Text S1. Site energy distribution (SED) analysis
To elucidate the energetic heterogeneity of adsorption sites, a site energy distribution (SED) method was applied by transforming the equilibrium concentration into an apparent adsorption-energy coordinate and then deriving the corresponding energy-frequency distribution from the equilibrium uptake. The continuous qe-Ce relationship required for SED calculation was obtained from the Sips isotherm (Table S1), which provides the fitted equilibrium uptake qe(Ce) at each temperature. The apparent adsorption energy E* was calculated using a Polanyi-type potential relationship:
                  （1）
where R is the gas constant (8.314×10-3kJ·mol-1·K-1), T is the absolute temperature (K), Ce is the equilibrium concentration (mg·L-1), and Cs is the operational reference concentration used for the SED transformation.
[bookmark: OLE_LINK269]The value (Cs = 230 mg·L-1 at 25, 35, and 45 °C) was defined operationally as a common reference concentration slightly above the maximum initial TC concentration tested (C0 = 200 mg·L-1); it was neither fitted nor measured as a thermodynamic solubility, and no external solubility source was used. Because Cs enters logarithmically, multiplying Cs by a factor α translates the energy axis by ΔE = RT ln α without changing the shape of the derived distribution. A ±10% change in Cs produces an absolute energy-axis shift of no more than 0.28 kJ·mol-1 over 298.15–318.15 K. Accordingly, the SED is used primarily for qualitative comparison of energetic heterogeneity, while uncertainty in the absolute energy origin is acknowledged.
The SED function f(E*) was obtained from the negative derivative of equilibrium uptake with respect to E* (Eq. 2). A normalized distribution was further defined to enable comparison among temperatures (Eq. 3):

     (2)
     (3)
Where Qm is the maximum adsorption capacity determined from the Sips fitting (Table S1). In practice, E*-qe data were generated on a dense grid within the experimental Ce range using the Sips-fitted qe(Ce) and dqe/dE* was evaluated numerically to obtain smooth f(E*) and fN(E*) curves.
The most probable site energy was identified as the peak position of . The weighted mean energy and the distribution width were calculated using Eqs. (4)–(5). In addition, the fraction of high-energy sites was quantified using Eq. (6):
 (4)
 (5)
 (6)
This parameter represents the proportion of sites with adsorption energy higher than . These descriptors were summarized for each temperature to compare changes in adsorption affinity and energetic heterogeneity.


[bookmark: _Hlk218644022]Text S2. Materials characterization
The elemental composition of the adsorbents was quantified using an Elementar vario ISOTOPE select analyzer (Germany). BET specific surface area was measured on a Micromeritics ASAP 2460 system. Transmission electron microscopy (TEM) was conducted on a FEI Tecnai F20 for the pristine samples and on a JEM-2100F for the spent (post-adsorption) samples, both operated at an accelerating voltage of 200 kV. Sample morphology was then examined by SEM (Thermo Fisher Scientific Apreo 2S+), and the corresponding elemental distribution was analyzed by EDS using an Oxford Instruments Ultim Max 65 detector. Crystalline phases were identified by XRD on a Bruker D8 Advance diffractometer (Germany) operated at 40 kV and 40 mA with Cu Kα₁ radiation (λ = 0.15406 nm) and a step size of 0.02. Surface chemical states were examined via XPS (Thermo Fisher Scientific ESCALAB 250Xi, USA). FT-IR spectra were recorded using a Thermo Scientific Nicolet iS5 spectrometer.


Text S3. One-at-a-time sensitivity analysis of the life cycle assessment
A deterministic one-at-a-time sensitivity analysis was conducted in SimaPro 9.5 using the same functional unit, system boundary, ecoinvent v3.9.1 background database, and CML-IA baseline (v3.09) method as the baseline LCA. Dimensionless multipliers were applied to β-CD, NaOH, glutaraldehyde, electricity, and transport. Each input was independently set to 0.8 and 1.2 times its baseline quantity, with all other inputs fixed at their baseline values. Eleven scenarios (one baseline and ten perturbation scenarios) were evaluated. Results were compared as percentage changes from the baseline for each characterized impact category. Because category normalization is a constant scaling of the characterized result, the relative sensitivity pattern is unchanged after normalization. This deterministic analysis addresses foreground quantity variability but does not represent probabilistic uncertainty or structural uncertainty from alternative proxy datasets.


Text S4. Construction and scope of the DFT cluster models
C24H12 (coronene) was used as a finite H-terminated seven-ring aromatic nanoflake to represent a local condensed sp2-carbon domain rather than the complete biochar structure. The model inventory reconstructed from the archived Gaussian files was: pristine C24H12, 36 atoms, charge/multiplicity 0/1; hydroxylated C24H12O, 37 atoms, 0/1; carboxylated C25H12O2, 39 atoms, 0/1; and a 37-atom C₂₄H₁₁OFe edge motif obtained by replacing one edge H with an O–Fe unit. The retained Fe–O···TC complex contains 93 atoms (C46H35N2O9Fe) and was treated with net charge 0 and spin multiplicity 6 using an unrestricted calculation.
All DFT calculations employed the ωB97X-D functional with the def2-SVP basis set and SMD implicit water. The non-Fe complexes were geometry optimized at this level, whereas the retained Fe–O···TC wavefunction was obtained from an unrestricted single-point calculation at the same level of theory on the constructed neutral sextet geometry. A complete frequency record is not retained for every cluster and complex. Moreover, the single O–Fe edge motif is nonstoichiometric and does not reproduce a unique magnetite or maghemite surface termination. Therefore, no unique formal Fe(II)/Fe(III) oxidation state is assigned, and the DFT results are interpreted as comparative motif-level evidence rather than phase-specific or benchmark thermochemical data.


Table S1. Adsorption model equations and related information
	Model
	Expression

	Pseudo-first-order kinetic
	

	Pseudo-second-order kinetic
	

	 Intra-particle diffusion model
	qt= knt1/2 + C

	Langmuir
	

	Freundlich
	

	Sips
	

	Thomas
	

	Yoon–Nelson
	





Table S2. Kinetics parameters for TC uptake on Fe@RSBC-β-CD
	Kinetics / Isotherm
	Parameters
	Units
	Value

	Pseudo-first-order (PFO)
	qe
	mg·g-1
	211.7671

	
	k1
	min-1
	0.1570

	
	R2
	–
	0.9786

	
	Reduced Chi-Sqr
	(mg·g-1)2
	106.2552

	
	RMSE
	mg·g-1
	10.3080

	Pseudo-second-order (PSO)
	qe
	mg·g-1
	225.6735

	
	k2
	g·mg-1·min-1
	0.0011

	
	R2
	–
	0.9894

	
	Reduced Chi-Sqr
	(mg·g-1)2
	52.6056

	
	RMSE
	mg·g-1
	7.2530

	Intra-particle diffusion (Weber–Morris)
	Stage I K1
	mg·g-1·min-1/2
	55.1984

	
	Stage I C
	mg·g⁻¹
	-1.6033

	
	Stage I R2
	–
	0.9971

	
	Stage II K2
	mg·g-1·min-1/2
	8.3037

	
	Stage II C
	mg·g⁻¹
	149.4502

	
	Stage II R2
	–
	0.8488

	
	Stage III K3
	mg·g-1·min-1/2
	1.1376

	
	Stage III C
	mg·g-1
	205.4463

	
	Stage III R²
	–
	0.8525





Table S3. Isotherm parameters for TC uptake on Fe@RSBC-β-CD
	Model
	Parameter
	Units
	Value

	Langmuir (25 ℃)
	Qmax
	mg·g-1
	240.41

	
	KL
	L·mg-1
	1.31

	
	R²
	–
	0.9547

	
	Reduced Chi-Sqr
	(mg·g-1)2
	275.96

	
	RMSE
	mg·g-1
	16.61

	Freundlich (25 ℃)
	KF
	(mg·g-1)·(L·mg-1)^(1/n)
	133.4

	
	n
	–
	6.7

	
	[bookmark: OLE_LINK274]R2
	–
	0.8181

	
	Reduced Chi-Sqr
	(mg·g-1)2
	1108.34

	
	RMSE
	mg·g-1
	33.29

	Sips (25 ℃)
	Qmax 
	mg·g-1
	251.87

	
	Ks
	L·mg-1
	1.2

	
	ns
	–
	0.75

	
	R2
	–
	0.9709

	
	Reduced Chi-Sqr
	(mg·g-1)2
	221.33

	
	RMSE
	mg·g-1
	14.88

	Langmuir (35 ℃)
	Qmax
	mg·g-1
	256.52

	
	KL
	L·mg-1
	1

	
	R2
	–
	0.9620

	
	Reduced Chi-Sqr
	(mg·g-1)2
	304.1

	
	RMSE
	mg·g-1
	17.44

	Freundlich (35 ℃)
	KF
	(mg·g-1)·(L·mg-1)^(1/n)
	126.88

	
	n
	–
	5.57

	
	R²
	–
	0.8853

	
	Reduced Chi-Sqr
	(mg·g-1)2
	917.91

	
	RMSE
	mg·g-1
	30.3

	Sips (35 ℃)
	Qmax 
	mg·g-1
	279.42

	
	Ks
	L·mg-1
	0.77

	
	ns
	–
	0.68

	
	R²
	–
	0.9870

	
	Reduced Chi-Sqr
	(mg·g-1)2
	130.07

	
	RMSE
	mg·g-1
	11.4

	Langmuir (45 ℃)
	Qmax
	mg·g-1
	280.82

	
	KL
	L·mg-1
	1.06

	
	R2
	–
	0.9826

	
	Reduced Chi-Sqr
	(mg·g-1)2
	170.87

	
	RMSE
	mg·g-1
	13.07

	Freundlich (45 ℃)
	KF
	(mg·g-1)·(L·mg-1)^(1/n)
	139.35

	
	n
	–
	5.58

	
	R2
	–
	0.8534

	
	Reduced Chi-Sqr
	(mg·g-1)2
	1436.28

	
	RMSE
	mg·g-1
	37.9

	Sips/Sips (45 ℃)
	Qmax 
	mg·g-1
	292.46

	
	Ks
	L·mg-1
	0.95

	
	nS
	–
	0.8

	
	R2
	–
	0.9911

	
	Reduced Chi-Sqr
	(mg·g-1)2
	108.05

	
	RMSE
	mg·g-1
	10.39





Table S4. Fixed-bed operating conditions for TC removal by Fe@RSBC-β-CD.
	[bookmark: OLE_LINK273]Flow rate (mL·min-1)
	Adsorbent mass, M (g)
	Particle size, dₚ (μm)
	Bed porosity, ε
	EBCT (min)

	0.5
	3.80
	75–150
	0.43
	35.3

	2.5
	3.80
	75–150
	0.43
	7.1



Table S5. Machine-learning models for TC adsorption by Fe@RSBC-β-CD: principles, training-only randomized-search spaces, and repeated-validation performance.
	[bookmark: _Hlk201070027]ML model 
	ML principle
	Training-only randomized-search space
	Repeated-validation performance (mean ± SD)

	RF
	RF is a tree-based ensemble model that averages predictions from many bootstrapped decision trees with random feature selection to achieve accurate, robust, and less overfitting regression or classification.
	n_estimators: [200, 400, 600]; max_depth: [2, 3, 4, 6, None]; min_samples_split: [2, 5, 10]; min_samples_leaf: [1, 2, 4]; max_features: [0.6, 0.8, 1.0].
	20 group-aware splits, test: R2 = 0.356 ± 0.457; RMSE = 58.05 ± 22.14 mg·g-1. Repeated nested 10 × 5-fold group CV, outer validation: R2 = 0.334 ± 0.345; RMSE = 60.68 ± 17.77 mg·g-1.

	ET
	ET is a tree-ensemble method that builds many highly randomized decision trees—using random split thresholds (and often the full training set rather than bootstrap samples)—and averages their predictions to improve robustness and reduce overfitting.
	n_estimators: [200, 400, 600]; max_depth: [2, 3, 4, 6, None]; min_samples_split: [2, 5, 10]; min_samples_leaf: [1, 2, 4]; max_features: [0.6, 0.8, 1.0].
	20 group-aware splits, test: R2 = 0.414 ± 0.456; RMSE = 55.21 ± 22.82 mg·g-1. Repeated nested 10 × 5-fold group CV, outer validation: R2 = 0.395 ± 0.350; RMSE = 57.10 ± 18.06 mg·g-1. Selected model. Final deployable ET: n_estimators = 200, max_depth = None, min_samples_split = 5, min_samples_leaf = 1, max_features = 1.0.

	XGBoost
	XGBoost is a high-performance gradient boosting algorithm that builds decision trees sequentially to correct previous errors, using regularization and efficient optimization to achieve strong accuracy on nonlinear regression or classification tasks.
	n_estimators: [80, 150, 250, 400]; max_depth: [2, 3, 4]; learning_rate: [0.03, 0.05, 0.1]; min_child_weight: [1, 3, 5]; subsample/colsample_bytree: [0.7, 0.9, 1.0]; reg_alpha: [0, 0.1, 0.5]; reg_lambda: [1, 5, 10].
	20 group-aware splits, test: R2 = 0.288 ± 0.543; RMSE = 60.93 ± 23.06 mg·g-1. Repeated nested 10 × 5-fold group CV, outer validation: R2 = 0.352 ± 0.388; RMSE = 58.95 ± 20.48 mg·g-1.

	CatBoost
	CatBoost is a gradient boosting decision-tree algorithm designed to deliver strong accuracy with minimal tuning, using ordered boosting and specialized handling of categorical features to reduce overfitting and prediction bias.
	iterations: [100, 200, 400, 600]; depth: [3, 4, 5]; learning_rate: [0.03, 0.05, 0.1]; l2_leaf_reg: [3, 8, 15]; random_strength: [0.5, 1.0, 2.0].
	20 group-aware splits, test: R2 = 0.211 ± 0.647; RMSE = 61.71 ± 27.75 mg·g-1. Repeated nested 10 × 5-fold group CV, outer validation: R2 = 0.294 ± 0.434; RMSE = 61.68 ± 22.27 mg·g-1.

	LightGBM
	LightGBM is an efficient gradient boosting framework that grows trees leaf-wise and uses histogram-based splitting to train fast while achieving high accuracy on large-scale, nonlinear regression or classification problems.
	n_estimators: [100, 200, 400, 600]; learning_rate: [0.01, 0.03, 0.05, 0.1]; num_leaves: [3, 7, 15]; max_depth: [2, 3, 4]; min_child_samples: [3, 5, 10]; subsample/colsample_bytree: [0.7, 0.9, 1.0]; reg_alpha: [0, 0.1, 0.5]; reg_lambda: [0, 1, 5].
	20 group-aware splits, test: R2 = 0.318 ± 0.458; RMSE = 61.10 ± 17.24 mg·g-1. Repeated nested 10 × 5-fold group CV, outer validation: R2 = 0.263 ± 0.339; RMSE = 63.66 ± 16.09 mg·g-1.

	AdaBoost
	AdaBoost is an ensemble method that builds weak learners sequentially and reweights difficult samples so later models focus on previous errors, then combines them into a stronger predictor.
	n_estimators: [50, 100, 200, 400]; learning_rate: [0.03, 0.05, 0.1, 0.2]; loss: [linear, square, exponential]; base-tree max_depth: [1, 2, 3]; min_samples_split: [2, 5, 10]; min_samples_leaf: [1, 2, 4].
	20 group-aware splits, test: R2 = 0.212 ± 0.460; RMSE = 66.03 ± 16.24 mg·g-1. Repeated nested 10 × 5-fold group CV, outer validation: R2 = 0.214 ± 0.395; RMSE = 65.76 ± 18.47 mg·g-1.






Table S6. The life cycle inventory (LCI) of 1 kg of Fe@RSBC-β-CD
	Item (Input/Output)
	Quantity (Functional unit basis)
	Unit
	Source/Description
	Destination/Treatment method

	A. Fe@RSBC synthesis (one-pot calcination at 600 °C, 3 h)
	
	
	
	

	1. Rice straw (biomass raw material, dried and sieved)
	0.7
	kg
	ecoinvent proxy: Rice straw, at farm {CN} | Cut-off, U; the study feedstock was collected in Xinjiang, China.
	Feedstock for one-pot calcination with siderite to yield Fe-modified biochar (Fe@RSBC).

	2. Siderite ore (FeCO₃) / iron ore feed (Fe source)
	0.7
	kg
	ecoinvent proxy: Iron ore concentrate | market for iron ore concentrate {GLO} | Cut-off, U (used as siderite proxy).
	Calcined with biomass; Fe oxide species retained in solid; CO₂ released from carbonate decomposition.

	3. Nitrogen (inert atmosphere)
	0.08
	kg
	ecoinvent proxy: Nitrogen, liquid | market for nitrogen, liquid {RoW} | Cut-off, U, used to represent gaseous nitrogen supplied during calcination.
	Protective atmosphere during calcination; vented after use.

	4. Electricity (calcination, grinding & sieving)
	3.5
	kWh
	Grid electricity represented by the ecoinvent regional high-voltage market for China (CN-CCG), Cut-off system model.
	Muffle furnace heating/holding, milling, sieving; no direct material output.

	5. Emission: CO₂ (from siderite decomposition)
	0.27
	kg
	Stoichiometry FeCO3 → FeO + CO2; CO₂ = 44/115.85 × 0.70 kg ≈ 0.27 kg (geogenic).
	Released to air and represented as the direct 'carbon dioxide, fossil' emission flow.

	6. Emission: CO₂ (from biomass pyrolysis, biogenic)
	0.32
	kg
	Screening estimate of biogenic CO2 released during straw devolatilization at high temperature.
	Released to air; model as 'carbon dioxide, biogenic'.

	7. Intermediate: Fe@RSBC
	0.7
	kg
	Fe-modified rice straw biochar prepared in Step A.
	Used as precursor for β‑CD grafting/crosslinking (Step B).

	B. β-CD grafting and GA crosslinking onto Fe@RSBC (microwave-assisted, 500 W, 30 min)
	
	
	
	

	8. β-Cyclodextrin (β-CD)
	0.88
	kg
	Based on lab recipe (1.0 g β-CD per 0.8 g Fe@RSBC) scaled to 0.70 kg Fe@RSBC (ratio = 1/0.8).
	Reactant for grafting; excess washed out to wastewater.

	9. Sodium hydroxide (NaOH, as 100% eq.)
	2.63
	kg
	Scaled from 3.0 g per 0.8 g Fe@RSBC (ratio = 3/0.8) and reported on a dry-equivalent (100% NaOH) basis.
	Alkaline activation/catalysis; mostly ends in washing effluent (neutralized in wastewater treatment).

	10. Glutaraldehyde (GA, as pure-equivalent)*
	0.93
	kg
	Scaled from 1 mL per 0.8 g Fe@RSBC: 0.70 kg Fe@RSBC requires 875 mL GA, corresponding to 0.93 kg at a density of 1.06 g·mL-1.
	Crosslinking agent; unreacted fraction removed in washing.

	11. Deionised water (dispersion + washing)
	43.8
	kg
	Minimum based on 50 mL per 0.8 g scaled to 0.70 kg Fe@RSBC. 
	Used for dispersion and repeated washing to near-neutral; discharged as wastewater after use.

	12. Electricity (ultrasonic mixing + microwave + drying)
	2.0
	kWh
	Foreground screening estimate for ultrasonic mixing, microwave irradiation (500 W for 30 min per batch), and drying, expressed per functional unit.
	Energy for mixing, microwave irradiation, filtration/centrifugation, and drying.

	13. Transport (chemicals/raw materials)
	5
	tkm
	Screening assumption of 5 tkm average freight transport for chemicals and raw materials.
	Transport to the lab/plant.

	14. Wastewater to treatment
	0.05
	m³
	Estimated from the minimum documented water input (43.8 kg ≈ 0.044 m3) and rounded to 0.05 m3.
	Sent to wastewater treatment; contains dissolved NaOH and organics from unreacted β-CD/GA.

	15. Product: Fe@RSBC-β-CD (final adsorbent)
	1.0
	kg
	Functional unit: 1 kg of dry Fe@RSBC-β-CD produced (cradle-to-gate, Stage 1).
	The adsorption/regeneration stage was outside the cradle-to-gate system boundary.




Table S7. One-at-a-time sensitivity of the characterized LCA results to ±20% changes in selected foreground inventory inputs.
	Impact category
	Unit
	β-CD
	Electricity
	GA
	NaOH
	Transport

	Ozone layer depletion (ODP)
	kg CFC-11 eq
	−0.7 / +0.7
	−0.2 / 0.0
	−0.2 / +0.2
	−18.9 / +18.9
	0.0 / 0.0

	Abiotic depletion
	kg Sb eq
	−9.1 / +9.6
	0.0 / +0.5
	−0.5 / +1.1
	−8.6 / +9.1
	0.0 / +0.5

	Photochemical oxidation
	kg C₂H₄ eq
	−7.8 / +7.7
	−1.6 / +1.4
	−4.7 / +4.6
	−5.3 / +5.3
	−0.5 / +0.3

	Eutrophication
	kg PO₄³⁻ eq
	−11.1 / +11.0
	−2.1 / +2.1
	−1.1 / +1.1
	−5.2 / +5.2
	−0.2 / +0.2

	Acidification
	kg SO₂ eq
	−8.5 / +9.2
	−2.6 / +2.6
	−2.0 / +2.6
	−5.2 / +5.9
	0.0 / +0.7

	Terrestrial ecotoxicity
	kg 1,4-DB eq
	+3.1 / −3.3
	−17.7 / +17.5
	−1.9 / +1.7
	−3.8 / +3.5
	−0.2 / 0.0

	Freshwater aquatic ecotoxicity
	kg 1,4-DB eq
	−7.2 / +7.7
	−5.3 / +5.8
	−1.0 / +1.4
	−5.3 / +8.2
	0.0 / +0.5

	Human toxicity
	kg 1,4-DB eq
	−8.1 / +7.7
	−1.3 / +0.9
	−2.1 / +1.7
	−8.5 / +8.1
	−0.4 / 0.0

	Global warming (GWP100a)
	kg CO₂ eq
	−7.9 / +7.5
	−3.3 / +3.0
	−2.6 / +2.3
	−5.9 / +5.9
	−0.7 / +0.3

	Abiotic depletion (fossil fuels)
	MJ
	−5.9 / +5.9
	−1.8 / +1.8
	−6.5 / +6.5
	−4.9 / +4.9
	−0.5 / +0.5

	Marine aquatic ecotoxicity
	kg 1,4-DB eq
	−5.7 / +5.7
	−2.9 / +2.9
	−2.6 / +2.6
	−8.1 / +8.1
	−0.3 / +0.3



