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Abstract: 13 

Background- Iron (Fe) contamination in groundwater is a gradual yet significant concern driven by 14 

industrial, urban, and agricultural activities, resulting in undesirable organoleptic effects in drinking water. 15 

Surface immobilization of bacterial strains onto biochar offers a promising strategy for enhancing 16 

adsorption-based remediation. 17 

Purpose- This study investigates the adsorption behaviour of Fe(II) ions using a bacterial-biochar 18 

immobilized adsorbent derived from rice husk and Bacillus subtilis, isolated from iron-rich soil samples near 19 

handpumps located in Haridwar, Uttarakhand, India. The goal was to evaluate the impact on the adsorption 20 

capacity for Fe (II) through various sorption and kinetic models, along with material modified properties. 21 

Methods- Rice husk biochar was immobilized with Bacillus subtilis and characterized using SEM, BET 22 

surface area analysis, and FTIR spectroscopy. Batch adsorption experiments were conducted across Fe(II) 23 

concentrations of 10–40 mg/L. Three Sorption kinetics were modeled for fitting the data and similarly three 24 

Isotherm behaviors were assessed, supported by regression analyses. 25 

Results- The bacterial-biochar immobilized adsorbent achieved 79.3% Fe(II) removal, outperforming 26 

pristine biochar. BET surface areas of 67.76 and 91.84 m
2
/g correlated with enhanced adsorption. The FTIR 27 

revealed functional groups (alkene: C-H stretching, alcohol: O-H bending, conjugated alkenes: C=C 28 

stretching) and metal carbonate structures, provided an insight of active bio sorption sites. A decline in 29 

adsorption at higher concentrations, indicated optimal performance at 10–15 mg/L concentration of Fe (II) 30 

ions. Kinetic (pseudo-first-order and Weber–Morris intraparticle diffusion) and isotherm (Freundlich and 31 

Redlich–Peterson) models validated the presence of heterogeneous adsorption sites. 32 

Conclusions- Surface immobilization of Bacillus subtilis onto rice husk biochar significantly enhances Fe(II) 33 

adsorption. These findings highlight the potential of bacterial-biochar immobilized adsorbent as a basis for 34 

valorization of the green biotechnology usage in groundwater remediation applications. 35 

Keywords: Surface immobilization, Rice Husk, Biochar-Bacterial consortium, Adsorption, Fe (II) ions 36 

 37 

 38 

ACCEPTED MANUSCRIPTARTICLE IN PRESS

mailto:shshank.chaube@sithyd.siu.edu.in
mailto:sanjaygupta@srhu.edu.in


ARTIC
LE

 IN
 PR

ES
S

2 
 

1- Introduction 39 

Iron is a prevalent metal in the Earth's crust, primarily existing in two oxidation states: Fe(III) and Fe(II) [1]. 40 

While iron is an essential micronutrient necessary for various biological processes, its excess concentration 41 

in drinking water can lead to significant health and aesthetic issues. Elevated levels of iron can cause 42 

degradation of plumbing fixtures and contribute to organoleptic problems, such as undesirable tastes and 43 

staining, ultimately impacting the quality of potable water. The World Health Organization (WHO) 44 

recommends a maximum concentration of 0.3 parts per million (ppm) for iron in drinking water, while the 45 

Bureau of Indian Standards stipulates a limit of less than 1 ppm (IS 10500 – June 2015 amendments) [2]. 46 

The prolonged exposure to elevated Fe concentrations shows major toxicity on human health, including 47 

chronic and neurological degradation, hemochromatosis, liver and lung damage, bone fragility, tooth 48 

discoloration, skin allergies, and most commonly diarrhoea [3,4]. Unlike the effects of iron accumulation, 49 

effective strategies for its removal from aqueous solutions require thorough investigation. Adsorption using 50 

natural biosorbents is a physico-chemical treatment that gained traction due to its cost-effectiveness and eco-51 

friendly nature [5]. Recent literature has also illustrated the efficacy of economically derived materials from 52 

the agricultural sector in addressing heavy metal contamination in drinking and groundwater [6]. Adsorption 53 

stands out among various treatment methods as it avoids the introduction of undesirable by-products into the 54 

water, a significant advantage over alternative techniques for iron removal [7]. The efficiency of the 55 

adsorption process is influenced by the chemical surface properties of the adsorbents, which play a crucial 56 

role in the interaction between metal ions and sorbents [8]. Key factors driving the adsorption of iron include 57 

contact time, particle size, and the surface properties of the adsorbent, as well as the kinetics and isotherm 58 

models governing the process. The composition of agro-residues rich in lignin and cellulose affects the 59 

surface properties and porosity of activated biochar, enabling effective entrapment of metal ions [9]. 60 

Particularly, rice‑husk biochar based remediation can remove dissolved iron from groundwater through a 61 

combination of physicochemical sorption and mineralization processes [10]. Surface oxygenated functional 62 

groups (carboxyl, phenolic, hydroxyl) and negatively charged/polar sites binds Fe(II) and Fe(III) by 63 

electrostatic attraction, inner‑sphere complexation and ligand exchange, further lowering aqueous 64 

concentrations [11]. The biochar pore network concentrates solutes and provides abundant nucleation 65 

surfaces where hydrolysis and oxidation of iron generate iron oxyhydroxides and other poorly soluble phases 66 

that precipitates followed by entrapping within the pores and on the external surfaces [12]. 67 

Recent advancements have highlighted the importance of surface modification of different biochar to 68 

enhance its efficiency in removing various contaminants, including heavy metals [13]. There is a growing 69 

focus on adopting greener approaches in the quest for effective heavy metal removal. Biological methods, 70 

particularly bacterial-mediated modifications, are emerging as a promising avenue but still confront 71 

challenges related to their efficiency and functionality in large-scale applications [14]. The surface 72 

characteristics and functional groups of biochar modulate bacterial interactions via two pathways: a direct 73 

effect on cell attachment and activity, and an indirect effect in which high electrical conductivity promotes 74 

electron transfer from intracellular oxidation to extracellular reduction during surface immobilization 75 

[15,16]. Interestingly, certain bacterial strains in natural environments exhibit remarkable capabilities for the 76 

transformation, precipitation, and bioreduction of heavy metals, showcasing their potential as bioremediation 77 

agents. At the molecular scale, electron shuttling within the biochar–bacteria composite transfers electrons 78 
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from microbial metabolism to acceptors such as Fe(III) oxides, accelerating their reduction and supporting 79 

biochar‑mediated biomineralization of iron in groundwater [17,18]. The Fe(II) molecules remains soluble 80 

unless sequestered by complexation with organic ligands or extracellular polymeric substances (EPS) 81 

produced by microbes [19]. 82 

This work investigates the performance of biologically modified biochar in removing Fe(II) ions from 83 

synthetic groundwater. By mimicking the natural environmental conditions in a controlled laboratory setting,  84 

interactions of the bacterial immobilized biochar suitable for groundwater withdrawal systems will provide a 85 

sustainable solution for iron contamination and align with global efforts to ensure safe drinking water. Thus, 86 

integrating biochar and bacteria within a matrix enables heavy‑metal remediation in water systems through 87 

complementary mechanisms, including adsorption to biochar surfaces, complexation with functional groups, 88 

microbial redox transformation, and biofilm‑mediated immobilization along with biomineralization. The 89 

concept is already under study in agricultural farm setups, but lacks knowledge in water interactive system, 90 

to showcase the bacterial capability for utilizing the heavy metals entrapped on the surface of biochar [20]. 91 

Bacterial–biochar composite is a multifunctional assembly in which biochar surface chemistry, attached 92 

cells, extracellular polymeric substances (EPS), and any precipitated biominerals together determine 93 

heavy‑metal fate. EPS and soluble organic compounds can supply abundant binding sites and promote rapid, 94 

reversible sorption [21]. In case of specialized microbes, like iron-oxidising (FeOB) and iron-reducing 95 

(FeRB) groups of bacteria, Fe(OH)3 gets accumulated in the biofilms at anaerobic interfaces. Abundant 96 

surface amino, carbonyl, carboxyl, and hydroxyl functional groups can enhance heavy‑metal adsorption onto 97 

cell surfaces or within cells in conjunction with a biosorbent [22]. Primarily, the microbiological activity 98 

causes oxidation and precipitation of Fe
2+

 on the outer membrane-bound cytochromes under a set of optimal 99 

pH and redox potential (Eh), releasing electrons utilized through the Electron Transport chain [23]. Certain 100 

examples include Leptothrix ochracea and Gallionella ferruginea immobilized on sand/ granular activated 101 

carbon filter, entrapping Fe oxides on the filter medium [24]. Another mechanism playing a major role in 102 

iron uptake involves siderophore production by the neutrophilic biofilm forming bacterial strains, which 103 

binds and transports the Fe molecules, enhancing the sequestration ability [25]. Majorly Bacillus subtilis 104 

exhibits both biofilm formation and specialized siderophore production, displaying traits that contribute to 105 

active Fe acquisition from the growth medium and support its normal growth [26].  106 

Immobilizing Bacillus on the rice‑husk biochar converts a passive sorbent into an active bioremediation 107 

composite [27]. Particularly, the bacillus biofilms establish dense EPS matrix on biochar surfaces that 108 

concentrate iron by complexation with EPS functional groups [28]. It further provides microsites of distinct 109 

pH and redox potential promoting localized transformation; and enzymatic catalysis or indirect facilitation of 110 

redox reactions [29]. It also mediate Fe(III) reduction or stimulate abiotic oxidation by altering local oxygen 111 

flux and catalyzing surface redox reactions [30]. Additionally, Biochar itself can facilitate extracellular 112 

electron transfer between microbial cells and iron phases, accelerating Fe(II)/Fe(III) interconversion and 113 

favoring formation of more stable solid phases on the composite surface [31]. Several recent studies have 114 

demonstrated that bacterial immobilization on biochar enhances adsorption, not only occurring through 115 

increased surface heterogeneity and biofilm formation but also via active metabolic processes helps in 116 

altering contaminant speciation and promote bioprecipitation [22,32,33]. The immobilization by viable vs. 117 
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heat-killed bacterial cells is also a topic of research, where the immobilized viable neutrophilic bacterial cells 118 

could outperform immobilized non-viable cells for in-situ iron reduction in groundwater treatment systems 119 

by altering the local geochemistry [34]. As the water matrices having immobilized living cells maintain 120 

active electron transport, metabolic flexibility, and surface chemistry that promote sustained Fe(III) redox 121 

transformation, biofilm formation, and self-repair under fluctuating redox and nutrient conditions along with 122 

forming stable mineral phases [35]. The localized microenvironments further enhances Fe(III) solubility; 123 

immobilization on polymeric beads/matrices, or biochar further enhances the action by stabilizing biomass 124 

against hydraulic shear and washout while preserving cell viability and contact with mineral surfaces [36]. 125 

Thus, they produce longer‑term immobilization, so observed performance in mixed composites often reflects 126 

an overlap of immediate EPS‑dominated biosorption and later biogenic mineralization [37]. Future studies 127 

can thus target for heat‑sterilized or chemically inactivated composites, which are prepared identically to the 128 

live material [38]. Further areas of research include EPS removal or enzymatic degradation treatments to 129 

assess the EPS fraction; time‑resolved comparisons of abiotic and biotic reactors to separate rapid sorption 130 

from slower biologically mediated changes are some of the possible avenues to explore and deepen the 131 

understanding of the exact mechanism [19]. Finally finding a complementary solid‑phase analyses by using 132 

(SEM‑EDS, XRD, FTIR, and sequential extraction) can be utilized to identify biomineral signatures and 133 

distinguish sorbed versus precipitated metals [39]. 134 

In contrast, non-viable cells or killed biomass rely solely on passive mechanisms such as surface-mediated 135 

abiotic electron transfer, reductive dissolution via adsorbed reductants, and reactive functional groups that 136 

can catalyse initial iron dissolution [40]. Thus, in the presence of  heterogeneous viable immobilized cells a 137 

long-term robustness is predicted by competing electron acceptors, fluctuating pH, and oligotrophy, 138 

sustaining iron reduction over weeks to months [41]. Whereas, non-viable bacteria  are more sensitive to bio-139 

fouling, organic-poor conditions, and loss of reactive surface sites. Operationally, viable immobilized 140 

systems require attention to nutrient supply, potential biomass overgrowth, and re‑inoculation if repeated 141 

sorption-desorption is carried out in a bioremediation system for yielding higher cumulative Fe(II) 142 

adsorption and better adaptation to field variability [38]. On the contrary, non-viable systems offer stability 143 

and lower biosafety concerns but typically deliver shorter-lived, lower-magnitude iron removal [42]. These 144 

constrains can be overcome by exploring a possible avenue of compatible regeneration protocols, including 145 

mild chemical buffers, staged reactor designs that separate abiotic regeneration from biological 146 

immobilization improvement, and controlled reimmobilization workflows across at least three to five 147 

adsorption–desorption cycles to quantify both sorption resilience and microbial functional recovery [13]. For 148 

instance, Tao et al. (2018) reported Bacillus subtilis immobilized on cotton-stalk biochar contributed to 149 

enhanced Cd and Pb immobilization through metabolic transformation and EPS production, whereas heat-150 

killed cells lacked these effects [43]. A recent review by Zhang et al. (2023) further emphasized that viable 151 

bacterial biofilms on biochar surfaces facilitate redox transformations, complexation, and 152 

microenvironmental shifts that cannot be replicated by non-viable biomass [44]. 153 

Furthermore, Bacillus subtilis has not been widely studied for the kinetics and isotherm models for Fe 154 

adsorption capacity, both in live and dead biomass [45]. On the molecular level, B.subtilis confers the 155 

biosynthesis ability for bacillibactin via non-ribosomal peptide synthetases (NRPS) which involves the 156 
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assembly of 2,3-dihydroxybenzoic acid (DHBA), threonine, and glycine into a cyclic trimeric structure and 157 

the enzymes such as DhbA-DhbF catalyzing the formation of bacillibactin [46]. However, the exact 158 

mechanism in the case of iron bioremediation by Bacillus strain is underexplored. Though the operational 159 

risks for such interventions include: remobilization of iron under shifting pH or reducing conditions, 160 

oxidative by‑products in the presence of strong oxidants, and hydraulic impairment from precipitate 161 

accumulation [22]. These drawbacks can be managed by monitoring Fe speciation, pH, oxidation -reduction 162 

potential (ORP), dissolved oxygen-carbon ratio (DOC) and head loss through applying periodic regeneration 163 

or backwashing steps [47]. While few studies quote the use of the Bacillus subtilis with biochar for studying 164 

the effect for heavy metal sorption in the rice plant rhizosphere but still lacks with the specific mechanism in 165 

the adsorption process [48]. Furthermore, the adsorption efficiency for other heavy metals, such as Cd(II), 166 

Cu(II), Ni(II), Cr(IV), and Pb(II), has been studied using Bacillus cereus, and Bacillus subtilis with various 167 

agricultural residues as immobilizing surfaces, such as rice straw and corn stalk, particularly in the 168 

rhizospheric environment [49,50]. The present synthetic groundwater study therefore aims to demonstrates a 169 

combined sorption–biotransformation approach analyzed using sorption isotherm and kinetic modelling that 170 

maximizes iron retention while aiming for future scope of identifying key process controls required for 171 

scale‑up and real‑world application. 172 

 173 

2- Material and Methods 174 
 175 
2.1 Collection of Water samples: 23 hand pumps water sampling from 2 districts in Uttarakhand, India was 176 

included (i) Haridwar and (ii) Tehri Garhwal District in the study (Table 1). Water samples from the 177 

designated sites were collected after pumping for 5 minutes and analyzed using MD 100 Tintometer (Make: 178 

Lovibond) for on-site detection of iron concentration and further confirmed using ICP-OES (Agilent 179 

Technologies Model no: 5110) as per the standard procedures laid down by the BIS for drinking water. 180 

Further the stratified soil samples were collected for isolating the microbial community with a depth of 10cm 181 

from the surface near the hand pump spout. The iron concentration ranges detected from field survey were 182 

utilized in the further experiments in the Batch system. 183 

Table 1 Iron Concentration in collected Water sample 184 

Tehri District 

Sample 

No. 

Site Tehsil Coordinates Iron Conc. 

(mg/L) 

     ICP-OES 

     Fe  (ppm) Lat Long 

1 Byasi Thalisain 30.06° 78.47° 0.83 0.89 

2 Singtali Narendranagar 30.06° 78.45° 0.43 0.42 

3 Kaudiyala Tehri 30.06° 78.50° 0.20 0.17 

Haridwar District 

4 Jagjeetpur Haridwar 30.04° 78.21° 0.35 0.35 

5 Missarpur 1 Bahadrabad 29.89° 78.13° 1.53 1.58 
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6 Jiya Pota Bahadrabad 29.87° 78.12° 0.38 0.42 

7 Nurpur 

Panjanheri 

Bahadrabad 29.88° 78.13° 0.62 0.65 

8 Katarpur Bahadrabad 29.86° 78.12° 0.27 0.27 

9 Sarai Jwalapur Bahadrabad 29.90° 78.09° 1.34 1.35 

10 Dandi Chauraha 

(Bhagtanpur, 

Abidpur) 

Bahadrabad 29.87° 78.07° 0.68 0.70 

11 Shubhash Garh Laksar 29.83° 78.03° 1.90 1.95 

12 Aithal  Laksar 29.81° 78.03° 0.03 0.03 

13 Baseri Laksar 29.76° 78.03° 0.42 0.45 

14 Akbarpur Laksar 29.76° 78.06° 0.79 0.80 

15 Sultanpur Laksar 29.75° 78.09° 0.24 0.25 

16 Prahladpur Khanpur 29.68° 77.98° 0.73 0.75 

17 Shahpur Khanpur 29.64° 78.00° 0.07 0.09 

18 Khanpur border Khanpur 29.63° 77.98° 1.76 1.75 

19 Laksar Tehsil Laksar 29.73° 78.01° 0.66 0.65 

20 Kaliyar Sharif 

(Rahmatpur) 

South 

Haridwar 

29.90° 77.94° 2.70 2.70 

21 Piran Kaliyar  South 

Haridwar 

29.92° 77.93° 0.76 0.78 

22 Ghoda Chowk Bahadrabad 29.92° 78.04° 0.11 0.11 

23 Haridwar 

Highway 

Bahadrabad 29.91° 78.08° 0.34 0.35 

23 Total Number of Samples 

 185 

2.2 Bacterial strains isolation and enrichment: The soil samples were dissolved in a volume of 100ml 186 

distilled water, with a weighing ratio of 50 grams. The dissolved soil samples of 1 ml volume were 187 

inoculated inside a modified 9K-Spizizen minimal salts – Luria Broth medium [51] prepared into two 188 

different components for a total volume of 200 ml (Table 2). 189 

Table 2 Media Components for preparation of 9K - Spizizen minimal salts Medium for bacterial growth. 190 

Media Component A  

(950 ml), pH=7.0, Autoclaved 

Quantity 

(grams) 

Media Component B 

(50 ml) Filter sterilized 

Quantity 

(grams) 

Ammonium sulfate; (NH4)2SO4 2.0 Ferrous Sulfate Heptahydrate; 

FeSO4 ·7H2O 

0.139 

Potassium Dihydrogen Phosphate, 6.0   
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KH2PO4 

Dipotassium Phosphate; K2HPO4 14.0  

Magnesium Sulfate Heptahydrate; 

MgSO4. 7H2O 

0.5 

Tri-Sodium Citrate Dihydrate; 

Na3C6H5O7.2H2O 

1.9 

Glucose 5.0  

Peptone Powder 10.0  

Yeast Extract Powder 5.0  

pH 7.5  

  191 

The broth medium was incubated for 7 days in a shaking incubator (REMI CIS‑24 Plus) at 37 °C, 120 rpm. 192 

After the completion of the incubation period, the dark brown broth was further enriched on the 9K - 193 

Spizizen minimal salts agar medium (1.5% Agar) at pH = 7.5. The loopful culture was streaked and 194 

incubated for 48 hours, at a temperature of 37 °C, until yellowish appearance colonies were observed (Fig. 195 

1). After 3 days of incubation, the colonies were sub cultured for obtaining pure cultures. 196 

    197 

    198 

Fig. 1. Pure culture streaked on 9K - Spizizen minimal salts-LB agar medium, (i) IOB-1; (ii) IOB-2; (iii) 199 
IOB-3; (iv) IOB-4. 200 

2.3 Morphological Analysis and Identification: The morphological characteristics of the colonies were 201 

observed under the microscope at 40X and 100X magnification after gram staining (Fig. 2), and the results 202 

were recorded based on the factors of overall shape, size, and arrangement margin of the colonies (Table 3). 203 

 204 
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Table 3: Morphological characterization of potential iron-reducing bacteria. 205 

Bacterial ID Morphology Cell Diameter (μm) 

IOB-1 Helical Bacilli 0.26 

IOB-2 Curved and helical Bacilli 0.38 

IOB-3 Curved and Elliptical Bacilli 0.35 

IOB-4 Elliptical and helical Bacilli 0.42 

 206 

 207 

 208 

 209 

Fig. 2. Gram Staining of isolated bacterial strains, (i) IOB-1; (ii) IOB-2; (iii) IOB-3; (iv) IOB-4. 210 

The agar plates were outsourced for Microbial Identification. Initially, the genomic DNA extraction was 211 

done using Chloroform: Isoamyl alcohol-based isolation method from the isolated bacterial cultures and sent 212 

to the sequencing facility. DNA quality and concentration in the buffer solution were confirmed from the QC 213 

report. A  ~1.5 kb 16S rDNA fragment was amplified using a high‑fidelity PCR polymerase with the forward 214 

primer 5′‑CCTACGGGNGGCWGCAG‑3′. PCR products were sequenced uni‑directionally, and the 215 

resulting sequences were aligned and analyzed using PhyloT to identify the bacterial isolate and its closest 216 

phylogenetic neighbours (Table 4; Fig. 3). The data was submitted to NCBI SRA portal with Accession 217 

Number (PRJNA1338561). 218 

Table 4 Microbial Identification Information 219 

Bacterial Id Phylogeny Closest Neighbour 

IOB-1 Proteobacteria Bacillus subtilis 

IOB-2 Proteobacteria Bacillus subtilis 

IOB-3 Proteobacteria Bacillus velezensis 
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IOB-4 Proteobacteria Bacillus cereus 

 220 

 221 

 222 

 223 

 224 

Fig. 3. Phylogenetic tree for closest neighbour, (i) IOB-1; (ii) IOB-2; (iii) IOB-3; (iv) IOB-4. 225 

 226 

2.4 Biochar production: The agro-economical waste biomass were selected for biochar production to use as a 227 

matrix for bacterial immobilization experiment. The biomass was collected from Dehradun city, 228 

Uttarakhand, India. A total of 4 different biomass (rice husk, pineapple peel, sugarcane residue, and spent 229 

coffee grinds) material were collected and washed to remove excess dust followed by oven drying to get rid 230 

of moisture content at 105 °C inside a hot air oven (REMI RDHO 80). The feedstocks were pyrolyzed under 231 

multiple temperature–residence time conditions inside a muffle furnace  and compared using proximate 232 
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indicators with yield (Table 5). Selection criteria were predefined as: low ash content, adequate yield, 233 

development of porous structure (inferred from yield trends and handling integrity), and mechanical stability 234 

for downstream immobilization at shorter residence time. Rice husk met these criteria adequately, based on 235 

the screening results; where the rice husk biochar used in experiments was produced at 450 °C with a 1‑hour 236 

residence time. 237 

 238 

Table 5 Yield percentage and optimization of pyrolysis conditions. 239 

 240 

S.No. Biomass Characteristics 

Pyrolysis 

Temperature 

Residence Time Yield % 

1. Rice Husk 300°C 3 Hours 35.4% 

350°C 3 Hours 23.5% 

400°C 2 Hours 30.2% 

450°C 1 Hour 37.6% 

500°C 1 Hour 25% 

550°C 0.5 Hour 30.4% 

2.  Pineapple Peel 250°C 2 Hours 47.5% 

350°C 1 Hour 37.2% 

3.  Sugarcane 

Residue 

300°C 4 Hours 41.6% 

400°C 2 Hours 37.9% 

4. Spent Coffee 

Grinds 

270°C 2 Hours 32.3% 

370°C 0.5 Hour 26.5% 

*  All reported yields are mean values from triplicate pyrolysis unless otherwise stated 

 241 

2.5 Bacterial Loading on Biochar samples: The rice husk biochar sample produced was washed thoroughly 242 

to remove the ash residual content, and autoclaved at 121 °C and 15 psi for 20 minutes. One gram of 243 

autoclaved  biochar was then transferred into a conical flask containing 100 mL of bacterial suspension and 244 

incubated for 24 hours at 120 rpm and 30 °C in a shaking incubator (REMI CIS‑24 Plus). After incubation, 245 

the biochar–bacterial residue was separated by centrifugation at 5,000 rpm for 5 minutes (REMI CPR‑24 246 

Plus). The residue was washed with ultrapure water for 3-4 cycles, each with a volume of 50ml (18.2 MΩ - 247 

ELGA Ultrapure water system, UK). The washed residue was further oven dried at 40 °C to remove the 248 

moisture of the composite (REMI RDHO 80) and stored in an air tight packaging inside refrigerated 249 

conditions of 4 °C for further experiments. 250 

The sample with bacterial isolate, IOB‑1 nearest neighbour (Bacillus subtilis), identified in Table 4, was 251 

selected for immobilization based on preliminary qualitative screening for robust compatibility with the 252 

biochar matrix. The quantitative enumeration was performed by using 0.03 g bacterial-biochar suspended in 253 

70 mL of sterile saline solution (0.85%) and incubated for 24 hours. The mix was shaken at 150 rpm and 254 

checked for cell density at an absorbance of 600 nm read using a (Shimadzu UV-1800 spectrophotometer) 255 

[52]. 256 

 257 
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2.6 Characterization of Biochar-Bacterial Composites: The surface and pore characteristics of the biochar 258 

composite were analyzed using a BET surface area analyzer (Autosorb iQ‑x, S/N: 14713060401, Station 1, 259 

version 5.2) to determine the specific surface area and classify pore types. Surface morphology was 260 

examined using a scanning electron microscope (SEM; Tescan MIRA 3 LMH), and functional group 261 

heterogeneity was assessed by Fourier transform infrared spectroscopy (FTIR; PerkinElmer IV) [43]. 262 

 263 

2.7 Batch Adsorption Experiment: Ferrous sulfate heptahydrate solutions with concentrations ranging from 264 

10 mg/L to 40 mg/L were prepared in 70 mL volumes of synthetic groundwater for each concentration level  265 

[53,54]. The composition of the groundwater was setup for the experiment, based on the study conducted to 266 

analyse water quality parameters of Uttarakhand (Table 6). 267 

 268 

Table 6 Water Quality Parameters for Uttarakhand [54]. 269 

Physicochemical 

Parameter 

Mean Value BIS Desirable 

Limit 

Metal Salt Concentration 

(g/L) 

Ca
2+

 (mgL
−1

) 74.05 75 CaCl2·2H2O 0.203 

Mg
2+

 (mgL
−1

) 26.06 30 MgSO4·7H2O 0.260 

Na
+
 (mgL

−1
) 3.03 _ NaCl 0.008 

K
+
 (mgL

−1
) 1.26 200 KCl 0.032 

Cl
−
 (mgL

−1
) 16.48 250 NaCl 0.028 

NO3
−
 (mgL

−1
) 4.10 45 NaNO3 0.0069 

SO4
2-

 (mgL
−1

) 55.06 200 Na2SO4 0.044 

pH 7.62 6.5–8.5 NaOH/ HCl 7.5 

 270 

The experiment consisted of reaction mixture made up in a volume of 70ml with 0.03 gram of biochar-271 

bacterial composite, and  incubated 120 rpm at 30°C for 24 hours (REMI CIS-24 Plus Shaking Incubator). 272 

The solution was filtered through a Millipore filtration assembly (0.22 μm) and analyzed by ICP‑OES 273 

(Agilent Technologies, Model 5110) at a wavelength of 238.2 nm.  274 

 275 

The factors of effect of pH, temperature and biochar dosage were conducted for the following ranges of 276 

initial culture medium pH (pH 5.0–8.0), incubation temperature (25, 30, 35 °C), and Biochar dosage (10-277 

40mg)  which were tested for their effect on Fe(II) removal. The experiments were conducted in triplicate. 278 

The tests were performed in 70 mL synthetic wastewater supplemented with 14.72 mg/L {~15 mg/L) of 279 

Fe(II). Furthermore, the resulting data from iron concentration variation was fitted to kinetic and isotherm 280 

models using initial iron concentrations of 10, 15, 20, 25, 30, 35, and 40 mg/L, with contact times of 281 

30 minutes, 1–5 hours, and equilibrium measurements up to 24 hours. Each adsorption experiment was 282 

conducted in triplicate to minimize experimental error, and a blank sample of synthetic groundwater without 283 

adsorbent served as the control. The reported residual Fe concentrations and removal percentages are mean 284 

values from triplicate experiments. 285 

 286 

ACCEPTED MANUSCRIPTARTICLE IN PRESS



ARTIC
LE

 IN
 PR

ES
S

12 
 

The amount of Fe(II) ions adsorbed per gram of biochar and the percentage removal were calculated using 287 

the following equations (1) and (2): 288 

𝑞𝑒 =
(𝐶0 − 𝐶𝑒) × 𝑉

𝑚
 

% Removal = (
𝐶𝑜 − 𝐶𝑒

𝐶𝑜

) × 100 

 289 

where, Co and Ce are the initial and equilibrium Fe(II) concentrations (mg L
−1

) respectively. qe is the 290 

equilibrium adsorption capacity (mg g
−1

), m is the dry weight of the biochar samples (g), and V is the 291 

volume of total reaction mixture (L) [55–57]. 292 

 293 

The sorption isotherm was studied for the period of 24 hours using 4 different models, (1) Langmuir: 294 

explaining monolayer sorption equilibrium of Fe (II) on the biochar’s homogenous surface [58]; (2) 295 

Freundlich: displaying a heterogeneous sorption equilibrium of Fe (II) on the biochar surface [59]; and (3) 296 

Temkin: representing heterogeneous distribution of binding energies based on the heat of adsorption 297 

occurring with Fe (II) ions due to their interaction with various functional groups on the biochar [60]. (4) 298 

Redlich Peterson: explains adsorption sites having varying affinities for the Fe (II) ions [61]. 299 

 300 

Langmuir isotherm model linear and non-linear representation are written as equations (3) and (4): 301 

𝐶𝑒

𝑞𝑒

=
𝐶𝑒

𝑞𝑚

+
1

𝐾𝐿𝑞𝑚

[𝐿𝑖𝑛𝑒𝑎𝑟 𝐿𝑎𝑛𝑔𝑚𝑢𝑖𝑟] 

𝑞𝑒 =
𝑞𝑚𝐾𝐿𝐶𝑒

1 + 𝐾𝐿𝐶𝑒

  [𝑁𝑜𝑛 − 𝐿𝑖𝑛𝑒𝑎𝑟 𝐿𝑎𝑛𝑔𝑚𝑢𝑖𝑟] 

 302 

where, qm is the monolayer biosorption capacity of Fe (II) ions on biochar surface (mg g
−1

) and KL is the 303 

Langmuir constant (L mg
−1

) which are determined from the linear plot of Ce/qe Vs Ce. The Langmuir 304 

isotherm parameters also consider a dimensionless factor of separation factor ‘RL’ which is used to predict 305 

the affinity of surface modified biochar for Fe (II) ions; expressed in the equation (5). 306 

𝑅𝐿 =
1

1 + 𝐾𝐿𝐶𝑜

 

A separation factor (RL) value between 0 and 1 indicates favourable adsorption of Fe(II) ions, RL >1 denotes 307 

unfavourable adsorption, RL = 1 corresponds to linear adsorption, and RL = 0 represents an irreversible 308 

adsorption process. 309 

 310 

Freundlich isotherm model linear and non-linear form is expressed as equations (6) and (7): 311 

ln 𝑞𝑒 = ln 𝐾𝐹 +
1

𝑛
ln 𝐶𝑒 [𝐿𝑖𝑛𝑒𝑎𝑟 𝐹𝑟𝑒𝑢𝑛𝑑𝑙𝑖𝑐ℎ] 

𝑞𝑒 = 𝐾𝐹𝐶𝑒
   1/𝑛

   [𝑁𝑜𝑛 − 𝐿𝑖𝑛𝑒𝑎𝑟 𝐹𝑟𝑒𝑢𝑛𝑑𝑙𝑖𝑐ℎ] 

where, KF is the Freundlich constant determined from the intercept of the linear plot of ln qe Vs ln Ce, while 312 

the slope of the plot corresponds to (1/n) ratio representing the sorption intensity of the biochar respectively. 313 

Temkin isotherm model linear equation (8) is represented as: 314 

(2) 

(4) 

(3) 

(5) 

(7) 

(6) 

(8) 
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𝑞𝑒 = 𝐵 ln 𝐴𝑇 + 𝐵 ln 𝐶𝑒 [𝐿𝑖𝑛𝑒𝑎𝑟 𝑇𝑒𝑚𝑘𝑖𝑛] 

where, AT is the Temkin isotherm equilibrium binding constant (L g
-1

) and B is defined as constant related to 315 

heat of sorption (J mol
-1

). These parameters are obtained from the intercept and slope, respectively, of the 316 

linear plot of ln qe Vs Ce. 317 

Further for the non-linear isotherm form, Redlich-Peterson model was utilized as equation (9): 318 

𝑞𝑒 =
𝐾𝑅𝐶𝑒

1 + 𝑎𝑅𝐶𝑒
   n

    [𝑁𝑜𝑛 − 𝐿𝑖𝑛𝑒𝑎𝑟 𝑅𝑒𝑑𝑙𝑖𝑐ℎ 𝑃𝑒𝑡𝑒𝑟𝑠𝑜𝑛] 

where, KR explains the Redlich-Peterson isotherm rate constant, and n stands for the dimensionless exponent 319 

factor, along with (aR) which is regarded as Redlich-Peterson coefficient. These values are determined by the 320 

intercept and slope in qe Vs. Ce plot. 321 

The sorption kinetics was studied based on two models of Fe (II) ions, (1) Pseudo-first-order: representing 322 

physisorption of Fe (II) complexes into the pores of biochar and (2) Pseudo-second-order: representing 323 

chemisorption of Fe (II) ions with the functional groups on biochar surface. Additionally, Webber Morris 324 

intraparticle diffusion was studied representing boundary layer contribution in the diffusion model. The data 325 

comparison of the experimental and predicted values will display the best of model and its relevance.  326 

 327 

Pseudo-first-order (PFO) kinetics model linearized and non-linearized equations (10, 11) are expressed as 328 

[62]: 329 

 330 

ln(𝑞𝑒 − 𝑞𝑡) = ln(𝑞𝑒) − 𝑘1 ⋅ 𝑡   [𝐿𝑖𝑛𝑒𝑎𝑟 𝑃𝐹𝑂] 

             𝑞𝑡 = 𝑞𝑒(1 − 𝑒−𝑘1𝑡)      [𝑁𝑜𝑛 − 𝑙𝑖𝑛𝑒𝑎𝑟 𝑃𝐹𝑂] 331 

where, qt is the amount of Fe(II) adsorbed per unit mass of biochar at time 𝑡  (mg g
−1

) and k1 is the pseudo 332 

first order rate constant (min 
−1

), calculated from the slope of the linear plot of log (qe - qt) Vs time. 333 

 334 

Pseudo-second order (PSO) kinetics model linearized and non-linearized equations (12, 13) are 335 

expressed as [63]: 336 

𝑡

𝑞𝑡

=
1

𝑘2𝑞𝑒
  2

+
𝑡

𝑞𝑒

         [𝐿𝑖𝑛𝑒𝑎𝑟 𝑃𝑆𝑂] 

𝑞𝑡 =
𝑞𝑒

   2𝑘2𝑡

1 + 𝑞𝑒𝑘2𝑡
     [𝑁𝑜𝑛 − 𝐿𝑖𝑛𝑒𝑎𝑟 𝑃𝑆𝑂] 

where, h = k2qe
2
  is the initial sorption rate of Fe (II) ions and k2 is the pseudo second order rate constant. 337 

Both of these values are determined by plotting t/qt Vs time. 338 

 339 

Furthermore, Webber Morris intraparticle diffusion model in linearized equation (14) is expressed 340 

as: 341 

𝑞𝑡 = 𝑘𝑖𝑑 ⋅ 𝑡0.5 + 𝐶        [𝐿𝑖𝑛𝑒𝑎𝑟 𝑊𝑒𝑏𝑏𝑒𝑟 − 𝑀𝑜𝑟𝑟𝑖𝑠] 

(9) 

(10) 

(11) 

(12) 

(13) 

(14) 
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where, qt is the adsorption capacity of Fe(II) ions on biochar at time 𝑡  (mg g
-1

) and kid is the intraparticle 342 

diffusion rate constant; and [C] represents the boundary layer effect. The parameters were obtained from the 343 

slope kid and intercept C value on the plot of  t 
0.5

 Vs qt. 344 

 345 

3- Results & Discussion- 346 

3.1 Biochar Characteristics: The biochar samples were characterized using BET, SEM-EDX, and FTIR 347 

analysis. BET analysis indicated that the biochar samples followed a Type IV isotherm model. A rapid 348 

increase in adsorption within the 𝑃 /𝑃 0 range of 0–0.1 suggested that micropores played a dominant role in 349 

this initial phase. In the 𝑃 /𝑃 0 range of 0.1–1.0, adsorption increased progressively with relative pressure, 350 

reflecting the contribution of mesoporous surfaces. The nearly parallel adsorption-desorption branches over 351 

a wide relative pressure range resembled an H4 hysteresis loop, confirming the coexistence of micropores 352 

and mesopores in the biochar material. Such Type IV behaviour and H4 hysteresis commonly indicate a 353 

hierarchical micropore–mesopore network in biomass‑derived carbons, which typically enhances adsorption 354 

of aqueous metal ions by combining high specific area with possible transport pathways [64]. 355 

For pristine rice husk biochar, the BET surface area was 67.76 m
2
 g

-1
, with a micropore surface area of 356 

38.73  m
2
 g

-1
, accounting for 57 % of the total surface area. In contrast, the bacterial-biochar composite 357 

exhibited a 35 % increase in BET surface area to 91.84 m
2
 g

-1
, with a micropore surface area of 45.61 m

2
 g

-358 
1
, representing 49 % of the total surface area (Table 7). 359 

Table 7 Physical properties of biochar. 360 

Specific Surface Properties Pristine Rice Husk Biochar Biochar-Bacterial Composite 

BET surface area (m
2
/g) 67.76 91.84 

Micropore area (m
2
/g) 38.73 45.61 

Total pore volume (cm
3
/g) 0.05 0.068 

Micropore volume (cm
3
/g) 0.018 0.021 

Average pore diameter (nm) 2.36 2.21 

 361 

The observed 35% increase in BET surface area, together with the smaller relative contribution of 362 

micropore area (from 57% to 49%), indicates that bacterial immobilization generated additional 363 

mesoporous features while partially altering the micropore network. Mechanistically, the microbial 364 

colonization could have lead to possible EPS deposition and mild biomass‑derived surface restructuring 365 

widening the pore diameter through micro‑to‑mesopore transitions, producing the observed decrease in 366 

average pore diameter and increase in total pore volume [65]. Both micropores and mesopores therefore 367 

serve as principal adsorption sites in the biochar, and the combined increase in surface area and pore 368 

volume plausibly provides a greater number of adsorption sites while improving mass‑transfer access 369 

within the biochar matrix. BET and BJH are bulk textural metrics; complementary pore imaging (e.g., 370 

high‑resolution TEM) or NLDFT/N2‑adsorption advanced analysis would better resolve micro/mesopore 371 

connectivity and is recommended for follow‑up studies. 372 
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SEM analysis revealed abundant grooves and pores that facilitated microbial colonization, with numerous 373 

dispersed and aggregated bacterial cells observed within the porous network (Fig. 4). These surface 374 

features  are known to enhance mass transfer and provide loci for sorption and possible micro‑precipitation 375 

in biochar–microbe composites [66]. Furthermore, the increased presence of small precipitates on the 376 

biochar surface in the post‑modification stage corresponded to a higher adsorption efficiency for the target 377 

contaminant. The EDX data along with SEM images provided the elemental variation of Carbon, Oxygen, 378 

Nitrate and Sulfur components in different samples (Table 8). 379 

    380 

Fig. 4. SEM images of Rice Husk Biochar (1) Pristine Biochar; (2) Bacterial-Biochar Composite 381 

Table 8 Elemental composition analysis for biochar samples. 382 

 Pristine Biochar Bacterial-Biochar Composite 

Elemental Composition Weight % Atomic % Weight % Atomic % 

Carbon 34.5 43.6 33.6 45.5 

Oxygen 51.9 49.1 39.7 40.3 

Aluminum 11.1 6.2 2.5 1.5 

Sulphur 1.5 0.7 21.7 11 

Potassium 0.7 0.3 0.6 0.11 

Calcium 0.4 0.1 1.9 0.9 

 383 

FTIR analysis revealed that both pristine and modified biochar exhibited the same characteristic peaks with 384 

corresponding vibrational modes. A broad peak at 3422 cm
−1

 was assigned to hydroxyl (–OH) and alcohol 385 

functional groups bound via hydrogen bonding. Hydroxyl and surface‑bound water bands often increase in 386 

intensity following biofilm formation or organic loading, reflecting the possible EPS and cellular 387 

contributions to surface chemistry [66]. 388 

In the bacterial–biochar composite, a distinct peak at 3094 cm
−1

 corresponded to C–H stretching in alkene 389 

groups, indicating the presence of organic functional groups potentially involved in biosorption or 390 

microbial attachment at the biochar surface following immobilization [43,67]. The new or increased bands 391 

at ~3094 cm
−1

, ~1640 cm
−1

 and ~1409 cm
−1

 are consistent with organic coatings or EPS released during 392 
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bacterial growth and have been associated with enhanced metal binding through carboxylate and 393 

proteinaceous ligands [68]. The 1640 cm
−1

 band may reflect conjugated C=C stretches and/or 394 

proteinaceous (amide‑I like) contributions [43], while the 1409 cm
−1

 band was assigned to O–H bending 395 

indicating the carbonate‑type vibrations or with carboxylate functional groups that can arise from organic 396 

coatings or EPS  in the bacterial–biochar composite, which may lead to tentative formation of carbonate 397 

mineral phases after treatment [15,48,69]. Further the peak of 1037 cm
-1

 corresponded to S=O stretching in 398 

sulfoxides, suggesting the presence of sulfur‑reduction groups, potentially linked to methionine sulfoxide 399 

reductases that play a critical role in oxidative stress responses in Bacillus sp. [70]. This band requires 400 

targeted biochemical assays and are therefore speculative in this study. Finally, the peak at 801 cm
−1

 was 401 

assigned to Si–O–Si stretching, reflecting the silica content of rice husk biochar, which may contribute to 402 

enhanced adsorption efficiency (Fig. 5). Overall, FTIR changes are consistent with increased organic 403 

coatings and surface functionalisation after bacterial immobilization, which plausibly increase the density 404 

of carboxylate, hydroxyl and sulfur‑containing binding sites relevant for Fe(II) removal. 405 

 406 

Fig. 5. FTIR Plot of Bacterial immobilized biochar and Pristine Rice husk Biochar. 407 

3.2 Adsorption Experiments: 408 

3.2.1 Effect of different factors on Iron adsorption- The influence of initial pH, biochar dosage and incubation 409 

temperature on Fe(II) removal was evaluated for both pristine biochar (PB) and the bacterial–biochar 410 

composite (BBC). Across the tested pH range, both biochar samples showed low removal under acidic 411 

conditions (pH 5.0), with BBC removing 7.7% and PB 12.7%. Removal increased toward near‑neutral pH and 412 

reached a maximum for BBC at pH 7.5 (75.1% versus 63.5% for PB). Both adsorbents produced an 413 

alkalinizing effect on the solution during contact, with BBC consistently yielding slightly higher final pH 414 

values. For instance, at initial pH 6.0 the final pH for BBC was recorded as 6.21 vs PB 5.70; and at initial pH 415 

7.5 the final pH of BBC (7.65) vs PB (7.49) displayed a little variation tending towards the stability. The 416 

factor of Relative standard deviations (RSD) across the triplicates were modest (BBC ≈2.6–4.1%; PB ≈0.35–417 

ACCEPTED MANUSCRIPTARTICLE IN PRESS



ARTIC
LE

 IN
 PR

ES
S

17 
 

4.6%), supporting reproducibility of the observed pH trend. These results indicate a favourable operating 418 

window around pH 6.0–7.5 with empirical peak at pH 7.5, where reduced proton competition and possible 419 

surface oxidation/precipitation pathways enhanced the Fe(II) uptake, especially for the BBC [71] [Suppl. 420 

Figure 1 (A)]. Furthermore, dose‑response experiments showed that increasing biochar mass reduced the 421 

residual Fe concentration and increased removal for both materials, with an optimal dosage near 0.03 g under 422 

the present conditions. At 0.01 g residual Fe concentrations were 9.05 mg·L
−1

 (PB) and 6.92 mg·L
−1

 (BBC) 423 

(38.5% and 53.0% removal, respectively). The best performance was observed for 0.03 g of biochar where the 424 

Fe residual of 5.19 mg·L−1 in PB, for average Fe calculated concentration calculated with efficiency of 64.8% 425 

removal. Further BBC residual 3.66 mg·L
−1

; 75.1% removal displayed a better reduction. Above 0.03 g both 426 

biochar samples showed a small decline in percent removal (BBC 71.3% at 0.035 g and 67.5% at 0.04 g), 427 

consistent with diminishing returns and particle‑packing or aggregation effects that can reduce accessible 428 

surface area at higher loadings [65] [Suppl. Figure 1 (B)]. 429 

 430 
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Supplementary Fig. 1 Effect of different (A) initial and final pH; (B) Biochar Dosage; (C) temperature on Fe 433 

(II) immobilization in synthetic groundwater medium. 434 

The experiment for operating temperature optimization at 25, 30 and 35 °C displayed the optimized parameter 435 

at 30 °C where both the treatments showed their best performance. BBC immobilized 11.06 mg·L
-1

 Fe with 436 

75.12% removal (SD 2.37%), and PB immobilized 9.35 mg·L
-1

 with 63.52% removal (SD 0.30%). Lower 437 

immobilization at 25 °C and 35 °C (BBC: 7.50 mg·L
-1

; 50.96% at 25 °C and 9.63 mg·L
-1

; 65.45% at 35 °C) 438 

suggests an interplay of temperature effects on reaction kinetics, microbial activity (for BBC) and sorption 439 

equilibria that favours mild warming without thermal deactivation [22]. The three temperatures were chosen to 440 

bracket typical laboratory and mild environmental conditions (ambient to slightly elevated) and clearly 441 

identify a practical optimum at 30 °C without claiming broader thermal behavior [Suppl. Figure 1 (C)]. The 442 

improved performance of BBC across pH, dose and temperature series likely reflects combined effects of (i) 443 

increased accessible surface area and mesoporosity after immobilization, (ii) additional functional groups and 444 

EPS that provide carboxylate/hydroxyl/sulfur binding sites, and (iii) micro‑scale processes including surface 445 

oxidation and localized precipitation that remove Fe(II) from solution. The consistent alkalinizing shift and 446 

better performance of BBC near neutral pH are compatible with proton consumption at surface sites and 447 

formation of surface‑bound iron oxyhydroxides or carbonates; however, definitive assignment of precipitated 448 

iron phases requires complementary speciation (XRD/XPS) and mapping analyses [72]. 449 

3.2.2 Linear Adsorption Isotherm Model- The experimental equilibrium data were fitted into 3 linearized 450 

isotherm models for understanding the adsorption mechanisms. All three linearized models delivered high 451 

correlation coefficients for the tested concentration range, indicating that aspects of monolayer adsorption, 452 

heterogeneous surface binding and adsorbent–adsorbate interactions contribute to Fe(II) uptake (Table 9; Fig. 453 

6) [73]. 454 

Table 9 Langmuir, Freundlich and Temkin adsorption isotherm parameters for Fe (II) adsorption by Pristine 455 

and Bacterial-Biochar composite sample. 456 

 457 

Adsorbent Linear Isotherm model and parameters 

Langmuir Freundlich Temkin 

qmax 

(mg/g) 

R
2
 1/n R

2
 BT  

(J mol
-1

) 

KT  

(L mg
-1

) 

R
2
 

Pristine Biochar  57.80 0.98 0.61 0.97 18.6 1.01 0.99 

Bacterial-Biochar  59.52 0.98 0.35 0.99 8.08 0.86 0.97 

 458 
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  459 

    460 

 461 

Fig. 6. Linear adsorption isotherm of Fe (II) molecule with different concentrations of Fe2SO4 in Pristine and 462 

Bacterial-Biochar composite modification. The data points correspond to the experimental measurements, 463 

while the dotted lines represent the fitted curves based on the Langmuir, Freundlich, and Temkin isotherm 464 

models. 465 

y = 0.0173x + 0.0234 

R² = 0.98 

0

0.05

0.1

0.15

0.2

0.25

0.3

0.35

0.4

2.5 7.5 12.5 17.5 22.5

C
e/

q
e 

 

Equilibrium Concentration (Ce); mg/l 

Langmuir Isotherm (Pristine Biochar) 

y = 0.615x + 0.9158 

R² = 0.9768 

1.1

1.2

1.3

1.4

1.5

1.6

1.7

1.8

0.5 0.7 0.9 1.1 1.3

L
o
g
 E

q
u

il
ib

ri
u
m

 A
d

so
p

rt
io

n
 (

q
e)

 

Log Equilibrium concentration (Ce) 

Freundlich Isotherm (Pristine Biochar) 

y = 0.0553x + 0.3276 

R² = 0.9992 

0.5

1

1.5

2

2.5

3

3.5

15 25 35 45

E
q

u
il

ib
ri

u
m

 A
d

so
p

rt
io

n
 (

q
e)

 

Log Equilibrium concentration (Ce) 

Temkin Isotherm (Pristine Biochar) 

y = 0.0168x + 0.0582 

R² = 0.9856 

0

0.05

0.1

0.15

0.2

0.25

0.3

0.35

0.4

0 5 10 15 20

C
e/

q
e 

 

Equilibrium Concentration (Ce) mg/l 

Langmuir Isotherm (Bacterial-Biochar) 

y = 0.3572x + 1.2684 

R² = 0.9936 

1

1.2

1.4

1.6

1.8

2

0 0.5 1
L

o
g
 E

q
u

il
ib

ri
u
m

 A
d

so
p

rt
io

n
 (

q
e)

 

Log Equilibrium concentration (Ce) 

Freundlich Isotherm (Bacterial-Biochar) 

y = 0.0821x - 1.2356 

R² = 0.9795 

0

0.5

1

1.5

2

2.5

3

3.5

15 25 35 45 55

E
q

u
il

ib
ri

u
m

 A
d

so
p

rt
io

n
 (

q
e)

 

Log Equilibrium concentration (Ce) 

Temkin Isotherm (Bacterial-Biochar) 

ACCEPTED MANUSCRIPTARTICLE IN PRESS



ARTIC
LE

 IN
 PR

ES
S

21 
 

Langmuir parameters suggest substantial maximum sorption capacities (qmax ~ 57.8–59.5 mg·g
-1

 in the linear 466 

fit), while Freundlich 1/n values indicate surface heterogeneity and favourable adsorption (Table 9). The 467 

Temkin parameters (BT, KT) further implied that adsorbent–adsorbate interactions are energetically 468 

non‑uniform, consistent with a mixed mechanism combining specific binding sites and 469 

multilayer/heterogeneous uptake  [74]. Taken together, the linear fits indicate that the system cannot be 470 

described solely by an ideal monolayer on a homogeneous surface and that heterogeneity introduced by the 471 

bacterial immobilization alters adsorption energetics. The isotherm fitting used mean equilibrium 472 

concentrations from triplicate experiments 473 

3.2.3 Non-Linear Adsorption Isotherm Model- 474 

The non-linear isotherm model for Fe (II) adsorption displayed mixed‑mechanism, heterogeneous adsorption 475 

for both materials with superior description by Redlich–Peterson and Freundlich models (R
2
 = 0.99; 476 

χ
2
_reduced PB = 0.014, BBC = 0.037). Pristine biochar exhibits a higher Langmuir qm (77.49 mg·g⁻¹) whereas 477 

bacterial biochar shows higher apparent affinity (KL = 0.316; KF = 18.735) and markedly greater heterogeneity 478 

(Freundlich, n = 2.83). The bacterial composite’s lower RL range (0.07–0.24) confirms more favourable uptake 479 

at tested initial concentrations. Taken together, these results indicate that bacterial treatment shifted adsorption 480 

energetics toward fewer but stronger high‑affinity sites and increased surface heterogeneity, favouring 481 

multilayer and non‑uniform binding at low concentrations rather than a simple increase in classical monolayer 482 

site density. This trade‑off has practical implications where BBC may perform better at low contaminant 483 

concentrations and for short contact times where high‑affinity sites and heterogeneous binding dominate, 484 

while PB may retain larger theoretical qmax under ideal monolayer assumptions (Table 10). The separation 485 

factor (RL) indicated favourable adsorption with bacterial-biochar. Furthermore, it also record a higher 1/n 486 

ratio explaining the presence of a more heterogeneous adsorption surface in the freundlich isotherm model, 487 

with a ratio of 2:1, in contrast with pristine biochar. The bacterial-biochar parameter of goodness of fit from χ
2 488 

displayed a variation in results where, both the Freundlich and Redlich–Peterson models exhibit excellent fits 489 

with low χ
2
_red values (0.033 and 0.037) and high R

2
 (0.99), indicating strong predictive accuracy and surface 490 

heterogeneity. In contrast, the Langmuir model shows a higher χ
2
_red (0.262) and lower R

2
 (0.92), suggesting 491 

it is less suitable for describing the adsorption behavior (Fig. 7). 492 

 493 
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      494 

Fig. 7. Non-linear adsorption isotherm of Fe (II) molecule with different concentration of Fe2SO4 in Pristine 495 

and Bacterial-Biochar composite modification. Data points represent the experimental measurements, while 496 

the dotted lines correspond to the non-linearly fitted Langmuir, Freundlich, and Redlich-Peterson isotherm 497 

models. 498 

 499 

Additionally, the Low Chi Square (χ²) value indicated excellent fit with overall little deviation across all 500 

points. Reduced χ² < 1 confirmed minimal unexplained variance and normalizes the deviation by the degrees 501 

of freedom. The models were checked with the appropriate fitted parameters and data points in the experiment. 502 

These values confirm the statistical robustness of the fitted isotherm and support its mechanistic plausibility. 503 

 504 

 505 

 506 

 507 

Table 10 Non-linear adsorption isotherm parameters for Fe (II) adsorption by Pristine and Bacterial-Biochar 508 

composite sample. 509 

Samples Langmuir Freundlich Redlich-Peterson 

Pristine 

Biochar  

 

qm (mg/g) 77.49 n 1.78 n 1.17 

KL 0.083 Kf 9.408 K 5.810 

R
2 

0.99 R
2
 0.98 a 0.04 

RL 0.17 - 0.46 χ
2
 0.6019 R

2
 0.99 

 χ
2 

0.097 χ
2
_reduced 0.120 χ

2
 0.056 

 χ
2
_reduced 0.019   χ

2
_reduced 0.014 

Bacterial 

Biochar  

qm (mg/g) 57.58 n 2.83 n 0.67 

KL 0.316 Kf 18.735 K 147.16 

R
2
 0.95 R

2
 0.99 a 7.10 

RL 0.07 - 0.24 χ
2
 0.165 R

2
 0.99 
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 χ
2
 1.239 χ

2
_reduced 0.033 χ

2
 0.151 

 χ
2
_reduced 0.2478   χ

2
_reduced 0.037 

 510 

3.2.4 Linear Adsorption Kinetic Model-  511 

Kinetic experiments were used to probe the rate‑controlling steps for Fe(II) uptake by pristine biochar (PB) 512 

and bacterial–biochar composite (BBC). Both biochar showed increasing Fe(II) uptake with contact time, up 513 

to 300 minutes. BBC exhibited a higher removal efficiency of 56.06% at an Fe(II) concentration of 35 mg L
-1

 514 

in the synthetic groundwater compared to PB. Across the other Fe(II) concentrations series, the bacterial-515 

biochar consistently showed superior removal, with efficiencies of 79.39% (10 mg L
-1

); 75.87% (15 mg L
-1

); 516 

66.29% (20 mg L
-1

); 56.93% (25 mg L
-1

); 56.17% (30 mg L
-1

); 52.14% (40 mg L
-1

), respectively (Fig. 8). 517 

Linearized kinetic fits were performed using pseudo‑first‑order (PFO), pseudo‑second‑order (PSO) and 518 

Weber–Morris intraparticle diffusion models (Table 11) [75]. In the linear fits, the PFO and Weber–Morris 519 

intraparticle diffusion model gave high correlation coefficients (R
2
 ≈ 0.98–0.99) for PB, whereas BBC 520 

displayed a stronger overall uptake (higher qe value ~ 104.16) but poorer agreement with the PSO linear fit 521 

(reduced R
2
 relative to PB, i.e. 0.93) (Fig. 9). 522 

 523 

Fig. 8. Influence of contact time on percentage removal of Fe(II) through Pristine and Bacterial-Biochar 524 

composite Rice Husk biochar with adsorbent dosages 30 mg; (0.15 mg/ml); Fe (II) concentration 35 mg/L; 525 

Temp. 30 °C. 526 

Furthermore, BBC shows higher apparent qe values across models (linear qe ≈ 62.7 mg·g
−1

 for BBC vs ≈ 49.5 527 

mg·g
−1

 for PB in the PFO linear fit, consistent with its larger accessible surface area and added functional 528 

groups. The Weber–Morris plots indicate that intraparticle diffusion contributes to Fe (II) uptake, but is not the 529 

sole rate‑limiting step thus, multi‑linearity and non‑zero intercepts suggests both boundary‑layer and 530 

intraparticle contributions playing their role in this case [76]. The faster initial uptake of Fe (II) using BBC 531 

implies stronger high‑affinity sites or enhanced film‑diffusion at early times. Taken together, the linear kinetic 532 

analysis supports a multi‑step uptake mechanism involving film diffusion, surface sorption and slower 533 

intraparticle transport rather than a single simple rate law [77]. 534 

Table 11 Linear adsorption Kinetics model data for Fe (II) on Pristine and Bacterial-biochar composite. 535 
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Adsorbent Kinetic model and parameters 

Pseudo I
st
 Order Pseudo II

nd
 Order Webber Morris 

qₑ K₁ (min
-1

) R
2
 qₑ K₂ 

(mg/g.min) 

R
2
 Kid 

(mg/h.min) 

R
2
 

Pristine 

Biochar  

49.49 0.0069 0.98 80 3.87E-05 0.98 0.3652 0.99 

Bacterial-

Biochar  

62.72 0.0097 0.98 104.16 2.65E-05 0.93 0.2946 0.98 

 537 

    538 

Fig. 9. Linear adsorption kinetics of Fe (II) molecule with different concentration of Fe2SO4 in Pristine and 539 

Bacterial-Biochar composite modification. The data points represent the experimental values, while the dotted 540 

lines correspond to the fitted curves of the pseudo-first-order, pseudo-second-order, and Weber–Morris kinetic 541 

models. 542 

 543 

3.2.5 Non-linear Adsorption Kinetic Model-  544 

Non‑linear kinetic modelling was performed using the non‑linear forms of the PFO and PSO equations to 545 

preserve the original error structure and derive robust parameter estimates. The PSO model displayed a higher 546 

equilibrium adsorption capacity (qₑ = 83.85 for PB, 98.75 mg.g
-1

 in BBC), compared to the PFO (qₑ = 53.22, 547 

62.67 mg/g) with significant R
2
 values for both the models (Table 12). Further analysis of PB kinetics showed 548 

slightly lower RMSE (0.315) and χ
2
 (5.35*10

−5
) than the PFO fit, indicating a marginally better description of 549 

the full time‑series by the PSO model (Fig. 10). On the contrary, the PSO model suggests higher adsorption 550 

capacity and PFO model showed comparable or slightly better statistical accuracy for BBC, implying that 551 

multiple kinetic regimes may coexist in the composite material. 552 

 553 

Table 12 Non-linear adsorption Kinetics model data for Fe (II) on Pristine and Bacterial-biochar composite. 554 

 555 
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y = -0.0097x + 4.1388 

R² = 0.9814 

0

0.5

1

1.5

2

2.5

3

3.5

4

4.5

0 100 200 300

ln
 (

q
e 

- 
q

t)
 

Time; minutes 

Pseudo Ist Order (Bacteria-Biochar) 

y = 0.0096x + 3.4716 

R² = 0.9303 

3

3.5

4

4.5

5

5.5

6

6.5

7

0 100 200 300

t/
q

t 
; 

m
in

 m
g
/g

 

Time; minutes 

Pseudo IInd Order (Bacteria-Biochar) 

y = 0.2946x + 3.2473 

R² = 0.9876 

0

2

4

6

8

10

12

14

16

18

20

0 20 40 60

A
d

so
rp

ti
o
n

 C
ap

ac
it

y
 (

q
t)

; 
m

g
/g

 
(t)^0.5 

Webber-Morris (Bacteria-

Biochar) 

ACCEPTED MANUSCRIPTARTICLE IN PRESS



ARTIC
LE

 IN
 PR

ES
S

25 
 

Pseudo Ist Order Pseudo IInd Order 

qₑ K₁ (min
-1

) R
2
 RMSE Chi-

Square 

qₑ K₂ 

(mg/g.min) 

R
2
 RMSE Chi-

Square 

Pristine 

Biochar  

53.22 0.0043 0.99 

 

0.355 0.001 83.85 3.421E-05 0.99 0.315 5.35E-05 

Bacterial-

Biochar  

62.67 0.0045 0.99 1.3388 0.048 98.75 3.068E-05 0.98 1.423 0.069 

 556 

The higher non‑linear qe values from PSO fitting are consistent with a dominant chemisorption component 557 

under some conditions. However, model preference varied between biochar performances and must be 558 

interpreted alongside the Weber–Morris intraparticle diffusion results and surface characterization. Thus, the 559 

overall kinetic behavior is best described as multi‑step explain, a rapid initial uptake controlled by film 560 

diffusion and high‑affinity surface sites, followed by slower intraparticle diffusion and equilibration that may 561 

include surface complexation and local precipitation processes [78]. 562 

  563 

   564 

Fig. 10. Non-linear adsorption kinetics of Fe (II) molecule with different concentration of Fe2SO4 in Pristine 565 

and Bacterial-Biochar composite modification. The data points correspond to the experimental results, while 566 
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the dotted lines depict the fitted curves for the non-linear representation of pseudo-first-order and pseudo-567 

second-order kinetic models. 568 

 569 

4- Conclusion- 570 

The study characterized rice husk biochar immobilized with bacterial culture to evaluate its efficiency for Fe 571 

(II) biosorption compared to pristine biochar from synthetic groundwater across pH, dosage and temperature 572 

series, along with isotherm and kinetic modelling for equilibrium and variable contact time. The synthetic 573 

groundwater composition was matched with the chemical analyses of field samples collected from the same 574 

survey area to reproduce dominant ionic strength, pH and representative dissolved organic carbon, along with 575 

previous reported study. The findings of this study support the use of bacterial biosorbents derived from 576 

agricultural waste as an effective and cost-efficient strategy for reducing heavy metal pollution in aquatic 577 

systems. The bacterial-biochar composite displayed a BET surface area increase by 35 % (91.84 vs 67.76 578 

m
2
·g

-1
) in comparison to pristine biochar sample and developed a more heterogeneous micro/mesoporous 579 

network. The changes with faster initial uptake, higher apparent affinity in non‑linear isotherm fits, and better 580 

removal efficiency near neutral pH (empirical peak at pH 7.5) provided an advantage. The convergent 581 

evidence from non‑linear isotherm and kinetic modelling together with FTIR drives a clear, three‑stage 582 

mechanistic picture for Fe(II) removal by the bacterial–biochar composite (BBC). The initial rapid removal of 583 

Fe (II) was well supported by Non-Linear Isotherm Data, followed by high‑affinity surface binding phase 584 

evidenced from reduction of bacterial biochar at 30 minutes and 60 minutes in the contact time experiment and 585 

large non‑linear PSO qe of 98.75 mg·g
-1

 for BBC). The second stage was evidenced with secondary 586 

heterogeneous/multilayer uptake of Fe (II) ions into accessible mesopores supported by (high Freundlich 587 

isotherm rate constant KF = 18.73; and total pore volume range variance from 0.05 to 0.068 cm
3
·g

-1
 after 588 

immobilization). The final slow equilibration stage controlled by Weber–Morris multi‑linearity, observed 589 

alkalinizing pH shifts of 7.5 to 7.65 and SEM‑EDX showing increased surface Sulfur (S) weight % of 1.5 to 590 

21.7. These mechanistic inferences are explicitly supported by data points achieving ~79% removal at the 591 

optimized batch dose (0.03 g at C0 = 10 mg·L
−1

), and showed peak performance near pH 7.5 at 30 °C up to 24 592 

hours at equilibrium with isotherm achieved with 87% removal and residual Fe concentration of 1.273 mg·L
-1

. 593 

 594 

Overall, the results highlight the considerable potential of bacterial biochar composite, to serve as a possibly  595 

efficient biosorbent for Fe(II) removal from groundwater. The findings contribute substantially to the growing 596 

range of bioremediation methods, highlighting the vital role of agro-waste valorization in advancing 597 

environmental management practices. This research also defines a concise, actionable roadmap to advance 598 

validation and deployment. Targeted post‑adsorption characterization on adsorbed Bacterial-biochar composite 599 

(XRD for phase identification, XPS for Fe(II)/Fe(III) speciation, and SEM‑EDX mapping for spatial 600 

co‑localization) should be undertaken to quantify the relative contributions of sorption versus surface 601 

precipitation. Replicating column tests with unfiltered field groundwaters representing different DOC, 602 

hardness and redox regimes are needed to produce breakthrough curves at multiple EBRTs (initially ranging 603 

from 5 to 30 minutes), from which minimal effective bed depth, mass‑transfer zone length and 604 

time‑to‑breakthrough can be derived. Regeneration and lifecycle protocols should be evaluated over at least 605 

five successive cycles of desorption using mild chemical elution, nutrient pulses or low‑temperature 606 

ACCEPTED MANUSCRIPTARTICLE IN PRESS



ARTIC
LE

 IN
 PR

ES
S

27 
 

desorption; and endpoints including  retained removal efficiency, viable cell fraction (plate counts/qPCR or 607 

live/dead assay) and finally biochar mass loss per cycle. Concurrently, quantifying the bacterial leaching in 608 

column effluents (CFU·mL
−1

 and qPCR); screening effluents and regeneration eluates with standard aquatic 609 

ecotoxicity assays to support safe handling or post‑treatment requirements. Multi‑contaminant testing (Fe with 610 

Mn, As, representative cations and NOM) to determine competitive effects and operational selectivity. Finally, 611 

integrating empirical results into a techno‑economic model and comparative benchmarking (levelized cost per 612 

m
3
; sensitivity to adsorbent life and regeneration frequency) against aeration‑filtration and ion exchange to 613 

inform pilot design and deployment choices suitability.  614 

 615 

Supplementary Table: Comparison of Cost Implications and Commercialization Feasibility for future studies 616 

of Biochar Based sorbents for Water Treatment [79,80]. 617 

Method Remediation 

Performance 

Representative cost 

metric  (USD·m⁻³) 

Commercialization 

Feasibility 

Cost‑benefit 

interpretation 

Aeration- 

Filtration 

Fe removal typically 

70–99% depending on 

feed and filter 

configuration (oxidation 

followed by particulate 

capture) 

 

 

 

Low–moderate 

capital and generally 

the lowest OPEX 

among conventional 

options; typically, 

0.20 to 0.80 USD·m
-

3 

High feasibility for 

municipal and 

community systems; 

simple operation and 

low skill needing 

favor wide adoption.  

 

Performance drops 

with high DOC or 

complex groundwater 

matrices, requiring 

pre/post‑treatment. 

Strong cost-

performance ratio 

where dissolved Fe 

is present and water 

matrix allows rapid 

abiotic oxidation; 

low chemical waste 

and simple 

operation make 

benefits high vs 

cost. 

Ion 

Exchange 

(Resin) 

Very high removal (90–

99%) on proper 

selection for dissolved 

Fe species under 

appropriate 

speciation/competing 

cation conditions 

Higher OPEX due to 

resin regeneration 

and brine disposal; 

typically, 1-3 

USD·m
-3

 

 

 

Commercially mature 

for industrial/polishing 

units; and less 

attractive for 

decentralized units 

High removal 

reliability but 

ongoing 

chemical/regenerant 

costs and secondary 

waste streams 

reduce net benefit 

Membrane 

filtration 

(NF/RO) 

Very high removal (95–

99.9%) across species; 

effective but sensitive to 

fouling and feed quality 

High CAPEX and 

high OPEX (energy 

- membrane 

replacement; 

typically, 2-6 

USD·m
-3

 

Feasible for 

centralized treatment 

where budgets, energy 

and pretreatment are 

available 

Excellent 

performance but 

high lifecycle costs 

and 

fouling/regeneration 

burdens reduce 

cost‑benefit in 

many groundwater 

contexts. 

 

Adsorbent: 

conventional 

iron‑oxide 

modified 

activated 

carbon 

High measured 

capacities (80–99%) for 

iron/other metals in lab 

studies for batch 

experiments 

Cost varies by 

material in lab and 

pilot studies show 

wide ranges; 

typically, 0.50-5.00 

USD·m
-3

 

Commercially feasible 

where adsorbent 

lifetime and local 

feedstock cost permit 

low per‑treatment cost 

Adsorbents can 

deliver high 

removal at small 

scale; cost‑benefit 

depending on 

material 

manufacture cost, 

regeneration ability 

and life. 
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Bacillus–

biochar 

composite 

(In our 

study) 

87.3% removal from C0 

= 10 mg L⁻¹ to Ce ≈ 

1.273 mg L⁻¹ after 24 h 

(biotic + sorptive hybrid 

pathway) 

 

 Composite 

dose = 0.01 

kg.m
-3

 

 Composite 

lifetime = 50 

m
3
.kg

-1
 

 Implied 

material cost 

=28.18 

USF.kg
-1

 

 Material cost 

contribution = 

0.2818 

USD.m
-3

 

Per‑kg commercial 

cost requires further 

modelling. Natural 

treatment systems 

along with 

(constructed‑wetland 

style) central sample 

averages  capital ≈ 

US$609 per kl/day 

and O&M ≈ US$800 

per kl/day (total ≈ 

US$1,409 per 

kl/day) for 

decentralized 

nature‑based 

systems 

Commercialization 

feasibility hinges on 

four factors: (1) 

Composite lifetime 

and regeneration; (2) 

Local agro‑waste 

pyrolysis with 

low‑cost inoculum; (3) 

Regulatory acceptance 

for use of live 

microbes; (4) 

Governance and 

business model to 

capture external 

benefits 

Mechanistically 

promising at lab 

scale: hybrid 

removal can be 

competitive with 

aeration-filtration 

when considering 

combined sorption 

+ biotic 

precipitation 

 618 
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