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HIGHLIGHTS 17 

1. A novel Cu-ZIF-8/alk-MXene composite adsorbent is synthesized via in-situ growth. 18 

2. The maximum TC adsorption capacity of Cu-ZIF-8/alk-MXene reaches 1631.1 19 

mg·g-1. 20 

3. The composite removes TC via electrostatic attraction, metal coordination and H-21 

bonding. 22 

3. The composite synergistically removes tetracycline (TC) through multiple adsorption 23 

mechanisms, including electrostatic attraction, metal coordination, and hydrogen 24 

bonding.  25 

4. Cu-ZIF-8/alk-MXene shows stable cycling performance, retaining 1283 mg·g-1 after 26 

5 cycles. 27 

1 The first two authors contribute equally to this paper. 28 
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ABSTRACT 32 

The safe disposal of high-concentration antibiotic wastewater from medical, 33 

livestock and aquaculture sectors is critical to ecological security and public health. 34 

Herein, a Cu-doped ZIF-8/alk-MXene heterostructure with a well-defined intercalation 35 

structure and ultrahigh adsorption capacity for tetracycline in aquaculture wastewater 36 

was rationally fabricated via in-situ growth and post-modification. This 37 

heterostructured material (Cu-ZIF-8/alk-MXene) was fabricated via in-situ growth of 38 

two-dimensional ZIF-8 nanosheets within the intercalated structure of alkalized MXene 39 

(alk-MXene) followed by Cu doping, which synergized the electron-metal-support 40 

interactions (EMSI) induced by Cu dopants and the inherent structural merits of alk-41 

MXene. Impressively, the Cu-ZIF-8/alk-MXene adsorbent achieves a remarkably 42 

boosted TC adsorption capacity in wastewater through the synergy of electrostatic 43 

attraction, metal coordination and π-π interaction. The Pseudo-second-order kinetic and 44 

Langmuir isotherm fitting further verify that the adsorption process is mainly controlled 45 

by chemical adsorption and follows a monolayer adsorption pattern. The composite 46 

delivers a Langmuir maximum TC adsorption capacity of 1631.1 mg·g-1, with stable 47 

performance across pH 4-10 and initial TC concentrations of 10-200 mg·L-1. It also 48 

shows excellent reusability: after five consecutive adsorption-desorption cycles, the 49 

adsorbent retains approximately 1283 mg·g-1 of TC uptake, corresponding to ~78.7% 50 

of its initial capacity, and exhibits strong anti-interference ability against coexisting ions 51 

in complex water matrices. DFT calculations further verify that the synergistic TC 52 

adsorption arises from the combined effects of metal coordination, electrostatic 53 

attraction and π-π interaction. This work demonstrates the great application potential of 54 



the as-designed heterostructure for practical tetracycline-contaminated water 55 

remediation.  56 

Keywords: Cu-ZIF-8/alk-MXene; tetracycline; adsorption; water treatment 57 
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 59 

1. Introduction 60 

Antibiotic residues released from medical, livestock and aquaculture activities 61 

have become persistent contaminants in aquatic systems [1, 2]. Tetracycline (TC) is of 62 

particular concern because its extensive use, limited biodegradability, and retained 63 

biological activity favor long-term accumulation and may threaten both ecosystem 64 

functions and human health [3, 4]. Therefore, the efficient removal of TC from water 65 

remains a critical challenge in wastewater treatment. Among existing wastewater 66 

treatment technologies, biological degradation methods are limited in efficiency due to 67 

the influence of antibiotic resistance; advanced oxidation technologies, while achieving 68 

thorough degradation, are costly and prone to generating byproducts; and membrane 69 

separation technologies face challenges related to membrane fouling and high 70 

maintenance costs [5, 6]. In contrast, adsorption methods, due to their simplicity, low 71 

cost, and environmental friendliness, have emerged as the most promising solution [7]. 72 

Consequently, the development of adsorbents that combine high adsorption uptake, 73 

excellent selectivity, recyclability, and environmental stability for the efficient removal 74 

of TC from water has become one of the key research priorities in the field of 75 



environmental materials [8, 9]. 76 

Layered MXenes are attractive supports for contaminant capture because their 77 

surfaces contain abundant -OH, -O, and -F terminations and their gallery spacing can 78 

be adjusted to regulate molecular transport [10, 11]. MXene possesses a large specific 79 

surface area, and its interlayer channels provide efficient diffusion and adsorption 80 

pathways for pollutants. However, in practical applications, MXene materials face 81 

challenges such as susceptibility to oxidation and interlayer stacking, which limit their 82 

long-term stability and adsorption efficiency [12, 13]. Alkali treatment can effectively 83 

widen the interlayer spacing of MXene to 0.9-1.2 nm and enhance its oxidation 84 

resistance. However, further functionalization remains key to improving adsorption 85 

performance [14, 15]. Metal-organic frameworks provide a complementary platform. 86 

In particular, zeolitic imidazolate frameworks combine high porosity, adjustable pore 87 

environments, and good chemical robustness [16-18]. ZIF-8 is a typical ZIF material 88 

that is easy to synthesize and structurally stable. However, its adsorption selectivity for 89 

polar pollutants remains limited [19, 20]. Metal doping (e.g., with Cu2+) can effectively 90 

modulate the electronic structure and surface properties of ZIF-8. The introduction of 91 

Cu2+ provides additional coordination sites, significantly enhancing the adsorption 92 

uptake for TC pollutants [21, 22]. Instead, when ZIF nanocrystals are integrated with 93 

layered MXene, interparticle voids, expanded MXene galleries, external/defect sites, 94 

and interfacial functional groups can jointly create hierarchical adsorption domains [23-95 

27]. Wang et al. reported that the adsorption uptake of the alk-MXene/ZIF adsorbent 96 

for TC reached 1053.3 mg·g-1, revealing the role of its intercalation structure in 97 



enhancing stability [28]. Zhu et al. demonstrated that the composite of Cu and ZIF-8 98 

achieved efficient adsorption and recyclability of TC, with the adsorption uptake 99 

remaining at over 85% of the initial value after five cycles [29]. Although ZIF/MXene 100 

composites have shown great potential for antibiotic adsorption, several key issues 101 

remain unresolved. Pristine MXene possesses a two-dimensional layered structure and 102 

abundant surface functional groups, but its practical adsorption performance is 103 

restricted by layer restacking and structural instability. ZIF-8 has a stable porous 104 

framework; however, its affinity toward polar antibiotic molecules such as tetracycline 105 

is still limited because of insufficient specific binding sites. Therefore, simply 106 

combining MXene with ZIF-8 is not sufficient to fully improve adsorption performance. 107 

A rational interfacial design is required to simultaneously enhance mass transfer, expose 108 

active sites, and strengthen adsorbent-TC interactions. 109 

To address these limitations, Cu-ZIF-8/alk-MXene was designed as an interface-110 

coupled composite adsorbent in this work. Alk-MXene was selected as the layered 111 

support to enlarge interlayer spacing, suppress restacking, and provide Ti-OH-related 112 

surface functional groups. At the same time, Cu-doped ZIF-8 was introduced to enrich 113 

Zn2+/Cu2+ coordination sites and construct porous adsorption domains. This structure is 114 

expected to promote TC diffusion, improve active-site accessibility, and enhance the 115 

synergistic adsorption effects of metal coordination, hydrogen bonding, and 116 

electrostatic attraction. More importantly, this study focuses not only on improving 117 

adsorption uptake but also on clarifying the relationship among interfacial structure 118 

regulation, multi-site adsorption mechanisms, and adsorption stability under complex 119 



aqueous conditions. This study comprehensively employed scanning electron 120 

microscopy (SEM) to observe microstructures, X-ray diffraction (XRD) to verify 121 

crystal structures and interlayer spacings, BET analysis to characterize pore properties, 122 

Changes in surface chemical functionalities were identified by Fourier transform 123 

infrared spectroscopy (FTIR). and the elemental distribution and surface chemical 124 

states were examined by X-ray photoelectron spectroscopy (XPS). The study 125 

systematically investigated the ultra-high adsorption uptake of the synthesized 126 

composite material toward tetracycline in water. The effects of experimental factors 127 

such as coexisting ions, pH, and temperature on the adsorbent’s adsorption performance 128 

were discussed. Concurrently, density functional theory (DFT) calculations were 129 

employed to provide an in-depth analysis at the atomic and molecular levels of the 130 

synergistic adsorption mechanism involving electrostatic attraction, metal coordination, 131 

and hydrogen bonding. This study offers new insights for the design of Cu-ZIF-8/alk-132 

MXene composite adsorbents, lays a theoretical and technical foundation for the 133 

development of highly efficient antibiotic adsorption materials, and holds significant 134 

implications for addressing water pollution and safeguarding ecological and human 135 

health. 136 

2.Experimental 137 

2.1 Materials and methods 138 

Chemical reagents, characterization techniques and part of experimental methods 139 

referred in this work are described in supplementary material（Text 2 Experimental）. 140 



2.2 Synthesis of Cu-ZIF-8/alk-MXene 141 

Add 0.1 g of alk-MXene to 50 mL of a solution containing 1.3623 g of ZnCl₂. 142 

Then, stir under a magnetic stirrer for 1 h, and dissolve 3.284 g of 2-methylimidazole(2-143 

MIM) in 50 mL of deionized water, resulting in a Zn(II):2-MIM molar ratio of 1:4. The 144 

two solutions were mixed and magnetically stirred at 85 °C for 12 h. The mixture was 145 

then centrifuged and washed several times with deionized water, and the resulting 146 

precipitate was freeze-dried for 48 h. This yielded the ZIF-8/alk-MXene composite. 147 

Next, 0.48 g of the material was added to 40 mL of a solution containing 0.12 g of 148 

Cu(NO3)2·3H2O and magnetically stirred at 25 °C for 1 h. This post-treatment 149 

introduced Cu2+ ions to enhance the composite’s coordination adsorption capacity for 150 

TC. The mixture was then centrifuged and washed several times, followed by freeze-151 

drying for 24 h, yielding the Cu-ZIF-8/alk-MXene composite. 152 

2.3 DFT calculations 153 

The molecular-level interactions between TC and Cu-ZIF-8/alk-MXene were 154 

examined through DFT calculations performed using the DMol3 program within the 155 

Materials Studio platform. The Perdew-Burke-Ernzerhof (PBE) coupling functional 156 

under the Generalized Gradient Approximation (GGA) was selected, and the molecular 157 

electrostatic potential (MEP) and charge density distributions and analyzed to identify 158 

the patterns of charge distribution changes before and after adsorption. 159 



3.Results and Discussion 160 

3.1 Characterization 161 

3.1.1SEM 162 

The microstructure and morphological changes of the MXene、alk-MXene、ZIF-163 

8 and Cu-ZIF-8/alk-MXene composite were examined using a scanning electron 164 

microscope (SEM). As shown in Fig. 1(A-C), the MXene material exhibits a typical 165 

two-dimensional layered structure, with no obvious pores or gaps visible on its surface. 166 

This is due to stacking effects caused by interlayer interactions within the MXene, 167 

which limit its adsorption performance [30, 31]. As shown in Fig. 1(D-F), after alkaline 168 

etching, the interlayer spacing of the MXene material increases, forming a multi-layer 169 

stacked structure [32]. The microscopic morphology of 2D ZIF-8 nanosheets presented 170 

in Fig. 1G shows randomly oriented stacked sheet-like cluster geometry, which forms 171 

a multi-layered surface topography with abundant large interlayer voids, and this 172 

structure is consistent with the reports of previous studies [33, 34]. Further observation 173 

in Fig. 1(H-I) revealed that the two-dimensional lamellar structure of 2D ZF-8 was 174 

loaded onto the surface of MXene, forming a multi-level three-dimensional composite 175 

material Cu-ZF-8/alk-MXene. The above structure not only retains the metal frame of 176 

ZIF-8, but also enhances the surface roughness and inter-layer channels through layered 177 

stacking, and increases the specific surface area of the material through multi-178 

dimensional integration [35]. Elemental mapping analysis Fig. 1(J-O) further indicates 179 

that characteristic elements such as C, N, O, F, Cu, and Ti exhibit uniform spatial 180 

distribution within the composite material. Combining the SEM and EDS results, the 181 



successful synthesis of the Cu-ZIF-8/alk-MXene composite is demonstrated. 182 

Inductively coupled plasma (ICP) measurements, as presented in supporting 183 

information Table S1, reveal that the combined content of Zn and Cu reaches 22.39%, 184 

with Zn accounting for 15.44% and Cu for 6.95%. This confirms that the composite 185 

possesses a substantial number of active adsorption sites. 186 

 187 

Fig. 1. Morphology and elemental distribution of the as-prepared samples. (A-C) 188 

MXene materials; (D-F) alk-MXene; (G) ZIF-8, (H-I) Cu-ZIF-8/alk-MXene 189 

composites; (J-O) Cu-ZIF-8/alk-MXene elemental mapping. 190 

The XRD patterns of alk-MXene, ZIF-8, and the Cu-ZIF-8/alk-MXene composite 191 

are shown in Fig. 2A. The XRD pattern of ZIF-8 exhibits sharp characteristic diffraction 192 

peaks at 2θ ≈ 7.3° (011), 10.4° (002), 12.7° (112), 14.7° (013), 16.4° (114), among 193 

others. These diffraction peak positions match those of standard ZIF-8 crystals, 194 



indicating the successful preparation of crystalline ZIF-8 [34, 36]. For alk-MXene, its 195 

XRD pattern exhibits a strong and sharp (002) characteristic peak at 2θ ≈ 6.0°, 196 

accompanied by characteristic diffraction peaks of the MXene layered structure, such 197 

as (004) (~12.0°), (101) (~34.0°), (104) (~37.0°), (110) (~60.0°), which are 198 

characteristic of the MXene layered structure, confirming its typical layered crystal 199 

structure [21, 37]. The diffraction profile of the Cu-ZIF-8/alk-MXene composite 200 

displays the characteristic reflections of both alk-MXene and ZIF-8, with the intensity 201 

of the ZIF-8 peaks significantly enhanced and their shapes becoming sharper [38]. The 202 

above results confirm that Cu-ZIF-8/alk-MXene composite have been successfully 203 

synthesized. 204 

Fig. 2(B-C) shows the N2 adsorption-desorption isotherm and pore-size 205 

distribution of Cu-ZIF-8/alk-MXene. The isotherm is Type IV with an H3-type 206 

hysteresis loop, consistent with slit-like mesopores generated by stacked layered 207 

particles [32, 39, 40]. The measured BET specific surface area is 22.644 m2·g-1, the 208 

reported average pore diameter is 26.99 nm, and the N₂-accessible pore volume is 209 

0.1528 cm3·g-1 (Table S2). These mesoporous dimensions are substantially larger than 210 

the intrinsic ZIF-8 aperture and are therefore consistent with hierarchical 211 

interparticle/interlayer voids that can accommodate and transport TC. Accordingly, the 212 

N2 sorption data support a mechanism in which TC reaches accessible external/defect 213 

metal sites through the composite-scale mesoporous network rather than diffusing 214 

through the intrinsic ZIF-8 micropore windows. 215 

Fig. 2D presents the FTIR spectrum of the Cu-ZIF-8/alk-MXene composite. There 216 



were significant changes before and after the adsorption of TC. Among them, the -OH 217 

group shifted from 3385cm-1 to 3402 cm-1, and the peak intensity significantly increased. 218 

This phenomenon indicates that hydrogen bonding interactions have formed between 219 

the -OH groups in the composite and the TC molecules [41, 42]. The band at 2923 cm-220 

1 is assigned to the -CH₂ stretching absorption. The red-shift of characteristic peaks 221 

spanning 1571 cm-1 to 1566 cm-1 is ascribed to the C=C stretching vibration. The peak 222 

position variation in the range of 1429 cm-1 to 1422 cm-1 correlates with the stretching 223 

vibrations of -CH₃/-COOH. The observed red-shifts at 752-755 cm⁻¹ and 418-421 cm-1 224 

confirm the presence of M-O (M: Zn, Cu, Ti) bonds. The aforementioned peak shifts 225 

can be rationalized by a metal-bridged proton exchange process between TC and the 226 

surface -COOH moieties of the composite. In this process, the H+ protons from the 227 

carboxylic groups undergo ligand exchange with TC molecules, leading to the 228 

formation of COO-M-TC ternary complexes. Such spectral transformation is indicative 229 

of new chemical bond generation, which strongly implies the co-occurrence of multiple 230 

adsorption mechanisms and synergistic interactions across distinct active sites. 231 
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   233 

Fig. 2. Structural and textual characterization of the as-prepared samples. (A) XRD 234 

patterns of alk-MXene, ZIF-8, and Cu-ZIF-8/alk-MXene; (B) adsorption-desorption 235 

isotherms of Cu-ZIF-8/alk-MXene; (C) particle size distribution of Cu-ZIF-8/alk-236 

MXene; (D) FTIR spectra of Cu-ZIF-8/alk-MXene before and after adsorption. 237 

Fig. 3(A-F) presents high-resolution C 1s 、N 1s、O 1s、Cu 2p、Zn 2p and Ti 238 

2p spectrum. The high-resolution C 1s spectrum shows that the binding energy (284.8 239 

eV) of C-C, as well as the peak shape and peak area, remain unchanged before and after 240 

adsorption, indicating that the carbon framework of the composite material remains 241 

stable during the adsorption process. The binding energy of C-N/C-O moves from 242 

286.1eV to 285.9eV after adsorption of TC, with a significant shift (0.2eV) and a 243 

significant increase in the relative area of the peak, which can be attributed to the 244 

introduction of C-O and C-N structures that exist in large numbers in TC molecules [15, 245 

21, 43]. The high-resolution N 1s spectrum contains two fitted components at 400.1 and 246 

398.9 eV. After adsorption, the amino and amide groups contained in the TC molecules 247 

are adsorbed onto the surface of the material, resulting in an increase in the intensity of 248 

the C=N peak (398.9 eV), indicating that TC has been successfully loaded on the 249 

surface of the material. Fig. 3(C) shows the characteristic peaks at 533.1 eV and 531.4 250 
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eV after the peak-to-peak fitting of the O1s spectrum. After adsorbing TC, the C-O/C=O 251 

(533.1 eV) peak shifted to a lower binding energy to 532.6 eV (a shift of approximately 252 

0.5 eV), and at the same time, the M-O peak at 531.4 eV also showed a slight shift. It 253 

is speculated that the phenolic hydroxyl groups and other oxygen-containing functional 254 

groups in the TC molecule interacted with the oxygen-containing functional groups or 255 

metal sites on the material surface through hydrogen bonds, resulting in an increase in 256 

the electron cloud density on the oxygen atoms and a decrease in the binding energy.  257 

Fig. 3(D-F) display the high-resolution XPS spectra of Zn 2p, Cu 2p and Ti 2p. 258 

After TC adsorption, the Cu 2p high-resolution spectrum shows that the Cu 2p1/2 peak 259 

shifts to a lower binding energy by 0.7 eV to 933.9 eV, while the Cu 2p3/2 peak slightly 260 

shifts to 932.6 eV. This phenomenon indicates an increased electron cloud density of 261 

Cu atoms, which can be ascribed to the electron transfer from the electron-rich groups 262 

(e.g., -NH2, -OH, C=O) of TC (acting as an electron donor) to Cu atoms after adsorption, 263 

forming strong coordination interactions with Cu sites [43]. This result confirms that 264 

Cu sites are the dominant active centers for TC adsorption. The Zn 2p high-resolution 265 

spectrum shows that the binding energies of the two fitted peaks before and after 266 

adsorption changed very little (from 1021.6 eV to 1021.7 eV; from 1044.8 eV to 1044.7 267 

eV), which proves that there was no significant electron transfer or strong coordination 268 

effect of Zn before and after adsorption of TC. It might also be due to the highly stable 269 

coordination environment of Zn before and after adsorption [17, 43]. The Ti 2p high-270 

resolution spectrum shows five fitting peaks, corresponding to different chemical states 271 

of Ti (III) and Ti (IV). After adsorption, no significant redox reactions or strong 272 



chemical coordination interactions occurred at the Ti sites. The adsorption of TC at the 273 

Ti site may be due to electrostatic interactions [23, 28, 44]. In summary, TC mainly 274 

forms strong coordination bonds with the Cu sites on the surface of Cu-ZIF-8/alk-275 

MXene materials through its electron-rich groups (-NH2, -OH, C=O), thereby forming 276 

stable surface complexes as evidenced by the significant shift of Cu 2p towards lower 277 

binding energies. Hydrogen bonds are formed between -OH in TC and the C-O 278 

functional groups on the material surface (the C-O peak in O 1s moves 0.5 eV towards 279 

a lower binding energy). Additionally, the C=C peak in C 1s demonstrates the existence 280 

of electrostatic attraction and π-π stacking interactions, as well as weak physical 281 

adsorption at Zn and Ti sites. Meanwhile, distinct characteristic peaks of Cu 2p, Zn 2p 282 

and Ti 2p are observed in the XPS survey scan spectrum, demonstrating the successful 283 

synthesis of the Cu-ZIF-8/alk-MXene material. 284 

 285 



Fig. 3. High-resolution XPS spectra of the as-prepared Cu-ZIF-8/alk-MXene 286 

composite. (A) C 1s; (B) N 1s; (C) O 1s; (D) Zn 2p; (E) Cu 2p; and (F) Ti 2p. 287 

3.2 Batch adsorption experiment 288 

3.2.1 Adsorption kinetics 289 

Fig. 4(A-D) presents the analysis of the adsorption process of TC by Cu-ZIF-8/alk-290 

MXene material within the range of 0-840 minutes using the kinetic analysis method, 291 

with Pseudo-first-order, Pseudo-second-order, Elovich, and intra-particle diffusion 292 

models. The results show that the Pseudo-second-order kinetic model (R2 = 0.998) has 293 

better fitting correlation than the Pseudo-first-order kinetic model (R2 = 0.991), and the 294 

theoretical equilibrium adsorption amount is in good agreement with the experimental 295 

results (supporting information Table S3), indicating that the adsorption process is 296 

mainly controlled by chemical adsorption. The Elovich model also exhibits a high 297 

correlation with the experimental data (R2 = 0.998), This further confirms that chemical 298 

adsorption is the main adsorption process [45, 46]. Additionally, the particle internal 299 

diffusion model reveals that van der Waals forces facilitate the internal mass transfer 300 

process of TC molecules. Combined with the three-segment linear fitting results of the 301 

intraparticle diffusion model, the three-segment curve of qt versus t1/2 clearly 302 

characterizes the multistage mass transfer features of the adsorption process for detailed 303 

internal diffusion parameters, see supporting information Table S4: the initial stage (t1/2 304 

≈ 0-13) is dominated by outward diffusion, with the mesoporous topology and abundant 305 

surface active sites unique to MXene materials driving the rapid mass transfer of TC 306 

molecules; the transition stage (t₁/₂ ≈ 12-28) is limited by intraparticle diffusion, with 307 



the adsorbate migrating through the material’s pore structure toward deeper active sites; 308 

and the final stage (t1/2 ≈ 28 and beyond) sees adsorption gradually approaching 309 

equilibrium, at which point mass transfer resistance significantly increases and active 310 

site saturation leads to a slowdown in the rate of increase in adsorption uptake. In 311 

particular, the fitting curve does not pass through the origin, indicating that TC's internal 312 

diffusion is not the only process, and TC's mass transfer process may be affected by the 313 

boundary layer effect [47, 48]. In conclusion, the adsorption of TC by Cu-ZIF-8/alk-314 

MXene conforms to the Pseudo-second-order kinetic model, and it is confirmed that 315 

electrostatic attraction is the main adsorption mechanism, as well as the existence of 316 

van der Waals forces and diffusion adsorption mechanisms. 317 

 318 



 319 

Fig. 4. Kinetic fitting curves for TC adsorption onto Cu-ZIF-8/alk-MXene. (A) 320 

Pseudo-first-order model; (B) Pseudo-second-order model; (C) Elovich model, (D) 321 

intraparticle diffusion model. 322 

3.2.2 Adsorption isotherm 323 

Fig. 5A shows the adsorption capacity of this composite material for tetracycline 324 

at different initial concentrations. With the increase of the initial TC concentration, the 325 

adsorption capacity of Cu-ZIF-8/alk-MXene gradually increases. Under the condition 326 

of high TC concentration, due to the occupation of the metal active center, the 327 

adsorption capacity tends to stabilize [33]. A systematic analysis of the adsorption 328 



behavior of TC by the Cu-ZIF-8/alk-MXene composite was conducted using the 329 

Langmuir, Freundlich, and Sips adsorption isotherm models as shown in Fig. 5(B-C). 330 

The analysis results indicate that the coefficient of determination for the Langmuir 331 

model (R2 = 0.9965) is significantly higher than that for the Freundlich model (R2 = 332 

0.9780), while the Sips model also exhibits a high correlation (R2 = 0.9971), It is proved 333 

that TC is adsorbed on the surface of Cu-ZIF-8/alk-MXene as a monolayer. At low 334 

concentrations, the abundant adsorption sites on the material surface enable TC to be 335 

rapidly adsorbed by the material, but at high concentrations, due to the occupation of 336 

many adsorption sites, the adsorption capacity tends to stabilize [48, 49]. The fitting 337 

results of the three isothermal adsorption curves are listed in Table 1. The maximum 338 

TC adsorption capacity estimated using the Langmuir model (qmax =1631.1 mg·g-1) The 339 

maximum TC adsorption capacity estimated using the Langmuir model (qmax = 1631.1 340 

mg·g-1) is consistent with the experimental values and the results of molecular 341 

dynamics fitting [27, 50-53]. Moreover, the adsorption capacity of Cu-ZIF-8/alk-342 

MXene is higher than that of other adsorbents reported in the literature. Table 2 presents 343 

a comparison of the adsorption performance of Cu-ZIF-8/alk-MXene with that of the 344 

reported adsorption materials. 345 

In conclusion, the adsorption mechanism of the Cu-ZIF-8/alk-MXene material is 346 

mainly dominated by Langmuir monolayer homogeneous adsorption, and the 347 

adsorption sites are evenly distributed. There is no obvious interaction between the 348 

adsorbed molecules and non-homogeneous surface features are present. The Sips fitting 349 

curve with ns ≈  1 further confirms that the material's adsorption is approaching 350 



homogeneity and is mainly monolayer adsorption. The n > 1 in the Freundlich model 351 

confirms that this adsorption is a spontaneous and easily occurring adsorption process. 352 

In summary, the above results confirm that Cu-ZIF-8/alk-MXene exhibits monolayer 353 

homogeneous adsorption behavior. 354 

Table 1 Langmuir, Freundlich and Sips adsorption isotherm parameters 355 

Classification Parameters Values 

Langmuir 

R2 0.9965 

qmax (mg g-1) 1631.1 

kl (L mg-1) 0.04418 

Freundlich 

R2 0.9780 

kf (mg g-1)(L mg-1)1/n 195.08 

n 2.34 

Sips 

qmax (mg g-1) 1744.33 

ks (L mg-1) 0.03718 

ns 1.09929 

 356 

Table 2 Adsorption uptake of Various Adsorbents for TC 357 



3.2.3 Thermodynamics of Adsorption 358 

Fig. 5C shows the plot of lnKc versus 1/T for the Cu-ZIF-8/alk-MXene composite. 359 

The thermodynamic parameters obtained from the experimental fitting are provided in 360 

the supporting information Table S5. The R2 value for the Van’t Hoff equation fit is 361 

0.995, indicating a good linear relationship between lnKc and 1/T and confirming the 362 

reliability of the calculated thermodynamic parameters. As shown in supporting 363 

information Table S5, ΔH = 15.85 kJ mol−1 is a positive value, demonstrating the 364 

endothermic nature of the adsorption process. When the temperature increases from 365 

298 K to 338 K, qe increases from 1244.13 mg·g−1 to 1392.84 mg·g−1, consistent with 366 

ΔH > 0. At high temperatures, the increased kinetic energy of TC molecules makes it 367 

easier to reach the energy threshold required for binding to adsorption sites. 368 

Furthermore, the coordination activity of surface-active sites, such as the Cu-ZIF-8 369 

Adsorbent 
Absorption 

capacity 
（mg·g-1） 

TC 
concentration 

(mg·L-1) 
pH 

Temperature 

(K) 
Adsorption 

Model Ref 

Cu-ZIF-
8/alk-MXene 

1631.1 
10-200 

mg·L⁻¹ 
7.0 298 Langmuir 

This 
work 

alk-
MXene/ZIF 

1053.30 
50-300 

mg·L⁻¹ 
7.0 298 Langmuir [28] 

ZIF-8-LS 48.00 10-50 mg·L⁻¹ 6.8 298 Langmuir [54] 

Cu-ZIF-8 892.40 10-70 mg·L⁻¹ 6.0 298 Langmuir [21] 

Cu-Co MOF 768.50 10-450 mg·L⁻¹ 7.0 298 Langmuir [29] 

Fe₃O₄@ZIF-
8@ZIF-67 

659.80 20-160 mg·L⁻¹ 7.0 298 Langmuir [4] 



metal sites, is enhanced after “thermal activation,” facilitating the binding of TC to 370 

adsorption sites. The positive ΔS value reflects an increase in interfacial disorder during 371 

adsorption, which may result from disruption of the ordered arrangement of TC 372 

molecules on the adsorbent surface and the displacement of interlayer water by 373 

adsorbed TC, leading to increased disorder in the microscopic state of the interface. ΔG 374 

is negative at all temperatures (ΔG = -9.60 kJ mol-1 at 298 K and ΔG = -13.01 kJ mol-1 375 

at 338 K), and its absolute value increases with rising temperature, indicating that 376 

adsorption proceeds spontaneously and that the higher the temperature, the stronger the 377 

spontaneity. In summary, the adsorption of TC onto Cu-ZIF-8/alk-MXene composites 378 

follows endothermic, spontaneous, and entropy-increasing thermodynamic behaviors 379 

within the investigated temperature range. The spontaneity and entropy increase 380 

indicate that the adsorption does not require external energy input and that the 381 

microscopic state of the system becomes more disordered, further supporting the 382 

mechanism of strong interactions between TC and multi-site sites, with mass transfer 383 

and binding occurring synergistically [14, 55]. 384 

3.2.4 The Effect of pH 385 

To investigate the adsorption behavior of TC by Cu-ZIF-8/alk-MXene composites, 386 

the initial pH of the solution is a key influencing factor, as it is closely related to the 387 

form of TC and the charge state at the surface of the adsorbent at different pH values 388 

[45, 46]. As illustrated in Fig. 5D, the adsorption capacity of the material was only 576 389 

mg·g-1 at pH = 2. It increased significantly within the pH range of 4-10, reaching a 390 

maximum of 1377.25 mg·g-1 at pH=6, before declining sharply at pH=12. This trend 391 



can be attributed to electrostatic interactions involving protonation and the adsorption 392 

of TC. Prior research has indicated that the speciation of TC varies with pH: when pH 393 

< 3.32, TC exists predominantly exists as the cationic species TC+; when 3.32 < pH < 394 

7.78, it exists as the electrically neutral TC0 form; when 7.78 < pH < 9.58, it exists as 395 

the negatively charged TC- form; and when pH > 9.58, it exists as the TC2- form [28, 396 

56]. Under the strongly acidic condition of pH = 2, the oxygen-containing groups on 397 

the surface of the Cu-ZIF-8/alk-MXene material and the N-containing groups of the 398 

imidazole ligands in Cu-ZIF-8 are highly prone to undergo protonation and form strong 399 

electrostatic repulsion with the positively charged TC+. Moreover, the dissolution of 400 

metal sites in the Cu-ZIF-8 framework under strong acid conditions also leads to a 401 

significant reduction in the coordination adsorption sites, thereby reducing the 402 

adsorption capacity of the material [57]. Within the pH range of 4-10, as the pH value 403 

increases, the metal sites in the material act as Lewis acid sites and form strong 404 

coordination interactions with the electron-rich groups on TC molecules. Meanwhile, 405 

the nitrogen-containing groups in the material form hydrogen bonds with the hydroxyl 406 

and amino groups on TC molecules, and intense π-π stacking interactions also occur 407 

between the imidazole rings of ZIF-8 and the benzene rings of TC. The synergistic 408 

effect of multiple mechanisms enables the material to reach its maximum adsorption 409 

capacity [52, 57]. At highly alkaline conditions (pH approaching 14), the surface 410 

hydroxy groups (-OH) on the material are nearly fully deprotonated, transforming into 411 

negatively charged surface oxo sites (≡ -O-). Concurrently, Cu-ZIF-8 also carries 412 

negative charges. At this point, a large number of negative charges on the material 413 



surface generate extremely strong electrostatic repulsion with the negatively charged 414 

TC2-. In addition, the metal active sites bind with OH- in the solution to form insoluble 415 

metal oxide precipitates. This process completely deprives the metal ions of their 416 

coordination ability toward TC, resulting in the total loss of coordination adsorption 417 

sites in the material, and thus the adsorption capacity is drastically reduced once again 418 

[57]. Combining the above experimental observations with the XPS spectra of C 1s, O 419 

1s, Cu 2p, Zn 2p and Ti 2p, the maximum adsorption capacity of Cu-ZIF-8/alk-MXene 420 

can be attributed to the synergistic effects of metal coordination, electrostatic 421 

interaction and π-π stacking. 422 

 423 

 424 

Fig.5. (A) Impact of TC concentration on adsorption; (B) Isotherm model for TC 425 

adsorption by Cu-ZIF-8/alk-MXene; (C)Van’t Hoff plot for the Cu-ZIF-8/alk-MXene 426 



adsorption process; (D) Effect of different pH values on the adsorption temperature 427 

(TC) of Cu-ZIF-8/alk-MXene. 428 

 429 

3.2.5 The Effect of coexisting ions 430 

To evaluate the applicability of Cu-ZIF-8/alk-MXene in complex aqueous 431 

environments, the effects of different coexisting cations (Na+, K+, Ca2+and Mg2+) at 432 

concentrations of 50, 100, and 150 mg·L⁻¹ were investigated, as shown in Fig. 6A, the 433 

adsorption uptake for TC in tap water decreased significantly compared to that in 434 

deionized water. The presence of metal cations has varying degrees of influence on the 435 

material's adsorption of total chromium (TC) in water. Notably, the presence of divalent 436 

cations (Ca2+ and Mg2+) has a more significant impact on adsorption uptake compared 437 

with the effects of the monovalent ions Na+ and K+. This phenomenon can be attributed 438 

to the low charge density of monovalent metal ions, which results in weak electrostatic 439 

interactions with negatively charged sites on the material surface, making it difficult for 440 

them to compete effectively with TC molecules through strong electrostatic repulsion. 441 

In contrast, divalent ions have a high charge density and can significantly weaken the 442 

electrostatic attraction between the adsorbent and TC. Moreover, Cu2+ in the material 443 

serves as the key active site for TC adsorption. Mg2+ and Ca2+ form stable metal-TC 444 

complexes with TC molecules, competing with Cu2+ for coordination sites on TC, 445 

thereby reducing the effective coordination sites of Cu2+ and significantly decreasing 446 

the adsorption capacity [58]. Compared to Ca2+, Mg2+ has a smaller ionic radius, 447 

stronger ability to neutralize surface charges on materials, and it is more likely to 448 

compete with TC for complexation, resulting in a more pronounced inhibitory effect 449 



than Ca2+ [59]. The adsorption effect of cations on TC follows the order: Mg2+ > Ca2+ > 450 

Na+ > K+. 451 

3.3 Reusability 452 

To assess the adsorption-desorption cycling stability of the Cu-ZIF-8/alk-MXene 453 

composite toward TC, regeneration experiments were conducted using anhydrous 454 

ethanol. As shown in the data in Fig. 6B, the TC adsorption uptake exhibited a gradual 455 

decline with increasing cycle numbers, but remained at a relatively high level overall: 456 

even after five cycles, the adsorption uptake still reached 1283.51 mg·g-1.This 457 

performance decline may be attributed to factors such as structural damage to the 458 

adsorbent and a reduction in active sites during the regeneration process. However, 459 

judging from the overall trend, Cu-ZIF-8/alk-MXene still exhibits good cycling 460 

stability and can be repeatedly applied in the adsorption and removal of TC, 461 

demonstrating significant potential for practical applications [60]. 462 

 463 

Fig. 6. (A) Effects of different concentrations of coexisting cations and water matrices 464 

on TC adsorption by Cu-ZIF-8/alk-MXene; (B) Reusability of Cu-ZIF-8/alk-MXene 465 

during five adsorption–desorption cycles. 466 



3.4 DFT 467 

To further elucidate the molecular-level interaction mechanisms between TC and 468 

Cu-ZIF-8/alk-MXene, we performed DFT calculations by analyzing the electrostatic 469 

surface charge and molecular electrostatic potential distributions before and after 470 

adsorption [23, 28]. Fig. 7(A,D) for the ZIF-8 domain, the charge on the nitrogen atom 471 

coordinating with Zn²⁺ changed from -0.416 to -0.328, indicating that TC adsorption 472 

caused a charge redistribution around the Zn-N coordination environment. It indicates 473 

that ZIF-8 has the ability to accept protons or to combine with cations/electron-deficient 474 

groups [60]. Fig. 7(B,E) shows that the surface of alk-MXene has a very strong negative 475 

potential region (-0.647 eV), mainly due to the -O, -OH, -F groups on the surface and 476 

the electron-rich areas in the layered structure, making it highly nucleophilic and easily 477 

undergoing electrostatic attraction with the electron-deficient areas. Fig. 7(C,F) 478 

demonstrates that the TC molecule has a amphiphilic potential distribution. The 479 

negative potential (-0.528 eV) is concentrated near oxygen-rich groups such as ketone 480 

groups and phenolic hydroxyl groups, while the positive potential (0.104 eV) is 481 

concentrated near amine groups and specific hydrogen atoms. This provides a basis for 482 

TC to adsorb on the material surface through electrostatic interactions [61, 62]. 483 

Fig.7 (G,I) shows that the Cu-ZIF-8/alk-MXene composite changes the charge 484 

distribution at the metal site and ligand interface after Cu is introduced into ZIF-8 (a 485 

strong negative potential region of -0.733 eV coexists with a positive potential region 486 

of 0.109 eV). The strong negatively charged groups (-O, -OH) on the alk-MXene 487 

surface exhibit strong electrostatic attraction to the positively charged Cu sites or 488 



imidazole ligands in Cu-ZIF-8. Moreover, the unsaturated coordination sites of Cu 489 

readily coordinate with the -O or -OH groups on the alk-MXene surface, forming a 490 

stable heterojunction structure. The presence of this interaction mechanism is also 491 

confirmed by Cu 2p XPS analysis [63-65]. Fig. 7(H,J) further confirms that the 492 

adsorption of TC onto the Cu-ZIF-8/alk-MXene composite results from a synergistic 493 

effect of multiple mechanisms, in which negatively charged oxygen-rich groups in TC 494 

molecules (-0.556 eV, -0.671 eV) are strongly electrostatically attracted to positively 495 

charged regions on the composite, while positively charged amine groups in TC (0.128 496 

eV, 0.210 eV) interact strongly with the highly negative potential areas on the alk-497 

MXene surface (-0.328 eV) [28]. In Cu-ZIF-8, the metal sites of Cu accept the lone pair 498 

electrons of the electron-rich oxygen or nitrogen atoms in the TC molecule, forming 499 

Cu-O or Cu-N coordination bonds, which significantly enhances the adsorption affinity, 500 

and is consistent with the O 1s results in XPS [24, 66]. The hydroxyl and amino groups 501 

(hydrogen donors) on the TC molecule form hydrogen bonds with the oxygen/fluorine 502 

hydrogen acceptors on the surface of alk-MXene or the nitrogen atoms on the imidazole 503 

ring in ZIF-8 [32, 62]. The π-π stacking interactions formed between multiple aromatic 504 

rings in the TC molecule and the imidazole rings of ZIF-8 as well as the layered 505 

structure of MXene [43], further enhance adsorption stability, a conclusion consistent 506 

with the XPS C 1s characterization results. The porous structure of ZIF-8 allows TC 507 

molecules to enter its pores, resulting in a spatial confinement effect [66]. 508 

In summary, the results of DFT calculation combined with FTIR and XPS analysis 509 

revealed a multi-mechanism synergistic adsorption process of TC by Cu-ZIF-8/alk-510 



MXene. Among them, electrostatic interaction, coordination with Cu sites, interfacial 511 

hydrogen bonds, and π-π stacking jointly constitute an efficient adsorption system. The 512 

combination of Cu-ZIF-8 and alk-MXene in the composite material effectively 513 

regulates the charge distribution at the material interface, providing more adsorption 514 

active sites for TC adsorption, significantly enhancing the adsorption performance of 515 

TC, its adsorption mechanism such as Fig. 8. 516 

517 



 518 

Fig. 7. (A) Electrostatic surface charge of ZIF-8; (B) Electrostatic surface charge of 519 

alk-MXene; (C) Electrostatic surface charge of TC; (D) Two-dimensional electrostatic 520 

potential map of the ZIF-8 molecule; (E) Electrostatic potential map of alk-MXene; 521 

(F) Two-dimensional electrostatic potential map of the TC molecule. (G) Electrostatic 522 

surface charge of Cu-ZIF-8/alk-MXene; (H) Electrostatic surface charge of Cu-ZIF-523 

8/alk-MXene + TC; (I) Electrostatic potential map of Cu-ZIF-8/alk-MXene; (J) 524 

Electrostatic potential map of Cu-ZIF-8/alk-MXene + TC. 525 

 526 

Fig. 8. Mechanism of TC adsorption by Cu-ZIF-8/alk-MXene. 527 



4. Conclusion 528 

In this study, a novel Cu-ZIF-8/alk-MXene composite material was successfully 529 

synthesized through in-situ growth and post-modification strategies. This approach 530 

achieved the integration of Cu doping and the embedding of 2D ZIF-8 nanosheets to 531 

enhance the metal adsorption sites, as well as the increase in the types of functional 532 

groups and layer spacing of alk-MXene in the material. The composite exhibits 533 

outstanding adsorption performance toward TC, with a maximum adsorption capacity 534 

of 1631.1 mg·g-1, far exceeding that of previously reported materials. It maintains high 535 

adsorption efficiency across a broad pH range (4.0-10.0). Kinetic and thermodynamic 536 

analyses indicate that the adsorption process follows a Pseudo-second-order kinetic 537 

model and the Langmuir monolayer adsorption model, revealing that chemical 538 

adsorption is the dominant mechanism. The adsorption mechanism reveal that the 539 

material achieves efficient TC capture through multiple interactions, including 540 

electrostatic attraction, metal coordination, and hydrogen bonding, with the 541 

introduction of Cu2+ significantly enhancing the coordination interactions. Furthermore, 542 

the material exhibits good adsorption selectivity even under the interference of 543 

coexisting ions. After five cycles, the TC adsorption capacity remains at 1283.51 mg·g-544 

1, demonstrating excellent practical application potential and cycle stability. This study 545 

not only provides new insights into the design of MXene-based composite adsorbents 546 

but also offers an innovative material solution for the efficient removal of antibiotic 547 

pollutants from water through synergistic multi-mechanism effects.  548 

 549 
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