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amework (MOF)-embedded
magnetic polysaccharide hydrogel beads for rapid
and selective adsorption of malachite green and
crystal violet

Anni Fang, a Jie Gao,a Yunzhu Lu,a Lidong Wu b and Lei Cheng*a

This study aims to tackle water pollution caused by toxic triphenylmethane dyes—specifically malachite

green (MG) and crystal violet (CV)—by developing a metal–organic framework (MOF)-based magnetic

hydrogel microsphere (MMOF) using sodium alginate as the matrix. Magnetic MOF particles were

embedded into the sodium alginate hydrogel to form porous, stable magnetic microsphere adsorbents.

Scanning electron microscopy confirmed their morphology and structural features, showing abundant

active sites and well-defined adsorption channels. Under the optimized conditions, the adsorption rate

of MMOF for MG reached 97.67%, and the adsorption equilibrium time was 50 minutes. The adsorption

rate of MMOF for CV was 97.33%, and the adsorption equilibrium time was 60 minutes, with maximum

adsorption capacities of 1008.6 mg g−1 and 1100.1 mg g−1, respectively, demonstrating outstanding dye

removal ability. These magnetic microspheres also enabled rapid solid–liquid separation under an

external magnetic field, supporting convenient operation and reusability. Overall, these composite

microspheres represent a promising adsorbent for efficient removal of organic dye contaminants from

aquatic product matrices, with strong potential for food safety applications.
1. Introduction

The discharge of dye-containing industrial wastewater is
a major source of aquatic environmental pollution.1 Due to the
complex composition of synthetic dyes, their poor biodegrad-
ability, and the typically high pH and turbidity levels of dye
effluents, effective treatment remains challenging.2–4 Among
these pollutants, malachite green (MG) and crystal violet (CV) –
representative triphenyl methane dyes – can accumulate in
aquatic organisms and metabolize into persistent derivatives
such as latent malachite green (LMG) and latent crystal violet
(LCV).5–8 These metabolites increase overall toxicity and
heighten human exposure risks through the food chain. In
environmental and biological samples, these dyes typically exist
at trace levels and coexist with complex matrices, posing
signicant challenges to the accuracy and reliability of analyt-
ical detection methods.9–12 Therefore, developing rapid detec-
tion technologies with high sensitivity, strong selectivity, and
good eld applicability is essential for effective food safety
monitoring.
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Adsorption has become a mainstream technology for treat-
ing dye pollution in aquatic products due to its high efficiency
and environmental compatibility.13 As three-dimensional
hydrophilic polymers, hydrogels offer strong adsorption
potential because of their porous structures and high water-
retention capacity.14 However, conventional hydrogels oen
exhibit limited adsorption efficiency and poor selectivity toward
organic dyes.15 To overcome these limitations, recent research
has focused on incorporating nanoparticles into hydrogel
matrices to create hybrid materials with synergistically
enhanced adsorption performance,13,15,16 offering new avenues
for efficient and eco-friendly treatment of dye wastewater.
Alginate, a natural anionic polysaccharide derived from brown
algae, forms stable three-dimensional hydrogels through ionic
cross-linking with divalent or trivalent cations.17 Functionalized
alginate gels, characterized by low synthesis cost, abundant raw
materials, and environmental friendliness, are considered
a promising platform for the removal of cationic dye
pollutants.18

This study introduces a novel composite adsorbent for the
efficient removal of MG and CV by integrating magnetic mate-
rials and metal–organic frameworks (MOFs) within a hydrogel
matrix. The incorporation of magnetic components signi-
cantly enhances the material's magnetic responsiveness,
enabling rapid post-adsorption separation while improving
recyclability, portability, and reusability. The spherical hydrogel
Nanoscale Adv.
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View Article Online
structure connes magnetic particles to localized regions,
maintaining structural stability and increasing oxidation resis-
tance. Furthermore, embedding MOFs as exible scaffolds
within the magnetic hydrogel network effectively increases
specic surface area and optimizes pore architecture, signi-
cantly boosting adsorption capacity and selectivity toward MG
and CV dyes. The effects of MOF loading and adsorbent dosage
on the dye removal efficiency are systematically evaluated. The
magnetic MOF (MMOF) hydrogel demonstrates strong separa-
tion performance and structural exibility, enabling successful
in situ dye removal from aquatic tissue surfaces and high-
lighting its strong potential for practical applications.

2. Materials and methods
2.1. Materials

The following chemical reagents were used in this study: ferric
chloride hexahydrate (FeCl3$6H2O), ferric chloride tetrahydrate
(FeCl2$4H2O), N,N-dimethylformamide (DMF; 99.5%, analytical
grade), ammonium hydroxide, ethanol (99.5%, analytical
grade), sodium alginate (SA; molecular weight (Mw) =

216.1215 g mol−1, 1% viscosity = 550 mPa s, b-D-mannuronic
acid : a-L-glucuronic acid ratio= 1 : 1), triuoroacetic acid (TFA),
polyvinylpyrrolidone (PVP; Mw = 40 000), acrylamide (AM),
tetra(4-carboxyphenyl)porphyrin (TCPP; 97%), ammonium
persulfate (APS), N,N-methylenebisacrylamide (BIS), calcium
chloride (CaCl2), N,N,N0,N0-tetramethylethylenediamine
(TEMED; analytical grade), sodium citrate, zirconium chloride,
acetonitrile (analytical grade), methanol (analytical grade),
ammonia solution (analytical grade), malachite green (MG),
crystal violet (CV), sunset yellow, methyl blue, and methylene
blue. All reagents were purchased from McLean Company
(Beijing, China).

2.2. Instruments

The instruments used in this study included a vortex mixer VM-
500 pro (JOANLAB, Huzhou, China), a magnetic stirrer with oil
bath (Li Chen, Shanghai, China), an ultraviolet-visible (UV-Vis)
spectrophotometer (Shimadzu UV-3600Plu, Kyoto, Japan),
a centrifuge (Xiangyi, China), a pH meter, a scanning electron
microscope (Thermo Fisher Quattro S, Eindhoven, Nether-
lands), and a nanoparticle size and zeta potential analyzer
(Zetasizer Nano ZS90, Malvern, UK).

2.3. Synthesis

2.3.1. Synthesis of Fe3O4@MOF. Under nitrogen protec-
tion, ferric chloride hexahydrate and ferric chloride tetra-
hydrate were dissolved in a water–ethanol mixed solvent,
followed by the addition of ammonia solution. Aer centrifu-
gation, Fe3O4 nanoparticles with an average diameter of 95 nm
were collected. PVP powder was then added to the Fe3O4

nanoparticles and mixed thoroughly. Subsequently, TCPP,
zirconium chloride octahydrate (ZrOCl2$8H2O), TFA, and Fe3-
O4@PVP were added sequentially. The mixture was heated in an
oil bath and washed successively with DMF and acetonitrile to
ultimately obtain the Fe3O4@PVP composite. The resulting
Nanoscale Adv.
MOF material (Fe3O4@PVP@MOF) exhibited an average
particle size of approximately 1100 nm and was stored in
chromatographic-grade methanol. A nanoparticle size analyzer
and zeta potential analyzer were employed to measure the
particle sizes of Fe3O4 and Fe3O4@PVP@MOF, respectively.

2.3.2. Synthesis of the MMOF hydrogel. Fe3O4@MOF-545
(5.3 mg mL−1), 19% AM (0.49 mL mL−1), 1.5% APS (12 mL
mL−1), and 2% BIS (53.8 mL mL−1) were sequentially added to
syringe A and mixed thoroughly. Subsequently, 4.2% SA solu-
tion (0.45 mL mL−1) was introduced into syringe A. In parallel,
4.2% SA solution (0.45 mLmL−1) was loaded into syringe B. The
two syringes were connected using a needle connector, aer
which 20 mL TEMED was added. The mixed solution was then
dispensed dropwise into a 5 mol L−1 CaCl2 solution at
a controlled rate of approximately one drop per second. Strict
control of the addition rate is essential: overly rapid addition
leads to microsphere agglomeration, while excessively slow
addition may cause premature gelation within the syringe,
hindering smooth addition to the CaCl2 solution. Aer the
entire solution was added, the suspension was magnetically
stirred for 1 h to obtain the MMOF hydrogel microspheres. The
volume ratio of all components prior to TEMED addition
directly corresponded to their ratio in the nal reaction system.

2.3.3. Synthesis of the pure hydrogel. Under constant
concentrations and amounts of all components in the MMOF
hydrogel, AM, APS, and BIS were added to syringe A, while SA
was loaded into syringe B. Subsequently, 20 mL TEMED was
introduced into the system. The mixture was then dispensed
dropwise into a 5 mol L−1 anhydrous CaCl2 solution to form
hydrogel microspheres. Following gelation, the microspheres
were magnetically stirred for 1 h, ltered, and dried.

2.3.4. Synthesis of the magnetic hydrogel. The preparation
procedure for the magnetic hydrogel was identical to that of the
pure hydrogel, except that 30 mg of Fe3O4 powder was added to
the formulation prior to gelation.

2.4. Adsorption of MG and CV on MMOF hydrogel

To establish adsorption calibration curves for CV and MG dyes
and to assess the reliability of the analytical method, 10 mg of
each dye was dissolved in 100 mL of ultrapure water to prepare
100 mg L−1 stock solutions. Standard working solutions of CV
(2, 4, 6, 8, 10 mg L−1) andMG (1, 2, 3, 4, 5 mg L−1) were obtained
by serial dilution. Absorbance was measured at wavelengths of
590 nm and 616 nm for CV and MG, respectively. The absor-
bance values for CV standard solutions were 0.045, 0.092, 0.138,
0.186, and 0.234, yielding a calibration equation of A = 0.0234C
+ 0.0012 (R2 = 0.9987). For MG, absorbance values of 0.032,
0.066, 0.097, 0.134, and 0.171 resulted in the regression equa-
tion: A = 0.035C − 0.004 (R2 = 0.999). The relative standard
deviations (RSDs) were 1.25% for CV and 1.47% for MG, indi-
cating excellent precision and reliability of the analytical
method.

2.5. MG and CV removal using MMOF hydrogels

MMOF hydrogels exhibit strong adhesion to tissue surfaces,
enabling precise, rapid, and selective removal of MG and CV. By
© 2026 The Author(s). Published by the Royal Society of Chemistry
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optimizing parameters such as solvent concentration, adsorp-
tion time, pH, and material composition, the maximum
adsorption efficiency for MG and CV can be achieved. In the
adsorption experiment, 30 mg of MMOF hydrogel was added to
10 mL of a 15 mg L−1 MG (or CV) solution, and the concentra-
tion change was monitored using a UV-vis spectrophotometer.
The decolorization rate was calculated as follows:

X ¼ C0 � C1

C0

� 100% (1)

where C0 is the absorbance of the original solution, C1 is the
absorbance aer adsorption, and X is the decolorization rate.
Fig. 1 Characterization of MMOF and magnetic hydrogels. (A–C)
Scanning electron microscopy (SEM) images of MMOF hydrogels. (D–
G) Energy dispersive X-ray spectroscopy (EDS) elemental mapping of
MMOF hydrogels. (H–J) SEM images of magnetic hydrogels. (K–N)
EDS elemental mapping of magnetic hydrogels.
2.6. Experimental conditions

Under conditions where both MG and CV concentrations were
maintained at 15 mg L−1 and the solution pH was adjusted to
8.0, the adsorption behavior of the MMOF hydrogel was
systematically optimized. In these experiments, the SA
concentration was xed at 4.2% (w/v), and the mass ratio of
magnetic MOFs to SA was maintained at 12 : 1. This study
primarily examined the adsorption performance of the MMOF
hydrogel toward MG and CV and the corresponding adsorption
kinetics. For evaluating the selective adsorption performance of
MMOF hydrogels toward MG and CV, the concentrations of the
reference dyes (methyl blue, methylene blue, and sunset yellow)
were also uniformly set at 15 mg L−1, with the reaction system
pH controlled at 8.0. The material composition and preparation
conditions for the MMOF hydrogels used in this section were
identical to those employed in the adsorption kinetics experi-
ments, ensuring methodological consistency.
2.7. Data processing methods

The data analysis methods used in this study primarily included
data organization and data visualization. Data organization
involved the systematic processing of raw data through classi-
cation, sorting, and coding to enhance its structure and
facilitate subsequent analysis. Data visualization was employed
to intuitively display the distribution patterns and intrinsic
characteristics of data using graphical tools. In this work, bar
charts and line charts are mainly utilized to present experi-
mental results and highlight key trends.
3. Results and discussion
3.1. Characterization of MMOF hydrogels

3.1.1. Morphological characterization. Scanning electron
microscopy (SEM) analysis of MMOF hydrogels revealed clear
morphological differences compared with magnetic hydrogels.
As shown in Fig. 1A–C and H–J, the magnetic hydrogels exhibit
a relatively dense three-dimensional network at the macroscale.
In contrast, MMOF hydrogels display a more developed porous
structure with higher pore connectivity. At the microscopic
level, the MMOF hydrogel surface is uniformly covered with
numerous nanosheets/nanoparticles, forming a rough
composite interface indicative of successful MOF-545 crystal
incorporation. By contrast, the magnetic hydrogel surface
© 2026 The Author(s). Published by the Royal Society of Chemistry
shows only the inherent wrinkles of the polymer matrix and
sparsely distributed magnetic particles.

The hierarchical pore architecture introduced by MOFs
within the MMOF hydrogel, coupled with the signicantly
increased specic surface area, provides more accessible
adsorption sites for dye molecules and enhances molecular
diffusion and mass transfer efficiency. These microstructural
features explain the superior adsorption capacity and kinetics of
MMOF hydrogel compared to magnetic hydrogel. Energy-
dispersive X-ray spectroscopy (EDS) was used for elemental
mapping, and the results in Fig. 1D and E further conrm the
successful incorporation of magnetic components, which
impart strong magnetic responsiveness to the composite.

3.1.2. Pore structure analysis of MMOF hydrogels.Nitrogen
adsorption–desorption analysis (Fig. 2A) shows that the MMOF
hydrogels exhibit a typical type IV isotherm and H3-type
hysteresis loop, conrming a hierarchical pore structure
dominated by mesopores.19 Quantitative measurements indi-
cated a specic surface area of 40.6447 m2 g−1 and a pore
volume of 0.073 cm3 g−1. Further, density functional theory
(DFT) modeling revealed an average pore diameter of
14.1274 nm.

The mesopore-dominated structure enhances adsorption
through a dual mechanism: the large specic surface area and
pore volume directly increase the number of accessible
adsorption sites, supporting high adsorption capacity; simul-
taneously, the average pore diameter (14.1274 nm)—well
matched to the kinetic dimensions of dye molecules, facilitates
molecular diffusion and mass transfer within the pore channels
andmay improve adsorption selectivity toward target pollutants
through spatial connement effects.

The hysteresis loop obtained from vibrating sample
magnetometry (VSM) analysis (Fig. 2C) indicates that both
Nanoscale Adv.
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Fig. 2 Structural and adsorption characterization of the magnetic and
MMOF hydrogels. (A) Adsorption isotherm of the magnetic and MMOF
hydrogels. (B) Relationship between pore size and pore volume. (C)
Nitrogen adsorption–desorption hysteresis curve. (D) UV-vis absorp-
tion spectrum of the magnetic and MMOF hydrogels. (E) Infrared
spectra of Fe3O4 and MMOF hydrogels. (F) X-ray single crystal
diffraction patterns of Hydrogel and MMOF hydrogel.
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magnetic and MMOF hydrogels exhibit superparamagnetic
behavior, with the magnetization curves passing through the
origin and showing negligible hysteresis. The MMOF hydrogel
exhibits a signicantly lower saturation magnetization than the
magnetic hydrogel, primarily due to the encapsulation and
dilution effects of the non-magnetic hydrogel matrix on the
magnetic nanoparticles. Despite this reduction, the composite
maintains sufficient magnetic responsiveness for rapid sepa-
ration under an external magnetic eld.

The UV-vis absorption spectra (Fig. 2D) show broad and
strong absorption behavior across 400–900 nm for both
magnetic and MMOF hydrogels, with no characteristic distinct
absorption peaks. Notably, the MMOF hydrogel exhibits
signicantly higher absorption intensity than the magnetic
hydrogel across the entire wavelength range, particularly in the
long-wavelength region. This enhancement suggests that the
incorporated MOF not only introduces intrinsic light-absorbing
properties but may also synergistically interact with magnetic
components, thereby improving the composite's overall light-
trapping efficiency.

Based on the clear identication of the material's elemental
composition, to deeply analyze the chemical bonding mode and
functional group structure of each element in the sample, this
study further characterized the material using Fourier Trans-
form Infrared Spectroscopy (FT-IR). As shown in Fig. 2E, by
Nanoscale Adv.
comparing the infrared spectra of the magnetic MOF hydrogel
and the pure magnetic hydrogel, both showed characteristic
absorption peaks at approximately 3393 cm−1 and 1619 cm−1,
which respectively belonged to the stretching vibration of
hydroxyl/amino groups (O–H/N–H) in the system and the
bending vibration of water molecules (or the asymmetric
stretching vibration of carboxylate groups). Compared with the
pure magnetic hydrogel, the magnetic MOF hydrogel exhibited
signicant blue shi and peak shape changes at these two peak
positions, indicating that the introduction of the MOF structure
enhanced the hydrogen bond interactions within the material
and coordinated with the functional groups, such as carboxyl
groups in the hydrogel network, thereby changing the vibration
state of the relevant chemical bonds. This result conrmed that
the MMOF and the hydrogel achieved an effective composite
through chemical bonding, and there was a signicant inter-
action between the components, which provided a crucial
structural basis for the subsequent adsorption performance of
the material.

The XRD comparison results in Fig. 2F provide conclusive
evidence for the successful synthesis of the MMOF-545
composite hydrogel. A sharp and strong peak appears at 2q z
5° in the MMOF-545 complex, corresponding to the (100) crystal
plane diffraction of MOF-545 (PCN-222), which is a ngerprint
feature of its ordered mesoporous framework, conrming the
successful introduction of the MOF phase. This peak is signif-
icantly broadened, indicating that the MOF exists in the form of
nanocrystalline domains, which is conducive to exposing the
active sites. Meanwhile, the overall scattering intensity of the
composite material in the 15–30° range is signicantly higher
than the amorphous broad peak (∼20°) of the pure hydrogel,
which is due to the additional scattering of the organic ligands
in the MOF. The results show that we have successfully inte-
grated the crystalline, porous MMOF-545 into the amorphous
exible hydrogel network, constructing a composite system
with high adsorption activity and good processability.
3.2. Optimization of adsorption conditions

3.2.1. Optimization of synthesis parameters. The adsorp-
tion performance of MMOF hydrogels is strongly inuenced by
the SA concentration and the volume of crosslinker used. As
shown in Fig. 3A and B, the optimal adsorption of MG and CV
occurs at a SA concentration of 4.2 wt% and a crosslinker
volume of 3.0 mL, where the removal efficiencies exceed 95% for
MG and 90% for CV. This ratio appears to generate a three-
dimensional network structure that maximizes exposure of
adsorption sites and facilitates efficient mass transfer.
Increasing the SA concentration or crosslinker volume beyond
this point leads to an overly dense gel structure, restricting dye
molecule diffusion and reducing adsorption efficiency. Addi-
tionally, TFA volume optimization experiments (Fig. 3C) reveal
that MMOF hydrogels prepared with 500 mL and 200 mL of TFA
achieve the best adsorption performance for both dyes.

As shown in Fig. 3D, high adsorption efficiencies (>90%) for
both MG and CV were achieved aer an 8 h preparation process
in a 90 °C oil bath. Fig. 3E and F further demonstrate that the
© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 Optimization of key synthesis parameters for MMOF hydrogel
microspheres. (A) Effect of initial SA concentration on the adsorption
performance. (B) Effect of SA dosage on the adsorption performance.
(C) Effect of TFA dosage on the adsorption performance. (D) Effect of
oil-bath reaction time on the adsorption performance. (E) Effect of
different exchange solvents on the adsorption performance. (F) Effect
of different eluents on the adsorption performance.

Fig. 4 Effects of operational parameters on dye decolorization and
color stability. (A) Effect of MMOF hydrogel mass on adsorption rate.
(B) Effect of adsorption time on adsorption rate. (C) Effect of
temperature on adsorption rate. (D) Effect of pH on adsorption rate of
CV andMG. (E) Effect of pH onCV color stability. (F) Effect of pH onMG
color stability.
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choice of organic solvents used during solvent exchange and
washing signicantly inuences the nal adsorption perfor-
mance. Using DMF as the exchange solvent produced MMOF
hydrogels with the highest adsorption capacities for both dyes,
indicating that solvent polarity plays a critical role in regulating
pore formation and surface chemistry. Additionally, washing
the MMOFs with DMF and methanol yielded the best adsorp-
tion performance for MG and CV, respectively. These ndings
highlight the importance of optimizing synthesis parameters in
tailoring material structure and achieving superior adsorption
performance, providing evidence for the controlled synthesis of
MMOF hydrogels.

3.2.2. Optimization of adsorption environment. In this
section, by integrating adsorption kinetics, isotherm analysis,
and pH-dependent behavior, the adsorption characteristics and
mechanisms of MMOF hydrogels toward MG and CV are
systematically elucidated. As shown in Fig. 4A, with the increase
in adsorbent dosage, the adsorption rates of both dyes rapidly
rises until saturation. Notably, MG reaches 90% removal at
a lower dosage (25 mg), and across all tested conditions, its
equilibrium adsorption capacity and adsorption rate are
consistently higher than those of CV (30 mg). Kinetics studies
indicate that MG achieves near-complete adsorption within
50 min, whereas CV requires 60 min to reach 90% of its
© 2026 The Author(s). Published by the Royal Society of Chemistry
maximum adsorption. As shown in Fig. 4C, temperature
dependent experiments further reveal that the adsorption effi-
ciencies for both dyes initially increase and then decrease
within the 20–80 °C range, with optimal performance (>95%) at
50 °C. Overall, CV exhibits greater thermal stability than MG.

The UV-vis spectra in Fig. 4E and F show that both dyes
remain structurally stable between pH 3–9, with no signicant
changes in peak positions or intensities, conrming that dye
degradation does not interfere with adsorption measurements.
The pH-dependent adsorption results (Fig. 4D) indicate that
both MG and CV maintain high adsorption efficiencies under
acidic to neutral conditions (pH 3–7), while adsorption rates
decrease signicantly under strongly alkaline conditions (pH >
8). The highest adsorption performance is observed at pH 8
(>95%). At this weakly alkaline condition, functional groups
such as carboxyl groups within the MMOF hydrogel network are
fully deprotonated, generating a high density of negative
surface charges. These negatively charged sites strongly attract
the cationic MG and CV molecules through electrostatic inter-
actions, which serve as the dominant adsorption mechanism.20

Additionally, this pH environment provides abundant stable
adsorption sites for dye molecules, supporting high adsorption
capacity.21

Selecting pH 8 rather than more alkaline conditions is
essential for balancing adsorption efficiency with material
Nanoscale Adv.
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Fig. 5 Dynamic adsorptionmodels for MMOF hydrogel microspheres.
(A) Pseudo-first-order kinetic model. (B) Pseudo-second-order kinetic
model.

Table 3 Parameters of the intra-particle diffusion model

First stage Second stage Third stage

K1 C1 R1
2 K2 C2 R2

2 K3 C3 R3
2

MG 1.028 −0.580 0.998 0.366 2.285 0.992 0.024 4.677 0.970
CV 0.878 −0.500 0.997 0.424 1.580 0.994 0.058 4.378 0.991
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stability. Although higher pH values may further increase the
negative charge density on the surface, they can also induce
MOF hydrolysis or metal node detachment, compromising pore
structure, reducing adsorption performance, and potentially
causing secondary pollution. Therefore, pH 8 provides near-
optimal electrostatic adsorption while preserving the struc-
tural integrity and recyclability of the hydrogel's three-
dimensional network, ensuring reliable performance in prac-
tical applications (Fig. 5).

3.3. Dynamic adsorption models

To further investigate the adsorption kinetics of MG and CV on
MMOF hydrogel microspheres, pseudo-rst-order and pseudo-
second-order kinetic models were employed, as shown in Fig.
5. The corresponding tting parameters are listed in Tables 1
and 2. The mathematical expressions for pseudo-rst-order,
pseudo-second-order, and intra-particle diffusion models are
provided in eqn (2)–(4).22–25

logðQe �QtÞ ¼ logðQeÞ � K1

2:303
t (2)

1

Qt

¼ 1

K2Qe
2
þ 1

Qe

(3)

Qt = K3t
0.5 + C (4)

where Qe is the equilibrium adsorption capacity (mg g−1); Qt is
the adsorption capacity at time t (mg g−1); C denotes the
boundary layer thickness; K1 and K2 are the rate constants for
Table 1 Pseudo-first-order kinetic model parameters

Qe experimental (mg g−1) K1 (m

MG 4.878 0.100
CV 4.862 0.075

Table 2 Pseudo-second-order kinetic model parameters

Qe experimental (mg g−1) K2 (m

MG 4.876 0.0139
CV 4.864 0.0111

Nanoscale Adv.
the pseudo-rst-order and pseudo-second-order models,
respectively; K3 is the intra-particle diffusion rate parameter;
and t represents time.21,26–28

As shown in Tables 1 and 2, the adsorption of MG and CV by
MMOF hydrogel microspheres shows excellent agreement with
both pseudo-rst-order and pseudo-second-order kinetic
models. The R2 values for each model are greater than 0.9,
indicating that both models reliably describe the adsorption
behavior of the MMOF hydrogels. Additionally, the equilibrium
adsorption capacities calculated from both models closely
match the experimentally measured values, further conrming
the accuracy and reliability of the kinetic analysis.

However, given that pseudo-second-order models generally
describe chemisorption-dominated processes and provided
slightly better tting results, the pseudo-second-order model
was considered more representative of the adsorption mecha-
nism in this system. This hydrogel demonstrated outstanding
adsorption performance for both dyes, with a notably higher
adsorption rate constant for MG than for CV, indicating
stronger chemical affinity or lower mass transfer resistance
toward MG. Despite these kinetic differences, the material
ultimately reached similar saturated adsorption capacities for
both dyes, demonstrating its broad application potential as an
efficient adsorbent for dye detection in aquatic products.

To further elucidate the rate-limiting steps during adsorp-
tion, the intra-particle diffusion kinetic model was applied. As
summarized in Table 3, the adsorption process can be divided
into three consecutive stages: an initial rapid membrane
diffusion stage (conrmed by the negative intercept), a slower
intra-particle diffusion stage that serves as the primary rate-
limiting step, and a nal equilibrium stage. The non-zero
intercept (C s 0) of the tted curve indicates that the adsorp-
tion process is jointly governed by membrane diffusion and
intra-particle diffusion. The diffusion rate constants follow the
in−1) Qe calculated (mg g−1) R2

4.876 0.999
4.865 0.999

in−1) Qe calculated (mg g−1) R2

4.874 0.999
4.862 0.998

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 Adsorption performance, selectivity, recyclability, and stability
of MMOF hydrogel microspheres. (A) Adsorption rates of MMOF
hydrogel microspheres toward different dyes. (B) Effect of coexisting
components on MG and CV removal efficiency. (C) Effect of repeated
recycling on MG and CV removal efficiency. (D) Effect of storage time
on the adsorption performance of MMOF hydrogel microspheres.
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order: K1 > K2 > K3, demonstrating that the adsorption process
progresses from rapid surface adsorption to slower intra-pore
diffusion before reaching equilibrium, with the intra-particle
diffusion step exerting the dominant kinetic control.29

3.4. Analysis of the adsorption mechanism of MMOF
hydrogel

The adsorption process at the solution–solid interface usually
involves multiple mechanisms. This study proposes that the
adsorption of target dyes by MMOF hydrogels may involve the
following three main mechanisms.

The rst is ion exchange adsorption. This mechanism stems
from the substitution reaction between the exchangeable ions
on the adsorbent surface and the oppositely charged ions in the
target substance. In the MMOF hydrogel system, the cations
such as H+ on thematerial surface can exchange with the anions
(such as Cl− in cobalt blue) or cationic dyes (such as CV+ in
crystal violet) in the dye, thereby achieving a rm and efficient
binding of dye molecules to the material surface through elec-
trostatic interactions.

The second is electrostatic adsorption. Previous experi-
mental results show that the surface charge property of MMOF
hydrogels changes signicantly with the pH value of the solu-
tion, and its adsorption performance for anionic dyes changes
regularly. This phenomenon conrms that the electrostatic
interaction between the material and the dye molecules is one
of the key factors affecting the adsorption behavior.

The last is physical adsorption based on the porous struc-
ture. The synthesized MMOF hydrogels have a three-
dimensional network structure composed of sodium alginate
and polyacrylamide. Nitrogen adsorption–desorption tests
show that it has a typical IV-type isotherm and H3-type hyster-
esis loop, indicating that the material has a developed meso-
porous structure. Quantitative calculation shows that the
specic surface area of this material is 40.6447 m2 g−1, the pore
volume is 0.073 cm3 g−1, and the average pore diameter is
14.1274 nm. This high specic surface area, suitable pore size,
and rich pore structure provide a large number of accessible
adsorption sites for dye molecules, thus laying the physical
foundation for high adsorption capacity.

3.5. Selectivity, recyclability, and storage stability of MMOF
hydrogels

To investigate the selective adsorption efficiency of MMOF
hydrogel microspheres toward MG and CV, ve dyes were
tested: methyl blue, CV, methylene blue, carmine red, and MG.
The results in Fig. 6A show that the microspheres exhibit
signicantly higher adsorption capacity for MG and CV
compared with the other dyes, indicating a degree of selectivity
toward these specic dyes.

Due to the complexity of the food matrix, when selecting the
magnetic solid-phase extraction agent, the inuence of other
interfering substances on the magnetic solid-phase extraction
needs to be taken into consideration. By adding known
concentrations of interfering components to the simulated
system, the adsorption performance of the composite material
© 2026 The Author(s). Published by the Royal Society of Chemistry
for the target substance was investigated, as shown in Fig. 6B. In
the solvent, in addition to the target pigment, common
compounds (fatty acids, vitamin C, vitamin A, and metal ions)
found in dairy products or beverages were added as interfering
substances. The results showed that the synthesized material
had little effect on the adsorption rate of the target pigments,
carmine and lemon yellow, and the presence of coexisting
components did not affect the detection effect of the target
substances.

Excellent regenerability and storage stability are essential
properties for advanced composite adsorbents. As shown in
Fig. 6C, aer eight consecutive adsorption–desorption cycles,
the elution efficiency of the microspheres remained above 90%,
demonstrating strong repeatability while supporting green and
cost effective operational requirements. To further assess long-
term stability, the MMOF hydrogel microspheres were dried at
60 °C, sealed, and stored for 60 days. Every 10 days, 300 mg of
microspheres were tested in 10 mL of solvent for adsorption. As
shown in Fig. 6D, adsorption efficiency rate remained consis-
tently above 90% throughout the storage period, conrming the
material's robust long-term stability.

Nitrogen adsorption–desorption analysis indicated that the
MMOF hydrogel exhibits a typical type IV isotherm with an H3-
type hysteresis loop, indicating a hierarchical pore structure
dominated by mesopores. Quantitative analysis revealed
a specic surface area of 40.6447 m2 g−1 and a pore volume of
0.073 cm3 g−1. Further, DFTmodeling demonstrated an average
pore diameter of 14.1274 nm. These structural parameters
indicate the material has a high specic surface area and suit-
able pore structure, capable of providing abundant and acces-
sible adsorption sites for MG and CV.30 The mesoporous
architecture enhances adsorption through a dual mechanism:
the large specic surface area and pore volume increase the
number of effective adsorption sites, while the pore diameter,
well matched to the kinetic dimensions of dye molecules,
Nanoscale Adv.
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facilitates diffusion and mass transfer within the channels and
may improve adsorption selectivity toward target pollutants
through spatial connement effects. Together, these features
make the MMOF hydrogel's pore structure a key contributor to
its high adsorption efficiency and separation performance.

4. Conclusions

In this study, we synthesized a magnetic MOF composite
hydrogel (MMOF hydrogel) that demonstrated excellent
performance for the adsorption and magnetic separation of MG
and CV. This material enabled the targeted encapsulation of
magnetic particles, greatly enhancing the magnetic respon-
siveness of the adsorbent. The MOF, integrated as a structural
scaffold within the hydrogel's three-dimensional network, not
only reinforced the material's mechanical stability but also
improved its adsorption efficiency toward MG and CV. This
hierarchical mesoporous structure facilitated rapid and
controllable magnetic separation even in complex environ-
mental matrices. The controllable magnetic separation tech-
nology enabled by MMOF hydrogels shows strong potential for
automated operation, positioning the material as an efficient,
environmentally friendly, high-throughput pretreatment plat-
form for applications in aquatic product processing and
broader environmental remediation contexts.
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