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The study focused on evaluating the adsorption potential of Fe3O4/ZIF-8 (MFZ) for Bisphenol A (BPA) 
removal from aqueous environments. Different physicochemical factors, encompassing pH, Fe3O4/
ZIF-8 dose, mixing time and temperature exerted an impact on the adsorption process. The adsorbent 
was characterized by Scanning Electron Microscopy (SEM), Vibrating Sample Magnetometry (VSM), 
Thermogravimetric Analysis (TGA), Brunauer–Emmett–Teller (BET) analysis, X-ray Photoelectron 
Spectroscopy (XPS), Fourier-Transform Infrared Spectroscopy (FT-IR), and X-ray Diffraction (XRD). 
Using Response Surface Methodology (RSM), experimental data underwent optimization through a 
Box–Behnken Design (BBD) with 29 trials. The quadratic model, with a maximum R2 (0.995), emerged 
as the best fit, delineating a suitable relationship between the variables and the response. The 
optimum conditions for BPA removal by MFZ, determined by the model, were detected to be a pH of 
6.2, an adsorbent dose of 0.75 g/L, a mixing time of 72 min, and a temperature of 315 K, yielding an 
anticipated percentage removal of 99.1. Experimental validation under these conditions showed a 
percentage removal of 98.9%, deviating only 0.2% from the predicted value. In the presence of NaCl, 
Na2SO4, Na2CO3, NaNO3, varying degrees of inhibition are observed in the adsorption effectiveness of 
MFZ on BPA. Across the five regeneration cycles, the percentage removal of MFZ for BPA experienced 
a slight decrease. The results suggest that the removal of BPA ions is notably influenced by the 
adsorption conditions.
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In recent decades, rapid urbanization and human activities have propelled concerns regarding the safety 
and quality of drinking water1. The alarming rise of micro-contaminants, particularly endocrine-disrupting 
compounds (EDCs), has heightened the urgency for safe and clean drinking water2,3. BPA stands out as a 
prominent EDC, serving as a crucial raw material in the production of food cans, polycarbonate plastics, epoxy 
resins, thermal paper, polyester fibers, and various industrial materials4,5. BPA pervasive presence in everyday 
items like water pipes, toys, paper, and electronic equipment has made it a ubiquitous synthetic chemical6. Its 
global production exceeds three million tons annually, highlighting the widespread use of this compound. Since 
then, BPA has been classified as a significant water contaminant in various regions across the globe7,8. Various 
sources contribute to exposure to BPA, such as dental fissure sealants, adhesives, household dust, and printing 
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inks, tableware, polycarbonate bottles (often utilized for newborn formula milk), epoxy resin coatings in food 
and beverage containers9,10. The issue is further exacerbated when BPA-containing plastic containers hydrolyze 
and contaminate groundwater through landfill leachate, as plastic industries discharge substantial amounts 
of BPA into the environment11,12. Unfortunately, BPA’s ecological impacts extend beyond environmental 
contamination. Even at minuscule concentrations, BPA can disrupt the hormone systems of animals and 
humans, posing a significant health risk13,14. The estrogenic activity of this substance has implications for health, 
connecting it to issues like effects on the immune system, heart disease, reproductive challenges, disturbances 
in normal hormone functions, neurological complications, diabetes, obesity, tumors, and cancer15,16. Moreover, 
BPA exhibits biomagnification and bioaccumulation through the food chain, posing an even greater threat to 
human health17. The long-term dysfunction and damage caused by BPA underscore the urgent need for its 
removal from water sources18.

Several methods, including biological treatment, redox reactions, membrane filtration, coagulation, and 
adsorption, have been investigated for BPA removal19. Nevertheless, each of these techniques presents notable 
drawbacks: biological treatments are generally slow and ineffective at trace BPA concentrations; redox reactions 
require strong oxidants or costly catalysts and may lead to the formation of harmful by-products; membrane 
filtration ensures effective separation but suffers from fouling, high operating pressure, and significant cost; 
while coagulation results in the generation of large amounts of chemical sludge, posing challenges for handling 
and disposal20. Adsorption stands out as a promising wastewater purification method due to its simplicity, 
energy efficiency, and effectiveness21. Various adsorbents, e.g., chitosan, activated carbon, multi walled carbon 
nanotubes, and composite materials, have exhibited efficient elimination of BPA22,23. Adsorption applications 
hold great promise, but the capacity and sustainability of materials used in these applications are hampered by 
a number of factors such as limitations in preparation processes, structural adaptability, specific surface area, 
and surface chemical activity24,25. Conventional carbon adsorbents often require energy-intensive activation, 
while powdered nano-adsorbents face agglomeration issues that impede mass transfer and reusability26. An 
ideal adsorbent should possess an extensive specific surface area, rich pore structure, high-affinity adsorption 
sites, and convenient separation features to facilitate efficient phenol removal27.

Metal-organic frameworks (MOFs) are unique porous coordination polymers comprising an organized 
three-dimensional network formed by organic ligands and metal ions or clusters28. Their ultra-high specific 
surface area, regular pores, high mechanical stability, and design flexibility make MOFs superior candidates for 
phenol removal. Among these, ZIF-8, a sodalite-type zinc imidazole, stands out29. Its tetrahedrally coordinated 
imidazolate linkers create large cavities, providing ample space for phenol adsorption. ZIF-8 demonstrates 
exceptional thermal, water, and alkali stability in aqueous solutions, enhancing its practical application30. 
Despite its promising features, ZIF-8’s microcrystalline powder characteristic poses challenges in separation and 
recovery, potentially causing secondary environmental pollution31. Some researchers have attempted to address 
this by combining MOFs with membrane materials. Nevertheless, the fragile bond between the membrane 
substrate MOF remains a significant challenge, and the introduction of a membrane supporter with limited 
adsorption capacity can reduce overall efficiency31. Addressing the drawback of difficult separation, magnetizing 
adsorbents introduces a novel application in engineering separation. Magnetic separation proves effective in 
recovering powdered adsorbents from solutions, with magnetic nanoparticles demonstrating proficiency in 
removing various environmental pollutants32. Combining magnetic particles with MOFs facilitates easy and 
efficient separation through an external magnetic field. Researchers have explored core–shell structured magnetic 
MOFs, where a magnetic core is enclosed by a thin MOF layer27. While this structure may typically increase 
adsorbent density and decrease adsorption volume, leading to reduced capacity, the incorporation of small-sized 
(> 10 nm) Fe3O4 nanoparticles (Fe3O4 NPs) into the ZIF-8 adsorbent mitigates these issues30. This approach 
leverages the adsorption benefits of ZIF-8 and the magnetic responsiveness of Fe3O4 NPs while minimizing 
mutual interference29. The resulting composite adsorbent maintains high adsorption capacity and recoverability. 
Thus, the integration of multiple strategies has resulted in the development of a highly efficient and eco-friendly 
adsorbent. This innovative approach holds great promise for the future of adsorbent technology33.

The novelty of the present study lies in the design and synthesis of a magnetically recyclable MFZ 
nanocomposite specifically tailored for the removal of BPA, a hazardous endocrine-disrupting compound. 
Although magnetic MOF-based composites have been reported previously, most of them have focused on heavy 
metals or dyes, and only limited attention has been given to BPA despite its high environmental and health 
relevance. In this work, a modified synthesis strategy was adopted to integrate Fe3O4 nanoparticles into the ZIF-
8 framework, ensuring improved stability, smaller crystallite size, and rapid magnetic separability. In addition, 
unlike conventional one-factor-at-a-time approaches, the adsorption process in this study was systematically 
investigated using RSM with a BBD, which allows for comprehensive multi-parameter optimization and a 
deeper understanding of interaction effects. Moreover, the potential influence of coexisting ions, commonly 
present in real water matrices, was also considered to better evaluate the applicability of the proposed adsorbent. 
These aspects collectively distinguish this study from previous works and establish its novelty in both material 
development and methodological approach.

MFZ nanocomposites offer a distinct advantage as adsorbents, since they combine the high surface area and 
abundant active sites of ZIF-8 with the facile magnetic separability of Fe3O4 nanoparticles, making them both 
highly efficient for pollutant removal and easily recoverable for repeated use. Thus, this study focuses on assessing 
the BPA adsorption by MFZ. The research investigates the impact of different parameters (pH, temperature, 
adsorbent dosage, and mixing time) on the BPA adsorption. Additionally, RSM using the BBD is employed to 
understand the influence of independent components and their interactions, leading to the development of an 
optimized mathematical model for identifying the most favorable conditions for adsorption. Finally, the study 
examines the potential for reusing MFZ and evaluates the practical application feasibility of the material by 
analyzing production costs.
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Materials and methods
Reagents
The substances, including nitric acid (HNO3, 65–68%), zinc nitrate hexahydrate (Zn(NO3)2.6H2O, 99%), 
2-methylimidazole (C4H6N2, 98%), ferric tetroxide (Fe3O4, 97%, particle size 50–300 nm), Bisphenol A (BPA), 
sodium hydroxide (NaOH, 96%), hydrochloric acid (HCl, 37%), anhydrous methanol (CH3OH, 99.5%), and poly 
(sodium 4-styrenesulfonate) (C8H9NaO3S)n, were supplied by Merck Co., Germany. All remaining materials 
(NaCl, Na2SO4, Na2CO3, and NaNO3) were obtained from Sigma Aldrich, USA. No further purification was 
necessary, and the reagents were used in their received form.

Adsorbent preparation
ZIF-8 synthesis
In solution A, nitrate hexahydrate (1.5  g) was dissolved in 40 mL of anhydrous methanol, while solution B 
was prepared by dissolving 2-methylimidazole (3.3 g) in anhydrous methanol (40 mL). After mixing the above 
solutions for half an hour, the gradual addition of solution B to Solution A took place, followed by vigorous 
stirring for 3  h. Subsequently, the mixture was allowed to stand at room temperature for a day. The turbid 
solution then underwent centrifugation at 6,000 rpm; the resulting solid was washed with anhydrous methanol. 
The subsequent step involved drying the solid for 12 h at 60 °C in a vacuum oven, leading to the production of 
a ZIF-8 powder sample.

MFZ synthesis
In this study, the synthesis of MFZ was based on an in-situ precipitation/coating approach, where ZIF-8 was 
directly grown on the surface of Fe2O4 nanoparticles31. Initially, a solution was prepared by dissolving poly 
(sodium 4-styrenesulfonate) (PSS; 1.0 g) in double-distilled water (100 mL), followed by sonication using an 
ultrasonic bath (model SK2210HP, China) for 30 min to achieve a uniform and translucent solution. Subsequently, 
Fe3O4 nanoparticles (0.5 g) were introduced into the PSS solution, undergoing 30-minute of sonication process 
before magnetic separation and triple washes with double-distilled water. The formed Fe3O4 particles were 
combined with a methanol solution containing 2-methylimidazole (1.1 g) and Zn(NO3)2·H2O. After three hours 
of stirring, the obtained MFZ particles were isolated by magnetic separation, washed thoroughly with methanol, 
and dried overnight at 80 °C (see the schematic in Fig. 1).

Fig. 1.  Schematic of synthesis of MFZ by precipitation method.
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Characterization of adsorbents
The FTIR spectra were recorded using a Bruker Tensor II FTIR spectrometer in the range of 400–4000 1/cm. 
The XRD patterns were obtained on a Rigaku Ultima IV X-ray diffractometer using Cu Kα radiation (λ = 1.5406 
Å) over a 2θ range of 10–80°. The thermal stability of the adsorbents was measured using thermogravimetric 
analysis. The analysis was performed using a Mettler Toledo analyzer. The specific surface area and pore volume 
of the adsorbents were determined using an automated gas sorption system that employed a BET NOVA 1200 
surface area and pore size analyzer from Quantachrome Instrument. Investigating magnetic properties of the 
samples was done using vibrating sample magnetometry, which was conducted using a PPMS-9 T device from 
Quan-tum Design, USA. The magnetic properties were analyzed over a range of 20 to 20 kOe. The SEM analysis 
was carried out by using a TESCAN MIRA3 device from Czech Republic. The XPS analysis was carried out using 
an ESCALAB 250Xi spectrometer (Thermo Scientific, USA) equipped with a monochromatic Al Kα radiation 
source.

Batch adsorption experiments
Experiments were carried out in batches to found the most favorable conditions for eliminating BPA. The 
experiments involved mixing a 100 mL solution of BPA (100 mg/L) with a known quantity of MFZ in a 250 
mL flask. The resulting mixture was mechanically shaken using a rotary shaker (Dragon LAB, skp-0330-pro-
Germany) at 180 rpm. Various experimental parameters, such as pH, adsorbent dosage, and temperature, were 
investigated to determine their impact on BPA removal efficiency. The initial pH was adjusted using either 0.1 M 
HCl or 0.1 M NaOH solutions, and a pH meter was used for this purpose. After 60 min of shaking, samples were 
removed from the solution and the MFZ was separated from the supernatant using a magnet. The concentration 
of the target analyte was determined using a Knauer HPLC 862 system equipped with a SPD-20 A UV–Vis 
detector and a C18 column (250 × 4.6  mm, 5  μm particle size). The mobile phase consisted of a 50:50 (v/v) 
mixture of ammonium acetate and methanol.

The mobile phase flow rate was set at 0.9 mL/min, and the wavelength used was 225 nm. Additionally, the 
impact of various ions, such as NaCl, Na2SO4, Na2CO3, and NaNO3, at a concentration of 10 mg/L on BPA 
adsorption by MFZ was investigated. The COD of the wastewater was determined using the closed reflux 
spectrophotometric method with standard COD digestion vials. The samples were digested at 150 °C for 2 h in 
a COD reactor, and the absorbance was measured at 600 nm using a Hach DR 5000 UV-Vis Spectrophotometer.

The equation below was employed to determine the BPA removal efficiency, represented as R (%)34:
  

	
Adsorption percentage(%) = Co − Ce

Co
× 100� (1)

The equation used to determine the adsorption capacity (qe, mg/g) at equilibrium is as follows35:

	
Qe =

(Co − Ce
M

× V
)

� (2)

In the context of the BPA adsorption process, C0​ denotes the initial concentration, while Ce​represents the 
equilibrium concentration, both expressed in mg/L. The variables V (L) and m (g/L) refer to the volume of the 
BPA solution and the mass of the MFZ, respectively.

RSM optimization
In the realm of RSM, a predefined set of experiments is conducted to achieve a response with a limited number 
of trials. This statistical approach is particularly apt for multi-factor experiments, unraveling the connections 
among diverse parameters to establish optimal operational conditions. The determination of the number of 
experimental runs (N) in RSM involves the utilization of the following Eq. (38):

	 N = 2K × (K − 1) + C0� (3)

where K = Number of variables and Co = Centre-point. The following quadratic equation explains the behavior 
of the system:

	
Y = β0 +

K∑
i=1

βiXi +
K∑

i=1

βiiX
2
i +

K∑
i=1≤i≤j

βijXiXj+ε� (4)

 where Y = Predicted response, β0 = Constant coefficient, βi = Linear coefficient, βii = Quadratic, βij = Interactive 
coefficients and ε = Error of the model.

Graphical representations, such as contour plots and surface plots, illustrate the response, highlighting 
interaction effects among the main factors and optimal system conditions. Employing Design Expert 10 
software, an experimental design was formulated to assess the combined influence of four independent input 
variables through sets of experiments. The experimentation involved running five tests at central points, with 
process parameters set at three different levels as described in Table 1. The process parameters were considered 
independent variables, while the maximum adsorption capacity was identified as the output response variable. 
This method is an efficient way to explore the effects of various process parameters on adsorption with a limited 
number of experiments.
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Considering the removal efficiency of BPA as the dependent variable (response), Table 1 provides details on 
the four factors studied, including their chosen levels and associated ranges. To ensure experiment reproducibility, 
all experiments were conducted with three replications, with a criterion of relative standard deviation (RSD) less 
than 0.05. Central points were chosen for estimating and gauging experimental error, as well as gauging the lack 
of fit (LOF). LOF was employed, along with an examination of R2 and R2 Adj between laboratory and predicted 
values, to ascertain the statistical significance of quadratic fit models.

Results and discussion
Characterization of adsorbent
Figure 2a, b and c depict SEM images of ZIF-8, Fe3O4, and MFZ. In the SEM images, ZIF-8 shows a polyhedral 
morphology that corresponds to its sodalite-type crystal structure. After the incorporation of Fe2O4 nanoparticles, 
however, the MFZ composite exhibits a less regular shape, where many particles appear nearly spherical due to 
the coating of Fe2O4 on the ZIF-8 surface and partial aggregation during synthesis. This morphological change 
is significant for adsorption. The combination of polyhedral ZIF-8 crystals and spherical-like Fe2O4 domains 
provides a hierarchical surface, which increases surface roughness, creates additional active adsorption sites, and 

Fig. 2.  SEM images of ZIF-8 (a), Fe3O4 (b), MFZ (c); XRD patterns (d).

 

Variable Sign

Levels

Unit − 1 0 1

pH A – 4 7 10

MFZ dosage B g/L 0.2 0.6 1

Contact time C min 30 60 90

Temperature D °C 10 25 40

Table 1.  Experimental design levels of chosen variables.
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facilitates π–π interactions and hydrogen bonding with BPA molecules33. Moreover, the spherical Fe2O4 particles 
improve dispersion and magnetic separability, while ZIF-8 contributes microporous channels with high surface 
area. Together, these features enhance both the adsorption capacity and the recyclability of the composite.

Figure 2d displays the XRD patterns of Fe3O4, ZIF-8, and MFZ. The XRD patterns of the samples were 
compared with the reference data from the JCPDS database to identify the crystalline phases. The characteristic 
peaks of ZIF-8 appeared at 2θ values of 7.5°, 10.5°, 12.5°, 14.7°, 16.2°, and 18.0°, corresponding to the (011), 
(002), (112), (022), (013), and (222) planes, which are in good agreement with the standard card JCPDS No. 00-
062-1030. In addition, the diffraction peaks of Fe2O4 were observed at 2θ values of 30.3°, 35.5°, 43.3°, 53.4°, 56.9°, 
62.7°, and 74.0°, indexed to the (220), (311), (400), (422), (511), (440), and (533) planes of JCPDS No. 00-019-
0629. The coexistence of both sets of diffraction peaks in the MFZ pattern confirms the successful formation of 
the composite structure, demonstrating that the crystalline framework of ZIF-8 was preserved during synthesis 
while Fe2O4 nanoparticles were effectively incorporated.

The Debye–Scherrer Eq. (5) uses for to estimate the crystallite sizes of the MFZ32.

	
D = 0.89 λ

β cos θ
� (5)

The Debye–Scherrer equation involves several variables. The shape factor is represented by 0.89, and D represents 
the average particle size. λ refers to the wavelength of the Cu Kα irradiation. β represents the full width at half 
maximum intensity of the diffraction peak obtained. θ is the diffraction angle of the (311) peak of the MFZ 
MNPs. The calculated size of the MFZ’s crystallite is approximately 6.6 nm.

As depicted in Fig. 3a, representing N2 adsorption/desorption isotherms and pore size distributions for desired 
samples, ZIF-8 showcases a type-I isotherm, whereas MFZ demonstrates a type-IV isotherm, emphasizing the 
notable presence of micropores in the ZIF-8 structure32. Additionally, MFZ displays an H4-type hysteresis loop 
within the 0.45 < P/P0 < 1.0 range, signifying a hierarchical porous structure encompassing both micropores and 
mesopores. After the introduction of Fe3O4, specific surface area of MFZ is measured at 421.3 m2/g, a notable 
reduction compared to the original ZIF-8 (711.2 m2/g). The reason for the reduction is ascribed to the inclusion 
of Fe3O4 particles that are heavier and non-porous36. However, despite this reduction, the introduction of Fe3O4 
does not compromise the adsorption properties of ZIF-8. MFZ displays a diminished pore capacity of 0.352 
cm3/g in contrast to ZIF-8 (0.434 cm3/g), primarily due to the presence of Fe3O4 particles inside ZIF-832. The 
pore size distributions, calculated with the BJH method, are outlined in Fig. 3a. These distributions reveal a 
confined range of pore sizes, specifically between 3 nm and 10 nm, indicating a highly uniform pore structure 
for both ZIF-8 and MFZ nanoparticles.

The magnetic properties of Fe3O4 and MFZ were examined using a vibrating sample magnetometer (VSM), 
and the corresponding VSM curves are illustrated in Fig. 3b. Remarkably, both samples display an absence 
of coercivity or hysteresis effect at room temperature, indicating their superparamagnetic behavior. The 
magnetization strengths of Fe3O4 and MFZ are measured at 64.2 and 18.4 emu/g, respectively. Although MFZ 
exhibits a considerably lower magnetization strength compared to Fe3O4, when subjected to an external magnet, 
separation of MFZ is swiftly done from water within 10 s. The reduction in magnetic strength for the composite 
can be explained by its lower non-magnetic characteristics of ZIF-8 and Fe3O4 content, leading to a lessened 
magnetization33. Overall, the incorporation of Fe3O4 particles imparts magnetic properties to the composite, 
facilitating efficient retrieval from water through magnetic separation and regeneration, thereby reducing overall 
process costs.

In the FTIR spectra (Fig. 3c), the peaks that are unique and specific to the stretching vibration absorption of 
C-H can be seen at 2927 and 3141 1/cm. These peaks correspond respectively to the C-H bond of the saturated 
hydrocarbon (CH3) and the C-H bond of the unsaturated hydrocarbon of 2-methylimidazole36. Notably, the 
absence of broad peaks in the wavenumber range of 3300 to 3500 1/cm is indicative of Zn binding to N-H on 
the 2-methylimidazole ligand. The sharp peak at 446 1/cm is attributed to the stretching vibration of Zn-N, 
signifying successful linkage of Zn to N. Additionally, a new characteristic peak at 554 1/cm in the MFZ spectrum 
is attributed to the stretching vibration of Fe–O, confirming the successful combination of Fe3O4 and ZIF-8. At 
3465 1/cm, the samples exhibit wide spectral regions that correspond to the stretching and bending oscillations 
of –OH groups31. In the 700–1600 1/cm range, the characteristic peak represents the 2-methylimidazole ligand, 
with the stretching vibration peak of the C=N bond in the imidazole ring observed at 1540 1/cm, indicating 
that the presence of Fe3O4 does not lead to the disappearance of the 2-methylimidazole organic ligand32. This 
suggests that functional groups on the composite, including Fe–O, Zn–N, and C=N, offer abundant active sites 
for BPA removal.

As evidenced by the TGA curves obtained under N2 atmosphere (Fig. 3d), outstanding thermal stability 
could be detected for ZIF-8 and MFZ. At 150–450 °C, both ZIF-8 and MFZ experience weight loss, with ZIF-8 
losing 13.1% and MFZ losing 9.9%. This weight loss is linked to residual water, organic solvent, and unreacted 
2-methyl imidazole35. Notably, MFZ, with its lower porosity and reduced residual water and chemical solvents, 
exhibits less weight loss than ZIF-8. As the temperature rises, the weights of both adsorbents decrease rapidly 
due to the breaking of Zn-N bonds and the failure of the organic structure. The incorporation of Fe3O4 in the 
MFZ composite has been found to improve its thermal stability compared to that of ZIF-8. This enhancement 
is assigned to the incorporation of magnetic nanoparticles, which contribute to the composite’s increased 
stability34. Nevertheless, the thermal stabilities of both adsorbents remain robust, in accordance with prior 
studies on ZIF-8.

The XPS survey spectrum (Fig. 4a) confirms the coexistence of C, N, O, Fe, and Zn elements, demonstrating 
the successful formation of the Fe2O4/ZIF-8 composite. The high-resolution C 1s spectrum (Fig. 4b) exhibits 
dominant peaks at 284.8 eV and 285.6 eV, corresponding to C–C/C–H and C–N bonds, respectively, which 
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originate from the organic imidazolate linker of ZIF-8. The N 1s spectrum (Fig. 4c) shows two components at 
~ 398.6 eV and ~ 399.7 eV, assigned to pyridinic-N and Zn–N species, further confirming the coordination of 
Zn2+ with nitrogen atoms in the framework. In the O 1s region (Fig. 4d), the deconvolution reveals contributions 
at ~ 530.2 eV and ~ 531.6 eV, associated with Fe–O and Zn–O bonds, indicating the coexistence and interfacial 
interaction of Fe2O4 and ZIF-8. The Zn 2p spectrum (Fig. 4e) displays two characteristic peaks at 1021.6 eV 
(Zn 2p2/₂) and 1044.7 eV (Zn 2p₁/₂), consistent with Zn2+ species in ZIF-8. Meanwhile, the Fe 2p spectrum 
(survey, inset) shows the coexistence of Fe2+ and Fe³⁺, characteristic of Fe2O4. Altogether, these results confirm 

Fig. 3.  Nitrogen adsorption desorption isotherms and pore size distributions (a); VSM magnetization curves 
of ZIF-8 and MFZ (b); FTIR spectra (c) and TGA profiles of ZIF-8 and MFZ (d).
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the successful integration of Fe2O4 with the ZIF-8 framework and suggest strong chemical interactions between 
the two components.

RSM optimization
The relationships between BPA removal percentage, MFZ mass, contact time, pH, and temperature were 
established using the BBD model, which employed four models. To explain the connections between the removal 
percentage of BPA and the adsorbent mass, contact time, pH, and temperature, the quadratic polynomial model 
was specifically utilized. Based on the obtained results, the equation representing the quadratic polynomial 
model for the adsorption capacity of BPA is expressed by Eq. 6.

It encompasses a combination of single, interaction, and quadratic effects.

Fig. 4.  XPS spectra of MFZ (a); (b) C 1s; (b) N 1s; (c) O 1s; (d) Zn 2p (e).
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Y = + 51.7 − 9.6A + 19.4B + 24.3C + 4.14D − 0.84AB + 1.14AC

− 0.92AD + 11.2BC + 4.85BD + 2.46CD − 0.941A2 + 1.94B2 + 2.22C2 + 0.46D2� (6)

In the presented equation: Y represents the anticipated BPA removal efficiency in percentage, A signifies the 
pH, B corresponds to the quantity of nanocomposite (g/L), C denotes the time duration (min), D represents the 
solution temperature (°C).

Upon analysis of the equation, it becomes evident that an increase in pH hampers the rise in BPA adsorption 
capacity, while elevating MFZ dosage, contact time, and temperature contributes to a development in adsorption 
capacity. Comparatively, among the four independent variables, the coefficient corresponding to contact time 
exhibits the highest value, indicating that time exerts the most significant influence on BPA adsorption capacity. 
Therefore, the order of influence of the independent variables on BPA adsorption capacity is as follows: contact 
time > adsorbent dosage > pH > temperature.

Table  2 illustrates the ANOVA results for the quadratic polynomial model in BPA removal, providing 
insights into the significance of the BBD model design through variance analysis. The high F-value (212.4) 
and a P-value < 0.0001 indicate the high significance of the quadratic model. Additionally, the lack-of-fit test 
reveals non-significance with a low F-value and P < 0.05, affirming the well-validated nature of the model for 
BPA adsorption studies.

Regression coefficient (R2), adequate precision (AP), coefficient of variation (C.V.%), and standard deviation 
were employed as metrics to evaluate the accuracy and reliability of the experimental results. The AP value of 
60.1 exceeds the threshold of 4.0, and the C.V. (%) is 2.46, inferring the reliability of the experimental data. 
The predicted R2 and adjusted R2 values are 0.982 and 0.994, respectively, with a difference smaller than 0.2, 
signifying that the experimental data are well-suited for further analysis. The model of BPA adsorption onto 
studied adsorbent exhibited a strong linear correlation, with an R2 value of 0.995, indicating a close agreement 
between the actual experimental response and the projected response. This affirms the reliability and applicability 
of the experimental model.

The examination of residuals involved assessing the normal plot, which illustrates the correlation between 
percentage probability and internally studentized residuals (see Fig. 5a). A linear curve in the normal distribution 
of residual values indicates the model’s accuracy, while the randomized distribution of residuals signifies the 
precision of the model. Additionally, an analysis was conducted to prove the association between experimental 
and predicted qe, presented in Fig. 5b, and Fig. 5c details the number of experiments conducted. Figure 5b 
demonstrates that data points closely align with the line, indicating a robust association between experimental 
and predicted qe values. These observations strongly support the assertion that the quadratic model is the most 
appropriate for predicting the response37.

Within the defined variable range, the effects of parameters on the removal of BPA by MFZ were determined, 
as illustrated by three-dimensional surface plots and contour lines in Fig. 6a–d.

The removal percentage of BPA by MFZ can be seen to increase as the adsorption dose and system 
temperature are raised, and as the contact time is extended. Conversely, the removal (%) decreases as the pH level 
is increased. According to figures, removal percentage experiences an initial increase with the escalating dosage 

Source Sum of squares df Mean square F value p-value (Prob > F)

Model 17,452.1 14 16,452.2 212.4  < 0.0001 Significant

A-pH 114.1 1 114.1 15.3  < 0.0001

B-Dose (g/L) 423.2 1 423.2 45.3  < 0.0001

Contact time (mg/L) 581.4 1 581.2 63.9  < 0.0001

D-temperature (°C) 109.2 1 109.2 35.1 0.0001

AB 21.2 1 21.2 2.75 0.0021

AC 32.4 1 32.4 1.72 0.981

AD 18.4 1 18.4 0.472 0.841

BC 43.6 1 43.6 0.724 0.004

BD 16.4 1 16.4 5.23 0.741

CD 9.34 1 9.34 6.37 0.902

A2 1.93 1 1.93 11.6 0.006

B2 796.4 1 796.1 75.3  < 0.0001

C2 984.2 1 984.2 99.2 0.0071

D2 1.76 1 1.76 7.44 0.0049

Residual 144.1 14 14.9

Lack of fit 95.6 6 9.4 3.94 0.0741 Not significant

Pure error 8.41 4 3.52

Cor total 21,245.3 29

Std. Dev = 2.17, C.V. % = 2.46, R2 = 0.995, Adjusted R2 = 0.994, Predicted R2 = 0.982, Adeq precision 
(AP) = 60.1

Table 2.  Results of ANOVA For BPA degradation by MFZ.
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of MFZ, primarily due to the augmented surface area37. Nevertheless, as the dosage further increases, there 
is a subsequent decline in removal percentage. This decline is likely caused by the heightened agglomeration 
of MFZ particles in larger amounts, resulting in a reduction of surface area and, consequently, a decrease in 
removal percentage38. According to figures, removal percentage experiences a decline with an increase in pH. 
The solution pH is a pivotal factor affecting the removal of BPA. In this particular study, the pHzpc for MFZ 
is determined to be approximately 6.5 (Fig S1). In essence, when the pH is below the pHzpc, the MFZ surface 
carries a positive charge, and when the pH exceeds the pHzpc, the MFZ surface becomes negatively charged15. In 
strong acidic media, the production of anionic BPA species and positively charge adsorbent thus increases the 
force of gravity and increase the amount of adsorption. The removal percentage is diminished in strong alkaline 
pH due to the repulsion force between the anionic BPA and the negatively charged adsorbent, leading to mutual 
repulsion18. According to figures, the positive effect on BPA removal percentage is observed with rising time, 
mainly due to the prolonged interaction between the adsorbent and BPA molecules39. This extended contact 
time results in an enhancement of the removal percentage of BPA. Also, with the increase in temperature, the 

Fig. 5.  Normal plot of residuals (a); Predicted versus actual plot (b); Residuals versus run number (c).
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movement of molecules will increase and will cause more collisions between the adsorbent and the pollutant 
molecules40.

The optimum conditions for BPA adsorption on MFZ, determined by the model, are a dose of 0.75 g/L, a pH 
of 6.2, contact time of 72 min, and a temperature of 42 °C, yielding an anticipated percentage removal of 99.1%. 

Fig. 6.  Response surface plots and contour plots for BPA adsorption (a–d).
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Experimental validation under these conditions showed a percentage removal of 98.9%, deviating only 0.2% 
from the predicted value. This highlights the effectiveness of the RSM optimization model in analyzing BPA 
adsorption by MFZ and in establishing the most suitable experimental parameters for the adsorption process.

Kinetics of adsorption
The research in this section focused on studying the impact of contact time on the adsorption of BPA. A 100 
mL volumetric flask containing a 100 mg/L concentration of BPA was treated with the adsorbent at a dosage 
of 0.75 g/L. The experiment was conducted at a temperature of 315 K and a solution pH of 6.2. The flask was 
agitated for a duration of 10 to 90 min, at a constant speed of 180 rpm.

The observed phenomenon could be a consequence of the concentration differential at the initiation of 
the reaction, driving BPA to move quickly towards the MFZ surface. At the same time, the adsorbent surface 
features a significant number of adsorption sites, enhancing the chances of contact and collision between BPA 
and MFZ41. With the progression of the reaction, saturation occurs on the adsorption sites, and the adsorbent 
surface gains a positive charge due to the mounting attachment of BPA. Consequently, the electrostatic repulsion 
of free BPA takes place, hindering their contact with the adsorbent surface and resulting in a slowdown in the 
adsorption process42.

The equations of the kinetics and their explanations are given in the supplementary section. The summary 
of fitting parameters for the mentioned kinetic models is provided in Table 3. Notably, the PSO model, with 
an R2 value of 0.997, exhibits better performance compared to the PFO model (R2 = 0.912) in capturing the 
intricacies of the BPA adsorption data. Emphasizing chemisorption as the exclusive rate-limiting factor, the PSO 
model implies that chemisorption predominantly regulates the adsorption of BPA onto MFZ43. The mechanisms 
involved in BPA adsorption encompass surface complexation, ion exchange, and electrostatic interactions44.

Figure 7 presents the fitting results for the IPD models of BPA adsorption on MFZ. As you can see, adsorption 
happens in three stages. The initial stage takes place within a timeframe of 10 to 30 min, during which the 
adsorption rate is notably elevated, along with the adsorption rate constant (kp1). The phenomenon of adsorption 
takes place at discrete surface sites of the adsorbent, which is governed by bulk diffusion45. During the second 
stage, which takes place between 30 and 60 min, the graph’s slope decreases, indicating a lower adsorption rate. 
The reduction in adsorption rate is attributed to the penetration of pollutants to the adsorbent depth from its 
surface layers46. It is noteworthy that the value of kp2, which represents the adsorption rate during this stage, is 

Fig. 6.  (continued)

PFO

qe (cal) 95.2

PSO

qe (cal) 172.2

k1 (min−1) 0.047 K2 (min−1) 0.005

R2 0.912 R2 0.997

Stage 1 Stage 2 Stage 3

IPD

KP1 22.4 KP2 4.95 KP3 0.541

C 6.71 C 33.6 C 60.2

R2 0.896 R2 0.942 R2 0.913

Table 3.  Kinetic parameters for the adsorption of BPA on MFZ.
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lower than kp1, which represents the adsorption rate during the initial stage and is attributed to film diffusion. 
The onset of the third stage commences after 60 min and can be overlooked due to its sluggish nature. The graph 
depicting the third stage exhibits a markedly gentle incline, which can be attributed to the phenomenon of pore 
diffusion, wherein the adsorbate infiltrates the minuscule pores present within it47.

Adsorption isotherms
For a more thorough understanding of the adsorption mechanism of BPA on MFZ, the data correlating 
adsorption capacity and the initial concentration of BPA were fitted using several commonly used adsorption 
isotherm models, including Langmuir, Freundlich, D-R, and Temkin. The equations of the isotherms and their 
explanations are given in the supplementary section. In Table 4, the parameters pertaining to the adsorption 
isotherms are outlined. Notably, the Langmuir adsorption isotherm model, characterized by an R2 value of 
0.997, offers a more effective fit to the BPA adsorption results by MFZ than the Freundlich (R2 = 0.912), D-R 
(R2 = 0.867), and Temkin (R2 = 0.895) models. The uniform distribution of adsorption sites is suggested as the 
key factor contributing to this superior fit. Furthermore, in accordance with the assumptions of the Langmuir 
model, the adsorption of BPA is predominantly taking place in monomolecular layers or through a fixed number 
of identical and energetically equivalent sites on the surface48,49. Through the use of the Langmuir isotherm, the 
maximum adsorption capacity of BPA on MFZ was computed to be 180.1 mg/g The RL in Langmuir equation 
was observed to be within the range of zero to one, thereby signifying the validation of adsorption through the 
Langmuir isotherm. Furthermore, it was observed that the adsorbent under investigation exhibited chemical 
adsorption of BPA, as evidenced by the fact that less than 17.2 kJ/mol of energy E was derived from the D-R 
isotherm50,51.

Thermodynamics of adsorption process
Consideration of temperature is indispensable in the analysis of adsorption processes. To investigate its impact, 
centrifuge tubes containing 100 mL of a BPA solution at 100 mg/L, with an adsorbent dosage of 0.75 g/L and a 
pH of 6.2, were subjected to constant temperatures at three different levels (283–323 K). The equations of the 
thermodynamics and their explanations are given in the supplementary section. The computation of negative 
values for ΔG0 (− 2.7, − 3.95, − 5.64, − 7.86 and − 11.86 kJ/mol for 283, 293, 303, 313, and 323 K, respectively) 
indicates the spontaneous character of adsorption. Elevating the temperature was found to be correlated with a 
rise in the unfavorable nature of ΔG0 values52,53. Furthermore, the positive ΔH° (41.3 kJ/mol) for the adsorption 

Parameters Parameters

Langmuir

Qm (mg/g) 180.1

Temkin

kt (L/mg) 1.24

kl (L/mg) 0.011 A 61.2

R2 0.997 R2 0.895

Freundlich

kf (L/mg) 4.48

D-R

Qm 145.1

1/n 0.391 E (kJ/mol) 17.2

R2 0.912 R2 0.867

Table 4.  Isotherm parameters for the BPA adsorption on MFZ.

 

Fig. 7.  IPD kinetics for BPA adsorption.
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reaction indicates a heat-absorbing nature, with the BPA adsorption capacity improving as the temperature 
rises54. Higher temperatures accelerate BPA removal. Additionally, the positive ΔS° (0.32 kJ/mol/K) implies that 
BPA adsorption at the solid–liquid interface is accompanied by a boost in system entropy, indicating a high 
affinity of the adsorbent for BPA55,56.

Reusability of MFZ
The reusability of the adsorbent is a crucial factor in assessing the material’s economic viability and practical 
applicability. In this study, 0.75 g/L of MFZ was introduced into a volumetric flask containing 100 mL of a 
100-mg/L BPA solution at a pH of 6.2. The volumetric flask was then placed in a thermostatic shaker for 72 
min at 42 °C and 180 rpm. The residual BPA concentration was determined through HPLC after separating the 
magnetic adsorbent using a magnet. To evaluate its reuse performance, the MFZ regeneration was conducted 
for five cycles (Fig. 8a). Across the five regeneration cycles, the percentage removal of MFZ for BPA experiences 
a slight decrease. The observed 7% decline in BPA removal efficiency can primarily be ascribed to two factors. 
First, the progressive reduction in the adsorbent mass during successive adsorption–desorption cycles, wherein 
approximately 4% of the material is lost in each stage. Second, the partial saturation of active adsorption 
sites during the desorption process, which consequently diminishes the regeneration capacity and overall 
performance of the adsorbent57,58. Examining the stability of the prepared adsorbent was vital for the adsorption 
process, and therefore the physicochemical stability of MFZ was verified after five adsorption-desorption 
processes. Validation of the chemical stability of MFZ involved the application of techniques such as XRD after 

Fig. 8.  Reuse cycles of MFZ (a); XRD test after adsorption process (b); Influence of co-existing ions (c).
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the adsorption-desorption process. As evident from Fig. 8b, despite the presence of diminished crystallinity 
in certain less significant peaks, the primary peaks linked to the MFZ structure demonstrated a high degree 
of consistency, validating the enduring chemical stability of MFZ. This suggests that MFZ remains capable of 
satisfactory adsorption for BPA, even after five regeneration cycles.

Effect of ionic strength
The presence of various ions alongside BPA in the environment introduces a dynamic interplay that can either 
enhance or impede BPA adsorption. Therefore, understanding the impact of coexisting ions is crucial. The 
influence of NaCl, Na2SO4, Na2CO3, and NaNO3 on BPA adsorption was investigated. The variation in percentage 
removal was assessed when coexisting ionic precursors (100 mg/L) were introduced to a BPA solution, and the 
results were compared after 72 min (at a pH of 6.2 and a temperature of 315 K). When NaCl, Na2SO4, Na2CO3, 
and NaNO3 were introduced, the adsorption efficiency of BPA by MFZ faced varying degrees of hindrance (Fig. 
8c). This hindrance increased with the concentration of ions, indicating a competitive relationship between these 
ions and BPA for adsorption sites. Consequently, the adsorption capacity of BPA was reduced. Additionally, SO4 
− 2, Cl−, CO3 − 2, and NO3

− ions were found to be adsorbed on the positively charged surface of the adsorbent. 
This led to electrostatic repulsion between BPA and the adsorbent surface, impeding interactions between BPA 
and adsorption sites and contributing to a lowering of adsorption capacity59.

Performance of MFZ in real wastewater
To further evaluate the practical applicability of the synthesized adsorbent, a preliminary adsorption experiment 
was conducted using real wastewater collected from a thermal paper recycling facility. The raw wastewater 
exhibited an initial pH of 5.0 and a COD of 2700 mg/L, with bisphenol A (BPA) identified as one of the main 
pollutants. The sample was filtered and treated with MFZ under laboratory conditions (adsorbent dosage 1 g/L, 
contact time 120 min, pH 5.0, shaking at 150 rpm, and room temperature 25 ± 2 °C). The COD was measured at 
different time intervals to assess the reduction of organic load. The results demonstrated that the COD removal 
efficiency after 30, 60, and 120 min of contact was 13.1%, 32.7%, and 66.7%, respectively. These findings indicate 
that MFZ can significantly reduce the organic load of real wastewater containing BPA and other coexisting 
pollutants. Compared with synthetic BPA solutions, where MFZ achieved over 98% removal efficiency under 
optimized laboratory conditions within 72 min, the efficiency in real wastewater was markedly lower. This decline 
can be ascribed to the competitive adsorption of natural organic matter and coexisting ions, which occupy the 
active sites of MFZ and restrict BPA uptake. Nevertheless, achieving a COD removal of approximately 67% 
highlights the potential of MFZ for real-world wastewater treatment applications, although its performance is 
less efficient than under idealized laboratory conditions.

Adsorption mechanisms
The adsorption of BPA onto the MFZ nanocomposite can be ascribed to multiple cooperative interactions 
between the functional groups of BPA and the active sites of the adsorbent. At the experimental pH (~ 6.2), 
BPA molecules exist predominantly in their neutral form, as the pKa values of BPA (~ 9–10) are higher than 
the solution pH. Under such conditions, electrostatic attraction plays only a minor role, while non-electrostatic 
pathways govern the uptake. Firstly, hydrogen bonding is expected to play a dominant role. The surface –OH 
groups originating from Fe–O terminations in the Fe2O4 core and the Zn–N moieties of the ZIF-8 framework 

Fig. 8.  (continued)
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can act as hydrogen-bond donors and acceptors for the phenolic –OH groups of BPA. The broad O–H vibration 
observed in the pristine material confirms the presence of accessible hydroxyl species, which may serve as 
anchoring sites for BPA molecules. Secondly, π–π stacking interactions contribute significantly to molecular 
affinity. The aromatic rings of BPA can interact with the conjugated π-system of the 2-methylimidazolate linkers 
in ZIF-8. Such stacking effects increase the stabilization of BPA at the interface and complement the hydrogen 
bonding, thereby enhancing the adsorption capacity60. Thirdly, weak coordination or surface complexation 
between BPA and the exposed metal sites of MFZ is also plausible. The phenolic oxygen atoms of BPA can 
coordinate to Zn2+ centers in the ZIF-8 shell or to Fe sites partially exposed from the Fe2O4 core. The presence 
of these metal species, as confirmed by XPS characterization of the pristine composite, indicates that such 
interactions can occur and further anchor BPA molecules on the surface. In addition, the pore structure of 
ZIF-8 plays a crucial role. BET analysis demonstrated that MFZ possesses a high specific surface area (~ 421 
m2/g) and a pore size distribution in the 3–10 nm range, which is compatible with the molecular dimensions 
of BPA. This structural feature facilitates pore-filling and hydrophobic confinement, allowing BPA molecules to 
diffuse into the porous channels and be retained by van der Waals and size-matching effects. The multiphasic 
IPD model obtained from kinetic fitting further supports the contribution of both surface interactions and 
internal pore diffusion. The adsorption kinetics fit well to a PSO model, indicating that chemisorption is a 
rate-controlling step, while the Langmuir isotherm suggests monolayer adsorption on homogeneous sites. The 
calculated mean free energy (E ≈ 17.2 kJ/mol, DR model) further supports the involvement of strong, specific 
interactions beyond simple physisorption [61]. . Together, these findings confirm that hydrogen bonding, π–π 
interactions, weak coordination, and pore confinement act synergistically to achieve rapid uptake and a very 
high removal efficiency (> 98%). Overall, the superior performance of MFZ arises from the combination of 
chemical interactions at Zn/Fe and hydroxyl sites, stabilization by aromatic stacking, and confinement within 
the porous ZIF-8 framework. These mechanisms collectively explain the observed adsorption behavior and 
highlight the potential of MFZ as a highly effective adsorbent for the removal of BPA and related endocrine-
disrupting contaminants. The mechanism diagram is depicted in Fig. 9.

Conclusion
Utilizing the BBD model, this research effectively explored the influence of critical process parameters on the 
studied process and achieved optimized BPA removal using MFZ. The quadratic model suggested by the BBD 
showcased a remarkable agreement between predicted and experimental values, indicating minimal errors. 
Following the optimization process, the study identified optimal conditions, resulting in a 99.1% removal of BPA 
ions under specific parameters: pH of 6.2, contact time of 72 min, adsorbent dose of 0.75 g/L, and temperature 
of 315 K. The findings of this study demonstrate that MFZ nanocomposites are not only effective adsorbents 
under controlled laboratory conditions, but also hold strong potential for practical applications in wastewater 
treatment. Their high surface area, abundant active sites, and excellent adsorption capacity enable the efficient 

Fig. 9.  Adsorption mechanism of BPA onto MFZ.
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removal of endocrine-disrupting compounds such as BPA from aqueous environments. Moreover, the magnetic 
properties of MFZ allow for simple and rapid recovery with an external magnetic field, reducing operational costs 
and facilitating reuse in multiple treatment cycles. In addition, efforts should be made to improve regeneration 
strategies and develop environmentally friendly desorption methods to extend the adsorbent’s lifespan and 
reduce operational costs. Expanding the scope of research to evaluate MFZ for the removal of other endocrine-
disrupting compounds, pharmaceuticals, dyes, and heavy metals could further establish its versatility in water 
treatment. Integrating MFZ adsorption with complementary treatment technologies, such as advanced oxidation 
processes, photocatalysis, or membrane systems, may also enhance overall efficiency and ensure compliance 
with strict water quality regulations. Finally, comprehensive cost–benefit and life-cycle assessments are essential 
to evaluate the economic feasibility, scalability, and sustainability of MFZ production and application, thereby 
facilitating its transition from laboratory success to large-scale environmental deployment

Data availability
The datasets used and/or analysed during the current study available from the corresponding author on reason-
able request.
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