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Efficient removal of environmental endocrine disruptors (EDCs) from water is
crucial for both human health and aquatic ecosystems security. In this study,
MOFs were successfully loaded into granular acicular mullite, and then carbonized
to synthesize MOF-derived carbon embedded granular acicular mullite (MOF-M-
C). The SEM, FTIR, XPS, TGA were used to characterize the modified ceramsite. The
adsorption performance of MOF-M-C for BPA and EE2 in aqueous solutions was
systematically evaluated through batch experiments, investigating parameters such
as contact time, temperature, pH, ionic strength, and coexisting anions. Kinetic,
thermodynamic, and isotherm models were applied to analyze the adsorption
mechanism. Results showed that the loading capacity of MOFs derived carbon on
acicular mullite was 11.81% (w/w). The adsorption kinetics revealed that the process
follows a pseudo-second-order model, indicating chemisorption as the dominant
mechanism. In the single system, the adsorption capacity for BPA by MOFs derived
carbon (MOF-CB) and the MOF-M-C were 51.704 and 71.68 mg-g%, respectively.
While for EE2, the values were 85.414 and 53.78 mg-g~*, respectively. In the binary
system, EE2 and BPA competed for adsorption sites, with EE2 showing stronger
affinity due to its higher hydrophobicity. Thermodynamic analysis confirmed that
the adsorption was spontaneous, endothermic, and entropy-driven. The material's
performance was minimally affected by pH and ionic strength, making it robust for
practical applications. Additionally, MOF-M-C demonstrated excellent regeneration
efficiency, retaining over 80% of its adsorption capacity after four cycles. These
findings highlight MOF-M-C as a promising, reusable adsorbent for the effective
removal of endocrine-disrupting compounds from water.

adsorption, bisphenol A, 17a-ethinylestradiol, acicular mullite, matal-organic framework
derived carbon, isosteric heat
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1 Introduction

Environmental endocrine disruptors (EDCs) have garnered
increasing attention due to their detrimental effects on human
health and aquatic ecosystems, including reproductive disorders,
nervous system damage, and disruptions to metabolic processes
(Duan et al, 2019; Surana et al., 2022). Among these EDCs,
bisphenol A (BPA) and 17a-ethinylestradiol (EE2) are two
prominent contaminants (Javidan et al., 2022). EE2, a synthetic
estrogen widely used in oral contraceptives and hormone
replacement therapies, exhibits higher toxicity compared to
natural estrogens such as estrone (El) and 17p-estradiol (E2)
(Song et al,, 2023). BPA, a key component in the production of
epoxy resins, polycarbonates, and plastic stabilizers (Jiang et al.,
2023), has also become a pervasive environmental pollutant. In
recent years, BPA and EE2 have been frequently detected in surface
water (Goeury et al., 2022; Zhong et al., 2022), river sediment (Yang
et al.,, 2024), sewage plant effluent (Moreira et al., 2023) and even
drinking water supplies (Ismanto et al., 2022; Tomei Torres and
Masten, 2023). These findings highlight the inefficiency of
conventional water treatment processes in removing BPA and
EE2, underscoring the urgent need for advanced technologies to
enhance their removal efficiency.

Metal-organic frameworks (MOFs), a class of coordination
polymers formed by the self-assembly of metal ions or clusters
with organic ligands, have emerged as a promising class of porous
materials. MOFs are highly valued for their exceptional properties,
including large specific surface areas, tunable pore structures, and
versatile synthesis methods (Khalil et al., 2023; Hayat et al., 2024). By
selecting different metal nodes and organic linkers, a wide variety of
MOFs can be tailored for specific applications (Liu et al., 2023). To
date, MOFs have demonstrated significant potential in gas capture
and storage (Kang and Lee, 2023), liquid-phase adsorption (Liang
etal., 2023), and catalytic water splitting (Li YY. et al., 2019; Poonia
et al,, 2023). Their unique physicochemical properties, such as high
porosity and abundant adsorption sites, make them ideal candidates
for the adsorption of environmental pollutants (Ahmadijokani et al.,
2024). Furthermore, MOFs can be pyrolyzed under inert conditions
to produce porous carbon materials while retaining their structural
integrity and high surface area, offering an excellent precursor for
functional carbon-based materials (Xu et al, 2023). The ease of
synthesis and post-modification of MOFs has further driven their
adoption in both scientific research and industrial applications
(Daglar and Keskin, 2022; Jo et al, 2023). A variety of
functionalized MOFs-derived porous carbon materials have been
synthesized, some of which exhibit exceptional performance in
removing water contaminants (Chang et al., 2022; Ding et al,
2022; Ahmed et al., 2024). For instance, Bhadra et al. carbonized
Bio-MOF-1 at 1000°C for 12 h to produce BMDC-12h, which
demonstrated an ultrahigh BPA adsorption capacity of
710 mg g ' (Bhadra et al, 2018). Similarly, Ma et al. utilized
ZIF-8 and ZIF-67 to prepare heteroatom-doped carbon catalysts,
significantly enhancing the peroxymonosulfate-mediated catalytic
oxidation of BPA (Ma et al., 2018a; Ma et al., 2018b). Duan et al.
synthesized a polypyrrole-modified ZIF-8-derived porous carbon
material (IHNPC), which exhibited remarkable selectivity and a
maximum adsorption capacity of 455.95 mg g* for E2 (Duan et al.,
2019). Additionally, Bhadra et al. developed a porous carbon
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material (CDM-6) from a metal-azolate framework (MAF-6),
capable of adsorbing various emerging organic pollutants through
hydrogen bonding (Bhadra and Jhung, 2017). Ahsan et al. prepared
graphene oxide and carbon nanotube-doped Cu-BDC MOFs, both
of which could increase the adsorption capacity of BPA by Cu-BDC
MOFs, and the adsorption capacity of BPA on Cu-BCD@GrO could
reach 182.2 mg g™' (Ahsan et al., 2019).

Despite their remarkable potential, the practical application of
MOFs and MOF-derived carbon materials is often hindered by their
fine particulate or powdery nature, which complicates solid-liquid
separation processes (Mon et al., 2018). To address this limitation,
embedding MOFs into porous supports to form composite
adsorbents has been proposed as a viable strategy to enhance
their applicability (Huang et al., 2024). Ideal support materials
should possess high porosity, large specific surface area, excellent
chemical stability, and robust mechanical properties. Acicular
mullite ceramics (M, 3Al,03-2Si0,), an aluminosilicate mineral
characterized by its needle-like microstructure, meet these
criteria. Acicular mullite ceramics can form highly porous
structures with substantial surface areas while maintaining
mechanical integrity, making it an excellent candidate for use as
a support material and filter medium (Gao et al., 2024).

Although ceramsite filter materials are widely used in water
treatment plants, their effectiveness in removing endocrine-
disrupting pollutants remains limited. Moreover, few studies have
explored the application of MOFs for modifying filter media. In this
study, we aim to address this gap by embedding MOFs into acicular
mullite and subsequently carbonizing the composite to produce
MOF-derived carbon-modified acicular mullite. The synthesized
adsorbent was characterized using various techniques to analyze
its morphology, structure, and elemental composition. Batch

evaluate the
of BPA and

adsorption experiments were conducted to

performance and underlying mechanisms

EE2 removal by the composite material.

2 Materials and methods
2.1 Materials and reagents

Acicular mullite (M) ceramics with the diameter of 0.8-1.2 mm was
synthesized in the laboratory, and the detailed synthesis method is
provided in the Supplementary Material. Carboxymethylcellulose
sodium  (CMC), cobalt (Co(NO;),-6H,O), zinc nitrate
(Zn(NO3),-6H,0), 2-methylimidazole (C4HgN,) and hydrochloric
acid (HC) of analytical grade were purchased from Chengdu Kelong
Chemical Reagent Factory. Standard substances of BPA (>99%) and
EE2 (>99%) were obtained from Dr. Ehrenstorfer GmbH (Augsburg,
Germany). Stock solutions of BPA and EE2 were prepared by dissolving
their powders in methanol (chromatographic grade).

2.2 Sample preparation

Firstly, the acicular mullite was pretreated by soaking in 1 M HCI
for 2 h, followed by rinsing with deionized water. It was then soaked
in methanol for another 2 h, rinsed again with deionized water, and
dried for further use. Then the acicular mullite (10 g) was immersed
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in 50 mL of a 3 g L' CMC solution and subjected to vacuum for
20 min. After 2 h, the CMC solution was discarded, and the sample
was dried overnight in an oven at 60°C. Solution A: 3.492 g of
Co(NOs3),:6H,0 and 1.158 g of Zn(NO3),-6H,0 were dissolved in
40 mL methanol; Solution B: 5 g of 2-methylimidazole was dissolved
in 30 mL methanol. The dried acicular mullite was placed in
Solution A, and Solution B was quickly added under continuous
stirring. The mixture was allowed to react at room temperature for
24 h. The solid samples were then collected, washed with methanol,
and dried in an oven at 60°C for 12 h to obtain MOF-embedded
acicular mullite (MOF-M). The same method was used to synthesize
Zn/Co-ZIF powder (MOF) without acicular mullite particles.Finally,
MOF-M was heated in a tubular furnace at 800°C for 3 h under a
nitrogen atmosphere with a heating rate of 5°C min™' to obtain
MOF-derived nanoporous carbon-embedded acicular mullite
(MOEF-M-C). The MOF powder was carbonized using the same
method to obtain MOF derived carbon (MOF-BC).

2.3 Characterization

The microstructure of pure acicular mullite, MOF-M, and MOF-
M-C was examined using a JEOL JSM-7800F scanning electron
microscope (SEM) at an acceleration voltage of 3.0 kV. Elemental
analysis was performed using an energy-dispersive X-ray
spectroscopy (EDX) analysis system attached to the SEM
instrument. X-ray diffraction (XRD) spectra were collected using
a PANalytical X'Pert Power diffractometer with Cu-Ka radiation
(A = 1.5406 A) at a scan rate of 0.013° per second over a 20 range of
10°-80°, operating at 40 kV and 40 mA. Functional groups were
analyzed using a Thermo Fisher Nicolet Is5 FTIR spectrometer in
transmission/ATR mode. The zeta potential of the samples was
measured at various pH values using a Malvern Zetasizer Nano ZS.
Specific surface area and pore size distribution were determined
using a Micromeritics ASAP 2020 analyzer. Thermal stability was
assessed using a Mettler Toledo thermogravimetric analysis (TGA)
instrument. Acicular mullite and MOF-M were analyzed in air,
while MOF-M-C was analyzed under a nitrogen atmosphere, with a
heating rate of 10°C min™' from 30°C to 900°C.

2.4 Batch adsorption experiment

2.4.1 Analytical methods for BPA and EE2

Water samples contained BPA and EE2 were extracted by solid
phase extraction (SPE, Oasis HLB, 3cc/60 mg, Water, United States).
The concentration of BPA and EE2 were quantified using a high-
performance liquid chromatography (HPLC) system (Agilent
1260 Infinity) equipped with a ZORBAX SB-Cl18 column (4.6 x
150 mm, 5 pm) and a UV detector. The mobile phase for single-
component analysis was 100% methanol, while for binary systems, a
mixture of acetonitrile (50%) and water (50%) was used at a flow rate
of 1 mL min~". The injection volume was 10 pL, and the detection
wavelength was set at 230 nm.

2.4.2 Adsorption equilibrium

A series of BPA and EE2 solutions (0.02-10 mg L") were
prepared by diluting stock solutions. Then, 0.1 g of MOF-M-C
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was added to 100 mL of each solution in 250 mL conical flasks. The
flasks were shaken at 120 rpm for 24 h at three temperatures (288 K,
298 K, and 308 K). After adsorption, the mixtures were filtered
through a 0.45 um membrane, and the residual concentrations of
BPA and EE2 in the filtrate were measured.

2.4.3 Kinetic studies

For kinetic studies, 0.1 g of MOF-M-C was added to 100 mL of
BPA or EE2 solutions (2 mg L™'). Samples were collected at
predetermined time intervals (5, 15, 30, 60, 120, 180, 300, 500,
900, 1500, and 2000 min) for analysis.

2.4.4 Effect of ionic strength and coexisting anions

The effect of ionic strength was evaluated by adding NaCl at
concentrations of 0.01, 0.1, 0.3, and 0.5 mol L™ to the adsorption
system. The influence of coexisting anions was studied by adding
0.05 mol L™ of NaNOs3, Na,CO3, Na,SO,, and Na;PO412H,0 to
100 mL of 1 mg L™ BPA or EE2 solutions.

2.4.5 Effect of solution pH

The pH effect was investigated by adding 0.1 g of MOF-M-C to
100 mL of BPA or EE2 solutions (2 mg L™") at pH values ranging
from 3.0 to 11.0. After shaking at 120 rpm for 24 h, the samples were
filtered through a 045 pm membrane, and the residual
concentrations of BPA and EE2 in the filtrate were measured.

2.4.6 Regeneration study

Two regeneration methods were employed: one was ethanol
Regeneration, where the adsorption-saturated MOF-M-C was
soaked in methanol and ultrasonicated for 30 min, followed by
thorough rinsing with deionized water, drying at 80°C, and reuse for
four cycles; and the other was Alkaline Regeneration, where the
saturated MOF-M-C was treated with 0.1 M NaOH solution, shaken
at 120 rpm for 24 h, filtered, rinsed, dried overnight, and reused for
four cycles.

3 Results and discussion
3.1 Materials characterization

The Zn/Co-ZIF particles synthesized in this study exhibited
uniform rhombohedral dodecahedral morphology (Figure 1), with
particle sizes ranging from 466 to 969 nm. The surface of the freshly
prepared Zn/Co-ZIF particles was smooth; however, after
carbonization under a nitrogen atmosphere, the particle surfaces
became rough, and smaller particles were observed. As shown in
Figure 1C, the well-defined MOF crystal structure was not distinctly
visible on the surface of the acicular mullite. Instead, the pore
structure of the acicular mullite became less pronounced, and
numerous crumb-like substances were interspersed within the
needle-like structure. Following carbonization, the pore structure
of the acicular mullite became more evident, likely due to the
CMC and 2-

methylimidazole. Additionally, during the acquisition of SEM

volatilization of organic linkers such as
images, it was observed that before carbonization, the MOF-M
material required gold sputtering to visualize the structure,

whereas after carbonization, gold sputtering was no longer
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SEM images of MOF and MOF loading ceramsite, (A) MOF, (B) MOF-CB, (C) MOF-M and (D) MOF-M-C.

necessary for clear structural observation. It has been reported that
after the carbonization of MOFs materials, functional groups such as
carboxyl and hydroxyl groups can be removed, which can greatly
improve the stability and conductivity of the materials (Xiao et al.,
2020; Ding et al, 2025). Therefore, it was speculated that the
electrical conductivity of MOF-M-C was significantly enhanced
compared to that of MOF-M and pure acicular mullite (M).

The EDS results confirmed the successful embedding of MOFs
into the acicular mullite. The MOF particles were primarily
composed of carbon (C), nitrogen (N), cobalt (Co), zinc (Zn),
and oxygen (O) (Figure 2A). The N content in the MOF was
26.9%, but it nearly disappeared after carbonization. Following
carbonization, the Co content increased significantly from 11.65%
to 29.79%, while the C content decreased slightly, and other
elements remained relatively unchanged. These results indicate
that the synthesized MOFs were predominantly ZIF-67. Prior to
MOF embedding, the mullite contained no detectable C or N;
however, after MOF embedding, the C and N contents increased
to 8.12% and 3.83%, respectively. After carbonization, the N content
was no longer detectable in MOF-M-C, while the C content further
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increased to 13.02%, and the Co content was approximately 2.6%.
Notably, Zn was not observed in the final product. Under an
atmosphere of nitrogen at 800°C, the reduced Zn atoms undergo
high-temperature sublimation in situ within the MOF material and
are released from the system as vapor (Li X. et al,, 2019; Yang et al,,
2021). This process facilitates the creation of mesoporous and
macroporous structures within the material, thereby increasing its
specific surface area and thus enhancing pollutant adsorption
performance. Furthermore, due to the limited precision of EDS
detection, if the Zn content in the sample is low and falls below the
detection limit, it cannot be detected.

In Figure 2B, Fourier-transform infrared (FTIR) spectroscopy
was performed on the as-prepared MOF, MOF-M, and MOF-M-C.
The characheristic peaks at 2931 cm™ for C-H stretching, 1573 cm™
and 1142 cm™ for C42 cmmetching, corresponding to MOF
structure. MOF-M, and MOF-M-C both exhibit characteristic
peaks at 1573 cm™' and 1142 cm™, attributed to C-N stretching,
confirming the MOF structure and its successful embedding in the
mullite matrix to form MOF-M composites. Notably, In MOF-M-C,
the disappearance of the NMOF structure and its successful ') and
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Characterization of MOF and MOF embedded acicular mullite: (A) EDX spectra;

900 °C); (D) Pore distribution.

(B) FTIR spectra; (C) TGA analysis (heating rate 10 °C min~ from 30 to

TABLE 1 Kinetic models parameters for the adsorption of BPA and EE2 on MOF-M-C.

Adsorbates Pseudo-first-order kinetic

Kz
/9-(mg-min)

BPA 3.82E-03 3.08E-03

EE2 4.98E-03 ‘ 4.51E-03

the C-H stretching peak (2931 c¢cm™) (Ibrar et al, 2023),
characteristic of coordinated amine ligands, alongside the
emergence of a carbonyl peak (1520 cm™) and a weak Cc of
coordinated amine ligands, along™). These spectral changes
suggest ligand degradation or oxidation during modification,
leading to alterations in the original amine structure and the
formation of new functional groups. Additionally, carbonization
effectively removed nitrogen from both the MOFs and MOF-M.
Yang et al. (2018) reported that pre-loading carboxymethylcellulose

(CMC) could enhance the attachment between the substrate and the
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Pseudo-second-order kinetic

Intraparticle diffusion model

model
Keoi R2
/mg-gtmin-*/2
1.801 0.984 3.31E-02 0267 | 0950
1778 0.994 3.12E-02 0403 | 0.922

Zn/Co-ZIF crystal precursors through interactions between the
hydroxyl groups of CMC and Zn**/Co*" ions.

The results of hermogravimetric analysis (TGA) of M, MOF-CB,
and MOF-M-C were listed in Figure 2C. As can be seen from the
figure, the weight of needle-like mullite remains nearly unchanged as
the temperature increases. In contrast, the weights of MOF-BC and
MOEF-M-C continuously decrease with rising temperature when the
temperature exceeds 300°C. This downward trend continues until the
temperature rises to around 600°C, after which the weight no longer
decreases with further temperature elevation and stabilizes (reaching
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Effects of contact time on the adsorption of BPA and EE2 on MOF-M-C, (A) BPA and (B) EE2.

TABLE 2 Equilibrium isotherm parameters for the BPA and EE2 adsorption on MOF-M-C and MOF-CB.

Adsorbents Adsorbates Temperature/K Langmuir Freundilich
K./L-mg™ dm/mg-g* 1/n Ke/L-g™? R?

MOF-M-C BPA 288 0381 8315 0.972 0.546 2369 0.993
298 0551 8.465 0.984 0.529 2.873 0977

308 0.715 9.266 0.970 0.493 3.708 0.988

EE2 288 1.063 6307 0.991 0.460 2.862 0.985

298 2.018 6350 0.984 0.425 3.500 0.974

308 2724 7.137 0.982 0361 4599 0.987

MOF-M-C BPA* 298 3.113 2.178 0.964 0.402 1.665 0.992
EE2* 298 8.615 2.812 0.961 0.452 3.294 0.987

MOF-CB BPA 298 6.847 51.704 0.935 0311 40.765 0.978
EE2 298 2.694 85.414 0.990 0378 54.769 0.970

*BPA, or EE2 adsorbed in binary system.

equilibrium). Ultimately, within the experimental temperature range,
the weight losses of M, MOF-BC, and MOF-M-C are 0.30%, 44.97%,
and 5.31% respectively. Based on these results, the MOF-derived
carbon embedded in MOF-M-C accounted for approximately 11.81%
of the total mass. TGA reveals MOF-M-C’s stability up to 300°C, with
no significant decomposition below 300°C (Figure 2C). Ensuring
MOF-M-C was fully applicable in water treatment processes. After
coating with MOF-derived carbon, the specific surface area of the
needle-like mullite increased by 19.85-fold, from 2401 to
47.659 m® g ' (Supplementary Table S1). Pore structure analysis
indicated that the pores were predominantly mesoporous both
before and after modification. The increase in specific surface area
was primarily attributed to the formation of mesopores, with a minor
contribution from micropores and a slight increase in macropores
(Figure 2D). Micropores (<2 nm) dominate adsorption via high
surface area and confinement effects, mesopores (2-50 nm)
facilitate rapid mass transport, and macropores (>50 nm) from
particle stacking contribute minimally to adsorption capacity but
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aid diffusion kinetics. A larger specific surface area generally correlates
with a higher adsorption capacity for contaminants (Boulanger et al,,
2024). Previous studies have found that micropores in carbon-based
materials are particularly effective for organic adsorption, especially
when the pore size is 1.3-1.8 times the kinetic diameter of the target
organic molecules (Pavlenko et al, 2022). Similarly, Wang et al.
(Wang et al, 2015) demonstrated that larger pore diameters and
volumes can enhance the diffusion rate within particles, leading to
higher adsorption rates and equilibrium capacities. The hierarchical
porosity (micropores/mesopores) confirmed by N, sorption, coupled
with TGA-derived thermal stability (<300°C), directly enables MOF-
M-C’s high adsorption capacity and reusability.

3.2 Adsorption kinetics study

Adsorption kinetics is a crucial method for elucidating
adsorption mechanisms and determining key operational

frontiersin.org
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FIGURE 4

Adsorption isotherms of (A) BPA adsorbed by MOF-M-C, (B) EE2 adsorbed by MOF-M-C, (C) BPA and EE2 adsorbed on MOF-CB, and (D) BPA and

EE2 co-adsorption on MOF-M-C.

parameters in practical applications. Pseudo-first-order kinetic
model, pseudo-second-order kinetic model and intraparticle
diffusion model were employed to fit the kinetic data of
EE2 and BPA adsorption by MOF-M-C, and the kinetic
parameters were summarized in Table 1. According to the
correlation coefficients (R?), the adsorption data for BPA and
EE2 was best fit with the pseudo-second-order kinetic model,
followed by the intraparticle diffusion model (Figure 3). This
indicated that the adsorption process was primarily controlled by
the number of unoccupied active sites on the adsorbent surface,
and the adsorption of BPA and EE2 on MOF-M-C tended to be
chemisorption, generally involving electron sharing or transfer.
Figure 3 illustrates the adsorption kinetics curves of BPA and
EE2 on MOF-M-C. Initially, the adsorption capacities of both
BPA and EE2 increased rapidly within the first 200 min. After this
period, the adsorption rates slowed, with BPA reaching
equilibrium at 1200 min and EE2 at 600 min. The equilibrium
times observed in this study were longer than those reported for
hierarchically nitrogen-doped porous carbon (IHNPF, 30 min)
(Duan et al., 2019), magnetic biochar nanoparticles (Mag-BCP,
25 min) (Dong et al,, 2018), and Fe;O4/graphene oxide hybrids
(Fe;04/GO, 110 min) (Ouyang et al., 2015), but comparable to
beta-cyclodextrin/poly (L-glutamic acid) supported magnetic
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graphene oxide (CGMG, 480 min) (Jiang et al., 2017), bone
charcoal (390 min) (Patel et al., 2015), and 17 beta-estradiol by
few-layered graphene oxide nanosheets (GO, 720 min) (Jiang
et al., 2016). The extended equilibrium time can be attributed
to the larger particle size of the porous acicular mullite, which
increases the diffusion path length for BPA and EE2 molecules.
The rapid initial adsorption is likely due to the occupation of high-
energy adsorption sites on the outer surface of MOF-M-C,
followed by slower diffusion into the internal pores of the
acicular mullite.

3.3 Adsorption isotherms

Adsorption isotherms for BPA and EE2 on MOF-M-C and
MOEF-CB were conducted at 288 K, 298 K, and 308 K in a single-
component system. The data were fitted using Langmuir and
Freundlich models (Table 2). The isothermal adsorption models
can be found in the Supplementary Material. As shown in
4, the adsorption capacity increased with the
equilibrium concentration of BPA and EE2, with a slightly
faster rate for EE2 than BPA. This can be attributed to higher
contaminant concentrations favoring diffusion to the MOF-M-C

Figure
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TABLE 3 Thermodynamics parameters of MOF-M-C adsorbed EE2 and BPA.

Adsorbent Adsorbates Temperature AG° AH AS°

/K /kJ-mol™ /kJ-mol™* /3-(mol-K)™
MOF-M-C BPA 288 ~41.226 16.479 200.259

208 ~43.135

308 -45.235

EE2 288 —42.300 17.460 207.384
298 ~44.267
308 ~46.452

surface. The Langmuir model provided a better fit for  were 51.704 mg g™ for BPA and 85.414 mg g for EE2 on MOF-
EE2 adsorption, while the Freundlich model was more suitable ~ CB, and 8.465 mg g™' and 6.35 mg g™', respectively, on MOF-M-
for BPA adsorption. The theoretical maximum adsorption  C. Our prior research has demonstrated that acicular mullite
capacities (g,,) calculated from the Langmuir model at 298 K itself exhibited negligible adsorption capacity for EE2 and BPA
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TABLE 4 Isosteric heat of adsorption of BPA and EE2 on MOF-M-C.

BPA

10.3389/fenvs.2025.1605083

EE2

Qs/kJ-mol™

Qs:/kJ-mol

0.1 56.610 0.935 0.1 85.260 0.992
0.2 51.534 0.940 0.2 84.502 0.993
0.5 44.823 0.947 0.5 86.729 0.991
1 39.747 0.954 1 71.310 0.920
2 34.670 0.962 2 56.139 0.929
3 31.701 0.968 3 47.265 0.937
4 29.594 0.972 4 40.968 0.945
5 27.959 0.976 5 36.084 0.952
6 26.624 0.979 6 32.093 0.959

(Zhou et al,, 2022), we attribute the entire adsorption capacity of
MOEF-M-C toward these pollutants to the supported carbonized
MOF. As determined by thermogravimetric analysis (Section
3.1), the loading percentage of carbonized MOF on MOF-M-C
is approximately 11.81%. The observed adsorption capacity of
BPA and EE2 on MOF-M-C is 8.465 mg g' and 6.35 mg g™'.
Therefore, the adsorption capacity of BPA attributable to
carbonized MOF supported on needle-cluster mullite is
calculated as 8.465 mg g '/0.1181 = 71.68 mg g '. The
adsorption capacity of EE2 attributable to carbonized MOF
supported on needle-cluster mullite is 6.35 mg g '/0.1181 =
53.78 mg g '. The higher adsorption of EE2 on MOF-CB and
lower adsorption on MOF-M-C may be due to changes in mass
exchange pathways after embedding MOF-CB into the internal
pores of the acicular mullite.

The Freundlich parameter 1/n represents the adsorption affinity
between the adsorbent and adsorbate. A value of 1/n < 1 indicates
favorable adsorption, with smaller values suggesting -easier
adsorption (Ouyang et al., 2015). Table 2 shows that MOF-M-C
has strong affinity for both BPA and EE2. As temperature increased,
1/n decreased and qm increased, indicating that higher temperatures
favor adsorption. Additionally, at the same temperature, 1/n for
EE2 was smaller than for BPA, suggesting stronger affinity but fewer
reactive sites for EE2 adsorption.

In binary systems, the co-adsorption of BPA and EE2 on MOF-
M-C was studied (Figure 4D; Table 2). EE2 exhibited higher
adsorption than BPA, and the adsorption capacities for both
were lower than in single-component systems. This indicates
competition for adsorption sites, with EE2 being more readily
adsorbed, consistent with its stronger affinity.

3.4 Effects of water chemistry

Solution pH significantly influences the surface charge
distribution of the adsorbent and the speciation of the adsorbate,
making it a critical factor in adsorption studies, especially for
systems with functional groups (Bhadra et al., 2018). Figure 5A
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shows the effect of pH on BPA and EE2 adsorption on MOF-M-C.
Solution pH significantly influences BPA adsorption on MOF-M-C.
The adsorption capacity increases with rising pH under acidic
conditions (pH < 5.0), shows negligible variation in the near-
neutral range (5.0 < pH < 9.0), and decreases sharply under
alkaline conditions (pH > 9.0). When pH < 5.0, high H*
concentration competes with phenolic groups of BPA molecules
for adsorption sites (Jin et al., 2023). Which was consistent with the
solvent shielding experiments (Zhou et al., 2014) demonstrating
water and BPA competition for hydrogen-bonding sites. At
pH 5.0-9.0, predominantly molecular BPA maintains stable
adsorption. When pH > 9.0, enhanced BPA electronegativity
combined with electrostatic repulsion causes rapid decline. The
point of zero charge (PZC) of MOF-M-C was approximately 10.2
(Figure 5B). At pH > 10.2, electrostatic repulsion between negatively
charged MOF-M-C and BPA anions (pK,: 9.6-10.2) significantly
reduced adsorption. when pH > 10.2, both MOF-M-C (negatively
charged surface) and BPA (doubly deprotonated) exhibited strong
electrostatic repulsion, causing the observed sharp decline in
adsorption.

In contrast, EE2 adsorption on MOF-M-C remains stable across
the tested pH range. This pH-independent behavior originates from
EE2 pronounced hydrophobicity (Igiow: 3.67), where hydrophobic
interactions dominate the adsorption mechanism. Unlike
electrostatic forces, these hydrophobic driving forces remain
unaffected by pH variations.

The presence of salts and ionic compounds can influence
adsorption through mechanisms such as the salting-out effect
(Duan et al, 2019). Figure 5C shows that ionic strength had
little effect on EE2 adsorption but slightly reduced BPA
adsorption. The decrease in BPA adsorption capacity with
increasing ionic strength can be attributed to screens m-m/
coulombic interactions for BPA and disrupts H-bonding with
phenolic groups (Sun et al., 2020). Figure 5D demonstrates that
coexisting anions (COs”, PO,*, NO;3~, SO,) enhanced BPA
adsorption, particularly in the presence of COs;> and PO,”,
while EE2 adsorption was minimally affected by NO;~ and
SO4* and slightly reduced by CO5;* and PO,”. These results
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indicate that MOF-M-C can effectively remove EE2 under varying
pH and ionic conditions.

3.5 Adsorption thermodynamic analysis

Thermodynamic parameters, including the standard Gibbs free
energy change (AG®), enthalpy change (AH®), and entropy change
(AS®), were calculated by Equations 1-3 (Zhou and Zhou, 2014) to
characterize the adsorption process (Table 3). Negative AG® values
indicated that BPA and EE2 were spontaneous adsorption, with
EE2 being more readily adsorbed than BPA. AH® > 0 indicated an
endothermic adsorption process. Positive AS” values confirmed the
adsorption was entropy-increasing process. Thus, the adsorption of
BPA and EE2 on MOF-M-C is a spontaneous with increasing
enthalpy (AH® > 0) and increasing entropy (AS® > 0) process,
primarily driven by increasing entropy.

AG? = —-RTInK, (1)
AG® = AH® — TAS® )
Ko =M,, x 55.5 x 1000 x K (3)

where R is the universal gas constant, 8.314 J-(mol-K) ™', T'is the absolute
temperature (K), Ky is the isothermal adsorption constant calculated by
isotherm models. K here is the Kg, which is the Freundlich constant
related to the sorption affinity, L-mg". M,, is the molecular weight of
BPA or EE2, 555 is the mole number of 1 L water.

The isosteric heat of adsorption (Qy) was calculated using the
Clausius-Clapeyron equation (Pan et al, 1998) (Equation 4) to
quantify  adsorption  energy. Qy  values for  BPA
(26.624-56.610 k] mol™) were lower than those for EE2
(32.093-85.260 k] mol™), consistent with the higher adsorption
affinity of EE2 (Table 4; Figure 6). Qg values below 80 kJ mol™’
indicate physical adsorption, while values between 80 and
400 kJ mol™" suggest chemical adsorption (Chowdhury et al,
2011; Jung et al, 2017). Thus, BPA adsorption is primarily
physical, driven by hydrogen bonding, hydrophobic interactions,
and electrostatic attraction, while EE2 adsorption includes a
chemical component (with Qg up to 85.26 kJ/mol), but barely
crosses into chemisorption. Therefore, it was speculated that the
adsorption of EE2 is mainly due to physical adsorption, such as
hydrophobic interaction.

Qst _ [dlnce]N (4)

RT? | 4T

Where, c. is the concentration at equilibria, mg-L'; T'is the temperature,
K; R is universal gas constant, J-(mol-K)™'; Q is isosteric heat of
adsorption, kJ-mol”; N is the mole amount of the adsorption.

3.6 Regeneration

Regeneration is a critical factor in evaluating adsorbent applicability.
The regeneration efficiency of adsorbents is quantified by the adsorption
capacity retention rate (%) of pollutants on the adsorbent. MOF-M-C
was regenerated using 0.1 mol L™ NaOH or 100% methanol (Figure 7).
Both methods demonstrated excellent regeneration efficiency, with BPA
adsorption capacity remaining above 80% and EE2 adsorption capacity
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nearly unchanged after four cycles. These results highlight the reusability
of MOF-M-C for BPA and EE2 removal.

4 Conclusion

MOF-derived carbon embedded in granular acicular mullite
(MOF-M-C) was synthesized, characterized, and applied for the
adsorption of BPA and EE2 from water. The adsorption capacity of
MOF-CB remained high after embedding into acicular mullite, making
it an ideal modifier for water treatment filter materials. The adsorption
of BPA and EE2 on MOF-M-C was temperature-dependent and
entropy-driven. Co-adsorption studies revealed competition between
BPA and EE2, with EE2 exhibiting higher affinity. Thermodynamic
analysis indicated that adsorption is primarily physical, involving
hydrogen bonding, hydrophobic interactions, and electrostatic
attraction. MOF-M-C demonstrated excellent reusability, making it
a promising material for water treatment applications.
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