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a b s t r a c t
LDH@ZIF-8 composite has been synthesized via in-situ growth of zeolitic imidazolate frameworks-8 
(ZIF-8) on Zn/Al hydrotalcite. The morphology and composition of the samples were characterized 
by X-ray diffraction, Fourier-transform infrared spectroscopy, scanning electron microscope and N2 
adsorption–desorption technics. The adsorption performances of LDH@ZIF-8 sample for phthalic 
acid were investigated. The results show that the adsorption capacity of LDH@ZIF-8 could be as 
high as 508.72 mg/g at 20°C, C0 = 100 mg/g. The adsorption isotherms and adsorption kinetics were 
well described by Freundlich isotherm model and the pseudo-first-order kinetic equation, respec-
tively. In addition, recycling experiments revealed that the behavior of LDH@ZIF-8 is maintained 
after recycling for at least three times.
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1. Introduction

In recent years, with the rapid development of chem-
ical and related industries in the world, the problem of 
water pollution caused behind industrialization has become 
increasingly serious [1]. Phthalates, a common class of plas-
ticizers, are extensively used in plastic production. Their 
products are widely distributed in various industries, pos-
ing a risk of migration into the water environment. Due to 
their metabolism, they can easily accumulate in water, lead-
ing to significant water pollution issues [2]. Therefore, the 
efficient treatment of phthalic acid-containing wastewater 
has become an urgent environmental problem in the world  
today.

Usually, there are various methods used for the treatment 
of phthalic acid in water, such as biodegradation, adsorption 
separation, oxidative degradation, etc [3,4]. The adsorption 
method offers a broad range of application prospects due to 

its advantages of simple operation and low energy consump-
tion. The key factor in achieving these prospects lies in the 
development of highly efficient adsorbents. Zeolitic imid-
azolate frameworks (ZIFs), as a new class of metal–organic 
frameworks (MOFs), are metal-organic skeletal materials 
formed by assembling with divalent metals (Zn2+, Co2+, etc.) 
using organic imidazole esters or their derivatives as linking 
ligands, with a structure similar to that of traditional zeolite 
molecular sieves [5]. ZIFs not only inherit the advantages of 
MOFs, but also overcome the disadvantages of poor ther-
mal and chemical stability of MOFs to a certain extent, and 
have broad application prospects in fields such as adsorp-
tion. However, the high cost of ZIFs and the fact that they 
are mostly nanoparticles, which are difficult to be separated 
after adsorption in water, limit their large-scale applications.

Hydrotalcite layered double hydroxide (LDH) is a 
typical class of anionic layered compounds consisting of 
positively charged laminates and interlayer filled with 
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negatively charged anions, with variable composition of 
metal ions on the main laminate, charge of the main lam-
inate, type and number of intercalating anions [6]. Due to 
its unique physicochemical properties, hydrotalcite has 
been studied extensively by many researchers and has been 
widely used in the field of adsorption in recent years [7]. 
However, hydrotalcite itself has a weak adsorption capac-
ity for phthalic acid; therefore, modification of hydrotal-
cite to improve its adsorption capacity is of great impor-
tance for phthalic acid removal.

Considering that the hydrotalcite structure contains 
divalent metals that can be combined with organic imidazole 
ligands, the in-situ synthesis of ZIFs on the surface of LDH 
is expected to improve the utilization efficiency of ZIFs and 
reduce the cost of adsorbents. At the same time, the com-
bination of the two materials can also make the adsorbent 
easy to separate due to the large size of hydrotalcite parti-
cles. Therefore, in this work, Zn-Al LDH was synthesized 
by co-precipitation method, and zeolitic imidazolate frame-
works-8 (ZIF-8) was synthesized in-situ on the surface of 
Zn-Al LDH. The adsorption capacity of ZIF-8, Zn-Al LDH 
and LDH@ZIF-8 samples toward phthalic acid was analyzed 
and compared, and the adsorption performance of LDH@
ZIF-8 was further studied in-depth. The primary investi-
gations encompass the performances of thermodynamic, 
kinetic, and adsorption cycles, which provide new ideas 
for the preparation of modified hydrotalcite adsorbents 
and the removal of phthalic acid from water.

2. Experimental set-up

2.1. Materials

Aluminum nitrate (Al(NO)3·9H2O), zinc nitrate 
(Zn(NO3)2·6H2O), sodium hydroxide (NaOH), sodium for-
mate (HCOONa), 2-methylimidazole (2-MIm), triethylamine 
(TEA), methanol (CH3OH) and hydrochloric acid (HCl) 
were obtained from Sinopharm Chemical Reagent Co. All 
solvents and chemicals are of analytical reagent grade and 
were used without further purification.

2.2. Synthesis of LDH@ZIF-8

2.2.1. Preparation of LDHs

3.57 g of Zn(NO3)2·6H2O and 1.13 g of Al(NO3)3·9H2O 
were added to deionized water and mixed under constant 
stirring to form a solution, with a metal ion concentration 
of 0.15 mol/L. The pH of the solution was then adjusted 
with sodium hydroxide (2 M) to keep it at ~7.5. Finally, the 
above solution was transferred into a three-mouth flask and 
heated in a water bath at 70°C for 24 h. After the solution 
cooled down, a white precipitate was collected by centrif-
ugation and washing and dried at 70°C, and the resulting 
sample was labeled as Zn-Al LDH.

2.2.2. Preparation of LDH@ZIF-8

0.75 g of 2-methylimidazole and 0.405 g of sodium for-
mate were dissolved in 60 mL of methanol, then 0.36 g of 
Zn-Al LDH sample was added to the above solution. The 
mixture was stirred at room temperature for a few minutes, 

and then heated at a constant temperature of 60°C for 4 h. 
Finally, the solution was cooled, centrifuged, washed and 
collected to obtain a white sample. After dried at 50°C, 
the resulting sample was labeled as LDH@ZIF-8.

2.3. Characterization

Powder X-ray diffraction (XRD) patterns of all sam-
ples were recorded on a Bruker D8 ADVANCE diffractom-
eter (Germany) with Cu KR radiation (40 kV, 30 mA). The 
N2 adsorption–desorption isotherms were collected at 77 K 
using IQ2 Quantachrome porosimeter. Prior to the mea-
surement, the samples were degassed at 150°C overnight. 
The total pore volume was determined as the volume of 
liquid nitrogen adsorbed at a relative pressure of 0.99. 
The micropore volume (Vmicro) was estimated using t-plot 
method and mesopore volumes were obtained by subtract-
ing Vmicro from the total pore volume. Fourier-transform 
infrared (FTIR) spectra were collected on a Nicolet iS5 
Spectrometer (Thermo Fisher Scientific, USA) in the range 
of 4,000–400 cm–1 with a 2 cm–1 resolution. The morphology 
of the samples was collected by scanning electron micro-
scope (FEI Quanta 400 FEG, USA). Transmission electron 
microscope investigation of morphological features was per-
formed using a FEI Tecnai G2 F20 device operated at 200 kV.

2.4. Adsorption removal of phthalic acid

2.4.1. Adsorption thermodynamic experiments

5 mg of vacuum-dried adsorbents (Zn-Al LDH, ZIF-8, 
LDH@ZIF-8) were added into 50 mL of phthalic acid solu-
tion and stirred at constant temperature for 24 h. Then, 
the solutions were filtered with 0.22 µm polytetrafluoro-
ethylene (PTFE) membrane filters and the absorbance of 
the adsorbed solution was measured with a UV spectro-
photometer (Beijing Pu-Analysis, TU-1810) at 280 nm. 
The adsorption capacity were calculated through Eq. (1):

q
C C V
me

e�
�� �0  (1)

where C0 and Ce are the mass concentrations of adsorbent 
in the solution at the initial and adsorption equilibrium 
(mg/L), respectively; V is the volume of solution (L); m is 
the mass of adsorbent (g); qe is the adsorption capacity at 
adsorption equilibrium (mg/g).

2.4.2. Kinetic adsorption experiment

100 mL of phthalic acid solution with a concentration 
of 100 mg/L was mixed with 10 mg of vacuum-dried adsor-
bent and stirred continuously, and the temperature was kept 
at 20°C. At certain intervals, a certain amount of the solu-
tion was taken and filtered through a 0.22 µm PTFE mem-
brane filter, and then the absorbance of the solution was 
measured by a UV spectrophotometer, and the adsorption 
capacity at time t were calculated [Eq. (2)].
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where C0 and Ct are the mass concentration of adsorbent 
in solution at initial and adsorption time of t, respectively 
(mg/L); V is the volume of solution (L); m is the mass of 
adsorbent (g); qt is the adsorption amount at the adsorption 
time of t (mg/g).

3. Results and discussion

3.1. Characterization of LDH@ZIF-8

Fig. 1 shows the XRD patterns of the ZIF-8, Zn-Al LDH 
and LDH@ZIF-8 samples. It can be seen that the ZIF-8 mate-
rial shows diffraction peaks at 2θ degree of 7°, 10°, 12°, 14°, 
18°, 22°, 24°, 26° and 29°, which are consistent with the char-
acteristic diffraction peaks of ZIF-8 [8]. For Zn-Al LDH, the 
diffraction peaks appeared at 11.7°, 23.6°, 34.6°, indicating 
the successful synthesis of Zn-Al LDH. The XRD pattern 
of LDH@ZIF-8 contains the characteristic diffraction peaks 
of ZIF-8 and no other peaks can be observed, indicating 
the successfully synthesis of ZIF-8 with Zn-Al LDH.

Fig. 2 shows the FTIR spectra of ZIF-8, Zn-Al LDH and 
LDH@ZIF-8 samples before and after the adsorption of 
phthalic acid. The spectra of the samples without phthalic 
acid adsorption are revealed in Fig. 2a–c, the absorption 
peaks at 3,450 and 1,610 cm–1 are generated by hydroxyl 
stretching vibration and water molecule bending vibration. 
The absorption peaks at 1,760; 1,370 and 1,370 cm–1 for Zn-Al 
LDH samples was ascribed to the interlayer NO2

– stretch-
ing vibration and interlayer M–O, M–O–M bending vibra-
tion, respectively, and the absorption peak at 2,400 cm–1 
was attributed to interlayer CO3

2– ion [9]. For ZIF-8 sample, 
different absorption peaks at 3,450; 3,130; 2,950; 1,610 and 
500–1,500 cm–1 could be observed, which corresponding to 
the stretching vibration of –OH in solvent methanol, C–H 
stretching vibration of methyl, C–H stretching vibration of 
imidazole ring, bending vibration of –OH and stretching 
and bending vibration on imidazole ring, respectively [10]. 
As for LDH@ZIF-8, it can be seen that the same absorption 
peaks as ZIF-8 exist at 3,450; 3,130; 2,950; 1,610 and below 
1,500 cm–1 [11,12], indicating the presence of ZIF-8 on the 
surface of Zn-Al LDH sample, which is consistent with the 

results of XRD analysis. After phthalic acid adsorption, the 
peaks at 3,450; 2,840; 1,580; 1,410 and 751 cm–1 are the absorp-
tion peaks of –OH, –COOH stretching vibration and –OH 
bending vibration (Fig. 2d–f), respectively. The peaks near 
1,580 cm–1 were attributed to the C=C stretching vibration 
on the benzene ring, and the absorption peak at 751 cm–1 
corresponded to the stretching vibration of the neighbor-
ing substituent on the benzene ring. The above results con-
firms that phthalic acid has been adsorbed by ZIF-8, Zn-Al 
LDH and LDH@ZIF-8 samples.

The morphologies of ZIF-8, Zn-Al LDH and LDH@ZIF-8 
samples are shown in Fig. 3. It can be seen that ZIF-8 was 
a nanoparticle with a size of ~10 nm (Fig. 3a). The Zn-Al 
LDH sample (Fig. 3c) exhibits a scale-like structure with a 
smoother surface. Compared with the morphological struc-
ture of Zn-Al LDH, the LDH@ZIF-8 sample (Fig. 3d) has a 
rough surface and presence of nanoparticles with a rhom-
bic dodecahedral structure on its surface [13,14], indicating 
that ZIF-8 was grown in-situ on the Zn-Al LDH surface.

The pore structures of ZIF-8, Zn-Al LDH and LDH@
ZIF-8 samples were characterized by N2 adsorption/desorp-
tion technics, and the adsorption isotherms are shown in 
Fig. 4. The isotherm of Zn-Al LDH belongs to a type IV and 
has hysteresis loops, indicating that the synthesized mate-
rial has a mesoporous structure [15,16]. Between the relative 
pressures of 0.1–0.8, the nitrogen adsorption is essentially 
constant and the isotherms are close to horizontal, indicat-
ing that multilayer adsorption occurs. When the relative 
pressure continues to increase, the nitrogen adsorption tends 
to increase significantly, indicating that it has large particle 
stacking pores. The adsorption isotherm of ZIF-8 belongs to 
a mixture of types I and IV and have hysteresis loop, pro-
viding its microporous structure contains a small amount 
of mesoporous structure [17]. Similarly, the adsorption iso-
therm of LDH@ZIF-8 sample belongs to the mixed type I 
and IV with hysteresis loops. At low relative pressures, the 
nitrogen adsorption capacity increases rapidly due to their 
microporous structure. With the increase of relative pres-
sure, the N2 adsorption tends to level off. When the relative 
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Fig. 1. X-ray diffraction patterns of ZIF-8, Zn-Al LDH and 
LDH@ZIF-8 samples.
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Fig. 2. Fourier-transform infrared spectra of ZIF-8, Zn-Al LDH 
and LDH@ZIF-8 samples (a–c); ZIF-8 (H2-PA), LDH@ZIF-8 
(H2-PA) and Zn-Al LDH (H2-PA) (d–f).
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pressure approaches 1, the isotherm shows an increasing 
trend again, indicating that there are a large amount of 
macroporous structures in the composite sample [18]. The 
Brunauer–Emmett–Teller surface area (1,240 m2/g) and pore 
volume (0.69 cm3/g) of the LDH@ZIF-8 composite are lower 
than those of ZIF-8 (1,320 m2/g and 1.06 cm3/g) (Table 1), 
but much higher than that of LDH, which also indicates the 
combination of ZIF-8 and LDH in the LDH@ZIF-8 sample.

3.2. Adsorption isotherms and kinetics

Phthalic acid was selected as the adsorbent, and the syn-
thesized samples were used as adsorbent. The adsorption 

results at different initial concentrations were shown in 
Fig. 5. After the adsorption equilibrium reached, it can be 
seen that the adsorption capacity of LDH@ZIF-8 at an ini-
tial concentration of 100 mg/L is much greater than that of 
Zn-Al LDH (359.64 mg/g), which is comparable to that 
of pure ZIF-8 (about 510 mg/g). In terms of the amount of 
phthalic acid adsorbed per square meter, LDH@ZIF-8 shows 
an even higher value compared to that of ZIF-8 (Fig. 5b). 
This is due to the fact that the in-situ growth of ZIF-8 onto 
the surface of Zn-Al LDH facilitates the dispersion of ZIF-
8, while the positively charged surface of ZIF-8 adsorbs 
with the anion of phthalic acid through electrostatic inter-
action. In addition, the interlayer anion exchange property 
possessed by Zn-Al LDH can also promote the adsorption. 
The adsorption capacities of several potential adsorbents for 
the removal of phthalic acid, as well as LDH@ZIF-8, are pro-
vided in Table 2. It has been found that LDH@ZIF-8 exhibits 
significantly higher adsorption capacity compared to acti-
vated carbon, UIO-66, and UIO-67 adsorbents, and similar 

Fig. 3. Transmission electron microscope image of ZIF-8 (a) and scanning electron microscope images of ZIF-8, Zn-Al LDH and 
LDH@ZIF-8 (b–d), respectively.
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Fig. 4. Nitrogen adsorption–desorption isotherms of ZIF-8, 
Zn-Al LDH and LDH@ZIF-8 samples.

Table 1
Surface area and pore structure of ZIF-8, Zn-Al LDH and 
LDH@ZIF-8 samples

Samples SBET 
(m2/g)

SLangmuir 
(m2/g)

Vt 
(cm3/g)

Vmeso 
(cm3/g)

Vmicro 
(cm3/g)

Zn-Al LDH 17.9 28.61 0.12 0.12 0
ZIF-8 1,320.1 1,712.89 1.06 0.64 0.42
LDH@ZIF-8 1,242 1,471.93 0.69 0.22 0.47
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performance to the MAF-6 adsorbent. Moreover, after the 
combination of ZIFs and LDH, the particle size of the sam-
ple increases significantly, which is favorable for the separa-
tion. Therefore, LDH@ZIF-8 can be a promising adsorbent 
for the removal of phthalic acid from aqueous solutions, 
thus, the process of phthalic acid adsorption by LDH@ZIF-8 
was further investigated.

The adsorption capacity of LDH@ZIF-8 on phthalic 
acid was further investigated by varying the initial concen-
tration and temperature, and the results are shown in Fig. 6. 
It can be seen that the equilibrium adsorption capacity of 
LDH@ZIF-8 gradually increased with the increase of the 
initial concentration of phthalic acid. However, the adsorp-
tion capacity decreased slightly with the increase of tem-
perature, indicating that the increase of temperature was 
not favorable for the adsorption. The thermodynamic data 
were fitted with the Langmuir isothermal adsorption model 
and Freundlich isothermal adsorption model [22,23], respec-
tively, and the fitting results are shown in Fig. 7 and Table 3. 
As seen in Table 3, the linear correlation coefficients of the 
Freundlich isothermal adsorption model were larger than 
those of the Langmuir isothermal adsorption model at dif-
ferent temperatures, indicating that the thermodynamic 
adsorption process of LDH@ZIF-8 for phthalic acid was 
more consistent with the Freundlich isothermal adsorption 
model, and multilayer adsorption may occur in the adsorp-
tion process. In addition, the thermodynamic parameters 
of the adsorption process were analyzed by using Eqs. 

(3)–(5), and the results are shown in Table 4. It can be seen 
that ΔG is less than 0 during the adsorption process, which 
indicates that the adsorption is spontaneous; ΔH (–4.43 kJ/
mol) is less than 0 and has a small value, which reveals 
that the adsorption is an exothermic physisorption process. 
Therefore, the increase in temperature is not favorable for 
the stable adsorption of phthalic acid on the surface of the  
LDH@ZIF-8.

Fig. 5. (a) Comparison of ZIF-8 and LDH@ZIF-8 for the adsorption of phthalic acid (mg/g) at different initial concentrations and 
(b) comparison of ZIF-8 and LDH@ZIF-8 adsorption capacities based on their surface area capacities (mg/m2).

Table 2
Comparison of adsorption performance of LDH@ZIF-8 with the reported adsorbent

Adsorbents Temperature (°C) Equilibrium 
time (h)

Initial H2-PA concentration 
(mg/L)

Adsorption capacity 
(mg/g)

References

Activated carbon 25 12 100 249 [19]
UIO-66 25 12 100 187 [19]
MAF-6 20 2 100 572 [20]
UIO-67 25 1 100 434 [21]
LDH@ZIF-8 20 2 100 508 This work

Fig. 6. Effect of adsorption temperature on the adsorption of 
phthalic acid by LDH@ZIF-8.
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where qe: equilibrium adsorption capacity (mg/g); Ce: equi-
librium adsorption concentration (mg/L); ΔG: Gibbs free 
energy of adsorption (kJ/mol); ΔH: enthalpy change during 
adsorption (kJ/mol); ΔS: entropy change during adsorp-
tion (J/(mol·K)); T: adsorption temperature (K); R: molar 
constant of gas (8.314 J/(mol·K)).

The relationship between the adsorption time and the 
adsorption capacity of LDH@ZIF-8 was investigated in a 
solution of phthalic acid at 20°C and an initial concentra-
tion of 100 mg/g, and the results are shown in Fig. 8. It can 

be seen that the adsorption capacity increased rapidly with 
the increase of adsorption time within 60 min, indicating 
that the adsorption sites on LDH@ZIF-8 were occupied by 
phthalic acid rapidly. Then, the adsorption capacity incre-
ased slowly until the adsorption equilibrium was reached. 
For the above results, pseudo-first-order, pseudo-second- 
order and intraparticle diffusion equations [24,25] were 
fitted, and the fitting results are shown in Fig. 9 and Table 5.

From the results (Table 5), it can be seen that the lin-
ear correlation coefficient of the pseudo-first-order kinetic 
fit (R2 = 0.991) is slightly larger than that of the pseudo- 
second-order kinetic fit (R2 = 0.908), and the calculated 
values of equilibrium adsorption are basically close to the 
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Fig. 7. Langmuir (a) and Freundlich (b) fitting curves for the adsorption of phthalic acid by LDH@ZIF-8.

Table 3
Langmuir and Freundlich isotherm parameters of phthalic acid adsorption by LDH@ZIF-8

LDH@ZIF-8 Langmuir isothermal model Freundlich isothermal model

kL (L/mg) qm (mg/g) R2 kF (mg/g) n R2

293 K 0.00569 2,688.37 0.9706 20.65615 1.1596 0.9970
303 K 0.00407 3,396.51 0.9234 17.74862 1.1163 0.9981
313 K 0.00539 2,527.52 0.9235 19.22785 1.1741 0.9970

Table 4
Thermodynamic parameters at different temperatures (Kc calcu-
lated at an initial concentration of 100 mg/L)

Temperature 
(K)

Kc ΔG 
(kJ/mol)

ΔH 
(kJ/mol)

ΔS 
(J/(mol·K))

293 K 12.03 –6.08
–4.43 5.61303 K 11.60 –6.13

313 K 10.70 –6.19

Fig. 8. Adsorption of phthalic acid by LDH@ZIF-8 sample at 
different adsorption times.
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experimental values. Therefore, the adsorption of phthalic 
acid by LDH@ZIF-8 samples was more consistent with the 
pseudo-second-order kinetic model. The fitted curve of 
intraparticle diffusion (Fig. 9c) does not pass through the 
origin, indicating that the internal diffusion is not the only 
control step in the adsorption process. In the fitted curve, 
the adsorption process can be divided into three stages. 
Stage I: the steep slope of the straight line indicates that 
the adsorption rate is faster in this stage, which attributed 
to abundance of active sites on the adsorbent surface. These 
active are quickly occupied by the adsorbate. Stage II: the 
adsorption rate depends on the diffusion of phthalic acid 
molecules within the pores of LDH@ZIF-8, and smaller slope 
of the curve indicates that phthalic acid with larger molec-
ular size is more difficult to into the pores of LDH@ZIF-8. 
As a result, adsorption rate is slower. Stage 3: the curve 
appears to be almost horizontal, indicating that the process 
of adsorption has reached saturation [26].
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Fig. 9. Pseudo-first-order kinetic model (a), pseudo-second-order kinetic model (b) and intraparticle diffusion model fitting curves 
(c) of phthalic acid adsorption by LDH@ZIF-8 samples.
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Fig. 10. Recyclability of LDH@ZIF-8 for the adsorption of 
phthalic acid.

Table 5
Pseudo-first-order kinetic and pseudo-second-order kinetic fitting parameters for the adsorption of phthalic acid by LDH@ZIF-8 
samples

Sample qe,exp (mg/g) Pseudo-first-order kinetic model Pseudo-second-order kinetic model

k1 (min–1) qe (mg/g) R2 k2 (g/(mg·min)) qe (mg/g) R2

LDH@ZIF-8 508.7 0.02927 515.687 0.991 3.5584 × 10–5 636.943 0.908
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After the adsorption test, the adsorbent was filtered 
and treated with low concentration of sodium hydroxide 
(0.01 mol/L) to desorb the adsorbate. The treated sample 
was then dried and re-used for the adsorption of phthalic 
acid. The adsorption cycling performance of LDH@ZIF-8 
on phthalic acid is shown in Fig. 10. It can be seen that 
the adsorption capacity of LDH@ZIF-8 on phthalic acid 
remained at a high level, and the adsorption capacity could 
reach more than 95% of the initial adsorption capacity after 
three cycles of adsorption, indicating that LDH@ZIF-8 has 
good stability and can be recycled for many times.

4. Conclusion

In this work, ZIF-8 was synthesized on the surface of 
Zn-Al LDH by an in-situ synthesis method. After conducting 
XRD, FTIR, and morphological analyses, it was determined 
that ZIF-8 was successfully synthesized on the surface of 
Zn-Al LDH. Additionally, the composite surface displayed 
a rhombic dodecahedral structure composed of ZIF-8 par-
ticles. Under the same conditions, the adsorption capacity 
of LDH@ZIF-8 for phthalic acid was greater than that of 
Zn-Al LDH and comparable to that of pure ZIF-8, however, 
the adsorption capacity per unit area was better than that of 
pure ZIF-8. The adsorption isotherms of LDH@ZIF-8 were 
found to be in good agreement with the Freundlich isother-
mal adsorption model. Furthermore, the adsorption capacity 
exhibited a decreasing trend as the temperature increased. 
This suggests that the adsorption process is exothermic and 
involves multilayer physical adsorption. The adsorption 
kinetics were better suited to fit the pseudo-first-order kinetic 
model. After three cycles of adsorption, the LDH@ZIF-8 
still maintained a high adsorption capacity of 500 mg/g, 
with adsorption capacity losses consistently below 5%.
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