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2. Experimental
2.1 Materials and chemicals
2-Methylimidazole (98%) was purchased from Tianjin Kemio Chemical Reagents Co., Ltd. (Tianjin, China); cupric nitrate (99%) and zinc chloride (99%) were both purchased from Tianjin Damiao Chemical Reagents Co., Ltd. (Tianjin, China); Tetracycline hydrochloride (96%) was purchased from Shanghai Aladdin Biochemical Technology Co., Ltd. (Shanghai, China); Ti₃AlC₂ (99.9%) was purchased from Xiamen Xinxene Technology Co., Ltd. (Xiamen, China). The chemicals used in the experiment were of analytical grade and required no further purification before use.
2.1.1Material Characterization
The phase composition and crystal structure of the materials were characterized using a Rigaku SmartLab 9 KW X-ray diffractometer. A Zeiss Sigma 300 scanning electron microscope was used to observe the surface topography and microstructure of the samples, while a JSM-6390/LV energy dispersive X-ray spectrometer was employed to analyze the elemental composition of C, N, O, and Mg in the materials. The elemental composition and valence states on the sample surfaces were determined using a Thermo Scientific K-Alpha X-ray photoelectron spectrometer. To further characterize the functional groups and chemical bonds on the material surface, FTIR measurements were performed using a WQF-520 spectrometer and a Beifeng Ruili Fourier-transform infrared spectrometer, respectively. Additionally, the specific surface area and pore structure parameters of the materials were measured using an Agilent Technologies ASAP 2460 automatic surface area and porosity analyzer.
2.2 Synthesis of ZIF-8
The preparation of ZIF-8 in this experiment followed the synthetic method previously reported in the literature [1]. ZIF-8 can be prepared at room temperature using a simple stirring technique. The specific synthesis procedure is as follows: Accurately weigh 1.3623 g of zinc chloride (ZnCl₂) and 3.284 g of 2-methylimidazole (C4H6N2), dissolve them separately in 50 mL of deionized water, and prepare two stock solutions. Slowly add the zinc chloride solution dropwise to an equal volume of the 2-methylimidazole solution. After mixing thoroughly, continue stirring at room temperature for 4 hours. Once the reaction is complete, separate the white product by centrifuging at 4,000 rpm and wash it three times with deionized water. Dry the product in a vacuum oven at 60°C for 4 hours; after grinding, the ZIF-8 adsorbent is obtained.
2.3 Synthesis of alk-MXene
In this experiment, the alk-MXene material was synthesized according to a previously reported method [2]. First, the Al layer of Ti₃AlC₂ was treated with HF as an etchant, successfully yielding MXene (Ti₃C₂Tₓ) nanosheets [3]. During the synthesis of MXene (Ti₃C₂Tₓ), 1 g of Ti₃AlC₂ was slowly added to 20 mL of a 40% HF solution. Under a constant temperature of 45°C, the reaction was carried out with magnetic stirring for 48 hours to complete the etching step. Upon completion of the etching, the product is washed multiple times with deionized water and centrifuged. Washing is repeated until the pH of the supernatant stabilizes at approximately 6.0. The precipitate is then dried in a freeze dryer for 48 h, yielding Ti₃C₂Tₓ MXene nanosheets. For the preparation of alk-MXene nanosheets, During the synthesis of MXene (Ti₃C₂Tₓ), 1 g of Ti₃AlC₂ was slowly added to 20 mL of a 40% HF solution. Under magnetic stirring at 80°C, the reaction was carried out for 1 hour. After the reaction, the mixture was centrifuged and repeatedly washed with deionized water until the pH approached 7.0. Finally, the product was dried in a freeze dryer for 48 hours to produce alk-MXene nanosheets.

2.5 Batch adsorption experiment
To investigate the adsorption performance of Cu-ZIF-8/alk-MXene composites toward tetracycline (TC), batch adsorption experiments were conducted, a method widely used to evaluate the performance of adsorbents [4, 5]. A tetracycline stock solution with a concentration of 100 mg·L-1 was prepared using deionized water as the solvent. The stock solution was diluted as required to obtain test solutions of different concentrations. 0.01 g of adsorbent was added to 100 mL of TC solution. the initial pH was 7, the temperature was 85℃, and the shaking/contact time was 14h. Upon completion of the adsorption reaction, an appropriate volume of solution was withdrawn using a syringe, filtered through a 0.22 μm filter membrane, and the residual concentration of tetracycline in the filtrate was determined using UV-visible spectrophotometry [6-8]. The adsorption capacity and removal efficiency of TC were calculated using Equations (1) and (2) below [2].


Where C₀ (mg·L-1) is the initial concentration of TC in the solution, Ct (mg·L-1) is the concentration of TC in the solution at time t, V (L) is the volume of the solution, and m (g) is the mass of the adsorbent.
2.5.1 Adsorption kinetics
The adsorption rate characteristics, rate-limiting steps, and adsorption mechanism of tetracycline (TC) on Cu-ZIF-8/alk-MXene composites were investigated using pseudo-first-order, pseudo-second-order, Elovich, and intra-particle diffusion kinetic models. The corresponding kinetic equations were calculated based on Equations (3), (4), (5), and (6) below.




Where qt (mg·g-1) is the adsorption capacity at time t; qe (mg·g-1) is the adsorption capacity at equilibrium; t (min) is the adsorption time; k1 (min-1) is the first-order kinetic rate constant; k2 (g·mg-1·min-1) is the second-order kinetic rate constant; α (mg·g-1·min-1) is the initial adsorption rate constant; β (g·mg-1) is the desorption constant; kid (mg·g-1·min-1/2 ) is the intra-particle diffusion rate constant; C (mg·g-1) is the boundary layer thickness-related constant.
2.5.2 Adsorption isotherm
The interaction patterns between Cu-ZIF-8/alk-MXene and TC molecules were investigated, and the maximum adsorption capacity was obtained. The adsorption data at different initial concentrations (50-200 mg·g-1) were fitted using the Langmuir adsorption isotherm model (single-layer adsorption assumption) and the Freundlich adsorption isotherm model (multi-layer adsorption assumption). The corresponding equations were calculated using Equations (7) and (8) below.



Where qe (mg·g-1) is the equilibrium adsorption capacity; qm (mg·g-1) is the maximum monolayer adsorption capacity; KL (L·mg-1) is the Langmuir adsorption equilibrium constant, reflecting the binding affinity between the adsorbent and TC molecules; ce (mg·L-1) is the concentration of TC in the solution at adsorption equilibrium; KF(mg·L-1)·(L·mg-1)1/n) is the Freundlich adsorption constant, reflecting the total adsorption capacity of the adsorbent; n is the adsorption intensity coefficient (dimensionless); the smaller the value of 1/n, the stronger the adsorption affinity (when 0.1 < 1/n < 1, the process is easily adsorbed).
2.5.3 Thermodynamics of Adsorption
To investigate the effect of temperature on adsorption and the spontaneity of the process, temperature gradients (298 K, 318 K, 338 K) were established. The values of qe and Ce were measured at different temperatures, and the Gibbs free energy change ΔG, enthalpy change ΔH, and entropy change ΔS were calculated using the Van't Hoff equation. As shown in the figure below, the corresponding thermodynamic quantities were calculated using Equations (9) and (10) below.


Where ΔG represents the change in Gibbs free energy, ΔH represents the change in enthalpy, ΔS represents the change in entropy, Kc = qe/Ce is the adsorption equilibrium constant, R = 8.314 J (mol·K)-1 is the gas constant, and T (K) is the absolute temperature. 
Table S1 Cu-ZIF-8/alk-MXene Inductively Coupled Plasma test (ICP)
	Name
	Samplinquality (mg)
	Constant volume (mL)
	The measured element
	Instrument readin（mg）
	Unit
	Conversion content
	Unit
	Quality score (%)

	Cu-ZIF-8/alk-MXene
	20
	10
	Zn
	154.388
	mg g-1
	154388
	mg kg-1
	15.4388%

	
	
	
	Cu
	69.471
	mg g-1
	69471
	mg kg-1
	6.9471%


Note: The final content of the element to be measured in the sample is the converted content. 10,000 mg·kg-1=1 %.
Table S2 BET test results
	
	Specific surface area
	Average aperture
	Hole volume

	Cu-ZIF-8/alk-MXene
	22.644 m2 g-1
	26.99
	0.1528



Table S3 Quasi kinetics of primary and secondary fitting results
	Pseudo-second-order
	
	Pseudo-first-order

	R2
	K1
	Qt(Exp)
	Qt（cal）
	
	R2
	K1

	0.998
	0.000216
	1545.85
	1740
	
	0.991
	0.31186



Table S4 Internal diffusion model fitting results
	K1
	C
	R2
	K2
	C
	R2
	K3
	R2
	C

	71.81
	-5.68×10-14
	0.991
	34.36
	521.09
	0.990
	0.0834
	0.572
	1499.81



Table S5 Thermodynamics fitting results
	T/K
	ΔG*10–3/kJ mol−1
	ΔH*10–3/kJ mol−1
	ΔS*10–3/J mol−1

	298
	-9.60
	[bookmark: _Hlk209701241]15.85
	85.40

	318
	-11.31
	
	

	338
	-13.01
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