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A B S T R A C T

ZIF-67 nanoparticles were synthesized by a simple method at room temperature and used to
remove chlortetracycline hydrochloride (CTC) and doxycycline hydrochloride (DOX) from water.
ZIF-67 was characterized by scanning electron microscopy (SEM), transmission electron micro-
scopy (TEM), fourier transform infrared spectroscopy (FT-IR), Brunauer-Emmett-Teller (BET)
surface area, X-ray photoelectron spectroscopy (XPS), thermogravimetry (TGA) and zeta potential
analyzer. The morphology and chemical composition of the synthesized ZIF-67 were character-
ized. The effects of key parameters such as pH, dosage, temperature, contact time, different initial
concentrations and coexisting ions on the adsorption behavior were systematically studied. The
results of batch adsorption experiments indicate that the adsorption process conforms to the
pseudo-second-order kinetic model and Sips model. At 303K, the removal rates of CTC and DOX
at 150 mg/L reached 99.16 % and 97.61 %, and the maximum adsorption capacity of CTC and
DOX reached 1411.68 and 1073.28 mg/g, respectively. At the same time, ZIF-67 has excellent
stability and reusability. Most importantly, the possible adsorption mechanism is proposed by
exploring the changes of SEM, TEM, BET and FT-IR characterization results before and after the
reaction, which mainly includes pore filling, electrostatic interaction and π-π interaction. The
prepared ZIF-67 has a large specific surface area (1495.967 m2 g− 1), achieves a high removal rate
within a short time frame, and maintains a high removal rate across a wide pH range. These
characteristics make ZIF-67 a potentially promising adsorbent for removing antibiotics from
aqueous solutions.

1. Introduction

In recent years, the issue of water pollution has emerged as a serious problem facing the whole world particularly antibiotics, are
among the persistent pollutants that have received widespread attention [1]. The discovery of antibiotic treatment was a significant
medical breakthrough of the 20th century. However, due to their low cost and excessive use, antibiotics are now pervasively present in
the biological chain [2], which seriously affects the health of humans and animals. Furthermore, antibiotics have been detected in
sewage treatment plants and natural water [3,4], thereby posing a serious threat to the living environment of humans and animals.
Among all kinds of antibiotics, tetracycline antibiotics are the second most produced and used in the world, and due to their chemical
nature, most antibiotics can be protonated/deprotonated at different pH, leading to their widespread presence in diverse environments
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[5,6]. Specifically, CTC and DOX are inexpensive tetracycline antibiotics that are widely used in modern society to prevent bacterial
growth and protein synthesis [7–9]. Tetracycline antibiotics have also been reported as toxic hazards to humans, such as acute
pancreatitis, fatty liver, bilirubin, elevated triglycerides, etc [10]. Therefore, it is necessary to develop efficient and economically
feasible methods to remove antibiotics from water.

Currently, various methods are employed to remove antibiotics from water. The main methods of removing antibiotics from water
are adsorption [11–16], photocatalysis [17–21], electrochemical method [22], biodegradation method [23,24], ozonation technique
[25], membrane separation [26] and others. Among these, adsorption is considered to be one of the most effective methods for
removing antibiotics from water, owing to its economical, efficient, simple operation and high repeatability [3,27–32]. A variety of
adsorbent materials are used as adsorbents for antibiotics [6,33–36]. For instance, Hao et al. [37] used nanocomposites of zero-valent
iron@biochar removed oxytetracycline, chlortetracycline and tetracycline from the water with adsorption capacities of 52.7, 42.5 and
39.1 mg/g, respectively. Egbedina et al. [38] utilized CTAB-activated Carbon from Peanut Husks to remove tetracycline and amox-
icillin from water with a maximum adsorption capacity of 272 and 305 mg/g, respectively. However, these adsorbents often come with
limitations such as low adsorption removal rates and complex synthesis methods, underscoring the urgent need for adsorbents with
high efficiency and simple synthesis approaches.

Metal-organic frameworks (MOFs), an emerging kind of porous material, are composed of crystalline materials that are self-
assembled by metal ions or metal clusters and organic ligands [3]. Hundreds of different MOFs have been developed for applica-
tions in the fields of gas separation, gas storage, energy storage, adsorption and catalysis [39–41]. Due to its large specific surface area
[33,42], large pore volume [43], adjustable [44,45] and easy functionalization [46], these characteristics make it widely used in the
field of adsorbing antibiotics. ZIF-67 is one of the most widely studied materials in the MOFs family and has been used in the field of
adsorption. Lin et al. [47] used ZIF-67 to remove malachite green (MG) from water, showcasing an extremely high adsorption capacity
of 2430 mg/g at 20 ◦C, which is attributed to the π-π interaction between MG and ZIF-67. Nevertheless, literature on the removal of
CTC and DOX using ZIF-67 remains scarce.

In this work, ZIF-67 was synthesized through a straightforward method and applied for the removal of CTC and DOX in water. By
investigating parameters, optimal experimental conditions were established and applied to batch experiments. A variety of charac-
terization methods including SEM, TEM, BET, FT-IR, XRD, XPS and TGA were then used to understand the properties of ZIF-67. At the
same time, adsorption kinetics and adsorption isotherm were used to elucidate the adsorption process.

2. Materials and methods

2.1. Materials and regants

Cobalt nitrate hexahydrate (Co(NO3)2⋅6H2O, 99 %) and 2-Methylimidazole (C4H6N2, 98 %) were acquired from Shanghai Macklin
Biochemical Co., Ltd. Methanol (CH3OH, AR) was sourced from Tianjin Xinbote Chemical Co., Ltd. Absolute ethanol (C2H5OH, AR)
were obtained from Tianjin Jindong Tianzheng Fine Chemical Reagent Factory. CTC (C22H23ClN2O8⋅HCl, 99.9 %) and DOX
(C22H24N2O8⋅HCl, 98 %) were supplied by Shanghai yuanye Bio-Technology Co., Ltd. All chemicals were used as received without
further purification. Deionized (DI) water produced in the laboratory was used throughout the experiments.

2.2. Synthesis of ZIF-67

ZIF-67 was synthesized according to the method already reported with some modifications [48]. Firstly, 1.35g cobalt nitrate
hexahydrate was dissolved in 9 mL deionized (DI) water. Subsequently, 16.5g 2-methylimidazole was dissolved in another beeker
containing 60 mL of DI water. The two solutions were mixed and stirred continuously at room temperature for 6h. The resulting purple

Fig. 1. Synthesize ZIF-67 flow chart.
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solution was centrifuged, the collected purple precipitate was then washed several times with methanol, and finally dried overnight at
80 ◦C. The synthesis process is shown in Fig. 1.

2.3. Adsorption experiments

Batch adsorption experiments were conducted to analyze the adsorption capacity of ZIF-67. Specifically, 10 mg of ZIF-67 was
dispersed in 20 mL of CTC and DOX solutions, respectively. Both antibiotics were dissolved in DI water to prepare a stock solution of
1500 mg/L, which was then diluted as needed. In the batch adsorption experiment, 150 mg/L CTC and DOX were used to investigate.
In the pH influence experiment, NaOH and HCl were used to adjust the concentration of CTC and DOX to 3–11, the contact time was
carried out within 240min, and the effect of dosage was 0.1–0.9 g/L for the experiment. The adsorption isotherm model was analyzed
at different initial concentrations (100–1300 mg/L), and the adsorption kinetics model was analyzed at 100–200 mg/L The experi-
ments were carried out in a thermoshaker set to a predetermined temperature and agitated at 150 rpm to prevent any limitation due to
liquid-to-solid transfer. After the adsorption experiment, the solution was filtered through a 0.22 μm membrane. The residual con-
centrations of CTC and DOX were determined by UV–VIS spectrophotometry. All experiments were repeated three times. The equi-
librium adsorption capcity and removal efficiency of ZIF-67 for antibiotics were calculated using Eqs. (1) and (2), respectively.

qe =
C0 − Ce

m
× v (1)

R(％)=
C0 − Ce

C0
× 100 (2)

where, qe (mg g− 1) is the equilibrium adsorption capacity that reaches equilibrium, C0 (mg L− 1) is the initial concentration of the
antibiotic, Ce (mg L− 1) is the remaining concentration when reaching equilibrium, m (g) is the mass of the adsorbent added, and v (L) is
the volume of the antibiotic.

2.4. Regeneration and reusability

After the adsorption experiment, ZIF-67 crystals were collected, and washed with ethanol for several times, then collected again.
After drying, the crystals were stored for subsequent experimental cycles.

2.5. Characterization technique

The synthetic samples were characterized and analyzed by various characterization techniques. The crystal phase of the obtained
sample was characterized by XRD and scanning 2θ range 5–40◦. The morphology of the samples was detected by SEM (ZEISS,

Fig. 2. SEM and TEM of ZIF-67 (a) and (b), after CTC (c) and (d), after DOX (e) and (f).
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Germany) and TEM (Hitachi, Japan). The presence of various special functional groups in the samples was verified by FT-IR (Perki-
nElmer, USA). The N2 adsorption-desorption isotherms (Quantachrome, USA) experiments were performed, which helped determine
the BET surface area and pore size distribution of the sample. The surface element composition and chemical state of the material were
studied by XPS (Thermo, USA). The Nano ZS90 nm Particle Size Meter (Malvern, UK) provided zeta potential measurement. The
thermal properties of ZIF-67 were analyzed by TGA. T6 spectrophotometer (Beijing, China) was used to determine the concentration of
CTC and DOX solution and PHBJ-260 instrument (Shanghai, China) was used to determine the pH of the solution.

3. Results and discussion

3.1. Characterization of the ZIF-67

The morphology of ZIF-67, both before and after the reaction, was thoroughly examined by SEM and TEM, with the findings
illustrated in Fig. 2. As can be seen from Fig. 2(a) and (b), the synthesized material has smooth outer surface and uniform size in
150–300 nm, and a typical rhombohedral morphology. These characteristics align closely with those reported in previous studies [49,
50]. Fig. 2(c–f) reveal that the morphology of the nanocrystals after the reaction with CTC and DOX does not change significantly.
Compared with (a), the surface of (c) (e) is rougher. Furthermore, TEM images post-reaction highlight that the edges of the ZIF-67
crystals appear blurred, and a coating of contaminants is visible, signifying the adsorption of contaminants onto the ZIF-67 nano-
particles. In addition, TEM images after the reaction showed that the crystal edges of ZIF-67 became blurred and could be seen to be
coated with contaminants, indicating that contaminants were adsorbed on the ZIF-67 nanoparticles.

The XRD pattern of ZIF-67 crystal, before and after the reaction, is presented in Fig. 3 (a). The XRD pattern confirms the crystal
structure of the synthesized material. Fig. 3 (a) shows that the characteristic peaks are located at 7.3◦ (011), 10.3◦ (002), 12.7◦ (112),
14.6◦ (022), 16.4◦ (013), 18.0◦ (222), 22.1◦ (114), 24.5◦ (233), 25.6◦ (224), 26.6◦ (134), 29.6◦ (044), 30.5◦ (334), 31.4◦ (244), 32.3◦

(235) [47,51]. After the reaction, the strength of the characteristic peak of the material is obviously reduced, and the original char-
acteristic structure of ZIF-67 crystal is maintained. This reduction in peak intensity and slight shift in their positions, due to the
adsorption of CTC and DOX, suggests that the material’s structure remains stable, marking it as a promising candidate for further
applications. Due to the adsorption of CTC and DOX, the intensity of characteristic peaks decreased significantly and their positions
shifted slightly. It shows that the structure of the material is stable and it is a promising material for removing both antibiotics. The
functional groups of the adsorbent before and after the reaction were analyzed by FT-IR. As illustrated in Fig. 3 (b), the sharp peak of
the adsorbent at 425 cm− 1 corresponds to the Co-N bond vibration of ZIF-67, indicating a successful connection between Co and N in
2-methylimidazole [52,53]. The characteristic peaks at 600-1500 cm− 1 are caused by the stretching and bending patterns of imidazole
rings [47,51,54]. Additionally, the peak at 1632 cm− 1 is identified as the C=N band, and peak at 1457 cm− 1 is related to the C=C of the
imidazole group [55]. The absorption peaks at 2925 cm− 1 and 3134 cm− 1 are influenced by the C-H bands on the methyl and imidazole
rings, respectively. The wide band at 3435 cm− 1 can be attributed to the stretching vibration of the -OH group [56,57]. The infrared
spectrum after the reaction of adsorbents and antibiotics is shown in Fig. 3 (b), which functional group changes can be observed. After
the reaction of ZIF-67 with CTC, the main functional groups did not change significantly, indicating the stability of the material. A new
characteristic peak appeared at 1049 and 1090 cm− 1, indicating that C-O functional groups were bound to the surface of the adsorbent
[58]. In addition, a new peak was observed at 1598 cm− 1 and 1596 cm− 1, and a peak enhancement at 1415 cm− 1, which are attributed
to the stretching vibration of the C=C bond in the antibiotic [59], confirming the presence of CTC and DOX in ZIF-67.

The structural characteristics of the prepared samples were investigated by the N2 adsorption-desorption isotherms (Fig. 3 (c) (d)).
It can be observed from Fig. 3 (c) that the adsorption capacity of the prepared sample increases sharply under low pressure and then
increases slowly. This is a typical feature of a type I adsorption isotherm, which indicates the presence of microporous materials [54].
As proved in Fig. 3 (d) that ZIF-67 mainly has microporous and mesoporous structures. The specific surface area and pore charac-
teristics of the synthetic materials before and after the reaction are summarized in Table 1. The prepared ZIF-67 has a high specific
surface area (1495.967 m2 g− 1), the specific surface area and pore volume of ZIF-67 after the reaction were investigated, and it was

Fig. 3. ZIF-67 before and after reaction (a) XRD; (b) FTIR; (c) N2 adsorption-desorption isotherms of ZIF-67; (d) pore size distribution curves of
ZIF-67.
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found that the changes were reduced, which indicated that the pores in ZIF-67 were blocked during the reaction [60]. This implies that
the pore-filling effect may also enhance the adsorption process. It can be inferred from the above that the pore filling effect may also
have a certain promoting effect in the adsorption process.

To delve into the chemical state ZIF-67, XPS was performed. Fig. 4(a–e) displays the XPS spectra of ZIF-67, including the full
spectrum and individual spectra for C, N, O, and Co elements. In Fig. 4 (a), peaks corresponding to Co2p, O1s, N1s, and C1s can be
observed, and consistent with the reported literature [61]. The Co2p spectra, shown in Fig. 4 (b), can be deconvoluted into four peaks.
The peaks at 781.7 eV and 797.2 eV are attributed to Co3+, while those at 788.5 eV and 804.1 eV belong to Co2+. Specifically, the
binding energy of 781.7eV and 788.5eV correspond to Co2p3/2, while 797.2eV and 804.1eV belong to Co2p1/2 [54,62]. The O1s
spectrum primarily exhibits two peaks. The peak at 531.97eV is assigned to C-O bonds, while the peak at 533.1eV corresponds to,
O-H/C-O-C groups [63]. In the C1s spectrum, peaks at 284.65, 286.05 and 288.62eV represent the C=C/C-C, C=N/C-N and C=O
functional groups, respectively [64]. Finally, the N1s spectrum shows two characteristic peaks at 398.75 and 400.2eV, corresponding
to C-N and C=N bonds, respectively [63].

The thermal stability of ZIF-67 was analyzed by TGA detection technique in N2 atmosphere, and the resulting TGA curve is pre-
sented in Fig. 4 (f). It can be observed from the figure that the weight loss curve of ZIF-67 has two main weight loss peaks, which is
similar to the literature [65]. ZIF-67 demonstrates good thermal stability below 260 ◦C. The mass loss of approximately 25 % observed
at 260–480 ◦C is primarily attributed to the decomposition of solvents and small molecules [66]. The 47 % mass loss at 480–670 ◦C is
mainly due to the collapse of the ZIF-67 structure as the material begins to decompose [67]. These results confirm the good thermal
stability of ZIF-67.

3.2. Bath experimentals

3.2.1. Effect of pH
The pH value of the solution is an important factor affecting the adsorption effect of the adsorbent. It plays a crucial role in the

whole experiment. To investigate this, 150 mg/L CTC and DOX solutions with pH range of 3–11 were used to explore the influence on
adsorption efficiency, and Fig. 5 (a) depicts the experimental results. Fig. 5 (a) despits that ZIF-67 is prominent for both CTC and DOX
removal capacity over a broad pH value. Fig. 5(b) demonstrates the zeta potential of ZIF-67 at different pH conditions, and it is
concluded that the zero point occurs at pHpzc = 10.6. When the pH of ZIF-67 is less than 10.6, the material surface is positively charged,
and when the pH of ZIF-67 is greater than 10.6, the material surface is negatively charged. For CTC, when pH is 3–4, the removal rate
increases slowly, the highest removal rate appears at pH = 4 (99.16 %), and gradually decreases at pH = 5–11. Within the pH value of
3–9, the removal rate is all above 90 %. For DOX, when pH = 3–8, it shows an upward trend, the highest removal rate appears at pH = 8
(97.61 %), and then slowly decreases at 9–11, the removal rate exceeds 95 % within the pH value of 3–10. The morphology of CTC and
DOX in aqueous solution changes with pH value. CTC has three acid dissociation constants (pKa1 = 3.33, pKa2 = 7.55, pKa3 = 9.33), and
CTC is mainly divided into four types: CTCH3

+ (pH < 3.3), CTCH2
±(3.3<pH < 7.5), CTCH− (7.5 < pH < 9.3), and CTC2− (pH > 9.3) [58].

Similarly, there are three acid dissociation constants for DOX, which are pKa1 = 3.5, pKa2 = 7.7, pKa3 = 9.5 [11]. And the main four
molecular structure of DOX at different pH values: DOX+ (pH < 3.5), DOX− (3.5<pH < 7.7), DOX0 (7.7<pH < 9.5), DOX2− (pH > 9.5).
When pH = 3, CTC and DOX solution are positively charged, and the adsorbent surface is negatively charged, so the adsorption effect is
slightly lower. When pH = 4–7, the surface of CTC becomes neutral, the surface of DOX becomes negative, and the removal rate is
enhanced due to electrostatic interaction. Similarly, when pH = 8–9, the surface of DOX becomes neutral, the surface of CTC becomes
negative, and the removal rate is enhanced due to electrostatic interaction. At pH = 11, both the adsorbents and antibiotics carry a
negative charge, resulting in increased electrostatic repulsion a consequent drop in removal efficiency. According to zeta potential
analysis, the highest charge removal efficiency is anticipated at pH 10. This indicates that the strong electrostatic interaction plays an
important role in the adsorption of CTC and DOX by the prepared adsorbents, but it cannot be attributed only to the electrostatic
interaction. Therein, both CTC/DOX and ZIF-67 contain aromatic ring structure, it is possible that the aromatic structure in CTC and
DOX interacts with the π-π interaction in the benzene ring in ZIF-67. As can be seen from the above, in addition to electron interaction,
π-π interaction may also controls the adsorption reaction process.

3.2.2. Effect of dosage
Fig. 5 (c) displays the effects of different dosing amounts of adsorbents on the removal rates of CTC and DOX. With the dosing rate

increasing from 0.1 to 0.9 g/L, the removal rates of CTC and DOX increased from 98.34 % and 95.97 % to 99.25 % and 98.19 %,
respectively. This can be attributed to the increase of active sites on the surface of the adsorbent, allowing more pollutant molecules to
be adsorbed on the adsorbent surface. The balance was maintained at 0.5–0.9 g/L, so 0.5 g/L was chosen as the dosage for subsequent
experiments.

Table 1
Structural characteristics of ZIF-67.

Sample BET surface area (m2 g− 1) Pore volume (cc g− 1) Pore width (nm)

ZIF-67 1495.967 0.752 0.926
After CTC 916.249 0.632 0.852
After DOX 1001.630 0.636 0.926

K. Li et al.
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Fig. 4. XPS spectra of ZIF-67 before and after the reaction(a) survey of ZIF-67; (b) Co2p; (c) O1s; (d) C1s; (e) N1s; (f) TGA curve of ZIF-67.

Fig. 5. (a) The removal efficiency of CTC and DOX in different pH, (b) the zeta potential of ZIF-67, (c) the removal efficiency of CTC and DOX in
different dosage, (d–e) the removal efficiency and equilibrium adsorption capacity different temperature of CTC and DOX, (f) and (g) the structural
formula of CTC and DOX.
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3.2.3. Effects of temperature and contact time
Fig. 5(d and e) shows the removal efficiency of 150 mg/L of CTC and DOX at 293K, 303K, and 313K. When the reaction temperature

increases, the adsorption efficiency also increases at the same time, and the time to reach the equilibrium is shortened. The final
equilibrium removal rate also increases. The final equilibrium removal rate of CTC increased from 99.06 % (297.18 mg/g) to 99.58 %
(298.75 mg/g), and the removal rate of DOX increased from 97.04 % (291.13 mg/g) to 98.5 % (295.55 mg/g). The time for CTC to
reach equilibrium is shorter than that for DOX. Under the condition of 303K, the removal rate of ZIF-67 for CTC reached 98.34 % at the
beginning of 30min, while the removal efficiency for DOX reached 96.17 % at the beginning of 60min. This also shows that the
prepared adsorbent not only has a high removal efficiency of both CTC and DOX antibiotics, but also shows that the material can
remove pollutants quickly. The adsorption reaction of CTC and DOX on ZIF-67 is an endothermic reaction.

3.3. Adsorption kinetics

Before the adsorption kinetics experiment, the experimental parameters were optimally selected, and the kinetic adsorption
experiment was carried out at 303K and 0.5 g/L. The changes of adsorption capacity of ZIF-67 at the initial concentration of CTC and
DOX are shown in Fig. 6. With the concentration increasing from 100 to 200 mg/L, the adsorption capacity of CTC and DOX increased
from 198.55 to 397.18 mg/g and 196.94 to 394.89 mg/g, respectively. Among them, the adsorption removal rate of the two antibiotics
was above 95 %. It can also be observed from Fig. 6 that antibiotics with lower concentrations take less time to reach equilibrium. The
adsorption rate experiences a rapid ascent within the initial 30 min, attributed to the pollutant molecules occupying the plentiful active
sites on the adsorbent [68,69]. The rate moderates between 30 and 60 min as the reduction in available active sites slows the
adsorption rate, with equilibrium nearly reached thereafter.

In order to further explore the adsorption process of antibiotic pollutant molecules on adsorbents, three classical models were used
to fit the experimental data, namely the pseudo-first-order model, the pseudo-second-order model and the intra-particle diffusion
model. The fitting image is shown in Fig. 6, and the fitting parameters are summarized in Table 2. The equations for the three models
are as follows Eqs. (3)–(5), respectively [58,70]:

qt = qe
(
1 − e− k1 t

)
(3)

qt =
k2qe2t

1 + k2qet
(4)

qt = kit
1
2 + Ci (5)

where qe (mg/g) is the adsorption capacity of CTC and DOX at the equilibrium time; qt (mg/g) is the adsorption capacity of CTC and
DOX at the time t (min); k1 (min− 1) and k2 (g mg− 1 min− 1) are the constants of the pseudo-first-order model and pseudo-second-order

Fig. 6. The data fit curves on the adsorption kinetic models of (a–c) CTC, (d–f) DOX.

K. Li et al.
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model, respectively. ki (mg (g min1/2)− 1) is the rate constant of intra-particle diffusion model; Ci (mg g− 1) is a constant related to the
thickness of boundary layer in intra-particle diffusion model.

Noticeably, according to the R2 results of the fitting results, the pseudo-second-order kinetic model can better describe the
adsorption process of CTC and DOX on ZIF-67, which means that chemisorption dominates the adsorption process [71,72]. The
intra-particle diffusion model is used to further understand the rate-controlling processes involved, it can be observed from Fig. 6 (c)
and (f) that the entire adsorption process can be divided into three stages. The first stage is the rapid adsorption stage boundary layer
diffusion, which is due to the diffusion of CTC and DOX from the solution to the surface of ZIF-67. The second stage is slower membrane
diffusion, where CTC and DOX molecules are diffused from the outer surface to inner pore and capillary structure of ZIF-67. And the
third stage is the final adsorption equilibrium stage [5,73]. In addition, the fitted curve does not pass through the origin, indicating that
intraparticle diffusion is not the only rate-limiting step [58].

3.4. Adsorption isotherms and thermodynamic

To understand the impact of varying initial concentrations (100–1300 mg/L) of CTC and DOX on adsorption behaviors, the
Freundlich, Langmuir, Temkin, and Sips models were applied to fit the experimental data, represented by Eqs. (6)–(9) respectively [1,
59,70]:

Freundlich model:

qe =KFCe
1/n (6)

where qe (mg/g) is the equilibrium adsorption capacity of CTC and DOX; qm (mg/g) is the maximum adsorption capacity; Ce (mg/L) is
the equilibrium concentration of CTC and DOX; n is the heterogeneity factor; KF (mg1-1/n L1/n g− 1) is the Freundlich constant related to
the adsorption capacity.

Langmuir model:

qe =
qmKLCe

1 + KLCe
(7)

where KL (L/mg) is the adsorption equilibrium constant of Langmuir model.
Temkin model:

Table 2
Fitting parameters of the pseudo-first-order model and the pseudo-second-order model.

Model Parameters CTC DOX

100 mg/L 150 mg/L 200 mg/L 100 mg/L 150 mg/L 200 mg/L

qe,exp 198.55 297.37 397.18 196.94 294.48 394.89

pseudo-first-order mode qe 194.78 291.70 385.89 188.48 286.92 386.56
k1 1.054 0.648 0.288 0.361 0.180 0.141
R2 0.974 0.981 0.963 0.934 0.948 0.957

pseudo-second-order model qe 198.88 301.37 403.12 196.16 302.22 409.99
k2 0.017 0.0039 0.0012 0.003 9.6*10− 4 5.4*10− 4

R2 0.999 0.998 0.992 0.982 0.976 0.978

Fig. 7. The data fit the curve to the isotherm model of (a) CTC; (b) DOX; (c) Van’t Hoff plot.

K. Li et al.



Heliyon 10 (2024) e36848

9

qe =
RT
bT

ln(aTCe) (8)

where aT is the equilibrium binding constant related to the maximum binding energy; bT is the Temkin constant connected with the
heat of adsorption (kJ⋅mol− 1); R is the gas constant (8.314 × 10− 3 kJ mol− 1 K− 1); T is the temperature (K).

Sips model:

qe =
qmasCe

1/n

1 + asC1/n
e

(9)

where as is the Sips constant related to the energy of adsorption; 1/n is the constant related to the behavior of adsorption.
The fitting results are shown in Fig. 7(a and b), and the fitting parameters are shown in Table 3. At 293K, 303K and 313K, the

adsorption amount increases with the increase of temperature, indicating that the increase of temperature is conducive to the reaction,
indicating that the reaction is endothermic.

The Langmuir model posits that the adsorbent surface is covered by a single layer of adsorption, with no interaction between the
adsorbent molecules. Conversely, the Freundlich model is better suited for describing the adsorption process in heterogeneous systems
[12]. According to the R2 value of the fitting results, the Sips model provides a more precise representation of the adsorption process of
CTC and DOX on ZIF-67, indicating that the adsorption process of CTC and DOX on ZIF-67 is a complex adsorption process, including
both monolayer adsorption at uniform binding sites and adsorption on heterogeneous surfaces [74]. Among them, Sips model fitted the
maximum adsorption capacity of CTC and DOX to 1411.68 mg/g and 1073.28 mg/g at 303K, respectively. Higher than others that
have been reported, summarized in Table 4. Temkin model has excellent fitting results for the adsorption process, with R2 above 0.87,
which indicates that the chemisorption exists between ZIF-67 and CTC and DOX molecules, but the low bT (below 0.025) values in the
fitting parameters indicate that chemical interaction is not the only adsorption mechanism [70,75].

In order to explore the thermodynamic properties of the adsorption process, thermodynamic parameters were explored at the
temperature of 293K, 303K and 313K, and the thermodynamic parameters were calculated by Eqs. (10)–(12), respectively [33,76].

ΔG0 = − RT ln kd (10)

kd =
qe
Ce

(11)

ln kd =
ΔS0

R
−

ΔH0

RT
(12)

where kd is the distribution coefficient of thermodynamic at equilibrium; R is the gas constant (8.314 × 10− 3 kJ mol− 1 K− 1); T is the
temperature (K).

The fitting results are shown in Table 5 and Fig. 7 (c). With the increase of temperature, the adsorption capacity of ZIF-67 for CTC
and DOX also increased. As can be seen from Table 4. ΔG <0, that is the adsorption of CTC and DOX is spontaneous. ΔH>0 indicates
that the reaction is endothermic. In addition, ΔS>0 indicates that the solid/liquid surface randomness increases during endothermic
reaction [33].

3.5. The influence of co-existing ions

In practical applications, wastewater contains a variety of substances, necessitating an investigation into the effects of typical ions
on the adsorption efficacy of ZIF-67 towards CTC and DOX. The effects of different cations and anions on the adsorption were

Table 3
Parameters of the isotherm models.

Model Parameters CTC DOX

293K 303K 313K 293K 303K 313K

Sips qm 1320.56 1411.68 1487.44 1059.22 1073.28 995.12
as 0.43 0.16 0.14 0.125 0.33 0.09
n 0.73 0.43 0.54 1.77 1.82 0.70
R2 0.965 0.974 0.984 0.978 0.928 0.973

Freundlich KF 552.03 612.26 638.22 222.36 369.35 432.84
n 6.49 6.67 6.61 4.63 6.32 7.33
R2 0.896 0.834 0.829 0.961 0.907 0.843

Langmuir qm 1340.41 1463.25 1541.38 872.25 962.55 1012.76
KL 0.495 0.37 0.32 0.054 0.258 0.20
R2 0.959 0.943 0.961 0.964 0.925 0.962

Temkin aT 27.29 21.65 18.59 1.41 12.94 18.42
bT 0.016 0.015 0.014 0.019 0.022 0.022
R2 0.923 0.871 0.873 0.981 0.923 0.880
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investigated. In the experiment, cationic chloride salt and anionic sodium salt were used to investigate the anti-interference ability of
ZIF-67. At an ion concentration of 20 mM, the adsorption results of CTC and DOX by Na+, K+, Al3+, and Cl− , NO3

− , SO4
2− , CO3

2− , PO4
3−

ions on ZIF-67 are shown in Fig. 8(a) and (b). It can be seen from the figure that at the antibiotic concentration of 150 mg/L, the added
Na+, K+, Cl− , NO3

− , SO4
2− ion did not markedly alter the adsorption capacity, suggesting minimal interference from these ions in the

reaction process. However, Al3+, CO3
2− and PO4

3− exhibited varying degrees of adsorption inhibition.Notably, it can be clearly observed
from Fig. 8(a and b) that Al3+ ion has a significant inhibitory effect on the adsorption of CTC and DOX, which may be attributed to the
fact that Al3+ ion has a larger hydration radius and occupies more adsorption sites, which can inhibit the adsorption behavior of CTC
and DOX on ZIF-67 [6]. For the co-existing anions, CO3

2− and PO4
3− have obvious inhibition on the adsorption behavior. CO3

2− and PO4
3−

will change the pH of the solution, which is not conducive to the adsorption reaction. The influence of coexisting ions on adsorption
behavior may be attributed to limited competition for active sites and changes in solution pH [60]. In summary, ZIF-67 also shows
excellent adsorption capacity in the presence of coexisting ions, underscoring its potential as an effective adsorbent.

3.6. Reusability of ZIF-67

In economic and environmental considerations, the reusability of the adsorbent is a crucial condition. The experiment was carried
out under the condition of three experiments (Fig. 8(c)). It can be easily observed from the figure that under the condition of three
cycles, the adsorbent still maintains a high adsorption efficiency. The adsorption efficiency of ZIF-67 for CTC decreased from 99.16 %
to 98.53 %, while the adsorption efficiency of DOX decreased from 97.61 % to 93.73 %. The results show that the adsorbent has good
recyclability and is a promising adsorbent.

4. Conclusion

In summary, ZIF-67 nanoparticles were successfully synthesized at room temperature and under green condition. And the prepared
materials were characterized by SEM, TEM, FT-IR, BET, XPS and TGA. This study extensively investigated the adsorption properties of
CTC and DOX, examining the effects of various factors like solution pH, adsorbent dosage, temperature, initial concentration, contact
time, and coexisting ions on their adsorption behaviors. The experimental results were fitted by adsorption kinetics model and
adsorption isothermal model. The pseudo-second-order kinetics model and Sips model were shown by R2 to be able to describe the
adsorption process better. Model fitting indicates that the adsorption process is controlled by chemisorption, and the adsorption
process on ZIF-67 is complex. At 303K, the maximum adsorption capacity of CTC and DOX on ZIF-67 was 1411.68 and 1073.28 mg/g,
respectively. And the high adsorption capacity of ZIF-67 for antibiotics is attributed to the specific surface area and abundant active
sites of the adsorbent. In addition, the characterization results of after reaction show that the main mechanism of adsorption process is
mainly pore filling, electrostatic interaction and π-π interaction. After three adsorption experiments, ZIF-67 still maintained high
removal rates (98.53 % and 93.73 %) of CTC and DOX. Therefore, the prepared adsorbents may have tremendous application prospects
in the direction of removing these two antibiotics.
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Table 4
Comparison of the adsorption capacity of other adsorbents.

Adsorbents Adsorbate qe (mg/g) References

MWCNT/NH2-MIL-53(Fe) CTC 254.04 [5]
graphene oxide-γ-cyclodextrin nanocomposite CTC 400.00 [10]
JLUE-MOG-Fe/Y CTC 584.83 [77]
ZIF-67 CTC 1411.68 This work
Zr-MOFs DOX 148.7 [78]
Cu-ZIF-8 DOX 379.2 [79]
LXR-BT DOX 438.75 [80]
HEC-GO/Fe-Zn DOX 16.5 [81]
ZIF-67 DOX 1073.28 This work

Table 5
Thermodynamic model parameters of CTC and DOX.

Parameters CTC DOX

293K 303K 313K 293K 303K 313K

ΔG (KJ mol− 1) − 13.04 − 13.66 − 16.06 − 10.19 − 11.77 − 12.72
ΔH (KJ mol− 1) 30.98 27.01
ΔS (J mol− 1 K− 1) 149.32 127.29
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