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Agricultural residues, often burned openly pose environmental challenges but offers 

opportunities for valorization into functional materials. Converting such residues into 

biochar supports circular economy principles. Here, cotton stalk (CS) was converted into 

phosphate-modified biochar (PMCS) via pyrolysis at 350, 550, and 800°C. Response 

Surface Methodology (RSM) was applied to the adsorption process, treating pyrolysis 

temperature as a categorical factor in a rotatable CCD. PMCS was characterized by 

Brunauer-Emmett-Teller (BET), Scanning Electron Microscopy (SEM), and Fourier 

Transform Infrared Spectroscopy (FTIR), Point of Zero Charge while adsorption was 

evaluated through isotherm and kinetic modeling for synthetic textile wastewater 

containing Eriochrome Black T (EBT), starch, and salts. PCS800 exhibited a BET analysis 

of 750 m² per gram of biochar and achieved nearly 77% COD reduction at 33 min and 

6.43 g/L for synthetic wastewater, while 60% with complete decolorization for real 

effluent. The optimum removal followed Langmuir behaviour (qmax=90.2 mg/g, KL= 

0.049 L/mg) with pseudo-second-order kinetics, reflecting micropore filling by starch. 

Overall, this study establishes a circular economy pathway by valorizing CS into an 

efficient adsorbent, mitigating residue burning while offering scalable potential for textile 

wastewater treatment. 
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HIGHLIGHTS 

• Cotton stalk was valorized into phosphate-modified biochar via pyrolysis.

• Adsorption shifted from Freundlich multilayer to Langmuir monolayer at 800°C.

• PCS800 achieved 77% COD reduction for multicomponent synthetic water and 60% removal for real textile effluent.

• PCS550 provided balanced adsorption of both small and large organic molecules.

• Study supports circular economy by converting residues into functional adsorbents.

1. INTRODUCTION

Water is increasingly recognized not only as a 

vital resource but also as a reservoir of recoverable 

materials, a perspective central to the circular 

economy in wastewater management. Wastewater is 

no longer viewed solely as waste but as a source of 

nutrients, energy, and reusable materials (Tzanakakis 

et al., 2023; Agyemang et al., 2024). Within this 

framework, valorizing agricultural residues into 

functional materials offers a sustainable pathway for 

resource recovery. Biochar, produced through thermal 

conversion of biomass, exemplifies this approach: its 

porous structure and reactive surface chemistry enable 

efficient adsorption of dyes, heavy metals, and 

organics (He et al., 2022), while simultaneously 

recycling biomass that would otherwise drive 

environmental degradation (Xiang et al., 2022). Thus, 

biochar use in wastewater treatment unites pollution 

control with resource recovery, advancing circular 

economy principles (Colmenares et al., 2016).  

Each year, India generates nearly 87.0 million 

tonnes of agro residues and their open field burning 

remaining the dominant disposal method that 

contributed to air pollution surpassing levels reported 

in other Asian countries. Where, India is also the 

second-largest contributor to carbon aerosol 

emissions, releasing approximately 84 teragram per 

year (Bhuvaneshwari et al., 2019; Grover and 
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Chaudhry, 2019; Dhanya, 2022). Among these, cotton 

stalk (CS) is a major agro-residue (Deshpande et al., 

2023). This study establishes a closed-loop framework 

where CS residues from the textile sector are valorized 

into phosphate-modified biochar to mitigate the very 

pollution burden generated by that sector Figure 1. 

The textile sector that is considered as a key 

pillar of the Indian economy, generate approximately 

140-200 L of wastewater per kilogram of fabric with 

high organic load (Arous et al., 2024). The World 

Bank identifies it as a major environmental challenge, 

with dyeing and finishing alone contributing 17%-

20% of industrial effluents (Okafor et al., 2021). These 

effluents contain dyes, chromium, alkalis, and acids 

(Sathya et al., 2022), among which persistent azo dyes 

e.g., benzene diazonium chloride derivatives,

Naphthoic acid derivatives, Reactive Green 19,

Eriochrome Black T are particularly concerning due to

their transformation into mutagenic and carcinogenic

aromatic amines (Sadeghi et al., 2021; Ali et al.,

2022). Beyond dyes, textile wastewater also carries

additives such as starch and salts, which significantly

contribute to the Chemical Oxygen Demand (COD), a

critical parameter in environmental management.

Figure 1.  Circular economy approach for cotton stalk biochar 

Conventional treatment technologies often 

prove inadequate for such complex pollution. Biochar 

offers a circular economy based solution, enabling 

effective contaminant removal and resource recovery 

while addressing biomass waste challenges (Wu and 

Wu, 2019; Kwarciak-Kozłowska and Fijałkowski, 

2021). CS is a rich in cellulose, hemicellulose, and 

lignin, decomposes thermally into a stable aromatic 

matrix with micropores suitable for adsorption (Zhao 

et al., 2022; Zhu et al., 2022; Cui et al., 2024). Till date 

thermally prepared CS biochar preliminary utilized for 

heavy metal removal form water, achieving removal 

efficiencies of  >80% (Cr+6), 80.90 µg/g (As) and 

146.78 mg/g for Pb+2 for pyrolysis temperature 

between 400-550°C (Hussain et al., 2020; Gao et al., 

2021; Ahmad et al., 2022; Khalid and Inam, 2024). In 

contrast,  Shah et al. (2022) reported a relatively lower 

adsorption capacity of 30-40 mg/g for Malachite green 

dye at 100 mg/L by unmodified CS. However,  

modified CS with H3PO4 acid enhanced dye removal 

capacity of 144.36 mg/g for RhB dye with >99.5% 

removal (Venkatesan et al., 2025). Similar 

improvements have been observed for agro waste 

derived biochar treated with H3PO4 such as coconut 

shell [95.4% MB removal, (Xu et al., 2023)], sugarcane 

bagasse [357.14 mg/g, (Zhou et al., 2022)],  and  corn 

straw [251.08 mg/g,  (Liu et al., 2024)]. Recent 

advances therefore emphasize heteroatom modification 

particularly with phosphorus incorporation which 

substantially alters physicochemical properties, 

introducing unique surface functionalities (Tan et al., 

2022; Xu et al., 2024; Zafar et al., 2024). Phosphorus 

modification restructures functional groups, increases 

graphite defect density, and enhances adsorption of 

diverse pollutants (Ou et al., 2023; Li et al., 2024b; Li 

et al., 2024a; Zeng et al., 2024). It also introduces 

acidic sites, improves stability, and markedly increases 

affinity for metal ions and alkaline organics 

(Arampatzidou et al., 2017; Liu et al., 2021; Shao et al., 

2024; Du et al., 2025).  

This study addresses a key research gap in 

textile wastewater treatment by developing a circular 

economy pathway for valorizing cotton stalk into 

phosphate-modified biochar (PMCS) under multi-

component wastewater conditions. PMCS produced at 

350, 550, and 800°C was characterized by Brunauer-

Emmett-Teller (BET), Scanning Electron Microscopy 

(SEM), and Fourier Transform Infrared Spectroscopy 

(FTIR), Point of Zero Charge and evaluated for COD 

removal using a novel Response surface Methodology 

(RSM) framework that treats pyrolysis temperature as 

a categorical factor in a rotatable central composite 

design (CCD). Inclusion of RSM in adsorption process 

enables the development of statistically reliable 
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quadratic models while capturing curvature and 

interaction effects in the response surface. RSM 

provides a resource efficient alternative to traditional 

experimental approaches because it identifies optimal 

operating conditions using fewer experimental runs 

and simultaneously evaluates both main and 

interaction effects (Susaimanickam et al., 2023). 

The adsorption efficiency is influenced by 

several interacting parameters, including pH, 

adsorbent dose, mixing time, temperature, and initial 

contaminant concentration (Yaseen and Scholz, 

2019). Conventional one-variable-at-a-time (OVAT) 

methods fail to capture such interactions, are labour 

intensive, and provide limited insight into overall 

process behaviour in traditional RSM frame work 

(Dowlatshah et al., 2025). Hence, use of RSM in 

present study offers advantage to maximize the 

pollutant reduction by optimizing the operating 

parameters. Till date, limited studies have successfully 

employed RSM (CCD/BBD) to optimize adsorption 

parameters for COD and BOD removal processes 

using biosorbents and activated materials (Oyekanmi 

et al., 2019; Manzar et al., 2021; Roy et al., 2022).  

By contrast, the RSM-CCD approach extends 

the conventional RSM framework by combining 

continuous and categorical inputs, enabling detailed 

assessment of how structural and functional biochar 

properties interact with process parameters. 

Furthermore, kinetic and isotherm modeling were 

employed to elucidate the governing adsorption 

mechanisms As highlighted by (Srivastav et al., 2024) 

such multi-pollutant evaluation is critical for scale-up. 

Hence, the study shows that phosphorus modification 

and pyrolysis markedly enhance adsorption efficiency 

and explain the mechanisms involved in 

multicomponent system. Moreover, this work 

provides a viable pathway for converting biomass into 

effective materials for feasible wastewater treatment 

in real world. Therefore, this approach offers a 

practical and cost-effective means for biomass 

utilization and cleaner wastewater management leads 

to circular economy concept in textile sector. 

2. METHODOLOGY

2.1 Multi component synthetic textile wastewater

A synthetic wastewater representative of textile 

effluent was prepared to simulate partially treated 

effluent. Eriochrome Black-T (EBT, 30 mg/L) was 

obtained from a textile unit in Ahmedabad, while 

starch (250 mg/L), Na₂CO₃ (100 mg/L), NaHCO₃ (100 

mg/L), NaCl (150 mg/L), NaOH (50 mg/L), and 

H₂SO₄ (30 mg/L) were laboratory grade reagents 

(Merck, India; >90% purity). Constituents were 

sequentially dissolved in distilled water under 

stirring (200 rpm, 30 min) to obtain a homogeneous 

dark-blue solution of neutral pH, consistent with 

actual effluent. The COD was 220±10 mg/L and BOD 

of 50±5 mg/L, having BOD:COD ratio of 0.23 which 

is <0.3 considered as non-biodegradable in nature 

(Muhammad et al., 2008). Fresh synthetic wastewater 

was prepared for each experiment to maintain 

reproducibility. 

2.2 Synthesis of phosphate modified cotton stalk 

biochar (PMCS) 

About 100 kg of cotton stalk (CS) was collected 

from farms near Himmantnagar, Gujarat, cut into 2-3 

cm pieces, rinsed thoroughly with distilled water 

(DW) and subsequently dried for 4 h under sunlight. 

A 100 g batch was chemically activated by adding in 

85% Phosphoric acid solution at a 0.5:1 ratio (CS:acid, 

w/w) under stirring for 1 h, then oven-dried at 110°C 

for 48 h. The precursor was subjected to thermal 

treatment in a muffle furnace at 350, 550, and 800°C 

for 2 h (heating rate 10°C/min, limited oxygen). Once 

cooled the biochar rinsed repeatedly with hot DW and 

neutralized with NaOH till pH of the rinse water pH 

reached 7, followed by drying in an oven at 105°C for 

12 h. The dried product less than 0.5 mm kept in seal 

container. The synthesized samples were denoted 

PCS350, PCS550, and PCS800. A synthesis pathway 

is shown in schematic form in Figure 2. 

2.3 Characterization of Phosphate Modified Cotton 

Stalk Biochar (PMCS) 

Biochar PCS350, PCS550, and PCS800 were 

characterized to assess changes in surface 

morphology, functional groups, and pore structure 

across pyrolysis temperatures. The BET analysis, 

point of zero charge, SEM, and FTIR analyses were 

performed to evaluate surface area, charge, 

morphology, and functionalities, respectively. BET 

was measured using a Surface Area Analyzer (Test 

method: IKC/ACC/INS09/BET) at the Advanced 

Characterization Centre, Ashapura Mine Chem, 

Gujarat. Point of zero charge was determined by the 

pH drift method. SEM was conducted at the Central 

Instrumentation Facility, Central University of Gujarat 

(Model: EVO 18, Carl Zeiss), and FTIR spectra (400-

4,000 cm-¹) recorded with a Perkin Elmer SP-65 using 

KBr pellets. Optimized biochar showing maximum 
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COD removal was further analyze with advanced 

SEM and FTIR for validation. 

2.4 Optimization study for COD reduction using 

RSM. 

RSM was adopted to enhance COD removal 

efficiency by analyzing the effects of adsorbent dose 

and mixing time, while treating pyrolysis temperature 

(350, 550, 800°C) as a categorical factor. This 

approach extends the conventional RSM framework 

by combining continuous and categorical inputs, 

enabling detailed assessment of how structural and 

functional biochar properties interact with process 

parameters. Experiments were conducted at pH 7 and 

400 rpm under ambient conditions. A Face-Cantered 

Central Composite Design (CCD) was adopted with 

two continuous factors (dose, time) and one 

categorical factor (temperature). The factor ranges are 

summarized in Table 1. 

Figure 2. Phosphate modified CS biochar synthesis process 

Table 1. RSM-CCD framework for optimization 

Independent variables Factor Unit Low Centre High 

Adsorbent dose  

(PCS350, PCS550, and PCS800) 

A g/L 0.1 5.25 10 

Mixing time B min 5 27.5 50 

Pyrolysis temperature L1, L2, L3 °C 350 550 800 

The general formula for CCD is as (Equation 1). 

Where, k=number of continuous variables (here k=2), 

2k=no. of factorial points, 2k=star points, nc=number 

of centre points (with replicates) and L=number of 

categoric levels.  

N = (2k + 2k + nc) × L (1) 

Hence, The CCD has developed 33 runs in 

Design of Experiment (DoE) covering factorial points, 

axial points, and replicated centre points, distributed 

across the three pyrolysis temperatures (350, 550, and 

800°C) as categoric level. The datasets were analyzed 

and expressed through a second-order polynomial 

Equation 2): 

Y =  β0 + β1X1 + β2X2 + β3D1 + β4D2 + β11X12 +   (2) 

          β22X22 + β12X1X2 + β13X1D1 + β14X1D2 + 

          β23X2D1 + β24X2D2      

Where; Y is % COD reduction, X1 and X2 are 

dose and time, and D1, D2 are dummy variables for 

temperature. Model adequacy was assessed by 

ANOVA, and regression effects were visualized 

through 3D response surfaces. Design-Expert® 

software (v23.1.6, Stat-Ease Inc., USA) was 

implemented for optimization. 

2.5 Isotherm study 

Equilibrium adsorption of COD by phosphate-

modified cotton stalk (PMCS) biochar was evaluated 

at the optimized mixing time and initial COD from the 

RSM study. Different adsorbent doses were tested, 

once equilibrium was attained CODf was analyze to 

determine the uptake capacity qe (in mg/g) using 

(Equation 3); 

qe = 
(Ci−Ce)∗V

W
 (3) 
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Where; Ci (initial) and Ce (equilibrium) 

concentration of COD (in mg/L), V is volume (in L), 

and W (adsorbent mass, in g). 

To interpret the adsorption process, the data 

were modelled with Langmuir and Freundlich 

adsorption isotherm equations. According to the 

Langmuir model, adsorption is restricted to single 

monolayer, which is represented as (Equation 4) and 

Freundlich Model describe heterogenous adsorption 

and is represented as (Equation 5). 

Langmuir Model: 

1

qe
 = 

1

qm
  + 

1

qmb 
×

1

Ce
 (4) 

Freundlich Model: 

ln (qe) = ln (kf ) + 
1

n
 ln (Ce) (5) 

The adsorption constants (a, b, Kf, n) were 

determined from the respective linear plots, the degree 

of fit for each model was evaluated with R2. 

2.6 Kinetic study 

Adsorption kinetics of COD on PMCS biochar 

(PCS350, PCS550, PCS800) were studied at 

optimized dose and initial COD. Batch tests were run 

at 400 rpm with contact times of 5-180 min. COD was 

measured at each interval, and the adsorption capacity 

at given time qt (mg/g) was determined as per 

(Equation 6). 

qt = 
(Ci−Ct) × V

W
(6) 

Where; Ci (initial) and Ct (t, time) COD 

concentration where, V (in L) is the solution volume, 

and W (in g) is the mass of biochar. The kinetic data 

were modelled using pseudo first order (Equation 7) 

and pseudo-second-order (Equation 8) equations; 

Pseudo-1st-Order (PFO) Model: 

ln (qe-qt) = lnqe – k1×(t)  (7) 

Here, qe (in mg/g) corresponds to adsorption 

capacity at equilibrium, qt (in mg/g) indicates 

adsorption time (t), while k1 (min⁻¹) is defined well by 

the pseudo-first-order rate constant. 

Pseudo-2nd-Order Model: 

t

qt
 = 

1

k2 × qe2 + 
t

qe
(8) 

Where; k2 (g/mg·min) is the pseudo-second-

order rate constant. 

3. RESULTS AND DISCUSSION

3.1 BET and SEM analysis results at varied

temperature

The available surface per unit mass and 

morphology of PMCS biochar were greatly influenced 

by pyrolysis temperature because of structural 

transition. Values increased from 180 (m²/g, PCS350) 

to 450 (m²/g, PCS550) and 750 (m²/g, PCS800) due to 

increase in pore size and volume (Table 2). This 

enhancement results from devolatilization, where 

volatile loss leaves a porous carbon skeleton (Díaz et 

al., 2024). Similar correlations between temperature 

and pore development have been reported for cotton 

stalk (300-700°C) and wheat straw (700°C, 400 m²/g, 

pore size 2.34 nm) (Muzyka et al., 2023).  The highly 

porous PCS800 facilitates diffusion of dyes and 

macromolecules such as starch during adsorption. 

Table 2. Results of surface area (BET) analysis 

Biochar SBET (m2/g) Pore size (Å) Pore size (in nm) Pore volume (cm3/g) 

PCS 350 180 14.7985 1.4 0.0193 

PCS 550 450 18.5654 1.8 0.0564 

PCS 800 750 22.4588 2.2 0.0835 

Phosphoric acid activation further promotes 

pore formation through structural swelling and 

amplification, explaining the higher porosity in PMCS 

compared to unmodified biochar (Zhao et al., 2017). 

Networks were observed in KOH-activated cotton 

stalk at 900°C. 

SEM  images of  PCS800  at  low (5.0 KX)  and 

high (10.0 KX) magnification (Figure 3) reveal 

hollow, elongated pores that facilitate transport of 

COD contributing solutes. Similar mesoporous For 

H₃PO₄ treated biochar, micro/mesopores and fractured 

sheet-like surfaces have also been reported (Cui et al., 

2024) supporting enhanced adsorption performance 

(Du et al., 2025). 
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Figure 3. SEM images of PCS800 at (a) low (5.0 KX) and (b) High (10.0 KX) magnification 

3.2 Results of change in surface functionality at 

varied temperature by FTIR 

The spectra of PMCS biochar prepared at 350, 

550, and 800°C (Figure 4(a-c)) showed a systematic 

development of surface functionalities with 

temperature. All the biochar showed deoxygenation 

and aromatization with redistribution of phosphate 

functionalities explain the transition from hydrogen 

bond dominated interactions to π-π interactions on 

more graphitized domains and phosphate modified 

biochar as mentioned in Table 3. 

Here, FTIR graphs showed of carbonyl groups, 

weakening of aliphatic C-H, and stabilization of 

phosphate functionalities with increasing pyrolysis 

temperature. Phosphoric acid treated rice husk has also 

been documented the same results for weakening of C-

H bands at higher pyrolysis temperature (Zeng et al., 

2022). Whereas walnut shell (Heidarinejad et al., 

2020), and sugarcane bagasse derived biochar 

(Kamran et al., 2022) has resulted that confirming that 

phosphate activation governs both surface chemistry 

and thermal stability across diverse biomass 

precursors.  

Figure 4. FTIR graph of phosphate modified cotton stalk biochar (a) PCS350, (b) PCS550, (c) PCS800 
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Figure 4. FTIR graph of phosphate modified cotton stalk biochar (a) PCS350, (b) PCS550, (c) PCS800

Table 3. Change in the functional groups in phosphate modified cotton stalk derived biochar 

Wavenumber (cm⁻¹) Functional group PCS350 PCS550 PCS800 Key process 

3,300-3,500 O-H / N–H

stretching

Strong (3370) Narrow, 

shifted (3758) 

Weak (3416) De-hydroxylation, loss of H-

bonding 

2,925-2,850 Aliphatic C-H Present Reduced Absent Chain cracking, aromatization 

1,700-1,800 C=O stretching Present (1690) Weakened 

(1636) 

Absent Decarboxylation, conjugation 

1,580-1,620 Aromatic C=C Weak Stronger 

(1590) 

Strong (1556) Aromatization, ring 

condensation 

1,400-1,450 C-H / phenolic

O-H

Present (1445) Reduced Absent Phenolic loss, condensation 

1,150-1,200 P=O stretching Present (1155) Strong (1156) Shifted (1148) Phosphorylation, esterification 

1,000-1,070 P-O-C stretching 1037 1068 998 Phosphate-C bonding, 

stabilization 

~915 P-O-P

(pyrophosphate)

Absent Weak Strong Polycondensation, 

pyrophosphate 

750-760 Aromatic C-H

bending

Present Present Retained Aromaticity, graphitization 
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3.3 Model performance and factor effects 

The results of the total 33 results of experiments 

designed as per (Equation 2) are provided as 

supplementary material (Table S1) with this 

manuscript. Among various tested models, the 

quadratic model suggested by Design-Expert 23.1.6.0 

was selected based on its superior statistical fit. The 

regression analysis yielded high coefficients of 

determination (R²=0.9897, adjusted R²=0.9897, and 

predicted R²=0.9828), with less than 2% difference 

between adjusted and predicted R², confirming the 

adequacy of the model (Khan et al., 2021; Yusuff et 

al., 2023). The strong correlation between 

experimental and predicted COD reduction is 

mentioned in scattered plot Predicted vs actual for % 

COD reduction Figure 5, supporting the robustness of 

the quadratic equation (Equation 9) for process 

predictions. 

% COD Reduction = 55.65 + 5.97 A +8.28 B – (9) 

14.84 C [1] – 2.90 C [2] – 0. 0417 AB +  

1.86 AC [1] – 1.89 AC [2] + 2.31 BC [1] – 

2.19 BC [2] – 2. 09 A2 + 1.33 B2        

The regression coefficients revealed that 

adsorbent dose (A) and mixing time (B) had 

significant positive effects on COD reduction, while 

the quadratic term of adsorbent dose was negative, 

indicating diminishing efficiency at higher levels. This 

trend is consistent with earlier adsorption studies 

reporting overdosing effects due to aggregation and 

active site masking (Beyan et al., 2021; Vakili et al., 

2023). Interaction terms indicated that the adsorbent 

dose and mixing time (AB) interaction was 

antagonistic, while mixing time and temperature (BC) 

showed a synergistic effect. Here mixing time is the 

most crucial parameter, which aligns with previous 

reports highlighting the importance of contact time for 

molecular transport in adsorption studies. (Soleimani 

et al., 2023). 

3.4 ANOVA results and model adequacy 

The quadratic model was assessed through 

ANOVA (Table 4), and the results demonstrated the 

strong statistically significance (p<0.0001), that 

showed the selected factors adequately explained the 

observed variability in COD reduction.  The adsorbent 

dose (A) and mixing time (B) alone and their quadratic 

terms were highly significant, while interaction effects 

AB have p>0.05 that is non-significant and negligible 

effect on COD removal.  Since the lack of fit test 

returned p>0.05, the residual error was considered 

random supporting the adequacy of model in 

representing the observed data. 

Figure 5. Scattered plot predicted vs actual for % COD reduction 

3.5 Response surface evaluation by 3D plot 

The three-dimensional response surface plots 

illustrated in Figure 6(a-c) the collective effects of 

adsorbent dose and mixing time on variation in COD 

reduction at different pyrolysis levels. COD removal 

increased with adsorbent dose but plateaued at higher 

values, indicating site saturation. Mixing time also 

enhanced removal, particularly at intermediate doses, 

highlighting its role in mass transfer. For PCS350 as 

per Figure 6(a), maximum COD removal reached 

between 55-60%, with a relatively flat surface 

suggesting a near-linear relationship between dose and 

time. PCS550 as showed in Figure 6(b) a flatter 

surface, indicating equilibrium conditions with limited 

improvement beyond approx. 62%. In contrast, 

PCS800 as per Figure 6(c) displayed strong positive 

interactions of dose and mixing time, achieving >80% 

COD removal at 10 g/L and 50 min. 

These plots confirm the influence of pyrolysis 

temperature on adsorbent properties governing 

multicomponent adsorption. PCS800 achieved the 

highest efficiency (76.7% COD removal at 6.43 g/L, 

33 min), while PCS550 offered balanced performance. 

Comparable studies, such as sugarcane bagasse 

activated carbon (96% COD removal at optimized 

conditions), also emphasize pH as a key factor (Beyan 

et al., 2021). 
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Table 4. ANOVA output of model 

Factor Sum of squares (SS) Degree of freedom (df) Mean square (MS) F-ratio Probability (P) 

Model 7,995.28 11 726.84 279.26 <0.0001 

A 642.01 1 642.01 246.66 <0.0001 

B 1,233.39 1 1,233.39 473.87 <0.0001 

C 5,978.74 2 2,989.37 1,148.53 <0.0001 

AB 0.0208 1 0.0208 0.0080 0.9296 

AC 42.19 2 21.10 8.11 0.0025 

BC 60.86 2 30.43 11.69 0.0004 

A2 33.24 1 33.24 12.77 0.0018 

B2 13.35 1 13.35 5.13 0.0342 

Residuals 54.66 21 2.60 

Lack of fit 48.13 15 1.09 2.95 0.0946 

Pure error 6.53 6 

Cor Total 8,049.94 32 

Figure 6. 3D Surface plot of PMCS biochar (a) 350, (b) 550 and (c) 800 

3.6 Validation of the model results on real textile 

wastewater 

To validate the CCD-RSM model, optimized 

conditions were applied to partially treated textile 

effluent (COD 200 mg/L and BOD 30 mg/L) from 

identified CETP of Ahmedabad. The optimized 

biochar (i.e., PCS800) was tested with 6.43 g/L of 

adsorbent dose and 33 min of mixing time at 150 rpm 

under batch adsorption and achieved 60% of COD 

reduction and >90% decolorization as shown in 

Figure 7.   

Figure 7. Experimental photograph of treated real textile wastewater 

(a) (b) (c) 
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The high efficiency for colour removal was due 

to chromophore part of dye adsorption, while COD 

reduction was achieved due to uptake of organic 

contaminants present in it. The treated effluent showed 

final COD<88 mg/L with complete colour removal. 

Unlike the synthetic wastewater, where the COD 

contributing components (EBT dye, starch and salts) 

are well defined, real textile wastewater contains 

unknown and variable dye mixtures, surfactants, 

sizing agents and auxiliary chemicals. Because 

different dyes exhibit different adsorption 

mechanisms and optimum pH ranges (Aritonang et al., 

2025). The heterogeneity of the real effluent reduces 

the overall removal efficiency compared to the 

controlled synthetic matrix as reported in previous 

studies (Yaseen and Scholz, 2019; Castillo-Suárez et 

al., 2023). The COD removal performance of PMCS 

was compared with various biochar reported in 

literature Table 5. 

Table 5. Recent studies on removal of chemical oxygen demand (COD) with biochar 

Biochar Feed stock modification Wastewater type % COD removal 

efficiency  

References 

Cotton Stalk H3PO4-activated cotton stalk at 

800°C 

Textile wastewater 60 Present work 

Walnut shell Chemically activated with FeCl3 Municipal wastewater 63.1 Rajabian et al. (2024) 

Sugarcane 

baggase 

Physical activation Textile wastewater 55 da Costa et al. (2021) 

Rice husk ZnCl2-activated rice husk Wastewater 45.9 Mortada et al. (2023) 

Corn stalk ZnCl2-activated corn stalk Hospital wastewater 71.4 Walanda et al. (2022) 

Lemon peels ZnCl2-activated at 800°C Oil palm wastewater 82.72 Ahmad Ridzuan et al. (2025) 

Tea waste H3PO4 treated and H2O2 oxidized Produced water 95.5 Khurshid et al. (2021a) 

Previous studies show that COD removal using 

biochar varies widely, generally between 45-95%, 

depending on feedstock, activation method, and 

wastewater complexity. Activated sugarcane bagasse 

and rice-husk biochar achieved 55% and 45.9% COD 

removal in textile and industrial wastewater, 

respectively, while FeCl₃-activated walnut shell 

biochar reached 63.1% in municipal wastewater. 

Although highly modified systems such as tea waste 

biochar achieved 95.5% removal in produced water, 

these were tested on less complex matrices. In 

comparison, the 60% COD removal obtained with 

PMCS in real textile wastewater is competitive and 

aligns with the range reported for real, multi-

component wastewaters, confirming the suitability of 

PMCS under practical treatment conditions. Hence, 

application of PMC treated effluent is safe for 

discharge and suitable for reuse when combined with 

advanced treatments like ultrafiltration (UF) or reverse 

osmosis (RO). 

3.7 Isotherm results 

The Langmuir and Freundlich adsorption 

isotherms of PCS350, PCS550, and PCS800 for % 

COD removal are shown in Figure 8(a-f). The 

corresponding isotherm constants are summarized in 

Table 6.  

As shown in the Figure 8(a) for the PCS350, 

Langmuir fit was poor (R²=0.7521, qmax=183.8 mg/g, 

KL=0.0024 L/mg), indicating non-uniform adsorption, 

whereas Freundlich fit was stronger (R²=0.9573, 

Kf=1.43 mg-1 1

n
× L

1

n
 .g -1 n=1.42) as shown in Figure 

8(d), confirming favourable multilayer adsorption via 

electrostatic attraction, H-bonding and pore filling. 

For PCS550, Langmuir gave R²=0.8864 with 

qmax=126.1 mg/g, KL=0.0061 L/mg (Figure 8(b)), 

while Freundlich showed better correlation 

(R²=0.8663, Kf=4.46 mg-1 1

n
 × L

1

n
 .g -1, n=1.93) Figure

8(e), again suggesting heterogeneous adsorption, 

consistent with cotton stalk biochar reported by (Gao 

et al., 2021). In contrast, PCS800 fitted best to 

Langmuir (R²=0.9994, qmax=90.2 mg/g, KL=0.049 

L/mg) as per Figure 8(c), while Freundlich (Kf=32.2 

mg-1 1

n
× L

1

n
 .g -1, n=5.52, R2=0.8715) also confirmed 

favourable adsorption as per Figure 8(f). 
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Table 6. Summary of isotherm constants 

Biochar Langmuir constants Freundlich Constants 

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

PCS350 183.8 0.0024 0.7521 1.43 1.42 0.9573 

PCS550 126.1 0.0061 0.8864 4.46 1.93 0.8663 

PCS800 90.2 0.0490 0.9994 32.2 5.52 0.8715 

Figure 8. Adsorption isotherm at varied temperatures Langmuir at (a) 350°C, (b) 550°C, (c) 800°C; Freundlich at (d) 350°C, (e) 550°C, 

(f) 800°C
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This transition can be attributed to the 

development of surface chemistry and porosity with 

pyrolysis temperature (Park et al., 2019). At 350°C, 

the biochar surface contains abundant oxygenated 

groups (-COOH, -OH) and a highly disordered carbon 

matrix, which produce heterogeneous surface energies 

capable of interacting with a wide spectrum of organic 

molecules. This explains the higher Langmuir qmax of 

PCS350, as these polar sites readily bind both EBT 

dye and larger macromolecular components i.e. starch 

through hydrogen bonding, electrostatic attraction and 

weak van der Waals forces. At 550°C, partial 

aromatization and moderate pore development create 

a balance of polar and aromatic domains, supporting 

mixed adsorption processes and resulting in 

intermediate qmax and model behaviour. In contrast, 

PCS800 exhibits highly aromatized carbon, greatly 

reduced surface polarity and well developed 

microporosity, favouring uniform monolayer 

adsorption through π-π interactions and hydrophobic 

effects. These interactions strongly promote the 

uptake of smaller aromatic dye molecules such as 

EBT, while the reduced number of polar sites and 

narrower pores restrict adsorption of bulky starch 

molecules, explaining the lower qmax but higher KL 

observed for PCS800. This progressive shift in 

adsorption pathway from heterogeneous multilayer 

adsorption to uniform monolayer adsorption is fully 

consistent with the kinetic trend (PFO → PSO) and 

reflects increasing structural refinement and 

selectivity with pyrolysis temperature. 

3.8 Kinetic results 

The kinetic behaviour of COD adsorption onto 

PCS350, PCS550, and PCS800 was evaluated using 

the pseudo first order (PFO) and pseudo second order 

(PSO) models. These models help to determine 

whether the rate controlling step is primarily diffusion 

controlled or surface-interaction controlled. The 

Figure 9 showed the kinetic fit while Table 7 

summarizes the fitted kinetic parameters.  

Table 7. Summary of fitted kinetic parameters 

Biochar Pseudo first order (PFO) fitted parameters Pseudo second order (PSO) fitted parameters 

qe (mg/g) k1 (min⁻¹) R2 qe (mg/g) k2 (g/mg·min) R2 

PCS350 24 0.0582 0.988 24 2.54×10⁻³ 0.988 

PCS550 29.6 0.0755 0.976 -- 3.35×10⁻³ 0.995 

PCS800 -- 0.0814 0.976 30 3.41×10⁻³ 0.994 

For PCS350, an initial rapid phase lasting 30-45 

min was followed by equilibrium at around 60-90 min 

(qe≈24 mg/g). PFO fit slightly better (R²=0.988, 

k1=0.0582 min⁻¹) than PSO (R²=0.988, k2=2.54×10⁻³ 

g/mg·min), indicating diffusion-controlled 

physisorption on a heterogeneous surface, consistent 

with earlier low-temperature biochar where external 

diffusion dominates. 

The results of the PFO and PSO kinetic results 

for COD uptake onto PMCSB at varied temperature 

(Jegan et al., 2020; Li et al., 2023). Similarly, for 

PCS550, COD reduction reached equilibrium at ~90 

min with PSO showing superior fit (R²=0.995, qe=29.6 

mg/g, k2=3.35×10⁻³ g/mg·min) compared to PFO 

(R²=0.976, k1=0.0755 min⁻¹). This indicates stronger 

surface interactions and site-specific adsorption, in 

agreement with previous COD adsorption studies on 

biochar (Dada et al., 2021; Khurshid et al., 2021b; 

Patel, 2024) 

PCS800 exhibited the highest capacity (qe=30 

mg/g) and equilibrium at ~120 min. PSO fitted best 

(R²=0.994, k2=3.41×10⁻³ g/mg·min), while PFO fit 

was weaker (R²=0.937). The dominance of PSO at 

higher temperature reflects increased aromaticity, pore 

development, and specific binding, as similarly 

reported for 800°C biochar from soybean straw and 

orange peel.  

Overall, the adsorption behaviour across 

PCS350, PCS550, and PCS800 reflects the 

progressive structural evolution of biochar with 

increasing pyrolysis temperature. PCS350, rich in 

oxygenated functional groups and possessing limited 

porosity, exhibits diffusion-controlled physisorption 

and heterogeneous multilayer adsorption, consistent 

with its PFO and Freundlich fits. As temperature 

increases to 550°C, partial aromatization and 

moderate pore development introduce a balance of 

polar and aromatic sites, yielding mixed kinetic 

behaviour but a stronger PSO fit due to the emergence 

of more reactive adsorption sites. PCS800, 

characterized by extensive aromatization, reduced 

surface polarity and well-developed microporosity, 

261



Shah VV and Patel NM / Environment and Natural Resources Journal 2026; 24(2): 250-267

supports uniform, site-specific adsorption dominated 

by π-π and hydrophobic interactions, which aligns 

with its strong Langmuir and PSO fits. Thus, the 

transition from PFO to PSO and Freundlich to 

Langmuir is a direct consequence of increasing 

aromaticity, pore accessibility and the loss of surface 

oxygenated groups during pyrolysis (Elnour et al., 

2019; Tomczyk et al., 2020). Similarly low cost 

biochar such as rice husk, tea waste and biogas residue 

derived biochar reported the same trend for COD 

removal by Langmuir behaviour and pseudo second 

order which can be explained by chemisorption rather 

than physical forces of adsorption (Khurshid et al., 

2021a; Mortada et al., 2023; Wang et al., 2023). 

Figure 9. Kinetic fit graphs for PFO and PSO of (a) PCS350, (b) PCS550, (c) PCS80 
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3.9 Proposed adsorption mechanism in multi 

component synthetic wastewater 

As the synthetic wastewater contains EBT dye, 

starch, and dissolved salts, the adsorption behaviour 

must be interpreted in a multi-component context. 

EBT, an anionic aromatic dye, binds preferentially to 

PCS550 and PCS800 through π-π stacking, 

hydrophobic interactions, and electrostatic attraction 

when pH < pHpzc, owing to their more developed 

aromatic domains. Similar interaction pathways have 

been reported for EBT adsorption onto carbonaceous 

materials, where monolayer adsorption on aromatic 

surfaces and strong dye carbon affinity were observed 

for activated carbon derived from rice hulls (de Luna 

et al., 2013). Likewise, tea-waste biochar has shown 

that π-π stacking, hydrophobic forces, van der Waals 

interactions, and pH-dependent electrostatic effects 

govern EBT uptake, with equilibrium behaviour 

following Langmuir and kinetics following pseudo-

second-order models (Bansal et al., 2020). These 

literature results are consistent with the interaction 

mechanisms proposed for PMCS. 

In contrast to EBT, starch being a large non-

aromatic polysaccharide adsorbs mainly through 

hydrogen bonding and pore entrapment and therefore 

shows higher uptake on PCS350, which retains 

abundant oxygenated functional groups and larger 

accessible pores. The salts present (NaCl, Na₂CO₃, 

NaHCO₃) influence ionic strength and partially shield 

surface charges, reducing electrostatic interactions 

while enhancing hydrophobic pathways. 

The pHpzc values of PCS350, PCS550, and 

PCS800 (5.8, 6.2, and 6.7) indicated in Figure 10, that 

at the operating pH 7 all surfaces are weakly negative. 

This behaviour aligns with (Ndoun et al., 2023), who 

reported that lignocellulosic biochar remain 

negatively charged over environmentally relevant pH 

ranges, with zeta potential becoming more negative as 

pH increases and typical pHpzc values below 4. Their 

findings support the interpretation that at neutral pH, 

electrostatic repulsion toward anionic dyes such as 

EBT is expected, making π-π and hydrophobic 

interactions the dominant pathways for adsorption. 

Figure 10. Point of zero charge graph of PCS350, PCS550, and PCS800 

Hence, adsorption of EBT in this multi-

component matrix is governed mainly by π-π stacking, 

hydrophobic attraction, and localized electrostatic 

interactions, whereas starch removal relies on polar 

functional groups. This selective and competitive site 

occupation explains why PCS800 shows higher 

affinity (high KL) despite lower qmax, while PCS350 

exhibits higher theoretical capacity but weaker 

specific binding. These interaction pathways are 

summarised in Figure 11, which provides a graphical 

representation of the proposed adsorption mechanism. 

At higher temperature pore development and partial 

aromatization enhance pore filling and mixed 

interactions.  

At 800°C, stabilized phosphate functionalities 

provide acidic sites, while graphitic domains favour π-

π stacking and hydrophobic interactions, consistent 

with Langmuir monolayer adsorption and pseudo-

second-order kinetics. Thus, synergistic effects of 

surface chemistry and pore structure govern COD 

reduction by PMCS. 
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Figure 11. Possible mechanism of PCS800 in multi component synthetic wastewater 

4. CONCLUSION

This study demonstrates a scalable circular 

economy pathway for converting cotton stalk into 

phosphate modified biochar (PMCS) and relates 

pyrolysis temperature to COD removal from textile 

wastewater. Using Central Composite Design, 

optimization revealed that adsorption shifted from 

heterogeneous multilayer behaviour at 350-550°C 

(best described by Freundlich, R²=0.85-0.95) to 

uniform monolayer adsorption at 800°C (Langmuir, 

R²=0.999). Kinetic analysis showed pseudo-first-order 

control at 350°C (k₁=0.0582 min⁻¹) and pseudo-

second-order at 550-800°C (k₂=0.0033-0.0034 

g/mg·min; R²=0.994-0.995). Optimization achieved 

76.7% COD reduction with PCS800 at pH 7, dose 6.43 

g/L, and 33 min mixing, attributed to micropore driven 

uptake, while PCS550 offered the most balanced 

removal of small and large organics. The transition in 

behaviour reflects progressive aromatization, 

micropore development, and loss of labile oxygen 

groups with increasing temperature. Practically, 

PCS550 is recommended for treating complex 

effluents, whereas PCS800 is suited for polishing 

applications. Future work should extend this 

framework to column studies, regeneration, and 

techno-economic assessment to fully establish circular 

economy benefits. Overall, phosphate modification of 

cotton stalk biochar provides a technically rigorous 

and sustainable route for textile wastewater treatment, 

aligning waste valorization with environmental 

protection. 
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