties, such as increased pH, cation exchange capacity (CEC), and 
333 the availability of essential nutrients, further enhance microbial activity and plant-metal 
334 interactions (She et al., 2023; Natasha et al., 2022). Biochar’s redox-active functional groups, 
335 such as quinones and phenolic compounds, facilitate electron transfer between microbial cells 
336 and their environment, thereby enhancing key microbial-driven processes such as nitrogen 
337 fixation, denitrification, and the biotransformation of heavy metals (Xiao et al., 2024). 

338         The ability of biochar to act as an electron shuttle is particularly important in anaerobic 
339 environments, where microbial reduction of metal ions leads to their precipitation in less 
340 bioavailable and less toxic forms (Wu et al., 2020). For example, sulfate-reducing bacteria 
341 (SRB) and iron-reducing bacteria (IRB) facilitate the conversion of soluble metal ions like 
342 cadmium (Cd), lead (Pb), and mercury (Hg) into stable precipitates, thereby reducing their 
343 bioavailability and environmental toxicity (Charlet et al., 2012; Yang et al., 2021; Ding et al., 
344 2024).

345            The impact of biochar on microbial community dynamics is largely dependent on its 
346 feedstock composition and pyrolysis conditions. Biochar produced from woody biomass, for 
347 instance, is rich in aromatic carbon, which supports the growth of lignin-degrading fungi that 
348 contribute to organic matter decomposition and soil stabilization (Palansooriya et al., 2019; 
349 Omoni et al., 2024). Conversely, biochar derived from manure or agricultural waste is nutrient-
350 rich and favors the proliferation of fast-growing beneficial bacteria that enhance nutrient 
351 cycling and soil fertility (Bhunia et al., 2021). These microbial communities further contribute 
352 to phytoremediation by secreting organic acids, siderophores, and extracellular enzymes that 
353 mobilize or chelate heavy metals, facilitating their uptake by plant roots (Kumar et al., 2017). 
354 Moreover, the increased microbial activity in biochar-amended soils enhances 
355 phytostabilization by promoting root exudation and the formation of metal-binding complexes, 
356 reducing metal leaching and groundwater contamination (Osman et al., 2024).

357            The role of biochar-microbe interactions in phytoremediation extends beyond metal 
358 immobilization to include metal mobilization and translocation within plant tissues (Hou et al., 
359 2024). Biochar enhances the bioavailability of certain heavy metals through microbially 
360 mediated solubilization, allowing plants to take up and subsequently translocate these metals 
361 to aerial parts where they can be volatilized or stored in vacuoles, minimizing their toxic effects 
362 on cellular metabolism (Madouh et al., 2024; Aryal 2024). 

363 Additionally, plant-associated microbes contribute to phytovolatilization, where toxic metals 
364 such as mercury are converted into volatile forms and released into the atmosphere in a less 
365 harmful state (Tiodar et al., 2021). These complex interactions between biochar, microbial 
366 communities, and plant systems underscore the potential of biochar as a critical component in 
367 phytoremediation strategies aimed at mitigating heavy metal contamination (Yasin et al., 
368 2024).



369

370 Figure 2: Schematic representation of biochar-microbe interactions in heavy metal-
371 contaminated soil, showing the impact on plant growth, microbial activity, and 
372 phytoremediation mechanisms

373 Abbreviations: Pb – Lead, Cd – Cadmium, Hg – Mercury, As – Arsenic+

374 2.5.1. Synergistic Effect of Biochar and Probiotic Microbes in Organic Waste Decomposition

375 The integration of biochar with probiotic microbes such as Lactic Acid Bacteria (LAB) 
376 and Bacillus spp. has revolutionized organic waste decomposition by enhancing microbial 
377 activity and stabilizing compost quality (Ma 2024). LAB, including Lactobacillus plantarum, 
378 lower the pH of composting systems through lactic acid production, creating an acidic 
379 environment that inhibits pathogenic bacteria such as Escherichia coli and Salmonella 
380 (Rachwał and Gustaw 2024). This pH reduction is complemented by biochar’s buffering 
381 capacity, which prevents excessive acidification and maintains optimal conditions for 
382 microbial activity (Hoang et al., 2022). Simultaneously, Bacillus spp., such as B. 
383 subtilis and B. licheniformis, secrete cellulases and proteases that break down lignocellulosic 
384 materials in agricultural waste, accelerating the composting process. Biochar’s porous structure 
385 provides a habitat for these microbes, protecting them from environmental stressors and 
386 enhancing their enzymatic efficiency (Harindintwali et al., 2020; Saravanan et al., 2023).

387            Actinobacteria, particularly Streptomyces spp., further contribute to waste degradation 
388 by breaking down complex polymers such as lignin and cellulose. These microbes produce 



389 ligninolytic enzymes (e.g., laccase, peroxidase) that degrade lignin into simpler phenolic 
390 compounds, which are then mineralized by other microbial consortia (Kirby 2005). Biochar’s 
391 redox-active functional groups (e.g., quinones) facilitate electron transfer during these 
392 enzymatic reactions, improving degradation rates by 30–40% (Niladevi and Prema 2008). For 
393 example, in poultry waste composting, biochar-Streptomyces systems reduce composting time 
394 by 25% while increasing the humification index (HI) by 20%, resulting in nutrient-rich 
395 compost with enhanced agronomic value. These synergistic interactions align with biochar’s 
396 role in enhancing microbial resilience and activity, as discussed in earlier sections, highlighting 
397 its potential in organic waste recycling (Fig.3) (Ji et al., 2024; Gong et al., 2023).

398 2.5.2. Biochar-Mediated Enhancement of Plant Growth-Promoting Microbes (PGPMs)

399 Biochar serves as a carrier and enhancer for Plant Growth-Promoting Microbes (PGPMs), 
400 including Rhizobia, Mycorrhizae, and Pseudomonas fluorescens, which play critical roles in 
401 improving plant nutrient uptake and stress resistance (Ansabayeva et al., 2025; Dzvene et al., 
402 2024). Rhizobia, such as Rhizobium leguminosarum, form symbiotic relationships with 
403 leguminous plants, fixing atmospheric nitrogen (N₂) into ammonia (NH₃) through root 
404 nodulation (Lebrazi and Benbrahim 2014). Biochar enhances Rhizobia viability by buffering 
405 soil pH and adsorbing heavy metals (e.g., Al³⁺) that inhibit nodulation. Field studies have 
406 shown that biochar-Rhizobia systems increase nitrogen availability by up to 40 kg N/ha in 
407 soybean fields, reducing the need for synthetic fertilizers (Hardy 2016).

408               Mycorrhizal fungi, such as Rhizophagus irregularis, extend their hyphal networks into 
409 biochar pores, accessing adsorbed phosphorus (P) and other nutrients that are otherwise 
410 unavailable to plants (Yang et al., 2020). This enhances P uptake by 40–60%, particularly in 
411 P-deficient soils. Furthermore, biochar’s water-holding capacity supports mycorrhizal activity 
412 in drought-prone regions, improving plant drought resistance by 20–25% (Chowdhury et al., 
413 2024).

414             Pseudomonas fluorescens, a well-known PGPM, produces siderophores that chelate 
415 iron (Fe³⁺), making it available to plants in iron-deficient soils. Biochar enhances siderophore 
416 production by providing a stable habitat and adsorbing inhibitory compounds (Brick et al., 
417 2025). For example, in calcareous soils, biochar-Pseudomonas systems increase plant iron 
418 uptake by 30%, alleviating chlorosis and improving crop yields. These interactions underscore 
419 the potential of biochar-PGPM systems to enhance soil fertility and plant health, as discussed 
420 in earlier sections (Ullah et al., 2024; Malaie et al., 2024).

421 2.5.3. Biochar as a Microbial Reservoir in Biocontrol Applications

422 Biochar’s role as a microbial reservoir extends to biocontrol applications, where it enhances 
423 the persistence and efficacy of beneficial microbes such as Trichoderma spp. and Bacillus 
424 subtilis. Trichoderma harzianum, a fungal biocontrol agent, colonizes biochar surfaces and 
425 releases antifungal compounds (e.g., chitinases, glucanases) that degrade the cell walls of 
426 pathogenic fungi such as Fusarium oxysporum and Rhizoctonia solani (Asif et al., 2023; 
427 Yadav et al., 2024). As observed in tomato fields, biochar-Trichoderma systems 
428 reduce Fusarium wilt incidence by 70–80%, significantly improving crop yields (Luigi et al., 
429 2022).

430             Bacillus subtilis, another key biocontrol agent, forms robust biofilms on biochar 
431 surfaces, enhancing its persistence in soil. These biofilms produce lipopeptides (e.g., surfactin, 



432 iturin) that disrupt the cell membranes of fungal pathogens, suppressing diseases such 
433 as Phytophthora blight and Botrytis gray mold (Abdoli et al., 2025). Biochar’s adsorption 
434 capacity further enhances biocontrol by sequestering mycotoxins and other inhibitory 
435 compounds, creating a more favorable environment for plant growth (Iacomino et al., 2022). 
436 Field trials have demonstrated that biochar-Bacillus formulations increase microbial 
437 persistence by 50%, reducing pathogen populations by 60–70% in vegetable crops. These 
438 findings correlate with biochar’s role in reducing soil pathogens through synergistic 
439 mechanisms, as discussed in earlier sections, highlighting its potential in sustainable crop 
440 protection (Fig.3) (Ajeng et al., 2023; Patani et al., 2024).

441

442 Figure 3: Schematic Representation of Biochar Properties Influencing Microbial Adhesion and 
443 Colonization
444

445 3. Role of Biochar in Probiotic and Beneficial Microbial Delivery

446 3.1. Biochar as a Carrier for Probiotic Bacteria in Soil Health Enhancement

447 Biochar’s role in probiotic delivery hinges on its ability to modulate soil physicochemical 
448 parameters while serving as a microhabitat for microbial colonization (Arshad 2024). The 
449 hierarchical pore structure of biochar, with macropores (>50 µm) facilitating microbial 
450 mobility and micropores (<2 µm) acting as protective niches, ensures optimal spatial 
451 distribution of bacteria such as Bacillus subtilis and Rhizobium leguminosarum (Sivaram et al., 
452 2023). Surface functional groups (e.g., carboxyl, quinones) on biochar participate in redox 
453 reactions, enhancing electron transfer for microbial metabolism (Yuan 2017). For 
454 example, Azospirillum brasilense immobilized on wood-derived biochar exhibits 30–50% 
455 higher nitrogenase activity due to biochar’s electron-donating capacity, which sustains 
456 anaerobic microsites essential for nitrogen fixation (Mahmud et al., 2024).



457              Biochar also buffers soil pH fluctuations (e.g., raising acidic soils to pH 6.5–7.2), 
458 mitigating aluminum toxicity and enhancing phosphorus availability for phosphate-
459 solubilizing bacteria (PSB) (Tao et al., 2020). Synchrotron-based X-ray microscopy studies 
460 reveal that biochar’s nanopores (<100 nm) sequester labile carbon, which is gradually released 
461 as dissolved organic carbon (DOC), fueling microbial growth (Bolan et al., 2022). Field trials 
462 demonstrate that biochar-loaded Pseudomonas fluorescens increases root exudate production 
463 in maize by 25%, promoting rhizosphere aggregation and soil organic matter (SOM) 
464 accumulation. These mechanisms collectively improve soil health, with meta-analyses 
465 showing a 15–30% reduction in synthetic fertilizer use in biochar-amended systems (Gong et 
466 al., 2024).

467 3.2. Biochar-Associated Probiotics for Organic Waste Degradation

468         The synergy between biochar and probiotics accelerates lignocellulose degradation via 
469 enzymatic and non-enzymatic pathways. Biochar’s graphitic carbon domains act as catalytic 
470 surfaces, enhancing the activity of ligninolytic enzymes (e.g., laccase, manganese peroxidase) 
471 produced by Phanerochaete chrysosporium (Mou et al., 2023; Kontro et al., 2024;). For 
472 instance, rice husk biochar functionalized with Fe₃O₄ nanoparticles increases laccase stability 
473 by 40% under thermophilic composting conditions (55–65°C), enabling efficient 
474 delignification of rice straw (Kumar et al., 2025).

475               In anaerobic digestion, biochar-immobilized Clostridium thermocellum exhibits 20% 
476 higher cellulase activity due to biochar’s ability to adsorb inhibitory phenolic compounds (e.g., 
477 furfural, hydroxymethylfurfural) (Wang et al., 2024). This adsorption reduces metabolic stress 
478 on microbes, as shown by transcriptomic analyses where genes encoding ABC transporters (for 
479 nutrient uptake) are upregulated in biochar-associated Clostridium (Freddo A. 2013). 
480 Additionally, biochar’s high electrical conductivity (2–5 S/cm) facilitates direct interspecies 
481 electron transfer (DIET) between syntrophic bacteria (e.g., Geobacter) and methanogens, 
482 boosting methane yield by 30–50% in manure digesters (Sun et al., 2023).

483              Case studies highlight that co-composting poultry waste with Trichoderma viride-
484 loaded biochar reduces ammonia emissions by 60% via adsorption of NH₃ on biochar’s acidic 
485 surface groups, while simultaneously enriching compost with stabilized humic acids 
486 (HA:FA ratio >2.5) (Liu et al., 2023).

487 3.3. Impact of Biochar-Immobilized Probiotics on Soil Microbiome Stability

488         Biochar-probiotic systems enhance microbiome resilience through mechanisms such as 
489 functional redundancy and niche partitioning (Wang et al., 2024). For example, biochar-
490 amended soils exhibit increased Shannon diversity indices (H’ >3.5) due to the proliferation of 
491 diverse oligotrophic taxa like Acidobacteria and Chloroflexi, which can all metabolize 
492 biochar’s recalcitrant carbon. This reflects functional redundancy, where multiple microbial 
493 groups share overlapping metabolic capacities, ensuring ecosystem functions like carbon 
494 turnover remain stable even if individual taxa fluctuate (Zhang et al., 2024). Network analysis 
495 revealing stronger co-occurrence patterns (e.g., modularity >0.4) between Streptomyces spp. 
496 and arbuscular mycorrhizal fungi (AMF) suggests niche partitioning, where bacteria and fungi 
497 occupy distinct but complementary roles—Streptomyces contributing antibiotic production 
498 and nutrient cycling in surface pores, while AMF colonize root interfaces to enhance nutrient 
499 uptake. This spatial and functional separation reduces interspecific competition while 
500 promoting synergistic interactions (Wen et al., 2024).



501          Under abiotic stress, such as drought, biochar’s high water retention (up to 3.5 g 
502 H₂O/g) maintains moisture >12%, which supports a range of microbial taxa involved in 
503 nitrification, allowing functionally redundant nitrifiers to sustain NO₃⁻ production (>2 
504 mg/kg/day) even at 40% water-holding capacity (Haque et al., 2021). Here, different ammonia-
505 oxidizing bacteria and archaea may substitute for one another under stress, buffering nitrogen 
506 turnover.

507         Furthermore, biochar-immobilized Bradyrhizobium japonicum under heat stress 
508 conditions (35°C) shows upregulation of heat shock proteins (HSP60, HSP70), enhancing 
509 nodulation efficiency by 50% (; Meena et al., 2018; Egamberdieva et al., 2020). This adaptive 
510 microbial response, coupled with the presence of other plant growth-promoting rhizobacteria 
511 (PGPR), illustrates both functional redundancy in stress response and niche 
512 complementarity in supporting plant-microbe symbiosis across environmental gradients.

513 3.4. Synergistic Effects of Biochar and Probiotics in Reducing Soil Pathogens

514            The integration of biochar and probiotics presents a promising synergistic strategy for 
515 reducing soil-borne pathogens through complementary and mutually reinforcing mechanisms. 
516 Biochar’s high surface area and porous architecture serve as an ideal microhabitat for beneficial 
517 microbes, facilitating their colonization, survival, and metabolic activity in the rhizosphere. 
518 When probiotics such as Bacillus amyloliquefaciens, Pseudomonas fluorescens, and 
519 Lactobacillus plantarum are immobilized on biochar, their antimicrobial efficacy is 
520 significantly enhanced due to sustained release and protection from environmental stress (Yang 
521 et al., 2024; Abdoli et al., 2025;).

522           One of the key synergistic mechanisms is quorum quenching, where biochar adsorbs 
523 quorum-sensing molecules like N-acyl homoserine lactones (AHLs), thereby disrupting 
524 pathogen communication networks. For instance, in tomato rhizospheres, the co-application of 
525 biochar and Pseudomonas putida suppressed Ralstonia solanacearum by over 70%, as 
526 demonstrated by GFP-tagged bioassays and reductions in virulence gene expression (Liu et al., 
527 2023). Biochar-bound probiotics also produce a range of antimicrobial compounds—such as 
528 Iturins, fengycins, and phenazines—that damage pathogen membranes and inhibit sporulation. 
529 Greenhouse trials show that B. amyloliquefaciens biochar formulations reduced Fusarium 
530 oxysporum incidence in cucumbers by 82%, compared to 55% with probiotics alone (Enebe, 
531 2021).

532          In addition to direct antagonism, biochar-probiotic combinations bolster plant immunity 
533 through Induced Systemic Resistance (ISR). Biochar alone enhances lignification and reactive 
534 oxygen species (ROS) generation, while probiotics trigger hormone-mediated defense 
535 pathways. For example, in maize, co-application of biochar and P. chlororaphis elevated 
536 salicylic acid (SA) and jasmonic acid (JA) levels 3–4-fold and enhanced lignin deposition in 
537 root endodermis by 40%, as evidenced by phloroglucinol-HCl staining (Ji et al., 2015; Dutta 
538 et al., 2022). This dual action creates an inhospitable environment for pathogens like 
539 Phytophthora capsici and Rhizoctonia solani, minimizing disease severity and improving crop 
540 resilience.

541          Moreover, the presence of biochar improves soil aeration, moisture retention, and nutrient 
542 availability, indirectly supporting a healthy microbial community that outcompetes pathogens 
543 (Hou et al., 2022). Studies also indicate that biochar-probiotic systems enhance beneficial 
544 microbiota recruitment, including mycorrhizal fungi and nitrogen-fixing bacteria, which 



545 further suppress disease indirectly via niche exclusion and resource competition Bhattacharyya 
546 and Furtak, 2022).

547 3.5 Unexplored and Engineered Microbial Consortia

548 Recent advancements in microbial biotechnology have opened new frontiers for the application 
549 of previously unexplored or genetically engineered microbial consortia in environmental 
550 remediation and stress mitigation in plants (Hussain et al., 2018; Sudheer et al., 2020). The 
551 integration of extremophilic microorganisms with biochar is an emerging strategy for 
552 remediating pollutants in harsh or extreme environmental conditions where conventional 
553 microbes exhibit reduced activity. Thermophiles, for instance, thrive at elevated temperatures 
554 (50–80 °C) and maintain enzymatic activity in composting and thermophilic anaerobic 
555 digestion systems. When immobilized on thermally stable biochars (e.g., rice husk or sugarcane 
556 bagasse-derived at >600 °C), thermophilic strains like Thermus thermophilus exhibit enhanced 
557 degradation of hydrocarbons and maintain high metabolic rates despite thermal stress (Sharma 
558 et al., 2023). Similarly, acidophiles such as Acidithiobacillus ferrooxidans have been 
559 immobilized on iron-rich biochars for the bioleaching of metals from acidic mine drainage, 
560 where the biochar matrix buffers local pH fluctuations and supports microbial stability (Li et 
561 al., 2023). In psychrophilic conditions, such as cold-region soils or wastewater at ≤10 °C, 
562 biochar-amended Psychrobacter spp. consortia have shown improved nitrogen cycling and 
563 phenol degradation due to biochar’s ability to reduce freezing-induced stress and enhance 
564 nutrient retention. These combinations are particularly useful for the remediation of 
565 contaminated environments with extreme pH, salinity, or temperature, such as mining sites, 
566 polar agricultural soils, saline aquifers, and thermophilic digesters. Biochar’s buffering 
567 capacity, structural stability, and protective microenvironments play a crucial role in stabilizing 
568 extremophiles and supporting their functional expression under challenging conditions. 
569 However, more field-scale studies are needed to optimize biochar-extrémophile pairings for 
570 scalable environmental biotechnologies.

571          Among these, extremophiles such as Deinococcus radiodurans, renowned for its 
572 extraordinary resistance to ionizing radiation and oxidative stress, present unique metabolic 
573 features and genetic robustness that can be harnessed for detoxifying environments 
574 contaminated with heavy metals and organic pollutants (Sadowska-Bartosz and Bartosz, 2023). 
575 Despite their potential, such microorganisms remain underrepresented in phytoremediation and 
576 rhizoremediation studies (Alves et al., 2022). The integration of these resilient strains into 
577 microbial consortia could significantly enhance the tolerance and detoxification capacity of 
578 plants exposed to abiotic stress (Ge et al., 2023). Parallel to this, the development of synthetic 
579 microbial communities—deliberately designed consortia composed of functionally 
580 complementary microorganisms—has emerged as a promising strategy to address complex 
581 environmental challenges. Engineered strains of Pseudomonas spp., often modified using 
582 CRISPR-Cas systems for enhanced biosurfactant production, metal chelation, or stress-
583 responsive signaling, have demonstrated synergistic effects when combined with other 
584 beneficial microbes such as nitrogen-fixing bacteria and phosphate-solubilizing fungi (Liang 
585 et al., 2022; Thankappan et al., 2024) (Table-1). These consortia are particularly effective in 
586 targeting co-contaminants, such as simultaneous presence of heavy metals and organic 
587 pesticides, by facilitating multi-pathway degradation and immobilization. Moreover, synthetic 
588 consortia can be tailored to specific plant species and stress profiles, thereby enabling 
589 precision-based microbial interventions (Spina et al., 2018). Collectively, the inclusion of 
590 lesser-known extremophiles and CRISPR-edited strains into designed microbial consortia 



591 represents a paradigm shift toward more resilient, adaptive, and multifunctional bioinoculants 
592 with high potential for sustainable agriculture and environmental restoration (Palit et al., 2025).



Microbe Source Target 
Pollutant

Mechanism Novelty Reference

Pseudomonas 
putida (corn-
cob biochar-
immobilized)

Corn-cob 
biochar 
(immobilize
d)

Paraquat 
(herbicide)

Biochar-
immobilized 
P. putida 
covalently 
binds and 
biodegrades 
paraquat to 
4,4′-bipyridyl 
and malic 
acid.

First report 
of paraquat 
degradation 
via biochar-
immobilized 
P. putida 
with malic 
acid as 
intermediate

Nguyen et 
al., 2023 

MB3R 
consortium 
(biochar-
immobilized)

Biochar 
(potato-
field 
bacterial 
consortium)

Metribuzin 
(herbicide)

Biochar-
immobilized 
MB3R 
consortium 
accelerates 
metribuzin 
breakdown.

Novel 
synthetic 
consortium 
showing 
enhanced 
metribuzin 
biodegradati
on and 
microbiome 
restoration 
in field soils

Wahla et 
al., 2020 

Alcaligenes 
faecalis WZ-2

Wheat-
straw 
biochar 
(isolated 
strain)

Tebuconaz
ole 
(fungicide)

Biochar-
immobilized 
WZ-2 
markedly 
accelerates 
tebuconazole 
degradation.

First-time 
use of A. 
faecalis WZ-
2 on wheat-
straw 
biochar 
improving 
tebuconazol
e 
degradation 
and soil 
function

Sun et al., 
2020 

Chlorella 
vulgaris + 
activated 

Synthetic 
microalgae–
bacterial 
consortia 

Chlorpyrifo
s, 
Cypermethr
in 

Biochar-
supported 
microalgae-
bacteria 
photobioreacto

Innovative 
algae–
bacteria 
consortium 
on biochar 

Mojiri et 
al., 2022 



593 Table 1: Novel Microbial Strains and Their Roles in Biochar-Mediated Bioremediation

594  

595

596 4. Application of Biochar-Immobilized Microbes in Agricultural Waste Recycling

597           The synergistic performance of biochar–microbe systems in agricultural waste recycling 
598 stems from the direct interactions between biochar’s physicochemical properties and microbial 
599 functionality. Biochar’s porous structure, high surface area, and chemically active functional 
600 groups (e.g., –COOH, –OH, phenolics) provide protective microhabitats, stable attachment 
601 surfaces, and electron-donating/accepting capabilities that enhance microbial survival, 
602 colonization, and enzymatic expression (Rossi et al., 2021). These properties stabilize 
603 extracellular enzymes (e.g., cellulases, laccases), enhance nutrient retention for microbial 
604 metabolism, and shield microbes from environmental stresses such as fluctuating pH, 
605 desiccation, and toxic intermediates. Importantly, biochar can act as a physical and chemical 
606 mediator, concentrating substrates near microbial cells and facilitating redox-based 
607 degradation processes (Li et al., 2022). By creating microenvironments optimized for microbial 
608 activity, biochar not only hosts beneficial species but also amplifies their functional efficiency, 
609 particularly in the breakdown of lignocellulosic residues and nutrient cycling within diverse 
610 agroecosystems.

611 4.1. Enhancing Organic Waste Decomposition and Nutrient Cycling

612         Biochar-immobilized microbes significantly accelerate the decomposition of recalcitrant 
613 organic wastes, such as lignocellulosic crop residues and animal manure, by creating 
614 synergistic microenvironments (Ji 2024). The porous architecture of biochar provides a refuge 
615 for hydrolytic enzymes (e.g., cellulases, laccases) secreted by Trichoderma 
616 reesei and Aspergillus niger, protecting them from denaturation under fluctuating pH and 
617 temperature (Gan et al., 2024). For instance, corn stover biochar functionalized 
618 with Phanerochaete chrysosporium increases lignin degradation rates by 40% via Fenton 

sludge 
(consortium)

(biochar 
support)

(insecticide
s)

r degrades 
insecticides 
via secreted 
hydrolases.

enabling 
simultaneou
s removal of 
multiple 
insecticides

Paenarthrobac
ter sp. AT5

Soybean 
soil isolate 
(biochar-
assisted)

Atrazine 
(herbicide)

Bioaugmentati
on with AT5 
stimulates 
atz-gene 
expression and 
atrazine 
degradation.

Engineered 
deployment 
with biochar 
significantly 
reduces 
atrazine 
phytotoxicit
y and 
reshapes the 
rhizosphere 
microbiome

Harindintw
ali et al., 
2024 



619 reactions mediated by biochar’s redox-active quinone groups (Wu et al., 2023). 
620 Simultaneously, biochar’s high surface area (300–500 m²/g) adsorbs phenolic inhibitors (e.g., 
621 ferulic acid), reducing their bioavailability and enabling Cellulomonas fimi to efficiently 
622 hydrolyze cellulose into glucose (Table-2) (Kumneadklang 2019).

623         Biochar generally has the potential to adsorb and gradually release essential nutrients such 
624 as ammonium (NH₄⁺), phosphate (PO₄³⁻), and potassium (K⁺), thereby supporting microbial 
625 metabolism and growth, particularly under suitable conditions and depending on factors such 
626 as soil pH, texture, moisture, and the specific surface chemistry of the biochar.

627            In rice paddy systems, bamboo biochar loaded with Azotobacter vinelandii enhances 
628 nitrogen fixation (up to 30 kg N/ha) while reducing NH₃ volatilization by 25% through 
629 adsorption on acidic surface functional groups (-COOH, -OH). 

630          Beyond paddy systems, biochar–microbial consortia also exhibit promising results in 
631 dryland and arid cropping systems. In dryland wheat cultivation, inoculating biochar 
632 with Bacillus subtilis improved plant-available phosphorus by 35% due to organic acid 
633 excretion and phosphate solubilization, even under low soil moisture conditions (Li et al., 
634 2022). Similarly, in semi-arid chickpea systems, Rhizobium sp. immobilized on biochar 
635 enhanced nodulation and nitrogen assimilation, resulting in a 20% yield increase and improved 
636 drought tolerance (Tiwari et al., 2023). In Mediterranean olive orchards, biochar co-applied 
637 with Pseudomonas fluorescens boosted potassium uptake and root colonization, attributed to 
638 biochar's buffering capacity and microbial stabilization (Rossi et al., 2021).

639          Metagenomic analyses reveal that biochar-microbe systems 
640 enrich Bacteroidetes and Firmicutes, key phyla for polysaccharide degradation, increasing soil 
641 dissolved organic carbon (DOC) by 15–20% (Fig.3) (Chakraborty and Akhtar 2021; Shen et 
642 al., 2019).

643        These findings highlight that biochar–microbe systems are not limited to flooded 
644 ecosystems but have broader applicability across diverse cropping systems, including those 
645 with limited water availability, degraded soils, or low organic matter content. However, 
646 performance may vary depending on biochar properties, microbial compatibility, and edaphic 
647 conditions, suggesting the need for site-specific optimization rather than assuming universal 
648 applicability.

649

650 4.2. Biochar as a Carrier for Composting Microbes and Fermentation Enhancers

651 Traditional composting systems face challenges such as prolonged maturation times (60–90 
652 days) and nitrogen loss via NH₃ emissions. Biochar-immobilized thermophilic microbes 
653 (e.g., Bacillus stearothermophilus, Thermobifida fusca) address these limitations by sustaining 
654 high-temperature phases (>55°C) for extended periods, accelerating lignocellulose breakdown 
655 (Zhao et al., 2024). Pinewood biochar inoculated with Geobacillus 
656 thermoglucosidasius reduces composting time by 35% by stabilizing β-glucosidase activity, 
657 which converts cellobiose to fermentable sugars (Drufva, 2018).

658 Biochar also acts as a fermentation enhancer in anaerobic digestion. Its conductive carbon 
659 matrix (electrical conductivity: 1–3 S/cm) facilitates direct interspecies electron transfer 
660 (DIET) between Clostridium spp. and methanogenic Archaea, boosting methane yields by 40–



661 60% in dairy manure digesters (Sarker and Nikhil, 2023). Additionally, biochar’s alkaline pH 
662 (8–10) buffers acidic by-products (e.g., volatile fatty acids), maintaining optimal conditions 
663 for Methanosarcina barkeri (Lee et al., 2022). Field trials demonstrate that co-composting 
664 poultry waste with Streptomyces griseus-loaded biochar reduces NH₃ emissions by 50% and 
665 increases humification indices (HI >0.8) through enhanced melanoidin formation (Kamal et 
666 al., 2022).

667 4.3. Role of Biochar-Associated Probiotic Microbes in Sustainable Biofertilizer Production

668        Biochar-probiotic systems transform agricultural waste into nutrient-dense biofertilizers 
669 by coupling microbial metabolic pathways with biochar’s nutrient retention properties 
670 (Aiduang, 2025). For example, Rhizobium leguminosarum immobilized on soybean straw 
671 biochar fixes atmospheric nitrogen (N₂) into NH₃, which is stabilized on biochar’s negatively 
672 charged surfaces, reducing leaching losses by 30% (Mohammed, 2023). Similarly, phosphate-
673 solubilizing Pseudomonas fluorescens releases organic acids (e.g., gluconic acid) that dissolve 
674 Ca₃(PO₄)₂, with biochar sequestering the liberated PO₄³⁻ for gradual release (Pramanik et al., 
675 2025).

676         These biofertilizers exhibit superior performance compared to chemical analogs. A 2-year 
677 field study showed that biochar loaded with Azospirillum brasilense and arbuscular 
678 mycorrhizal fungi (AMF) increased wheat grain yields by 22% while reducing synthetic N-P-
679 K inputs by 35% (Zaheer et al., 2024). The biochar-AMF symbiosis enhances hyphal 
680 exploration, increasing soil phosphorus uptake efficiency by 50% in alkaline soils. 
681 Furthermore, biochar’s recalcitrant carbon serves as a long-term carbon sink, sequestering 2–
682 3 tons of CO₂-equivalent per hectare annually (Table-1) (Warnock et al., 2007).

683 5. Role of Biochar-Immobilized Microbes in Biodegradation of Agricultural Pollutants

684 5.1. Degradation of Pesticide Residues

685 The persistence of synthetic pesticides, including organophosphates, carbamates, and 
686 neonicotinoids, in agricultural soils poses significant environmental and health risks. Biochar-
687 immobilized microbial consortia have emerged as a promising solution for enhancing pesticide 
688 degradation (Mussali-Galante et al., 2023). The porous structure of biochar provides a 
689 protective habitat for microbes, shielding them from pesticide toxicity while concentrating the 
690 pollutants near microbial cells for efficient degradation (Mukherjee et al., 2022). For 
691 instance, Arthrobacter spp. and Pseudomonas putida immobilized on hardwood biochar 
692 (pyrolyzed at 550°C) exhibit enhanced organophosphate hydrolase activity, achieving 80–90% 
693 degradation of chlorpyrifos within 72 hours (Adetunji et al., 2022). Biochar’s alkaline pH 
694 stabilizes enzymatic activity, while its redox-active functional groups facilitate electron 
695 transfer for co-metabolic detoxification (Mukherjee et al., 2022). Similarly, Trametes 
696 versicolor immobilized on lignin-rich biochar degrades neonicotinoids like imidacloprid via 
697 laccase-mediated oxidation, with biochar’s quinone groups acting as redox mediators (Roy et 
698 al., 2025). Field trials have demonstrated the efficacy of these systems, with biochar-
699 Pseudomonas consortia reducing chlorpyrifos residues by 90% in cotton fields, outperforming 
700 traditional composting methods (Chaudhary et al., 2023). These findings highlight the potential 
701 of biochar-microbe systems to mitigate pesticide contamination in agricultural soils (Table-2).

702 5.2. Heavy Metal Immobilization and Detoxification



703 Heavy metal contamination in agricultural soils, particularly cadmium (Cd), lead (Pb), arsenic 
704 (As), and chromium (Cr), threatens food safety and ecosystem health. Biochar-immobilized 
705 microbes offer a dual strategy for metal immobilization and detoxification, combining 
706 adsorption with microbial transformation (Swapnil et al., 2023). Pseudomonas 
707 aeruginosa immobilized on poultry manure biochar secretes siderophores that chelate Cd²⁺, 
708 reducing its bioavailability by 70%. Simultaneously, biochar’s oxygenated functional groups 
709 (-COOH, -OH) bind Pb²⁺ through ion exchange, achieving 95% immobilization efficiency 
710 (Gong et al., 2024; Liu et al., 2025;). In the case of arsenic, arbuscular mycorrhizal fungi (AMF) 
711 colonizing biochar surfaces secrete glomalin-related soil proteins (GRSP), which sequester 
712 As(III) in stable complexes, reducing bioavailability by 60% (Al-Shamma et al., 2017). For 
713 chromium, Bacillus subtilis immobilized on biochar reduces toxic Cr(VI) to less toxic Cr(III) 
714 via chromate reductase, with biochar’s carboxyl groups stabilizing the enzyme (Li et al., 2023). 
715 A case study in Cd-contaminated rice paddies demonstrated that rice straw biochar loaded 
716 with Bacillus and AMF reduced grain Cd content by 65%, compared to 40% with biochar alone 
717 (Yang et al., 2025). These results underscore the synergistic potential of biochar-microbe 
718 systems in heavy metal remediation (Table-2).

719 5.3. Removal of Antibiotic and Pharmaceutical Waste

720 The widespread use of antibiotics in livestock farming has led to the contamination of 
721 agricultural runoff with compounds such as tetracyclines, sulfonamides, and fluoroquinolones, 
722 posing risks to aquatic ecosystems and human health (Du and Liu, 2012). Biochar-microbe 
723 systems combine adsorption and biodegradation to enhance antibiotic 
724 removal. Streptomyces spp. immobilized on sludge-derived biochar hydroxylate tetracycline at 
725 the C4 position, rendering it non-toxic, while biochar’s π-π interactions adsorb tetracycline 
726 (200 mg/g), prolonging microbial exposure (Teo et al., 2022). 
727 Similarly, Acinetobacter biofilms on coconut shell biochar cleave sulfamethoxazole’s 
728 isoxazole ring via monooxygenases, with biochar’s electrical conductivity (1.5 S/cm) 
729 accelerating electron transfer and doubling degradation rates (Liu et al., 2024). Biochar also 
730 buffers pH fluctuations, neutralizing acidic metabolites from fluoroquinolone degradation and 
731 preventing microbial inhibition (Oh et al., 2022). Field data from swine wastewater treatment 
732 systems show that biochar-Streptomyces consortia achieved 85% sulfadiazine removal, 
733 outperforming activated sludge (50%) (Eheneden et al., 2023). These findings highlight the 
734 potential of biochar-microbe systems to address antibiotic contamination in agricultural waste.

735 5.4. Organic Pollutants and Hydrocarbon Decomposition

736 Polycyclic aromatic hydrocarbons (PAHs) and lignin-rich agro-industrial wastes are persistent 
737 environmental pollutants that demand robust and multifunctional remediation strategies (De 
738 Oliveira et al., 2019). Biochar–microorganism systems enhance pollutant degradation by 
739 combining microbial enzymatic activity with the adsorptive and redox-modulating properties 
740 of biochar. For example, Sphingomonas paucimobilis immobilized on pinewood 
741 biochar exhibited enhanced degradation of pyrene, a four-ring PAH. In controlled microcosm 
742 studies, pyrene removal was 78% in the biochar-immobilized system compared to only 42% in 
743 free-cell and 25% in abiotic biochar-only controls after 21 days (Yuan, 2023). The 
744 enhancement was attributed to biochar’s micropores (<2 nm), which trap PAH molecules and 
745 increase the contact time and concentration near microbial cells. Furthermore, biochar’s redox-
746 active quinone moieties acted as electron shuttles, boosting electron transfer 
747 to Rhodococcus spp., thereby enhancing CYP450 monooxygenase activity responsible for 
748 benzo[a]pyrene breakdown. This mechanism was validated by using quinone-depleted biochar 
749 as a negative control, which led to a 40% reduction in degradation rate.



750            In the case of lignin-rich substrates, Phanerochaete chrysosporium immobilized on 
751 bamboo biochar secreted manganese peroxidase (MnP), facilitating the oxidative 
752 depolymerization of lignin into aromatic monomers such as vanillin. Biochar's mesoporous 
753 structure stabilized MnP and protected it from proteolytic degradation; MnP retained 70% 
754 residual activity after 10 cycles, compared to <30% in the non-immobilized fungal control (Lv 
755 et al., 2022; Noor, 2021). Enzyme activity assays showed a 2.5-fold increase in Vmax and a 
756 lower Km for MnP in biochar-immobilized systems, indicating enhanced affinity and catalytic 
757 efficiency.

758          Additionally, synergistic microbial consortia, such as Cellulomonas fimi with white-rot 
759 fungi, efficiently hydrolyzed lignocellulose into glucose. In these systems, biochar adsorbed 
760 phenolic inhibitors (e.g., syringic and ferulic acid), which otherwise suppressed microbial 
761 activity. Control experiments with non-adsorptive biochar showed 35% lower cellulase 
762 activity, confirming the inhibitor-scavenging role of functional biochar surfaces (Rabha et al., 
763 2023).

764         In oil-contaminated soils, consortia of Rhodococcus erythropolis and activated carbon-
765 rich biochar achieved 85% degradation of total petroleum hydrocarbons (C10–C40) within 60 
766 days. Comparatively, non-biochar treatments showed only 47% degradation under identical 
767 conditions. The improved performance was linked to biochar’s hydrophobic surfaces, which 
768 concentrate hydrocarbons and shield microbes from toxicity peaks (Assil et al., 2021). 
769 Furthermore, in soil mesocosms, the biochar–microbe system maintained higher microbial 
770 viability and reduced the accumulation of toxic intermediates such as benzene and toluene, as 
771 confirmed by GC-MS profiling.

772        These examples collectively underscore that biochar–microorganism systems function 
773 through multiple, experimentally validated mechanisms: (i) increasing pollutant–microbe 
774 proximity via adsorption, (ii) stabilizing extracellular enzymes, (iii) acting as redox mediators, 
775 and (iv) sequestering inhibitors and toxic intermediates. The inclusion of proper abiotic and 
776 free-cell controls in these studies demonstrates the distinct synergistic advantage of combining 
777 biochar with microbial agents for the degradation of structurally complex and environmentally 
778 persistent organic pollutants.

779 5.4.1 Emerging Biochar–Microbe Strategies for Novel Pollutants
780      Recent advances in biochar technology have introduced non-traditional feedstocks, such 
781 as algal biomass, for producing biochars with distinct properties that are especially suited for 
782 environmental remediation. Algal biochar, derived from species like Spirulina 
783 platensis or Ulva lactuca, exhibits high nitrogen content, ion-exchange potential, and intrinsic 
784 metal-binding ligands, making it particularly effective in sequestering heavy metals and 
785 ammonium (Hu et al., 2023). When combined with metal-tolerant or metal-transforming 
786 bacteria (e.g., Shewanella oneidensis), algal biochar creates a redox-active interface that 
787 facilitates simultaneous metal immobilization and microbial reduction.

788       In parallel, the use of genetically engineered microbial strains offers novel capabilities in 
789 degrading synthetic or recalcitrant emerging contaminants. For instance, Pseudomonas 
790 putida strains engineered to express chlorinated solvent hydrolases have shown enhanced 
791 degradation of trichloroethylene when immobilized on high-surface-area biochar produced via 
792 hydrothermal carbonization of algae (Chen et al., 2024). Similarly, CRISPR-modified E. 
793 coli strains expressing laccase and peroxidase genes can decompose pharmaceutical residues 
794 such as diclofenac or carbamazepine more efficiently when stabilized on biochar derived from 
795 algal or food-waste co-pyrolysis (Kumar et al., 2023). These emerging combinations of 



796 functionalized biochar and engineered or extremophilic microbial strains represent a next-
797 generation platform for tackling novel and co-occurring pollutants in complex matrices like 
798 landfill leachate, pharmaceutical wastewater, or heavy metal-laden soils. However, these 
799 systems require further field validation and environmental risk assessment, particularly 
800 concerning the persistence and gene flow of engineered organisms in open systems.

801

802
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807 Table 2: Common Probiotic and Beneficial Microbial Strains Immobilized on Biochar 
808 and Their Agricultural & Environmental Functions

809



Microbial Strain Biochar 
Feedstock

Pyrolysis 
Temperature 
(°C)

Key Mechanisms Agricultural & 
Environmental 
Impact

Biochar-Microbe 
Interaction

Citations

Bacillus subtilis Hardwood 600 Surfactin production; 
biofilm formation

Reduces Fusarium 
by 70%; improves 
maize yield by 25%

Forms thick 
biofilms on biochar 
pores, enhancing 
persistence in soil

(Xiang et al., 
2022; Chen et al., 
2023)

Trichoderma reesei Rice husk 400 Cellobiohydrolase 
secretion; lignin 
depolymerization

Accelerates 
composting by 30%; 
increases 
humification index 
to 0.8

Colonizes biochar 
micropores, 
enhancing 
lignocellulose 
degradation

(Xia and Lin et al., 
2022)

Rhizobium 
leguminosarum

Pinewood 550 NodD gene 
upregulation; 
siderophore 
production

Boosts soybean 
nitrogen fixation by 
150 kg/ha; reduces 
urea use by 40%

Forms symbiotic 
biofilms on biochar-
enhanced root 
surfaces

(Rao et al., 2019; 
Ankati and Podile 
et al., 2018)

Pseudomonas 
putida

Sewage 
sludge

700 Dioxygenase 
enzymes for PAH 
degradation

Degrades 90% of 
petroleum 
hydrocarbons in 
contaminated soils

Uses biochar as an 
electron acceptor in 
degradation 
pathways

(Tarigholizadeh et 
al., 2023)



Streptomyces 
griseoviridis

Coconut 
shell

500 Chitinase production; 
streptothricin 
antibiosis

Suppresses Pythium 
ultimum in 
cucumber; increases 
AMF colonization 
by 60%

Enhances biochar-
based microbial 
consortia for 
pathogen 
suppression

(Mourouzidou et 
al., 2023; Joseph 
1997)

Azospirillum 
brasilense

Wheat straw 450 IAA production; 
ACC deaminase 
activity

Increases wheat 
biomass by 30%; 
enhances drought 
resistance

Colonizes biochar 
hydrophilic 
surfaces, aiding 
nitrogen fixation

(Spaepen et al., 
2008; Krishna et 
al., 2023)

Bacillus 
amyloliquefaciens

Bamboo 600 Antifungal 
lipopeptide 
production

Suppresses 
Verticillium wilt in 
tomato by 65%

Biochar enhances 
quorum sensing and 
spore viability

(Azizoglu et al., 
2025; Wang 2019)

Mycorrhizal fungi 
(Glomus spp.)

Corn cob 500 Hyphal network 
expansion; 
phosphorus 
solubilization

Improves 
phosphorus uptake 
in maize by 40%; 
increases root 
biomass

Biochar micropores 
enhance fungal 
spore germination 
and hyphal 
elongation

(Abou et al., 2022; 
Matheus et al., 
2024)

Enterobacter 
cloacae

Corn stalk 550 Biofilm-mediated 
heavy metal 
biosorption

Reduces cadmium 
bioavailability by 
85%; enhances plant 
metal tolerance

Uses biochar surface 
chemistry for metal 
adsorption and 
detoxification

(Naseem et al., 
2022; Liu et al., 
2025)



Lactobacillus 
plantarum

Palm husk 400 Lactic acid 
production; pathogen 
suppression

Enhances compost 
stabilization; 
increases soil 
organic matter

Acidic metabolites 
modify biochar 
surface pH, 
stabilizing microbial 
communities

(Moyosore et al., 
2020; Gao et al., 
2023)

Paenibacillus 
polymyxa

Pine bark 600 Exopolysaccharide 
production; biofilm 
formation

Improves nitrogen 
fixation in cereal 
crops; increases 
microbial diversity

Stabilizes on 
biochar, improving 
moisture retention in 
root zones

(Sadekuzzaman et 
al., 2015; 
Nwachukwu et al., 
2023)

Pseudomonas 
fluorescens

Agricultural 
waste

500 Siderophore 
secretion; auxin 
production

Increases root 
elongation in 
legumes; protects 
against 
Pseudomonas 
syringae

Uses biochar as a 
reservoir for 
siderophore 
production

(Panpatte et al., 
2016; Hakim et al., 
2021)

Saccharomyces 
cerevisiae

Coconut 
shell

450 Yeast-derived 
organic acid 
secretion

Inhibits Botrytis 
cinerea in grapes; 
enhances compost 
fermentation

Adheres to biochar 
via polysaccharide-
protein complexes

(Bardhan et al., 
2020; Louw 2004)

Actinobacteria 
(Microbacterium 
spp.)

Eucalyptus 
wood

650 Production of 
antimicrobial 
peptides

Enhances microbial 
diversity; 
decomposes lignin 
derivatives

Forms stable 
communities within 
biochar-enhanced 
rhizosphere soils

(Yadav and Patil. 
2021; Yadav and 
Ramakrishna. 
2023)



Lysinibacillus 
sphaericus

Sugarcane 
bagasse

600 Bioremediation of 
toxic metals (As, Hg, 
Cr)

Reduces arsenic 
contamination by 
70%; promotes 
metal tolerance in 
crops

Binds heavy metals 
on biochar-
enhanced root 
surfaces

(Eras-Muñoz et 
al., 2022; Pires 
2010)

Phanerochaete 
chrysosporium

Paper mill 
sludge

500 Lignin peroxidase 
secretion

Breaks down lignin, 
dyes, and industrial 
effluents

Uses biochar as a 
structural matrix for 
extracellular 
enzyme secretion

(Ram et al., 2020; 
Zhang et al., 2022)
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811 5.5. Biochar-Microbe Systems for Emerging Contaminants: A Multi-Omics Framework for 
812 Understanding Functional Interactions

813 The synergistic integration of biochar and microbial systems has emerged as a powerful and 
814 sustainable approach for the remediation of emerging contaminants, including per- and 
815 polyfluoroalkyl substances (PFAS), microplastics, and pharmaceutical residues such as 
816 carbamazepine and diclofenac (Sarma et al., 2022). Biochar, a carbon-rich material derived 
817 from pyrolyzed biomass, offers a highly porous structure and abundant surface functional 
818 groups that facilitate the adsorption of hydrophobic and persistent contaminants (Wen et al., 
819 2023). When coupled with specific microbial strains capable of enzymatic degradation, biochar 
820 not only serves as a carrier matrix but also enhances microbial colonization, electron shuttling, 
821 and substrate bioavailability (Gong et al., 2022; Saravanan et al., 2023). For instance, biochar-
822 supported microbial consortia have shown promise in the partial degradation and 
823 transformation of PFAS, which are otherwise recalcitrant to conventional treatments due to 
824 their strong carbon-fluorine bonds (Berhanu et al., 2023). Similarly, microplastics, which pose 
825 significant ecotoxicological risks, can be physically immobilized by biochar and subsequently 
826 biodegraded by plastic-degrading bacteria, leading to a reduction in environmental persistence 
827 (Adamu et al., 2024). In the case of pharmaceutical compounds like carbamazepine and 
828 diclofenac—commonly detected in wastewater effluents—biochar-amended microbial 
829 systems have demonstrated enhanced removal efficiency through combined adsorption and 
830 microbial transformation mechanisms (Tawfik et al., 2024). Importantly, these systems also 
831 address the growing challenge of co-contaminant synergy, such as the concurrent presence of 
832 heavy metals (e.g., lead) and antibiotics. The presence of biochar can mitigate metal toxicity, 
833 thereby preserving microbial activity essential for antibiotic degradation, while certain 
834 microbes possess dual-functional pathways enabling simultaneous detoxification of both 
835 classes of contaminants (Rahman, 2020) (Table-3). 

836         The emerging multi-omics approaches—including metagenomics, metaproteomics, and 
837 metabolomics—have begun to unravel the functional interactions between biochar, microbes, 
838 and contaminants. For example, metaproteomic analysis of PAH-degrading biochar–microbial 
839 systems revealed upregulation of stress-related chaperones (e.g., DnaK, GroEL) and catabolic 
840 enzymes such as dioxygenases and peroxidases, confirming enhanced microbial resilience and 
841 degradation potential under pollutant pressure (Sarma et al., 2022). Similarly, metabolomic 
842 profiling has detected intermediate metabolites (e.g., catechol, protocatechuate) that confirm 
843 functional pathways activated in the presence of biochar, particularly in the transformation of 
844 pharmaceuticals like carbamazepine and diclofenac (Tawfik et al., 2024) (Fig.4). Metagenomic 
845 evidence also shows that biochar enrichment selects for microbial taxa with complementary 
846 degradation pathways and stress tolerance, such as Sphingomonas, Rhodococcus, 
847 and Phanerochaete (Berhanu et al., 2023). This integrated approach not only improves the 
848 efficacy and resilience of bioremediation systems but also offers scalable and cost-effective 
849 solutions for complex pollutant matrices in agricultural and urban ecosystems.

850 Table 3: Performance of Biochar-Microbe Systems on Emerging Contaminants
851

Contaminant Microbial 
Agent

Biochar 
Type

Removal 
Efficienc

y

Mechanism Referenc
e



Chlortetracycline 
(CTC)

Bacillus 
subtilis

Honeysuckl
e residue–
derived 
biochar

78.35% Adsorption and 
microbial 
degradation

Zhang 
and 
Wang 
(2021) 

Tetracycline 
(TC)

Bacillus 
cereus W2

Biochar 
(type 
unspecified)

Not 
specified

Enhanced 
microbial 
degradation

Xue, J. et 
al., 
(2025)  

Sulfamethoxazol
e (SMX)

Bacillus 
paramycoide
s SDB4

Biochar-
immobilize
d bioreactor

97.42% Biosorption and 
biotransformatio
n

Chen, Y. 
et al., 
(2023) 

852

853

854

855 Figure 4: Multi-Omics Framework for Understanding Biochar-Microbe Interactions
856

857 5.6. Biochar-Mediated Microbial Inoculation for Enhancing Soil Fertility and Crop 
858 Productivity

859 Biochar-microbe inoculants enhance soil fertility through dual mechanisms: physical-chemical 
860 stabilization and biological activation. Biochar’s nanopores (<100 nm) entrap rhizosphere 
861 microbes, creating “microbial hotspots” that amplify nutrient cycling (Imran 2024; Sarma et 



862 al., 2024). For instance, biochar loaded with Bradyrhizobium japonicum increases soybean 
863 nodulation by 60%, as biochar’s Ca²⁺ and Mg²⁺ ions stimulate nodD gene expression (Ma et 
864 al., 2019). Concurrently, biochar’s alkaline pH (8–9) in acidic soils solubilizes Al³⁺ and Mn²⁺ 
865 toxins, restoring root elongation and enhancing water-use efficiency by 20% (Li et al.,  2024).

866 Crop productivity gains are well-documented. In semi-arid regions, maize treated with Bacillus 
867 amyloliquefaciens-biochar composites showed a 30% yield increase due to ACC deaminase 
868 activity, which reduces ethylene-induced root stress (Zafar-ul-Hye et al., 2019). Similarly, 
869 biochar-Trichoderma harzianum systems suppress Fusarium wilt in tomatoes via chitinase-
870 mediated cell wall degradation, increasing marketable yields by 45% (Ali et al., 2023). Multi-
871 season trials confirm that biochar-microbe systems elevate soil organic carbon (SOC) by 1.5–
872 2.0% annually, fostering resilient agroecosystems (Zhu et al., 2019).

873

874 Table 4: Impact of Biochar-Modified Microbial Systems on Pollutant Removal from Soil and 
875 Water

876



Treatmen
t 
Techniqu
e

Biocha
r 
Source

Producti
on 
Tempera
ture (°C)

Modificatio
n Strategy

Microbial 
Strain

Target 
Contamin
ant

Opti
mal 
pH

Initial 
Contami
nant 
Load 
(mg/L)

Decontamin
ation 
Efficiency 
(%)

Microbial 
Action 
Pathway

Biochar 
Contribut
ion

Refernc
e

Encapsulat
ion Matrix

Citrus 
Peel 
Biochar

600 Layered 
Double 
Hydroxide 
Doping

Acinetoba
cter sp. 
FYF8

Nitrate 7.0 5 95.32 Microbial 
enzymatic 
reduction

Provides a 
stable 
microhabit
at

(Yang 
and 
Yang 
2024; 
Kumar 
et al., 
2020)

Microbial 
Biofilm 
Coating

Rice 
Husk 
Biochar

500 Fe₃O₄ 
Nanoparticl
e Infusion

Bacillus 
sp. K1

Cadmium 
(Cd²⁺)

7.0 50 87.00 Active 
biosorption 
and 
intracellular 
sequestration

Increases 
metal 
immobiliz
ation

(Nguye
n et al., 
2022; 
Priyank
a et al., 
2024)

Adsorptio
n-
Facilitated 
Degradatio
n

Corn 
Residue 
Biochar

650 Magnetite 
(Fe₃O₄) 
Composite

Pseudomo
nas putida

Lead (Pb²⁺) 6.5 10 91.20 Oxidation 
and 
enzymatic 
detoxificatio
n

Enhances 
microbial-
metal 
binding

(Akoija
m et al., 
2024)



Biochar-
Enhanced 
Microbial 
Oxidation

Bambo
o 
Biochar

700 TiO₂ 
Nanoparticl
e Doping

Sphingomo
nas sp.

Phenol 6.0 15 88.90 Oxygenase-
mediated 
breakdown

Provides 
surface for 
microbial 
attachment

(Mishra 
et al., 
2022)

Encapsulat
ed 
Bioreactor

Coconu
t Shell 
Biochar

600 Zinc Oxide 
(ZnO) 
Functionaliz
ation

Enterobact
er cloacae

Chromium 
(Cr⁶⁺)

5.5 20 82.50 Microbial-
assisted 
redox 
conversion

Alters 
bioavailabi
lity of Cr

(Tufail 
et 
al.,2022)

Hydroxyla
tion & 
Redox 
Binding

Eucaly
ptus 
Biochar

500 H₂O₂ 
Surface 
Activation

Streptomyc
es violarus

Manganese 
(Mn²⁺)

6.8 3 74.80 Biotransform
ation and 
mineralizatio
n

Promotes 
biofilm 
resilience

(Shah 
2023)

Biochar-
Immobiliz
ed 
Enzymatic 
Degradatio
n

Rice 
Straw 
Biochar

550 Iron Sulfate 
(FeSO₄·7H₂
O)

Leclercia 
adecarbox
ylata

Arsenic 
(As³⁺)

5.0 20 61.00 Oxidation 
and active 
efflux 
transport

Supports 
microbial 
electron 
transfer

(Sevak 
and 
Pushkar 
2023)

Microbial 
Hydrocarb
on 
Remediati
on

Palm 
Fiber 
Biochar

700 Magnesium 
Oxide 
(MgO) 
Impregnatio
n

Halomona
s sp.

Benzo(a)p
yrene

8.0 10 69.20 PAH ring 
cleavage and 
oxidation

Reduces 
contamina
nt 
persistence

(Ahmad 
et al., 
2021)



Sustained 
Pollutant 
Biodegrad
ation

E. 
prolifer
a 
Biochar

600 Biochar 
Surface 
Acid 
Activation

Pseudomo
nas sp.

Pyrene 7.5 20 91.90 Dioxygenase 
enzyme 
degradation

Stabilizes 
microbial 
consortia

(Wu et 
al., 
2022)

Ion 
Exchange 
and Metal 
Chelation

Sawdus
t 
Biochar

450 Calcium 
Hydroxide 
(Ca(OH)₂)

Joostella 
sp.

Indeno(1,2,
3-
cd)pyrene

7.2 10 77.30 Electrostatic 
attraction 
and 
microbial 
breakdown

Enhances 
bioavailabi
lity 
reduction

(Mukhe
rjee and 
Pal 
2024)

878



879

880 Figure 5: Biochar-mediated interactions with plant-probiotic microbes enhance nutrient cycling, nitrogen fixation, phosphate solubilization, and heavy metal 
881 remediation, promoting plant growth and soil health

882 Abbreviations: nifH (Nitrogenase Iron-Protein Gene), narQ (Nitrate Sensor Kinase), nirS (Nitrite Reductase Gene), norB (Nitric Oxide Reductase Gene), nosZ (Nitrous Oxide Reductase 
883 Gene), phoB (Phosphate Regulon Transcriptional Regulatory Protein), pqqC(Pyrroloquinoline Quinone Biosynthesis Protein C), Pb (Lead), Cd (Cadmium), Cr (Chromium).

884



885 6. Factors Affecting Probiotic and Beneficial Microbial Colonization on Biochar

886 6.1. Influence of Biochar Feedstock and Pyrolysis Conditions on Probiotic Retention

887        The retention and functionality of probiotics on biochar are profoundly influenced by 
888 feedstock composition and pyrolysis parameters (Martiny et al., 2024). Feedstocks with high 
889 lignin content (e.g., hardwood, coconut shells) produce biochars rich in aromatic carbon and 
890 macropores (>50 µm), which favor colonization by lignocellulose-degrading fungi 
891 like Phanerochaete chrysosporium (Taskin et al., 2019). Conversely, manure-derived biochars, 
892 high in ash and nutrients (e.g., K⁺, Ca²⁺), support rapid bacterial proliferation, as shown by 50% 
893 higher Bacillus subtilis viability compared to wood-based biochars (Blenis et al., 2023).

894        Pyrolysis temperature critically modulates biochar’s physicochemical properties. Low-
895 temperature biochars (300–400°C) retain volatile organic compounds (VOCs) and labile 
896 carbon, serving as immediate energy sources for heterotrophic microbes like Pseudomonas 
897 putida (Gonçalves et al., 2020; Mukherjee et al., 2022). High-temperature biochars (600–
898 700°C), however, exhibit greater surface area (400–800 m²/g) and electrical conductivity (2–5 
899 S/cm), enhancing electron transfer for electroactive bacteria (e.g., Geobacter sulfurreducens) 
900 (Yu et al., 2016). For instance, rice husk biochar pyrolyzed at 550°C immobilized Azospirillum 
901 brasilense with 90% retention efficiency due to balanced microporosity and carboxyl group 
902 density (Shashidhar et al., 2020) (Table-3).

903 6.2. Role of Biochar Porosity and Surface Chemistry in Microbial Adhesion and Activity

904        Biochar’s pore architecture and surface chemistry govern microbial adhesion, biofilm 
905 formation, and metabolic activity. Hierarchical pore structures—macropores for microbial 
906 mobility, mesopores (2–50 nm) for enzyme entrapment, and micropores (<2 nm) for nutrient 
907 diffusion—create niche-specific habitats (Pavel et al., 2017). For example, Trichoderma 
908 harzianum preferentially colonizes 10–20 µm pores in wood-derived biochar, where oxygen 
909 diffusion supports aerobic chitinase production (Raviv et al., 2019).

910        Surface functional groups (e.g., -COOH, -OH, quinones) facilitate microbial adhesion via 
911 electrostatic interactions and hydrogen bonding (Yuan et al., 2017). Oxidized biochars (treated 
912 with HNO₃/H₂O₂) exhibit 30% higher Rhizobium leguminosarum adhesion due to enhanced 
913 negative surface charge (Zeta potential: −25 to −40 mV), which attracts positively charged 
914 bacterial cell walls (Wong and Ogbonnaya 2021). Conversely, graphitic domains in high-
915 temperature biochars promote π-π interactions with aromatic amino acids in microbial 
916 extracellular polymeric substances (EPS), stabilizing biofilms (Huang et al., 2023) (Table-4).

917

918 6.3. Environmental Factors (pH, Moisture, Temperature) Impacting Biochar-Microbe 
919 Interactions

920          Environmental conditions play a crucial role in modulating biochar-microbe synergies by 
921 influencing physicochemical and biological dynamics. Biochar’s alkaline nature (pH 7–10) 
922 helps buffer acidic soils (pH <5.5), mitigating aluminum toxicity and enhancing the survival 
923 of Bradyrhizobium japonicum by 40% (Saleem et al., 2022; Koinange 2015). However, in 
924 neutral to alkaline soils, its high pH can suppress acidophilic microbes such 
925 as Thiobacillus spp., necessitating the development of pH-adjusted biochars tailored for 
926 specific applications (Sheng and Zhu 2018). Moisture availability is another critical factor, as 



927 biochar’s high water-holding capacity (1.5–3.5 g H₂O/g) sustains microbial activity in arid 
928 soils. For instance, at 60% water-filled pore space (WFPS), biochar-amended soils support the 
929 viability of Pseudomonas fluorescens up to three times longer than unamended soils, thereby 
930 enhancing microbial persistence under drought conditions (Kannan et al., 2020). Additionally, 
931 biochar’s insulating properties play a significant role in temperature regulation, protecting 
932 microbial communities from thermal stress. In composting systems, biochar reduces 
933 temperature fluctuations by 5–8°C, which is particularly beneficial for preserving the 
934 enzymatic activity of Bacillus stearothermophilus within the optimal range of 55–65°C (Shi et 
935 al., 2024; Zhou et al., 2019). These interactions highlight the importance of tailoring biochar 
936 properties to specific environmental conditions to optimize microbial functions for soil health 
937 and remediation.

938 6.4. Stability, Shelf-Life, and Viability of Biochar-Encapsulated Probiotics in Field 
939 Applications

940       The shelf-life and field efficacy of biochar-encapsulated probiotics depend on 
941 encapsulation methods and environmental resilience (Khan et al., 2023). 
942 Lyophilized Azotobacter chroococcum on biochar retains 80% viability after 12 months at 
943 25°C, compared to 30% viability in peat-based carriers (Zayed 2016). Biochar’s UV-shielding 
944 properties reduce photoinactivation; Streptomyces griseoviridis survival increases by 50% 
945 under UV-B exposure (280–315 nm) when immobilized on biochar (Mohapatra and Sahoo 
946 2024).

947        Field challenges include microbial leaching and competition. Cross-linking biochar with 
948 alginate or chitosan enhances retention, reducing Bacillus amyloliquefaciens leaching by 70% 
949 in heavy rainfall (100 mm/h) (Tang et al., 2024). Additionally, pre-colonizing biochar with 
950 native soil microbiomes minimizes antagonism, as demonstrated by 40% 
951 higher Rhizobium nodulation in pre-conditioned biochar treatments (Egamberdieva et al., 
952 2016).

953

954 Table 5: Comparison of Biochar Types and Their Efficiency in Probiotic and Microbial 
955 Immobilization

Feedstoc
k

Pyrolysi
s Temp.

Surfac
e Area 
(m²/g)

Key 
Function
al Groups

Microbial 
Strain

Colonizatio
n Efficiency 
(%)

Application

Hardwoo
d

550°C 320 -COOH, -
OH, 
quinones

Trichoderma 
reesei

85 Lignocellulos
e degradation

Rice husk 400°C 250 Silica, -
OCH₃

Pseudomonas 
fluorescens

75 Phosphate 
solubilization



Poultry 
manure

700°C 150 CaCO₃, 
PO₄³⁻

Bacillus 
subtilis

90 Pathogen 
suppression

Coconut 
shell

600°C 450 Graphitic 
carbon, -
C=O

Geobacter 
sulfurreducen
s

65 Electrogenic 
activity

Sewage 
sludge

300°C 80 -NH₂, -
SO₃H

Azospirillum 
brasilense

70 Nitrogen 
fixation

956

957 7. Bibliometric Analysis of Biochar-Based Microbial Systems and Biochar-Microbe 
958 Mediated Bioremediation

959        The bibliometric analysis of biochar-based microbial systems and biochar-microbe 
960 mediated bioremediation provides a comprehensive overview of the research trends, domain 
961 categorization, sustainability contributions, and collaborative networks shaping this field. By 
962 utilizing Dimensions AI and VOSviewer, the study identifies key developments, emerging 
963 research areas, and influential contributors in the domain from 2014 to 2025, while excluding 
964 conference papers, book chapters, proceedings, and preprints. The year-wise publication trend 
965 (Figures 1a and 2a) illustrates a gradual increase in research output, particularly after 2016, 
966 with a peak around 2024, followed by a slight decline in 2025. This trend reflects the growing 
967 scientific and industrial interest in biochar’s applications, primarily driven by its role in soil 
968 health enhancement, microbial interactions, and environmental sustainability. The early years 
969 (2014–2018) witnessed limited studies, indicating that biochar-microbe interactions were still 
970 emerging as a research priority. However, post-2020, there was an exponential increase, 
971 highlighting the widespread recognition of biochar’s potential in bioremediation, waste 
972 valorization, and climate change mitigation.

973                 A deeper insight into the classification of research domains (Figures 6c and 7c) 
974 reveals that a substantial number of studies fall within environmental sciences, 
975 particularly Environmental Management (4104) and Pollution & Contamination (4105), 
976 emphasizing the pivotal role of biochar in remediating contaminated environments and 
977 supporting ecological balance. Significant research also spans Soil Sciences (4106), Ecological 
978 Applications (4102), and Environmental Biotechnology (4103), reflecting biochar’s expanding 
979 utility in improving soil microbial dynamics, facilitating plant growth, and integrating with 
980 microbial consortia for pollutant degradation. The presence of research contributions 
981 in Climate Change Adaptation (4101) highlights biochar’s function in carbon sequestration, 
982 greenhouse gas reduction, and microbial-mediated climate resilience strategies. The domain 
983 analysis underscores biochar’s versatility, transitioning from traditional soil amendment 
984 practices to advanced biotechnological applications such as microbial fuel cells, wastewater 
985 treatment, and heavy metal detoxification.

986 In addition to domain-specific categorization, the study aligns the bibliometric findings with 
987 global sustainability goals, as depicted in Figures 6d and 7d. The data suggest that biochar-
988 microbe research significantly contributes to SDG 15 (Life on Land), particularly in terms of 



989 restoring degraded lands and improving microbial biodiversity. Moreover, a notable impact is 
990 observed on SDG 13 (Climate Action), where biochar enhances carbon storage while 
991 promoting beneficial microbial activity that aids in carbon cycling. The research also aligns 
992 with SDG 2 (Zero Hunger) by supporting sustainable agricultural practices through improved 
993 soil fertility and microbial symbiosis, ultimately enhancing crop yield and resilience against 
994 abiotic stress. Furthermore, biochar’s role in SDG 6 (Clean Water and Sanitation) is evident in 
995 its application for water purification and removal of organic and inorganic contaminants. 
996 Similarly, its contribution to SDG 12 (Responsible Consumption and Production) emphasizes 
997 the integration of biochar in circular economy models, waste-to-resource strategies, and low-
998 carbon technologies.

999                The co-citation network and research collaboration mapping (Figures 7b and 8b) 
1000 provide critical insights into the key authors, institutions, and research groups that have 
1001 contributed significantly to this field. The VOSviewer-based network visualization highlights 
1002 strong collaborative links between researchers from diverse disciplines, including 
1003 environmental science, microbiology, biotechnology, and material science. The co-citation 
1004 clusters indicate that biochar research has evolved into a well-structured domain with 
1005 interdisciplinary cooperation, focusing on microbial-assisted remediation, biostimulation, and 
1006 eco-friendly pollutant degradation technologies. The clustering pattern reveals an increasing 
1007 interest in utilizing biochar as a microbial carrier, facilitating bioaugmentation strategies for 
1008 enhanced degradation of persistent organic pollutants, heavy metals, and emerging 
1009 contaminants. Furthermore, the analysis suggests that biochar-microbe interactions are 
1010 increasingly being explored in tandem with machine learning and predictive modeling 
1011 approaches to optimize their remediation efficacy and environmental benefits.

1012

1013 Figure 6:  (a) Year-wise publication trend of biochar-based microbial systems from 2014 to 2025, 
1014 showing a significant rise in research output. (b) Co-citation network analysis depicting key research 
1015 collaborations, influential authors, and interdisciplinary contributions. (c) Research domain 
1016 classification highlighting major subject areas such as environmental sciences, soil sciences, and 
1017 ecological applications. (d) Alignment of research contributions with the United Nations Sustainable 



1018 Development Goals (SDGs), emphasizing climate action, sustainable agriculture, and environmental 
1019 remediation.

1020

1021

1022 Figure 7: (a) Annual research growth in biochar-microbe mediated bioremediation illustrating the 
1023 increasing scientific interest and publication trends. (b) Research collaboration mapping using 
1024 VOSviewer, showcasing inter-institutional and interdisciplinary linkages. (c) Categorization of research 
1025 domains based on Dimensions AI analysis, emphasizing environmental biotechnology, pollution 
1026 control, and microbial ecology. (d) SDG contributions of biochar-based microbial research, with a focus 
1027 on carbon sequestration, soil fertility enhancement, and water purification.

1028

1029 8. Challenges, Limitations, and Future Perspectives

1030 8.1. Challenges in Large-Scale Application of Biochar as a Probiotic Carrier

1031 Despite the promising potential of biochar as a probiotic carrier, several challenges hinder its 
1032 large-scale application in agriculture. One major issue is the variability in biochar properties 
1033 due to differences in feedstock and pyrolysis conditions, which can lead to inconsistent 
1034 microbial colonization and activity (Domene et al., 2015). For instance, biochar derived from 
1035 woody biomass may have different porosity and surface chemistry compared to manure-
1036 derived biochar, affecting its suitability for specific microbial strains (Singh et al., 2022). 
1037 Additionally, the cost of producing high-quality biochar and the energy requirements for 
1038 pyrolysis pose economic barriers, particularly for small-scale farmers in developing regions. 
1039 Scaling up production while maintaining biochar quality and microbial viability remains a 
1040 significant challenge (Zanli et al., 2022; Kochanek et al., 2022). Furthermore, the lack of 
1041 standardized protocols for biochar-microbe formulation and application complicates its 
1042 adoption in diverse agricultural systems. Addressing these challenges requires interdisciplinary 



1043 research to optimize biochar production, develop cost-effective microbial carriers, and 
1044 establish guidelines for large-scale implementation (Vijaykumar 2019; Santos et al., 2025;).

1045 8.2. Potential Risks and Ecotoxicological Concerns of Biochar-Mediated Microbial 
1046 Inoculation

1047 The application of biochar-immobilized microbes in agriculture raises potential risks and 
1048 ecotoxicological concerns that must be carefully evaluated. One concern is the unintended 
1049 release of biochar-associated microbes into non-target environments, which could disrupt 
1050 native microbial communities and ecosystem functions (Brtnicky et al., 2021). For example, 
1051 the introduction of non-native Bacillus or Pseudomonas strains may outcompete indigenous 
1052 microbes, reducing biodiversity and altering nutrient cycling processes (Mawarda 2022). 
1053 Additionally, biochar itself may carry contaminants such as heavy metals or polycyclic 
1054 aromatic hydrocarbons (PAHs), depending on the feedstock and pyrolysis conditions. These 
1055 contaminants could leach into soil and water systems, posing risks to human and environmental 
1056 health (Hu et al., 2022). Moreover, the long-term effects of biochar-microbe interactions on 
1057 soil health and plant growth are not fully understood, necessitating comprehensive 
1058 ecotoxicological assessments. To mitigate these risks, future research should focus on 
1059 developing contaminant-free biochars, assessing the ecological impacts of microbial 
1060 inoculants, and establishing regulatory frameworks for safe biochar-microbe applications.

1061 8.3. Advances in Biochar Engineering for Optimized Probiotic Retention and Release

1062 Recent advances in biochar engineering offer promising solutions to enhance probiotic 
1063 retention and release, addressing some of the limitations associated with biochar-microbe 
1064 systems (Bolan et al., 2023). Surface functionalization techniques, such as chemical oxidation 
1065 and metal oxide impregnation, can modify biochar’s surface chemistry to improve microbial 
1066 adhesion and activity (Gęca et al., 2023). For example, oxidizing biochar with hydrogen 
1067 peroxide (H₂O₂) increases the density of carboxyl groups, enhancing electrostatic interactions 
1068 with microbial cell walls. Similarly, coating biochar with biopolymers like chitosan or alginate 
1069 improves its biocompatibility and microbial retention properties (Hidayat 2024).

1070 Nano-engineered biochars, incorporating nanomaterials such as graphene oxide or iron 
1071 nanoparticles, further enhance microbial colonization and activity by providing additional 
1072 adsorption sites and redox-active surfaces (Verma et al., 2023). These engineered biochars can 
1073 also enable controlled release of microbial inoculants, ensuring sustained activity over 
1074 extended periods. For instance, biochar-alginate composites have been shown to 
1075 release Rhizobium spp. gradually, improving nodulation and nitrogen fixation in leguminous 
1076 crops (Behl et al., 2024). Future research should explore the scalability and cost-effectiveness 
1077 of these advanced biochar formulations, ensuring their practical applicability in diverse 
1078 agricultural systems.

1079 8.4. Future Research Directions and Policy Recommendations for Biochar-Integrated 
1080 Agricultural Waste Management

1081 To fully realize the potential of biochar-microbe systems in agricultural waste management, 
1082 future research should focus on several key areas. First, interdisciplinary studies are needed to 
1083 optimize biochar-microbe formulations for specific crops, soils, and environmental conditions. 
1084 This includes investigating the long-term effects of biochar-microbe interactions on soil health, 
1085 plant growth, and ecosystem resilience (Kochanek et al., 2022). Second, life cycle assessments 
1086 (LCAs) and cost-benefit analyses should be conducted to evaluate the economic feasibility and 



1087 environmental sustainability of biochar-microbe technologies (Smith 2024). These 
1088 assessments will help identify the most viable applications and inform policy decisions.

1089 Policy recommendations should prioritize the development of standardized guidelines for 
1090 biochar production, quality control, and microbial inoculation. Governments and international 
1091 organizations should also promote research and development through funding initiatives and 
1092 collaborative networks (Venkatesa et al., 2024). Additionally, educational programs and 
1093 extension services can help farmers adopt biochar-microbe technologies, ensuring their 
1094 effective implementation at the grassroots level (Saravanan et al., 2023). By addressing these 
1095 research and policy gaps, biochar-integrated agricultural waste management can contribute to 
1096 global sustainability goals, including food security, climate change mitigation, and ecosystem 
1097 restoration (Fig.7).

1098 8.5. Economic Feasibility and Unintended Consequences of Microbial-Immobilized Biochar

1099 The economic feasibility of microbial-immobilized biochar depends on factors such as 
1100 production costs, scalability, and market demand. While biochar production can be energy-
1101 intensive, its long-term benefits, including improved soil fertility, reduced fertilizer use, and 
1102 enhanced crop yields, often outweigh the initial costs (Sunish and Thazeem 2023; Afshar and 
1103 Mofatteh 2024). However, the economic viability of biochar-microbe systems varies across 
1104 regions, depending on local agricultural practices, resource availability, and policy support. For 
1105 example, in regions with abundant agricultural waste, biochar production can be integrated into 
1106 existing waste management systems, reducing costs and environmental impacts (Koul et al., 
1107 2022; Elkhlifi et al., 2023). The biological treatment of the PHE–polluted TW80 solution using 
1108 biochar showed a total cost of 342.60 € ton− 1 of sediment (Bianco et al., 2022). The treatment 
1109 involving both the PGPR consortia and biochar along with the 50% rate of synthetic fertilizer 
1110 increased the potential financial return of the wheat crop. The net return (per hectare) of this 
1111 treatment was estimated to be US$438 (Ijaz et al., 2019)

1112 Unintended consequences of microbial-immobilized biochar include potential disruptions to 
1113 soil microbial communities and nutrient cycling processes. For instance, the introduction of 
1114 non-native microbial strains may alter soil biodiversity, leading to unforeseen ecological 
1115 impacts (Abdelhamid et al., 2024; Brown et al., 2020). Additionally, the long-term 
1116 accumulation of biochar in soils may affect soil structure and water dynamics, requiring careful 
1117 monitoring and management (Sharma 2024). To address these concerns, future research should 
1118 focus on developing region-specific biochar-microbe formulations, conducting long-term field 
1119 trials, and assessing the ecological impacts of biochar applications (Schmidt et al., 2021).

1120



1121

1122 Figure 8: Biochar-microbe interactions enhance nutrient cycling, waste decomposition, and greenhouse 
1123 gas mitigation for sustainable soil management

1124

1125

1126

1127 9. Conclusion 

1128 Biochar–microbe integrated systems represent a promising, multifunctional strategy for 
1129 addressing critical challenges related to soil degradation, nutrient inefficiency, and 
1130 environmental contamination. The synergistic interactions between biochar's physicochemical 
1131 properties and microbial consortia enhance soil structure, nutrient retention, microbial 
1132 colonization, and the biodegradation of pollutants, including heavy metals and organic 
1133 compounds. Empirical evidence from controlled environments confirms their potential in 
1134 improving compost maturity, stimulating enzymatic activity, and enhancing microbial stress 
1135 tolerance. Furthermore, the application of functionalized biochars—engineered to support 
1136 specific microbial functions—demonstrates improved nutrient bioavailability and pollutant 
1137 immobilization. Collectively, these outcomes position biochar–microbe systems as an 
1138 ecologically sustainable tool for optimizing soil health, promoting microbial functionality, and 
1139 contributing to climate-resilient agriculture.



1140 10. Ethics approval and consent to participate

1141 This study does not involve human participants, animals, or any clinical trials; hence, ethical 
1142 approval and consent to participate are not applicable.

1143 11. Consent for publication

1144 All authors have reviewed and approved the final manuscript for submission and consent to its 
1145 publication.

1146 12. Availability of data and materials

1147 The data supporting this review are derived from publicly available sources, and no primary 
1148 datasets were generated or analysed during the study and any other data required to journal 
1149 made available on request.

1150 13. Conflict of interest 

1151 The authors confirm that they have no known interpersonal or financial conflicts that would 
1152 have appeared to have an impact on the research presented in this study.

1153 14. Funding Agreement

1154 This manuscript was fully supported by Manipal University Jaipur, which has provided 
1155 complete funding and access as per the established agreement.

1156 15. Authors' contributions

1157 AD and RC write the original draft. AD collect data and analysis. RJ supervision resources and 
1158 validation.

1159 16. Acknowledgment

1160 The authors would like to express their gratitude for the financial assistance provided by the 
1161 DST-FIST(DST/2022/1012) and DST PURSE Project to Manipal University Jaipur from the 
1162 Government of India. Dr. Ram Das Pai Fellowship awarded by Manipal University Jaipur is 
1163 highly acknowledged.

1164 17. Data Availability Statement 

1165 All relevant data supporting the findings of this study are included within the manuscript. 
1166 Additional information can be obtained upon reasonable request from the corresponding 
1167 author.

1168

1169 18. References

1170   Abdelhamid MA, Khalifa HO, Yoon HJ, Ki MR, Pack SP. Microbial Immobilized Enzyme 
1171 Biocatalysts for Multipollutant Mitigation: Harnessing Nature’s Toolkit for Environmental 
1172 Sustainability. International Journal of Molecular Sciences. 2024 Aug 7;25(16):8616.



1173 Abdoli S, Asgari Lajayer B, Bagheri Novair S, Price GW. Unlocking the Potential of 
1174 Biosurfactants in Agriculture: Novel Applications and Future Directions. Sustainability. 
1175 2025 Feb 28;17(5):2110.

1176 Abou El Seoud II, El Adly R, Abd El Fattah H, Fedalah W, Thabet Y. Vermicompost and 
1177 biochar effects on the mycorrhizal symbiosis and soil microbial community associated with 
1178 guava seedlings. Alexandria Journal of Soil and Water Sciences. 2022 Jan 1;6(1):15-35.

1179 Adamu, H., Bello, U., IbrahimTafida, U., Garba, Z.N., Galadima, A., Lawan, M.M., Abba, S.I. 
1180 and Qamar, M., 2024. Harnessing bio and (Photo) catalysts for microplastics degradation and 
1181 remediation in soil environment. Journal of Environmental Management, 370, p.122543.

1182 Adetunji CO, Ahamed MI, Altalhi T, editors. Bioaugmentation Techniques and Applications 
1183 in Remediation. CRC Press; 2022 Jun 29.

1184 Afshar M, Mofatteh S. Biochar for a sustainable future: Environmentally friendly production 
1185 and diverse applications. Results in Engineering. 2024 Jun 18:102433.

1186 Ahmad S, Abbas S, Khalid N, Ali A, Ahmed I. Application of Bioplastics in Agro-Based 
1187 Industries and Bioremediation. Bioplastics for Sustainable Development. 2021:661-701.

1188 Aiduang W, Jatuwong K, Kiatsiriroat T, Kamopas W, Tiyayon P, Jawana R, Xayyavong O, 
1189 Lumyong S. Spent Mushroom Substrate-Derived Biochar and Its Applications in Modern 
1190 Agricultural Systems: An Extensive Overview. Life. 2025 Feb 18;15(2):317.

1191 Ajeng AA, Abdullah R, Ling TC. Biochar-Bacillus consortium for a sustainable agriculture: 
1192 physicochemical and soil stability analyses. Biochar. 2023 Mar 24;5(1):17.

1193 Akoijam N, Joshi SR. Genome Editing and Genetically Engineered Bacteria for 
1194 Bioremediation of Heavy Metals. InGenome Editing in Bacteria (Part 2) 2024 Apr 24 (pp. 
1195 184-221). Bentham Science Publishers.

1196 Akpinar D, Tian J, Shepherd E, Imhoff PT. Impact of wood-derived biochar on the hydrologic 
1197 performance of bioretention media: Effects on aggregation, root growth, and water 
1198 retention. Journal of Environmental Management. 2023 Aug 1;339:117864.

1199 Al-Shamma S, Backhouse D, Cowie A, Wilson SC. Mycorrhiza and Biochar for Remediation 
1200 and Plant Production in Soils Polluted with Arsenic. 2017

1201 Al-Suhaibani N, Selim M, Alderfasi A, El-Hendawy S. Comparative performance of integrated 
1202 nutrient management between composted agricultural wastes, chemical fertilizers, and 
1203 biofertilizers in improving soil quantitative and qualitative properties and crop yields under 
1204 arid conditions. Agronomy. 2020 Oct 3;10(10):1503.

1205 Ali A, Elrys AS, Liu L, Xia Q, Wang B, Li Y, Dan X, Iqbal M, Zhao J, Huang X, Cai Z. 
1206 Deciphering the synergies of reductive soil disinfestation combined with biochar and 
1207 antagonistic microbial inoculation in cucumber fusarium wilt suppression through 
1208 rhizosphere microbiota structure. Microbial ecology. 2023 Apr;85(3):980-97.

1209   Allah, M.A.A.H., Ibrahim, H.K. and Alshamsi, H.A., 2025. Enhanced adsorption, anticancer 
1210 and antibacterial potentials of Pontederia crassipes L. extract mediated ecofriendly synthesized 
1211 ZnO/biochar nanohybrid. Inorganic Chemistry Communications, 171, p.113538.



1212 Alves, A.R., Yin, Q., Oliveira, R.S., Silva, E.F. and Novo, L.A., 2022. Plant growth-promoting 
1213 bacteria in phytoremediation of metal-polluted soils: Current knowledge and future 
1214 directions. Science of the Total Environment, 838, p.156435.

1215 Amesalu F, Hunduma S, Kebede G. Biochar application effects on physical, chemical and 
1216 biological properties of soil in tropical environments. Amerian-Eurasian J Agron. 
1217 2020;13(3):53-69.

1218 An N, Zhang L, Liu Y, Shen S, Li N, Wu Z, Yang J, Han W, Han X. Biochar application with 
1219 reduced chemical fertilizers improves soil pore structure and rice productivity. 
1220 Chemosphere. 2022 Jul 1;298:134304.

1221 Ankati S, Podile AR. Understanding plant-beneficial microbe interactions for sustainable 
1222 agriculture.

1223 Ansabayeva A, Makhambetov M, Rebouh NY, Abdelkader M, Saudy HS, Hassan KM, Nasser 
1224 MA, Ali MA, Ebrahim M. Plant Growth-Promoting Microbes for Resilient Farming 
1225 Systems: Mitigating Environmental Stressors and Boosting Crops Productivity—A 
1226 Review. Horticulturae. 2025 Feb 28;11(3):260.

1227 Antonangelo JA, Sun X, Eufrade-Junior HD. Biochar impact on soil health and tree-based 
1228 crops: a review. Biochar. 2025 Mar 11;7(1):51.

1229 Armanu EG, Volf IR. Natural carriers for bacterial immobilization used in bioremediation. 
1230 Universitatea Tehnică “Gheorghe Asachi” din Iaşi. Iasi. 2022:109-22.

1231 Arshad U. Biochar Application: A Sustainable Approach for Mitigating Biotic and Abiotic 
1232 Stresses in Plants. 2024

1233 Aryal M. Phytoremediation strategies for mitigating environmental toxicants. Heliyon. 2024 
1234 Oct 15;10(19).

1235 Asif M, Haider MS, Akhter A. Impact of Biochar on Fusarium wilt of cotton and the dynamics 
1236 of soil microbial community. Sustainability. 2023 Aug 28;15(17):12936.

1237 Assil Z, Esegbue O, Mašek O, Gutierrez T, Free A. Specific enrichment of hydrocarbonclastic 
1238 bacteria from diesel-amended soil on biochar particles. Science of the Total Environment. 
1239 2021 Mar 25;762:143084.

1240 Atmakuri A, Yadav B, Tiwari B, Drogui P, Tyagi RD, Wong JW. Nature’s architects: A 
1241 comprehensive review of extracellular polymeric substances and their diverse applications. 
1242 Waste Disposal & Sustainable Energy. 2024 Dec;6(4):529-51.

1243 Azizoglu U, Argentel‐Martínez L, Peñuelas‐Rubio O, Herrera‐Sepúlveda A, Ibal JC, Sharafi 
1244 R, Salehi Jouzani G, Ortiz A, Vaca J, Sansinenea E. Natural Products Produced by the 
1245 Species of Bacillus cereus Group: Recent Updates. Journal of Basic Microbiology. 2025 
1246 Mar;65(3):e2400666.

1247 Babatunde S. Evaluating the Impact of Continuous Cover Cropping and Kernza on Nitrate and 
1248 Orthophosphate Retention in Corn-Soybean Rotations: Implications for Drain Water 
1249 Quality and Environmental Sustainability (Doctoral dissertation, Western Illinois 
1250 University).



1251 Bardhan P, Gupta K, Kishor S, Chattopadhyay P, Chaliha C, Kalita E, Goud VV, Mandal M. 
1252 Oleaginous yeasts isolated from traditional fermented foods and beverages of Manipur and 
1253 Mizoram, India, as a potent source of microbial lipids for biodiesel production. Annals of 
1254 microbiology. 2020 Dec;70:1-4.

1255 Behl K, Jaiswal P, Pabbi S. Recent advances in microbial and nano-formulations for effective 
1256 delivery and agriculture sustainability. Biocatalysis and Agricultural Biotechnology. 2024 
1257 Apr 18:103180.

1258 Berhanu, A., Mutanda, I., Taolin, J., Qaria, M.A., Yang, B. and Zhu, D., 2023. A review of 
1259 microbial degradation of per-and polyfluoroalkyl substances (PFAS): Biotransformation routes 
1260 and enzymes. Science of the Total Environment, 859, p.160010.

1261 Bhattacharyya, S.S. and Furtak, K., 2022. Soil–Plant–Microbe interactions determine soil 
1262 biological fertility by altering rhizospheric nutrient cycling and biocrust 
1263 formation. Sustainability, 15(1), p.625.

1264 Bhunia S, Bhowmik A, Mallick R, Mukherjee J. Agronomic efficiency of animal-derived 
1265 organic fertilizers and their effects on biology and fertility of soil: A review. Agronomy. 
1266 2021 Apr 22;11(5):823.

1267 Blenis N, Hue N, Maaz TM, Kantar M. Biochar production, modification, and its uses in soil 
1268 remediation: A review. Sustainability. 2023 Feb 13;15(4):3442.

1269 Bolan N, Hoang SA, Beiyuan J, Gupta S, Hou D, Karakoti A, Joseph S, Jung S, Kim KH, 
1270 Kirkham MB, Kua HW. Multifunctional applications of biochar beyond carbon storage. 
1271 International Materials Reviews. 2022 Feb;67(2):150-200.

1272 Bolan S, Hou D, Wang L, Hale L, Egamberdieva D, Tammeorg P, Li R, Wang B, Xu J, Wang 
1273 T, Sun H. The potential of biochar as a microbial carrier for agricultural and environmental 
1274 applications. Science of the Total Environment. 2023 Aug 15;886:163968. 

1275 Bonanomi G, Zotti M, Abd-ElGawad AM, Iacomino G, Nappi A, Grauso L, Idbella M. Plant-
1276 growth promotion by biochar-organic amendments mixtures explained by selective 
1277 chemicals adsorption of inhibitory compounds. Journal of Environmental Chemical 
1278 Engineering. 2023 Feb 1;11(1):109009.

1279 Brick MB, Hussein MH, Mowafy AM, Hamouda RA, Ayyad AM, Refaay DA. Significance 
1280 of siderophore-producing cyanobacteria on enhancing iron uptake potentiality of maize 
1281 plants grown under iron-deficiency. Microbial Cell Factories. 2025 Jan 4;24(1):3.

1282 Brown G, Cooper M, Kobayashi M, Orgiazzi A, Domínguez A, Dias Turetta AP, Franco A, 
1283 Zaitsev A, Winding A, Foereid B, Singh B. Threats to soil biodiversity-global and regional 
1284 trends. 2020

1285 Brtnicky M, Datta R, Holatko J, Bielska L, Gusiatin ZM, Kucerik J, Hammerschmiedt T, 
1286 Danish S, Radziemska M, Mravcova L, Fahad S. A critical review of the possible adverse 
1287 effects of biochar in the soil environment. Science of the Total Environment. 2021 Nov 
1288 20;796:148756.

1289 Chakraborty T, Akhtar N. Biofertilizers: Characteristic features and applications. 
1290 Biofertilizers: Study and Impact. 2021 Jul 20:429-89.



1291 Charlet L, Chapron Y, Faller P, Kirsch R, Stone AT, Baveye PC. Neurodegenerative diseases 
1292 and exposure to the environmental metals Mn, Pb, and Hg. Coordination Chemistry 
1293 Reviews. 2012 Oct 1;256(19-20):2147-63.

1294 Chaudhary P, Xu M, Ahamad L, Chaudhary A, Kumar G, Adeleke BS, Verma KK, Hu DM, 
1295 Širić I, Kumar P, Popescu SM. Application of synthetic consortia for improvement of soil 
1296 fertility, pollution remediation, and agricultural productivity: a review. Agronomy. 2023 
1297 Feb 23;13(3):643.

1298 Chen W, Wu Z, Liu C, Zhang Z, Liu X. Biochar combined with Bacillus subtilis SL-44 as an 
1299 eco-friendly strategy to improve soil fertility, reduce Fusarium wilt, and promote radish 
1300 growth. Ecotoxicology and Environmental Safety. 2023 Feb 1;251:114509.

1301 Cheng Y, Huang M, Shen X, Jiang C. Enhanced cornstalk decomposition by a psychrotrophic 
1302 bacterial consortium comprising cellulose, hemicellulose, and lignin degraders with 
1303 biochar as a carrier for carbon neutrality. Bioresource technology. 2022 Jan 1;344:126259.

1304 Cheng Y, Narayanan M, Shi X, Chen X, Li Z, Ma Y. Phosphate-solubilizing bacteria: Their 
1305 agroecological function and optimistic application for enhancing agro-productivity. 
1306 Science of The Total Environment. 2023 Nov 25;901:166468.

1307 Chin JF, Heng ZW, Teoh HC, Chong WC, Pang YL. Recent development of magnetic biochar 
1308 crosslinked chitosan on heavy metal removal from wastewater–modification, application 
1309 and mechanism. Chemosphere. 2022 Mar 1;291:133035.

1310 Chowdhury MS, Sani MN, Siddique AB, Hossain MS, Yong JW. Synergistic effects of biochar 
1311 and potassium co-application on growth, physiological attributes, and antioxidant defense 
1312 mechanisms of wheat under water deficit conditions. Plant Stress. 2024 Jun 1;12:100452.

1313 Crowther TW, Rappuoli R, Corinaldesi C, Danovaro R, Donohue TJ, Huisman J, Stein LY, 
1314 Timmis JK, Timmis K, Anderson MZ, Bakken LR. Scientists’ call to action: Microbes, 
1315 planetary health, and the Sustainable Development Goals. Cell. 2024 Sep 19;187(19):5195-
1316 216.

1317 de Figueiredo, C.C., Melo, L.C.A., Silva, C.A., Fachini, J., da Silva Carneiro, J.S., de Morais, 
1318 E.G., Ndoung, O.C.N., Singh, S.V. and Nandipamu, T.M.K., 2024. Nutrient enriched and co-
1319 composted biochar: system productivity and environmental sustainability. In Biochar 
1320 Production for Green Economy (pp. 311-331). Academic Press.

1321 de Oliveira AC, Aguilar-Galvez A, Campos D, Rogez H. Absorption of polycyclic aromatic 
1322 hydrocarbons onto depolymerized lignocellulosic wastes by Streptomyces viridosporus 
1323 T7A. Biotechnology Research and Innovation. 2019 Jan 1;3(1):131-43.

1324 Ding C, Ding Z, Liu Q, Liu W, Chai L. Advances in mechanism for the microbial 
1325 transformation of heavy metals: implications for bioremediation strategies. Chemical 
1326 Communications. 2024;60(85):12315-32.

1327 Ding Y, Liu Y, Liu S, Li Z, Tan X, Huang X, Zeng G, Zhou L, Zheng B. Biochar to improve 
1328 soil fertility. A review. Agronomy for sustainable development. 2016 Jun;36:1-8.



1329 Domene X, Enders A, Hanley K, Lehmann J. Ecotoxicological characterization of biochars: 
1330 role of feedstock and pyrolysis temperature. Science of the Total Environment. 2015 Apr 
1331 15;512:552-61.

1332 Drufva E (2018). Development of Protein Display Systems and Genetic Tools for Spore-
1333 Forming Bacteria (Doctoral dissertation, University of New Hampshire).

1334 Du L, Liu W. Occurrence, fate, and ecotoxicity of antibiotics in agro-ecosystems. A review. 
1335 Agronomy for sustainable development. 2012 Apr;32:309-27.

1336 Dutta P, Muthukrishnan G, Gopalasubramaiam SK, Dharmaraj R, Karuppaiah A, Loganathan 
1337 K, Periyasamy K, Pillai MA, Upamanya G, Boruah S, Deb L. Plant growth-promoting 
1338 rhizobacteria (PGPR) and its mechanisms against plant diseases for sustainable agriculture 
1339 and better productivity. Biocell. 2022 Aug 1;46(8):1843-59.

1340 Dzvene AR, Chiduza C. Application of Biofertilizers for Enhancing Beneficial Microbiomes 
1341 in Push–Pull Cropping Systems: A Review. Bacteria. 2024 Sep 25;3(4):271-86.

1342 Egamberdieva D, Ma H, Alimov J, Reckling M, Wirth S, Bellingrath-Kimura SD. Response of 
1343 soybean to hydrochar-based rhizobium inoculation in loamy sandy soil. Microorganisms. 
1344 2020 Oct 28;8(11):1674.

1345 Egamberdieva D, Wirth S, Behrendt U, Abd_Allah EF, Berg G. Biochar treatment resulted in 
1346 a combined effect on soybean growth promotion and a shift in plant growth promoting 
1347 rhizobacteria. Frontiers in microbiology. 2016 Feb 25;7:209.

1348 Eheneden I, Wang R, Zhao J. Antibiotic removal by microalgae-bacteria consortium: 
1349 Metabolic pathways and microbial responses. Science of The Total Environment. 2023 Sep 
1350 15;891:164489.

1351 El-Sayed MH, Kobisi AE, Elsehemy IA, El-Sakhawy MA. Rhizospheric-derived Nocardiopsis 
1352 alba BH35 as an effective biocontrol agent actinobacterium with antifungal and plant 
1353 growth-promoting effects: in vitro studies. Journal of Microbiology and Biotechnology. 
1354 2023 Feb 16;33(5):607.

1355 Elebiyo GM, Bachmann RT. Effect of Biochar Type and Bradyrhizobium japonicum Seed 
1356 Inoculation on Soybean Growth, Nodulation and Yield in a Tropical Ferric Acrisol. 
1357 Agricultural Sciences. 2024 Jun 20;15(6):635-75.

1358 Elkhlifi Z, Iftikhar J, Sarraf M, Ali B, Saleem MH, Ibranshahib I, Bispo MD, Meili L, Ercisli 
1359 S, Torun Kayabasi E, Alemzadeh Ansari N. Potential role of biochar on capturing soil 
1360 nutrients, carbon sequestration and managing environmental challenges: a review. 
1361 Sustainability. 2023 Jan 31;15(3):2527.

1362 Emmanuel SA, Yoo J, Kim EJ, Chang JS, Park YI, Koh SC. Development of functional 
1363 composts using spent coffee grounds, poultry manure and biochar through microbial 
1364 bioaugmentation. Journal of Environmental Science and Health, Part B. 2017 Nov 
1365 2;52(11):802-11.

1366 Enebe MC. Metagenomic analysis of agricultural soils under organic and inorganic 
1367 fertilization (Doctoral dissertation, North-West University (South Africa).



1368 Eras-Muñoz E, Farré A, Sánchez A, Font X, Gea T. Microbial biosurfactants: a review of recent 
1369 environmental applications. Bioengineered. 2022 May 2;13(5):12365-91.

1370 Fakayode, O.A., Wahia, H., Zhang, L., Zhou, C. and Ma, H., 2023. State-of-the-art co-pyrolysis 
1371 of lignocellulosic and macroalgae biomass feedstocks for improved bio-oil production-A 
1372 review. Fuel, 332, p.126071.

1373 Freddo A.  Biochar: for better or for worse? (Doctoral dissertation, University of East Anglia). 
1374 2013

1375 Gan J, Iqbal HM, Show PL, Rahdar A, Bilal M. Upgrading recalcitrant lignocellulosic biomass 
1376 hydrolysis by immobilized cellulolytic enzyme–based nanobiocatalytic systems: a review. 
1377 Biomass Conversion and Biorefinery. 2024 Feb;14(4):4485-509.

1378 Gao N, Du W, Zhang M, Ling G, Zhang P. Chitosan-modified biochar: Preparation, 
1379 modifications, mechanisms and applications. International Journal of Biological 
1380 Macromolecules. 2022 Jun 1;209:31-49.

1381 Gao Y, Zheng Z, Cheng X, Zhang Y, Liu X, Hu Y, Cai Y, Wang X. An innovative way to treat 
1382 cash crop wastes: the fermentation characteristics and functional microbial community 
1383 using different substrates to produce agricultural Jiaosu. Environmental Research. 2023 Jun 
1384 15;227:115727.

1385 Ge, J., Li, D., Ding, J., Xiao, X. and Liang, Y., 2023. Microbial coexistence in the rhizosphere 
1386 and the promotion of plant stress resistance: a review. Environmental Research, 222, 
1387 p.115298.

1388 Gęca M, Khalil AM, Tang M, Bhakta AK, Snoussi Y, Nowicki P, Wiśniewska M, Chehimi 
1389 MM. Surface treatment of biochar—methods, surface analysis and potential applications: 
1390 a comprehensive review. Surfaces. 2023 Jun 2;6(2):179-213.

1391 Ghani MI, Ahanger MA, Sial TA, Haider S, Siddique JA, Fan R, Liu Y, Ali EF, Kumar M, 
1392 Yang X, Rinklebe J. Almond shell-derived biochar decreased toxic metals bioavailability 
1393 and uptake by tomato and enhanced the antioxidant system and microbial community. 
1394 Science of The Total Environment. 2024 Jun 15;929:172632.

1395 Ghorbani M, Amirahmadi E. Insights into soil and biochar variations and their contribution to 
1396 soil aggregate status–A meta-analysis. Soil and Tillage Research. 2024 Dec 1;244:106282.

1397 Giagnoni L, Renella G. Effects of biochar on the C use efficiency of soil microbial 
1398 communities: components and mechanisms. Environments. 2022 Nov 4;9(11):138.

1399 Gomiero T. Soil degradation, land scarcity and food security: Reviewing a complex challenge. 
1400 Sustainability. 2016 Mar 18;8(3):281.

1401 Gonçalves MG, da Silva Veiga PA, Fornari MR, Peralta-Zamora P, Mangrich AS, Silvestri S. 
1402 Relationship of the physicochemical properties of novel ZnO/biochar composites to their 
1403 efficiencies in the degradation of sulfamethoxazole and methyl orange. Science of the Total 
1404 Environment. 2020 Dec 15;748:141381.



1405 Gong X, Zou L, Wang L, Zhang B, Jiang J. Biochar improves compost humification, maturity 
1406 and mitigates nitrogen loss during the vermicomposting of cattle manure-maize straw. 
1407 Journal of Environmental Management. 2023 Jan 1;325:116432.

1408 Gong Z, Liu L, Chou Z, Deng S, Tang J, Xiang W, Chen X, Li Y. Efficient cadmium-resistant 
1409 plant growth-promoting bacteria loaded on pig bone biochar has higher efficiency in 
1410 reducing cadmium phytoavailability and improving maize performance than on rice husk 
1411 biochar. Journal of Hazardous Materials. 2024 Nov 5;479:135609.

1412 Gong, Y.Z., Niu, Q.Y., Liu, Y.G., Dong, J. and Xia, M.M., 2022. Development of multifarious 
1413 carrier materials and impact conditions of immobilised microbial technology for 
1414 environmental remediation: A review. Environmental Pollution, 314, p.120232.

1415 Gorovtsov AV, Minkina TM, Mandzhieva SS, Perelomov LV, Soja G, Zamulina IV, Rajput 
1416 VD, Sushkova SN, Mohan D, Yao J. The mechanisms of biochar interactions with 
1417 microorganisms in soil. Environmental Geochemistry and Health. 2020 Aug;42:2495-518.

1418 Gul S, Whalen JK, Thomas BW, Sachdeva V, Deng H. Physico-chemical properties and 
1419 microbial responses in biochar-amended soils: mechanisms and future directions. 
1420 Agriculture, ecosystems & environment. 2015 Aug 1;206:46-59.

1421 Gupta AP, Upadhyay P, Sen T, Dutta J. Agricultural waste as a resource: the lesser travelled 
1422 road to sustainability. Agriculture waste management and bioresource: The circular 
1423 economy perspective. 2023 Jan 20:1-20.

1424 Hakim S, Naqqash T, Nawaz MS, Laraib I, Siddique MJ, Zia R, Mirza MS, Imran A. 
1425 Rhizosphere engineering with plant growth-promoting microorganisms for agriculture and 
1426 ecological sustainability. Frontiers in Sustainable Food Systems. 2021 Feb 15;5:617157.

1427 Hamilton MM. Effects of a low soil biochar application rate on nutrient dynamics in a coarse 
1428 textured agricultural soil (Doctoral dissertation, University of British Columbia). 2024

1429 Haque AN, Uddin MK, Sulaiman MF, Amin AM, Hossain M, Solaiman ZM, Mosharrof M. 
1430 Biochar with alternate wetting and drying irrigation: A potential technique for paddy soil 
1431 management. Agriculture. 2021 Apr 19;11(4):367.

1432 Hardy K. Examining biochar as a carrier for Rhizobium spp. on pea crop (Doctoral 
1433 dissertation, University of Saskatchewan).

1434 Harindintwali JD, Zhou J, Yu X. Lignocellulosic crop residue composting by cellulolytic 
1435 nitrogen-fixing bacteria: a novel tool for environmental sustainability. Science of the total 
1436 environment. 2020 May 1;715:136912.

1437 Hartmann M, Six J. Soil structure and microbiome functions in agroecosystems. Nature 
1438 Reviews Earth & Environment. 2023 Jan;4(1):4-18.

1439 Hidayat E. Polymer and biochar composite engineering and its application. 2024

1440 Hoang AT, Goldfarb JL, Foley AM, Lichtfouse E, Kumar M, Xiao L, Ahmed SF, Said Z, 
1441 Luque R, Bui VG, Nguyen XP. Production of biochar from crop residues and its application 
1442 for anaerobic digestion. Bioresource Technology. 2022 Nov 1;363:127970.



1443 Hossain MZ, Bahar MM, Sarkar B, Donne SW, Ok YS, Palansooriya KN, Kirkham MB, 
1444 Chowdhury S, Bolan N. Biochar and its importance on nutrient dynamics in soil and plant. 
1445 Biochar. 2020 Dec;2:379-420.

1446 Hou R, Zhang J, Fu Q, Li T, Gao S, Wang R, Zhao S, Zhu B. The boom era of emerging 
1447 contaminants: A review of remediating agricultural soils by biochar. Science of The Total 
1448 Environment. 2024 Apr 30:172899.

1449 Hou, J., Pugazhendhi, A., Phuong, T.N., Thanh, N.C., Brindhadevi, K., Velu, G., Chi, N.T.L. 
1450 and Yuan, D., 2022. Plant resistance to disease: Using biochar to inhibit harmful microbes 
1451 and absorb nutrients. Environmental Research, 214, p.113883.

1452 Hu W, Gao W, Tang Y, Zhang Q, Tu C, Cheng J. Remediation via biochar and potential health 
1453 risk of heavy metal contaminated soils. Environmental Earth Sciences. 2022 
1454 Oct;81(20):482.

1455 Huang J, Tan X, Ali I, Duan Z, Naz I, Cao J, Ruan Y, Wang Y. More effective application of 
1456 biochar-based immobilization technology in the environment: Understanding the role of 
1457 biochar. Science of the Total Environment. 2023 May 10;872:162021.

1458 Hussain, I., Aleti, G., Naidu, R., Puschenreiter, M., Mahmood, Q., Rahman, M. M., ... & 
1459 Reichenauer, T. G. (2018). Microbe and plant assisted-remediation of organic xenobiotics 
1460 and its enhancement by genetically modified organisms and recombinant technology: a 
1461 review. Science of the total environment, 628, 1582-1599.

1462 Iacomino G, Idbella M, Laudonia S, Vinale F, Bonanomi G. The suppressive effects of biochar 
1463 on above-and belowground plant pathogens and pests: A review. Plants. 2022 Nov 
1464 17;11(22):3144.

1465 Iftikhar A, Farooq R, Akhtar M, Khalid H, Hussain N, Ali Q, Malook SU, Ali D. Ecological 
1466 and sustainable implications of phosphorous-solubilizing microorganisms in soil. Discover 
1467 Applied Sciences. 2024 Jan 26;6(2):33.

1468 Ijaz, M., Tahir, M., Shahid, M., Ul-Allah, S., Sattar, A., Sher, A., Mahmood, K. and Hussain, 
1469 M., 2019. Combined application of biochar and PGPR consortia for sustainable production 
1470 of wheat under semiarid conditions with a reduced dose of synthetic fertilizer. Brazilian 
1471 Journal of Microbiology, 50, pp.449-458.

1472 Imran. Integration of organic, inorganic and bio fertilizer, improve maize-wheat system 
1473 productivity and soil nutrients. Journal of Plant Nutrition. 2024 Sep 13;47(15):2494-510.

1474 Jaafar NM. Biochar as a habitat for arbuscular mycorrhizal fungi. InMycorrhizal fungi: use in 
1475 sustainable agriculture and land restoration 2014 Nov 23 (pp. 297-311). Berlin, Heidelberg: 
1476 Springer Berlin Heidelberg.

1477 Ji H, Kyndt T, He W, Vanholme B, Gheysen G. β-Aminobutyric acid–induced resistance 
1478 against root-knot nematodes in rice is based on increased basal defense. Molecular Plant-
1479 Microbe Interactions. 2015 May 26;28(5):519-33.

1480 Ji M. Integrated metagenomic model insight towards understanding the effects of biochar on 
1481 microplastics degradation in flooded soil. 2024



1482 Joseph PJ. Management of rhizome rot and root-knot of ginger (Zingiber officinale R.) using 
1483 VA mycorrhizal fungi and antigonists (Doctoral dissertation, Department of Plant 
1484 Pathology, College of Agriculture, Vellayani). 1997

1485 Kamal SZ, Koyama M, Syukri F, Toda T, Tran QN, Nakasaki K. Effect of enzymatic pre-
1486 treatment on thermophilic composting of shrimp pond sludge to improve ammonia 
1487 recovery. Environmental Research. 2022 Mar 1;204:112299.

1488 Kannan P, Krishnaveni D, Ponmani S. Biochars and its implications on soil health and crop 
1489 productivity in semi-arid environment. Biochar Applications in Agriculture and 
1490 Environment Management. 2020:99-122.

1491 Khan A, Singh AV, Gautam SS, Agarwal A, Punetha A, Upadhayay VK, Kukreti B, Bundela 
1492 V, Jugran AK, Goel R. Microbial bioformulation: a microbial assisted biostimulating 
1493 fertilization technique for sustainable agriculture. Frontiers in Plant Science. 2023 Dec 
1494 12;14:1270039.

1495 Khandelwal A, Chhabra M, Lens PN. Integration of third generation biofuels with bio-
1496 electrochemical systems: Current status and future perspective. Frontiers in Plant Science. 
1497 2023 Feb 10;14:1081108.

1498 Kirby R. Actinomycetes and lignin degradation. Advances in applied microbiology. 2005 Jan 
1499 1;58:125-68.

1500 Kiruba N JM, Saeid A. An insight into microbial inoculants for bioconversion of waste biomass 
1501 into sustainable “bio-organic” fertilizers: a bibliometric analysis and systematic literature 
1502 review. International journal of molecular sciences. 2022 Oct 27;23(21):13049.

1503 Kochanek J, Soo RM, Martinez C, Dakuidreketi A, Mudge AM. Biochar for intensification of 
1504 plant-related industries to meet productivity, sustainability and economic goals: A review. 
1505 Resources, Conservation and Recycling. 2022 Apr 1;179:106109.

1506 Koinange MK. Influence of biochar amendment on the effectiveness of elite Kenyan rhizobia 
1507 nodulating common bean (Phaseolus vulgaris L.) (Doctoral dissertation, University of 
1508 Nairobi). 2015

1509 Kontro JH, Nousiainen PA, Kähkönen MA, Mikkilä JA, Mäkelä MR, Hilden SK, Sipilä AJ. 
1510 Exploring laccase mediator systems with acidic recombinant enzymes from Obba rivulosa. 
1511 InSymposium of Biotechnology Applied to Lignocelluloses 2018.

1512 Koul B, Yakoob M, Shah MP. Agricultural waste management strategies for environmental 
1513 sustainability. Environmental Research. 2022 Apr 15;206:112285.

1514 Koul, B., Bhat, N., Abubakar, M., Mishra, M., Arukha, A.P. and Yadav, D., 2022. Application 
1515 of natural coagulants in water treatment: a sustainable alternative to chemicals. Water, 14(22), 
1516 p.3751.

1517 Krishna B, Kumar R, Hans H, Kumar A, Suryakant TN, Janeja HS, Singh B, Kamat DN. 
1518 Bioengineering of rhizobiome toward sustainable agricultural production. InRhizobiome 
1519 2023 Jan 1 (pp. 233-266). Academic Press.



1520 Kumar A, Usmani Z, Kumar V. Biochar and flyash inoculated with plant growth promoting 
1521 rhizobacteria act as potential biofertilizer for luxuriant growth and yield of tomato plant. 
1522 Journal of environmental management. 2017 Apr 1;190:20-7.

1523 Kumar H, Bhardwaj K, Sharma R, Nepovimova E, Kuča K, Dhanjal DS, Verma R, Bhardwaj 
1524 P, Sharma S, Kumar D. Fruit and vegetable peels: utilization of high value horticultural 
1525 waste in novel industrial applications. Molecules. 2020 Jun 18;25(12):2812.

1526 Kumar P, Singh S, Pranaw K, Kumar S, Singh B, Poria V. Bioinoculants as mitigators of 
1527 multiple stresses: a ray of hope for agriculture in the darkness of climate change. Heliyon. 
1528 2022 Nov 1;8(11).

1529 Kumar SS, Kadier A, Malyan SK, Ahmad A, Bishnoi NR. Phytoremediation and 
1530 rhizoremediation: uptake, mobilization and sequestration of heavy metals by plants. Plant-
1531 microbe interactions in agro-ecological perspectives: volume 2: microbial interactions and 
1532 agro-ecological impacts. 2017:367-94.

1533 Kumar T, Ansari SA, Sawarkar R, Agashe A, Singh L, Nidheesh PV. Bamboo biochar: a 
1534 multifunctional material for environmental sustainability. Biomass Conversion and 
1535 Biorefinery. 2025 Feb 11:1-25.

1536 Kumneadklang S. Development of bioethanol production process from oil palm trunk with 
1537 ethanol membrane separation (Doctoral dissertation, Thaksin University). 2019

1538 Lebrazi and Benbrahim. Environmental stress conditions affecting the N2 fixing Rhizobium-
1539 legume symbiosis and adaptation mechanisms. African Journal of Microbiology Research. 
1540 2014 Dec 31;8(53):4053-61.

1541 Lee JT, Dutta N, Zhang L, Tsui TT, Lim S, Tio ZK, Lim EY, Sun J, Zhang J, Wang CH, Ok 
1542 YS. Bioaugmentation of Methanosarcina thermophila grown on biochar particles during 
1543 semi-continuous thermophilic food waste anaerobic digestion under two different 
1544 bioaugmentation regimes. Bioresource technology. 2022 Sep 1;360:127590.

1545 Li T, He Y, Wang J, Xiang H, Xu X, Li C, Wu Z. Bioreduction of hexavalent chromium via 
1546 Bacillus subtilis SL-44 enhanced by humic acid: An effective strategy for detoxification 
1547 and immobilization of chromium. Science of The Total Environment. 2023 Aug 
1548 25;888:164246.

1549 Li X, Che W, Piao J, Song Y, Wang X, Zhang Y, Miao S, Wang H, Xie L, Sun J, Jin F. Biochar 
1550 Increases Rice Yield in Soda Saline-Alkali Paddy Fields by Improving Saline-Alkali Stress 
1551 and Phosphorus Use Efficiency. Agronomy. 2024 Sep 21;14(9):2159.

1552 Li, Y., Zimmerman, A.R., He, F., Chen, J., Han, L., Chen, H., Hu, X. and Gao, B., 2020. 
1553 Solvent-free synthesis of magnetic biochar and activated carbon through ball-mill extrusion 
1554 with Fe3O4 nanoparticles for enhancing adsorption of methylene blue. Science of The Total 
1555 Environment, 722, p.137972.

1556 Liang, Y., Ma, A. and Zhuang, G., 2022. Construction of environmental synthetic microbial 
1557 consortia: based on engineering and ecological principles. Frontiers in Microbiology, 13, 
1558 p.829717.



1559 Liu H, Awasthi MK, Zhang Z, Syed A, Bahkali AH, Sindhu R, Verma M. Evaluation of fungal 
1560 dynamics during sheep manure composting employing peach shell biochar. Bioresource 
1561 Technology. 2023 Oct 1;386:129559.

1562 Liu M, Gong Z, He J, Pan J, Xiao J, Li X, Chai B. Hydroxyapatite immobilized on peanut shell 
1563 biochar toward Pb2+ efficient capture: Performance and mechanism. Colloids and Surfaces 
1564 A: Physicochemical and Engineering Aspects. 2025 Mar 6:136570.

1565 Liu W, Xiao X, Li L, Shen X, Cao Y, Gao C, Zhao Y. Biochar-based metal tolerating plant 
1566 growth promoting bacterial inoculants enhanced the ability of ryegrass for 
1567 phytostabilization. Environmental Research. 2025 Jan 15;265:120389.

1568 Liu X, Wang X, Xu T, Ma H, Xia T. The combined application of γ-PGA-producing bacteria 
1569 and biochar reduced the content of heavy metals and improved the quality of tomato 
1570 (Solanum lycopersicum L.). Environmental Science and Pollution Research. 2022 
1571 Dec;29(59):88938-50.

1572 Liu Y, Li J, Su J, Li X, Li X. Simultaneous removal of ammonia nitrogen, calcium and 
1573 cadmium in a biofilm reactor based on microbial-induced calcium precipitation: 
1574 Optimization of conditions, mechanism and community biological response. Journal of 
1575 Environmental Management. 2024 May 1;358:120912.

1576 Liu Z, Zhou W, Sun Y, Peng Y, Niu J, Tan J, Wei M. Biochar and its coupling with microbial 
1577 inoculants for suppressing plant diseases: a review. Applied Soil Ecology. 2023 Oct 
1578 1;190:105025. 

1579 Liu-Xu L, González-Hernández AI, Camañes G, Vicedo B, Scalschi L, Llorens E. Harnessing 
1580 Green Helpers: Nitrogen-Fixing Bacteria and Other Beneficial Microorganisms in Plant–
1581 Microbe Interactions for Sustainable Agriculture. Horticulturae. 2024 Jun 11;10(6):621.

1582 Liu, J., Jiang, J., Meng, Y., Aihemaiti, A., Xu, Y., Xiang, H., Gao, Y. and Chen, X., 2020. 
1583 Preparation, environmental application and prospect of biochar-supported metal nanoparticles: 
1584 A review. Journal of hazardous materials, 388, p.122026.

1585 Liu, S., Zhang, G., Bi, D., Ni, Y., Song, J., Song, X. and Wang, H., 2025. Effect of pyrolysis 
1586 conditions on the preparation of nitrogen-containing chemicals and nitrogen-doped carbon 
1587 from cock feathers: Nitrogen migration and transformation. Energy, 315, p.134328.

1588 Louw CC. The development of polysaccharide degrading wine yeast strains (Doctoral 
1589 dissertation, Stellenbosch: University of Stellenbosch).

1590 Lu J, Cheng M, Zhao C, Li B, Peng H, Zhang Y, Shao Q, Hassan M. Application of lignin in 
1591 preparation of slow-release fertilizer: Current status and future perspectives. Industrial 
1592 Crops and Products. 2022 Feb 1;176:114267. 2004

1593 Luigi M, Manglli A, Dragone I, Antonelli MG, Contarini M, Speranza S, Bertin S, Tiberini A, 
1594 Gentili A, Varvaro L, Tomassoli L. Effects of biochar on the growth and development of 
1595 tomato seedlings and on the response of tomato plants to the infection of systemic viral 
1596 agents. Frontiers in Microbiology. 2022 May 9;13:862075.



1597 Luo Z, Li Y, Pei X, Woon KS, Liu M, Lin X, Hu Z, Li Y, Zhang Z. A potential slow-release 
1598 fertilizer based on biogas residue biochar: Nutrient release patterns and synergistic 
1599 mechanism for improving soil fertility. Environmental Research. 2024 Jul 1;252:119076.

1600 Lv L, Sun L, Yuan C, Han Y, Huang Z. The combined enhancement of RL, nZVI and AQDS 
1601 on the microbial anaerobic-aerobic degradation of PAHs in soil. Chemosphere. 2022 Nov 
1602 1;307:135609.

1603 Ma H, Egamberdieva D, Wirth S, Bellingrath-Kimura SD. Effect of biochar and irrigation on 
1604 soybean-rhizobium symbiotic performance and soil enzymatic activity in field rhizosphere. 
1605 Agronomy. 2019 Oct 10;9(10):626.

1606 Ma X. Heavy metals remediation through lactic acid bacteria: Current status and future 
1607 prospects. Science of The Total Environment. 2024 Jul 2:174455.

1608 Madouh TA, Davidson MK. Management of Environmental Pollution: Hyperaccumulator 
1609 Plants, Arbuscular Mycorrhizal Fungi (AMF), and Biochar in Heavy Metal Remediation. 
1610 Ecosystem Management: Climate Change and Sustainability. 2024 Dec 12:115-69.

1611 Mahmud K, Panday D, Mergoum A, Missaoui A. Nitrogen losses and potential mitigation 
1612 strategies for a sustainable agroecosystem. Sustainability. 2021 Feb 23;13(4):2400.

1613 Malaie S, Pourakbar L, Siavash Moghaddam S, Xiao J, Khezrnejad N. Phytoremediation of 
1614 mercury-contaminated Soil by Vigna radiata L. plant in companion with bacterial and 
1615 fungal biofertilizers. Environmental Science and Pollution Research. 2024 
1616 Sep;31(43):55549-61.

1617 Manikandan SK, Pallavi P, Shetty K, Bhattacharjee D, Giannakoudakis DA, Katsoyiannis IA, 
1618 Nair V. Effective usage of biochar and microorganisms for the removal of heavy metal ions 
1619 and pesticides. Molecules. 2023 Jan 11;28(2):719.

1620 Manyi-Loh CE, Mamphweli SN, Meyer EL, Makaka G, Simon M, Okoh AI. An overview of 
1621 the control of bacterial pathogens in cattle manure. International journal of environmental 
1622 research and public health. 2016 Sep;13(9):843.

1623 Marathe, S. and Sadowski, Ł., 2024. Developments in biochar incorporated geopolymers and 
1624 alkali activated materials: a systematic literature review. Journal of Cleaner Production, 
1625 p.143136.

1626 Martins, A., Silva, J., Alves, C., Pinteus, S., Félix, C., Augusto, A., Pedrosa, R., Mestre, A.S., 
1627 Santos, R.M., Carvalho, A.P. and Goettert, M., 2024. Towards a zero-waste sustainable 
1628 biorefinery of Codium sp. seaweed: From bioactives application to soil enhancement 
1629 materials. Journal of Cleaner Production, 453, p.142191.

1630 Martiny TR, Avila LB, Rodrigues TL, Tholozan LV, Meili L, de Almeida AR, da Rosa GS. 
1631 From waste to wealth: Exploring biochar’s role in environmental remediation and resource 
1632 optimization. Journal of Cleaner Production. 2024 Apr 16:142237.

1633 Matheus R, Kantur D, Levis LR. Using soil amendments and mycorrhiza to improve chemical 
1634 properties of degraded calcareous soil and yield of sorghum in dryland. Journal of 
1635 Degraded & Mining Lands Management. 2024 Apr 1;11(3).



1636 Mawarda PC. The soil microbiome dynamics following microbial invasions.2022

1637 Meena RS, Vijayakumar V, Yadav GS, Mitran T. Response and interaction of Bradyrhizobium 
1638 japonicum and arbuscular mycorrhizal fungi in the soybean rhizosphere. Plant Growth 
1639 Regulation. 2018 Mar;84:207-23.

1640 Mekonnen BA, Aragaw TA, Genet MB. Bioremediation of petroleum hydrocarbon 
1641 contaminated soil: a review on principles, degradation mechanisms, and advancements. 
1642 Frontiers in Environmental Science. 2024 Feb 22;12:1354422.

1643 Mishra A, Takkar S, Joshi NC, Shukla S, Shukla K, Singh A, Manikonda A, Varma A. An 
1644 integrative approach to study bacterial enzymatic degradation of toxic dyes. Frontiers in 
1645 Microbiology. 2022 Jan 28;12:802544.

1646 Mohammed AL. Effects of Soil Amendments and Rhizobium Inoculation on Soybean 
1647 Nodulation, Growth and Yield in the Semi-Deciduous Forest Agro-Ecological Zone of 
1648 Ghana (Doctoral dissertation, University of Ghana). 2023

1649 Mohapatra D, Sahoo L. Plant Growth-Promoting Rhizobacteria (PGPR) and Disease 
1650 Management. 2024

1651 Mou B, Gong G, Wu S. Biodegradation mechanisms of polycyclic aromatic hydrocarbons: 
1652 Combination of instrumental analysis and theoretical calculation. Chemosphere. 2023 Nov 
1653 1;341:140017.

1654 Mourouzidou S, Ntinas GK, Tsaballa A, Monokrousos N. Introducing the power of plant 
1655 growth promoting microorganisms in soilless systems: A promising alternative for 
1656 sustainable agriculture. Sustainability. 2023 Mar 29;15(7):5959.

1657 Moyosore A, Zeidan Mohamed Salem A, Reddy PR, MOHAMED MOHAMED YASSEEN 
1658 ELGHANDOUR MO, Johnson Oyebamiji K. Waste Recycling for the Eco-friendly Input 
1659 Use Efficiency in Agriculture and Livestock Feeding. 2020

1660 Mukherjee S, Sarkar B, Aralappanavar VK, Mukhopadhyay R, Basak BB, Srivastava P, 
1661 Marchut-Mikołajczyk O, Bhatnagar A, Semple KT, Bolan N. Biochar-microorganism 
1662 interactions for organic pollutant remediation: Challenges and perspectives. Environmental 
1663 Pollution. 2022 Sep 1;308:119609.

1664 Mukherjee T, Pal S. Biochar and Other Biosorbents for the Bioremediation of Contaminated 
1665 Water: Advances and Applications. 2024

1666 Mussali-Galante P, Castrejón-Godínez ML, Díaz-Soto JA, Vargas-Orozco ÁP, Quiroz-Medina 
1667 HM, Tovar-Sánchez E, Rodríguez A. Biobeds, a microbial-based remediation system for 
1668 the effective treatment of pesticide residues in agriculture. Agriculture. 2023 Jun 
1669 23;13(7):1289.

1670 Naorem A, Jayaraman S, Dang YP, Dalal RC, Sinha NK, Rao CS, Patra AK. Soil constraints 
1671 in an arid environment—challenges, prospects, and implications. Agronomy. 2023 Jan 
1672 11;13(1):220.

1673 Narayanan M, Ma Y. Influences of biochar on bioremediation/phytoremediation potential of 
1674 metal-contaminated soils. Frontiers in microbiology. 2022 Jun 9;13:929730.



1675 Nardi S, Schiavon M, Francioso O. Chemical structure and biological activity of humic 
1676 substances define their role as plant growth promoters. Molecules. 2021 Apr 
1677 13;26(8):2256.

1678 Naseem Z, Naveed M, Asghar HN, Hameed M. Metal resistant Enterobacter cloacae ZA14 
1679 enhanced seedling vigor and metal tolerance through improved growth, physiology and 
1680 antioxidants in tomato (Solanum lycopersicum) irrigated with textile effluents. 
1681 Sustainability. 2022 Oct 20;14(20):13619.

1682 Natasha N, Shahid M, Khalid S, Bibi I, Naeem MA, Niazi NK, Tack FM, Ippolito JA, Rinklebe 
1683 J. Influence of biochar on trace element uptake, toxicity and detoxification in plants and 
1684 associated health risks: A critical review. Critical Reviews in Environmental Science and 
1685 Technology. 2022 Aug 18;52(16):2803-43.

1686 Natasha, N., Shahid, M., Khalid, S., Bibi, I., Naeem, M.A., Niazi, N.K., Tack, F.M., Ippolito, 
1687 J.A. and Rinklebe, J., 2022. Influence of biochar on trace element uptake, toxicity and 
1688 detoxification in plants and associated health risks: A critical review. Critical Reviews in 
1689 Environmental Science and Technology, 52(16), pp.2803-2843.

1690 Nguyen TM, Ha PT, Le TT, Phan KS, Le TN, Mai TT, Hoang PH. Modification of expanded 
1691 clay carrier for enhancing the immobilization and nitrogen removal capacity of nitrifying 
1692 and denitrifying bacteria in the aquaculture system. Journal of bioscience and 
1693 bioengineering. 2022 Jul 1;134(1):41-7.

1694 Niladevi KN, Prema P.  Characterization of laccase from Streptomyces psammoticus: an 
1695 enzyme for eco-friendly treatment of environmental pollutants (Doctoral dissertation, 
1696 National Institute for Interdisciplinary Science and Technology). 2008

1697 NOOR RM (2021). ONE STEP BIOCONVERSION OF LIGNIN FROM RICE HUSK TO 
1698 BIOVANILLIN BY Phanerochaete chrysosporium.

1699 Nwachukwu BC. Microbial diversity, community structure and functional characteristics of 
1700 sunflower rhizospheric soil (Doctoral dissertation, North-West University (South Africa)).

1701 Oh S, Kim Y, Choi D, Park JW, Noh JH, Chung SY, Maeng SK, Cha CJ. Effects of biochar 
1702 addition on the fate of ciprofloxacin and its associated antibiotic tolerance in an activated 
1703 sludge microbiome. Environmental Pollution. 2022 Aug 1;306:119407. 2023

1704 Omoni VT, Bankole PO, Semple KT, Ojo AS, Ibeto C, Okekporo SE, Harrison IA. Enhanced 
1705 remediation of polycyclic aromatic hydrocarbons in soil through fungal delignification 
1706 strategy and organic waste amendment: a review. Indian Journal of Microbiology. 2024 
1707 Sep 9:1-23.

1708 Orozco-Mosqueda MD, Flores A, Rojas-Sánchez B, Urtis-Flores CA, Morales-Cedeño LR, 
1709 Valencia-Marin MF, Chávez-Avila S, Rojas-Solis D, Santoyo G. Plant growth-promoting 
1710 bacteria as bioinoculants: attributes and challenges for sustainable crop improvement. 
1711 Agronomy. 2021 Jun 8;11(6):1167.

1712 Palansooriya KN, Wong JT, Hashimoto Y, Huang L, Rinklebe J, Chang SX, Bolan N, Wang 
1713 H, Ok YS. Response of microbial communities to biochar-amended soils: a critical review. 
1714 Biochar. 2019 Mar 1;1:3-22.



1715 Palit, P., Minkara, M., Abida, M., Marwa, S., Sen, C., Roy, A., Pasha, M.R., Mosae, P.S., Saha, 
1716 A. and Ferdoush, J., 2025. PlastiCRISPR: Genome Editing-Based Plastic Waste Management 
1717 with Implications in Polyethylene Terephthalate (PET) Degradation. Biomolecules, 15(5), 
1718 p.684.

1719 Panchal P, Preece C, Peñuelas J, Giri J. Soil carbon sequestration by root exudates. Trends in 
1720 Plant Science. 2022 Aug 1;27(8):749-57.

1721 Panpatte DG, Jhala YK, Shelat HN, Vyas RV. Pseudomonas fluorescens: a promising 
1722 biocontrol agent and PGPR for sustainable agriculture. Microbial inoculants in sustainable 
1723 agricultural productivity: Vol. 1: Research perspectives. 2016:257-70.

1724 Patani A, Patel M, Islam S, Yadav VK, Prajapati D, Yadav AN, Sahoo DK, Patel A. Recent 
1725 advances in Bacillus-mediated plant growth enhancement: a paradigm shift in redefining 
1726 crop resilience. World Journal of Microbiology and Biotechnology. 2024 Feb;40(2):77.

1727 Pavel IA, Prazeres SF, Montalvo G, Garcı́a Ruiz C, Nicolas V, Celzard A, Dehez F, Canabady-
1728 Rochelle L, Canilho N, Pasc A. Effect of meso vs macro size of hierarchical porous silica 
1729 on the adsorption and activity of immobilized β-galactosidase. Langmuir. 2017 Apr 
1730 4;33(13):3333-40.

1731 Pignatello JJ, Uchimiya M, Abiven S. Aging of biochar in soils and its implications. Biochar 
1732 for Environmental Management. 2024 Jun 3:249-76.

1733 Pires C 2010. Bacteria in heavy metal contaminated soil: diversity, tolerance and use in 
1734 remediation.

1735 Pramanik K, Dutta J, Sharma R, Dutta S, Mandal GS, Banerjee J, Roy A, Ali MN (2025). 
1736 Screening, molecular identification, and evaluation of the nutrient mobilization potential of 
1737 Fluoride Resistant Bacterial isolates from fluoride-rich rice field: A case from West Bengal, 
1738 India.

1739 Priyanka, Wood IE, Al-Gailani A, Kolosz BW, Cheah KW, Vashisht D, Mehta SK, Taylor MJ. 
1740 Cleaning Up Metal Contamination after Decades of Energy Production and Manufacturing: 
1741 Reviewing the Value in Use of Biochars for a Sustainable Future. Sustainability. 2024 Oct 
1742 12;16(20):8838.

1743 Qadir M, Hussain A, Iqbal A, Shah F, Wu W, Cai H. Microbial utilization to nurture robust 
1744 agroecosystems for food security. Agronomy. 2024 Aug 24;14(9):1891.

1745 Qian S, Zhou X, Fu Y, Song B, Yan H, Chen Z, Sun Q, Ye H, Qin L, Lai C. Biochar-compost 
1746 as a new option for soil improvement: Application in various problem soils. Science of the 
1747 total environment. 2023 Apr 20;870:162024.

1748 Rabha J, Devi SP, Das S, Roy N, Jha DK. Microbial conversion of biomass to value-added 
1749 chemicals. Value-Addition in Agri-food Industry Waste Through Enzyme Technology. 
1750 2023 Jan 1:37-64.

1751 Rachwał K, Gustaw K. Lactic acid bacteria in sustainable food production. Sustainability. 2024 
1752 Apr 17;16(8):3362.



1753 Rahman, Z., 2020. An overview on heavy metal resistant microorganisms for simultaneous 
1754 treatment of multiple chemical pollutants at co-contaminated sites, and their multipurpose 
1755 application. Journal of Hazardous Materials, 396, p.122682.

1756 Ram C, Rani P, Gebru KA, Mariam Abrha MG. Pulp and paper industry wastewater treatment: 
1757 use of microbes and their enzymes. Physical Sciences Reviews. 2020 Oct 
1758 1;5(10):20190050.

1759 Rao D, Adhya TK, Saxena AK. Agricultural microbiology research progress in India in the 
1760 new millennium. Proc. Indian Natl. Sci. Academy Part A: Phys. Sci. 2019 Dec;85:925-47.

1761 Raviv M, Lieth JH, Bar-Tal A, Silber A. Growing plants in soilless culture: operational 
1762 conclusions. Soilless Culture. 2019 Jan 1:545-71.

1763 Roberts, D.A., Paul, N.A., Dworjanyn, S.A., Bird, M.I. and de Nys, R., 2015. Biochar from 
1764 commercially cultivated seaweed for soil amelioration. Scientific reports, 5(1), p.9665.

1765 Roy T, Paul C, Pal N, Das N. Fungal Oxidoreductases: Efficient Tool for Eco-Friendly and 
1766 Sustainable Pesticide Bioremediation. InBiotechnological Interventions in the Removal of 
1767 Emerging Pollutants 2025 Feb 25 (pp. 403-435). Singapore: Springer Nature Singapore.

1768 Sadekuzzaman M, Yang S, Mizan MF, Ha SD. Current and recent advanced strategies for 
1769 combating biofilms. Comprehensive Reviews in Food Science and Food Safety. 2015 
1770 Jul;14(4):491-509.

1771 Sadowska-Bartosz, I. and Bartosz, G., 2023. Antioxidant defense of Deinococcus radiodurans: 
1772 how does it contribute to extreme radiation resistance?. International Journal of Radiation 
1773 Biology, 99(12), pp.1803-1829.

1774 Saeed Q, Xiukang W, Haider FU, Kučerik J, Mumtaz MZ, Holatko J, Naseem M, Kintl A, Ejaz 
1775 M, Naveed M, Brtnicky M. Rhizosphere bacteria in plant growth promotion, biocontrol, 
1776 and bioremediation of contaminated sites: a comprehensive review of effects and 
1777 mechanisms. International journal of molecular sciences. 2021 Sep 29;22(19):10529.

1778 Sahreen S, Mukhtar H, Imre K, Morar A, Herman V, Sharif S. Exploring the function of 
1779 quorum sensing regulated biofilms in biological wastewater treatment: A review. 
1780 International Journal of Molecular Sciences. 2022 Aug 28;23(17):9751.

1781 Saleem I, Riaz M, Mahmood R, Rasul F, Arif M, Batool A, Akmal MH, Azeem F, Sajjad S. 
1782 Biochar and microbes for sustainable soil quality management. InMicrobiome under 
1783 changing climate 2022 Jan 1 (pp. 289-311). Woodhead Publishing.

1784 Santos DC, Evaristo RB, Dutra RC, Suarez PA, Silveira EA, Ghesti GF. Advancing Biochar 
1785 Applications: A Review of Production Processes, Analytical Methods, Decision Criteria, 
1786 and Pathways for Scalability and Certification. Sustainability. 2025 Mar 18;17(6):2685.

1787 Saravanan A, Swaminaathan P, Kumar PS, Yaashikaa PR, Kamalesh R, Rangasamy G. A 
1788 comprehensive review on immobilized microbes-biochar and their environmental 
1789 remediation: Mechanism, challenges and future perspectives. Environmental Research. 
1790 2023 Nov 1;236:116723.



1791 Saravanan, A., Swaminaathan, P., Kumar, P.S., Yaashikaa, P.R., Kamalesh, R. and 
1792 Rangasamy, G., 2023. A comprehensive review on immobilized microbes-biochar and their 
1793 environmental remediation: Mechanism, challenges and future perspectives. Environmental 
1794 Research, 236, p.116723.

1795 Sarker A, Nikhil GN. Bioprospecting syntrophic microbial-material interactions during 
1796 anaerobic digestion: a review on applications of biocatalysis and challenges. Biomass 
1797 Conversion and Biorefinery. 2023 Aug 26:1-21.

1798 Sarma H, Shyam S, Zhang M, Guerriero G. Nano-Biochar Interactions within the Rhizosphere 
1799 and their Implications for Plant-Soil Dynamics. Soil & Environmental Health. 2024 Jun 
1800 8:100095.

1801 Sarma, H., 2022. Understanding emerging contaminants in soil and water: current perspectives 
1802 on integrated remediation approaches. Emerging Contaminants in the Environment, pp.1-38.

1803 Sashidhar P, Kochar M, Singh B, Gupta M, Cahill D, Adholeya A, Dubey M. Biochar for 
1804 delivery of agri-inputs: Current status and future perspectives. Science of the Total 
1805 Environment. 2020 Feb 10;703:134892.

1806 Schmidt HP, Kammann C, Hagemann N, Leifeld J, Bucheli TD, Sánchez Monedero MA, 
1807 Cayuela ML. Biochar in agriculture–A systematic review of 26 global meta‐analyses. GCB 
1808 Bioenergy. 2021 Nov;13(11):1708-30.

1809 Sellaperumal P. Evaluation of thermochemical decomposition of various lignocellulosic 
1810 biomasses for biochar production. McGill University (Canada); 2012.

1811 Sevak P, Pushkar B. Bacterial responses towards arsenic toxicity and in-depth analysis of 
1812 molecular mechanism along with possible on-field application. Journal of Environmental 
1813 Chemical Engineering. 2023 Aug 1;11(4):110187.

1814 Shabir R, Li Y, Megharaj M, Chen C. Pyrolysis temperature affects biochar suitability as an 
1815 alternative rhizobial carrier. Biology and Fertility of Soils. 2024 Jul;60(5):681-97.

1816 Shah MP, editor. Bio-nano Filtration in Industrial Effluent Treatment: Advanced and 
1817 Innovative Approaches. CRC Press; 2023 Apr 27.

1818 Sharma P. Biochar application for sustainable soil erosion control: a review of current research 
1819 and future perspectives. Frontiers in Environmental Science. 2024 Mar 27;12:1373287.

1820 Shen Y, Zhao L, Meng H, Cheng H, Ding J, Wang J, Dong S, Zhang X, Song L, Zheng S. 
1821 Metagenome analysis reveals potential microbial functions in topsoil of wheat–maize 
1822 rotation system with five-year application of fertilizers. International Journal of 
1823 Agricultural and Biological Engineering. 2019 Dec 4;12(6):177-84.

1824 Sheng Y, Zhu L. Biochar alters microbial community and carbon sequestration potential across 
1825 different soil pH. Science of the Total Environment. 2018 May 1;622:1391-9.

1826 Shi A, Hu Y, Zhang X, Zhou D, Xu J, Rensing C, Zhang L, Xing S, Ni W, Yang W. Biochar 
1827 loaded with bacteria enhanced Cd/Zn phytoextraction by facilitating plant growth and 
1828 shaping rhizospheric microbial community. Environmental Pollution. 2023 Jun 
1829 15;327:121559.



1830 Shi G, Hou R, Fu Q, Li T, Chen Q. Effects of biochar and compost on microbial community 
1831 assembly and metabolic processes in glyphosate, imidacloprid and pyraclostrobin polluted 
1832 soil under freezethaw cycles. Journal of Hazardous Materials. 2024 Jun 5;471:134397.

1833 Siddiqua A, Hahladakis JN, Al-Attiya WA. An overview of the environmental pollution and 
1834 health effects associated with waste landfilling and open dumping. Environmental Science 
1835 and Pollution Research. 2022 Aug;29(39):58514-36.

1836

1837 Singh, V. and Srivastava, V.C., 2024. Transformation of textile dyeing industrial sludge into 
1838 economical biochar for sorption of ofloxacin: equilibrium, kinetic, and cost 
1839 analysis. Biomass Conversion and Biorefinery, 14(2), pp.1881-1893.

1840 Singh B. Effect of Elevated CO2 and Insecticide Chloropyriphos on the Nitrification Potential 
1841 of Rhizospheric Soil of Wheat (Doctoral dissertation, Rajmata Vijayaraje Scindia Krishi 
1842 Vishwa Vidyalaya). 2019

1843 Singh G, Thakur N, Kumar R. Nanoparticles in drinking water: Assessing health risks and 
1844 regulatory challenges. Science of The Total Environment. 2024 Jul 22:174940.

1845 Singh H, Northup BK, Rice CW, Prasad PV. Biochar applications influence soil physical and 
1846 chemical properties, microbial diversity, and crop productivity: a meta-analysis. Biochar. 
1847 2022 Dec;4(1):8.

1848 Singh, A., Sharma, R., Pant, D. and Malaviya, P., 2021. Engineered algal biochar for 
1849 contaminant remediation and electrochemical applications. Science of the Total 
1850 Environment, 774, p.145676.

1851 Sivaram AK, Abinandan S, Chen C, Venkateswartlu K, Megharaj M. Microbial inoculant 
1852 carriers: Soil health improvement and moisture retention in sustainable agriculture. 
1853 Advances in Agronomy. 2023 Jan 1;180:35-91.

1854 Smith CT. Relationship Among Woody Biomass, Forest Fire, Biochar, and 
1855 Bioenergy (Doctoral dissertation, Southern University and Agricultural and Mechanical 
1856 College).

1857 Spaepen S, Dobbelaere S, Croonenborghs A, Vanderleyden J. Effects of Azospirillum 
1858 brasilense indole-3-acetic acid production on inoculated wheat plants. Plant and soil. 2008 
1859 Nov;312:15-23.

1860 Spina, F., Cecchi, G., Landinez-Torres, A., Pecoraro, L., Russo, F., Wu, B., Cai, L., Liu, X.Z., 
1861 Tosi, S., Varese, G.C. and Zotti, M., 2018. Fungi as a toolbox for sustainable bioremediation 
1862 of pesticides in soil and water. Plant Biosystems-An International Journal Dealing with all 
1863 Aspects of Plant Biology, 152(3), pp.474-488.

1864 Sudheer, S., Bai, R.G., Usmani, Z. and Sharma, M., 2020. Insights on engineered microbes in 
1865 sustainable agriculture: biotechnological developments and future prospects. Current 
1866 Genomics, 21(5), pp.321-333.

1867 Sun J, Rene ER, He Y, Ma W, Hu Q, Qiu B. Carbon, iron, and polymer-based conductive 
1868 materials for improving methane production in anaerobic wastewater treatment systems: A 



1869 review on their direct interspecific electron transfer mechanism. Fuel. 2023 Jun 
1870 15;342:127703.

1871 Sunish KS, Thazeem B. Microbial biomass. InHandbook of Biomass 2023 Sep 23 (pp. 1-24). 
1872 Singapore: Springer Nature Singapore.

1873 Swapnil P, Singh LA, Mandal C, Sahoo A, Batool F, Meena M, Kumari P, Zehra A. Functional 
1874 characterization of microbes and their association with unwanted substance for wastewater 
1875 treatment processes. Journal of Water Process Engineering. 2023 Aug 1;54:103983.

1876 Tang C, Yao J, Liu X, Lv Y, Liu J, Cao Y. Research progress in utilization of microbial 
1877 immobilization technology in microbially induced mineralization of heavy metals. Journal 
1878 of Environmental Chemical Engineering. 2024 Sep 12:114086.

1879 Tao Y, Han S, Zhang Q, Yang Y, Shi H, Akindolie MS, Jiao Y, Qu J, Jiang Z, Han W, Zhang 
1880 Y. Application of biochar with functional microorganisms for enhanced atrazine removal 
1881 and phosphorus utilization. Journal of Cleaner Production. 2020 Jun 1;257:120535.

1882 Tarigholizadeh S, Sushkova S, Rajput VD, Ranjan A, Arora J, Dudnikova T, Barbashev A, 
1883 Mandzhieva S, Minkina T, Wong MH. Transfer and degradation of PAHs in the soil–plant 
1884 system: a review. Journal of Agricultural and Food Chemistry. 2023 Dec 18;72(1):46-64.

1885 Taskin E, Branà MT, Altomare C, Loffredo E. Biochar and hydrochar from waste biomass 
1886 promote the growth and enzyme activity of soil-resident ligninolytic fungi. Heliyon. 2019 
1887 Jul 1;5(7).

1888 Tawfik, A., Alhajeri, N.S., Elsamadony, M. and Meng, F., 2024. Mitigation of Pharmaceutical 
1889 Wastewater Toxicity in Anaerobic Reactors Using Metal-Modified Biochar. ACS ES&T 
1890 Engineering, 4(12), pp.2987-3000.

1891 Teo CY, Jong JS, Chan YQ. Carbon-based materials as effective adsorbents for the removal of 
1892 pharmaceutical compounds from aqueous solution. Adsorption Science & Technology. 
1893 2022 Sep 28;2022:3079663.

1894 Thankappan, S., Binodh, A.K., Kumar, P.R., Kurien, S., Narayanasamy, S., Prabina, J.B. and 
1895 Uthandi, S., 2024. Genome Editing of Plant Growth-Promoting Microbes (PGPM) Towards 
1896 Developing Smart Bio-Formulations for Sustainable Agriculture: Current Trends and 
1897 Perspectives. Genome Editing in Bacteria (Part 2), pp.106-149.

1898 Tiodar ED, Văcar CL, Podar D. Phytoremediation and microorganisms-assisted 
1899 phytoremediation of mercury-contaminated soils: challenges and perspectives. 
1900 International Journal of Environmental Research and Public Health. 2021 Mar 
1901 2;18(5):2435.

1902 Tomczyk A, Sokołowska Z, Boguta P. Biochar physicochemical properties: pyrolysis 
1903 temperature and feedstock kind effects. Reviews in Environmental Science and 
1904 Bio/Technology. 2020 Mar;19(1):191-215.

1905 Tufail MA, Iltaf J, Zaheer T, Tariq L, Amir MB, Fatima R, Asbat A, Kabeer T, Fahad M, 
1906 Naeem H, Shoukat U. Recent advances in bioremediation of heavy metals and persistent 
1907 organic pollutants: A review. Science of the Total Environment. 2022 Dec 1;850:157961.



1908 Ullah A, Ren WL, Tian P, Yu XZ. Biochar as a green strategy in alleviating Cd mobility in soil 
1909 and uptake in plants: A step towards Cd-free food. International Biodeterioration & 
1910 Biodegradation. 2024 May 1;190:105787.

1911 Uwiringiyimana E, Lai HW, Ni N, Shi RY, Pan XY, Gao JN, Biswash MR, Li JY, Cui XM, 
1912 Xu RK. Comparative efficacy of alkaline slag, biomass ash, and biochar application for the 
1913 amelioration of different acidic soils. Plant and Soil. 2024 Nov;504(1):47-61.

1914 Vahedi R, Rasouli-Sadaghiani MH, Barin M, Vetukuri RR. Effect of biochar and microbial 
1915 inoculation on P, Fe, and Zn bioavailability in a calcareous soil. Processes. 2022 Feb 
1916 11;10(2):343.

1917 Valizadeh S, Lee SS, Choi YJ, Baek K, Jeon BH, Lin KY, Park YK. Biochar application 
1918 strategies for polycyclic aromatic hydrocarbons removal from soils. Environmental 
1919 Research. 2022 Oct 1;213:113599.

1920 Venkatesa Prabhu S, Hamda AS, Jayakumar M, Periyasamy S, Manivannan S, Bacha W. 
1921 Production strategies and potential repercussion of sewage sludge biochar as a futuristic 
1922 paradigm toward environmental beneficiation: a comprehensive review. Environmental 
1923 Quality Management. 2024 Mar;33(3):1-9.

1924 Verma L, Singh J. Production of Biochar-Based Nanocomposites from Chemical and 
1925 Biological Methods. InBiochar-Based Nanocomposites for Contaminant Management: 
1926 Synthesis, Contaminants Removal, and Environmental Sustainability 2023 Jul 2 (pp. 47-
1927 56). Cham: Springer International Publishing.

1928 VijayKumar R. Biochar in soil restoration: A comprehensive review on enhancing soil health 
1929 and carbon sequestration. Environmental Reports. 2019.

1930 Wahab A, Muhammad M, Munir A, Abdi G, Zaman W, Ayaz A, Khizar C, Reddy SP. Role of 
1931 arbuscular mycorrhizal fungi in regulating growth, enhancing productivity, and potentially 
1932 influencing ecosystems under abiotic and biotic stresses. Plants. 2023 Aug 29;12(17):3102.

1933 Wang C, Kuzyakov Y. Mechanisms and implications of bacterial–fungal competition for soil 
1934 resources. The ISME Journal. 2024 Jan 1;18(1):wrae073.

1935 Wang G, Kong Y, Yang Y, Ma R, Shen Y, Li G, Yuan J. Superphosphate, biochar, and a 
1936 microbial inoculum regulate phytotoxicity and humification during chicken manure 
1937 composting. Science of the Total Environment. 2022 Jun 10;824:153958.

1938 Wang G, Li R, Zhang X, Li T. Biochar-Regulated Micro-Ecology Evolution: Microbial 
1939 Responsibility for Diverse Environmental Services. Available at SSRN 4961518. 2024

1940 Wang L, Li G, Chen X, Yang Y, Liew RK, Abo-Dief HM, Lam SS, Sellami R, Peng W, Li H. 
1941 Extraction strategies for lignin, cellulose, and hemicellulose to obtain valuable products 
1942 from biomass. Advanced Composites and Hybrid Materials. 2024 Dec;7(6):219.

1943 Wang M. Novel strategy for disease control of rice and examination of the associated 
1944 microbiome. North Carolina State University; 2019.



1945 Wang, S., Zhao, S., Uzoejinwa, B.B., Zheng, A., Wang, Q., Huang, J. and Abomohra, A.E.F., 
1946 2020. A state-of-the-art review on dual purpose seaweeds utilization for wastewater treatment 
1947 and crude bio-oil production. Energy Conversion and Management, 222, p.113253.

1948 Warnock D. Arbuscular mycorrhizal responses to biochars in soils-potential mechanisms of 
1949 interaction and observed responses in controlled environments. 2009 

1950 Warnock DD, Lehmann J, Kuyper TW, Rillig MC. Mycorrhizal responses to biochar in soil–
1951 concepts and mechanisms. Plant and soil. 2007 Nov;300:9-20.

1952 Wen Y, Wu R, Qi D, Xu T, Chang W, Li K, Fang X, Song F. The effect of AMF combined 
1953 with biochar on plant growth and soil quality under saline-alkali stress: Insights from 
1954 microbial community analysis. Ecotoxicology and Environmental Safety. 2024 Aug 
1955 1;281:116592.

1956 Wen, C., Liu, T., Wang, D., Wang, Y., Chen, H., Luo, G., Zhou, Z., Li, C. and Xu, M., 2023. 
1957 Biochar as the effective adsorbent to combustion gaseous pollutants: preparation, activation, 
1958 functionalization and the adsorption mechanisms. Progress in Energy and Combustion 
1959 Science, 99, p.101098.

1960 Wibisono DA, Saw CY, Wu TY, Chau CF. Advancing Industrial Food Byproduct 
1961 Management: Strategies, Technologies, and Progress in Waste Reduction. Processes. 2025 
1962 Jan 2;13(1):84.

1963 Wong JW, Ogbonnaya UO. Biochar porosity: a nature-based dependent parameter to deliver 
1964 microorganisms to soils for land restoration. Environmental Science and Pollution 
1965 Research. 2021 Sep;28:46894-909.

1966 Wu C, An W, Liu Z, Lin J, Qian Z, Xue S. The effects of biochar as the electron shuttle on the 
1967 ferrihydrite reduction and related arsenic (As) fate. Journal of Hazardous Materials. 2020 
1968 May 15;390:121391.

1969 Wu C, Zhi D, Yao B, Zhou Y, Yang Y, Zhou Y. Immobilization of microbes on biochar for 
1970 water and soil remediation: A review. Environmental Research. 2022 Sep 1;212:113226.

1971 Wu D, Ren H, Zhao Y, Wei Z, Li J, Song C. Effect of Fenton-like reactions on the hydrolysis 
1972 efficiency of lignocellulose during rice straw composting based on genomics and 
1973 metabolomics sequencing. Journal of Cleaner Production. 2023 Apr 10;396:136493.

1974 Xia Y, Lin X. Efficient biodegradation of straw and persistent organic pollutants by a novel 
1975 strategy using recombinant Trichoderma reesei. Bioresources and Bioprocessing. 2022 
1976 Aug 29;9(1):91.

1977 Xiang L, Harindintwali JD, Wang F, Redmile-Gordon M, Chang SX, Fu Y, He C, Muhoza B, 
1978 Brahushi F, Bolan N, Jiang X. Integrating biochar, bacteria, and plants for sustainable 
1979 remediation of soils contaminated with organic pollutants. Environmental Science & 
1980 Technology. 2022 Oct 27;56(23):16546-66.

1981 Xiao S, Wang M, Amanze C, Anaman R, Ssekimpi D, Zeng W. Mechanisms of adaptive 
1982 resistance in Phytobacter sp. X4 to antimony stress under anaerobic conditions. Journal of 
1983 Hazardous Materials. 2024 Nov 5;479:135628.



1984 Xiu L, Zhang W, Wu D, Sun Y, Zhang H, Gu W, Wang Y, Meng J, Chen W. Biochar can 
1985 improve biological nitrogen fixation by altering the root growth strategy of soybean in 
1986 Albic soil. Science of the Total Environment. 2021 Jun 15;773:144564.

1987 Xu C, Kong L, Liao Y, Tian Y, Wu Q, Liu H, Wang X. Mini-review: antibiotic-resistant 
1988 Escherichia coli from farm animal-associated sources. Antibiotics. 2022 Nov 
1989 2;11(11):1535.

1990 Yadav and Patil (2021). Ligninolytic Microbes and Their Role in Effluent Management of Pulp 
1991 and Paper. Waste to Energy: Prospects and Applications. 2021 Feb 16:309.

1992 Yadav G, Vishwakarma K, Sharma S, Kumar V, Upadhyay N, Kumar N, Verma RK, Mishra 
1993 R, Tripathi DK, Upadhyay RG. Emerging significance of rhizospheric probiotics and its 
1994 impact on plant health: current perspective towards sustainable agriculture. Probiotics and 
1995 plant health. 2017:233-51.

1996 Yadav P, Katoch R, Indu, Dubey N, Singh K. Phytopathogenic Fungi: Stress and Mitigation 
1997 Approaches. InPlant-Microbe Interaction and Stress Management 2024 Sep 1 (pp. 211-
1998 230). Singapore: Springer Nature Singapore.

1999 Yadav R and Ramakrishna W. Biochar as an environment-friendly alternative for multiple 
2000 applications. Sustainability. 2023 Sep 7;15(18):13421.

2001 Yang J, Yang G. Biomass-Derived Porous Carbon for Farmland Restoration. InFabrication and 
2002 Applications of Biomass-Derived Porous Carbon 2024 Nov 5 (pp. 150-216). CRC Press.

2003 Yang JM, Chen HL, Wang X, Guan DX, Ji XH, Xie YH, Huang R, Peng B, Qin QB. Toward 
2004 safe rice production in As-Cd co-contaminated paddy soils: Biogeochemical mechanisms 
2005 and remediation strategies. Critical Reviews in Environmental Science and Technology. 
2006 2025 Jan 2;55(1):1-24.

2007 Yang Q, Ravnskov S, Neumann Andersen M. Nutrient uptake and growth of potato: Arbuscular 
2008 mycorrhiza symbiosis interacts with quality and quantity of amended biochars. Journal of 
2009 Plant Nutrition and Soil Science. 2020 Apr;183(2):220-32.

2010 Yang W, Li J, Yao Z, Li M. A review on the alternatives to antibiotics and the treatment of 
2011 antibiotic pollution: Current development and future prospects. Science of The Total 
2012 Environment. 2024 Mar 19:171757.

2013 Yang X, Pan H, Shaheen SM, Wang H, Rinklebe J. Immobilization of cadmium and lead using 
2014 phosphorus-rich animal-derived and iron-modified plant-derived biochars under dynamic 
2015 redox conditions in a paddy soil. Environment International. 2021 Nov 1;156:106628.

2016 Yang Z, Jiang L, Li X, Ji Q, Wang M, Zhang Y, Cheng Y, Zhang X, Li H, Feng C. Role of 
2017 sludge biochar immobilized multifunctional microbiome in phytoremediation of lead-zinc 
2018 composite pollution. Biochar. 2025 Jan 2;7(1):5.

2019 Yao S, Hao L, Zhou R, Jin Y, Huang J, Wu C. Multispecies biofilms in fermentation: Biofilm 
2020 formation, microbial interactions, and communication. Comprehensive reviews in food 
2021 science and food safety. 2022 Jul;21(4):3346-75.



2022 Yasin MU, Haider Z, Munir R, Zulfiqar U, Rehman M, Javaid MH, Ahmad I, Nana C, Saeed 
2023 MS, Ali B, Gan Y. The synergistic potential of biochar and nanoparticles in 
2024 phytoremediation and enhancing cadmium tolerance in plants. Chemosphere. 2024 Mar 
2025 11:141672.

2026 Yu L, Wang Y, Yuan Y, Tang J, Zhou S. Biochar as electron acceptor for microbial 
2027 extracellular respiration. Geomicrobiology Journal. 2016 Jul 2;33(6):530-6.

2028 Yuan C. Prevention and Treatment of Persistent Organic Pollutants in Stormwater and 
2029 Sediment (Doctoral dissertation, University of Maryland, College Park). 2023 

2030 Yuan Y, Bolan N, Prévoteau A, Vithanage M, Biswas JK, Ok YS, Wang H. Applications of 
2031 biochar in redox-mediated reactions. Bioresource technology. 2017 Dec 1;246:271-81.

2032 Yuan Y, Cai X, Wang Y, Zhou S. Electron transfer at microbe-humic substances interfaces: 
2033 electrochemical, microscopic and bacterial community characterizations. Chemical 
2034 Geology. 2017 May 5;456:1-9.

2035 Zafar-ul-Hye M, Danish S, Abbas M, Ahmad M, Munir TM. ACC deaminase producing PGPR 
2036 Bacillus amyloliquefaciens and Agrobacterium fabrum along with biochar improve wheat 
2037 productivity under drought stress. Agronomy. 2019 Jun 29;9(7):343.

2038 Zaheer MS, Rizwan M, Aijaz N, Hameed A, Ikram K, Ali HH, Niaz Y, Usman Aslam HM, 
2039 Manoharadas S, Riaz MW, Ahmed N. Investigating the synergistic effects of biochar, trans-
2040 zeatin riboside, and Azospirillum brasilense on soil improvement and enzymatic activity in 
2041 water-stressed wheat. BMC Plant Biology. 2024 Apr 23;24(1):314.

2042 Zama EF, Reid BJ, Arp HP, Sun GX, Yuan HY, Zhu YG. Advances in research on the use of 
2043 biochar in soil for remediation: a review. Journal of Soils and Sediments. 2018 Jul;18:2433-
2044 50.

2045 Zanli BL, Gbossou KC, Tang W, Kamoto M, Chen J. A review of biochar potential in Cote 
2046 d’Ivoire in light of the challenges facing Sub-Saharan Africa. Biomass and Bioenergy. 2022 
2047 Oct 1;165:106581.

2048 Zayed MS. Advances in formulation development technologies. Microbial Inoculants in 
2049 Sustainable Agricultural Productivity: Vol. 2: Functional Applications. 2016:219-37.

2050 Zhang K, Khan Z, Yu Q, Qu Z, Liu J, Luo T, Zhu K, Bi J, Hu L, Luo L. Biochar coating is a 
2051 sustainable and economical approach to promote seed coating technology, seed 
2052 germination, plant performance, and soil health. Plants. 2022 Oct 27;11(21):2864.

2053 Zhang T. Photosynthetic Microorganism for Nutrient Management and Resource Recovery. 
2054 2025

2055 Zhang X, Wang H, He L, Lu K, Sarmah A, Li J, Bolan NS, Pei J, Huang H. Using biochar for 
2056 remediation of soils contaminated with heavy metals and organic pollutants. Environmental 
2057 Science and Pollution Research. 2013 Dec;20:8472-83.

2058 Zhang X, Wu M, Liu Z, Ou Y, Zhang T, Li M. Comprehensive effects of biochar-assisted 
2059 nitrogen and phosphorus bioremediation on hydrocarbon removal and microecological 



2060 improvement in petroleum-contaminated soil. Bioresource Technology. 2025 Feb 
2061 1;418:131852.

2062 Zhang Y, Miao S, Song Y, Wang X, Jin F. Biochar application reduces saline–alkali stress by 
2063 improving soil functions and regulating the diversity and abundance of soil bacterial 
2064 community in highly saline–alkali paddy field. Sustainability. 2024 Jan 24;16(3):1001.

2065 Zhang Y, Xiao X, Zhu X, Chen B. Self-assembled fungus-biochar composite pellets (FBPs) 
2066 for enhanced co-sorption-biodegradation towards phenanthrene. Chemosphere. 2022 Jan 
2067 1;286:131887.

2068 Zhang, M., Chen, Q., Zhou, G., Sun, J. and Lin, H., 2024. Low-temperature chemistry in 
2069 plasma-driven ammonia oxidative pyrolysis. Green Energy & Environment, 9(9), pp.1477-
2070 1488.

2071 Zhao K, Jia X, Lin J, Zhao J, Lin C, Chen J. Comparing the promoting effect of constructed 
2072 bacterial agents and mature compost on chicken manure composting. Waste and Biomass 
2073 Valorization. 2024 Feb;15(2):727-41.

2074 Zhao L, Cao X, Zheng W, Wang Q, Yang F. Endogenous minerals have influences on surface 
2075 electrochemistry and ion exchange properties of biochar. Chemosphere. 2015 Oct 
2076 1;136:133-9.

2077 Zhao S, Dai Y, Wang R, Guo Q, Song G, Song L, Bian J, Zhao K, Liu R, Li YY. Broad 
2078 Influence of Quorum Sensing in Environmental Biotechnology: From Mechanisms to 
2079 Applications. ACS ES&T Engineering. 2025 Feb 4.

2080 Zhao Y, Wang C, Han Q, Fang Z, Gao Y, Chen H, Li J, Yang X, Chen J, Wang H. Recent 
2081 Advances in Biochar-Based Hydrogel Composites: Preparation, Aquatic Environmental 
2082 Applications, and Adsorption Mechanisms. Processes. 2025 Feb 26;13(3):664.

2083 Zhao, L., Yuan, B., Gong, L., Wang, H., Ran, Q., Qin, L., Liu, J., Zhang, L., Li, K., Liang, G. 
2084 and Li, L., 2025. Insight into the molecular structure construction and pyrolysis mechanism 
2085 simulation of typical carbonaceous feedstocks for the rapid design and preparation of porous 
2086 carbon-based materials. Fuel, 379, p.132893.

2087 Zhou S, Zhang X, Liao X, Wu Y, Mi J, Wang Y. Effect of different proportions of three 
2088 microbial agents on ammonia mitigation during the composting of layer manure. 
2089 Molecules. 2019 Jul 9;24(13):2513.

2090 Zhu X, Mao L, Chen B. Driving forces linking microbial community structure and functions 
2091 to enhanced carbon stability in biochar-amended soil. Environment international. 2019 Dec 
2092 1;133:105211.

2093 Zielińska M, Bułkowska K. Sustainable Management and Advanced Nutrient Recovery from 
2094 Biogas Energy Sector Effluents. Energies. 2024 Jul 27;17(15):3705.

2095

2096 Highlights



2097 • Biochar-immobilized microbial systems offer an eco-efficient platform for accelerated 
2098 organic waste bioconversion and nutrient recovery.
2099 • Engineered and extremophile microbial consortia, immobilized on tailored biochar, 
2100 enable synergistic remediation of co-contaminated soils and waters.
2101 • Functionalized biochars (e.g., nano-decorated, nutrient-loaded, pH-buffered) support 
2102 targeted microbial delivery and enhanced environmental persistence.
2103 • Biochar–microbe interactions boost phytoremediation via metal immobilization, 
2104 enzymatic detoxification, and rhizosphere enhancement.
2105 • Integrated multi-omics approaches unravel the functional dynamics of biochar–microbe 
2106 systems, guiding field-scale optimization.
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