
 

 

- 1 - 

Tailoring Mesoporous Y-Zeolite Molecular Sieve for Effective 

Removal of Micropollutants from Water 

Wenxi Cena, 1, Bangguo Wanga, b, 1, Yuwei Huanga, Shengying Yea, Rui Xuc, d, Liwei Cuia, 

Yinghui Hana, Yuanxun Zhanga, e, Tao Lyuf, **, Lijing Wanga, *  

a College of Resources and Environment, University of Chinese Academy of Sciences, Beijing, 101408, China  

b Tsinghua Shenzhen International Graduate School, Tsinghua University, Shenzhen, 518055, China 

c Chinese Research Academy of Environmental Sciences, Beijing, 100012, China 

d National Joint Research Center for Yangtze River Conservation, Beijing, 100012, China 

e Yanshan Earth Critical Zone and Surface Fluxes Research Station, University of Chinese Academy of 

Sciences, Beijing, 101408, China 

f School of Water, Energy and Environment, Cranfield University, College Road, Cranfield, Bedfordshire 

MK43 0AL, United Kingdom 

1The authors contributed equally to this work. *Corresponding authors. wanglijing@ucas.ac.cn (L.W.); 

t.lyu@cranfield.ac.uk (T.L.) 

Abstract 

Overuse and misuse of antibiotics have led to the persistent antibiotic residues in water, posing 

significant challenges for remediation through conventional approaches. This study developed 

a tailored molecular sieve material, i.e. mesoporous Y-zeolite (M-Y zeolite), through 

hydrothermal synthesis to remove tetracycline (TC) as a model antibiotic from both simulated 

and real water matrics. The average pore size of M-Y zeolite was 3.16 nm, more than 1.7 times 

the second-widest dimension of the targeted TC molecule (0.81 nm), allowing effective TC 

adsorption. With a specific surface area of 516 m2·g-1, M-Y zeolite achieved a maximum 

adsorption capacity of 88 mg·g-1. The pseudo-second-order and Freundlich models indicated 

that the adsorption of TC on M-Y zeolite occurred on a multilayer heterogeneous surface 
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through chemisorptive interactions. The intra-particle diffusion model indicated that the 

adsorption process was governed by both liquid film diffusion and intraparticle diffusion stages. 

Mechanistic studies revealed that pore filling, complexation effects, and electrostatic 

interactions were the main adsorption mechanisms. After four regeneration cycles, M-Y zeolite 

retained 66% of its initial adsorption capacity. Tests in real water samples showed a slight 

decrease (4%-14%) in removal efficiency at 10 mg·L-1 TC due to competing ions and organic 

matter, yet > 99% removal was achieved at 0.1 and 1 mg·L-1 TC. These findings offer a novel, 

highly effective mesoporous material for the removal of antibiotics from water, marking a 

significant advancement in water treatment and environmental remediation technologies. 

Keywords: Advanced material, Emerging contaminant, Y-zeolite, Mesoporous, Tetracycline 

Synopsis 

The tailored mesoporous Y-zeolite can effectively remove tetracycline from the aqueous system, 

providing a sustainable solution for advanced water treatment. 

1. Introduction 

Antibiotics are ubiquitous in aquatic ecosystem worldwide, emerging as significant pollutants 

due to their extensive use in controlling human and animal infections.1 Global consumption of 

veterinary antibiotics is projected to reach 107k tons by 2030.2 Among these antibiotics, 

tetracycline (TC) is the second most utilised in the aquaculture and livestock industries, 

favoured for its relatively low cost and effective antimicrobial properties.3, 4 However, TC is 

typically poorly absorbed by human and animals, with about 25%-75% of the ingested TC 
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excreted through urine and faeces as raw compounds or metabolites.5 The naphthol ring 

structure of TC makes it resistant to biological degradation by conventional wastewater 

treatment technologies.5, 6 Consequently, TC is frequently detected in effluents from sewage 

treatment plants.7, 8 Long-term exposure to trace levels of TC in aquatic ecosystem increases 

the risks of acute or chronic ecotoxicity to humans and promotes the transfer and spread of 

antibiotic-resistant genes among organisms.9, 10 Therefore, it is crucial to develop efficient and 

economical treatment technologies for the removal of TC residuals from waters. 

Towards effective antibiotic removal from water, various chemical (e.g. photocatalytic 

degradation and Fenton oxidation) and biological (e.g. aerobic and anaerobic microbial 

digestion) approaches 11, 12 have been employed to completely break down their structures. 

Nevertheless, the low residual levels of antibiotics in solution present a persistent challenge for 

these technologies in terms of sustainability and cost-effectiveness. Generally, chemical 

methods are energy-intensive, which require harsh reagents and generate secondary 

pollutants.13 Some biological methods are time-consuming and susceptible to operational 

variability.14, 15 In comparison, physical adsorption is a simple, high efficiency, and cost-

effective approach,16 which can selectively separate precious metal ions for resource recovery 

and remove or pre-concentrate organic contaminants (e.g. antibiotics) to support subsequent 

treatment.17, 18 To enhance the active sites for antibiotic-adsorbent interactions, porous materials 

with high surface area and complex pore structures have been appraised to intensify treatment 

performance.19 Previous studies have investigated numerous adsorbent surface modification 

methods, such as elemental doping and metal ion loading, to improve antibiotic surface 
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adsorption. However, the importance of pore size design in relation to the dimensions of target 

organic pollutants has not been well studied. Random pore size distribution in adsorbents can 

result in ineffective antibiotic removal due to size exclusion effects (small pores) and wasted 

active sites (big pores).19 Thus, it is essential to design a porous adsorbent with an appropriate 

pore structure to achieve optimal treatment performance. 

Zeolite is a porous material often used as a competitive adsorbent for removing organic 

compounds from water due to its stability, low cost, and settleability.20, 21 Specifically, Y-zeolite 

consists of silicon-oxygen tetrahedron and aluminium-oxygen octahedron connected through 

oxygen atoms, featuring a stable crystalline framework and a pore size of 0.74 nm.22 As a 

molecular sieve, Y-zeolite can trap chemicals in fluid environments, a function utilised in fields 

such as drug delivery and catalysis.23, 24 In environmental remediation, the trapped chemicals 

can be desorbed for resource recovery or further degraded through chemical and biological 

treatments. When used as a medium in biological reactors, the antibiotic adsorption can enhance 

biofilm-chemical interactions and benefit biodegradation. Notably, porous materials 

preferentially adsorb target chemicals when the molecular size is similar to or slightly smaller 

than the pore size of the adsorbent.19 Therefore, to adopt Y-zeolites for the removal of TC, with 

molecular dimensions of 1.41×0.46×0.81 nm, introducing mesopores into the structure may be 

necessary to facilitate the pore filling effect. 

Beyond the appropriate pore size that allows TC molecules to travel through, adsorbent surfaces 

loaded with metals such as Fe, Cu, and Zr have demonstrated superior TC adsorption 

performance.5, 25, 26 However, exogenously loaded metals may cause secondary pollution when 
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applied in water. The endogenous aluminium in Y-zeolite is expected to interact with TC 

through complexation, naturally enhancing adsorption. In addition, TC possesses tricarbonyl-

amide, phenolic diketone, and dimethylamine groups that are pH-dependent, causing it to exist 

as cationic, zwitterionic, or anionic species under different conditions.7, 27 The ionisation 

behaviour could potentially enhance TC adsorption via electrostatic attraction. Furthermore, 

TC adsorption is also controlled by cation bridging, π-π electron coupling, Lewis acid-base 

interactions, and hydrophobic effects between the functional groups of TC and the 

corresponding charged/polar sites of adsorbents.25, 28-30 Therefore, designing an appropriate 

mesoporous structure for zeolite adsorbents is urgently needed to address the growing issue of 

antibiotic pollution. Meanwhile, evaluating adsorption mechanisms is crucial to improve 

adsorption performance and guide environmental applications. 

This study aimed to synthesize a mesoporous Y-zeolite (M-Y zeolite) tailored for effective 

antibiotic removal and to elucidate associated adsorption mechanisms. The mesoporous 

structure, targeting the specific dimensions of the TC molecule, was confirmed by detailed 

characterisation analyses (SEM, BET, XRD, XPS, and FTIR). The adsorption performance of 

M-Y zeolite was systematically evaluated through analyses of adsorption kinetics, isotherms, 

and thermodynamics. Model fitting and physicochemical property comparisons before and after 

adsorption elucidated the underlying adsorption mechanisms. Furthermore, regeneration 

experiments and real water matrices (tap water, natural lake water, and domestic wastewater 

treatment effluent) validation were conducted to assess the reusability and sustainability of M-
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Y zeolite. This study emphasizes the innovation of tailoring mesoporous Y-zeolite for targeted 

antibiotic removal, offering insights for practical applications in advanced water treatment. 

2. Experimental Methods 

2.1. Synthesis of mesoporous Y-zeolite 

The mesoporous Y-zeolite was synthesized through a modified hydrothermal method.31 The 

procedure began by dissolving aluminum isopropoxide (10.86 g) in an aqueous solution of 

TEAOH (12.62 g) with stirring, followed by NaOH (0.20 g) addition. TEOS (52.08 g) was 

gradually introduced dropwise and stirred vigorously for 2 h to obtain solution 1 (S1). S1 was 

transferred into a Teflon-lined autoclave and first heated at 50 ℃ for 12 h, followed by 100 ℃ 

for 48 h. The final molar composition of S1 was 10SiO2: Al2O3: 0.2NaOH: 1.2TEAOH: 

183H2O.  

For solution 2 (S2), NaAlO2 (0.82 g) was dissolved in an aqueous solution containing NaOH 

(1.28 g), TBAOH solution (22.70 g) and deionized water (49.43 g) with stirring. TPOAC (3.26 

g) was then added, and the mixture was stirred for 10 min. Finally, silica gel (10.62 g) was 

slowly added into the mixture under stirring to create a gel with the molar composition of 

35SiO2: 1Al2O3: 8.4NaOH: 7TBAOH: 0.525TPOAC: 700H2O.  

To prepare the final gel, S1 was added dropwise to S2 under vigorous stirring for 2 h. The silica 

from solution 1 constituted 10 wt% of the total silica in the gel. The gel was transferred into a 

Teflon-lined autoclave and crystallized by rotating at 50 rpm at 120 ℃ for 8 d. The crystallized 

solid was collected by filtration, thoroughly washed with deionized water, and dried in air at 
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80 ℃ for 12 h. To remove any residual organic templates, the product was calcined in air at 

550 ℃ for 7 h.  

More details on materials, characterisation, UV-Visible spectroscopy are provided in Text S1-

S3 (supporting information). 

2.2. Adsorption experiments 

In the adsorption kinetics experiments, 1 g·L-1 M-Y zeolite were added to 100 mg·L-1 TC 

solutions. The pH of the M-Y zeolite mixed solution was adjusted to 7 and 8 (± 0.05) to simulate 

practical sewage and natural water conditions, and the solution was shaken at 200 rpm at 298 

K. Water samples were collected at different time intervals from 0 to 3600 min to measure the 

residual TC concentration using a UV-Visible spectrophotometer (Varian Cary 60, Agilent 

Technologies Co., Ltd. USA) at a wavelength of 355 nm. The results were fitted to the pseudo-

first-order32, pseudo-second-order33, and intra-particle diffusion models34 (Text S4). To further 

investigate the effect of pH on TC adsorption, 0.1 M HCl and NaOH were used to adjust the 

initial pH of TC solutions to 3, 4, 5, 6, 7, 8, 9, and 10, respectively. The mixture were shaken 

at 200 rpm at 298 K for 3600 min. 

In the adsorption isotherm experiments, 50 mL of TC with different initial concentrations (0, 

20, 50, 80, 100, 150, 200 mg·L-1) was mixed with 0.05 g of M-Y zeolite and shaken at 200 rpm 

at 288, 298, 308 and 318 K for 3600 min at pH 7. The Langmuir35, Freundlich36 and Temkin37 

isotherm models were adopted to fit the adsorption equilibrium data (Text S5). Thermodynamic 

parameters were calculated based on the method detailed in Text S6. 
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2.3. Validation in real water matrices 

To validate the adsorption potential of M-Y zeolite, experiments were further conducted using 

tap water from the lab, natural lake water from Yanqi Lake in Beijing, and secondary effluent 

from the Bishui Wastewater Treatment Plant in Beijing. Water quality tests (Table S1) revealed 

that secondary effluent contained significantly higher levels of phosphorus and nitrogen 

nutrients, with concentrations 2.7 to 12.7 times greater than those detected in tap water and lake 

water. While COD level was undetectable in tap water, the COD in secondary effluent was 8.2 

times higher than that in lake water. TC was spiked into these water samples at concentrations 

of 0.1, 1, and 10 mg·L-1. The experimental setup adhered to the protocols previously established 

for the adsorption kinetics experiments. All experiments were performed in triplicate to ensure 

reliable results.  

More details on desorption and re-adsorption experiments are provided in Text S7. 

3. Results  

3.1. Properties of mesoporous Y-zeolite  

The BET surface area of the synthesized M-Y zeolite was 516 m2·g-1, along with a large total 

pore volume and mesoporous volume (Table S2). The average pore size was 3.16 nm, 

indicating a mesoporous structure (Figure S1a). The N2 adsorption-desorption isotherms of M-

Y zeolite exhibited a type IV pattern with a noticeable H3 hysteresis loop, further confirming 

its mesoporosity (Figure S1b). Additionally, EDS analysis identified four elements (O, Si, Al, 

and Na) on the M-Y zeolite surface before adsorption. The Si to Al molar ratio was found to be 
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14.9, with oxygen representing the largest mass proportion at 60% (Table S3). The large BET 

surface area and mesoporous volume of M-Y zeolite are expected to provide ideal accessible 

channels for TC transfer and adsorption. 

3.2. Adsorption kinetics 

The TC adsorption kinetics experiments showed that M-Y zeolite exhibited a slightly higher 

adsorption capacity at pH 8 (38 mg·g-1) compared to pH 7 (35 mg·g-1) (Figure 1a). The intra-

particle diffusion model effectively described the adsorption kinetics at both pH levels (R2 > 

0.9), dividing the adsorption process into two stages: liquid film diffusion and intraparticle 

diffusion (Figure 1b, Table 1). In addition, the intra-particle diffusion constant at the first and 

second stage (k1 and k2) was higher at pH 8 (0.60 and 0.47) than at pH 7 (0.48 and 0.46). 

Although equilibrium was achieved after 3600 min, the adsorption kinetics revealed a rapid 

initial adsorption of TC, with nearly 30% of TC adsorbed in the first minute, compared to only 

8% in the final 14 hours. Both the pseudo-first-order (Figure 1c) and the pseudo-second-order 

models (Figure 1d) were applied to fit the adsorption data at pH 7 and 8. The R2 value (0.95; 

0.93) of the pseudo-second-order model fitted better than that of the pseudo-first-order model 

(0.89; 0.85) (Table 1). 
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Figure 1. TC adsorption process (a), intra-particle diffusion model fitting (b), pseudo-first-order model 
fitting (c) and pseudo-second-order model fitting (d) for M-Y zeolite at pH 7 and 8. 

Table 1 
Fitting parameters of adsorption kinetics models 

Model Parameter pH=7 pH=8 

Intra-particle 
diffusion model 

k1 (mg·g-1·min-1/2) 0.476 0.597 

C 9.30 11.14 

R2 0.973 0.917 

k2 (mg·g-1·min-1/2) 0.455 0.474 

C 7.91 10.55 

R2 0.989 0.992 

Pseudo-first-order 
model 

k1 × 10-3 (min-1) 1.53 1.86 
qe (mg·g-1) 32.34 35.09 

R2 0.892 0.851 

Pseudo-second-
order model 

k2 × 10-5 (g·mg-1·min-1) 5.74 7.10 
qe (mg·g-1) 36.98 39.26 

R2 0.947 0.927 
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3.3. Adsorption isotherm 

Isotherm analysis revealed the transfer of TC from the liquid phase to the solid phase of M-Y 

zeolite. The Langmuir, Freundlich and Temkin isotherm models were employed to fit the 

adsorption equilibrium data (Figure 2a-c; Table 2). The results indicated that the Freundlich 

model provided the best fit across 288-318 K, with R2 ranging from 0.91 to 0.95, compared to 

the Langmuir model (R2 = 0.73-0.80) and Temkin model (R2 = 0.85-0.91). Furthermore, the 

magnitudes of the Freundlich parameter 1/n ranged from 0 to 0.5, and the KF value increased 

as the temperature rose from 288 K to 318 K. The maximum adsorption capacity of M-Y zeolite 

reached 88 mg·g-1 at an initial TC concentration of 200 mg·L-1, at a temperature of 318 K and 

pH of 7.  

In order to investigate the thermodynamic feasibility of the adsorption, various thermodynamic 

parameters were calculated, including Gibbs free energy (ΔG), enthalpy change (ΔH), and 

entropy change (ΔS). The ΔG values were negative, decreasing from -3.8 kJ·mol-1 to -6.4 

kJ·mol-1 as the temperature increased from 288 K to 318 K (Table 2), indicating that the 

adsorption was spontaneous and became more feasible and favourable at higher temperatures.38 

This is consistent with the results of the batch adsorption experiments (Figure 2a-c). The 

positive ΔH and ΔS values suggested that the adsorption was an endothermic process, 

characterised by increased randomness at the solid-solution interface.39 
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Figure 2. Adsorption isotherms of TC on M-Y zeolite fitted by Langmuir model (a), Freundlich model 
(b), and Temkin model (c), along with adsorption capacity of M-Y zeolite (d) and zeta potential of M-
Y zeolite before and after adsorption (e) at different pH levels. 

Table 2 
Langmuir, Freundlich, Temkin isotherm, and thermodynamics parameters of TC adsorption on M-Y 
zeolite. 

T 
(K) 

Langmuir isotherm 
constants 

Freundlich isotherm con-
stants 

Temkin isotherm con-
stants 

Thermodynamics 
parameters 

qm (mg·g-

1) 

KL 
(L·m
g-1) 

R2 
KF (mg1-

1/n·L1/n·g-1) 
1/n R2 

K 
(L·mg-1) 

B 
(J·mol-1)  

R2 
△G 

(kJ·m
ol-1) 

△H 
(kJ·m
ol-1) 

△S  
(J∙mol-

1∙K-1) 

288 47.12 0.040 0.801 4.86 0.447 0.944 0.47 9.72 0.908 -3.79 

20.44 83.94 
298 61.78 0.045 0.772 6.33 0.461 0.942 0.83 11.32 0.875 -4.57 

308 74.58 0.051 0.733 7.67 0.474 0.911 1.75 11.79 0.851 -5.22 

318 81.87 0.070 0.786 11.19 0.428 0.950 1.89 13.65 0.875 -6.38 

3.4. Effect of pH 

The adsorption capacity of M-Y zeolite to TC initially increased and then declined within the 

pH range of 3 to 10 (Figure 2d). At pH 8, the maximum adsorption capacities of M-Y zeolite 

were 58 mg·g-1 and 40 mg·g-1 for initial TC concentrations of 200 mg·L-1 and 100 mg·L-1, 
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respectively (Figure 2d). Previous studies on natural zeolite and graphene oxide for TC 

adsorption reported similar trends.40, 41 The zeta potential of M-Y zeolite was pH dependent and 

exhibited higher stability under more alkaline conditions. It ranged from -20 mV to -43 mV 

within the pH range of 3-10, without showing an isoelectric point (pHpzc). However, after 

adsorption, the zeta potential of M-Y zeolite significantly increased, fluctuating between 23 and 

-33 mV at pH 3-10, with an isoelectric point at 4 (Figure 2e). 

3.5. Surface structure changes 

Before adsorption, the M-Y zeolite exhibited an irregular, blocky crystalline shape with distinct 

surface depressions (Figure 3a). After adsorption, although the blocky stacked structure of M-

Y zeolite remained largely unchanged, the surface appeared noticeably rougher (Figure 3b), 

likely due to the adsorption of TC. Additionally, nearly 2% N was newly detected after 

adsorption, marking the most notable change in the element content (Table S3). 

 
Figure 3. SEM images of M-Y zeolite before (a) and after (b) adsorption. 

3.6. Spectroscopic analysis of mesoporous Y-zeolite 

The XRD analysis showed that the major diffraction peaks of M-Y zeolite occurred at 6.16, 

10.06, 11.81, 15.89, 18.96, 20.66, 24.00, 27.45, and 31.87°, corresponding to the characteristic 

peaks of Y-zeolite (Figure 4a). After adsorption, there were no significant changes in the 

positions of the diffraction peaks, indicating that the main structure of M-Y zeolite was 
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maintained during adsorption. However, the peak intensity at 6.16, 10.06, 11.81, and 15.89° 

decreased noticeably after adsorption (Figure 4a). 

FTIR spectra were used to investigate the functional group changes of M-Y zeolite after 

adsorption (Figure 4b), and the absorption peaks in the 600-450 cm-1 range were attributed to 

Si-Al framework vibration, with no apparent shift after adsorption. The results illustrated that 

the M-Y zeolite structure did not change during adsorption.42 This was further confirmed by 

the XRD pattern of M-Y zeolite after adsorption (Figure 4a). The new characteristic absorption 

peaks at 1459 and 1085 cm-1 after adsorption were attributable to the C=C stretching vibration 

of the benzenoid framework and C-OH groups, corresponding to the functional groups in TC 

molecules.27, 40 The newly detected absorption peaks confirmed successful TC adsorption on 

M-Y zeolite. Moreover, the broad peak at 3436 cm-1, attributed to the H-O-H stretching 

vibration of physically adsorbed water on the M-Y zeolite surface, shifted to 3440 cm-1 after 

adsorption, indicating interaction between TC and the physically adsorbed water on the M-Y 

zeolite surface.43 

In comparing the XPS N 1s spectra before and after adsorption (Figure 4c and d), a new peak 

appeared at a binding energy of 399.60 eV after adsorption, suggesting the adsorption of TC. 

This observation aligns with the EDS results (Table S3) and FTIR findings (Figure 4b). The 

peak deconvolution of the Al 2p spectra was performed and the result showed that the peak of 

Al 2p spectra had shifted 0.22 eV to lower binding energy from 74.66 eV (Figure 4e). 

Meanwhile, analysis of the O 1s spectra (Figure 4f) revealed three peaks at 531.53, 533.03, and 

534.14 eV, corresponding to the Al-O bond, Si-O bond, and hydroxyl functional group in the 
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M-Y zeolite structure, respectively.44 After adsorption, all three peaks also have shifted to lower 

binding energies. 

 
Figure 4. The XRD patterns (a), FTIR spectra (b), XPS survey spectra (c), XPS N 1s spectra (d), XPS 
Al 2p spectra (e), XPS O 1s spectra (f) of M-Y zeolite before and after adsorption of TC. 

3.7. UV-Visible spectroscopy 

In order to investigate the adsorption mechanisms, the UV-Visible spectra of TC solutions with 

various additions were collected in the wavelength between 200 and 600 nm (Figure 5a). The 

spectrum of TC exhibited two absorption peaks at 275 and 355 nm, corresponding to the π-π* 



 

 - 16  

transition of the amide and hydroxyl groups linked with a ring and the π-π* transition of the 

other three-ring chromophores, respectively.45 The spectrum of TC+M-Y zeolite solution after 

adsorption equilibrium could represent the adsorbed TC 46 and its intensity was significantly 

lower than that of the pure TC solution (Figure 5a). Meanwhile, the absorption peak at 355 nm 

disappeared while a new peak appeared at 375 nm in the adsorbed TC spectrum. The spectrum 

of TC in the presence of Si or Na+ was almost the same as the pure TC solution spectrum. 

However, a new absorption peak at 235 nm appeared in the spectrum of TC in the presence of 

Al3+, which was attributed to free Al3+ in the solution.46 The peak at 375 nm was due to the shift 

of the primary characteristic peak of TC, which will be discussed in detail in the following 

section. Moreover, the spectrum of the filtrate matched well with the pure TC solution (Figure 

5a). 

 
Figure 5. UV-Visible spectra of TC solution, M-Y zeolite+TC solution after adsorption equilibrium 
(adsorbed TC), mixture solution of TC and Al3+, Si, and Na+, and filtrate after the interaction of TC with 
M-Y zeolite (a), regenerative adsorption of TC on M-Y zeolite (b), adsorption capacity of M-Y zeolite 
in real water samples (c). 

3.8. Desorption and re-adsorption of M-Y zeolite 

Regeneration experiments were conducted to evaluate the practical reusability of the M-Y 

zeolite. Efficient regeneration using a low concentration of NaOH (0.01 M) was tested (Figure 
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5b). The initial adsorption capacity of TC on fresh M-Y zeolite was 39 mg·g-1; after four cycles, 

the adsorption capacity of TC on M-Y zeolite still remained above 25 mg·g-1.  

3.9. Validation in real water matrices 

To assess the performance of M-Y zeolite in real water samples compared with the ultrapure 

water, TC removal efficiency was tested in tap water, lake water, and secondary effluent 

(Figure 5c). A reduction of approximately 4%-14% in TC removal efficiency was observed in 

the three real water samples compared to the performance in the ultrapure water matrix (91%) 

at a TC concentration of 10 mg·L-1. Nevertheless, at lower TC concentrations (0.1 and 1 mg·L-

1), complete removal was achieved in both ultrapure and real water matrices. 

4. Discussions 

4.1. Pore and surface characteristics of M-Y zeolite 

The pore size of the porous adsorbent significantly affects the adsorption capacity for the 

aqueous organic pollutants with different sizes and geometry.19, 47 The hydrothermal synthesis 

process used in this study yielded Y-zeolite with a mesoporous structure (Table S2). As a result, 

TC could effectively transfer into the pores of M-Y zeolite without being hindered by size 

exclusion, as the pore size of M-Y zeolite (3.16 nm) exceeded 1.7 times the second-widest 

dimension of TC (0.81 nm). This result is identical to the study investigating the effects of the 

pore size distribution of magnetic hyper crosslinked resins on TC adsorption.19 

The Freundlich parameters (1/n and KF) indicated that the adsorption was favorable and 

occurred on a multilayer heterogeneous surface, with stronger adsorption capacity observed at 

higher temperatures (Table 2).48-50 In addition, the pseudo-second-order model fitted better, 
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indicating that the adsorption rate was primarily governed by the availability of active sites on 

M-Y zeolite surface. The rate-limiting step was strongly influenced by chemical interactions, 

rather than the physical interactions characterised by the pseudo-first-order model.38, 51 The 

decrease in the adsorption rate at the later stage might be attributed to the reduction of active 

adsorption sites.40 The intra-particle diffusion model also divided the adsorption into two stages: 

liquid film diffusion that the transfer of TC molecules from the solution to the surface of M-Y 

zeolite; intraparticle diffusion that the TC diffused into the internal mesoscale pores of M-Y 

zeolite until the adsorption equilibrium was attained (Figure 1b). The fitted lines did not pass 

through the origin (C ≠ 0), indicating that the rate-limiting steps were controlled not only by 

intraparticle diffusion but also by liquid film diffusion.52, 53 The intraparticle diffusion stage 

was much longer than the film diffusion stage, as the initial occupation of channels by adsorbed 

TC slowed surface mass transfer.38 The higher adsorption capacity observed at pH 8 (Figure 

2d) correlated with the increased diffusion constants (k1 and k2), suggesting that the adsorption 

process was more favorable at this pH.19 

The surface characteristics of M-Y zeolite also indirectly verified the indispensable role of pore 

filling effect in TC adsorption process. The newly detected N element in M-Y zeolite after 

adsorption (Figure S2, Table S3) confirmed the adsorption of TC, as N is a characteristic 

element of TC. Moreover, the noticeable decrease in the peak intensity (6.16, 10.06, 11.81, and 

15.89°) of the XRD spectrum after adsorption (Figure 4a) indicated changes in the surface 

composition of M-Y zeolite due to the adsorbed TC.43 The adsorption of TC would clog the 

mesopores of M-Y zeolite, causing changes in the adsorbent’s grain surface, which may be 
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reflected in the decreased peak intensity of XRD spectrum.43 This was also supported by SEM 

images showing changes in morphology of M-Y zeolite after the reaction (Figure 3). Therefore, 

based on the characterisation and model fitting, M-Y zeolite demonstrated its effectiveness as 

an adsorbent by providing ideal mesoscale channels that facilitated the diffusion and adsorption 

of TC molecules. 

4.2. Complexation effect 

The UV-Visible, FTIR, and XPS spectra analysis suggested that the formation of an Al-TC 

complex might enhance the adsorption. The UV-Visible spectra of individual TC, filtrate, and 

TC solutions with Si or Na+ exhibited identical patterns, indicating that Si or Na+ did not 

participate in the adsorption process (Figure 5a), and the aluminum element in the skeleton of 

M-Y zeolite did not dissolve in the TC solution during the adsorption process. In contrast, 

obvious shifts of original peaks at 355 nm to 375 nm were observed in the TC+M-Y zeolite and 

TC+Al3+ solutions (Figure 5a), which suggested that similar interactions might be involved in 

those two conditions.46 Previous studies have shown that a complex could form between the 

tricarbonyl-amide group on the TC and aluminum ions.45, 46 The nitrogen of the tricarbonyl-

amide group in the TC structure can act as an electron donor, giving electrons to Al to form 

complexation with M-Y zeolite. This resulted in the lower binding energy of Al after receiving 

electrons shown in the Al 2p spectra (Figure 4e). In addition, the electronegativity of O in the 

Al-O bond was higher than that of Al, leading to electron transfer towards O and a consequent 

decrease in O binding energy (Figure 4f). The generated Al-TC complex has strong stability 

due to a relatively high formation constant (log K=12.5).54 Therefore, the peak at 375 nm in the 
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UV-Visible spectra (Figure 5a) might be related to the formation of stable complexes between 

the functional groups of TC molecules and Al on the skeleton of M-Y zeolite. 

Furthermore, the FTIR spectrum analysis revealed absorption peaks of M-Y zeolite at 1077 and 

1060 cm-1, which was assigned to the asymmetric stretching vibration of O-T-O and T-O-T 

bonds (T= Si or Al) (Figure 4b).55, 56 After the reaction with TC, these peaks shifted to 1094 

and 1071 cm-1, respectively (Figure 4b), indicating that the Si-O or Al-O groups were involved 

in the TC adsorption.57 However, the UV-Visible spectra in Figure 5a have excluded the 

reaction between TC and Si. In addition, a new peak at 1101 cm-1 was attributable to the strong 

binding of amide groups on TC with Al 38, 58, which further demonstrated that the chelation 

would occur on the amide groups during the adsorption process. Thus, with evidences from 

UV-Visible spectra, XPS spectra, and FTIR spectra, it could be concluded that the stable 

complexation between the amide groups on TC molecules and aluminium on the skeleton of 

M-Y zeolite was an essential mechanism for the adsorption. 

4.3. Electrostatic interaction 

The solution pH significantly affected the adsorption capacity of M-Y zeolite for TC (Figure 

2d), which may be explained by the interactions between pH-dependent speciation of TC and 

surface charge properties of M-Y zeolite. Due to the multiple ionizable functional groups 

(tricarbonyl-amide, phenolic diketone, and dimethylamine) on TC compound, it exists in cation 

form (TCH3
+) at pH < 3.3, zwitterion form (TCH2±) at 3.3< pH < 7.7, anionic form (TCH-) at 

7.7 < pH < 9.7, and as TC2- when pH > 9.7.26, 38 The increase by 6 mV to 42 mV in the zeta 

potential of the M-Y zeolite in the pH range of 3-10 after adsorption (Figure 2e) suggested that 
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electrical neutralization may be involved during the adsorption process. This result is similar to 

the previous study of TC adsorption on natural zeolite.40 While electrostatic attraction is 

expected to be stronger under highly acidic conditions (pH < 3.3), the observed decrease in 

adsorption capacity at low pH can be attributed to a reduction in complexation between TC and 

M-Y zeolite. This reduction is likely due to the protonation of the tricarbonyl-amide group in 

TC, which diminished the electron-donating ability of the amide nitrogen, thus weakening its 

ability to complex with M-Y zeolite. At pH 3.3-7.7, TC exists predominantly as a zwitterion 

(TCH2±), optimizing its ability to complex with M-Y zeolite.59 In this range, adsorption was 

primarily driven by pore filling and complexation, as electrostatic interactions were not 

significant.26 Beyond pH 7.7, TC transitions to anionic forms (TCH- and TC2-), causing strong 

electrostatic repulsion with the negatively charged M-Y zeolite. This repulsion hindered TC's 

access to the zeolite pores 60, leading to a sharp decline in adsorption capacity and making 

complexation the dominant mechanism when pH >8. 

4.4. Effects of real water matrices and engineering implications 

The removal efficiency of M-Y zeolite in real water samples showed variations at 10 mg·L-1 

TC. In tap water, the slight decrease (4%) in removal efficiency (Figure 5c) likely resulted 

from the electrostatic attraction between cations (Ca2+ and Mg2+) and the negatively charged 

M-Y zeolite. These cations may occupy active sites on the M-Y zeolite surface, leading to 

competitive adsorption against TC and weakening electrostatic interactions between M-Y 

zeolite and TC.61 The decreases were more pronounced (< 14%) in lake water and secondary 

effluent (Figure 5c),involving not only competitive ions but also organic matter, as indicated 



 

 - 22  

by the higher COD levels compared to tap water (Table S1). These contaminants may occupy 

active sites on the surface and within the mesopores of M-Y zeolite, hindering pore accessibility 

for TC molecules. Consequently, competitive adsorption intensified, further reducing removal 

efficiency to 14%.62 Despite the complex and variable conditions in real water samples, M-Y 

zeolite provided sufficient adsorption sites to achieve complete TC removal at low 

concentrations (0.1 and 1 mg·L-1), confirming its potential for effectively removing residual 

antibiotics in real water bodies. Furthermore, after four regeneration cycles with NaOH, M-Y 

zeolite retained 66% of its initial TC adsorption capacity (Figure 5b), demonstrating strong 

reusability and sustainable adsorption performance. 

Adsorption is a promising treatment for removing antibiotics from water. Adsorbents that are 

highly efficient and eco-friendly are highly sought after for antibiotic removal. Therefore, in 

this study, mesoporous Y-zeolite was synthesized through hydrothermal process to meet this 

need. With its mesoporous structure, M-Y zeolite achieved better antibiotic adsorption capacity 

than other adsorbents (Table S4), including biochar63, goethite64, and zerovalent iron65. Notably, 

except for the exogenous input from wastewater, around 20% of residual antibiotics in the 

aquatic environment originate from sediment release.66 The settlement characteristics of M-Y 

zeolite allow it not only remove antibiotics from the aqueous phase but also potentially inhibit 

their release from sediments through physical isolation and chemisorption at the water-sediment 

interface. Moreover, the application of M-Y zeolite in water and wastewater treatment as a 

molecular sieve enables the concentration of adsorbed pollutants from contaminated water. The 

organic chemicals can subsequently be recovered through desorption or further treated through 
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biological/chemical processes at higher concentrations. Nevertheless, the complexity of 

pollutant constituents in real water bodies, including hydrocarbons and heavy metal ions, 

introduces additional challenges. While M-Y zeolite shows promise in removing these 

pollutants through complexation, pore filling, and electrostatic interaction, further research is 

needed to fully elucidate the mechanisms and optimize the material's performance. At last, to 

enhance the adsorption performance of M-Y zeolite and extend its application (e.g. blocking 

and inhibiting effects), other convenient and cost-effective synthesis methods could be 

developed in future study. 

5. Conclusions 

This study developed a Y-zeolite with a mesoscale pore size of 3.16 nm and a large surface area 

of 516 m2·g-1 through hydrothermal preparation, enabling effective TC adsorption. The kinetics 

and isotherm studies indicated that the TC adsorption involved multilayer chemisorptive 

interactions, with the process being controlled by liquid film diffusion and intraparticle 

diffusion. Regeneration experiments over four cycles confirmed the reusability of M-Y zeolite. 

While tests in real water samples at a concentration of 10 mg·L-1 showed a slight reduction in 

removal efficiency due to competing ions and organic matter, M-Y zeolite achieved > 99% TC 

removal at low concentrations (0.1 and 1 mg·L-1). The analysis of the adsorption process and 

alternations in the physicochemical properties of M-Y zeolite suggested that pore filling effect 

and electrostatic interaction were responsible for the adsorption. Moreover, based on the UV-

Visible, XPS, and FTIR spectra, complexation between the amide groups on TC and aluminium 

on M-Y zeolite was another essential mechanism for the adsorption. In summary, this study 
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offers a solid theoretical foundation for the practical application of mesoporous molecular sieve 

material for antibiotic adsorption and supports subsequent resource recovery and remediation 

efforts. 
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Text S1. Materials 

The chemical reagents used for the experiments included: aluminum isopropoxide (94 wt%, 

Maclin Biochemical Technology Co.), tetraethylammonium hydroxide (TEAOH, 35 wt% in 

H2O, Sigma-Aldrich Co.), sodium hydroxide (99.9%, Maclin Biochemical Technology Co.), 

tetraethyl orthosilicate (TEOS, 99.99%, Maclin Biochemical Technology Co.), sodium 

aluminate (AR, Maclin Biochemical Technology Co.), tetrabutylammonium hydroxide 

(TBAOH, 40 wt% in H2O, Sigma-Aldrich Co.), [3 - (trimethoxysilyl)propyl] 

octadecyldimethylammonium chloride (TPOAC, 40 wt% in methanol, Maclin Biochemical 

Technology Co.), silica gel (99 wt%, 200-300 mesh, Maclin Biochemical Technology Co.), 

tetracycline (TC, Shanghai Aladdin Industrial Co.), and hydrochloric acid (HCl, Sinopharm 

Chemical Reagent Co.). 
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Text S2. Characterisation 

The specific surface areas, average pore sizes, and pore volumes of the M-Y zeolite were 

determined using a pore size analyser (ASAP2460, Micromeritics Co., Ltd, USA). The 

Brunauer-Emmett-Teller (BET) model was applied to determine the surface area at a relative 

pressure ranging from 0 to 1. The total volume (Vtotal) and mesopore volume (Vmeso) were 

calculated using the t-plot model. The surface microstructure morphology and elemental 

composition were measured by a scanning electron microscope (SEM) (SU8010, Hitachi Co., 

Ltd, Japan) and Energy Dispersive Spectrometer (EDS), respectively. Zeta potential 

measurements were performed to determine the surface charge at pH 3-10 by a Zetasizer Nano 

ZS (90Plus PALS, Malvern Instrument Co., Ltd. UK). An X-ray powder diffractometer (XRD) 

(SmartLab, Rigaku Co., Ltd, Japan) was applied to detect the crystallographic structures with 

Cu-Kα radiation (λ=0.15406 nm) at 45 kV and 200 mA in the 2θ range of 5° to 40°. The 

functional group composition before and after adsorption was identified by a Fourier Transform 

Infrared (FTIR) spectrometer (Nicolet iS50, Thermo Fisher Scientific Co., Ltd, USA) in the 

wavenumber range of 400 to 4000 cm-1 with a resolution of 4 cm-1. Moreover, the surface 

chemical compositions and binding energies of each element before and after adsorption were 

analysed by X-ray photoelectron spectroscopy (XPS) (K-Alpha, Thermo Fisher Scientific Co., 

Ltd, USA), with a C 1s reference peak at 284.6 eV used for peak position calibration. 
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Text S3. UV-Visible spectroscopy 

In addition to the previously mentioned materials characterisations before and after the 

adsorption tests, UV-Visible spectra of TC were also conducted at the wavelengths ranging 

from 200 to 600 nm to investigate the adsorption mechanisms of TC on M-Y zeolite. The tests 

were conducted under different conditions: (1) 100 mg·L-1 TC solution; (2) 1 g·L-1 M-Y zeolite 

mixed with TC solution until adsorption equilibrium was reached. To avoid interference from 

M-Y zeolite particles, the absorbance of a 1 g·L-1 M-Y zeolite solution was used as the 

background correction; (3) 100 mg·L-1 TC solutions with AlCl3 (molar ratio of TC: Al3+ = 1:10); 

(4) 100 mg·L-1 TC solutions with SiO2 (molar ratio of TC: Si = 1:10); (5) 100 mg·L-1 TC 

solutions with NaCl (molar ratio of TC: Na+ = 1:10); (6) the filtrate of 100 mg·L-1 TC after 

adsorption by M-Y zeolite. 
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Text S4. Adsorption kinetics models 

In this study, the pseudo-first-order1 and pseudo-second-order2 kinetic models were used to fit 

the data in the adsorption kinetics experiment. The correlation parameter (R2) obtained from 

linear fitting was used to judge the fitting degree of kinetics and evaluate the quality of the 

kinetic models. The pseudo-first-order and pseudo-second-order kinetic models can be 

represented by the following equations (1) and (2), respectively. 

𝑞𝑞𝑡𝑡 = 𝑞𝑞𝑒𝑒 − 𝑞𝑞𝑒𝑒𝑒𝑒−𝑘𝑘1𝑡𝑡  (1) 

𝑡𝑡
𝑞𝑞𝑡𝑡

= 𝑡𝑡
𝑞𝑞𝑒𝑒

+ 1
𝑘𝑘2𝑞𝑞𝑒𝑒2

  (2) 

where qt (mg·g-1) and qe (mg·g-1) represent the adsorption capacities of tetracycline (TC) at time 

t (min) and equilibrium time (min), respectively. k1 (min-1) and k2 (min-1) are the rate constants 

of the pseudo-first-order and pseudo-second-order, respectively. 

In order to further investigate the diffusion process of TC during adsorption, it is necessary to 

identify the rate-controlling step in the adsorption process. Therefore, the Weber-Morris intra-

particle diffusion model3 (equations (3)) was applied to fit the data. This model proposes that 

the adsorption process is controlled by the diffusion of adsorbate molecules into the pores of 

the adsorbent. According to the model, the amount of adsorbate uptake varies linearly with the 

square root of time.4, 5 The mathematical expression for the model is as follows: 

𝑞𝑞𝑡𝑡 = 𝑘𝑘𝑖𝑖𝑡𝑡1/2 + 𝐶𝐶  (3) 

where ki is the intra-particle diffusion constant (mg ·g · -1 ·min-1/2), and C is the intercept, 

representing the thickness of the boundary layer (mg·g-1). 
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Text S5. Adsorption isotherm models 

In this study, the Langmuir6 (equations (4)), Freundlich7 (equations (5)) and Temkin8 (equations 

(6)) isotherm models were used to describe the adsorption process.  

The Langmuir isotherm is based on the ideal monolayer adsorption theory, which assumes that 

adsorption occurs on a homogeneous surface with a fixed number of adsorption sites.9 The 

model can be mathematically expressed as: 

𝑞𝑞𝑒𝑒 = 𝑞𝑞𝑚𝑚
𝐾𝐾𝐿𝐿𝐶𝐶𝑒𝑒

1+𝐾𝐾𝐿𝐿𝐶𝐶𝑒𝑒
  (4) 

where qm (mg·g-1) is the saturated monolayer adsorption capacity; qe (mg·g-1) is the adsorption 

capacity of M-Y zeolite for TC at equilibrium; Ce (mg·L-1) is the the TC concentration in 

solution at equilibrium; KL is the Langmuir constant. 

The Freundlich model mainly describes surface heterogeneity and the exponential distribution 

of active sites and their energies.10 The model can be mathematically expressed as: 

𝑞𝑞𝑒𝑒 = 𝐾𝐾𝐹𝐹𝐶𝐶𝑒𝑒
1 𝑛𝑛�    (5) 

where qe (mg·g-1) is the adsorption capacity of M-Y zeolite for TC at equilibrium; Ce (mg·L-1) 

is the the TC concentration in solution at equilibrium; KF is the Freundlich adsorption capacity 

constant; 1/n (dimensionless) represents adsorption intensity. The KF value provides insight into 

the adsorption capacity, where a higher KF indicates stronger adsorption capacity.11 The 

parameter 1/n reflects the energetic heterogeneity of the system.12 When 0 < 1/n < 1, the 

adsorption process is considered favorable.13 

The Temkin isotherm model assumes that the heat of adsorption decreases linearly with 

increasing surface coverage.14 The model can be mathematically expressed as: 

𝑞𝑞𝑒𝑒 = 𝐵𝐵𝐵𝐵𝐵𝐵(𝐾𝐾𝐶𝐶𝑒𝑒)   (6) 

where qe (mg·g-1) is the adsorption capacity of M-Y zeolite for TC at equilibrium; Ce (mg·L-1) 

is the the TC concentration in solution at equilibrium; B (J·mol-1) is the Temkin constant related 

to heat of adsorption; and K (L·mg-1) is the Temkin equilibrium binding constant. 
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Text S6. Thermodynamic parameters calculation  

The adsorption process involves energy changes caused by intermolecular interactions, and its 

characteristics can be explored through thermodynamic analysis. The energy changes during 

adsorption reflect the alternations of adsorption equilibrium at different temperatures, which 

can be expressed by thermodynamic parameters such as Gibbs free energy change (ΔG), 

enthalpy change (ΔH), and entropy change (ΔS). The ΔG indicates the spontaneity and 

feasibility of the adsorption process, which can imply the adsorption reaching equilibrium with 

or without external energy input.15 The ΔH is defined as the heat exchange during adsorption 

at constant pressure. Positive ΔH typically indicates endothermic processes, while negative ΔH 

suggests exothermic processes.15, 16 The ΔS reflects the change in randomness in the system 

during adsorption. A positive ΔS suggests increased randomness at the solid/liquid interface.17 

These thermodynamic parameters can be calculated using the following formulas: 

∆G = −𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝐾𝐾𝑐𝑐  (7) 

ln𝐾𝐾𝑐𝑐 = ∆S
𝑅𝑅
− ∆H

𝑅𝑅𝑅𝑅
  (8) 

where T (K) is the temperature; R (8.314 J·mol-1·K-1) is the ideal gas constant; and Kc is the 

adsorption distribution coefficient. 
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Text S7. Desorption and re-adsorption experiments 

The used adsorbent was recovered by ultrasonic treatment in 100 mL of 0.01 M NaOH solution 

for 30 min, followed by oscillation at 200 rpm at 298 K for 2 h. After desorption, the adsorbent 

was separated by centrifuging at 8000 rpm for 20 min and washed with ultrapure water. The 

adsorbent was then dried at 333 K for 12 h. For re-adsorption, the recovered adsorbent was 

introduced into 200 mL of a 100 mg·L-1 TC solution at pH 7. This adsorption-desorption cycle 

was repeated four times to evaluate the reusability of M-Y zeolite. 
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Figure. S1. The pore size distribution (a) and N2 adsorption–desorption isotherm (b) of M-Y 

zeolite 
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Figure. S2. EDS elemental mapping of M-Y zeolite before adsorption (a1-a5) and after 

adsorption (b1-b6). 
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Table S1 

Selected water quality parameters for real water samples 

Water quality parameters Tap water Lake water Secondary effluent 

Total phosphorus (mg·L-1) 0.03 0.14 0.38 

Labile phosphorus (mg·L-1) <DL 0.03 0.04 

Total nitrogen (mg·L-1) 0.15 0.38 3.66 

Ammonia nitrogen (mg·L-1) 0.04 0.21 0.46 

DO (mg·L-1) 6.51 5.88 5.11 

COD (mg·L-1) <DL 1.8 14.7 

Average particle diameter (μm) <DL 15.71 48.98 

Turbidity (NTU) 0.05 0.67 13.4 

pH 7.25 8.01 7.84 

DL: detection limit. 
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Table S2 

Specific surface area and pore size distribution of M-Y zeolite 

Material 
SBET 

(m2·g-1) 

Vmeso 

(cm³·g-1) 

Vtotal 

(cm³·g-1) 

Daverage 

(nm) 

M-Y zeolite 515.97 0.20 0.41 3.16 
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Table S3 

EDS data of M-Y zeolite before and after adsorption 

Element 
Weight (%) 

Before adsorption After adsorption 

O 59.62 59.16 

Si 37.70 35.32 

Al 2.43 3.42 

Na 0.25 0.23 

N - 1.87 

-: not detected 
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Table S4 

The comparison of adsorption capacity of different adsorbents for TC. 

Adsorbent 
C0 

(mg·L-1) 
Dosage 
(mg·L-1) 

T (℃) 
Time 

(h) 

Qe 
(mg·g-

1) 
Reference 

Fe/Mn oxides loaded 
biochar 

80 1 25 2 13 
Zhang et 

al18. 
Magnetic molecularly 

imprinted 
nanoparticles 

300 1 25 12 13 Dai et al.19 

Goethite 30 1 25 48 18 Zhu et al.20 
HCl-modified zeolite 89 2 30 20 20 Zou et al.21 
Microscale zerovalent 

iron 
60 0.4 60 8 24 

Hanay et 
al.22 

Mesoporous Y-zeolite 200 1 45 60 88 This study 
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