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Abstract
The removal of 17α-ethynylestradiol (EE2), a persistent endocrine-disrupting compound, from aqueous environments was 
investigated using three calcium-based metal–organic frameworks (Ca-MOFs): Ca-BDC, Ca-BTC, and Ca-MIX. The Ca-
MOFs were synthesized and characterized using PXRD, FTIR, BET, and SEM. Batch adsorption experiments were conducted 
to evaluate the effect of solution pH, temperature, ionic strength, and humic acid concentration on EE2 removal. Kinetic 
studies were performed at an initial EE2 concentration of 10 µg/L using 50 mg of adsorbent at unadjusted (native) pH, ana-
lyzing adsorption over different contact times. Non-linear kinetic models were applied to interpret adsorption behavior. For 
isotherm studies, EE2 uptake was investigated across a range of initial concentrations (10–200 µg/L) under fixed conditions 
(50 mg adsorbent, 2 h contact time, native pH). Langmuir and Freundlich isotherm models were employed to describe the 
equilibrium data. Among the three adsorbents, Ca-MIX exhibited the highest EE2 adsorption capacity (52.03 µg/g), followed 
by Ca-BDC (35.69 µg/g) and Ca-BTC (19.49 µg/g). Adsorption followed the Langmuir isotherm and pseudo-second-order 
kinetic models, indicating monolayer chemisorption. Thermodynamic analysis revealed endothermic and spontaneous adsorp-
tion. The adsorption mechanism was primarily governed by hydrophobic interactions, electrostatic attraction, and hydrogen 
bonding. Increased humic acid concentration and extreme pH conditions significantly influenced adsorption behavior. The 
study demonstrates the potential of Ca-MOFs, especially Ca-MIX, as efficient adsorbents for EE2 removal. These findings 
contribute valuable insights into designing effective MOF-based adsorbents for water purification applications targeting 
micropollutants.
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Introduction

Pharmaceutical and personal care products (PPCPs) encom-
pass a broad spectrum of substances such as antibiotics, 
painkillers, hormone preparations, hair dyes, and skin care 

products. The presence of these substances in water sources 
is becoming an alarming issue as they are emerging as per-
sistent and micropollutants. (Narayanan et al. 2022; Sun 
et al. 2019). These PPCPs are released from point sources 
and non-point sources into the aquatic environment due to 
insufficient treatment in water treatment technology (Xie 
et al. 2022). The metabolites of PPCPs have been shown 
to persist in the environment for several years, raising eco-
toxicological risks (Couto et al. 2022). Furthermore, some 
PPCP compounds may never completely degrade and may 
persist indefinitely in the environment. Although PPCPs are 
typically found in trace concentrations in surface water, at 
levels between ng/L and µg/L, they can still pose a threat to 
exposed organisms and ecosystems (Peng et al. 2018; Xie 
et al. 2022). Synthetic hormones such as Ethinylestradiol 
(EE2) being particularly concerning due to its widespread 
use in medications including combinations found in oral 
contraceptive pills (Aris et al. 2014). The widespread use 
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of EE2 for medical purposes has resulted in its accumula-
tion in the environment. Consequently, there is an imminent 
necessity for the development of straightforward and highly 
efficient techniques for EE2 removal from the environment. 
Research has shown that EE2 can be found in freshwater 
systems, with concentrations reaching up to an average of 
25,000 ng/L in some areas. Such elevated levels are often 
associated with regions impacted by wastewater discharge or 
agricultural runoff, where EE2 enters waterways and accu-
mulates over time (de França et al. 2020; Tang et al. 2021; 
Almeida et al. 2020; López-Velázquez et al. 2021). EE2, 
a synthetic estrogen, exhibits potent endocrine-disrupting 
effects on aquatic organisms even at low concentrations. 
By interfering with hormone synthesis and regulation, 
EE2 induces physiological abnormalities, including the 
feminization of male fish, intersex conditions, and altered 
reproductive behaviors. Persistent exposure to EE2 further 
leads to reproductive and developmental impacts, such as 
reduced fertility, abnormal egg production, and skewed sex 
ratios, all of which contribute to cascading effects on popu-
lation dynamics and community structures (Bókony et al. 
2018; Martins et al. 2022; da Silva et al. 2022). Moreover, 
EE2’s persistence in aquatic environments and its poten-
tial to bioaccumulate within food chains amplify its toxic 
effects on higher trophic levels, as evidenced by decreased 
reproductive success and other adverse outcomes (Clouzot 
et al. 2020). These impacts extend to ecosystem-wide con-
sequences, including reductions in biodiversity, disruptions 
in species composition, and diminished ecological stability. 
The cascading effects of EE2 across multiple trophic levels 
highlight its long-term ecological risks, threatening the resil-
ience and functionality of aquatic ecosystems.

Adsorption-based treatment technology is a commonly 
used approach for removing emerging compounds from the 
aqueous environment owing to its high efficiency and low 
cost (Aris et al. 2020). Metal–organic frameworks (MOFs) 
have been widely studied and synthesized worldwide due 
to their unique design, high porosity, and flexibility (Vakiti 
et al. 2012; Furukawa et al. 2013). Although MOFs have 
unique properties, there are concerns that limit their prac-
tical and commercial use. For example, the majority of 
MOFs are made of transition elements, which could result 
in instability when in contact with water, thus reducing their 
capacity and generating potentially harmful by-products. 
Therefore, the development of sustainable nanomaterials is 
critical to ensure the viability of MOFs-based adsorbents 
while improving their environmental compatibility, dura-
bility, and affordability (Sukatis and Aris 2021). Recent 
research has shown that MOFs possess outstanding adsorp-
tion performance and selectivity in eliminating various 
contaminants, including PPCPs. This performance is attrib-
uted to their unique structural features, such as high surface 
area, tunable porosity, and optimized pore size distribution, 

which enable efficient and selective adsorption of PPCPs. 
Specific examples include the selective removal of con-
taminants achieved through pore size optimization (Suka-
tis et al. 2024). The material composition of MOFs further 
contributes to their adsorption efficiency. Metal ions, such 
as Fe, Zr, and Cu, and functionalized organic linkers, such 
as carboxyl and amine groups, enhance adsorption through 
mechanisms like hydrogen bonding, π-π interactions, and 
electrostatic forces (Lee et al. 2024; Ahmed et al. 2023). 
The interplay between these structural and compositional 
attributes creates synergistic effects, where the integration 
of specific metal ions with functionalized linkers forms 
unique active sites that enhance both adsorption capacity 
and selectivity (Mishra et al. 2024). Notable examples of 
MOFs, such as UiO-66 and MIL-101, highlight these syn-
ergistic effects. Moreover, previous research has reported 
significant adsorption capacities of MOFs for endocrine-dis-
rupting chemicals (EDCs), including PPCPs, ranging from 
32 mg/g to 1100 mg/g (Li et al. 2020; Dehghan et al. 2019; 
Sarker et al. 2019; Jun et al. 2019). These results highlight 
the promise of MOFs as efficient adsorbent materials for 
use in environmental cleanup efforts. However, significant 
limitations, including the high costs associated with MOF 
synthesis, challenges in achieving uniform performance at 
a large scale, and difficulties in effective regeneration, hin-
der the overall cost-effectiveness of MOF-based treatment 
technologies (Khatoon et al. 2024; Zhang et al. 2022; Singh 
et al. 2024). These issues are particularly pronounced when 
compared to traditional methods such as activated carbon 
and membrane filtration, which offer more established scal-
ability and regeneration processes. Additionally, concerns 
related to the stability of MOFs under variable environ-
mental conditions, potential leaching of metal ions, and 
the environmental footprint of synthesis further highlight 
the need for innovative solutions to enhance the practical-
ity and sustainability of MOF applications for contaminant 
removal. Therefore, the selection of raw materials for MOF 
synthesis should be carefully considered. Fortunately, alka-
line earth elements are abundantly found in mineral deposits 
and offer ideal opportunities for developing environmentally 
friendly and cost-effective MOFs-based adsorbents (Li et al. 
2019; Sumida et al. 2016; Wei et al. 2017; Sukatis et al. 
2022). Alkaline earth metal-based MOFs, utilizing metals 
such as Magnesium and Calcium, are widely recognized for 
environmental friendliness, cost-effectiveness, and natural 
abundance, making these materials ideal for sustainable 
applications. The non-toxic and biodegradable nature of 
alkaline earth metal-based MOFs reduces ecological risks, 
and the simpler, less resource-intensive synthesis methods 
align with green chemistry principles. However, adsorption 
capacities and structural tunability of these MOFs are often 
lower, potentially requiring increased material usage or 
extended operational times for contaminant removal (Zang 
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et al. 2021; Ye et al. 2021). In contrast, transition metal-
based MOFs, incorporating metals such as Iron, Copper, 
and Zirconium, provide exceptional adsorption capacities 
and selectivity due to tunable coordination environments and 
functionalized organic linkers. These properties make transi-
tion metal-based MOFs highly efficient for applications such 
as gas storage, catalysis, and pollutant removal (Zhang et al. 
2022). Despite superior performance, transition metal-based 
MOFs present significant environmental concerns, including 
toxicity from potential metal leaching, a high environmen-
tal footprint due to energy-intensive synthesis, and complex 
disposal requirements. Selecting between MOFs based on 
alkaline earth metals and those incorporating transition met-
als depends on the particular requirements of the intended 
application, balancing the superior performance and versatil-
ity of transition metal-based MOFs against the sustainability 
and lower ecological impact associated with alkaline earth 
metal-based MOFs. By using these elements in the design 
and development of biocompatible MOFs, it is possible to 
create adsorbents that are sustainable, robust, and recyclable.

As a novel and biocompatible MOF, Ca-MOFs hold 
exceptional promise, especially in the domains of envi-
ronmental and health protection (Table S1). While previ-
ous studies have explored the use of different metal ions in 
MOFs, this work outshines them by prioritizing crucial fac-
tors such as health considerations and the absence of harm-
ful by-products. Ca-MOFs have been applied sparingly to 
purify water polluted with both organic and inorganic pollut-
ants. An early Ca-MOF that has been investigated for PPCPs 
adsorption is the calcium-terephthalate MOF (Ca-BDC). 
The synthesis of this non-toxic MOF with a terephthalic 
acid linker was carried out for the purpose of adsorbing cur-
cumin. Significant curcumin loading was observed in the Ca-
BDC (140 mg/g) (George et al. 2019). These results imply 
that applications for adsorption and drug delivery could be 
used by Ca-MOFs. In this work, several Ca-MOFs were pre-
pared for adsorbing emerging micropollutant such as EE2 
for the first time which minimal environmental impact, and 
remarkable efficiency in removing contaminants, establish-
ing a new standard of excellence in the field.

Materials and methods

Materials and chemicals

Various chemicals, including calcium carbonate (CaCO3), 
1,4-benzenedicarboxylic acid (H2BDC), benzene-1,3,5-
tricarboxylic acid (H3BTC), humic acid (HA), and sodium 
hydroxide (NaOH) were procured from Sigma-Aldrich 
(USA). High-quality 17α-ethynylestradiol (EE2) standards 
were obtained from Dr. Ehrenstorfer (Augsburg, Germany), 
whereas pristine internal standards (progestrone-d9) were 

obtained from Toronto Research Chemicals Inc. (Ontario, 
Canada). To protect against photochemical degradation, a 
combined solution of internal and external working stand-
ards was prepared using methanol and stored at −20 °C. 
Milli-Q water (MQW) with water sensitivity exceeding 18.2 
ΩM cm at 25 °C was purified using a Millipore system (Mas-
sachusetts, USA). Strata-X polymeric reversed-phase car-
tridges (C18, 200 mg/6 mL) were supplied by Phenomenex 
(California, USA). Fisher Scientific supplied All chemicals 
used in sample extraction and instrument analysis were of 
methanol, ethanol, acetone, acetonitrile, dimethylformamide 
(DMF), hydrochloric acid (HCl), high-performance liquid 
chromatography (HPLC), and liquid chromatography-mass 
spectrometry (LC–MS) grade (New Jersey, USA). The rea-
gents were used as received without additional purification.

Synthesis of Ca‑MOFs

Novel Ca-MIX was synthesized following the procedures 
outlined in previous studies (Sukatis et al., 2024). Ca-MIX 
was synthesized by dissolving H₂BDC, H₃BTC, and CaCO₃ 
in a solution consisting of equal amounts of water and DMF 
at molar ratios of 1:1:0.33 of each organic linker to the metal. 
The mixture was mixed about 15 min using a magnetic stir 
bar. Then, the blend was placed into stainless-steel autoclave 
lined with Teflon and heated in an oven at 120 °C for 16 h. 
The resulting solution was allowed to cool. Next, the product 
was filtered and washed with 20 mL DMF, water, and metha-
nol to eliminate any impurities. The resulting material was 
then dried overnight in a heated oven at 100 °C to remove 
excess solvent prior to getting collected in a firmly sealed 
desiccator for further examination. Meanwhile, Ca-BDC 
and Ca-BTC was synthesis based on previous literature with 
slightly modification (Jamil et al. 2020; Sumida et al. 2016). 
The mixture of 1:1 M ratio of the CaCO3 and H2BDC was 
liquefied in 20 mL of a mixture of water and DMF for Ca-
BDC, while H3BTC was used for Ca-BTC synthesis instead 
of H2BDC. The mixture was stirred thoroughly before being 
placed in an autoclave and heated in a 120 °C oven for 24 h. 
To remove impurities, the sample was collected and washed 
with different solvent such as DMF, water, and methanol. 
This methodology highlights the critical role of controlled 
molar ratios, solvent mixtures, and reaction conditions in 
achieving the desired crystallinity, porosity, and purity of 
the Ca-MOFs. The combination of washing and drying steps 
ensured the removal of impurities and stabilization of the 
frameworks, aligning with the optimized synthesis processes 
discussed in the manuscript.

Characterization

The morphology and elemental composition of the mate-
rials were analyzed using scanning electron microscopy 
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integrated with energy-dispersive X-ray spectroscopy 
(SEM–EDX), conducted with a FEI NOVA NANOSEM 
230 (USA) operating at a high voltage of 30 kV. SEM 
images were obtained at a 10 µm scale to provide a clearer 
insight into the material’s surface structure, allowing for 
clear observation of the material’s structure which around 
2–10 µm (Jamil et al. 2020). The surface area, total pore vol-
ume, and average pore size of the Ca-MOFs were assessed 
by Brunauer–Emmett–Teller (BET) analysis using a Tristar 
II Plus instrument (USA). The specific surface area and pore 
features of the samples were evaluated by examining the 
adsorption isotherms over a relative pressure range of 0.01 
to 1.00. Nitrogen (N2) adsorption measurements were con-
ducted at 196 °C following a 12-h evacuation of the sam-
ples at 150 °C before adsorption. Thermal stability of syn-
thetic materials was determined using Thermogravimetric 
Analysis (TGA) (USA). The percentage of weight loss was 
determined from thermogravimetric curves obtained under 
a continuous nitrogen flow of 50 mL/min, with heating con-
ducted at a rate of 10 °C/min from 25 °C to 600 °C. Thermo 
Scientific Nicolet-6700 (USA) Analysis of the functional 
groups in the Ca-MOFs was conducted via Fourier transform 
infrared (FTIR) spectroscopy, with the sample subjected to 
scanning across the wavelength range of 400–4000/cm. An 
X-ray powder diffraction (PXRD) examination was executed 
on a PANalytical X’pert Pro PW3040 MPD X-Ray Diffrac-
tometer with Cu K radiation (0.15406 nm) in the 5° to 80° 
range to assess the crystallinity of the samples.

Batch adsorption

Adsorption batches were conducted in a covered volumetric 
flask placed on a temperature-controlled orbital shaker set 
at 200 rpm. The controlled temperature ensured consistent 
adsorption conditions by minimizing thermal fluctuations, 
which could influence adsorption kinetics and equilibrium. 
The agitation at 200 rpm facilitated uniform mixing of the 
Ca-MOFs and EE2 solution, preventing sedimentation and 
enhancing mass transfer between the adsorbent and EE2 
molecules. Different amounts of Ca-MOFs, ranging from 5 
to 100 mg, were introduced into 25 mL of EE2 solution at 
a concentration of 10 μg/L to evaluate adsorption efficiency 
under these controlled conditions. Batch adsorption experi-
ments were conducted by adding different concentrations 
of EE2, varying from 0.1 to 200 μg/L. The effect of contact 
time was examined over a duration of 10 to 300 min using 
50 mg of Ca-MOFs under ambient temperature conditions 
and a pH of 7 ± 0.5. Significant amounts of NaOH and HCl 
were introduced to regulate the solution’s pH. The impact of 
ionic strength was explored by introducing a various NaCl 
concentration (10 to100 mg/L) into 10 μg/L EE2 solutions 
at pH 7 at room temperature. The effect of humic acid (HA) 
was evaluated by introducing different concentrations of HA 

(10 to 100 mg/L) into EE2 solutions (10 μg/L) under the 
same experimental conditions. The impact of temperature 
was investigated under various adsorption temperature (30, 
40 and 50 ℃). To evaluate the reusability of the adsorbent, it 
was recovered and subjected to a regeneration process. The 
adsorbed EE2 was removed using a solvent treatment and 
then air-drying at room temperature. The regenerated mate-
rial was subsequently reused in a fresh adsorption experiment. 
This cycle, involving adsorption, desorption, and recycle, was 
iterated to evaluate both effectiveness and potential shifts in 
performance. The samples were collected to evaluate the 
adsorption capacity of EE2. Prior to LC–MS/MS analysis, 
solid-phase extraction (SPE) was employed to enrich EE2, 
remove matrix interferences, and enhance detection sensitivity. 
The SPE process involved selective retention of EE2, allowing 
for its concentration while eliminating potential contaminants. 
This preparatory step ensured improved accuracy, precision, 
and reproducibility in the quantification of EE2 by facilitat-
ing optimal sample purification and solvent compatibility for 
LC–MS/MS analysis. To determine the adsorption capacity at 
equilibrium (qe, µg/g) and the percentage of EE2 removal (R, 
%), Eqs. (1) and (2) were applied, which are fundamental in 
adsorption studies to evaluate the efficiency and capacity of 
the adsorbent material.

where m (g) denotes the Ca-MOFs dosage, V (L) is the 
solution volume, Co (μg/L) denotes the initial EE2 concentra-
tion, and Ce (μg/L) is the EE2 concentration at equilibrium. 
Equation (1) quantifies the amount of EE2 adsorbed per unit 
mass of Ca-MOFs at equilibrium, providing insight into the 
adsorption capacity of the material. Equation (2) determines 
the removal efficiency of EE2, which is a key parameter for 
assessing the effectiveness of the adsorption process. The 
accuracy of these calculations depends on several factors, 
including the initial EE2 concentration, adsorbent dosage, 
solution volume, contact time, pH, and temperature. These 
parameters influence the equilibrium between the adsorbate 
and the adsorbent, thereby affecting both adsorption capacity 
and removal efficiency. To ensure reliable results, experimen-
tal conditions were carefully controlled to minimize variations 
in these factors.

Adsorption isotherm, kinetic, and thermodynamic 
studies

This research employed the Langmuir, Freundlich, 
and Temkin adsorption isotherm models to assess the 

(1)qe =

(

Co − Ce

)

V

m
,

(2)R% =
Co − Ce

Co

× 100,
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adsorption of EE2. These models offer a means to inter-
pret the adsorption process of EE2 on different Ca-MOFs. 
The Langmuir isotherm model assumes no interaction 
between the adsorbent and adsorbate, representing a uni-
form change in free energy over each of the adsorption 
sites. On the other hand, the Freundlich isotherm model 
proposes that the adsorption energy diminishes exponen-
tially as the adsorbent nears saturation. The Temkin model 
assumes that adsorption happens via a uniform scattering 
of binding energies, culminating in a maximum binding 
energy. The Langmuir, Freundlich, and Temkin models 
are as follows:

Langmuir isotherm:

Freundlich isotherm:

Temkin isotherm:

In this context, qe (μg/g) represents the amount of 
EE2 that can be adsorbed by the Ca-MOFs at equilib-
rium, while qm (μg/g) indicates the maximum adsorption 
capacity, and Ce (μg/L) refers to the EE2 concentration at 
equilibrium. The isotherm parameters include KL (L/μg), 
which represents the Langmuir constant, KF, associated 
with the sorption capacity of the Ca-MOFs, 1/n, which 
indicates the strength of adsorption, T (K) denoting tem-
perature, and R (8.314 J/mol K), the universal gas con-
stant. B (J/mol) corresponds to the heat of sorption, bT (J/
µg) is the Temkin isotherm constant, and AT (L/µg) denotes 
the Temkin equilibrium binding constant.

The study on EE2 adsorption employed both the pseudo-
first-order and pseudo-second-order models as kinetics mod-
els. To gain deeper insight into EE2 adsorption and clarify 
the chemisorption characteristics of the equilibrium system, 
the Elovich kinetics model was employed. Additionally, 
the intraparticle diffusion model was applied to character-
ize adsorption kinetics by fitting the adsorption data to the 
intraparticle diffusion model plot. This allowed for a better 
understanding of the adsorption mechanism involved. The 
formulation of the kinetics model is depicted as follows:

Pseudo-first-order model:

(3)
1

qe
=

1

qmKL

+
1

qm
Ce.

(4)ln qe = lnKF +
1

n
lnCe.

(5)qe = B lnAT + B lnCe,

(6)B =
RT

bT
.

(7)ln
(

qe − qt
)

= ln qe − k1t.

Pseudo-second-order model:

Elovich model:

Intraparticle diffusion model:

In this context, qt (μg/g) represents the adsorption capac-
ity at any given time, while qe (μg/g) signifies the adsorption 
capacity at equilibrium. The rate constants k1 (1/min) and 
k2 (1/min) correspond to the pseudo-first-order and pseudo-
second-order adsorption rate constants, respectively. The 
contact time during adsorption is denoted by t (min). Addi-
tionally, α (µg/g min) refers to the initial adsorption rate, β 
(g/µg) is the desorption coefficient, ki (µg/g min) indicates 
the rate of intraparticle diffusion, and C (µg/g) represents 
the intercept in the linear form of the intraparticle diffusion 
model.

To evaluate whether the adsorption of EE2 onto different 
Ca-MOFs is endothermic or exothermic, adsorption experi-
ments were carried out at varying temperatures. The influ-
ence of temperature was examined to determine key ther-
modynamic parameters, including enthalpy change (ΔH°), 
entropy change (ΔS°), and Gibbs free energy change (ΔG°) 
in kJ/mol. These parameters were derived using Eqs. (11) 
and (12) at different temperature conditions.

KL (L/mg) denotes the Langmuir Isotherm constant at 
different temperatures, while R refers to the universal gas 
constant (8.314 J/mol-K) and T represents the absolute tem-
perature. The values of ΔHo and ΔSo were obtained by ana-
lyzing the slope and intercept of the plot of ln KL versus 1/T.

Results and discussion

Characterization of materials

SEM images at a magnification of 10 µm confirmed the suc-
cessful synthesis of Ca-MIX, revealing irregularly shaped 
particles with sizes predominantly below 20 µm. The mor-
phology of the Ca-MIX samples displayed a subtle degree of 
homogeneity, characterized by irregularly shaped particles 

(8)
t

qt
=

1

k2
(

qe
)2

+
t

qe
.

(9)qt =
1

b
ln (ab) +

1

b
ln t.

(10)qt = kit
0.5 + C.

(11)InKL =
ΔSo

R
−

ΔHo

RT
,

(12)ΔGo = RTInKL.
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and prisms with textured surfaces and varying dimen-
sions. Microcrystals within the Ca-MIX structure measured 
between 5 to 10 µm, while smaller particles, attributed to 
residual materials, were removed during the washing pro-
cess (Jamil et al. 2020; Sargazi et al. 2018). Notably, the 
average particle size of Ca-MIX was smaller than those of 
Ca-BDC and Ca-BTC, where particles exceeding 20 µm 
were observed. This distinction suggests that the nucleation 
and growth of Ca-MIX were influenced by the synergistic 
effect of the mixed orientations of the BDC and BTC linkers. 
In contrast, Ca-BDC and Ca-BTC exhibited morphologies 
consisting of larger, smooth square-like particles and irreg-
ular nanoparticles. The elemental composition determined 
through energy-dispersive X-ray (EDX) analysis (Fig. S1d–f) 
and corroborated by elemental analysis (Table 1) further 
validates the successful incorporation of calcium (Ca), 
carbon (C), and oxygen (O) into the Ca-MOFs. Ca-MIX 
displayed a higher carbon content (57.04%) compared to 
Ca-BDC (45.92%) and Ca-BTC (49.82%), likely due to the 
influence of the dual-linker system on the overall framework 
composition. Additionally, the significantly lower calcium 
content in Ca-MIX (1.92%) compared to Ca-BDC (8.34%) 
and Ca-BTC (5.32%) suggests differences in the coordina-
tion environment and linker interactions during synthesis. 
These elemental variations align with the observed differ-
ences in morphology and BET surface areas, with Ca-MIX 
achieving a surface area of 20.45 m2/g and an average pore 
size of 12.51 nm, comparable to Ca-BTC but smaller than 
Ca-BDC. These findings emphasize the role of the organic 
linker mixture in influencing the physicochemical properties, 
morphology, and elemental composition of the synthesized 
Ca-MOFs, highlighting the unique attributes of Ca-MIX for 
potential applications. Differences in linker orientation and 
elemental composition significantly influence the nucleation, 
growth, and morphology of Ca-MIX compared to Ca-BDC 
and Ca-BTC. The dual-linker system in Ca-MIX introduces 
mixed orientations, creating a synergistic coordination 
environment that promotes heterogeneous nucleation and 
slower crystal growth (Dong et al. 2023). This results in 
smaller, irregularly shaped particles with textured surfaces 
and microcrystals, reflecting complex growth dynamics. In 
contrast, the single-linker systems in Ca-BDC and Ca-BTC 
provide uniform coordination environments, enabling more 
predictable nucleation and faster growth rates. This leads 

to larger, more consistent particles, with Ca-BDC form-
ing smooth square-like structures and Ca-BTC producing 
irregular nanoparticles (Łuczak et al. 2023). Additionally, 
the higher carbon content and lower calcium coordination 
in Ca-MIX contribute to increased structural heterogene-
ity, whereas Ca-BDC and Ca-BTC exhibit denser crystal 
frameworks due to stronger calcium-linker interactions. 
These variations highlight the critical role of linker design 
in determining the structural and morphological properties 
of Ca-MOFs.

The porosity properties of each Ca-MOF were ascer-
tained via the BET method (Garzón-Tovar et al. 2015). 
Table 1 shows the basic surface characterizations of Ca-
BDC, Ca-BTC, and Ca-MIX. The specific surface area was 
21.73, 18.55, and 20.45 m2/g for Ca-BDC, Ca-BTC, and 
Ca-MIX respectively, which slightly consistent with other 
types of Ca-MOFs (Al-Terkawi et al. 2016; Vishnoi et al. 
2016; Liao et al. 2019; Alavijeh et al. 2019). Ca-MIX had a 
substantially lower surface area than Ca-BDC, which might 
be clarified by possible coordination deficiencies around 
the calcium centers caused by the different connectivity of 
each linker, which may prevent full 3D porosity formation 
(Puerto-Rodríguez et al. 2022). However, surface area of 
Ca-MIX slightly higher than Ca-BTC which may be attrib-
uted to the fact that BDC linker could enhance the poros-
ity of Ca-BTC. Moreover, these materials are categorized 
as mesoporous, with pore sizes ranging from 2 to 50 nm 
(Esfandiari et al. 2018). Additionally, calcium tends to create 
a more compact structure when combined with an organic 
linker, leading to lower porosity (Yang et al. 2017). Varia-
tions in the calcium coordination environment and organic 
linker interactions significantly influence the surface area 
and porosity characteristics of Ca-MOFs. In Ca-MIX, the 
dual-linker system leads to coordination deficiencies, result-
ing in a moderate BET surface area, while Ca-BDC show 
higher surface areas due to more uniform coordination. The 
BDC linker in Ca-MIX enhances porosity compared to Ca-
BTC, although the mixed-linker system introduces structural 
heterogeneity, reducing overall porosity compared to Ca-
BDC. The surface areas of the Ca-MOFs correlate with their 
coordination environment, with Ca-MIX balancing porosity 
and structural stability, Ca-BDC showing the highest surface 
area due to efficient coordination, and Ca-BTC having the 
lowest surface area, demonstrating the influence of linker 

Table 1   Basic physicochemical 
properties of prepared 
Ca-MOFs

Ca-MOFs Basic properties Elemental analysis (%)

BET surface area 
(m2/g)

Total pore volume 
(cm3/g)

Average pore 
size (nm)

Ca O C

Ca-BDC 21.73 0.06 11.39 8.34 45.74 45.92
Ca-BTC 18.55 0.05 12.59 5.32 44.86 49.82
Ca-MIX 20.45 0.06 12.51 1.92 41.01 57.04
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properties on framework formation. Figure 1a–c show the 
N2 adsorption–desorption isotherms, and pore size distribu-
tion curves of Ca-BDC, Ca-BTC, and Ca-MIX. Additionally, 
the N2 adsorption–desorption isotherms exhibit a revers-
ible Type III adsorption pattern, indicating the formation 
of multilayers through a physisorption process, where the 
interaction between the adsorbate and adsorbent is stronger 
than the interaction between the adsorbate and the surface. 
There are no flat sections in the curve which monolayer 
formation might unavailable. This pattern indicates multi-
layer physisorption, where interactions between adsorbate 
molecules are stronger than those between the adsorbate 
and the adsorbent surface, suggesting limited adsorption 
sites with weak surface interactions. These characteristics 
are consistent with the mesoporous structure of Ca-MOFs, 
featuring pore sizes ranging from 2 to 50 nm, which sup-
port moderate adsorption capacities and reversible adsorp-
tion processes. Such properties make Ca-MOFs suitable 
for applications requiring dynamic adsorption–desorption 
cycles or controlled release systems. However, the lack of 
strong adsorption sites limits their applicability in processes 
requiring high adsorption affinity or selectivity, emphasizing 
the importance of understanding sorption mechanisms in 
tailoring material properties for specific applications. These 
results were consistent with the pore size distribution plots 
(Fig. 1c) indicated that Ca-MOFs have some micropores and 

mesopores structures. The findings also demonstrate that 
the Ca-MOFs were successfully synthesized using the sol-
vothermal method.

Figure 1d presents the thermogravimetric analysis (TGA) 
curves for Ca-BDC, Ca-BTC, and Ca-MIX, illustrating their 
thermal stability profiles. The TGA curves reveal two main 
stages of weight loss for all three samples. During the initial 
stage, a weight reduction of about 10% is observed below 
200 °C, which is attributed to the elimination of coordinated 
moisture and uncoordinated organic linkers, in agreement 
with earlier studies (Liang et al. 2011; Mallick et al. 2012; 
Li et al. 2018; Jamil et al. 2020). For Ca-BDC, the weight 
remained nearly constant with a temperature increase up to 
600 °C, indicating higher thermal stability compared to the 
other samples. In contrast, Ca-BTC and Ca-MIX exhibited 
stable weight up to about 350 °C, beyond which significant 
weight loss was observed. The weight loss for Ca-MIX 
between 350 °C and 500 °C was more pronounced, with 
approximately 45% of its total mass lost. This substantial 
weight loss is likely due to the collapse of the material’s 
framework, resulting in the formation of metal residues. 
The second stage of degradation begins around 600 °C for 
all samples, attributed to the complete breakdown of the 
MOF structures. This process involves the combustion of the 
organic linkers and the disruption of the Ca–O coordination 
bonds (Li et al. 2018). The residual masses at 800 °C were 

Fig. 1   a N2 adsorption and b desorption isotherms, c the pore size distribution, d The TGA curves, e FTIR spectra, and f The XRD patters of 
Ca-BDC, Ca-BTC, and Ca-MIX
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88.09% for Ca-BDC, 65.61% for Ca-BTC, and 42.85% for 
Ca-MIX, highlighting differences in thermal decomposition 
behavior. These results suggest that Ca-BDC exhibits supe-
rior thermal stability, whereas the mixed-linker system in 
Ca-MIX contributes to earlier framework degradation. The 
greater thermal stability of Ca-BDC and Ca-BTC compared 
to Ca-MIX can be attributed to their single-linker systems, 
which result in more uniform and robust frameworks. In 
contrast, the mixed-linker system in Ca-MIX introduces 
structural heterogeneity and potential defects, weakening the 
overall framework. The varied coordination of calcium ions 
with two distinct linkers (H₂BDC and H₃BTC) in Ca-MIX 
may lead to less stable metal–ligand interactions compared 
to the stronger and more consistent coordination environ-
ments in Ca-BDC and Ca-BTC. Additionally, the irregu-
lar pore structure in Ca-MIX likely reduces its mechanical 
integrity, making it more susceptible to thermal decompo-
sition. These factors collectively contribute to the superior 
thermal stability observed in Ca-BDC and Ca-BTC. Thermal 
stability is a critical property for potential applications, par-
ticularly in environmental remediation, where materials may 
be exposed to varying temperatures during adsorption, des-
orption, or regeneration processes. Furthermore, understand-
ing the thermal decomposition behavior provides insights 
into the robustness of the Ca-MOFs and their potential dura-
bility under operational conditions.

The FTIR spectra of the Ca-MOFs nanocomposite are 
presented in Fig. 1e. Distinct peaks between 3500 cm−1 and 
3300 cm−1 are observed, which correspond to O–H stretch-
ing vibrations, indicating the presence of functional groups 
such as phenols and carboxylic acids in all the Ca-MOFs 
(Kojima et al. 2018; Nguyen et al. 2019). Furthermore, 
peaks at 1267, 1198, and 1103 cm−1 suggest O–H bending 
due to hydrogen bonding with water molecules and Ca-O 
interactions. A peak around 1664 cm−1 is attributed to an 
O-C-O stretch, likely associated with ionic carbonyl linkages 
forming a bidentate bridge (Shi et al. 2010; George et al. 
2019; Sun et al. 2019). Peaks between 930 and 850 cm−1 
confirm the presence of Ca-O stretching, indicating the for-
mation of Ca-MOFs through the calcium-oxo group (George 
et al. 2019). Finally, peaks in the range of 750 to 680 cm−1 
are assigned to C-H bending vibrations in the benzene ring.

Figure 1f shows the PXRD spectra of the Ca-BDC, Ca-
BTC, and Ca-MIX, respectively. The Ca-MOFs samples 
of Ca-BDC, Ca-BTC, and Ca-MIX are generally shown a 
crystallite structure. When comparing the PXRD patterns 
of Ca-MIX to Ca-BDC and Ca-BTC, there was a notice-
able difference in the scattering peaks, indicating the pres-
ence of different and additional phases (Puerto-Rodríguez 
et al. 2022). In contrast to the FTIR findings, it’s noticeable 
that each sample displays a unique phase pattern, suggest-
ing identical chemical compositions but varying atomic 
arrangements. PXRD pattern for Ca-MIX shown some 

intense peaks showed that Ca-MIX exhibit with great crys-
tallinity properties than Ca-BDC and Ca-BTC. Therefore, it 
could be resolved that variations in the carboxylate linkers 
would have an effect on the structure of Ca-MOFs differently 
dependent on their symmetry. The nucleation process of Ca-
MIX is governed by the coordination interactions between 
calcium ions (Ca2⁺) and the organic linkers, which dictate 
the crystallization pathway and structural formation. BTC, 
with its three carboxylate groups, exhibits a higher coordina-
tion affinity with Ca2⁺, leading to faster nucleation and the 
formation of a densely cross-linked structure (Liang et al. 
2011). In contrast, BDC, possessing two carboxylate groups, 
facilitates slower nucleation, allowing for controlled crystal 
growth and a more open framework (George et al. 2019). 
The combination of both linkers in Ca-MIX creates a syn-
ergistic effect, balancing nucleation rates and promoting the 
formation of a well-defined crystalline structure with con-
trolled porosity (Ramzan et al. 2023). The structural influ-
ence of BTC and BDC linkers in the formation of Ca-MIX 
is evident in their differing effects on morphology. BTC 
enhances framework compactness due to its higher coordi-
nation affinity, while BDC increases flexibility, altering the 
overall structure (Roslan et al. 2024). XRD analysis con-
firms these structural variations by revealing differences in 
crystallinity and phase composition within the mixed-linker 
system. Additionally, the SEM images depict morphologi-
cal distinctions, emphasizing the role of linker selection in 
crystal growth and surface characteristics (Carpenter et al. 
2023) (Han et al. 2022) (Łuczak et al. 2023).

These results, in combination, provided a robust frame-
work for evaluating the structural, chemical, and thermal 
properties of synthesized Ca-MOFs. The integration of 
SEM–EDX, BET, FTIR, PXRD, and TGA ensured a thor-
ough understanding of the material’s characteristics, ena-
bling optimization of synthesis methods, and enhancing the 
applicability of Ca-MOFs in contaminant removal.

Effects of Ca‑MOFs dosage

The interaction between adsorbent binding sites and EDCs 
is influenced by multiple parameters, including adsorbent 
dosage, initial EE2 concentration, and solution volume, all 
of which impact the adsorption rate (Liu et al. 2019). The 
relationship between adsorption capacity and Ca-MOFs dos-
age demonstrates that EE2 adsorption capacity decreases 
significantly as the Ca-MOFs mass increases from 5 to 
25 mg (p < 0.05) (Fig. 2). This trend suggests that, despite an 
increase in available adsorption sites with higher Ca-MOF 
dosages, the actual uptake of EE2 per unit mass of adsorbent 
declines.

At low Ca-MOF dosages (5–25 mg), adsorption effi-
ciency increases due to a greater availability of sorption 
sites. A higher number of binding sites facilitates stronger 
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interactions between EE2 molecules and Ca-MOFs, promot-
ing rapid adsorption (Rezania et al. 2021; Adegoke et al. 
2022). The high surface-to-volume ratio at lower adsorbent 
doses allows EE2 to effectively diffuse into and bind with 
the Ca-MOFs. Beyond 25 mg, a decrease in EE2 adsorp-
tion capacity per gram of Ca-MOFs is observed, which can 
be attributed to particle agglomeration at higher adsorbent 
concentrations. When Ca-MOFs are present in excess, strong 
interparticle interactions lead to aggregation, reducing the 
overall surface area available for EE2 binding. Furthermore, 
longer diffusion path lengths are introduced, making it more 
difficult for EE2 molecules to penetrate the inner pores of 
Ca-MOFs. This effect diminishes adsorption efficiency 
despite the increase in adsorbent quantity. Increasing the 
Ca-MOF dosage beyond 50 mg does not lead to a significant 
increase in EE2 removal efficiency, as the system approaches 
adsorption equilibrium. The number of EE2 molecules avail-
able in solution becomes a limiting factor, and additional Ca-
MOFs do not contribute to further EE2 uptake. The forma-
tion of saturated adsorption sites prevents further adsorption, 
thereby stabilizing the adsorption capacity.

In evaluating the adsorption capacities of the different 
Ca-MOFs, Ca-MIX exhibited the highest EE2 adsorp-
tion capacity, outperforming Ca-BDC and Ca-BTC. This 
enhanced performance is primarily due to the higher surface 
area and optimal pore structure of Ca-MIX. Although Ca-
BDC has a slightly larger total surface area, the average pore 
width of Ca-MIX is 12.16% greater than that of Ca-BDC, 
which improves EE2 diffusion and adsorption efficiency. As 
a result, Ca-MIX provides a balance between surface area 
and pore accessibility, making it the most effective adsorbent 
among the tested materials. Based on experimental results, 
50 mg of Ca-MOFs was identified as the optimal adsorbent 

dosage, achieving the highest EE2 removal efficiency with 
minimal adsorbent wastage. This dosage ensures maximum 
EE2 uptake while preventing excessive material use, thus 
optimizing the adsorption process.

Kinetics studies and effect of contact time

The effect of contact time on EE2 adsorption at 10 µg/L 
by Ca-MOFs was investigated (Fig. 3a). The experiments 
revealed that adsorption increases rapidly up to 64%, 56%, 
and 42% in the first two hours for Ca-MIX, Ca-BDC, and 
Ca-BTC, respectively. Then decreases until it reaches 
adsorption equilibrium at 240 min. The quantity of active 
sites present on the adsorbents is related to this phenom-
enon (Hasan et al. 2013). The initial fast adsorption rates 
are primarily as a result of the abundance of active sites on 
the adsorbent’s surface. As the active sites became filled, 
the remaining unoccupied sites on the Ca-MOFs became 
saturated with increasing contact time, leading to a gradual 
slowdown in adsorption, which eventually reached equilib-
rium after approximately 2 h.

To examine the operating mechanism of adsorption pro-
cesses, including mass transfer and chemical reactions, an 
appropriate kinetic model is necessary. To better understand 
the adsorption kinetics of EE2, both the pseudo-first-order 
and pseudo-second-order models were applied to describe 
the adsorption behavior. As shown in Table S2, the adsorp-
tion of EE2 onto Ca-MIX, Ca-BDC, and Ca-BTC closely 
follows the pseudo-second-order kinetic model, with cor-
relation coefficients (R2) approaching unity for all three 
materials. Conversely, the pseudo-first-order model yielded 
lower correlation coefficients and rate constants, indicating 
its inadequacy in accurately representing the adsorption 

Fig. 2   Effect of different adsor-
bent dosage (initial concentra-
tion: 10 µg/L; contact time: 4 h; 
pH: initial state)
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behavior. The strong agreement with the pseudo-second-
order model implies that the adsorption kinetics are primar-
ily driven by chemisorption, which involves the formation 
of chemical bonds via electron sharing or exchange between 
the Ca-MOFs and ionized EE2 molecules. This mechanism 
highlights that the adsorption is influenced not only by 
the availability of active sites but also by the interactions 
between functional groups on the adsorbent and the adsorb-
ate. For instance, the calcium ions and organic linkers in the 
MOFs provide active sites that can form bonds with EE2 
molecules, contributing to the high adsorption capacity and 
favorable kinetics observed. These findings are consistent 
with prior studies that report pseudo-second-order kinet-
ics as a characteristic of systems involving strong chemi-
cal interactions (Robati 2013; Qu et al. 2009). Moreover, 
adsorption behaviour that is consistent with the characteris-
tics of chemical adsorption was described using the Elovich 
model. It was found that Elovich model is superior for the 
explanation of kinetics data for adsorption kinetics of EE2 
onto Ca-MIX and Ca-BTC since the R2 is 0.992 which 
slightly higher as compared to the Ca-BDC. This is probably 

caused by some variations in the chemical characteristics 
of trimesic based linker MOFs since their organic linker, 
H3BTC contains a hydrogen donor and acceptor more than 
in Ca-BDC (H2BDC as linker). High hydrogen donor and 
acceptor number might contribute to the high correlation 
coefficient of Elovich isotherm model for Ca-BTC and Ca-
MIX as compared to the Ca-BDC, since Elovich model are 
typically used to elucidate the chemisorption phenomenon 
in adsorption process.

Based on the kinetics fitting of EE2 adsorption to the 
intraparticle diffusion model (Fig. S2) suggested a two-stage 
segment of the entire adsorption process. The adsorption 
rate was determined from the slope of each linear segment 
in the plot which a sharper slope denotes a faster adsorp-
tion process (Bhaumik et al. 2016). In the initial phase, qt 
rose swiftly over time due to the fast external diffusion of 
EE2 onto Ca-MIX, Ca-BDC, and Ca-BTC, respectively. The 
second segment served as a representation of the intrapar-
ticle diffusion effect. Ca-MIX and Ca-BDC samples show 
higher ability of adsorption as the coefficients of correlation 
for this model close to one than Ca-BTC most likely owing 

Fig. 3   a Effect of different contact time on the adsorption of EE2 at concentration of 10 µg/L and different non-linear kinetic adsorption models 
by b Ca-MIX; c Ca-BDC; and d Ca-BTC (initial concentration: 10 µg/L; dosage: 50 mg; pH: initial state)
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to their higher surface areas which allows the diffusion of 
EE2 molecules through the pores of the materials more eas-
ily. The schematic dimensions of the predicted intraparticle 
diffusion of EE2 molecule through different Ca-MOFs are 
shown in Fig. S3.

Isotherm studies and effect of initial concentration 
of EE2

The relationships of concentration of EE2 and adsorption 
capacity of Ca-MIX, Ca-BDC, and Ca-BTC are shown in 
Fig. 4. The removal rate improved as the adsorbate con-
centration increased, aligning with the results observed in 
earlier optimal dosage evaluations (Fig. 2) (Jun et al. 2019). 
The EE2 adsorption data showed that the adsorption capac-
ity by all three Ca-MOFs increases as the EE2 concentration 
increases. For Ca-MIX, the adsorption equilibrium adsorp-
tion capacity of EE2 reached to 52.03 µg/g while the EE2 
initial concentration was 200.00 µg/L, while the equilibrium 
uptake rates by other two Ca-MOFs were only 35.69 µg/g 

(Ca-BDC) and 19.49 µg/g (Ca-BTC), respectively. It was 
evident that the efficiency of EE2 adsorption significantly 
increased with rising EE2 concentrations; however, the 
adsorption rate eventually declined, likely due to the limited 
availability of active sites on the surface of the Ca-MOFs as 
the adsorption process approached saturation.

To have better understanding regarding the adsorption of 
EE2 by Ca-MOFs, the possible mechanism was studied and 
evaluated the adsorption equilibrium using a standard iso-
therm model for instance Langmuir, Freundlich and Temkin 
models. The Langmuir model assumes monolayer adsorption 
onto a homogeneous surface with a finite number of identical 
sites. In contrast, the Freundlich model describes multilayer 
adsorption on a heterogeneous surface, where adsorption 
sites have varying affinities. The Temkin model considers 
the interactions between adsorbate and adsorbent, assuming 
that the heat of adsorption decreases linearly with surface 
coverage. Table S3 shows the isotherm models parameters 
and correlation coefficient values for three models that 
could be correlated with EE2 adsorption. The adsorption 

Fig. 4   Adsorption uptake of EE2 by different Ca-MOFs with a different initial concentration; adsorption isotherm model fitting for b Ca-MIX; c 
Ca-BDC; and d Ca-BTC (contact time: 2 h; dosage: 50 mg; pH: initial state)
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mechanisms of EE2 onto Ca-MOFs (Ca-MIX, Ca-BDC, and 
Ca-BTC) were analysed using Langmuir, Freundlich, and 
Temkin isotherm models, providing insights into the interac-
tion mechanisms. The Langmuir model, with high R2 values 
for Ca-MIX and Ca-BDC (0.99), indicates strong monolayer 
adsorption on homogeneous surface sites, suggesting uni-
form interaction mechanisms. Ca-MIX demonstrated the 
highest adsorption capacity (qmax = 74.93 µg/g), reflecting 
its efficient interaction with EE2 molecules. The Freundlich 
model, which describes multilayer adsorption and surface 
heterogeneity, highlights that Ca-MIX (KF = 4.22 (μg/g) (L/
μg)1/n) provides more diverse interaction sites than Ca-BDC 
(3.054 (μg/g) (L/μg)1/n) and Ca-BTC (2.50 (μg/g) (L/μg)1/n), 
though it fits less effectively for Ca-BTC (R2 = 0.94).

The Temkin isotherm model provides a unique perspec-
tive on the adsorption process by incorporating the effects of 
indirect adsorbate–adsorbent interactions, assuming that the 
heat of adsorption decreases linearly with increasing surface 
coverage. This contrasts with the Langmuir model, which 
assumes uniform adsorption energy across a homogenous 
surface with no interactions between adsorbed molecules, 
and the Freundlich model, which empirically accounts for 
surface heterogeneity but does not explicitly consider vari-
ations in adsorption energy (Foo and Hameed 2010). In 
the present study, the Temkin binding energy constant (bT) 
was used to evaluate the intensity of interaction between 
EE2 molecules and the Ca-MOFs. Among the three adsor-
bents, Ca-BTC exhibited the highest bT value (1280.70 J/
µg), indicating the strongest interaction energy, despite 
having the lowest adsorption capacity (qmax = 23.59 µg/g). 
This suggests that while Ca-BTC offers fewer adsorption 
sites, the energy associated with EE2 binding at those sites 
is significantly higher, likely due to stronger chemisorptive 
interactions or specific binding affinity (Zhou et al. 2022). 
In contrast, Ca-MIX demonstrated a more moderate bT value 
(593.28 J/µg) but achieved the highest adsorption capacity 
(qmax = 74.94 µg/g), reflecting a balance between interaction 
strength and the availability of active sites. Additionally, 
Temkin’s AT values, representing the equilibrium binding 
constants, further suggest that Ca-MIX possesses a more 
favorable adsorption potential (AT = 29.18 L/µg) compared 
to Ca-BTC and Ca-BDC. While the R2 for the Temkin model 
were generally lower (0.647–0.730) than those of the Lang-
muir and Freundlich models, the model still provides valu-
able insights into the adsorption energy distribution, which 
neither Langmuir nor Freundlich explicitly capture (Chu 
2021). Thus, the Temkin model highlights that although 
Ca-BTC exhibits stronger adsorption energy, this does not 
necessarily translate to higher capacity. Instead, Ca-MIX 
achieves superior performance by optimizing both energy 
interactions and surface availability, confirming that the 
adsorption mechanism is not solely dependent on energetic 
strength but also on the accessibility and heterogeneity of 

binding sites, as also supported by Langmuir and Freundlich 
model fits.

In summary, the comparative analysis of isotherm models 
reveals that Ca-MIX achieves optimal performance due to a 
synergy of uniform adsorption (Langmuir), moderate surface 
heterogeneity (Freundlich), and favorable interaction energy 
(Temkin). These results affirm that the EE2 adsorption pro-
cess on Ca-MIX is predominantly monolayer and chem-
isorptive in nature, consistent with the findings from the 
kinetic studies. Three factors can be used to summarize the 
reasons for the different adsorption behaviour of EE2 against 
the three Ca-MOFs. Firstly, the Ca-MIX has a high average 
pore width as compared to Ca-BDC and Ca-BTC due to 
the mixed-linker presence might enhance porous structure 
of than in single-linker Ca-MOFs. Secondly, electrostatic 
interaction between Ca-MOFs and EE2 may perhaps effects 
on the adsorption trend of different point zero charge (PZC) 
on surface of Ca-MOFs which later would be discussed on 
the effect of pH of solution. Final possible reasons are due 
to high Log KOW value of EE2, hydrophobic interaction 
between EE2 and Ca-MOFs might explain this adsorption 
performance as lead to the rapid and spontaneous adsorption 
nature which would be discussed on thermodynamic study.

Thermodynamics studies and effect of temperature

The influence of temperature on the adsorption of each EDC 
at a concentration of 10 µg/L was examined using three sepa-
rate solutions across a temperature range of 30 to 50 °C. 
As shown in Fig. S4, the adsorption of EE2 by Ca-MOFs 
increased noticeably as temperature rise from 30 to 50 ℃, 
suggesting that this adsorption is endothermic in nature. At 
50 ℃, the extent of adsorption EE2 by Ca-MIX was nearly 
90%, while 86% and 82% for Ca-BDC and Ca-BTC, respec-
tively. The effects of an increase in solution temperature 
having a clear impact on adsorption due to an increased dif-
fusion rate are the main reason of this phenomenon, indicat-
ing that solution temperature has a substantial impact on 
adsorption (Qu et al. 2009). It was discovered that 50 °C was 
the ideal temperature for the adsorption, which corresponds 
to a high adsorption capacity.

The observed increase in adsorption with rising tempera-
ture can be attributed to an enhanced diffusion rate of EE2 
molecules in the solution, which facilitates better interac-
tion between the adsorbate and the adsorbent surface. This 
phenomenon aligns with the theory that higher temperatures 
can increase molecular motion, thereby improving the mass 
transfer rate and making adsorption sites more accessible 
(Prokić et al. 2022; Kul et al. 2023). As the temperature 
increased from 30 °C to 50 °C (Fig. S4), the adsorption 
capacity of Ca-MIX increased from 3.67 µg/g to 4.47 µg/g, 
Ca-BDC from 3.63 µg/g to 4.32 µg/g, and Ca-BTC from 
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3.37 µg/g to 4.14 µg/g, indicating that higher temperatures 
favor more efficient adsorption.

The thermodynamic parameters for the EE2 adsorption 
towards various Ca-MOFs are summarized in Table S4. 
The results exhibited that temperature is a substantial 
additional factor that can influence EE2 adsorption by Ca-
MOFs. The value of enthalpy change, ΔH° obtained here 
are + 45.117, + 35.268, and + 33.859 kJ/mol for Ca-MIX, 
Ca-BDC, and Ca-BTC, respectively. The positive enthalpy 
change signifies that the adsorption process absorbs heat, 
indicating its endothermic nature. Additionally, the negative 
Gibbs free energy change (ΔG°) at all temperatures suggests 
that the adsorption of EE2 onto each Ca-MOF occurs rapidly 
and spontaneously. A positive value of entropy, ΔS°, is cor-
related with a rise in the degree of freedom of the adsorbed 
compounds. Additionally, the positive ΔS° value suggests 
that during the adsorption process, some changes take place 
in the internal structure of metal-frameworks.

Effects of initial pH, ionic strength, and humic acids

The effect of solution pH on EE2 adsorption is critical, as it 
influences the surface charge of the adsorbent, the speciation 
of the adsorbate, and the dominant interaction mechanisms. 

In this study, the pH range of 3 to 11 was selected to reflect 
acidic, neutral, and alkaline conditions, respectively, and was 
adjusted using NaOH and HCl. As shown in Fig. 5a, the 
adsorption capacities of Ca-MOFs varied notably with pH. 
The optimal adsorption capacities for EE2 were observed at 
pH 7 for Ca-MIX, pH 9 for Ca-BDC, and pH 5 for Ca-BTC, 
demonstrating that pH plays a significant role in modulating 
adsorption performance.

The variation in adsorption efficiency can be attributed 
to the changes in electrostatic interactions and hydrogen 
bonding, which are directly influenced by both the ioniza-
tion state of EE2 and the surface charge of the Ca-MOFs. 
EE2 has a pKa value of 10.4 (Jun et al. 2019), indicating 
that it predominantly exists in a neutral molecular form 
under pH < 10.4, and begins to ionize into anionic species 
at pH > 10.4. The point of zero charge (PZC) of the MOFs, 
determined experimentally (Fig. 5b), was approximately 5.0 
for Ca-MIX, 8.5 for Ca-BDC, and 3.5 for Ca-BTC. When 
the solution pH exceeds the PZC of a given MOF, its surface 
becomes negatively charged, which can lead to electrostatic 
repulsion with ionized EE2 molecules, thereby reducing 
adsorption efficiency. This effect is particularly evident 
at higher pH levels (above 9), where a marked decline in 
adsorption was observed for all three MOFs. Conversely, 

Fig. 5   a Effect of initial pH; b determination of the point of zero charge of three Ca-MOFs; c effect of ionic strength; and d effect of humic acid 
(initial concentration: 10 µg/L; contact time: 2 h; dosage: 50 mg; pH: initial state for humic acid and ionic strength effects)
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under acidic conditions, the MOF surfaces are positively 
charged (pH < PZC), and EE2 exists primarily in its neu-
tral form. This environment facilitates favorable interac-
tions through hydrogen bonding between the electron-rich 
functional groups (e.g., –OH, –COOH) present on the MOF 
surfaces and the hydroxyl groups of EE2 (He et al. 2016; 
Tian et al. 2018). For instance, Ca-BTC, with a low PZC of 
3.5, exhibited maximum adsorption at pH 5 due to stronger 
hydrogen bonding and possible π–π interactions under 
mildly acidic conditions. Overall, these results highlight that 
pH adjustment via NaOH and HCl is not merely a procedural 
step, but a critical factor for optimizing EE2 adsorption by 
controlling the balance between electrostatic interactions 
and hydrogen bonding. The specific pH-dependent perfor-
mance of each Ca-MOF underscores the importance of tai-
loring operational conditions based on the physicochemical 
properties of both the adsorbent and the target contaminant.

The effect of ionic strength on EE2 adsorption is shown 
in Fig. 5c. For ionic strengths below 0.01 M, the adsorption 
of EE2 onto Ca-MIX and Ca-BTC remained relatively unaf-
fected (p > 0.05), while Ca-BDC exhibited a slight increase 
in adsorption capacity. However, at ionic strengths of 0.1 M 
or higher, all three Ca-MOFs showed a significant increase 
in adsorption capacity due to the salting-out effect. This 
phenomenon occurs as increasing ionic strength enhances 
the hydrophobicity of EE2, reducing its solubility and pro-
moting adsorption onto the Ca-MOF surfaces (Somporn-
pailin et al. 2021; Yin et al. 2019). At higher ionic strength 
(approximately 1.0 M), a slight decline in adsorption capac-
ity was observed. This reduction is attributed to the dimin-
ishing salting-out effect and the emergence of a squeezing-
out effect. At this stage, ions infiltrate the diffuse double 
layer surrounding the adsorbent, reducing repulsive inter-
actions and promoting dense aggregation of adsorbates on 
the adsorbent surface. Additionally, increased ionic strength 
promotes the ionization of the hydroxyl groups on the Ca-
MOF surfaces (e.g., Ca-OH to Ca-O-), reducing their abil-
ity to participate in hydrogen bonding. This ionization also 
enhances electrostatic repulsion between EE2 and the nega-
tively charged adsorbent, further contributing to the reduc-
tion in adsorption performance at high salt concentrations.

Humic acids are natural substances that form as organic 
matter degrades in low-oxygen environments. At neutral 
pH, the carboxylic substituent deprotonation gives humic 
acid a negative surface charge. This chemical can be found 
in groundwater, surface water, and soil (Jun et al. 2019; 
Yin et al. 2019). The influence of humic acid (HA) on EE2 
adsorption by Ca-MOFs was investigated across a concentra-
tion range of 0 to 100 mg/L, representing environmentally 
relevant levels of dissolved organic matter. As illustrated 

in Fig. 5d, humic acid exhibited a concentration-dependent 
effect on the adsorption behavior. At low HA concentra-
tions (≤ 1 mg/L), the adsorption capacities of EE2 on Ca-
MIX, Ca-BDC, and Ca-BTC remained relatively stable and 
showed no statistically significant change (p > 0.05), with 
adsorption capacities ranging between 3.54–3.59 µg/g for 
Ca-MIX, 3.53–3.55 µg/g for Ca-BDC, and 3.50–3.51 µg/g 
for Ca-BTC. This suggests minimal interference by HA at 
trace levels. However, at 10 mg/L HA, a noticeable decrease 
in EE2 adsorption was observed for all three adsorbents. The 
adsorption capacity of Ca-MIX dropped from 3.59 µg/g to 
3.44 µg/g, Ca-BDC from 3.55 µg/g to 3.47 µg/g, and Ca-
BTC from 3.51 µg/g to 3.43 µg/g. This reduction is attrib-
uted to direct competition between HA and EE2 molecules 
for available active sites on the MOF surfaces. The nega-
tively charged HA molecules at neutral pH, due to deproto-
nated carboxylic groups, are likely to compete with EE2 for 
adsorption through surface coverage or site-blocking effects 
(Newcombe et al. 2002; Yin et al. 2019).

Interestingly, at 100 mg/L HA, a reversal in trend was 
observed. All three Ca-MOFs exhibited increased EE2 
adsorption compared to the 10 mg/L condition. The adsorp-
tion capacities increased to 3.74 µg/g for Ca-MIX, 3.64 µg/g 
for Ca-BDC, and 3.69 µg/g for Ca-BTC. This unexpected 
enhancement can be explained by the complex structural 
and chemical nature of HA. The presence of aromatic, non-
phenolic, and hydrophobic domains within HA molecules 
may facilitate hydrophobic interactions with EE2, effectively 
forming EE2–HA complexes that enhance the proximity 
and retention of EE2 near or on the MOF surface (Jun et al. 
2019). Furthermore, humic acids may modify the adsorbent 
surface chemistry, introducing new functional groups or 
altering surface energy, thus promoting secondary interac-
tions such as π–π stacking, hydrogen bonding, and van der 
Waals forces (He et al. 2016; Zhang et al., 2022). Overall, 
these findings highlight that while moderate HA concentra-
tions may hinder EE2 adsorption via competition, higher 
HA levels can promote adsorption through hydrophobic 
enhancement and surface modification effects.

Reusability of Ca‑MOFs

Reusable adsorbents are crucial to the practicality and com-
mercial viability of large-scale applications (Gkika et al. 
2022). For a material to be used as an adsorbent in the actual 
world, it must have two crucial qualities that should be eval-
uated such as reusability of materials. In this study, prior 
to evaluating the reusability of Ca-MIX, Ca-BDC, and Ca-
BTC, the spent Ca-MOFs were rinsed with three distinct sol-
vents: methanol, ethanol, and water. Figure 6a demonstrates 
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that regeneration using ethanol shows an obvious advantages 
reusability as compared to methanol and water, respectively. 
This may be because of EE2 are more soluble in ethanol 
than in other solvents, which may account for their higher 
solubility in ethanol (Hasan et al. 2013). Among the tested 
solvents, ethanol exhibits lower polarity than methanol and 
water; therefore, it was chosen as the desorption medium for 
the regeneration process. Generally, EE2 was desorbed more 
effectively in ethanol, with the order of desorption being 
Ca-BDC > Ca-BTC > Ca-MIX. This difference in desorption 
efficiency can be attributed to the higher activation energy 
of Ca-MIX compared to Ca-BDC and Ca-BTC (Table S4) 
(Artioli 2008), which results in a lower amount of EE2 being 
desorbed from the Ca-MIX adsorbent. Despite the enthalpy 
value for Ca-BDC being higher than that for Ca-BTC, the 

desorption rate for Ca-BDC remained superior, likely due 
to its larger surface area, which is 17% greater than that of 
Ca-BTC. This larger surface area may provide more avail-
able adsorption sites, facilitating a faster desorption process. 
On the other hand, Ca-MIX demonstrates strong adsorp-
tion capacity due to a combination of mechanisms, includ-
ing hydrophobic interactions, hydrogen bonding, and π-π 
interactions. These strong interactions require higher energy 
for desorption, which reduces its recovery efficiency during 
regeneration cycles. Additionally, the mixed-linker structure 
of Ca-MIX may introduce a variety of adsorption sites with 
different binding strengths, some of which may trap EE2 
irreversibly, further diminishing its recoverability.

Five cycles of adsorption were used to measure the 
adsorption capacity (Fig. 6b). For Ca-MIX, the adsorption 

Fig. 6   a Desorption of EE2 
using different elution agents; 
and b reusability of different 
Ca-MOFs for targeted EE2 
removal (initial concentration: 
10 µg/L; contact time: 2 h; dos-
age: 50 mg; pH: initial state)
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performance of EE2 remained relatively consistent (p > 0.05) 
up to the fourth regeneration; nevertheless, there was a little 
reduction in removal rate. However, the adsorption capac-
ity of EE2 by Ca-BDC and Ca-BTC was maintained up to 
fifth cycles. The adsorption capacity of EE2 by Ca-BDC, 
Ca-BTC, and Ca-MIX decreased slightly with increasing 
adsorption and desorption cycle times, with 7%, 9%, and 
21% loss after five circles. The inadequate adsorbent recov-
ery during the filtration process may be the cause of these 
loss percentage of Ca-MIX. Meanwhile, Ca-BDC and Ca-
BTC maintained its excellent performance following regen-
eration, denoting that it might potentially be used as an inex-
pensive and efficient adsorbent for the adsorption of EE2 
from water. This reusability performance could be related 
stability of Ca-MIX is lower than to other Ca-MOFs. As can 
be seen in thermal stability performance (Fig. 1d) indicated 
that coordination bond between calcium and organic linker 
in Ca-MIX is low reflecting that slightly low reusability of 
this MOFs. However, Ca-MIX demonstrated a higher EE2 
removal capacity compared to the other two Ca-MOFs up 
until fourth cycles indicted that structure stability drawbacks 
the Ca-MIX performance. The effectiveness of Ca-MOFs in 
multiple cycles of adsorption and desorption is influenced 
by several factors, including the availability of adsorption 
sites, the strength of the adsorption mechanisms (such as 
hydrophobic interactions, hydrogen bonding, and π-π inter-
actions), and the efficiency of the desorption process. Mate-
rials with stronger binding mechanisms, like Ca-MIX, may 
show reduced desorption efficiency and lower recovery due 
to the higher energy required for regeneration. Additionally, 
the stability of the material during repeated cycles is critical, 
as the mixed-linker structure of Ca-MIX could degrade over 
time, affecting long-term performance. Optimizing desorp-
tion conditions and exploring surface modifications could 
improve recovery and enhance the practicality of Ca-MOFs 
for wastewater treatment applications.

Conclusion

The removal of the synthetic estrogen; EE2 from an aqueous 
solution by different linker-based Ca-MOFs (i.e., Ca-MIX, 
Ca-BDC, and Ca-BTC) was studied. These Ca-MOFs had 
homogeneous size of microsphere structures. Generally, sur-
face area of Ca-BDC was relatively higher than Ca-MIX and 

Ca-BTC, respectively. These materials were categorized as 
mesoporous as the pore size fall between 2 to 50 nm. Fur-
thermore, Ca-BDC is thermally stable up to 600 ℃, while 
350 ℃ for Ca-MIX and Ca-BTC. Indicated that Ca-BDC 
is structurally stable as compared to other two Ca-MOFs. 
Therefore, these materials could be possibly used for EDCs 
removal in water. The results showed that EE2 under this 
study were removed within 3 h at pH 7 and using 50 mg of 
each Ca-MOFs. The adsorption capacities were found to be 
3.57 µg/g, 3.23 µg/g, and 3.14 µg/g for Ca-MIX, Ca-BDC, 
and Ca-BTC, respectively. The percentage removal follows 
the order Ca-MIX > Ca-BDC > Ca-BTC, which agreed well 
with pore size and volume. The adsorption process was best 
interpreted using the pseudo-second-order kinetic model and 
the Langmuir isotherm model, which accurately described 
the kinetic and equilibrium behaviors, respectively. Based 
on the intraparticle diffusion model, Ca-MIX and Ca-BDC 
samples present higher adsorption potential due to the higher 
surface area which allows EE2 compounds to diffused eas-
ily through adsorbents structure. The thermodynamics study 
revealed that the adsorption process is driven spontaneously 
and exhibits endothermic behavior. The initial pH solution 
gave a crucial influence on EE2 capture, and the neutral pH 
was prominent for adsorption by using Ca-MIX, while acidic 
condition (pH 5) for thru Ca-BTC, and alkaline condition 
(pH 9) by using Ca-BDC. Thus, electrostatic attraction and 
repulsion are the main reasons for this adsorption mecha-
nism at various initial pH solution regarding to the pHpzc 
and pKa values of each Ca-MOFs and EE2. The adsorp-
tion capacity of EE2 is also influenced by the concentration 
of humic acid. However, at low levels of humic acid and 
ionic strength, these factors have minimal impact. Electro-
static and hydrophobic interactions are likely the dominant 
mechanisms driving EE2 adsorption onto Ca-MIX, Ca-
BDC, and Ca-BTC from aqueous solutions. Corresponding 
to five successive cycles for Ca-MOFs regeneration, these 
materials show a favourable capability for the adsorption of 
EDCs from aqueous environment. To fully comprehend their 
mechanisms and the impact of different aspects on the EE2 
removal, the overall interactions between EE2 and Ca-MOF 
must be taken into consideration.
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