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Pristine aluminum-based metal-organic framework (MIL-53(Al)) as a sorbent shows limited affinity toward
bisphenols due to the lack of hydrophobicity in its framework. To overcome this limitation, a dual-linker MIL-53
(Al) with a hydrophobic carbon chain linker was synthesized for the first time and integrated into a pipette tip-
micro solid-phase extraction (PT-uSPE) method for bisphenol determination. The parameters affecting the
extraction process were optimized by implementing a response surface methodology (RSM) model using central
composite design (CCD). Brunauer-Emmett-Teller analysis confirmed substantial increases in pore volume and
pore width for the dual-linker MIL-53(Al) (0.74 cm®/g; 5.3 nm) compared with pristine MIL-53(Al) (0.17 cm®/g;
1.22 nm). This modification boosted the extraction efficiency of dual-linker MIL-53(Al) for bisphenols deter-
mination, resulting in low detection limits (0.01-0.1 pg/L), wide linearity (0.033-200.0 ug/L), high enrichment
factors (up to 209), and good precision (RSD < 7.0 %) in tea, disposable cups and containers, instant noodles,

PET water bottles.

1. Introduction

Bisphenols (BPs) are a group of synthetic compounds containing two
hydroxyphenyl functional groups, which are essential in the
manufacturing process of plastics, notably epoxy resins and poly-
carbonates, and other polymeric materials. Among them, bisphenol A
(BPA) also known as 2,2-bis(4-hydroxyphenyl)propane, is the most
extensively manufactured and researched among the numerous
bisphenol compounds, followed by structurally related analogues such
as bisphenol F (BPF) which is referred to as 4,4-(dihydroxydiphenyl-
methane), and bisphenol AF (BP AF), known as 4,4-(hexa-
fluoroisopropylidene) diphenol, which are increasingly used as BPA
substitutes (Michatowicz, 2014; Vandenberg et al., 2012). BPA and its
substitutes are widely used in commercial products, present in food-
contact materials, including container linings, plastic packaging, medi-
cal devices, thermal paper, and household items (Catron et al., 2019;
Lehmler et al., 2018). Numerous monitoring studies have confirmed the
widespread migration of BPA and its analogues into food and beverages,
with concentrations up to tens of ng/g depending on food type and

processing (Kaykhaii et al., 2020; Liao & Kannan, 2013; Noonan et al.,
2011). One study conducted in the United States detected BPA in 63.0
out of 105.0 food samples, corresponding to a detection rate of 60.0 %.
The samples included both fresh foods and those packaged in cans or
plastic containers, with BPA concentrations ranging from below the
limit of quantification (<0.20 ng/g wet weight) to 65.0 ng/g. (Schecter
et al., 2010). Due to concerns over endocrine-disrupting effects, many
authorities have restricted BPA usage in infant products and food
packaging, resulting in the increased industrial application of BPF,
BPAF, and related substitutes (D. Chen et al., 2016; Jala et al., 2022).
With increasing consumer demand for food safety and the ongoing need
to maintain product quality, packaging materials have become widely
utilized in food preservation applications (M. J. Khan et al., 2024). The
growing complexity of packaged foods and the extensive global use of
polymeric packaging materials have intensified concerns regarding
chemical migration into food that compromises both safety and public
health (Gupta et al., 2024). Smart packaging, such as colorimetric sen-
sors (Escher et al., 2023), freshness indicators (Shao et al., 2021), and
antimicrobial films (OuYang et al., 2025), has emerged as a promising
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technology for improving food quality monitoring and reducing
contamination risks (S. Khan et al., 2025). Nevertheless, smart pack-
aging materials are cost-effective and may contain polymer additives or
contaminants that can migrate under certain storage, food composition,
and temperature conditions (Palanisamy et al., 2025). Therefore,
effective analytical detection of bisphenols remains essential, indepen-
dent of packaging innovations. Accurate quantification of bisphenols in
foods is hindered by matrix interferences, low analyte levels (often <1
ng/g), and the need for highly sensitive instrumentation, including
HPLC and LC-MS/MS methodologies (Kamal et al., 2025; Martin-Gomez
et al., 2024). Therefore, to mitigate these issues, there is a pressing need
to devise a straightforward, efficient, and sensitive sample preparation
method that can substantially diminish matrix effects and concentrate
trace analytes to ensure accurate determinations, such as solid phase
extraction (SPE) (Ding et al., 2024). SPE has limitations, including
complex procedures, high solvent and sorbent usage, and inconsistent
reproducibility (Meng et al., 2022; Penalver et al., 2021). For this
reason, miniaturized extraction techniques have been developed to
address these issues to improve sensitivity, reduce solvent consumption,
and simplify experimental workflow. Among these sample treatment
methods, the following methods can be mentioned: dispersive solid-
phase extraction (DSPE)(Ahmed et al., 2025), magnetic solid-phase
extraction (MSPE)(H. L. Jiang et al., 2021a; S. Li et al., 2022), solid
phase microextraction (SPME) (Zhu et al., 2024), syringe-filter packed
solid-phase extraction (SF-SPE) (Moinfar, Khodayari, Sami, et al.,
2022a), miniaturized stir bar sorptive dispersive microextraction
(mSBSD-ME) (Lopez-Juan et al., 2024), and pipette-tip micro solid-
phase extraction (PT-pSPE) (Silva Maciel et al., 2024). PT-pSPE uses
only a small amount of sorbent, typically a few milligrams, packed be-
tween two small plugs of cotton inside a pipette tip. This configuration
allows rapid adsorption and desorption, while requiring very little
elution solvent. This miniaturized technique provides both economic
and practical benefits, establishing it as a promising approach for
modern analytical applications (Wang et al., 2024).

The efficiency of the solid phase extraction methods greatly depend
on the sorbent material, which must provide selective interactions with
bisphenols through hydrophobic forces, hydrogen bonding, n—x stack-
ing, or electrostatic interactions(Wang et al., 2023). Consequently,
sorbents capable of establishing these specific interaction forces with
BPs are prioritized in the selection process. Nowadays, a range of porous
materials, including porous organic polymers (Gandomkar et al., 2025),
covalent organic frameworks (COFs) (Song et al., 2025), and metal-
organic frameworks (MOFs) (M. Chen et al., 2025), have been utilized
to extract and enrich target compounds. MOFs are highly ordered 3D
crystalline structures formed by coordinate connections between metal
ions and organic linkers. Their large surface area, functional diversity,
high porosity, and tunable surface chemistry make them particularly
effective adsorbents for extracting a wide range of chemicals. This
versatility has spurred interest in their interactions with other pollut-
ants, including co-exposure scenarios involving bisphenol compounds,
highlighting MOFs' growing role in various fields, notably in food
analysis (Lv et al., 2025; N. Zhang et al., 2025).

Although MOFs, particularly MIL-53(Al), have previously been used
for bisphenol extraction, their performance can be constrained by
limited pore environments and inadequate hydrophobic interactions
with the analytes (Zahmatkesh Anbarani & Bonyadi, 2025; G. Zhang,
Wo, Sun, Xiao, et al., 2021). In this study, to enhance the efficiency of
MIL-53(Al), a dual-linker version of the material was synthesized and
employed as an adsorbent in pipette-tip micro-solid phase extraction
(PT-uSPE). For the first time, lauric acid was incorporated as a secondary
linker, selected for its long aliphatic chain that can improve pore
tunability and strengthen hydrophobic interactions with the target
compounds. Modified MIL-53(Al) with different lauric acid/terephthalic
acid ratios (15 and 30 % w/w) was synthesized and evaluated. The
extraction efficiency of the different synthesized dual-linker MIL-53(Al)
was compared with the pristine MIL-53(Al) under the same conditions.
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Key extraction parameters were systematically optimized using Design-
Expert software. The resulting dual-linker MOFs were applied as sor-
bents in PT-uSPE for the preconcentration and determination of
bisphenols in plastic containers and food samples, followed by quanti-
fication using high-performance liquid chromatography with photo-
diode array detection (HPLC-PDA). Overall, this strategy aims to
develop a more efficient sorbent for trace bisphenols analysis in complex
food matrices. This work demonstrates a strong potential for routine
application in food safety monitoring.

2. Materials and methods
2.1. Chemicals

Analytical standards of Bisphenol A supplied from (SigmaAldrich -
Taiwan). Bisphenol AF, Bisphenol F, and Luaric acid
(CH3(CH3)10COOH) were purchased from (SigmaAldrich - USA). Ter-
ephthalic acid (C¢Hs4-1,4-(CO2H)) (BDC) was supplied from (Bio-
ChemoPharma - France). Sodium hydroxide (NaOH) and aluminum
nitrate nonahydrate (Al(NO3)3.9H,0) were acquired from (Carl Ruth -
Spain). N, N-Dimethylformamide, was supplied from (Carlo-Erba -
France). Acetonitrile (99.9 %) and methanol (99.9 %) were purchased
from (Merck- Darmstadt, Germany), and hydrochloric acid (HCI) was
provided from (Scharlau-Spain).

Suitable amounts of bisphenols were prepared monthly in methanol
to generate a 400.0 mg/L stock solution and subsequently stored at a
temperature of 4 °C. Before analysis, fresh working solutions in distilled
water were generated through the precise dilution of the aforemen-
tioned standard solutions. All reagents, standards, and solvents are of
analytical and synthetic grade.

2.2. Instrumentation

The extracted bisphenols were separated and quantified using HPLC
from Flexar-PerkinElmer (USA) equipped with Luna 5u column C18
(250 x 4.6 mm, 5 pm particle size) from Phenomenex (USA) coupled to a
photodiode array detector from Flexar-PerkinElmer (USA). The sepa-
ration method utilized was gradient elution with ultrapure water (A)
and acetonitrile (B). The separation was under the following HPLC
conditions: The mobile phase flow rate was 1.0 mL/min, and 30 °C was
set for column oven temperature. The wavelength of UV detection was
230 nm, and the injection volume was 35.0 pL. The gradient elution was
as follows: initial condition 40 % B; 0-2.0 mins, 40 % to 85 % B; in 8.0
mins, 85 % to 30 % B; in 3.0 mins, then returning to the original con-
ditions and equilibrating the column. The XRD (X-ray diffraction) pat-
terns were acquired via a diffractometer (X-Pro, Philips, The
Netherlands) with Cu-Ka radiation (I = 1.5418 A) in the angular area
(2y) of 5-501.

The thermal gravimetric analysis (TGA) was obtained using (STA PT-
1000 thermal analyzer (Linseis, Germany). FTIR spectra were recorded
using a PerkinElmer Spectrum RXI spectrometer (USA). The Bru-
nauer-Emmett-Teller (BET) was performed using a pore size and surface
area distribution analyzer (Belsorp mini II analyzer, Japan) by nitrogen
adsorption at 77 K in the range of 0.0001 < p/p, < 0.9918. For the
surface morphology analysis, the LEO 1430VP (Germany) scanning
electron microscopy (SEM) was utilized at 15.0 kV. The pH adjustments
were done using (Eutech- pH 510) with the electrode of Adwa from
Romania. For pumping the sample solution, a (205 U- Watson Marlow)
peristaltic pump was used. The synthesis and drying steps were obtained
in a LIKANG (China) electric oven. The JOANLAB hotplate stirrer was
operated for stirring and heating purposes.

2.3. Synthesis of pristine MIL-53(Al), and dual-linkers MIL-53(Al)-BDC/
LA

The frameworks of MIL-53(Al) and dual-linkers, MIL-53(Al)-BDC/LA
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(85:15) and (70:30), were synthesized via a solvothermal process as
illustrated in Fig. 1 (a). A mixture of 2 mmol of aluminum nitrate non-
ahydrate (0.75 g) and 1 mmol of benzene-1,4-dicarboxylic acid (0.166
g) ina 1:0.5 mol ratio was prepared in 50.0 mL of DMF. The mixture was
ultrasonically homogenized for 30.0 min and then transferred to a 100
mL Teflon reactor in a stainless-steel autoclave. The autoclave capsule
was heated in an oven at 120 °C for 48 h based on the previously re-
ported MIL-53(Al) synthesis protocol (Majumder et al., 2020). For the
synthesis of MIL-53(Al)-BDC/LA (85,15), a mixture of 2 mmol of
aluminum nitrate nonahydrate (0.75 g), 0.85 mmol of BDC (0.14 g), and
0.15 mmol of lauric acid (0.03 g) was incorporated in 50.0 mL of DMF.
For the synthesis of MIL-53(A1)-BDC/LA (70,30), a mixture of 2.0 mmol
of aluminum nitrate nonahydrate (0.75 g), 0.7 mmol of BDC (0.116 g),
and 0.3 mmol of lauric acid (0.06 g) was incorporated in 50.0 mL of
DMF. Then homogenized mixtures were heated separately for 48 h at
120 °C in an autoclave. After the reaction, the products were recovered
by centrifugation at 4000 rpm for 10 min, and then were stirred over-
night in DMF to remove unreacted linkers. The materials were subse-
quently refluxed for 12 h, with methanol to eliminate residual DMF from
the MOF pores, and dried at 80 °C in an electric oven for 24 h.

2.4. Preparation of the pipette tip

A 20.0 mg portion of each metal-organic framework (MOF) was
accurately weighed and packed inside a 1.0 mL pipette tip. The sorbent
was sandwiched between two small plugs of cotton, with one cotton
plug placed at the narrow end of the pipette tip to prevent particle loss,
and the second plug added on top to secure the packing material in
place. After assembling the mini-column, 1.0 mL of deionized water was
gently passed through the tip using a syringe. This conditioning step
ensured that the MOF particles were properly compacted, uniformly
wetted, and tightly fixed between the two cotton plugs, as illustrated in
Fig. 1(a).

) =
AI(NO « 9H,O S /
(NOg)3 A 2 DMF - ~='TT
(0] O —
70% ~
o HO*@*’%H 120 °C g
+ for48 h N
30% /\\/\/\//\/\\)J\OH N—

Dual-linker MIL-53(A1)-BDC/LA (70:30)
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2.5. Procedure

The pH of both the spiked and unspiked food samples and the plastic
containers' content was initially adjusted to 6.75 via 0.1 mol/L NaOH
and 0.1 mol/L HCI solutions. Subsequently, 38.0 mL of each sample was
processed through a peristaltic pump at a 2.0 mL/min flow rate and
directed into a pipette tip containing the MOF sorbent, as shown in Fig. 1
(b). Later, the bisphenols captured by the sorbent were eluted using
150.0 pL of a mixture containing (60 % methanol and 40 % acetonitrile)
as the desorption solvent. Finally, 35.0 uL of the desorbed solution was
injected into an HPLC system.

2.6. Samples pre-treatment

For the preparation of food and packaging samples for BPA, BPF, and
BPAF analysis, hot water was added to tea leaves in disposable cups and
allowed to stand for a particular period. The resulting infusion was then
filtered to remove suspended solids. Afterwards, the pH of the tea filtrate
was adjusted to 6.75, and collected in two separate containers, each with
38.0 mL. Finally, the two aliquots were spiked with bisphenol standard
solutions to obtain final concentrations of 30.0 and 100.0 pg/L,
respectively. Also, hot water was added separately to the instant noo-
dles' container, disposable containers, and cups. Each item was allowed
to stand for 30.0 min to promote the leaching of bisphenols under typical
consumer-use conditions. For bottled water, a sealed PET bottle was
placed in a water bath at 45.0 °C for 30.0 min to simulate mild thermal
exposure prior to consumption. After treatment, 38 mL of each sample
was collected for analysis. The pH of all samples was adjusted to 6.75 to
ensure consistency across matrices. For spiking experiments, 30.0 pg/L
and 100.0 pg/L of the bisphenol standard solution were added to
selected samples to evaluate method recovery and matrix effects.

2.7. Calculations of enrichment factor and relative recovery

The enrichment factor for each bisphenol was calculated using the
following equation:

Dual-linker MIL-
53(Al)-BDC/LA (70:30)

Desorptiona 3 290
—_— W 2240

5 10

O time (min)

Fig. 1. An illustration scheme of (a) the synthesis of dual-linker MIL-53(Al)-BDC/LA (70,30) MOF and its placement in a pipette tip, (b) analysis of BPs in various

food samples and packaging by PT-pSPE-HPLC-PDA.
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Ce
EF = C. @
The enrichment factor (EF) is defined as the ratio of the analyte
concentration in the extractant phase (Ce) to its initial concentration in
the aqueous phase (Ciy).
On the other hand, the relative recovery (RR) was calculated using
the following equation:

Cspiked - Cnuspiked

RR% = x 100 (2)

Cadded
In this equation, Cspiked, Cunspikeds and Cadded Tepresent the concen-
tration of BPs after adding a standard solution to the samples, the
original concentration of BPs in real samples, and the concentration of
standard solutions added to the samples (Moinfar et al., 2021).

2.8. Central composite design for bisphenol extraction optimization

The optimization of factors affecting extraction was evaluated using
dual-linker MIL-53(Al)-BDC/LA (70 %:30 %) as the sorbent material in a
pipette tip for the PT-uSPE method. A central composite design (CCD)
was applied as a response surface methodology to optimize the extrac-
tion of bisphenol compounds: BPF, BPA, and BPAF from food samples
and plastic containers. Four factors were investigated: pH (3.5-10),
sample volume (10-45 mL), desorption solvent volume (100-345 pL),
and desorption solvent type (methanol, acetonitrile-methanol mixture,
and acetonitrile). Design-Expert 13.0.5 software was used to perform 54
experimental runs that were conducted in randomized order to account
for potential variability and interaction effects. The design used a
reduced cubic model without blocks. The target responses were the peak
areas (signal intensities) of BPF, BPA, and BPAF, as quantified via
chromatographic analysis. The statistical modeling and optimization
were performed using ANOVA to evaluate the significance of model
terms and to determine optimal conditions for maximum extraction
efficiency.

3. Results and discussion
3.1. Characterization

3.1.1. XRD analysis
X-ray diffraction (XRD) analysis was carried out to assess the

3000 a)
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Fig. 2. (a) XRD patterns, and (b) TGA curves of MIL-53(Al), dual-linker MIL-53(Al)-BDC/LA (85,15), and dual-linker MIL-53(A1)-BDC/LA (70,30).
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crystallographic features and phase purity of pristine and dual-linker
MIL-53(Al) samples, as shown in the Fig. 2(a). The diffraction patterns
were recorded in the 26 range of 5° to 80° using Cu Ko radiation. The
diffraction pattern of MIL-53(Al) in Fig. 2a (a) shows characteristic
peaks at approximately 20 = 9.8°, 13.1°, 16.6°, 18.8°, and 22.4°, which
can be indexed to the (110), (200), (211), (220), and (310) crystallo-
graphic planes, respectively, which correspond well to the reported
planes of the MIL-53(Al) orthorhombic structure (Skans et al., 2025a).
These reflections indicate the presence of the open-pore phase typically
observed under ambient conditions, confirming successful formation of
the pristine framework. Fig. 2a shows the XRD pattern of dual-linker
MIL-53(A1)-BDC/LA (85:15) that exhibits slightly broader and less
intense peaks compared to pristine MIL-53(Al), particularly at 26 = 9.8°,
16.6°, and 18.8°, indicating that the framework preserves its original
structure, yet undergoes subtle lattice distortion. This attenuation can be
related to the incorporation of long-chain aliphatic lauric acid into the
framework. In contrast, the pattern for the dual-linker MIL-53(Al)-BDC/
LA (70:30) in Fig. 2a, more pronounced changes are observed, with
peaks detected at 20 ~ 9.8°, 13.1°, 16.6°, and 18.8°, though with
noticeably higher intensity, especially at the low-angle region. The sharp
and intense peak at ~9.8° suggests a more ordered crystal structure,
likely due to the dominance of terephthalic acid in maintaining the
framework integrity (Pezhhanfar et al., 2022a). The slight shift or nar-
rowing of peaks may be attributed to minor lattice distortions and
expansion of the framework lattice from increased LA inclusion. These
results are in agreement with literature reports on mixed-ligand metal-
organic frameworks, where bulky or flexible ligands can distort or
disrupt framework periodicity (Carrington et al., 2019; Ha et al., 2017;
Pallach et al., 2021).

3.1.2. Evaluation of FT-IR spectra

Fourier-transform infrared (FT-IR) spectroscopy was employed to
investigate the structural integrity and ligand incorporation within the
pristine MIL-53(Al) framework and its dual-linker derivatives synthe-
sized with varying ratios of lauric acid and terephthalic acid, as seen in
Fig. S1. For pristine MIL-53(Al), a broad band was observed at
3502-3750 cm ', attributed to the O—H stretching vibration from
bridging hydroxyl groups and adsorbed water. The asymmetric
stretching of the carboxylate group (-COO™) appeared at 1625 cm ™ ?,
and a peak at 1423 cm™! corresponded to the symmetric carboxylate
stretching, confirming coordination of terephthalic acid to Al (III) cen-
ters. Vibrations at 1298 cm™! and 1256 cm™! were assigned to C—O

——MIL-53(Al)-BDC/LA (70:30) \)
——MIL-53(Al)-BDC/LA (85:15)

S
.
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stretching and in-plane bending of aromatic rings, while peaks at 1138,
1095, and 1065 cm ™~ were linked to C—C stretching within the aromatic
backbone. The bands at 1025 and 990 cm ™! indicated C—H out-of-plane
bending, and the peaks at 757, 592, and 518 cm™! were associated with
Al—O bond vibrations in the framework structure (Katugampalage
etal., 2021; Pezhhanfar et al., 2022b). As for the dual-linker MIL-53(Al)-
BDC/LA (85:15), the FT-IR spectrum revealed a broad O—H stretching
band at 3447 cm™!, with additional features in the 2959-2870 cm™!
region representing C—H stretching vibrations of the lauric acid's
aliphatic chains. The carboxylate asymmetric and symmetric stretching
bands were located at 1672 cm’l, 1654 em™!, and 1452-1423 cm ™},
respectively, indicating successful coordination of both ligands. Aro-
matic C=C stretches were seen at 1614, 1542, and 1510 cm ™, showing
retention of the aromatic structure from terephthalic acid. The presence
of aliphatic components was further supported by bands at 1326, 1299,
and 1257 cm ™! (C—O0 and CH: deformations), and the C—C stretching
and C—H wagging modes were visible in the 1094 to 996 cm ™! region
(J. Jiang et al., 2018). The framework-related vibrations, including
Al—O stretches, appeared prominently at 784, 758, 736, 726, and 596
cm™ !, with additional lattice vibrations at 481.94 cm™!. In the case of
dual-linker MIL-53(Al)-BDC/LA (70:30), the FT-IR spectrum showed a
combination of both aromatic and aliphatic signatures. The O—H stretch
remained broad in the 3400-3500 cm ™! range (not explicitly given in
the current dataset but typically observed), while asymmetric and
symmetric carboxylate stretches were observed around 1650-1450
em™!, confirming the mixed-ligand coordination. The C—H stretching
and bending vibrations were around 2950-2870 cm ™! associated with
Lauric acid. Aromatic skeletal and C—O stretching vibrations were
present in the 1300-1000 cm ! region, and Al—O related bands per-
sisted below 800 cm™!, indicating that the framework integrity was
maintained. These assignments align well with previously reported
spectra for MIL-53(Al) (Pezhhanfar et al., 2022c), and the ligand-
modified analogs incorporate the long-chain carboxylic acids like lau-
ric acid, introduce additional aliphatic stretching and bending features,
while retaining the core coordination vibrations of the MOF structure.

3.1.3. TGA analysis

The thermal behavior of MIL-53(Al) and its dual-linker analogs
containing lauric acid was assessed by applying TGA and recorded over
a temperature range of 20 to 700 °C at a heating rate of 10 °C/min under
an air atmosphere, as displayed in Fig. 2b. All three samples exhibit an
initial weight loss below 150 °C of around 5 %, attributed to the release
of physically adsorbed water and solvent residues. The MIL-53(Al)
showed a major weight loss of around 50 % between 430 and 570 °C,
corresponding to the decomposition of the organic BDC linker, which is
characteristic of the thermal breakdown of the MOF framework
(Rehman et al., 2025). On the contrary, the dual-linker samples (85:15)
and (70:30) displayed an additional intermediate decomposition stage
between 300 and 450 °C, consistent with the thermal degradation of
lauric acid (Vennapusa et al., 2022). Dual-linker MIL-53(Al)-BDC/LA
(85:15) exhibited ~15-18 % LA degradation, while dual-linker MIL-53
(AD)-BDC/LA (70:30) displayed a more pronounced LA degradation step
of ~27-30 %. These observations demonstrate the successful integration
of lauric acid into the MIL-53(A1)-BDC/LA framework, with the extent of
LA-related weight loss increasing with its content. Yet, attempts to
incorporate more than 30 % lauric acid into the framework were un-
successful, likely due to steric hindrance from the bulky aliphatic tail of
LA, which disrupts the coordination environment and prevents orderly
framework formation. Moreover, LA's low affinity for the Al metal
centers, compared to the aromatic BDC linker, further restricts its in-
clusion beyond a certain threshold. Thus, 30 % LA content appears to
represent the upper limit for stable dual-linker insertion in this system.
Finally, the third weight loss, around 40 % and 30 %, is attributed to the
breakdown of the BDC-based framework occurs near 450-605 °C for
variants (85:15) and (70:30), respectively. The inorganic aluminum
oxide (Al20s) residue persisted thermally stable across the entire
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temperature range and accounted for approximately 40-50 % of the
final mass for all three MOFs.

3.1.4. SEM

The surface morphology and particle size distribution of the syn-
thesized MOFs were examined using SEM, and the results are illustrated
in Fig. 3. The SEM image of pristine MIL-53(Al), shown in Fig. 3(a)
synthesized using terephthalic acid as the sole organic linker. The par-
ticles appear relatively uniform, with irregular polygonal and platelet-
like morphologies. The particle size is generally small and well-
dispersed, indicating good crystallinity and a high degree of nucle-
ation under the synthesis conditions, which is in good accordance with
the literature (Moinfar, Khodayari, Sami, et al., 2022b), which is
assigned to the generation of pristine MIL-53(Al). Fig. 3(b) depicts the
dual-linker MIL-53(Al) with a 0.85:0.15 M ratio of terephthalic acid to
lauric acid. A noticeable increase in particle size and aggregation is
observed compared to the pristine AI-MOF. The morphology becomes
more heterogeneous, with larger, block-like agglomerates intermixed
with finer particles. This could be due to the incomplete distribution of
the long-chain linker in the framework formation, which disrupts the
uniform growth of the MIL-53(Al) framework, introduces steric hin-
drance, and alters the self-assembly process. Fig. 3(c) corresponds to the
dual-linker MIL-53(Al) synthesized using 70 % terephthalic acid and 30
% lauric acid. In this case, the morphology partially reverts toward that
of the pristine MOF, with a finer distribution of particles and reduced
agglomeration compared to the dual-linker (85:15) variant. Although
irregular and broken fragments still indicate structural perturbation due
to lauric acid inclusion, though to a lesser extent. This observation
suggests that the synthesis and integration of the LA linker into the
structure was successful and supports better framework integrity and
controlled crystal growth.

3.1.5. Brunauer-emmett-teller (BET) analysis

The Nj adsorption-desorption isotherm of pure MIL-53(Al) and its
dual-linker versions was measured at 77 K to acquire a better under-
standing of their surface area and textural characteristics, as shown in
Fig. 3(d) and Table S7. All three MOFs display Type IV isotherms, which
are typical of mesoporous structures (Cevallos-Mendoza et al., 2024).
The pure MIL-53(Al) has a surface area of 867 m2/g, comparable to
those described in the literature (Gortazar et al., 2025). The dual-linker
variants, MIL-53(Al)-BDC/LA (85:15) and (70:30), have surface areas of
722 m?/g and 571 m?/g, respectively. The BJH pore size distribution
curves demonstrate mesoporosity as found in Fig. S3, with a significant
change in pore diameter and volume based on LA content. The pristine
MIL-53(Al) has a total pore volume of 0.17 cm®/g and a mean pore width
of 1.22 nm, exhibiting microporous to mesoporous properties. The 85:15
variant had the same mean pore width (1.22 nm) but a higher pore
volume (0.57 cm®/g), indicating partial filling of pores. The 70:30 dual-
linker variant exhibits a significant increase in mean pore width to 5.3
nm and pore volume of 0.74 cm®/g, suggesting the formation of larger
mesopores that led to structural expansion caused by increased LA
content in the synthesis of dual-linker MIL-53(Al), as indicated by the
BJH data of pore properties given in Table S7.

3.2. Response surface methodology of bisphenols extraction optimization

An RSM (Response Surface Methodology) model was developed and
implemented using a CCD to optimize key parameters influencing the
extraction process. These parameters included three numerical vari-
ables: sample volume, desorption solvent volume, and pH, and one
categorical variable: desorption solvent type. All were found to signifi-
cantly impact both extraction efficiency and enrichment factor. The
selected parameters and their corresponding levels are presented in
Table S1. A total of 54 experimental runs were conducted and detailed in
Table S2. This design enables accurate estimation of main effects and
interactions while ensuring consistent prediction variance throughout
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——MIL-53 (Al)
—— MIL-53(Al)}-BDC/LA (85:15)
——MIL-53(Al)}-BDC/LA (70:30)

Fig. 3. SEM images of synthesized MOFs, (a) MIL-53(Al), (b) dual-linker MIL-53(A1)-BDC/LA (85:15). (c) dual-linker MIL-53(Al)-BDC/LA (70:30), and (d) BET
scheme of the synthesized materials. MIL-53(Al) with pore volume 0.17 cm3/g and surface area of 867.04 mz/g, dual-linker MIL-53(Al)-BDC/LA (85:15) with pore
volume 0.57 cm3/g and surface area of 722.17 mz/g, dual-linker MIL-53(A1)-BDC/LA (70:30) with pore volume 0.74 cm3/g and surface area of 571.59 mz/g.

the design space. The CCD demonstrated strong predictive capability for
optimizing the extraction of bisphenol compounds. As shown in
Table S3, the predicted and adjusted R? values were closely aligned
across all three bisphenols, indicating a reliable model fit. Adequate
precision values were notably high, 222.887 for BPF, 190.530 for BPA,
and 131.530 for BPAF, further supporting the model's robustness.
Reduced cubic models were fitted to the data, and analysis of variance
(ANOVA) confirmed that all models were highly significant (p <
0.0001), while lack-of-fit was not significant (p > 0.17), indicating a
good fit (see Tables S4-S6).

Specifically, the model for bisphenol F was exceptionally predictive,
with an F-value of 3592.92 and an R? of 0.9998, accounting for 99.98 %
of the variance. Similarly, bisphenol A's model had an F-value of
2571.96 and R? of 0.9997, while bisphenol AF showed an F-value of
1123.30 with an R? of 0.9993, all highly significant (p < 0.0001).

As illustrated in Fig. 4, desorption solvent volume (Factor C)
emerged as the most influential parameter, producing extremely high F-
values—40,908 for BPF, 26,941 for BPA, and 12,234 for BPAF (all p <
0.0001). A sufficient volume is required to fully wet and penetrate the
sorbent, ensuring complete desorption of the analyte retained within its
structure. However, excessive solvent volumes lead to dilution of the
desorbed analytes, resulting in reduced signal intensity (Moinfar et al.,
2025). In this study, poor repeatability was observed by using 100.0 pL,
even though it provided the highest signal. Therefore, 150.0 pL was
selected as the optimal volume, as it covers the entire sorbent, resulting
in maximum desorption of the target bisphenols retained in the dual-
linker MIL-53(ALl). At this level, peak responses exceeded 4.0 x 10° for
BPF, 8.6 x 10° for BPA, and 2.9 x 10° for BPAF, suggesting that minimal
solvent use enhances extraction efficiency and analyte concentration.

Sample volume (Factor B) also played a crucial role. Increasing the
sample volume, while keeping the analyte concentration constant, al-
lows a greater total mass of analyte to interact with and be retained on
the sorbent. This results in improved analyte enrichment and enhances
the overall extraction performance (Moinfar et al., 2025; Moinfar,
Khodayari, Abdulrahman, et al., 2022). Although 45.0 mL resulted in
the highest responses in this study, it extended the processing time.

Therefore, a slightly reduced volume of 38.0 mL was chosen as optimal,
offering high recovery while improving efficiency. The corresponding F-
values were 34,142 for BPF, 26,312 for BPA, and 13,055 for BPAF (all p
< 0.0001).

Desorption solvent type (Factor D) was another significant factor (F
= 2559 for BPF, 1608 for BPA, and 1178 for BPAF; all p < 0.0001). A
mixture of acetonitrile and methanol consistently outperformed indi-
vidual solvents, particularly for BPA and BPAF, because it provided the
highest desorption efficiency, likely due to their complementary solva-
tion properties. The target analytes are moderately polar, so a mixture of
acetonitrile, a polar aprotic solvent, and methanol, a polar protic sol-
vent, achieves a more balanced polarity capable of weakening n—r in-
teractions and disrupting hydrogen bonding between the target
bisphenols and the sorbent material (Hazra & Sarkar, 2002; Moinfar,
Khodayari, Abdulrahman, et al., 2022; Skans et al., 2025b). pH (Factor
A) had a moderate yet statistically significant effect, with pH 6.75
yielding the highest extraction efficiency. Possibly due to the deproto-
nation of the target bisphenols at pH values above 7, where they begin to
acquire a negative charge based on their pKa values (Regueiro et al.,
2015). Simultaneously, MIL-53(Al) has a point of zero charge (pHzpc) at
7.1 (Skans et al., 2025c¢), meaning its surface also becomes negatively
charged above this pH. As a result, electrostatic repulsion occurs be-
tween the negatively charged bisphenols and the sorbent surface, and
the hydrogen bonding disappears, reducing adsorption efficiency (Quan
et al., 2020; G. Zhang, Wo, Sun, Hao, et al., 2021). In contrast, at pH
values below 7, the target bisphenols remain in their neutral form, while
the sorbent is positively charged. Under these conditions, electrostatic
attraction is minimal or absent. Nevertheless, other non-covalent in-
teractions such as n—n stacking, hydrogen bonding, and van der Waals
forces become the dominant mechanisms facilitating the adsorption of
the target bisphenols onto the dual-linker MIL-53(Al) framework (Zhou
et al., 2013). Several interaction terms were significant, especially
sample volume x solvent volume (BC) and solvent volume x solvent
type (CD), emphasizing the necessity of multi-factor optimization. The
significance of quadratic terms, particularly C?, further confirmed that
both excessively high and low solvent volumes impaired performance,
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Fig. 4. Response surface analysis 3D diagram of (a) bisphenol F, (b) bisphenol A, (c) bisphenol AF.

because 100.0 pL results in poor repeatability, while excessive volumes
lead to a decline in extraction efficiency and enrichment factor. Vali-
dating 150.0 pL as the optimal condition.

In summary, the study demonstrates that the most effective extrac-
tion of bisphenols is achieved using low solvent volumes, sample vol-
umes, neutral pH, and a mixed acetonitrile-methanol solvent system.

3.3. Comparison of the prepared MIL-53(AD and its variants

The extraction efficiency of pristine MIL-53(Al) and its dual-linker
derivatives incorporating varying ratios of terephthalic acid and lauric
acid was evaluated using chromatographic analysis under the same
experimental conditions. The corresponding chromatograms for MIL-53
(Al) and its modified bi-ligands are shown in Fig. 6 (A).

Among the tested materials, the dual-linker MIL-53(Al)-BDC/LA
(70:30) exhibited the highest extraction efficiency for all three bisphe-
nols. This enhancement in performance can be attributed to the changed
physicochemical properties of the framework. Specifically, the partial
substitution of terephthalic acid with lauric acid modulates the

hydrophobicity and pore environment of the MOF (Choi et al., 2011).
The 30 % lauric acid variant achieves a favorable balance between the
rigid, aromatic characteristics of terephthalic acid, critical for n-n in-
teractions between the aromatic rings of bisphenols and the terephthalic
acid linkers, and the hydrophobic nature of lauric acid, which enhances
van der Waals interactions with the largely hydrophobic bisphenol
molecules (H. Li et al., 2023). Moreover, Hydrogen bonding occurs be-
tween the hydroxyl groups of bisphenols and the carboxylate or hy-
droxyl sites within the framework. The FTIR spectra in Fig. 5 confirm the
claims by providing the data of dual-linker MIL-53(Al)-BDC/LA (30 %)
before and after treatment with BPA. The spectrum displays the O—H
stretching vibration bands at around 3100-3400 cm™!. These bands
intensified upon the adsorption of BPA, particularly at 5 mg/L, indi-
cating an increase in the hydrogen bonding interaction due to the
presence of adsorbed molecules containing O—H groups (Gao et al.,
2019). Additionally, pristine MIL-53(Al), composed entirely of BDC
linkers, shows lower extraction efficiency compared to the 30 % dual-
linker variant of MIL-53(Al), reducing its affinity for bisphenol com-
pounds, which are largely hydrophobic (Choi et al., 2011; Loganathan
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—MIL-53(A1)-BDC/LA (70:30)

—MIL-53(Al)-BDC/LA (70:30)--bisphenol A(0.2 mg/L)
—MIL-53(Al)-BDC/LA (70:30)--bisphenol A (S5mg/L)
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Fig. 5. FTIR spectra of (a) dual-linker MIL-53(A1)-BDC/LA before and after adsorption of bisphenol A at 0.2 mg/L and 5.0 mg/L. (b) H-bonding magnified region, (c)

C—=0 and C—C region related to n—r interaction.

et al., 2023). The lack of alkyl functional groups further constrains the
diversity of host-guest interactions, relying mainly on n—n stacking and
hydrogen bonding (Luo et al., 2019). In contrast, the bi-linker MIL-53
(Al) materials incorporate both aromatic (terephthalic acid) and
aliphatic (lauric acid) linkers, introducing a hybrid surface environment
that promotes stronger and more diverse interactions with the bisphe-
nols. As seen in Fig. 5, the asymmetric stretching band of the carboxylate
group shifted from 1672 to 1700 cm™! and the vibrational band
attributed to aromatic C—=C stretching of the terephthalate linker
around 1600-1620 cm ™~ was shifted to 1570-1620 cm ™! as a two-peak
shape and changes in intensity, after the adsorption of BPA, suggesting
strong n—n stacking interactions and electrostatic attractions between
the aromatic rings of BPA and the phenyl moieties of the MOF
(Valenzuela et al., 2025). This synergistic enhancement of hydropho-
bicity and chemical functionality is absent in the pristine MOF, which
accounts for its comparatively lower adsorption performance. Notably,
bisphenol A (BPA) yielded the highest signal intensity across all tested
materials. This trend likely results from BpA's molecular structure,
which features two methyl-substituted phenolic rings. These confer
higher hydrophobicity and greater propensity for n-n stacking in-
teractions compared to BpF and BpAF (H. Li et al., 2023). It is note-
worthy that the 30 % dual-linker variant was synthesized repeatedly and
consistently yielded comparable performance, indicating good repro-
ducibility. Although a 50 % variant was also prepared, it did not exhibit
satisfactory characteristics and was therefore not further pursued. When
comparing the 15 % and 30 % dual-linker MOFs with the pristine MOF,
BET analysis revealed that the 15 % composition possessed a higher
surface area but a lower pore volume relative to the 30 % counterpart,
having a higher ratio of LA linker. While pristine MOF exhibited the
lowest pore volume due to the sole 1,4-BDC linker. Moreover, SEM

analysis illustrated pronounced agglomeration and heterogeneous par-
ticle distribution in the 15 % variant, whereas the 30 % variant dis-
played more uniform morphology and improved particle dispersion
relatively same as pristine MOF. Overall, the incorporation of 30 %
lauric acid into MIL-53(Al) significantly improves the framework's af-
finity for bisphenols adsorption, making it a promising candidate for
environmental and analytical applications targeting endocrine-
disrupting compounds.

3.4. Method validation

The performance of the dual-linker MIL-53(A1)-BDC/LA (70:30)-PT-
RUSPE/HPLC-PDA technique was evaluated using key analytical param-
eters such as limit of detection (LOD), limit of quantification (LOQ),
enrichment factor (EF), relative standard deviation (RSD%), correlation
coefficient (rz), and linearity range for bisphenols A, F, and AF. Table 1
displays the method validation. LOD and LOQ values were determined
based on signal-to-noise ratios of 3 and 10, respectively. Calibration
curves were constructed for each analyte over a concentration range
from 0.01 to 200.0 pg/L, achieving correlation coefficients (r?) between
0.9899 and 0.9996, indicative of excellent linearity. Method precision
was evaluated through five replicate analyses at two concentration
levels (30.0 and 80.0 pg/L) for each bisphenol. Inter-day precision was
further assessed over three consecutive days with the same sorbent
material. The method demonstrated excellent repeatability, with RSD%
values not exceeding 7 % for any of the target bisphenols, confirming its
robustness and reliability. The enrichment factors for bisphenols F, A,
and AF were 126, 176, and 209, respectively, underscoring the effec-
tiveness of the preconcentration step in enhancing the method's
sensitivity.
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Table 1
Analytical performance of PT-p-SPE /HPLC-PDA methods in water samples.

Food Chemistry 502 (2026) 147681

LOD" LOQ"c 2 LR? EF® RSD%(intra-day)" RSD%(inter-day)?

(pg/L) (pg/L) 30.0 (pg/L) 80.0 (pg/L) 30.0 (pg/L) 80.0 (pg/L)
BpF 0.1 0.4 0.9996 0.33-200 126.6 4.0 5.2 5.0 6.6
BpA 0.03 0.1 0.9955 0.099-200 176.0 3.5 4.0 4.2 4.9
BpAF 0.01 0.04 0.9899 0.03-200 209.5 5.8 4.7 7.0 6.0

@ Limit of detection (S/N = 3) (ug/L).

b Limit of quantification (S/N = 10) (ug/L).

¢ Coefficient of determination.

4 Linear range (ug/L).

¢ Enrichment factor (ug/L).

f Relative standard deviation at a concentration of 30.0 and 80.0 pg/L of each ana

lyte for intra-day (n = 5).

8 Relative standard deviation at a concentration of 30.0 and 80.0 pg/L of each analyte for inter-day (n = 3).

3.5. Real sample analysis and matrix effect
For the evaluation of the applicability of the proposed synthesized
MOF as a sorbent in PT-pSPE for bisphenol extraction, various food

products and packaging materials were selected as real samples,

110

including tea in disposable cups, instant noodles, polyethylene tere-
phthalate (PET) water bottles, disposable containers, and cups. These
samples were spiked with different concentrations of the target
bisphenols and subsequently processed using pipette tips with dual-
linker MIL-53(A1)-BDC/LA (70:30) as sorbent material and analyzed
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Fig. 6. Representative HPLC-PDA chromatograms of (a) comparing MOF samples,

fime (min) 8

all experiments were performed under identical conditions: concentration of

Bisphenols (0.5 mg/L), Sample volume (10.0 mL), solvent volume (500.0 pL), pH 6. Real sample analysis of (b) Instant noodles, (c) Disposable cup, using dual-linker
MIL-53(A1)-BDC/LA (70:30) as sorbent under optimized conditions for the extraction of 1: BPF, 2: BPA, and 3: BPAF.
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by HPLC-PDA. Representative chromatograms of non-spiked and spiked
samples at two concentration levels (30.0 and 100.0 pg/L) for the PET
water bottle, tea, and disposable cup are presented in Fig. S2. As for the
disposable cup and instant noodles, they are shown in Figs. 6 (B and C).
The corresponding relative recoveries (RR%) and matrix effect (ME%)
across different real sample types are summarized in Table 2. These

Table 2
Relative recoveries and matrix effect estimation of the proposed method for the
determination of BpF, BpA, and BpAF in real samples.

Samples Compounds Added (pg/L) Found (pg/L) RR% ME%
BpF 0 n.d -
30.0 29.6 98.5
100.0 99.0 99.0 98.2
PET water bottles
BpA 0 <LOQ -
30 27.3 91.0
100 96.5 96.5 95.3
BpAF 0 2.8 -
30 27.7 83.0
100 102.6 99.8 99.0
BpF 0 n.d
30 23.5 78.0
100 86.3 86.32 89.6
Tea
BpA 0 <LOQ -
30 25.3 84.0
100 89.4 89.4 86.04
BpAF 0 <LOQ
30 24.6 82.0
100 93.7 93.7 87.4
BpF 0 n.d
30 26.5 88.4
100 90.3 90.30 93.3
Instant noodles
BpA 0 <LOQ -
30 25.4 84.6
100 89.9 89.9 97.14
BpAF 0 2.3 -
30 28.7 87.8
100 98.7 96.4 98.3
BpF 0 n.d -
30 26.2 87.3
100 92.8 92.8 97.7
Plastic container
BpA 0 <LOQ -
30 27.5 91.6
100 97.8 97.8 98.4.03
BpAF 0 3.5
30 28.7 84.0
100 98.7 95.4 98.8
BpF 0 n.d -
30 26.3 87.6
100 93.4 93.4 93.5
Plastic cup
BpA 0 <LOQ -
30 24.8 82.8
100 99.4 99.4 97.2
BpAF 0 2.5 -
30 28.3 86.0
100 94.4 91.9 91.4

n.d: not detect. <LOQ: founded amount less than LOQ.
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evaluations reflect the method's accuracy in real sample matrices. The
matrix effect (ME%) was evaluated by comparing the analytical re-
sponses of bisphenols in real samples with those in ultrapure water. It
was calculated using the following equation:

ME%:ﬂ

x 100 3)
where As is the peak area of the analyte in the spiked sample, An is the
peak area in the non-spiked (blank) sample, and A,y is the peak area in

the spiked ultrapure water.

3.6. Method performance evaluation

Table 3 summarizes the comparative evaluation of the PT-uSPE
method utilizing dual-linker MIL-53(Al)-BDC/LA (70:30) as sorbent
material, representing its superior performance for target bisphenols
determination by HPLC-PDA relative to previously reported methods in
terms of linear ranges, sorbent quantity, solvent and sample volume,
limits of detection, and EF. The presented method achieves a low LOD of
0.01-0.1 pg/L, comparable to or better than many existing techniques,
such as MSPE-HPLC-FLD with MIP-MCOF and CoFe204/NOM/graphene.
Additionally, the proposed method offers a wide linear range
(0.04-200.0 pg/L) and excellent enrichment factor (EF = 126-209),
surpassing those listed in other studies, including DSPE-HPLC-UV/VIS
and MSPE-HPLC-FLD with MIP-MCOF. PT-uSPE uses a moderate sor-
bent amount (20.0 mg) and processes a considerably larger sample
volume (38.0 mL) than MIP-MCOF (5.0 mL) and CoFe20s/NOM/gra-
phene (10.0 mL), enabling improved representativeness without
increasing material consumption. Its solvent requirement (150.0 pL) is
lower than the 1000.0 pL needed for CoFe204/NOM/graphene and
comparable to the 100.0 pL used in the MIP-MCOF method, offering a
greener and more economical extraction. Although its extraction time
(20.0 min) is longer than the time required for the other methods, this is
offset by the much higher sample throughput per run and its strong
enrichment capability. Relative to other reported approaches, including
(Fes04@TAPB-COF@ZIF-8) in the MSPE method, (ZIF-7 @ZIF-67/PES)
in the DSPE, and (CoFe:04@NH-@COF) in the mSBSD-ME technique,
the PT-uSPE method shows a more favorable trade-off between opera-
tional simplicity and analytical performance. Methods such as DSPE and
graphene-modified sorbents require larger amounts of organic solvent
(500.0-1000.0 pL), while mSBSD-ME employs very small sample vol-
umes unsuitable for routine monitoring. Furthermore, the method
demonstrates good precision of intra-day with relative standard de-
viations (RSD%) < 5.8. Moreover, a mechanistic and practical com-
parison of the synthesized dual-linker MOF with the referenced sorbent
materials is provided in Table S8. Overall, the dual-linker MOF-based
PT-uSPE exhibits markedly improved performance, offering a more
sensitive, reproducible, and operationally efficient approach for the
determination of target bisphenols in food samples and packaging.

3.7. Conclusion

Although MOFs have been investigated as adsorbents in pSPE
methods for the analysis of trace analytes such as bisphenol A in com-
plex matrices in many studies, researchers are still looking for adsor-
bents with higher selectivity and extraction efficiency. Although MIL-53
(Al) has a high surface area, in this study, adding 30 % lauric acid as a
secondary binder to the MIL-53(Al) structure significantly enhanced the
adsorbent performance by tuning the pore hydrophobicity and surface
chemistry. A micro-pipette tip solid phase extraction (PT-uSPE) method
using the dual binder MIL-53(Al)-BDC/LA (70:30) as the adsorbent in
combination with HPLC-PDA was successfully developed and validated
for the extraction and determination of bisphenols in food and pack-
aging samples. As a result, the MIL-53(Al)-BDC/LA (70,30) adsorbent
significantly improved the extraction efficiency and sensitivity
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