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Fig. S1. (a) Transmission electron microscopy observation of magnetic carbon nanotubes at 20 nm (Quanta-250, FEI, US); (b) Zeta potential of MWCNTs and MMWCNTs (pH = 2-10); (c) FT-IR of MnFe2O4, MWCNTs and MMWCNTs.
Fig. S2. Effect of adsorption time on TC adsorbent adsorption capacity. Initial TC concentration of 20 mg/L; adsorbent dosage of 12 mg; pH 7.0 ±0.1, reaction temperature of 298.15 K.
Fig. S3. Schematic mechanism of the π-π interactions and cationic-π bonding between MMWCNTs and TC molecules.
Fig. S4. The main components of TC (phenolic hydroxyl group (C-OH); dimethyl amino group (-N(CH3)2); acylamino group (-CONH2); and the keto-enol conjugated double bond system) and the acidity coefficient of each component.
Fig. S5. Residual diagnostic chart of TC adsorption test results: (a) Normal % probability versus internally studentized residuals; (b) Residuals versus predicted values; (c) Residuals versus run number; (d) Plot of model predicted value versus actual experimental value.
Fig. S6. Main effect plots for (a) Dosage; (b) pH and (c) Contact time for the response surface method.
Fig. S7. Interaction plots of dosage, contact time and pH.
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Table S6 Statistical analysis of the effectiveness of models for modeling the process of TC adsorption by MnFe2O4/MWCNTs (confidence interval = 95%).
Table S7 Analysis of variance (ANOVA) for TC removal according to the response surface quadratic model (confidence interval: 95%).


Characterization of MMWCNTs
The magnetic multi-walled carbon nanotubes (MMWCNTs) were characterized using a transmission electron microscope (TEM, Tecnai G2 F20 s-Twin, FEI, US) to observe the structure and morphology of the adsorbent material before and after modification. A Zetasizer (Nano ZS90, Malvern Instruments, UK) microprocessor unit was applied to measure the Zeta potential of solutions. A Nicolet NEXUS 670 Fourier transform infrared spectrophotometer was utilized to record the infrared spectra of MMWCNTs from 400 to 4000 cm−1.
Transmission electron microscopy images at 20 nm are shown in Fig. S1 (a), exhibiting that MnFe2O4 had been uniformly attached to the surface of MMWCNTs. The size of MMWCNTs was about 10~50 nm. Zeta potential plots of MWNTs and MMWCNTs (e.g., pre- and post-modification) at pH 2-10 are displayed in Fig. S1 (b). The potential of the two materials declined with increasing pH. The pHzpc of MMWCNTs was 4.5. When the pH was in the range of 3-7, the potential of MWCNTs was greater than that of MMWCNTs, due to the negative charge of MnFe2O4. The Fourier transform infrared spectra of MnFe2O4, MWCNTs and MMWCNTs are shown in Fig. S1 (c), revealing the existence of O-H (1400, 2400, 3500 cm−1) and C=O (1600 cm−1) functional groups, suggesting that oxygen-containing groups (-OH, -COOH) were introduced into the MMWCNTs.
Adsorption kinetics models
The non-linear pseudo-first-order model and non-linear pseudo-second-order model are shown in Equations (1) and (2), respectively (Zhao et al. 2021):

		(1)

		(2)
where, qe (mg/g) is the equilibrium adsorption capacity of the adsorbent; qt (mg/g) is the adsorption capacity; t (min) is the reaction time; k1 (min-1) is a rate constant for the pseudo-first-order model; k2 (g/(mg min)) is a rate constant for pseudo-second-order model.
The Elovich equation assumes that solid surfaces are energetically heterogeneous as described in Equation (3) (Sen Gupta &Bhattacharyya 2011):

		(3)
where, α (mg g-1 min-1) and β (g mg-1) are Elovich constants.
The intracellular diffusion model is described in Equation (4) as follows (Mary Ealias &Saravanakumar 2018):

		(4)
where, kd1 (mg g-1 min-1/2) and I1 are intraparticle diffusion constants.
The Bangham model is an application of the Freundlich and Helle kinetic models and is expressed according to Equation (5) as follows (Largitte &Pasquier 2016): 

		(5)
where, k (min-m) and m are Bangham constants.
Model analysis method
The BBD model generally utilizes the first-order linear model (Equation (6)) or the second-order nonlinear model (Equation (7)) (Zhao et al. 2021). 
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		(7)
Here, Y indicates the dependent variable; X1, X2, and X3 represent the respective process variables; γ0, γ1, γ2, and γ3 represent the respective linear coefficients; γ12, γ13, and γ23 represent the respective cross product coefficients; and γ11, γ22, and γ33 are the respective quadratic coefficients.
The F-test was employed to determine the statistical significance of each model, with the F-value determined by the sum of the model, the error square and the degree of freedom, as shown in Equation (8). The determinant coefficient (R2) refers to the ratio of the sum of squares of regression of linear regression, to the sum of squares of total residuals, which is a measure used to estimate the goodness of fit of a regression equation, indicating the degree of fitting between the model predicted value and the actual value (calculation shown in Equation (9)). The adjustment coefficient (Radj2) (Equation (10)) was established from the regression equations and used to correct the correlation coefficient value. Residual analysis was used to assess whether the model fit well with the experimental data. The residual referred to the difference between the actual observed data value and the estimated value, which reflects the error when using the regression equation to predict the experimental value (Moon et al. 2013). The F-value for the models and the error values were calculated using Equations (11) and (12), while the R2 for the model was calculated using Equation (13) and the Radj2 for the model was calculated using Equation (14) (values taken from Table S5).

		(8)

 		(9)

		(10)
Here, SSmodel is the sum of squares between groups; SSerror is the sum of square error; DF1 and DF2 are the model and residual degrees of freedom; n is the total number of observed values; p is the total number of terms (including constant terms) in the regression equation.

		(11)

		(12)

		(13)

		(14)
Residual analysis
The adequacy of the model is critical for the actual experiment and to establish the ideal optimization conditions (Chen et al. 2015). Fig. S5 (a) shows the normal probability plot of the residuals, indicating the variation in normal percentage probability compared to internally studentized residuals (Dalvand et al. 2016). The linear fitting results show that the equation R2 = 0.913, with the plot forming a straight line, indicating that the errors were normally distributed and the model was universally significant. Fig. S5 (b) exhibits a scatterplot with the predicted values for response variable fitting as the horizontal axis, randomly distributed around axis 0. As the predicted value changed, the model error was randomly distributed without any evident trend. Fig. S5 (c) shows a point plot with the order of observed values displayed as the horizontal axis. Each point fluctuated randomly and irregularly on the horizontal axis, indicating that the residual was independent. Fig. S5 (d) exhibits the fitting graph of predicted values and actual values, with R2 (0.966) and Radj2 (0.963) values indicating a high degree of fitting between the estimated value and the experimental results. Therefore, the simulated linear equation could accurately predict the TC removal rate by MMWCNTs.

29
(c)
(b)
(a)

Fig. S1. (a) Transmission electron microscopy observation of magnetic carbon nanotubes at 20 nm (Quanta-250, FEI, US); (b) Zeta potential of MWCNTs and MMWCNTs (pH = 2-10); (c) FT-IR of MnFe2O4, MWCNTs and MMWCNTs (Zhao et al. 2021).
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[bookmark: OLE_LINK1][bookmark: OLE_LINK2]Fig. S2. Effect of adsorption time on TC adsorbent adsorption capacity. Initial TC concentration of 20 mg/L; adsorbent dosage of 12 mg; pH 7.0 ±0.1, reaction temperature of 298.15 K.
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Fig. S3. Schematic mechanism of the π-π interactions and cationic-π bonding between MMWCNTs and TC molecules.
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Fig. S4. The main components of TC (phenolic hydroxyl group (C-OH); dimethyl amino group (-N(CH3)2); acylamino group (-CONH2); and the keto-enol conjugated double bond system) and the acidity coefficient of each component.
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Fig. S5. Residual diagnostic chart of TC adsorption test results: (a) Normal % probability versus internally studentized residuals; (b) Residuals versus predicted values; (c) Residuals versus run number; (d) Plot of model predicted value versus actual experimental value.
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Fig. S6. Main effect plots for (a) Dosage; (b) pH and (c) Reaction time for the response surface method.
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Fig. S7. Interaction plot of dosage, reaction time and pH.



Table S1 Optimization methods of various adsorption processes.
	Methods
	Adsorbents
	Contaminants
	Strength
	Weakness
	References

	BBD a
	Fly ash
	Chitosan
	A moderate amount of experiment, few data, simple software operation
	
	(Mohammed et al. 2020)

	CCD b
	Nanocellulose/Chitosan aerogel
	Cr (VI), Co (III) and Cu (II)
	Orthogonal rotation design of data
	Complex formula
	(Shahnaz et al. 2020)

	FFD c
	Solid residue
	Methylene blue
	Comprehensive data analysis
	A large number of experiments required
	(Bonetto et al. 2021)

	PB d
	Fe3O4@SiO2
	Melatonin
	Simple experiments, few data
	Small analog quantity
	(Dil et al. 2021)

	DE e
	Chitosan-coated Fe3O4
	Pb (II)
	Fast convergence, few control parameters and simple setting, robust optimization results
	Programming complexity; Missing parameter
	(Rasoulzadeh et al. 2020)

	Single factor experiments
	Magnetic-modified multi-walled carbon nanotubes
	Crystal violet, thionine, Janus Green B, and methylene blue
	No need for complex software operations, clear and concise experiment design
	A large amount of test
	(Madrakian et al. 2011)

	Taguchi
	Activated carbon-HKUST-1-MOF
	Ternary organic dyes
	
	A large amount of test
	(Azad et al. 2016)




Continued Table S1 Optimization methods of various adsorption processes.
	Methods
	Adsorbents
	Contaminants
	Strength
	Weakness
	References

	ANN f
	Water treatment residuals
	Disperse Blue 79
	Self-learning function, associative storage function, the ability to find optimal solutions at high speed
	A large amount of calculation; The number of hidden neurons is unknown
	(Gadekar &Ahammed 2019)

	GA g
	Multi-walled carbon nanotubes and Al2O3
	Co (II)
	Self-learning function, associative storage function, the ability to find optimal solutions at high speed
	Computational heaviness
	(Dehghani et al. 2020)

	MLPNN h
	nZVI
	Cr (VI)
	
	Slow convergence; Over the installation
	(Yu et al. 2013)

	RBFNN i
	Pumice
	Cu (II)
	
	Training data and hidden neuron requirements
	(Turan et al. 2011)

	ANFIS j
	Activated carbon
	Red 46 and Cu (II)
	
	Large amount of test
	(Dolatabadi et al. 2018)


a BBD—Box-Behnken design;
b CCD—Central composite design;
c FFD—Full factorial design;
d PB—Plackett-Burman;
e DE—Differential evolution;
f ANN—Artificial Neural Network;
g GA—Genetic Algorithm;
[bookmark: OLE_LINK3][bookmark: OLE_LINK4]h MLPNN—Multi-Layer Perceptron neural network;
i RBFNN—Radial basis function neural network;
j ANFIS—Adaptive network-based fuzzy inference system.


Table S2 Current status of BBD-RSM in the optimization of TC adsorption process with different adsorbents.
	Adsorbents
	Optimized conditions
	Response
	Optimal value
	References

	Zr doped SrAl2O4
	Zr loading amount, solution pH and contact time
	Adsorption capacity
	75.19 mg g-1
	(Demircivi &Bugdayci 2019)

	Aminated graphitic carbonaceous
	TC concentration, dosage, contact time and pH
	Removal rate
	100.00%
	(Haghighat et al. 2020)

	SiO2 NPs
	TC concentration, dosage and contact time
	Adsorption capacity
	552.48 mg g-1
	(El Messaoudi et al. 2022)

	Porous carbon
	Pyrolysis temperature, pyrolysis time and mass ratio
	Adsorption capacity
	515.17 mg g-1
	(Gu et al. 2021)




Table S3 Current status of BBD-RSM in the optimization of MWCNTs adsorption process with different adsorbents.
	Adsorbents
	Optimized conditions
	Response
	Optimal value
	References

	4-Nitrophenol
	pH, CA/MWCNTs, and temperature
	Adsorption capacity
	168.40 mg g-1
	(Ashrafi et al. 2021)

	Pb (II)
	pH, feed concentration and contact time
	Adsorption capacity
	79.69 mg g-1
	(Islam et al. 2021)

	Diclofenac and naproxen
	Dosage, temperature and pH
	Removal rate
	19.00% and 54.00%
	(Huaccallo-Aguilar et al. 2021)

	Zn (II)
	Dosage, pH; contact time, and contact speed
	Removal rate
	99.50%
	(Aliyu 2019)

	Magenta dye
	laccase-ACNTs composite, Magenta dye concentration, and reaction time
	Removal rate
	95.00%
	(Thiyagarajan et al. 2020)



Continued Table S3 Current status of BBD-RSM in the optimization of MWCNTs adsorption process with different adsorbents.
	Adsorbents
	Optimized conditions
	Response
	Optimal value
	References

	Direct Green 26
	Dosage, solution pH
	Removal rate
	95.86%
	(Bahare &Fariba 2020)

	Pb（II）
	pH, feed concentration and contact time
	Adsorption capacity
	79.69 mg g-1
	(Islam et al. 2021)

	As (III)
	Concentration, pH and sorbent dose
	Removal rate
	90.00%
	(Tomaszewska et al. 2018)

	Rhodamine B
	Dosage, pH, time and TX-100 concentration
	Removal rate
	94.24%
	(Safa &Osaghi 2021)

	Methylene blue
	Concentration, dosage, and pH
	Degradation rate
	99.95%
	(Tayeb et al. 2020)




Table S4 The experimental factors, levels and coded values for TC removal experiment, including three factors and three response levels.
	Independent variable
	Symbol
	Coded variable response level

	
	Coded
	Low (-1)
	Central (0)
	High (+1)

	Dosage (mg)
	A
	6
	9
	12

	Reaction time (min)
	B
	120
	300
	480

	pH
	C
	4
	5
	6





Table S5. Parameters of kinetic models for the adsorption of TC by MMWCNTs.
	Type
	Parameter
	Value
	qe (mg/g)
	R2

	Pseudo-first-order model
	k1 (min-1)
	0.050
	80.57
	0.944

	Pseudo-second-order model
	k2 (g/(mg·min))
	0.001
	84.13
	0.975

	Elovich
	α (mg g−1 min−1)
	5057.379
	87.05
	0.729

	
	β (g mg−1)
	0.161
	
	

	Intramolecular diffusion
	kd1 (mg g-1 min -1/2)
	0.542
	87.82
	0.412

	
	I1
	66.830
	
	

	Bangham
	k (min-m)
	49.917
	87.02
	0.668

	
	m
	13.152
	
	




Table S6. Statistical analysis of the effectiveness of models for modeling the process of TC adsorption by MnFe2O4/MWCNTs (confidence interval = 95%).
	Source
	F-value
	P-value (Prob > F)
	F-value 
(lack of fit)
	p-value
(lack of fit)
	Std. Dev.
	R-squared
	Adjusted R-squared
	

	Linear
	0.20
	0.897
	15.26
	0.009
	8.36
	0.043
	-0.177
	Aliased

	2FI
	4.87
	0.024
	8.91
	0.026
	6.08
	0.611
	0.378
	Aliased

	Quadratic
	22.10
	0.0002
	0.34
	0.798
	2.15
	0.966
	0.922
	Suggested

	Cubic
	0.34
	0.798
	-
	-
	2.54
	0.973
	0.892
	Aliased



Table S7. Analysis of variance (ANOVA) for TC removal according to the response surface quadratic model (confidence interval: 95%).
	Source
	Sum of Squares
	DF
	Mean Square
	F-value
	P-value (Prob > F)
	Significance

	Model
	918.36 
	9
	102.04 
	22.10 
	0.0002 
	significant

	A-Dosage
	18.97 
	1
	18.97 
	4.11 
	0.082 
	-

	  B-Time
	0.33
	1 
	0.33
	0.07
	0.796
	-

	  C-pH
	21.95  
	1 
	21.95 
	4.75 
	0.066 
	-

	  AB
	69.56 
	1 
	69.56 
	15.07 
	0.006 
	-

	  AC
	37.88 
	1 
	37.88 
	8.21 
	0.024 
	-

	  BC
	432.22 
	1 
	432.22 
	93.62 
	0.000 
	-

	  A2
	22.11
	1 
	22.11
	4.79
	0.065
	-

	  B2
	0.43 
	1 
	0.43 
	0.09
	0.768 
	-

	  C2
	321.32 
	1 
	321.32 
	69.60 
	0.000 
	-

	Residual
	32.32 
	7 
	4.62 
	-
	-
	-

	Lack of fit
	6.58 
	3 
	2.20 
	0.34 
	0.798 
	not significant

	Pure error
	25.73
	4
	6.43
	-
	-
	-

	Total
	950.67
	16
	-
	-
	-
	-
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