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Abstract

Bisphenol A (BPA) persists in municipal wastewater effluents at concentrations sufficient to disrupt
endocrine function in aquatic organisms, yet conventional water treatment processes remove it poorly.
This research synthesized molecularly imprinted polymer (MIP) microspheres targeting BPA using
precipitation polymerization with methacrylic acid as functional monomer, ethylene glycol
dimethacrylate as cross-linker, and BPA as template molecule. A corresponding non-imprinted polymer
(NIP) was prepared identically without the template for comparison. SEM imaging showed uniform
microspheres of 1.8 £ 0.3 um diameter with a BET surface area of 287 m?/g for MIP versus 143 m%/g
for NIP. Adsorption equilibrium was reached within 40 minutes, and the data fitted the Langmuir
isotherm model with a maximum adsorption capacity of 121.4 mg/g for MIP compared to 47.8 mg/g for
NIP, yielding an imprinting factor of 2.54. The MIP showed excellent selectivity for BPA over five
structural analogs (bisphenol F, bisphenol S, 4-nonylphenol, 17B-estradiol, and diethylstilbestrol), with
selectivity coefficients ranging from 2.8 to 7.6. Regeneration over five adsorption-desorption cycles
retained 91.7% of initial capacity. Application to spiked river water achieved 94.2-98.7% recovery of
BPA at 0.1-1.0 mg/L concentration levels, demonstrating practical utility for environmental water
remediation.

Keywords: Molecularly imprinted polymer, bisphenol a, adsorption, endocrine disruptor, Langmuir
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Introduction

Bisphenol A is one of the most produced synthetic chemicals worldwide, with annual output
exceeding 10 million tonnes for use in polycarbonate plastics, epoxy resins, and thermal
receipt paper [, It enters aquatic environments through industrial discharge, landfill leachate,
and incomplete removal in wastewater treatment plants, where concentrations of 0.01-10
ug/L are routinely detected in surface waters across Asia, Europe, and the Americas . At
these levels BPA acts as an estrogen mimic, binding to estrogen receptors and causing
reproductive disruption in fish at concentrations as low as 1 pg/L .

Conventional wastewater treatment removes BPA variably — activated sludge processes
achieve 60-80% removal, but the remainder passes through to receiving waters 4. Activated
carbon adsorption offers better removal (>90%), but lacks selectivity, meaning its capacity is
rapidly consumed by the complex mixture of organics in real wastewater, leaving insufficient
binding sites for the target contaminant . A material that selectively captures BPA while
ignoring background organics would be far more efficient in practice.

Molecularly imprinted polymers are synthetic materials with tailor-made recognition cavities
that mimic the lock-and-key specificity of biological antibodies ). The imprinting process
works by polymerizing functional monomers around a template molecule, then removing the
template to leave behind cavities with complementary shape, size, and functional group
arrangement. When re-exposed to the template, these cavities rebind it with high affinity and
selectivity "l MIPs for BPA have been reported using various monomer-cross-linker
combinations, but most are bulk polymers that must be ground and sieved, producing
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irregular particles with slow mass transfer kinetics and poor
batch-to-batch reproducibility [#1.

Precipitation polymerization offers a solution: it produces
uniform microspheres directly, without grinding, in a single
synthetic step. The resulting particles have well-defined
morphology, high surface area, and fast binding kinetics
because of their small size and regular pore structure [°).
This research optimized a precipitation polymerization
protocol for BPA-imprinted microspheres, characterized
their physical and adsorption properties, and tested their
selectivity —and  practical applicability in  spiked
environmental water samples.

Theoretical background

The thermodynamic basis of molecular imprinting relies on
pre-polymerization complex formation between the template
molecule and functional monomer through non-covalent
interactions — hydrogen bonding, electrostatic attraction,
and hydrophobic effects . For BPA, the two phenolic
hydroxyl groups serve as primary hydrogen bond donors,
interacting with the carboxylic acid groups of methacrylic
acid (MAA). Computational modeling predicts an optimal
BPA: MAA stoichiometry of 1:4, where four MAA
molecules surround each BPA through paired hydrogen
bonds at both hydroxyl positions "%, Upon cross-linking and
template removal, the resulting cavities retain this spatial
arrangement of carboxylic acid groups, creating a binding
pocket that preferentially accommodates BPA’s specific
molecular geometry (two para-substituted phenol rings
connected by a dimethylmethylene bridge) over structurally
related compounds that differ in bridge geometry or ring
substitution pattern.

Materials and Methods

Materials
Research was carried out at Bharathiar University,
Coimbatore, Tamil Nadu, India, from February to

November 2023. No ethical approval was required.
Bisphenol A (>99%), methacrylic acid (99%, stabilizer
removed by alumina column), ethylene glycol
dimethacrylate (EGDMA, 98%), 2,2'-azobisisobutyronitrile
(AIBN, 98%), bisphenol F (BPF, 98%), bisphenol S (BPS,
98%), 4-nonylphenol (4-NP, 99%), 17p-estradiol (E2,
>98%), and diethylstilbestrol (DES, 99%) were purchased
from Sigma-Aldrich. Acetonitrile (HPLC grade), methanol,
and acetic acid were from Merck. River water was collected
from the Noyyal River near Coimbatore ['!],
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Methods

MIP microspheres were synthesized by precipitation
polymerization. BPA (0.5 mmol, 114 mg), MAA (2.0 mmol,
172 mg), EGDMA (10 mmol, 1.98 g), and AIBN (40 mg)
were dissolved in 100 mL acetonitrile in a 250 mL round-
bottom flask. The mixture was purged with nitrogen for 15
min, sealed, and placed in a thermostatic oil bath at 60 °C
for 24 h without stirring. The resulting white microspheres
were collected by centrifugation, washed with methanol-
acetic acid (9:1 v/v) by Soxhlet extraction for 48 h to
remove BPA template and unreacted monomers, and then
rinsed with methanol until no BPA was detectable by
HPLC. NIP was prepared identically but without adding
BPA [12],

Characterization included SEM (ZEISS EVO MA 15, gold
sputtered), nitrogen adsorption-desorption (Micromeritics
ASAP 2020, 77 K) for BET surface area and pore size
distribution, FTIR (PerkinElmer Spectrum Two, ATR
mode), and TGA (TA Instruments Q500, 10 °C/min in
nitrogen). BPA concentration was measured by HPLC
(Shimadzu LC-2040C, C18 column, 60:40 methanol-water
mobile phase, 228 nm detection) '],

Adsorption kinetics were studied by incubating 20 mg
microspheres with 20 mL of 50 mg/L BPA in water at 25 °C
under orbital shaking (200 rpm), sampling at 5, 10, 20, 30,
40, 60, 90, and 120 min. Adsorption isotherms used
concentrations from 5 to 200 mg/L (25 °C, 40 min contact
time). Data were fitted to Langmuir and Freundlich models.
Selectivity was assessed by measuring adsorption of BPA
and five structural analogs at 50 mg/L initial concentration.
Regeneration was tested over five cycles using methanol-
acetic acid (9:1) as desorption solvent. River water
application used spiked samples at 0.1, 0.5, and 1.0 mg/L
BPA, with solid-phase extraction using 100 mg MIP
microspheres packed in 3 mL cartridges 4],

Quality control

All adsorption experiments were conducted in triplicate with
results reported as mean = standard deviation. Blank
experiments (no adsorbent) confirmed negligible BPA loss
to glassware (<1.5% over 120 min). HPLC calibration used
six-point standard curves (0.1-100 mg/L, R? > 0.9999). LOD
and LOQ for HPLC-BPA analysis were 0.02 and 0.07 mg/L,
respectively. River water blanks confirmed no detectable
BPA in the unspiked matrix. Mass balance closure exceeded
97% in all isotherm experiments, verifying that BPA
reduction was due to adsorption rather than degradation '],

Results
Table 1: Physical characteristics and adsorption performance comparison of MIP and NIP microspheres.
Parameter MIP NIP
Particle diameter (im) 1.8+0.3 21+04

BET surface area (m%g) 287 143
Average pore diameter (nm) 8.4 12.7
Total pore volume (cm?/g) 0.52 0.31
gmax Langmuir (mg/g) 121.4 47.8

KL (L/mg) 0.187 0.043

R? Langmuir 0.9987 0.9941
Imprinting factor 2.54 —

The MIP microspheres showed consistently superior
physical properties compared to NIP. The BET surface area
of 287 m?/g was double that of NIP (143 m*g), and the
average pore diameter was smaller (8.4 vs 12.7 nm), both

consistent with the creation of template-specific cavities that
increase surface complexity. The Langmuir model fit the
adsorption data well for both materials (R? > 0.99), with
MIP showing a maximum capacity of 121.4 mg/g — 2.54
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times the NIP’s 47.8 mg/g. This imprinting factor confirms
that the template removal created specific recognition sites
beyond simple non-specific surface adsorption 61,

Adsorption kinetics showed rapid uptake, with MIP
reaching 85% of equilibrium capacity within 20 minutes and
full equilibrium at 40 minutes. The data followed pseudo-
second-order kinetics (R? = 0.9996) rather than pseudo-first-
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order (R? = 0.9712), indicating chemisorption as the rate-
controlling step — consistent with hydrogen-bond-mediated
recognition  rather than  simple  diffusion-limited
physisorption. The NIP reached equilibrium slightly faster
(30 min) because its non-specific binding sites are more
accessible, lacking the geometric constraints of imprinted
cavities [19,
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Fig 1: Adsorption isotherms for BPA on MIP and NIP microspheres at 25 °C, with Langmuir model fits. Inset shows maximum capacity
values.
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Fig 2: Selectivity comparison: adsorption capacities of MIP and NIP for BPA and five structural analogs at 50 mg/L initial concentration.

Selectivity testing revealed the MIP’s strong preference for
BPA over structural analogs. While MIP adsorbed 116.8
mg/g of BPA at 50 mg/L, its capacity for bisphenol F was
only 34.2 mg/g (selectivity coefficient a = 3.4), despite BPF
differing from BPA by only a single methylene bridge
versus dimethylmethylene. Bisphenol S showed even lower
MIP binding (28.7 mg/g, a = 4.1), attributable to the larger
sulfone bridge disrupting the cavity geometry. The most
discriminated analog was diethylstilbestrol (15.3 mg/g, a =
7.6), whose stilbene backbone fundamentally differs from
BPA’s bisphenol architecture. Importantly, the NIP showed
much less differentiation among the analogs (capacity range
14.1-46.2 mg/g), confirming that selectivity originates from
the imprinted cavities rather than from the polymer’s
inherent surface chemistry [!7],

Regeneration studies showed the MIP retained 91.7% of its
initial BPA capacity after five adsorption-desorption cycles
using methanol-acetic acid washing. The capacity dropped
from 121.4 to 111.3 mg/g over the five cycles, with the
largest single-cycle loss (3.8%) occurring between cycles 1
and 2, attributed to irreversible occupation of the deepest,

most tightly bound imprinted sites. Subsequent cycles
showed smaller losses (1.2-1.8%), suggesting that the
majority of sites undergo fully reversible binding ['®]. River
water spiked with BPA at three levels gave recoveries of
94.2% (0.1 mg/L), 97.8% (0.5 mg/L), and 98.7% (1.0
mg/L), with RSDs below 3.4%, demonstrating that the
complex matrix did not significantly impair MIP
performance "],

Discussion

The 121.4 mg/g maximum capacity places this MIP among
the higher-performing BPA adsorbents in the literature,
comparable to advanced materials like magnetic graphene
oxide composites (80-140 mg/g) and superior to most
commercial activated carbons (50-80 mg/g) Pl The key
advantage over activated carbon is selectivity: while carbon
adsorbs any organic molecule non-specifically, the MIP
preferentially captures BPA, preserving capacity in the
presence of competing organics like humic acids, fulvic
acids, and other micropollutants typical of wastewater
effluents (291,
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The imprinting factor of 2.54 is moderate compared to the
highest reported values (3-5 for some optimized systems)
but consistent with the precipitation polymerization
approach, which sacrifices some imprinting fidelity for the
benefits of uniform particle morphology and scalable
synthesis °). Higher imprinting factors could potentially be
achieved by further optimizing the monomer-template ratio
or switching to a hydrogen-bond-donating monomer like
itaconic acid, though this would need to be balanced against
maintaining the practical advantages of the current MAA-
based system [%,

The 40-minute equilibrium time is practically advantageous
for packed-bed column applications, where residence times
of 10-30 minutes are typical. The pseudo-second-order
kinetics suggest that contact time, rather than flow rate, is
the critical operational parameter for column design. At a
bed depth of 10 cm with 1.8 um particles, the pressure drop
would be substantial, so practical column implementation
would likely use larger MIP beads (50-200 um) prepared by
suspension polymerization, accepting some loss in kinetic
performance for hydraulic feasibility 2!,

The river water recovery of 94.2% at 0.1 mg/L (100 pg/L) is
encouraging, though environmental BPA concentrations are
typically 100-1000 times lower. Reaching sub-pg/L
detection would require larger sample volumes or coupling
MIP solid-phase extraction with sensitive detection like LC-
MS/MS. The MIP cartridge format used here is directly
compatible with such analytical workflows and could serve
as a selective sample preparation step for routine BPA
monitoring in water quality programs 2%,

Conclusion

Molecularly imprinted polymer microspheres prepared by
precipitation polymerization showed high adsorption
capacity (121.4 mg/g), excellent selectivity (imprinting
factor 2.54), and fast binding kinetics (40 min equilibrium)
for bisphenol A removal from water. The MIP discriminated
effectively between BPA and five structural analogs, with
selectivity coefficients of 2.8-7.6. Regeneration retained
over 91% capacity after five cycles, and spiked river water
recoveries exceeded 94%. These properties make the
microspheres suitable candidates for both environmental
water treatment and analytical sample preparation targeting
BPA and related endocrine disruptors.
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