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Fig. S1. Calibration plot of methylene blue (MB) dye at different pH
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Fig. S2. SEM morphology and elemental composition by EDAX analysis (Area) of (A) DR, (B) non-activated biocharDBCNa0, (C) base-activated biocharDBCNa5, (D) DBCNa10.



Fig. S3. Raman spectra curve fitting of (A) non-activated biochar DBCNa0; (B) base-activated biochar DBCNa5; (C) DBCNa10.








Fig. S4. XPS spectra of non-activated biochar DBCNa0 (A) full spectrum, (B) C1s, (C) O1s, and (D) N1s.


Fig. S5. XPS spectra of base-activated biochar DBCNa5 (A) full spectrum, (B) C1s, (C) O1s, and (D) N1s.


Fig. S6. XPS spectra of base-activated biochar DBCNa10 (A) full spectrum, (B) C1s, (C) O1s, and (D) N1s.






Fig. S7. Point zero charges (pHpzc) of non-activated and base-activated rice straw biochar.







Fig. S8. Non-linear adsorption isotherm of MB dye molecule with different pH variations (pH=2 -10) and different dye concentration variations (Co= 2 - 18mg/L), at 25oC, with biochar adsorbent dose of 2.5mg with a reaction volume of 20 mL. The dot symbols represent the experimental data, and the solid line shows the Langmuir (A, C, E, G, I) and Freundlich isotherm (B, D, F, H, J) fit.





Fig. S9. Effect of pH and pHPZC on MB dye molecule adsorption and biochar maximum adsorption capacity (qm).






Fig. S10. Langmuir adsorption isotherm separation factor rice straw biochar materials at pH 10. 







Fig. S11. Kinetics of MB dye molecule adsorption onto the base-activated and non-activated rice straw biochar adsorbent at 25oC (MB dye concentration = 10mg/L, biochar adsorbent dose 0.125 mg/mL, pH = 10. Dot symbols represent the experimental data, and the solid line shows the fitting of models (A) Weber model and (B) Boyd model.





Fig. S14. Kinetic of methylene blue dye molecule adsorption onto the base-activated and non-activated rice straw biochar adsorbent at 20-40 °C (MB dye concentration = 10mg.L-1, activated biochar adsorbent dosages 0.125 mg.mL-1, pH = 10. Dot/spot shape symbols represent the experimental data, and the solid line shows the mathematical pseudo second order kinetic model.


Table S1. Properties of organic dye methylene blue
	Organic dye
	Molecular formula
	Molecular structure
	Molecular weight (g/mol)
	Size (L & B. Å)
	Estimated diameter (Å)
	Ref.

	Methylene blue
	C16H18N3ClS
	[image: ]
	319.85
	14.34 × 4.98
	13.95
	(Yang et al., 2024)



Table S2. List of FTIR peaks of non-activated and base-activated biochar materials
	Sl No.
	Wavenumber (CM-1)
	Functional groups
	References

	1
	3350
	-OH (Stretching)
	(Guo et al., 2020)

	2
	2930
	-C-H (Stretching)
	(Reza et al., 2020)

	3
	2850
	-C-H (Stretching)
	(Reza et al., 2020)

	4
	1910-2360
	-C=O (Stretching, Ketene)
	(Reza et al., 2020)

	5
	1610
	-C=C (Stretching)
	(Reza et al., 2020)

	6
	1570
	-C=C (Stretching)
	(Reza et al., 2020)

	7
	1079
	-C-O (Stretching)
	(Reza et al., 2020)

	8
	790
	C=C (Aromatic stretching)
	(Reza et al., 2020)

	9
	467
	Si-O-Si (Bending)
	(Liu et al., 2019)






Table S3. List of Raman peak/band and their description of non-activated and base-activated biochar materials
	Peak No.
	Band name
	Band position (cm-1)
	Description
	Bond type
	Area

	
	
	
	
	
	DBCNa0
	DBCNa5
	DBCNa10

	1
	GL
	1700
	Carbonyl group C=O
	sp2
	331077.68 
	NA
	53001.10 (

	2
	G
	1590
	Graphite E22g; aromatic ring quadrant breathing; alkene C=C
	sp2
	653786.45 

	130941.66 
	449847.61 

	3
	GR
	1540
	Aromatics with 3–5 rings; amorphous carbon structures
	sp2
	529602.38 

	125783.58 
	80809.73 

	4
	VL
	1465
	Methylene or methyl; semi-circle breathing of aromatic rings; amorphous carbon structures
	sp2 sp3
	574898.14 

	141108.81 
	268293.89 

	5
	VR
	1380
	Methyl group; semi-circle breathing of aromatic rings; amorphous carbon structures
	sp2 sp3
	860799.24
	148564.54 
	201517.97 

	6
	D
	1300
	D band on highly ordered carbonaceous materials; C–C between aromatic rings and aromatics with not less than 6 rings
	sp2
	195373.90 
	141019.34 
	412980.75 

	7
	SL
	1230
	Aryl–alkyl ether; para-aromatics
	sp2, sp3
	197608.62 

	109529.68 
	NA

	8
	S
	1185
	C aromatic – C alkyl; aromatic (aliphatic) ethers; C–C on hydroaromatic rings; hexagonal diamond carbon sp3; C–H on aromatic rings
	sp2 sp3
	308867.16 
	NA
	98079.55 

	ID/IG
	0.29
	1.07
	0.92


*NA-Not Available

Table S4. List of XPS peaks/ bands and their description of non-activated and base-activated biochar materials
	Elements
	Binding energy (eV)
	Peak Assign
	Description
	Area
	References

	
	
	
	
	DBCNa0
	DBCNa5
	DBCNa10
	

	C 1s
	284.4/284.5
	C-C, C=C
	Represent hydrocarbon and C=C sp2 bonds in the graphitic and aromatic network
	2566.37

	6411.18 
	5225.19 
	(Golsheikh et al., 2015; González-Hourcade et al., 2022; Li et al., 2017)

	
	286.5
	C-O
	Represent C-O connected to ether or phenolic group
	NA
	1135.45 
	NA
	(Andersson et al., 2002; González-Hourcade et al., 2022)

	
	288.6
	COOH
	Represent C=O groups like the Carboxylic group (HO-C=O), C=O
	NA
	1266.24 
	7993.89 
	(Chahinez et al., 2020; Ghosh et al., 2022; Kumar et al., 2021)

	N 1s
	399.4
	Amine
	Represent C-N-C, C-N-H
	NA
	151.43 
	140.16 
	(González-Hourcade et al., 2022; Meng et al., 2016)

	
	400
	C-NH2
	Represent stronger C-N bond linked to C atoms with sp3 bonds
	NA
	142.14 
	157.90 
	(Auciello et al.)

	
	400.6
	Pyridonic / Pyrrolic N
	Represent nitrogen-containing rings
	NA
	166.13 
	251.54 
	(González-Hourcade et al., 2022; Meng et al., 2016)

	
	402.4
	Oxidised N
	Represent a weak C-N or N-N bonds linked to C atoms with sp2 bonds
	NA
	NA
	57.80 
	(Auciello et al.; González-Hourcade et al., 2022)

	O 1s
	531.4
	C=O
	Represent carbonyl, lactone and carboxylic groups
	NA
	2017.03 
	276.91 
	(Ghosh et al., 2022; Smith et al., 2016)

	
	532.3
	O-H
	Represent hydroxyl group
	NA
	NA
	4294.42 
	(Kumar et al., 2021)

	
	532.8
	C-O
	Represent aliphatic C-O. Also, oxygen singly bonded to carbon in aromatic rings, phenols, and ethers.
	NA

	2144.54 
	NA
	(Simoes dos Reis et al., 2022; Smith et al., 2016)

	
	533.1
	C=O 
	Represent ether and hydroxyl groups bonded to aromatics. Also, ester, anhydride, aromatic C=O
	NA
	2307.98 
	2422.72 
	(Fan et al., 2018; Smith et al., 2016)

	
	534.9
	C-OOH
	Represent carboxylic group
	NA
	1762.55 
	NA
	(Qian and Chen, 2014)


*NA- Not Available


Table S5. Elemental analysis of rice straw waste of non-activated and base-activated biochar materials
	Name
	N Area
	C Area
	H Area
	S Area
	N [%]
	C [%]
	H [%]
	S [%]
	C/N ratio
	H/C ratio

	DR
	1373
	62821
	30503
	87
	0.58
	35.28
	5.1
	0.12
	60.84
	0.14

	DBCNa0
	1699
	97981
	10908
	268
	0.67
	52.22
	1.76
	0.35
	77.43
	0.03

	DBCNa5
	4306
	96484
	11168
	93
	1.82
	56.2
	1.97
	0.13
	30.94
	0.03

	DBCNa10
	5392
	96104
	10168
	87
	1.94
	52.2
	1.69
	0.12
	26.90
	0.03



Table S6. Different stages of weight loss of raw, non-activated, and base-activated rice straw biochar.
	Mass loss components
	volatile organic moisture components (V-O-M) (%)
	Hemicellulose (H-C) (%)
	Cellulose (C) (%)
	lignin (L) (%)
	Remaining mass (%)

	Temp. range (oC)
	30-220
	220-315
	315-400
	400-895
	>895

	DR
	10.54
	24.38
	22.21
	10.87
	32

	DBCNa0
	5.39
	1.41
	1.22
	7.72
	84.26

	DBCNa5
	7.78
	2.75
	3.07
	14.28
	72.12

	DBCNa10
	9.86
	2.68
	2.16
	8.89
	76.41



Table S7. Surface area and pore size analysis of of non-activated and base-activated biochar materials
	Adsorbent
	BJH-Surface Area (m2.g-1)
	BJH-Pore Volume (cm3.g-1)
	BJH-average pore diameter (nm)

	DBCNa0
	2.23
	0.01
	25.14

	DBCNa5
	31.34
	0.079
	10.20

	DBCNa10
	109.70
	0.26
	9.55



Table S8. Adsorption kinetic diffusion model data/mass transfer model data for adsorption of MB dye molecule onto the solid-liquid solution of base-activated and non-activated rice straw biochar
	pH
	Adsorbent
	Intraparticle diffusion
	Liquid film diffusion

	
	
	
(mg/g.min1/2)
	C (mg/g) (Intercept)
	R2
	
(mg/g.min1/2)
	C (mg/g) (Intercept)
	R2
	
(mg/g.min1/2)
	C (mg/g) (Intercept)
	R2
	 (1/min)
	C (Intercept)
	R2

	10
	DBCNa0
	2.85
	8.25
	0.99
	0.60
	12.09
	0.97
	0.41
	12.99
	0.94
	0.35
	0.93
	0.90

	
	DBCNa5
	10.46
	29.12
	0.99
	5.03
	39.42
	0.97
	2.28
	48.26
	0.94
	0.34
	0.47
	0.85

	
	DBCNa10
	10.90
	33.78
	0.98
	4.45
	46.98
	0.95
	0.64
	60.78
	0.89
	0.33
	0.59
	0.87






Table S9. Thermodynamic and activation energy details of MB dye adsorption onto of non-activated and base-activated biochar materials
	Adsorbent
	pH
	Temperature (K)
	ΔGo(kJ/mol)
	ΔHo(kJ/mol)
	ΔSo(J/K.mol)
	R2
	Ea (kJ/mol)
	R2

	DBCNa0
	10
	293
	-1.88
	-25.62
	-99.63
	0.94
	20.10
	0.74

	
	
	298
	-1.83
	
	
	
	
	

	
	
	303
	-0.88
	
	
	
	
	

	
	
	308
	-0.47
	
	
	
	
	

	
	
	313
	-0.07
	
	
	
	
	

	DBCNa5
	10
	293
	-7.60
	-14.12
	-21.0
	0.91
	19.91
	0.88

	
	
	298
	-7.58
	
	
	
	
	

	
	
	303
	-7.55
	
	
	
	
	

	
	
	308
	-7.49
	
	
	
	
	

	
	
	313
	-7.11
	
	
	
	
	

	DBCNa10
	10
	293
	-8.02
	-10.20
	-7.0
	0.98
	12.91
	0.89

	
	
	298
	-7.91
	
	
	
	
	

	
	
	303
	-7.89
	
	
	
	
	

	
	
	308
	-7.85
	
	
	
	
	

	
	
	313
	-7.84
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