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The increasing generation of agro-industrial waste in Brazil presents an opportunity for the recovery of
high value-added compounds. Xylose, a pentose derived from the hydrolysis of xylan, has several
industrial applications, such as in the production of xylitol and furfural. In this study, a new xylose-
selective hollow porous molecularly imprinted polymer (HMIP) was developed and applied to sugarcane
samples via dispersive solid phase extraction (DSPE). The interaction occurred between the functional
monomer and the template (xylose), followed by polymerization and subsequent removal of the
template, creating selective cavities. The use of functionalized silica (SiO,—C=C) as a core allowed the
formation of hollow and porous structures, improving mass transfer and adsorption efficiency. The
results indicated that the HMIP presented a maximum adsorption capacity of 22.99 mg g%, more than
twice the capacity recorded for conventional MIPs. The polymer demonstrated high selectivity for xylose
compared to other monosaccharides (glucose, arabinose, fructose, and sucrose), in addition to an
adsorption efficiency of 83.80% in real samples of sugarcane bagasse hemicellulosic hydrolysate. In the
solid phase removal (SPE) application, the HMIP reached 98.75% adsorption and maintained a high
recovery rate after three reuse cycles (>93%). The results demonstrate the potential of the HMIP for the
selective separation of xylose, contributing to the valorization of agro-industrial waste and promoting
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1. Introduction

The increasing generation of agro-industrial waste has driven
the search for sustainable strategies to use these byproducts. In
Brazil, the sugar-energy sector stands out as one of the pillars of
the economy, generating large quantities of residual biomass,
such as bagasse, straw and filter cake, which are often discarded
without adequate treatment. One of the main components of this
waste is hemicellulose, a heterogeneous polysaccharide rich in
xylan. When subjected to acid hydrolysis, xylan is converted into
xylose, a high-value monosaccharide used in the production of
compounds such as xylitol and furfural.!

The selective extraction of xylose from complex matrices
represents an analytical challenge, due to the presence of
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interferents such as other monosaccharides and biomass-
derived compounds.” Traditional separation methods, such as
liquid-liquid extraction and chromatography, often require
multiple steps, expensive reagents, and large volumes of sol-
vents, making them inefficient and unsustainable.® In this
context, molecularly imprinted polymers (MIPs) emerge as a
promising alternative, capable of selectively recognizing and
adsorbing xylose even in the presence of interferents.*

In recent years (2022-2024), several studies have reported
the use of MIPs for the separation and detection of sugars,
especially glucose, fructose, and xylitol. However, most of these
studies still focus on conventional solid MIPs or core@shell
systems, which, although presenting advances in selectivity,
continue to be limited by the low accessibility of recognition
sites, restricted analyte diffusion, and lower reusability. In
addition, many of these synthesis processes use unsustainable
routes, with high consumption of organic solvents and toxic
reagents, hindering their industrial scalability.>™

Among the recent approaches for the synthesis of molecu-
larly imprinted polymers (MIPs), hollow porous materials
(HMIPs) stand out for presenting a differentiated structural
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architecture, capable of overcoming limitations associated with
mass transfer observed in conventional MIPs. This structure,
composed of thin and highly porous walls, promotes greater
accessibility to recognition sites, favoring the diffusion of the
analyte and, consequently, increasing both the adsorption
capacity and the selectivity of the material.® The synthesis of
HMIPs is generally based on the use of functionalized silica
cores as temporary molds for the formation of the polymer
layer. After the polymerization step, the silica core is removed,
resulting in a polymer with accessible cavities both on
the surface and in the internal region of the porous wall.
This three-dimensional configuration maximizes the specific
surface area, increases the number of available active sites and
significantly improves the efficiency of interactions with the
target analyte, especially in fast and selective adsorption
processes.

Recent studies have demonstrated the benefits of this
architecture. For example, HMIPs developed for tetracycline
(2022) showed a two- to three-fold larger surface area and
equally superior adsorption capacity when compared to tradi-
tional MIPs and core@shell systems, achieving recovery rates
between 74% and 96%.° Similarly, in 2022, a magnetic HMIP
based on MOFs for ciprofloxacin extraction was reported, which
achieved adsorption capacity close to 75 mg g ', with high
selectivity and reduced equilibrium time to approximately
50 minutes.'® More recent reviews (2023-2024) confirm that
HMIPs offer superior kinetic performance, attributed to improved
analyte diffusion, in addition to presenting higher adsorption
efficiency compared to conventional MIPs.™

Although the application of HMIPs has been mainly focused
on the capture of pharmaceuticals, pesticides and environmen-
tal contaminants, there has been a growth in the development
of materials aimed at the separation of sugars, such as glucose
and fructose.'” Classical studies have already explored macro-
porous MIPs using monomers containing boronic groups for
the selective recognition of carbohydrates. However, recent
studies reinforce that the adoption of porous surfaces is
essential to improve the accessibility of recognition sites and,
consequently, the selectivity and capture capacity of mono-
saccharides.*'""* Even so, gaps remain in the literature regard-
ing the application of HMIPs for xylose, especially in complex
matrices originating from lignocellulosic residues.

Another relevant aspect is that, although some of the recent
HMIPs are developed using synthetic routes considered more
sustainable—with reduced use of toxic organosolvents and
fewer steps—there are still significant challenges, such as
structural fragility of the hollow walls and limitations on the
long-term reuse of the materials.” More recent research has
sought to overcome these limitations, proposing functionalized
HMIPs with photo- and heat-sensitive responses, in addition to
improvements in mechanical robustness. However, such
advances have not yet been specifically aimed at the selective
extraction of sugars from agro-industrial waste. In this sce-
nario, the present study stands out for developing, for the first
time, a selective HMIP for xylose, using as a functional matrix a
derivative of sugarcane bagasse, an abundant waste from the
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Brazilian sugar and ethanol industry. Unlike previous studies,
which generally focused on conventional MIPs, the adoption of
the hollow porous architecture in this work resulted in sig-
nificant gains in adsorption capacity, selectivity, and kinetics,
even under challenging conditions with high loads of
interferents.'® In addition, the adopted synthetic strategy prior-
itizes green chemistry principles, with a significant reduction
in the use of toxic solvents, recycling of reagents, and minimal
waste generation. The structural robustness of the developed
material allowed its repeated use, without significant loss of
performance, overcoming challenges frequently reported in the
literature regarding the durability of HMIPs.

The integration of the polymer into the dispersive solid-
phase extraction technique (HMIP-DSPE) represents an advance
not only from an analytical point of view, but also from an
economic and environmental point of view, as it simplifies
sample preparation, reduces solvent consumption, and increases
the scalability of the process, making it applicable in industrial
contexts focused on the valorization of lignocellulosic waste.
Dispersive solid phase extraction (DSPE) is a widely used techni-
que for sample preparation in chemical analysis, as it allows the
rapid and selective separation of analytes in complex matrices."*
The incorporation of MIPs in DSPE (MIP-DSPE) represents an
effective strategy for the selective extraction of xylose, reducing
interferents and improving the accuracy of analyses. Furthermore,
the use of MIPs in reusable systems, such as solid phase extrac-
tion (SPE), can increase the economic and environmental viability
of the technique, favoring its large-scale application.

Despite advances in the development of MIPs for various
analytes, few studies address their application in the selective
extraction of xylose, and even fewer explore the use of hollow
porous MIPs for this purpose. Therefore, this work aimed to
develop a hollow porous molecularly imprinted polymer con-
sistently selective for xylose, evaluating its efficiency in the
extraction and purification of this monosaccharide from agro-
industrial waste. The characterization of the material, the
optimization of the extraction conditions and its application
in real samples were central aspects of this study, which seeks
to contribute to the sustainable use of waste and the develop-
ment of innovative materials for chemical analysis.

2. Materials and methods

2.1. Reagents and solutions

Solutions were prepared using standard HPLC or analytical
grade chemical reagents and ultrapure water from the Milli-Q®
system with a resistivity of 18.2 MQ cm. To avoid contamina-
tion, all glassware was pretreated according to appropriate
laboratory protocols.

For the synthesis of hollow porous molecularly imprinted
polymers (HMIPs and HNIPs), reagents were purchased from
Sigma-Aldrich®™, including p-xylose (purity >99%), acrylamide
(ACR, purity >99%), N,N’-methylenebisacrylamide (MBAm,
purity >99%), and azobisisobutyronitrile (AIBN, purity >99%).
Hollow porous synthesis was performed using sodium hydroxide

© 2025 The Author(s). Published by the Royal Society of Chemistry
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(NaOH) and concentrated hydrofluoric acid (HF), both from
Sigma-Aldrich®. Silica nanoparticles were synthesized using tetra-
ethylorthosilicate (TEOS, purity >99%) and y-methacryloxypropyl-
trimethoxysilane (y-MPS, purity >99%), both from Sigma-
Aldrich®.

The interference and selectivity studies were conducted
using p-arabinose, p-fructose, p-glucose and p-sucrose, all pur-
chased from Sigma-Aldrich®. The solvents used in different
stages of the study included acetonitrile (ACN), hydrochloric
acid (HCl, 37%), ethanol, dimethyl sulfoxide (DMSO), ammo-
nium hydroxide (NH,OH, 28%) and acetic acid (HAc), all
obtained from Synth®. For the spectrophotometric determina-
tion of xylose, phloroglucinol (purity >99%) from Sigma-
Aldrich®™ was used.

2.2. Apparatus

The experiments were conducted using specific equipment for
temperature control, separation and analysis of the polymers.
Temperature control during polymer synthesis and washing
procedures in the Soxhlet system was performed with the aid of
a SOLAB Cientifica® digital ultra-thermostatic bath (model SL-
1521), operating in the temperature range of —10 °C to 100 °C,
with a resolution of +0.1 °C and an accuracy of up to 0.5 °C. The
system has a U resistance of 1200 W and a power supply of
220 V. Spectrophotometric analysis was performed on an
Agilent Technologies® UV-Vis spectrophotometer (Cary 60
model). Quartz cuvettes with a 1.0 cm optical path were used
to record measurements in solutions, in the spectral range
from 200 to 800 nm.

The polymer washing steps were carried out using FISA-
TOM® thermal blankets (model 12E), with a capacity of 125 mL
and a power of 80 W (220 V). The separation of polymers from
solutions during the adsorption tests was performed using a
Centrilab® centrifuge (model 80-2B-15 mL), with a maximum
speed of 4000 rpm and a relative centrifugal force of 2.325 x g
(power supply 100-240 V). The filtration processes were carried
out in a Biichner funnel coupled to a kitasato flask and a
Prismatic® vacuum pump (model 121 Type 2 VC), oil-free and
powered at 220 V. The homogenization of the samples was
performed in tubes with caps using a Nortecientifica® homo-
genizer (model NH-2200), with an electric motor with adjusta-
ble speed between 6 and 30 rpm and capacity for 40 tubes
(110-220 V). All aqueous solutions were prepared using ultra-
pure water obtained from a Milli-Q® Ultra-Pure Water System
(Millipore®, resistivity of 18.2 MQ cm, 220 V).

Infrared spectra were recorded in a MB-100 Fourier-
transform spectrometer operating in transmission mode
(4000-400 cm™*; conventional KBr pellet method) (Shimadzu,
Japan). The polymers were characterized using different instru-
mental techniques. The morphology of the materials was
analyzed by scanning electron microscopy (SEM) on a JEOL®
model JSM-6610LV equipment, operating with adjustable accel-
eration voltage. The textural parameters of the polymers, such
as specific surface area (SBET), total pore volume (VTP), and
mean pore diameter (DMP), were calculated using adsorption-
desorption isotherms with nitrogen gas at 77 K (—196 °C) and
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with relative tension between ~107° and 0.995 mmHg, using
the Quantachrome®™ Nova 1200e equipment coupled to an
automatic gas analyzer (allQuantachrome, Boynton Beach,
FL, USA).

The initial step for the quantification of p-xylose extracted
from sugarcane straw and bagasse consisted of characteriza-
tion of the hemicellulosic hydrolysate obtained from these
biomasses. For this purpose, high-performance liquid chro-
matography with a refractive index detector (HPLC-RID) was
used. The samples were previously filtered through 0.22 pm
membranes before injection into the chromatographic system
to remove suspended particles. The separation of monosac-
charides was performed on a C18 column, maintained at
85 °C, using ultrapure water as the mobile phase in isocratic
flow, with a flow rate of 0.6 mL min . The injection volume
was 20 pL. Detection was performed by refractive index detec-
tion, which is sensitive to non-volatile compounds such as
sugars.

2.3. Synthesis of the HMIP and HNIP, sustainability
evaluation and E-factor calculation

The synthesis of the porous hollow molecularly imprinted
porous polymer (HMIP) was carried out in four main steps.
Initially, silica nanoparticles were synthesized using 4.0 mL of
tetraethylorthosilicate (TEOS) and functionalized with 1.0 mL
of y-methacryloxypropyltrimethoxysilane (y-MPS) in a solution
containing 30.0 mL of ethanol, 2.0 mL of NH,OH (28%) and 8.0
mL of deionized water. After nanoparticle formation, molecu-
larly imprinted polymerization was conducted by mixing
0.4 mmol of p-xylose (template molecule), 4.0 mmol of acryla-
mide (ACR) as a functional monomer, 20.0 mmol of N,N'-
methylenebisacrylamide (MBAm) as a crosslinking agent and
1.0 mmol of azobisisobutyronitrile (AIBN) as a radical initiator
in 50.0 mL of acetonitrile (ACN). The reaction was carried out
under a nitrogen atmosphere at 60 °C for 24 h.

After polymer formation, the removal of the silica core was
performed in two sequential steps, using specific corrosive
agents. Initially, the materials were treated with a 2.0 mol L™*
NaOH solution under magnetic stirring, at room temperature
(25 °C) for 12 hours, promoting partial solubilization of the
silica by breaking the siloxane bonds (Si-O-Si). Subsequently,
to ensure complete removal of the core, further treatment with
10% (v/v) concentrated hydrofluoric acid (HF) was performed,
under strict safety conditions, in an exhaust hood and using
personal protective equipment. This step was also conducted at
room temperature, with a reaction time of 6 hours, ensuring
the complete dissolution of the silica residues present in the
structure.

The environmental impact of HMIP synthesis was assessed
using the E-factor (environmental factor), a widely accepted
metric in green chemistry that relates the total mass of waste
generated to the mass of the final product."® The E-factor was
calculated according to the following equation:

_ Mass of total waste (kg)
" Mass of final product (kg)

(1)
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The waste mass includes all solvents (acetonitrile, ethanol,
water) used during the polymerization, purification (Soxhlet
extraction), and template removal steps, as well as auxiliary
reagents such as sodium hydroxide and hydrofluoric acid used
for silica core removal. The mass of reagents incorporated into
the final polymer structure (e.g., monomers and crosslinkers)
was not considered waste. Energy inputs were considered
qualitatively based on reaction conditions (reaction time, tem-
perature, and use of heating or stirring), but were not directly
converted to quantitative energy metrics. However, the reduced
reaction volume and shorter purification steps were key factors
in minimizing energy consumption compared to conventional
MIP synthesis.

For comparison, the conventional MIP synthesis route was
modeled based on literature data, typically involving bulk or
core@shell MIPs synthesized with larger solvent volumes and
extended purification times (24-48 h). The estimated E-factor
for HMIP synthesis was 230 kg of waste per kg of product,
representing a 35% reduction compared to 350 kg kg™ ! esti-
mated for conventional MIPs under similar laboratory-scale
conditions.

This estimate demonstrates the improved environmental
profile of HMIP synthesis, contributing to more sustainable
material production practices aligned with SDG 12 (responsible
consumption and production).

2.4. p-Xylose quantification with phloroglucinol

p-Xylose quantification was performed using the spectrophoto-
metric method described by Borges et al., using phloroglucinol
as a colorimetric reagent.” To prepare the reagent, 0.5 g of
phloroglucinol (>99.0%) was dissolved in 100.0 mL of glacial
acetic acid (>99.7%), with subsequent addition of 10.0 mL of
hydrochloric acid (37%). A 0.4 mL aliquot of the sample
containing p-xylose was then mixed with 1.6 mL of the phloro-
glucinol solution in a sealed tube, and the mixture was heated
in a boiling water bath for 10 minutes. After this period, the
tube was cooled to room temperature for 5 minutes, and the
absorbance of the solution was determined using an UV-Vis
spectrophotometer. The use of phloroglucinol as a colori-
metric reagent is justified by its high reactivity with pentoses
in a strongly acidic medium, resulting in the formation of
stable-colored compounds that can be detected by spectro-
photometry. In this condition, p-xylose undergoes dehydra-
tion, producing furfural, which reacts with phloroglucinol to
form a product with an intense pink to red color. The intensity
of the color generated is proportional to the concentration of
p-xylose and it can be quantified by absorbance, generally
measured in the range from 540 to 550 nm. This method
stands out for the selectivity of phloroglucinol for pentoses,
such as p-xylose, compared to hexoses, such as glucose, which
makes it particularly useful in the analysis of lignocellulosic
hydrolysates and other complex systems where selective quan-
tification of xylose is desired. Furthermore, it is a sensitive,
low-cost and easy-to-perform technique, widely used in bio-
mass hydrolysis studies and in the monitoring of reducing

sugars.'®'®
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2.5. Evaluation of HMIP reusability

Under optimized conditions, SPE was performed using 150 mg
of HMIP/HNIP in 5 mL commercial cartridges containing
polyethylene discs to retain the material. The system was
conditioned with 5 mL of a mixture of acetonitrile and water
(50:50, v/v) at 1 mL min~", followed by percolation of 5 mL of
the sample (50 mg L™ of xylose in acetonitrile) at 0.2 mL
min . Xylose was eluted with 5 mL of a water : ethanol solution
at 0.5 mL min~" and subsequently quantified by UV-Vis spec-
trophotometry using phloroglucinol. DSPE was performed
under optimized sample mass and volume conditions, in a
dispersive manner, with centrifugation steps for adsorbent
separation.

The extraction parameters optimized in this study include
adsorbent mass, solvent type for conditioning and elution, and
contact time. The optimization was performed by systemati-
cally varying each variable, followed by the analysis of the xylose
recovery efficiency. The amount of polymer used was adjusted
between 50 and 200 mg, while different solvents and their
proportions were tested to determine the best conditioning and
elution conditions. The contact time was optimized by control-
ling the sample and elution flow rates, aiming to maximize
adsorption and minimize losses during the process. The reu-
sability of the cartridges was demonstrated in three consecutive
DSPE cycles to verify polymer stability.

2.6. Study of adsorption kinetics and isotherm

The kinetic study was conducted to evaluate the dynamics of
xylose adsorption on the synthesized polymers over time and to
identify the kinetic model that best describes the process. For
this purpose, a xylose solution with a fixed concentration of
50 mg L' was prepared and added to 13 mg of HMIP and
HNIP. The interactions occurred under controlled agitation,
and samples were collected at specific time intervals (5 to
120 minutes). After each period, the polymers were separated
from the solution by centrifugation, and the residual xylose
concentration was determined by UV-Vis spectrophotometry.
From the data obtained, the equilibrium adsorption capacity
(Q.) was calculated according to eqn (2), adjusting the results to
the pseudo-first order and pseudo-second order kinetic models.

(CO — Ce) x V
m

Qe = (2)
where C, is the initial xylose concentration (mg L™"), C. is the
concentration (mg L") of xylose at equilibrium, V is the volume
of solution (L) and m is the adsorbent mass (g).

The adsorption isotherm study was performed to evaluate
the maximum adsorption capacity of the HMIP and HNIP at
different analyte concentrations, in addition to understanding
the behavior of the interaction between the polymer and xylose.
For this purpose, solutions containing xylose at varying con-
centrations (5 to 100 mg L™ ') were prepared and subjected to
interaction with 13 mg of the polymers under constant stirring
for 30 minutes, a time previously determined as sufficient for
the equilibrium of the system. After adsorption, the polymers
were separated from the solution by centrifugation and the

© 2025 The Author(s). Published by the Royal Society of Chemistry
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remaining xylose concentration was quantified by UV-Vis spec-
trophotometry. The equilibrium adsorption capacity (Q.) was
calculated using eqn (1). The experimental data were fitted to
the adsorption linear isotherm models (Langmuir, Freundlich,
Scatchard and Dubinin-Radushkevich) to determine the best
mathematical description of the process. The Langmuir model
assumes the formation of a homogeneous adsorption mono-
layer at the selective sites of the polymer, while the Freundlich
model considers adsorption in multiple layers, with sites of
varying energy. The coefficient of determination (R*) was used
to evaluate which model best represented the results obtained.

2.7. Study of selectivity and interferents

The selectivity test was performed to evaluate the affinity of the
HMIP for xylose in relation to other monosaccharides that may
be present in real samples. For this purpose, the polymers were
homogenized separately in solutions containing 50 mg L' of
xylose, arabinose, fructose, glucose and sucrose, and the
adsorption capacity of each of the sugars by the polymers was
analyzed. The interference test was conducted using binary
mixtures of p-xylose/p-glucose, p-xylose/p-fructose and p-xylose/
p-sucrose, all at a concentration of 50 mg L™, to verify whether
the presence of other sugars affected the selective adsorption of
the HMIP. The tests were performed in triplicate, with 30
minutes of interaction between the polymers and the prepared
solutions.

The selection of the interferents was based on their struc-
tural similarity to xylose and the presence of these molecules in
real samples, such as hemicellulosic hydrolysates. p-Glucose,
p-fructose, and p-sucrose were chosen for their structural
similarity to the target analyte and their common occurrence
in plant biomass sugar mixtures. These molecules have hydro-
xyl groups (-OH) that can compete for the adsorption sites of
the HMIP, especially in solutions containing multiple sugars.
The analysis of these interferents was essential to evaluate the
selective efficiency of the HMIP and its applicability in complex
matrices.

The analytical standards used in all adsorption, selectivity
and interference studies were certified analytical grade sugars
(pxylose, p-glucose, p-fructose, p-arabinose and sucrose) obtained
from Sigma-Aldrich®™ (purity >99%).

2.8. Preparation of real samples

The preparation of real samples was carried out with the
objective of applying the polymeric material in complex
matrices and evaluating its efficiency in the selective extraction
of xylose. The sugarcane bagasse samples were provided by the
Applied Microbiology Group for Bioprocesses — IQ Unesp,
Araraquara, SP, while the hydrolysate was obtained from straw
and bagasse purchased from the Santa Cruz Sdo Martinho
sugar and alcohol plant, Américo Brasiliense, SP. The pretreat-
ment consisted of acid hydrolysis, carried out at the National
Center for Research in Energy and Materials (CNPEM), at the
National Laboratory of Science and Technology of Bioethanol
(CTBE), Campinas - SP, in a 250 L reactor operating at 140 °C,
with 0.5% sulfuric acid (m/v) and a solid-liquid ratio of 1:10

© 2025 The Author(s). Published by the Royal Society of Chemistry
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for 15 minutes. After hydrolysis, the hydrolysate was filtered to
separate the solid fraction and stored at 4 °C for later analysis
using the method developed in this study. The orange pomace
sample was obtained from fruits purchased at a local market in
Araraquara, SP, and subjected to acid hydrolysis according to
the National Renewable Energy Laboratory (NREL) protocol.

2.9. HPLC-RI analysis

High performance liquid chromatography with refractive index
(HPLC-RI) analysis was performed to quantify the sugars pre-
sent in the samples. Prior to analysis, the samples obtained
from the biomass hydrolysis step were previously filtered in
Sep-Pak C18 6 cc, 55-105 pm cartridges (Waters) to remove
interfering compounds. Then, the solutions (20 pL) were
injected into the Shimadzu HPLC system, equipped with a
refractive index (RI) detector. The separation of the sugars
glucose, xylose, and arabinose, as well as acetic acid, was
performed using a mobile phase of 0.01 N H,SO, in a BIO-
RAD AMINEX HPX-87H analytical column (300 x 7.8 mm),

maintained at 60 °C, with a flow rate of 0.6 mL min~".

3. Results and discussion

3.1. Polymer characterization

The FT-IR spectrum presented (Fig. 1) shows the characteriza-
tion of different polymeric materials, including HMIP, HNIP,
MIP core@shell (core-shell imprinted polymer), NIP core@
shell (core-shell unimprinted polymer) and functionalized
silica. The spectroscopic analysis allows the identification of
the main chemical bonds present in the materials and the
evaluation of the efficiency of functionalization and polymer-
ization. The absorption bands detected suggest the presence of
functional groups specific to each material. A carbonyl stretch-
ing band (C=0) is observed at approximately 1644 cm !,
associated with the amide group of acrylamide. This signal
presents small changes in intensity and position when compar-
ing the HMIP and HNIP spectra, indicating the occurrence of

1531

Transmittance (a.u)

1644 8N-H )
vC=0 [
HMIP 1635 / 790
—HNIP ve=C | vsi-0-si
—— MIP core@shell 1060 | sym
—— NIP core@shell v Si-0-Si 934
Functionalized Silica asym  §Si-OH
3750 3000 2250 1500 750

Wavenumber cm™

Fig.1 FT-IR spectra of the synthesized materials: HMIP, HNIP, MIP
core@shell, NIP core@shell and functionalized silica.
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interactions, such as hydrogen bonds, between the hydroxyl
groups of xylose and the amide groups of the monomer in
the pre-polymerization stage.>'® The band at 1635 cm ! is
attributed to the C=C vibration, indicating the presence of
bonds characteristic of the cross-linked polymer structure.®?>°
Furthermore, the absorption at 1531 cm ™' attributed to N-H
deformation reinforces the presence of these intermolecular
interactions, characteristic of the complexes formed before
polymerization.>"** The changes in the bands and their varia-
tions are compatible with the formation of non-covalent inter-
actions, predominantly hydrogen bonds, between xylose and
acrylamide. This behavior is typical of MIP systems and is
essential for the formation of selective sites in the final mate-
rial. The bands at 1060 cm ™" and 964 cm™" are attributed to the
asymmetric vibration of Si-O-Si and the Si-OH vibration,
respectively, confirming the presence of functionalized silica
in the polymer matrix. The absence of silica in the HMIP/HNIP
after NaOH/HF treatment, as confirmed by FTIR analysis,
supports the successful removal of the silica core, thus validat-
ing the formation of the hollow structure characteristic of the
porous imprinted polymer. The band at 790 cm™" is attributed
to the symmetric vibration of Si-O-Si, which reinforces the
incorporation of silica in the synthesized polymers.*”*>?* The
comparison between the spectra of the different materials
allows the evaluation of the structural modifications between
the MIPs and NIPs. The presence of the analyte during the
synthesis of MIPs can influence the molecular organization and
chemical interactions, resulting in small variations in the
intensities and displacements of the bands. Furthermore, the
analysis of functionalized silica confirms its incorporation into
polymers, indicating the success of the chemical modification.

The textural parameters obtained (Table 1) confirm the
influence of the removal of the silica core on the structure of
the materials. It is observed that the polymers in the hollow
porous configuration (HMIP and HNIP) showed a significant
increase in the specific surface area, with values of 124.30 m?
g~' for the HMIP and 114.30 m> g ' for the HNIP, when
compared to the core@shell materials (87.63 m> g~' for the
MIP and 63.82 m> g~ ' for the NIP). This increase is directly
associated with the generation of a hollow and highly porous
structure after the removal of the silica mold, which provides
greater exposure of the active sites and favors the diffusion of
the analyte. The pore volume also showed a significant
increase, going from 0.18 cm® g~' (MIP) and 0.14 cm® g "
(NIP) to 0.28 cm® g~ (HMIP) and 0.20 cm® g~' (HNIP). As for

Table 1 Textural parameters obtained for MIP core@shell, NIP core@-
shell, HMIP (with template), HMIP, and HNIP

Specific area  Pore volume Pore diameter

Polymers (m*>g™) (em® g™ (nm)
MIP core@shell 87.63 0.18 3.17
(with template)

NIP core@shell 63.82 0.14 3.16
HMIP (with template)  101.50 0.19 3.75
HMIP 124.30 0.28 3.77
HNIP 114.30 0.20 3.75
5906 | Mater. Adv,, 2025, 6, 5901-5913
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Fig. 2 Scanning electron microscopy (SEM) images showing the surface
morphologies of the polymers: (A) SiO,@-C—Ca@MIP, (B) SiO,@
—-C=Ca@NIP, (C) HMIP, and (D) HNIP.

the average pore diameter, a slight expansion was observed
after the removal of the core, ranging from approximately 3.16—
3.17 nm in the core@shell materials to 3.75-3.77 nm in the
hollow polymers. These data corroborate the SEM micrographs
(Fig. 2), which evidence the formation of hollow structures,
with thin and highly porous walls, confirming the effective
elimination of the silica core. Improvements in textural para-
meters are fundamental to justifying the increase in adsorption
capacity, selectivity and kinetics observed for the HMIP, since
they favor accessibility and transport of the analyte to molecu-
lar recognition sites.

The SEM images (Fig. 2) reveal distinct structural differences
between the analyzed materials. In image A (Si0,@-C—C@
MIP), well-defined and agglomerated particles are observed,
indicating a homogeneous and porous coating due to the
presence of the printed polymer layer. In general, MIPs present
greater organization and well-defined porosity, while NIPs
exhibit a less ordered and less defined structure, and hollow
porous materials have a hollow architecture that may favor the
adsorption of analytes. Image 2B (Si0,@-C—C@NIP) shows a
similar morphology to image A but with a less organized and
homogeneous structure. In image 2C (HMIP), a highly porous
and less dense structure is observed, indicating the efficient
removal of the silica core and the formation of a material with
high surface area and exposed recognition sites. In contrast,
image 2D (hollow porous NIP) presents a more collapsed
structure with less defined porosity, suggesting that the
absence of molecular imprinting compromises structural sta-
bility. Overall, the efficiency of core removal was confirmed by
the images, as they clearly show the structural transformation
between the core@shell material and the hollow porous poly-
mer. The absence of any solid residue in the core is observed,
evidenced by the formation of hollow structures with thin and
highly porous walls, characteristic of the complete elimination
of silica. Comparatively, the materials before removal present
spherical and dense morphology, while after treatment with
NaOH and HF, the micrographs reveal well-defined internal

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 TGA analysis of HMIP and HNIP: hollow-MIP (red line) and deriva-
tive (blue line).

Temperature (°C)

cavities, confirming the success of obtaining the hollow porous
architecture.

TGA analysis (Fig. 3) demonstrated that Hollow-MIP and
Hollow-NIP exhibited two main mass loss events. The first
event, occurring between 100 and 200 °C, is attributed to the
evaporation of water and physically adsorbed volatiles. The
second major loss, observed between 250 and 450 °C, corre-
sponds to the decomposition of the organic polymer matrix.
Hollow-MIP presented a higher total mass loss (84.54%) com-
pared to Hollow-NIP (65.66%), confirming the greater amount
of polymeric material in the imprinted structure. The residual
mass, approximately 15% for Hollow-MIP and 34% for Hollow-
NIP, is attributed to non-volatile carbonaceous residues rather
than silica, as the core material was removed during synthesis.
The derivative curves (DTG) also revealed distinct degradation
profiles, with Hollow-MIP presenting broader peaks, indica-
tive of more complex molecular interactions promoted by the
imprinting process.

3.2. Optimization of parameters that influence DSPE and
reusability

The determination of the ideal solvent for polymer adsorption
was performed by comparing the efficiency of the material in
different media. The results (Fig. 4A) indicated that adsorption
was more efficient in solvents with lower water content. Several
proportions of acetonitrile (ACN) and water (50:50, 75:25,
90:10, and 99:1, v/v) were tested, and an increase in xylose

A - 80{—@—HMIP

1,0 HNIP
| [ ~0-HNIP N
08 60 13 mg

Absorbance
Adsorption (%)

B
10 12 14 16

50:50 75:25 90:10 99:1 0 2 4 6 8

Proportion (ACN:H20) Mass

Fig. 4 Optimization of parameters that influence the DSPE analytical
procedure. (A) optimization of solvent proportion; (B) optimization of
HMIP and HNIP mass. n = 3.
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adsorption was observed with increasing ACN concentration.
The 99:1 ACN:H,O (v/v) system presented the best perfor-
mance, as it minimized xylose solvation and favored its inter-
action with the selective cavities of the HMIP. Additional tests
with other solvents, such as ethanol and dimethyl sulfoxide
(DMSO), did not produce satisfactory results. Thus, the ACN:
H,0 (99:1) system was selected for subsequent experiments,
ensuring greater efficiency in analyte adsorption.

The results of the mass test (Fig. 4B) demonstrated that the
adsorption of xylose by the polymer increased as the amount of
polymer material was increased, until reaching a saturation
point. Different polymer masses, ranging from 2 mg to 15 mg,
were tested using a 50 mg L™ " xylose solution. From 13 mg of
polymer, the adsorption stabilized, indicating that a greater
amount of material would not result in a significant increase in
adsorption. Additionally, the HMIP demonstrated a higher
adsorption rate compared to the HNIP, indicating the selectiv-
ity of the HMIP for xylose. Based on these results, 13 mg was the
mass chosen for the subsequent experiments, ensuring the best
adsorption efficiency without wasting material.

3.3. Study of adsorption kinetics and isotherm

The results of the kinetic study demonstrated that the adsorp-
tion of xylose by the HMIP occurs rapidly, reaching equilibrium
in approximately 30 minutes (Fig. 5). The adsorption capacity
increased significantly in the first few minutes, stabilizing after
this time, reaching a maximum adsorption capacity of approxi-
mately 16.65 mg ¢~ '. This behavior suggests a rapid diffusion
of xylose to the selective sites of the HMIP, favored by the
presence of well-defined cavities. In the kinetic study per-
formed, two mathematical models were applied to describe
the behavior of xylose adsorption by the synthesized polymers:
the pseudo-first-order model and the pseudo-second-order
model (Table 2). These models allow us to understand the
mechanisms involved in the adsorption process and predict the
rate at which xylose is captured by the polymeric materials.
The kinetic models applied to the HMIP and HNIP reveal
significant differences in the xylose adsorption mechanisms,

20
151 30 min = 16.65mg g
-
2 10
(=]
E
(]
o
5
30min=4.15mg g"
0- —Q— HMIP
—Q@—HNIP
T T T T T T T
0 20 40 60 80 100 120

Time (min)

Fig. 5 Kinetic study of xylose adsorption onto the synthesized polymers.
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Table 2 Kinetic parameters for the adsorption of xylose onto the HMIP and HNIP

Models Equation Polymer K K, Q. Kia C B o R*
Pseudo-first order K HMIP 0.26 — 1.85 — — — — 0.79
log(Qe = Q1) =log Qe = 35053 pyp 085 — 156 — — - — 0.68
Pseudo-second order 11 1 ; HMIP — 0.04 1553 — — — — 0.99
0, K02 + 0. HNIP — 0.20 481 — — — — 0.99
Intraparticle diffusion  Q, = C + Kiqt*? HMIP — — — 011 1728 — — 0.52
— — — 2.21 854 — — 0.79
HNIP — — — 0.09 371 — — 0.84
— — — 0.88 081 — — 0.98
Elovich 0 _lln( 5 LN HMIP — — — — — 2.14 1.27 x 10®  0.69
R — — — — — 0.315  13.99 0.61
HNIP — — — — — 2.56 1588.96 0.90
— — — — — 0.77 1.70 0.95

Q. = adsorption capacity at equilibrium (mg g~ '); Q; = amount adsorbed at time ¢ (mg g '); K; = rate constant of the pseudo-first order model

(min™"); K, = rate constant of the pseudo-second order model (g mg™"

min~"); Kiq = rate constant of the intraparticle diffusion model (mg g~*

min~*"?); C = constant associated with the boundary layer in the intraparticle diffusion model (mg g~'); « = initial adsorption rate in the Elovich
model (mg g~ " min~'); § = parameter related to the activation energy in the Elovich model (mg g™ ).

highlighting the selectivity of the molecularly imprinted
polymer.

In the pseudo-first order model, the HMIP presented a lower
kinetic constant (K; = 0.26 min~") compared to the HNIP (K; =
0.85 min~ '), indicating a more controlled and selective adsorp-
tion, while HNIP adsorbs faster, but nonspecifically. The equi-
librium adsorption capacity (Q.) of the HMIP (1.85 mg g~ ') was
slightly higher than that of the HNIP (1.56 mg g '), and the
coefficient of determination (R?) of the HMIP (0.79) was also
higher than that of the HNIP (0.68), suggesting that the model
describes better the adsorption of the imprinted material.
However, since the R* values are not high, this model does
not represent perfectly the process, with the pseudo-second
order model being more appropriate. In fact, in the pseudo-
second-order model, both HMIP and HNIP presented an excel-
lent fit (R* = 0.99), confirming that this model describes better
the adsorption. The HMIP demonstrated a significantly higher
adsorption capacity (Q. = 15.43 mg g~ *) compared to the HNIP
(Qe = 4.81 mg g '), evidencing the presence of selective
cavities in the printed material, corroborating the values found
experimentally (23.86 mg g~ for the HMIP and 4.15 mg g~ * for
the HNIP).

However, the HNIP presented a higher value for K,
(0.20 g mg™") compared to the HMIP (0.04), indicating that
the initial adsorption rate was faster in the non-imprinted
polymer, but without resulting in efficient adsorption at equili-
brium. This behavior can be attributed to the absence of
specific sites in HNIPs, which depend on nonspecific interac-
tions and, therefore, quickly reach a lower adsorption limit.>*>>°
In the intraparticle diffusion model, which evaluates the influ-
ence of analyte diffusion inside the polymer pores, the HMIP
presented higher Kiq values (0.11 and 2.21 mg g ' min %?)
compared to the HNIP (0.09 and 0.88 mg g~ min~*?), indicat-
ing more efficient diffusion in the printed material. However,
the higher C values in the HMIP (17.28 and 8.54 mg g )
suggest that adsorption occurs largely on the surface before
diffusion into the polymer, while in the HNIP (C = 3.71 and
0.81) adsorption is more dependent on diffusion. The model fit

5908 | Mater. Adv, 2025, 6, 5901-5913

was better for the HNIP (R* = 0.84 and 0.98) than for the HMIP
(R* = 0.52 and 0.79), reinforcing that in the printed material
adsorption is not limited only to intraparticle diffusion, but
also involves specific interactions with selective sites. In the
Elovich model, which describes chemical adsorption processes
on heterogeneous surfaces, the HMIP presented an extremely
high o value (1.27 x 10" and 13.99 mg ¢~ min~"), indicating a
very fast initial adsorption, followed by a deceleration due to
the progressive occupation of selective sites. The HNIP, on the
other hand, presented much lower « values (1588.96 and 1.70),
indicating a less intense and more gradual process. The f
values, which indicate the resistance to adsorption, were lower
for the HMIP (2.11 and 0.31) than for the HNIP (2.56 and 0.77),
suggesting that adsorption was more efficient on the printed
material. However, the R? coefficients of the Elovich model were
significantly higher for the HNIP (0.90 and 0.95) than for the
HMIP (0.69 and 0.61), indicating that this model describes
better the kinetics of the HNIP, while adsorption on the HMIP
follows more complex mechanisms.?”

In general, the results indicate that adsorption on the HMIP
is more selective and efficient, with greater adsorption capacity
and less dependence on intraparticle diffusion. The pseudo-
second-order model presented the best fit for both polymers,
confirming that adsorption occurs by specific chemical interactions
on the HMIP, while adsorption on the HNIP is more influenced by
diffusion and nonspecific interactions. Thus, the data reinforce
that molecular imprinting significantly increases the selectivity and
efficiency of the material for xylose adsorption.

The adsorption isotherm results demonstrated that the
adsorptive capacity of the HMIP was significantly higher than
that of the HNIP (Fig. 6), confirming the presence of selective
cavities for xylose. The analyses revealed that the adsorption
increased proportionally to the initial concentration of the
analyte in the solution until reaching a plateau, indicating
the saturation of the adsorption sites in the HMIP. This
behavior suggests that the selective sites of the polymer have
a limited number of available active sites, which, when occu-
pied, limit the additional adsorption of the analyte.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 Adsorption isotherm of xylose onto the HMIP and HNIP using a
concentration range of 5 to 100 mg L™%. The HMIP exhibits a significantly
higher adsorption capacity compared to the HNIP, confirming the
presence of selective binding sites.

Table 3 presents the parameters obtained from the applica-
tion of four adsorption linear isotherm models (Langmuir,
Freundlich, Scatchard and Dubinin-Radushkevich) to compare
the performance of the HMIP and HNIP. The Langmuir model
considers adsorption on homogeneous surfaces, assuming that
all adsorption sites are equivalent and that there is no inter-
action between the adsorbed molecules.

The results obtained for HMIPs indicated an excellent fit to
the model, suggesting the presence of specific and well-
organized adsorption sites. In contrast, HNIPs presented beha-
vior incompatible with the model assumptions, evidenced by
incoherent parameters and lack of correlation, which indicates
the non-existence of specific adsorption sites in this type of
material.>® The Freundlich model, in turn, describes adsorp-
tion on heterogeneous surfaces, with different interaction
energies. HMIPs presented parameters that indicate favorable
and efficient adsorption, with a good fit to the model, which
reinforces the presence of active sites with varied affinities.
HNIPs, on the other hand, demonstrated lower adsorption
efficiency and a surface with less heterogeneity, reflected in
lower parameters and a worse fit in relation to HMIPs.?® The
Scatchard model, used to evaluate the affinity and distribution
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of adsorption sites, revealed that HMIPs have sites with high
affinity, with a moderate fit to the model. This confirms the
existence of selective interactions in the material. On the other
hand, HNIPs presented very low parameters and absence of
correlation, indicating the inadequacy of the model due to the
lack of selective sites.*® Finally, the Dubinin-Radushkevich
model allows differentiation between physical and chemical
adsorption mechanisms based on the average adsorption
energy. The results showed that both materials predominantly
perform physical adsorption. However, HMIPs presented a
superior adsorption capacity and a better fit to the model, with
a maximum capacity (Qu) of 27.55 mg g ' of adsorption,
approaching the value found experimentally, evidencing
greater efficiency, attributed to the printed structure and the
presence of specific cavities. On the other hand, HNIPs,
although they also exhibit physical adsorption, demonstrated
inferior performance in terms of capacity and correlation.”®

In summary, the results demonstrate that HMIPs have a
significantly higher adsorption capacity and higher affinity
compared to HNIPs, as evidenced by the parameters of the
Langmuir, Freundlich, Scatchard and Dubinin-Radushkevich
models. The consistency of the R? values for HMIPs confirms
the adequacy of these models, while HNIPs show inconsisten-
cies, especially in the Langmuir and Scatchard models, due to
the absence of specific adsorption sites. These data reinforce
the effectiveness of molecular imprinting in creating materials
with superior adsorption properties.

The non-linear isotherm models (Table S1, ESIT) applied to
the HMIP and HNIP show significant differences in xylose
adsorption. In the nonlinear Langmuir model, it is observed
that the HNIP presents a higher equilibrium constant (K),
indicating a higher initial affinity for the adsorbate. However,
the maximum adsorption capacity (b,) is higher in the HMIP,
confirming that the imprinted polymer has more specific sites
for xylose. The coefficient of determination (R?) suggests a
moderate fit for both materials, indicating that this model
may not be ideal to fully describe the adsorption. The nonlinear
Freundlich model, which considers heterogeneous surfaces,
reveals that the MIP presents a higher n exponent than the
HNIP, indicating that adsorption is more favorable in this
material. Furthermore, the K; constant is higher in the HNIP,
suggesting that it can adsorb xylose more easily initially, but

Table 3 Parameters of the adsorption isotherm models obtained from the linear fit of the adsorption models

Models Equation Polymer Om Ky Ky Ky Kp n € R?
Langmuir C 1 +& HMIP 34.72 0.06 — — — — — 0.96
0. OmKL ' On HNIP 108.45  0.00 — — — — — —0.08
Freundlich 1 HMIP — — 236  — — 143  — 0.96
1 = log Kg—1
0gQe =logKplogCe  pp — — 018 — — 110 — 0.92
Scatchard Qe HMIP 3541  — — 0.06 — — — 0.82
2 _ K —
C. A(Qn — Q) HNIP 62.79  — — 0.00 — — — —0.06
Dubinin-Radushkevich In Qe = In Qp, — Kpé® HMIP 27.55 — — — 211 x 108 1.54 0.97
HNIP 8.09 — — — 4.55 x 107° 1.05 0.85

Qm = maximum adsorption capacity (mg g™ '); K, = Langmuir’s constant (L mg~'); K¢ = Freundlich’s constant (g mg™'); n = intensity of adsorption
(Freundlich); K, = affinity constant (Scatchard) (L mg '); Kp = Dubinin-Radushkevich constant (mol®> k] *); ¢ = mean energy of adsorption

(Dubinin-Radushkevich) (k] mol %).

© 2025 The Author(s). Published by the Royal Society of Chemistry
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without the specificity observed in the case of HMIP. Since R*
remains similar to that of the Langmuir model, this model also
does not fully capture the structural differences between the
polymers. In the Langmuir-Freundlich model with one sorp-
tion site, which combines features of the Langmuir and Freun-
dlich models, the HMIP has a higher total adsorption capacity
(b1), while the HNIP exhibits a negative exponent n,, suggesting
a less favorable adsorption behavior. R* is similar to the
previous models, but the lower sum of squared errors (SSE)
for the NIP suggests that this model may represent better its
adsorption.*”

The Langmuir-Freundlich model with two sorption sites
provides a superior fit, especially for the NIP, with an R* =
0.80, indicating that the HNIP has distinct adsorption sites. In
the HMIP, this model also fits well, suggesting that despite the
selectivity of molecular imprinting, there are still different
types of active sites. The higher K; value in the HMIP indicates
that it contains highly selective sites for xylose, while the HNIP
presents a more diffuse adsorption, with higher values of b,
and b,, indicating a less controlled distribution of adsorption
sites.”®

In summary, the nonlinear models demonstrate that the
HMIP presents a higher adsorption capacity and selectivity for
xylose, while the HNIP has a higher initial affinity but lower
retention at equilibrium. The two-site sorption model fits the
HNIP better, while the one-site model still describes the HMIP
well. Compared with the linear models, it is observed that the
nonlinear fits provide a more accurate description, especially in
the HMIP, where the adsorption heterogeneity is more evident.

3.4. Study of selectivity and interferents

Table 4 presents the selectivity parameters of the molecularly
imprinted polymer (HMIP) and the non-imprinted polymer
(HNIP) in the adsorption of xylose, compared to the interfering
sugars (glucose, fructose, sucrose and arabinose), evaluated
separately.

The Ky (distribution coefficient) values indicate the poly-
mer’s affinity for the analyte in solution. The HMIP shows
higher Ky values than the HNIP, indicating that molecular
imprinting enhances xylose selectivity. The selectivity factors
(k) compare the adsorption of xylose in relation to the inter-
ferents, while the &’ values represent the ratio of the selectivity

Table 4 Selectivity parameters of the imprinted (HMIP) and non-
imprinted (HNIP) polymer for xylose adsorption compared to interfering
sugars

Kq
Sugars Polymers HMIP HNIP k K
Xylose/glucose HMIP 8.98 10.11 0.89 8.09
HNIP 1.14 10.02 0.11
Xylose/fructose HMIP 8.94 10.95 0.82 5.46
HNIP 1.38 9.40 0.15
Xylose/sucrose HMIP 9.35 13.60 0.69 3.13
HNIP 1.75 8.03 0.22
Xylose/arabinose HMIP 9.35 15.27 0.61 2.25
HNIP 1.75 6.54 0.27
5910 | Mater. Adv, 2025, 6, 5901-5913
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factors between HMIP and HNIP. Higher &’ values confirm that
the HMIP presents a significantly higher selectivity for xylose in
relation to the HNIP. In summary, the results demonstrate that
the molecular imprinting process was effective in creating
specific binding sites for xylose, ensuring greater selectivity of
the HMIP, while the HNIP has a lower capacity to distinguish
between analytes. The comparison between the adsorption
capacity and the imprinting factor (IF) and the selectivity factor
(k') reveals the efficiency of the HMIP in the selective capture of
xylose in comparison to competing sugars. The imprinted
polymer showed significantly higher adsorption capacity
(23.86 mg ¢~ ') when compared to the non-imprinted polymer
(8.20 mg g~ "), directly reflecting on the calculated imprinting
factor (IF = 2.90), which demonstrates the effectiveness of the
selective sites formed. The selectivity tests, performed in the
presence of glucose, fructose, arabinose and sucrose, showed
that the HMIP maintained high affinity for xylose, with selec-
tivity factors (k') ranging from 2.25 to 8.09, depending on the
interferent considered. These values are in line with the selec-
tivity coefficients (k and k') obtained (Table 4), which reinforce
that the HMIP has a remarkable ability to distinguish xylose
from other monosaccharides, even in binary or complex sys-
tems. The value of k' = 8.09 for the xylose/glucose pair, for
example, indicates that the affinity of the HMIP for xylose is
more than eight times greater than for glucose under the same
conditions, which highlights its selective robustness.

As illustrated in Fig. 7, the study of the interferents pre-
sented promising results, evidencing that the HMIP exhibited
consistently superior adsorptive performance to the HNIP in all
binary analysis performed at a concentration of 50 mg L.
Although xylose was the least adsorbed compound among the
sugars tested, the HMIP demonstrated high selectivity not only
for xylose, but also for glucose, fructose and sucrose, reinfor-
cing its efficiency even in the presence of possible interferents.
Among the systems evaluated, sucrose was the interferent with
the greatest impact; however, the HMIP remained more effi-
cient than the HNIP in all cases. The results indicate that the
presence of glucose, fructose, and sucrose significantly inter-
feres with xylose adsorption, reducing its Q. value. This
reduction can be attributed to the structural similarity between
the sugars, especially the presence of -CH,OH groups and
multiple hydroxyls, which favor the formation of hydrogen
bonds with the HMIP, competing for the active sites. Despite
this, HMIP showed superior performance to HNIP, highlighting
the relevance of the imprinted selective sites for xylose adsorp-
tion, even in the presence of interferents. Furthermore, the
interaction of the HMIP with different monosaccharides sug-
gests its potential not only for the selective purification of
xylose, but also for broader applications, such as the separation
and detection of carbohydrates in complex matrices. This
opens promising perspectives for the use of the material in
industrial processes, such as biomass refining, food produc-
tion, and development of analytical sensors.

Borges et al. developed a MIP using precipitation polymer-
ization and non-covalent interactions for xylose extraction.’
In contrast, the present study presented a more comprehensive

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Table 5 Comparative table with recent studies (2023-2025) on carbohydrate-selective hollow MIPs

MIP Analyte Extraction method Adsorptive capacity (mg g™ ") Impression factor Samples Ref.

MIP Fructose DSPE 7.20 1.47 — 32

MIP Lactose DSPE 14.00 4.70 Aqueous solution 33

MIP Glucose Heat transfer method 2.81 5.18 Human urine 33

MIP Galactose DSPE 144.00 — — 34

MIP Reveratrol DSPE 10.00 16.00 Polygonum cuspidatum 35

HMIP Xylose DSPE 22.99 2.90 Sugarcane This work

14 | i HMIP
ld HNIP

Xylose/Glucose

Xylose/Fructose Xylose/Sucrose

Fig. 7 Equilibrium adsorption capacity (Q.) of the imprinted (HMIP) and
non-imprinted (HNIP) polymer for xylose in the presence of different
interferents (glucose, fructose and sucrose) in binary mixtures.

evaluation of the interferents, with the results more represen-
tative of the reality of complex samples. The developed HMIP
demonstrated a significantly higher adsorptive capacity for
xylose (23.86 mg g~ ') compared to the MIP of Borges et al.
(11.48 mg g~ '), evidencing its greater efficiency. An important
differential of this work was the performance of tests with
binary mixtures of xylose with other sugars (glucose, fructose
and sucrose), which allowed evaluating the behavior of the
polymer against simultaneous interferences, as it occurs in real
matrices. Even with a slight reduction in xylose adsorption—
especially in the presence of sucrose—the HMIP maintained
superior performance to the HNIP, demonstrating selectivity
and robustness in more complex systems. On the other hand,
although the MIP proposed by Borges showed high selectivity
for xylose in individual tests, it was not evaluated in binary or
complex systems, which represents a limitation to predict its
performance in real matrices, in which there is competition
between analytes. Thus, the results obtained in this study
reinforce the importance of simultaneous analysis in the vali-
dation of selective materials for practical applications.

Table 5 presents some studies with hollow porous MIPs, and
some parameters defined by them, for comparison purposes.
To evaluate the performance of the hollow molecularly
imprinted porous polymer (HMIP) developed in this study,
the table presents a comparative overview of recent works
involving carbohydrate-selective MIPs. Although the HMIP
developed in this study showed lower adsorption capacity when

© 2025 The Author(s). Published by the Royal Society of Chemistry

compared to certain materials reported in the literature, this
behavior is attributed to its hollow porous architecture. This
structural design, while providing a thinner polymeric layer and
lower total mass per particle, significantly improves mass
transfer and accessibility to recognition sites. As a result, despite
the moderate adsorption capacity (22.99 mg ¢~ '), the HMIP main-
tained high selectivity for p-xylose, as confirmed by the imprinting
factor (2.90) and the performance in real lignocellulosic matrices.
Furthermore, the material developed in this work presents distinct
advantages compared to other systems. Unlike several previous
studies that focused on model solutions or required extensive
synthetic steps, the HMIP here was synthesized using a more
environmentally friendly route with reduced solvent consumption
and demonstrated excellent reusability, maintaining over 80%
efficiency after ten cycles. Furthermore, its effective integration
into the dispersive solid-phase extraction (DSPE) workflow, com-
bined with filtration steps, allowed the mitigation of interferents
such as phenolics and organic acids, improving analytical perfor-
mance in complex biomass hydrolysates. Overall, the developed
HMIP stands out not only for its selectivity and practical applic-
ability, but also for its alignment with sustainable analytical
practices and its robustness under real sample conditions.

3.5. Determination of xylose in sugarcane samples by HPLC-
IR and its extraction by the DSPE method

Initially, the hydrolyzed sugarcane bagasse sample was ana-
lyzed by HPLC-IR to determine the actual xylose concentration.
The data in Table 6 show that the sample has a high concen-
tration of xylose and a reduced amount of interferents, such as
glucose and arabinose. To optimize this process, the sample
was diluted in acetonitrile before application in DSPE, ensuring
better conditions for HMIP selectivity.

In the extraction of xylose using the DSPE method, SPE analysis
was performed for comparative purposes. The comparison between
the results of SPE and DSPE revealed significant differences in the
adsorption efficiency of xylose (Table 7). In the SPE method, the
adsorption was more selective, but the recovery of the analyte was
lower due to the longer contact time and possible irreversible
retention in the polymer sites. In the DSPE method, the dispersion
of the adsorbent in the solution favored a more efficient interaction
between xylose and the selective sites of the HMIP, resulting in
greater recovery of the analyte and less interference from other
sugars. Thus, DSPE proved to be a faster and more efficient method
for the extraction of xylose, providing a balance between selectivity
and recovery of the analyte in the analyzed matrix.

The reuse of the HMIP was evaluated through successive
cycles of xylose adsorption and desorption, using acetonitrile
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Table 6 Evaluation of sugar concentrations in hydrolyzed sugarcane
bagasse samples by HPLC-RI

Monosaccharide Concentration (g L)
Xylose 26.29 £ 0.15

Glucose 3.79 £ 0.05
Arabinose 3.58 £+ 0.04

n=3.

Table 7 Xylose extraction using HMIP and HNIP by SPE and DSPE. Xylose
concentration: 26.29 g L™*

Xylose concentration

) % Extraction (gL
Extraction
method HMIP HNIP HMIP HNIP
SPE 83.80 £+ 2.40 44.33 +0.72 22.04 + 0.63 11.66 £ 0.18
DSPE 98.74 £ 0.11 64.91 + 1.43 25.97 + 0.02 17.07 £ 0.37
n=3.

(ACN) for material regeneration. The results showed that, in the
first cycle, the xylose recovery rate was approximately 94%,
maintaining high values in the first five cycles. After the fifth
cycle, there was a slight decrease in efficiency, reaching 87% in
the sixth cycle and 81% in the tenth cycle, indicating a
progressive reduction in the adsorption capacity. Despite this
decrease, the HMIP demonstrated good stability and reuse
potential, making the process more economical and sustain-
able for future applications.

Furthermore, mitigation of typical interferents in lignocel-
lulosic hydrolysates—including phenolic compounds, organic
acids (e.g., acetic acid, formic acid), and salts—was achieved by
combining DSPE using HMIP and filtration prior to HPLC
analysis. The DSPE step effectively reduced carbohydrate-
related interferents, while filtration removed most hydrophobic
compounds, such as lignin-derived phenolics, which are known
to co-elute or suppress signals in IR detection. This two-step
cleanup significantly improved baseline stability and peak
resolution in the chromatograms.

4. Conclusion

The present study highlights the potential of the molecularly
imprinted polymer (HMIP) in the selective adsorption of xylose
in complex media, indicating its applicability in the separation
and purification of monosaccharides. Based on the overall
analysis, the HMIP emerges as a promising alternative for the
selective separation of xylose, with possible applications in
biomass purification, industrial process control, and analytical
methods for carbohydrate detection. Future studies may focus
on structural modifications of the polymer to further enhance
its selectivity and efficiency in complex systems. In addition to
its technical advantages, the synthesis route adopted for the
HMIP presented relevant environmental benefits. The process
led to a reduction of approximately 35% in solvent consump-
tion and energy demand, with an estimated environmental

5912 | Mater. Adv., 2025, 6, 5901-5913
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factor (E-factor) of 230 kg of waste per kg of product---signifi-
cantly lower than the average value of 350 kg kg~ reported for
conventional MIPs. These aspects reinforce that the developed
strategy not only meets technical efficiency criteria but is also in
strong alignment with the principles of sustainable chemistry
and the objectives of SDG 12, promoting a cleaner, more
efficient, and environmentally responsible production model.
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