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The development of enzyme-mimicking nanomaterials offers a promising route toward sensitive, stable,
and cost-effective detection of phenolic compounds. In this study, MnFe hybrid aminoclay (MnFeAC)
was synthesized and systematically characterized by XRD, XPS, SEM, TEM, and elemental mapping to
confirm its amorphous structure, homogeneous elemental distribution, and mixed-valence states of Mn
and Fe that underpin its catalytic activity. The MnFeAC material exhibited oxidase-like properties,
enabling the oxidation of catechol in the presence of 4-aminoantipyrine (4-AAP) with a distinct
colorimetric signal at 510 nm. Under optimized conditions, a linear calibration curve was obtained in the
range of 1-100 uM with high correlation and sensitivity. A key advantage of our method is that no
external H,O, was required, avoiding issues of toxicity, instability, and handling hazards associated with
hydrogen peroxide. Furthermore, the MnFeAC-catalyzed system maintained stable signal intensity
without significant interference from H,O, concentration effects, highlighting its intrinsic oxidase-like

activity. While this preliminary study demonstrates a proof-of-concept for MnFeAC as an oxidase mimic
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Accepted 2nd January 2026 for catechol detection, further optimization of nanomaterial composition, reaction conditions, and assay

_ design is needed to improve detection limits and extend the method to broader classes of phenolic
DOI: 10.1039/d5ra07889) pollutants. These findings provide a foundation for developing hybrid aminoclay-based nanozymes as

rsc.li/rsc-advances safe and effective sensing platforms for environmental monitoring applications.

1. Introduction
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ceutical, and petrochemical industries, but their release into
the environment poses serious risks due to toxicity, persistence,
and bioaccumulation.”” Rapid detection and efficient removal
of phenols remain critical challenges. Among them, catechol
(1,2-dihydroxybenzene) is an important representative that is
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extensively applied as a precursor in the manufacture of pesti-
cides, pharmaceuticals, and fine chemicals, as well as in the
photography and fragrance industries. Catechol has a molec-
ular weight of 110.11 g mol ™, a pK, of 9.45, and relatively high
solubility in water (312 g L™" at 20 °C), which favors its mobility
in aqueous environments. It exhibits a characteristic UV-vis
absorption maximum at 275 nm, making it a model
compound for spectrophotometric monitoring. Despite its
industrial utility, catechol is considered hazardous, with an
LDs, of ~300 mg kg™ " (oral, rat), indicating significant acute
toxicity. In addition, its aromatic structure and resistance to
biodegradation contribute to environmental persistence and
potential ecological risks.** Therefore, sensitive, rapid, and
reliable detection of catechol is not only necessary for

© 2026 The Author(s). Published by the Royal Society of Chemistry


http://crossmark.crossref.org/dialog/?doi=10.1039/d5ra07889j&domain=pdf&date_stamp=2026-01-22
http://orcid.org/0000-0003-4250-9078
http://orcid.org/0009-0005-3558-5066
http://orcid.org/0000-0003-0510-5605
http://orcid.org/0000-0001-5097-2252
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5ra07889j
https://pubs.rsc.org/en/journals/journal/RA
https://pubs.rsc.org/en/journals/journal/RA?issueid=RA016006

Open Access Article. Published on 22 January 2026. Downloaded on 6/14/2026 10:54:05 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Paper

environmental monitoring but also critical for guaranteeing
human and ecological safety.

Among the various detection strategies, colorimetric
methods have attracted considerable attention owing to their
simplicity, rapid response, compatibility with on-site detection,
and low cost.>® Colorimetric platforms often rely on the oxida-
tion of phenolic substrate into chromogenic products, a reac-
tion typically catalyzed by natural enzymes such as laccase,
tyrosinase, and peroxidase.”'® However, their application is
constrained by low stability under harsh conditions, high
production costs, and difficulties in recycling.>'* These limita-
tions have driven research into abiotic nanozymes-nano-
materials capable of mimicking enzymatic redox
transformations with higher tunability, stability and
scalability.>***"* Nanozymes have expanded into diverse classes
such as metal oxides, metal nanoparticles, carbon-based
materials, metal-organic frameworks (MOFs), and transition-
metal hybrids, each offering distinct catalytic pathways and
substrate selectivity.>***> Notably, many nanozymes exhibit
exceptional stability, retaining catalytic activity across broad pH
ranges, high ionic strength, and elevated temperatures where
natural enzymes rapidly deactivate."® Their surface-dependent
electronic structures also allow precise modulation of active
sites, enabling rational design of catalytic performance through
defect engineering, redox pairing, heteroatom incorporation,
and nanosheet confinement.'”'* Moreover, nanozymes can also
be conveniently separated from the medium for further utili-
zation and integrated into solid supports or sensing platforms
without complex immobilization procedures.’*'® These advan-
tages position nanozymes as highly promising alternatives for
phenolic compound detection, where rapid electron-transfer
reactions and substrate oxidation are essential for achieving
sensitive colorimetric readouts.

Aminoclays (ACs) are organic-inorganic hybrids with
dispersible two-dimensional silicate frameworks functionalized
by amino groups.”* Their solubility in water, abundant surface
functionalities, and ability to stabilize transition metals make
them attractive support for catalysis and sensing.”*>* Specifi-
cally, CoAC and MgAC-Fe;0,/TiO, have been applied as nano-
zymes for the detection of glucose and phenolic compounds,
respectively.”>** However, monometallic aminoclay itself has
low catalytic activity and is frequently combined with other
materials to enhance its catalytic efficiency.”>*”*° This strategy
raises concern about the production cost, complexity in
production, and low scalability potential. Recently, bimetallic
aminoclays have been introduced to replace the conventional
monometallic aminoclays.*****! For instance, Zeng et al. (2024)
constructed CuMn aminoclays (CuMnACs) with pronounced
laccase-like activity, demonstrating superior catalytic oxidation
of bisphenol A (BPA) compared to natural laccases. The syner-
gistic interplay of Cu and Mn redox pairs not only enhanced
catalytic efficiency but also enabled high stability and recycla-
bility. Their mechanistic investigation revealed that both non-
radical Mn*"-mediated oxidation and radical pathways
involving O,"~ and 'O, were responsible for BPA oxidation.
Importantly, CuMnAC-1-7 achieved rapid BPA removal (95%
within 1 h), underscoring the potential of Mn-based aminoclay
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systems as robust laccase-mimicking nanozymes for phenolic
pollutant remediation." Similarly, Mahadevaprasad et al. (2024)
developed a novel Fe-Zr hybrid aminoclay (FeZrAC) incorpo-
rated into a biopolymer-based thin film composite (TFC)
membrane for pollutant remediation. The Fe-Zr redox centers
acted synergistically with H,O, to generate reactive species,
enabling ultrafast degradation of dyes and organic pollutants
within 4 min. The optimized FZ-TFC-1 membrane achieved
nearly complete pollutant removal (>95%) while maintaining
high water flux (>67 L m~> h™"). Importantly, the membrane
showed exceptional antifouling and self-cleaning performance,
sustaining activity for up to 150 h with negligible Fe/Zr leaching.
Mechanistic studies revealed that Fe**/Fe’ cycling and Zr**
sites cooperatively promoted hydroxyl ("OH) and hydroperoxyl
('OOH) radical generation, accelerating degradation
pathways.*

Although recent studies have demonstrated the potential of
hybrid aminoclays for pollutant remediation, important limi-
tations remain. For example, CuMnACs exhibit strong laccase-
like activity for bisphenol A degradation,” yet the use of
copper raises concerns about toxicity and possible environ-
mental risks.*® Likewise, FeZrAC membranes have ultrafast
degradation efficiency,* but the inclusion of zirconium signif-
icantly increases the production cost and challenges scal-
ability.* To overcome these issues, we propose the use of MnFe
hybrid aminoclay (MnFeAC), which integrates two earth-
abundant and relatively low-toxicity metals. By eliminating Cu
and Zr, MnFeAC strikes a balance between catalytic activity,
environmental safety, and economic feasibility. In addition,
their facile and low-cost synthesis makes them particularly
attractive for sensitive phenolic compound detection, providing
a sustainable alternative to previous aminoclay systems.

In this study, MnFeAC was synthesized and systematically
characterized to explore its potential as an abiotic oxidase-like
nanozyme for phenolic compound detection. Morphological
and structural analyses by XRD, XPS, SEM, and TEM revealed
that the material consisted of ultrathin, partially amorphous
nanosheets with uniformly distributed Mn® and Fe® within the
silicate framework. These characteristics collectively suggest
a material with high surface exposure, homogeneous metal
dispersion, and flexible redox activity—features favorable for
facilitating electron transfer and catalytic oxidation. Building
on these physicochemical properties, this work evaluates the
MnFeAC as a simple, stable, and environmentally benign
colorimetric platform for the peroxide-free detection of catechol
as a model phenolic compound.

2. Experimental

2.1. Chemical and materials

All reagents used in this study were of analytical grade and were
utilized as received, without further purification. Manganese()
chloride tetrahydrate (MnCl,-4H,0), iron chloride hexahydrate
(Fe(Cl);-6H,0), and aminopropyltriethoxysilane (APTES) were
selected as precursors of MnFeAC. Catechol (C¢HgO,) was used
as a model phenolic compound. Aminoantipyrine (4-AAP) was
applied as a probe for the screening of enzyme-like activity and
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the detection of catechol."®** For this study, all chemicals were
supplied by Sigma-Aldrich (USA), and experiments were con-
ducted using deionized (DI) water with a resistivity of 18.25
MQ cm.

2.2. Synthesis of MnFe aminoclay

ACs were synthesized following the procedure outlined by
earlier studies.”” Specifically, 41.67 mM of metal salts with
varying Mn/Fe molar ratios (Table 1) were dissolved in 200 mL
of EtOH, after which 56.3 mM APTES was introduced. The
solution was stirred for 8 hours to yield a homogeneous
suspension. The suspension was subsequently centrifuged at
3500 rpm for 15 min and rinsed with ethanol to eliminate
residual impurities. The obtained product was dried at 40 °C
and finally ground into powder.

2.3. MnFe aminoclay as catalyst for the detection of catechol

2.3.1. Evaluation of enzyme-mimicking activity. The
enzyme-mimicking activity of the aminoclay was evaluated
using a catechol/4-aminoantipyrine (4-AAP) chromogenic
system. Briefly, 500 uL of catechol solution (1.0 mg mL ™", 9.08
mM), 500 uL of 4-AAP solution (1.0 mg mL "), and 500 uL of
aminoclay suspension (1.0 mg mL ™) were mixed with 3.5 mL of
phosphate-buffered saline (PBS, pH 7.4). The reaction mixture
was incubated at 35 °C for 20 min under gentle mixing to ensure
homogeneity. Following incubation, the mixture was centri-
fuged at 10 000 rpm for 2 min to remove any particulate matter.
The absorbance of the resulting supernatant was recorded at
510 nm (UVs,), and the colorimetric response was used to
assess the enzyme-like catalytic activity of the aminoclay.*

2.3.2. Optimization of MnFeAC for the detection of
phenolic compounds. The detection performance of MnFe
aminoclay (MnFeAC) was systematically optimized under
various experimental conditions. MnFeAC with an optimal Mn :
Fe molar ratio of 5: 1 was employed as the catalyst. The effect of
catalyst dosage was examined within the range of 0.01-0.20 mg
mL ", while the solution pH was adjusted between 3.0 and 9.0.
Reaction time varied at 20, 40, and 60 min to evaluate kinetic
influences. Temperature-dependent experiments were con-
ducted at 35 °C and 45 °C to assess thermal effects. The effects
of 4-AAP and H,0, concentration were also considered. These
optimization parameters were selected to identify the most
favorable conditions for enhancing the sensitivity and repro-
ducibility of phenolic compound detection.

Table 1 List of synthesized samples

MnCl,-4H,0 Fe(Cl);-6H,0 APTES

Sample (mM) (mM) (mM)
MnAC 41.67 0 56.3
MnFe AC1:3 10.42 31.25

MnFe AC1:1 20.84 20.84

MnFe AC 3:1 31.25 10.42

MnFe AC5:1 34.73 6.94

MnFe AC7:1 36.46 5.21

FeAC 0 41.67
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2.3.3. Catalytic kinetic parameters of MnFeAC. The kinetic
analysis method was conducted using varying concentrations of
catechol (1-1000 pM), which were reacted with 4-AAP in PBS
buffer (pH = 7.4). All kinetic experiments were carried out at
45 °C. K, and vy, were determined using the Michaelis—
Menten equation (eqn (1)) to evaluate nanozyme activity:

, = Vmax X [S] (1)
Kn +[S]
where K, represents the Michaelis—-Menten constant, v,y is the
initial maximum reaction rate, while v and [S] denote the initial
reaction rate and substrate concentration, respectively. The
molar absorption coefficient of the reaction product was taken
as 13.6 mM 'cm 1.2

2.3.4. LOQ/LOD for the detection of catechol. The analyt-
ical performance of MnFeAC was further evaluated by deter-
mining the limit of detection (LOD) and limit of quantification
(LOQ) for catechol. A series of catechol standard solutions in the
concentration range of 1-100 pM were prepared and reacted
under the optimized conditions established in Section 2.3.2.
The absorbance values at 510 nm were recorded and used to
construct a calibration curve. The LOD and LOQ were calculated
based on the standard deviation of the blank response (¢) and
the slope of the calibration curve (S), using the following
formulas (eqn (2) and (3)).*®

LOD — 33x0 )
LOQ = 10; g 3)

where o is the standard deviation of the blank signal and S is the
slope of the calibration curve.

2.3.5. Preliminary analysis of real samples. The laboratory
tap water was initially filtered using a 0.45 um filter, and it was
adjusted to approximately 7.4 prior to analysis. A known volume
of standard concentration catechol solution was then added to
the actual sample. The previously described colorimetric
method was applied to these real samples for further anal-
ysis.>*® To calculate the recovery rate (%) and relative standard
deviation (RSD), the following formulas were applied (eqn (4)
and (5)):*

Cmcasurcd - Cunspikcd

Recovery(%) = x 100 (4)

Cadded

standard deviation

RSD(%) = % 100 (5)

mean
2.4. Characterization techniques

The morphology and surface features of the MnFe aminoclay
were examined using scanning electron microscopy (SEM,
Hitachi S-4800, Japan), while nanoscale structural details were
obtained by transmission electron microscopy (TEM, JEM-
2100). Selected area electron diffraction (SAED) patterns were
collected to evaluate crystallinity and Energy-dispersive X-ray
spectroscopy (EDS) coupled with elemental mapping was
employed to determine the elemental composition and spatial

© 2026 The Author(s). Published by the Royal Society of Chemistry
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distribution of Mn, Fe, Si, O, and N within the hybrid frame-
work. To further elucidate the structural order, X-ray diffraction
(XRD, D8 Advance, Bruker, USA) was carried out to probe phase
composition and crystalline, with particular attention to the
absence or broadening of characteristic reflections, which is
consistent with a semi-amorphous state. Additionally, X-ray
photoelectron spectroscopy (XPS, Shimadzu AXIS Ultra DLD,
Japan) was employed to analyze the surface chemical states of
Mn and Fe, providing insights into their oxidation states and
confirming their successful incorporation into the aminoclay
matrix. BET surface area, pore size, and pore volume of ob-
tained materials were investigated using Nova Station A (Anton
Paar, Austria). Together, these complementary techniques
provided a comprehensive understanding of the morphology,
structure, and surface chemistry of the MnFe aminoclay.

2.5. Statistical analysis

All experiments were carried out in triplicate, and data are re-
ported as mean =+ standard deviation (SD). Group comparisons
were performed using one-way analysis of variance (ANOVA)
followed by Tukey's post-hoc test to determine significant pair-
wise differences. A significance threshold of p < 0.05 was
applied for all analyses. Statistical calculations were performed
using OriginPro 2021.

3. Result and discussion

3.1. Characterization of MnFeAC

The XRD patterns of MnFeAC (5: 1), MnAC, and FeAC (Fig. 1)
reveal significant differences in structural ordering among the
samples. The FeAC sample exhibited several sharp diffraction
peaks, indicating a highly crystalline structure. The main
reflections at approximately 26 = 9.4°, 18.8°, 28.6°, 33.4°, 36.1°,
45.3°, and 60.2° could not be assigned to common iron oxide
phases such as a-Fe,O; or y-Fe,O; but were closed to the
characteristic peaks of Fe,SiO, (JCPDS No. 77-1667).***” This
confirms that Fe*" ions were incorporated into the silicate
network, forming an ordered Fe-O-Si framework rather than
segregated iron oxide crystallites. The presence of low-angle
reflections (~9° and 18°) further supports the layered nature
of the Fe-aminoclay structure. In contrast, the MnAC sample
exhibited a series of weak and broadened peaks centered
around 26 = 28-38°, which can be indexed to the planes of
Mn;0, (JCPDS No. 80-0382), suggesting the formation of poorly
crystalline hausmannite-type Mn;O, domains.*® The relatively
broad diffraction peaks indicate short-range ordering and
nanoscale crystallite size, typical for sol-gel-derived manganese
aminoclays. Notably, MnFeAC (5:1) presented a featureless
broad pattern without distinct reflections, confirming its
predominantly amorphous structure.”” This progressive reduc-
tion in crystallinity from FeAC to MnAC and finally to MnFeAC
highlights the strong influence of Mn incorporation, and
especially the synergistic Mn-Fe interaction, in suppressing
long-range crystallization. The formation of an amorphous
framework in MnFeAC is expected to generate abundant defect
sites and unsaturated coordination environments, which can

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 XRD patterns of MnAC, FeAC, and MnFeAC (5: 1) samples.

provide favorable active sites for catalytic reactions compared to
the more crystalline FeAC and MnAC.

X-ray photoelectron spectroscopy (XPS) was employed to
investigate the surface chemical composition and bonding
environments of MnFeAC (5 : 1). The survey spectrum confirmed
the presence of Mn, Fe, O, C, N, and Si in the obtained materials
(Fig. 2). Surface atomic ratios indicate Fe (28.6 at%) is more
abundant than Mn (15.3 at%), suggesting Fe enrichment at the
surface. High-resolution spectra were further deconvoluted to
provide detailed insights into the chemical states of each
element. The C 1s spectrum displayed two components at 281.98
and 283.20 eV. Although the dominant peak at 281.98 eV is rarely
discussed in the literature, it can be assigned to metal-carbon
and metal-oxygen-carbon interactions (Me-C/Me-O-C), as sup-
ported by several references.**** In contrast, the minor peak at
283.20 eV corresponded to C-Si bonds in the silicate frame-
The absence of higher-binding-energy peaks suggests
minimal oxygenated carbons, confirming that the carbon envi-
ronment is dominated by metal-C and C-Si linkages. The N 1s
spectrum of MnFe-AC shows two peaks at 398.2 and 398.5 eV,
which can be assigned to imine-type (C=N) and amine-type (C-
N) nitrogen species, respectively.** The slight shift to lower
binding energies compared to free amines suggests coordination
between nitrogen atoms and transition metals (Mn/Fe). The
absence of higher binding energy contributions indicates negli-
gible oxidized nitrogen species. These results confirm that

work.**
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Fig. 2 XPS spectra of MnFeAC (5: 1): survey spectrum (a); high-resolution spectra of N 1s (b), O 1s (c), C 1s (d), Si 2p (e), Fe 2p (f), and Mn 2p (g).

nitrogen exists predominantly as amine/imine groups that are
chemically bonded to the inorganic framework, thereby
providing anchoring sites for Mn and Fe and enhancing the
electron transfer capacity of the hybrid aminoclay. The O 1s
spectrum was deconvoluted into three components at 529.70,
530.85, and 531.54 eV. The peak at 529.7 eV corresponds to lattice
oxygen (0?7) in Mn-0/Fe-O bonds, while the peak at 530.85 eV is
associated with Si-O-Si. The higher binding energy peak at
531.5 eV was assigned to adsorbed oxygen species (O.qs) and Si-
O- groups.*>* The Si 2p spectrum of MnFe-AC displays two
components at 101.7 and 102.1 eV, corresponding to Si-C and Si-
O-Si/Si-O-C bonds, respectively.”** The presence of both
organic (Si-C) and inorganic (Si-O-Si) linkages confirms the
hybrid nature of the aminoclay framework. These chemical
environments provide anchoring sites for Mn and Fe species and
enhance the structural stability of the composite. The Fe 2p
spectrum of MnFe-AC reveals multiple contributions. The peaks
at 708.0 eV can be assigned to Fe’/Fe** species, while the
component at 710.9 €V corresponds to Fe*".%*5% These results
demonstrate that Fe exists in a mixed-valence state (Fe>*/Fe’"),
which is known to facilitate electron transfer processes and
enhance catalytic activity. The low-BE component at 707.1 eV may
also indicate strong metallic Fe’ or Fe-C/Fe-Si interactions
within the aminoclay framework, consistent with the C 1s

4792 | RSC Adv, 2026, 16, 4788-4800

analysis.***** The Mn 2p spectrum of MnFeAC exhibits decon-
voluted peaks at 638.8,639.4, and 640.6 eV in the Mn 2p;, region,
along with spin-orbit components at 650.0 and 651.1 eV. The
peaks at 640.6 eV and 651.1 eV is characteristic of Mn?>*,1314¢
while the lower-BE components (638.8 and 639.4 eV) suggest
reduced Mn environments, possibly arising from metallic Mn°,
Mn-C or Mn-Si bonding in the aminoclay framework.***’ The
absence of significant high-BE components (>641.5 eV) indicates
that Mn*'/Mn®" species are negligible.*'** These results
demonstrate that Mn is predominantly present in reduced states
(Mn** and sub-oxidized Mn), which are known to enhance elec-
tron transfer and redox activity in catalytic systems. XPS analysis
confirmed that MnFe-AC possesses a hybrid organic-inorganic
framework with Mn and Fe anchored through strong C-Si, C-N,
and metal-C interactions. Both Fe and Mn exist in mixed/
reduced valence states (Feo/Fe*'/Fe’* and Mn°Mn”"), while
oxygen species are distributed among lattice oxygen, Si-O-Si
sites, and adsorbed groups. The coexistence of redox-active
metals and surface oxygen functionalities highlights a syner-
gistic environment that facilitates electron transfer and reactive
oxygen species generation. These surface characteristics provide
strong evidence that MnFeAC is structurally and chemically
optimized for catalytic applications.

© 2026 The Author(s). Published by the Royal Society of Chemistry
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The morphology of MnFeAC (5:1) was investigated using
SEM, TEM, SAED, and EDS elemental mapping. SEM micro-
graphs revealed irregular, porous aggregates with rough
surfaces, typical of the hybrid organic-inorganic aminoclay
matrix (Fig. 3al). At higher magnifications, the material
appeared as loosely packed nanoparticles without distinct
crystalline facets, suggesting that Mn and Fe were dispersed
within the aminoclay framework rather than forming large
crystalline particles (Fig. 3a2). SEM-EDS elemental mapping
confirmed the homogeneous distribution of C, N, Si, O, Fe, and
Mn throughout the sample. Carbon and nitrogen were evenly
distributed, consistent with the aminoclay organic backbone,
while silicon and oxygen were uniformly present as part of the
silicate framework (Fig. S1). TEM analysis provided further
insight into the nanostructure, with darker Mn’/Fe’rich
domains observed embedded in a lighter aminoclay back-
ground (Fig. 3b1), while high-resolution TEM suggested the
presence of ultra-small nanodomains (2-10 nm) dispersed
throughout an amorphous matrix. The selected area electron
diffraction (SAED) pattern displayed a broad diffuse halo with
faint rings, confirming the predominantly amorphous nature of
the material with only short-range order and nanocrystalline
clusters, consistent with the XRD and XPS results (Fig. 3b2).

Taken together, these results demonstrate that MnFe AC (5 :
1) possesses a hybrid amorphous-nanocrystalline structure, in
which highly dispersed Mn°/Fe® domains are stabilized within
the silicate-aminoclay framework. This structural configuration
provides a high density of accessible surface sites and prevents
the formation of inactive aggregates, features that are expected
to enhance catalytic performance.

Nitrogen sorption analyses reveal that MnAC, FeAC, and
MnFeAC (5:1) all exhibit Type II isotherms with H3 hysteresis
loops (Fig. S2), confirming that these aminoclays possess
a predominantly nonporous layered structure with only minor
slit-like voids generated by sheet stacking. All materials showed
low surface area and pore volumes (Table S1) with notable
differences exist among them. FeAC displays the highest BET
surface area (5.07 m*> g ') and the largest mesopore volume

Fig. 3 SEM (a) and TEM (b) images of MnFe AC (5:1).

© 2026 The Author(s). Published by the Royal Society of Chemistry
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(0.015 cm® g~ ') with a broader pore size distribution centered at
2-5 nm. In contrast, MnAC and MnFeAC (5:1) have surface
areas below 1 m” g~ " and pore volumes of only ~0.002 cm® g~ .
The negligible microporosity observed across all samples
confirmed that these aminoclays function as essentially
nonporous solids.

3.2. Evaluation of enzyme-mimicking activity

The enzyme-like catalytic performance of MnFeACs was
assessed using the catechol/4-AAP chromogenic system, where
the oxidative coupling reaction produces a quinone-imine dye
with maximum absorbance near 510-520 nm.® This colori-
metric response arises from MnFeAC-mediated oxidation of
catechol to phenoxy/semiquinone radicals, which subsequently
couple with 4-AAP to form the stable chromophore. Fig. 4a
presents the UV-vis spectra of MnFeACs with different Mn : Fe
molar ratios compared to single-metal aminclays (MnAC and
FeAC). MnAC showed moderate activity, while FeAC exhibited
relatively low catalytic responses, indicating limited enzyme-
mimicking activity when used individually. In contrast,
MnFeACs demonstrated significantly higher absorbance in the
visible region, confirming enhanced oxidative activity upon
incorporation of both Mn and Fe. Interestingly, the catalytic
performance follows the opposite trend in surface area, where
FeAC has the highest surface area. This clear lack of correlation
between porosity and catalytic behavior demonstrated that
textural properties do not govern the nanozyme activity of
aminoclays. Instead, the superior performance of MnFeAC ari-
ses from intrinsic electronic factors, specifically the synergistic
redox interplay between Mn>'/Mn*" and Fe*'/Fe*" centers,
which promotes more efficient electron transfer and faster
catalytic cycling than in monometallic aminoclays.

Among the MnFeAC formulations tested, increasing Mn
content correlated with larger UVsy, responses, with
MnFeAC(5 : 1) yielding the highest response, while MnFeAC (7 :
1) and MnFeAC (3: 1) showed slightly lower absorbance values
(Fig. 4b). Statistical analysis (one-way ANOVA) indicated
significant overall differences among the three groups (p < 0.05).
However, post-hoc comparisons revealed that MnFeAC (5:1)
and MnFeAC (7:1) were not significantly different from each
other (p > 0.05), whereas both performed significantly better
than MnFeAC (3:1). These results suggest that MnFe AC
exhibits a broad optimum in Mn-rich compositions, with
maximal or near-maximal performance achieved at Mn:Fe
ratios between 5: 1 and 7 : 1. Zeng et al. (2024) also reported that
Mn-rich bimetallic CuMnACs exhibited the highest activity in
bisphenol A (BPA) oxidation due to the efficient electron
exchange between Cu®>‘/Cu” and Mn*"/Mn**.** Although the
differences were not large, MnFe AC (5:1) was selected for
subsequent experiments due to its highest mean activity and
consistent reproducibility (smaller error bars).

3.3. Optimization of MnFeAC for the detection of phenolic
compounds

3.3.1. Catalyst dosage. The influence of MnFeAC (5:1)
dosage on the colorimetric response toward catechol was
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examined in the range of 0-0.20 mg mL ' (Fig. 5a). The
absorbance at 510 nm increased sharply with increasing catalyst
concentration up to 0.10 mg mL ™", reaching a maximum value
of ~1.05. Beyond this point, further increases in dosage (0.15-
0.20 mg mL ') produced only minor changes, with absorbance
values remaining close to the plateau level. One-way ANOVA
confirmed significant differences among the lower dosages
(0.01-0.10 mg mL ™', p < 0.05), but no statistically significant
difference was observed among the higher loadings (0.10, 0.15,
and 0.20 mg mL™', p > 0.05). This indicates that catalyst
concentrations above 0.10 mg mL ™" do not provide additional
benefit within experimental variance.

The observed trend suggests that increasing catalyst loading
enhances the number of redox-active sites available for catechol
oxidation, thereby promoting the generation of phenolic radicals
and subsequent coupling with 4-AAP to form the quinone-imine
dye. At higher concentrations, however, the signal intensity
stabilized, likely due to substrate limitation or diffusion
constraints rather than catalyst availability. Based on these results,
0.10 mg mL " was selected as the optimal dosage for subsequent
experiments, as it provided the highest absorbance with good
reproducibility while minimizing the potential for background
scattering or non-specific reactions at higher concentrations.

3.3.2. pH. The catalytic activity of MnFeAC (5:1) toward
catechol oxidation was strongly dependent on solution pH
(Fig. 5b). At acidic pH 3.0, the absorbance at 510 nm was
minimal, indicating poor radical generation and limited
coupling with 4-AAP. Activity increased sharply at pH 5.0 and
continued to increase moderately at pH 7.4 (~1.0). The highest
response was obtained under alkaline conditions at pH 9.0,
although the associated error bars were larger, suggesting
decreased reproducibility. One-way ANOVA confirmed a statis-
tically significant effect of pH on the colorimetric response (p <
0.01). Post-hoc analysis showed that activity at pH = 5 was
significantly higher than at pH 3.0, but no significant difference
was detected among pH 5.5, 7.4, and 9.0 (p > 0.05). These results
indicate that MnFeAC (5:1) maintains robust enzyme-like
activity across a broad near-neutral to alkaline range.

4794 | RSC Adv, 2026, 16, 4788-4800

Mechanistically, at very acidic pH (<4), the amino groups (-
NH,) on aminoclay are protonated to -NH;', imparting a net
positive charge to the surface.’* Under these conditions, cata-
Iytic activity is suppressed because protonation reduces
electron-donating ability, and the predominant neutral form of
catechol interacts weakly with the positively charged surface. As
a result, phenoxy radical generation and subsequent coupling
with 4-AAP are inefficient. Once the pH rises above 4, amino-
clays generally acquire a net negative charge due to deproto-
nation of amino and silanol groups.** In parallel, catechol
gradually deprotonates to catecholate anions (pK, = 9.45),
which are more readily oxidized to semiquinone radicals. At
near-neutral conditions (pH 5-7), this synergy between nega-
tively charged aminoclay surfaces and partially deprotonated
catechol enhances adsorption through hydrogen bonding and
-7 interactions and accelerates electron transfer via Mn-Fe
redox cycling. This explains the strong and reproducible
enzyme-mimicking activity observed at pH 5.5 and 7.4. At
higher alkaline conditions (=9), while catechol is fully depro-
tonated and highly reactive, the strong negative charge on both
the aminoclay surface and catecholate anions introduces elec-
trostatic repulsion. This reduces effective substrate binding
and, together with possible dye instability, leads to higher
variability in absorbance signals. Based on these results, pH 7.4
was chosen as the working condition for subsequent assays,
since it provides a balance between high activity, stability of
quinone-imine dye, and good reproducibility under physio-
logically relevant conditions.

3.3.3. Temperature. The influence of temperature on MnFe
AC catalytic activity was evaluated at 35, 45, and 55 °C (Fig. 5¢).
Statistical analysis (one-way ANOVA) confirmed that tempera-
ture had a significant effect on catalytic performance (p < 0.05).
Post-hoc testing indicated that the activity at 45 °C was signifi-
cantly higher than at 35 °C (p < 0.05), whereas no significant
difference was found between 45 and 55 °C (p > 0.05). The
enhanced activity at 45 °C likely reflects accelerated electron
transfer kinetics and more efficient radical generation, whereas
the decline at higher temperatures suggests thermal

© 2026 The Author(s). Published by the Royal Society of Chemistry
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destabilization of the quinone-imine dye or partial deactivation
of active Mn/Fe centers. Considering both sensitivity and
operational stability, 45 °C was chosen as the optimal reaction
temperature for subsequent experiments.

3.3.4. Reaction time. The catalytic response of MnFe AC
toward catechol oxidation increased progressively with reaction
time from 20 to 60 min (Fig. 5d). Statistical analysis (one-way
ANOVA) confirmed a significant effect of time on absorbance
(p < 0.05). Post-hoc comparison indicated that the 40- and 60-
min values were significantly higher than 20 min, whereas the
difference between 40 and 60 min was not statistically signifi-
cant (p > 0.05). This suggests that most of the reaction is
completed within the first 40 min, after which the rate slows
toward equilibrium. Mechanistically, the observed increase
corresponds to ongoing oxidation of catechol to phenoxy/
quinone intermediates and subsequent coupling with 4-AAP.
While extending the reaction time to 60 min yields a slightly
higher absorbance, the marginal improvement does not

© 2026 The Author(s). Published by the Royal Society of Chemistry

outweigh the longer assay time. Therefore, 40 min was selected
as the optimal reaction time, balancing assay sensitivity with
practical throughput.

3.3.5. Effect of 4-AAP concentration. The influence of 4-
aminoantipyrine (4-AAP) concentration on the colorimetric
response was examined in the range of 0.10-0.30 mg mL ™’
(Fig. 5e). Interestingly, the absorbance at 510 nm decreased
gradually with increasing 4-AAP concentration. This trend
suggests that an excess of 4-AAP does not enhance, but rather
suppresses, the formation of the quinone-imine dye. A plau-
sible explanation is that high concentrations of 4-AAP shift the
reaction equilibrium or compete with catechol radicals for
active sites, thereby reducing the efficiency of coupling. In
addition, excess 4-AAP may contribute to side reactions or self-
absorption effects that interfere with dye development. Thus,
the optimal concentration of 4-AAP for MnFe AC-mediated
detection was identified as 0.10 mg mL ', which provided the
highest absorbance signal and best signal-to-background ratio.

RSC Adv, 2026, 16, 4788-4800 | 4795
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These findings highlight that while 4-AAP is essential as
a coupling agent in the colorimetric assay, its concentration
must be carefully controlled. Excess amounts can compromise
sensitivity and reproducibility, underscoring the importance of
reagent balance in enzyme-mimicking colorimetric systems.

Systematic optimization of experimental parameters
demonstrated that the catalytic activity of MnFe AC (5:1)
toward catechol detection depends on catalyst dosage, solution
pH, reaction time, and temperature. Catalyst loading enhanced
the response up to 0.10 mg mL ™", beyond which no significant
improvement was observed. The activity was strongly pH-
dependent, with minimal response under acidic conditions
and a broad optimum across the near-neutral to alkaline range;
pH 7.4 was selected to balance activity and stability. Reaction
time studies showed continuous signal growth up to 60 min,
though the increase beyond 40 min was modest, and 40 min
was therefore chosen for subsequent assays to improve
throughput. Temperature profiling revealed a maximum
response at 45 °C, with decreased activity at 55 °C, suggesting
that higher temperatures compromise stability. Collectively, the
optimized conditions for catechol detection were identified as
MnFe AC dosage of 0.10 mg mL ™", 4-AAP of 0.10 mg mL ™", pH
7.4, reaction time of 40 min, and temperature of 45 °C, which
provided the best balance between sensitivity, reproducibility,
and operational feasibility.

3.4. Kinetic and detection performance of the MnFeAC-
based colorimetric system for catechol

To characterize the enzyme-mimicking catalytic of MnFeAC,
Michaelis-Menten was applied. The reaction rate was moni-
tored via absorbance at 510 nm under various catechol
concentrations from 1 to 1000 pM (Fig. 6a). The non-linear
Michaelis-Menten fit yielded a K, of ~379.30 uM and Vj,a of
~3.4 UM min ", indicating moderate substrate affinity (Fig. S3).
These results confirm that MnFeAC functions effectively as
a nanozyme for colorimetric catechol detection and oxidation in
aqueous systems.

Based on the above optimized conditions, a calibration curve
was constructed using catechol concentrations ranging from 1
to 100 pM, yielding a strong linear correlation with an R* value
of 0.9978 and a sensitivity (slope) of 0.00382 (Fig. 6b). Based on
the standard deviation of the blank signal, the limit of detection
(LOD) and limit of quantification (LOQ) were calculated to be
0.87 uM (LOD) and 2.62 pM (LOQ) when converted to molar
concentration, demonstrating that the MnFeAC-based system
offers high sensitivity and reliable quantification in the low
micromolar range.

Although the LOD and LOQ obtained in this study are
slightly higher than those reported for some nanozyme-based
systems (Table 2), a key distinction is that our assay functions
effectively without the addition of hydrogen peroxide (H,0,). In
many colorimetric detection platforms, H,O, is introduced as
an oxidant to enhance signal output at ~510 nm. Our results,
however, demonstrate that while H,O, significantly accelerates
the reaction kinetics (reducing the detection time from ~40 min
to less than 10 min), it does not increase the final absorbance
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intensity or improve sensitivity (Fig. 5e and S4), since the system
is limited by substrate availability rather than oxidant concen-
tration. Moreover, reliance on H,O, introduces several draw-
backs: it is unstable and decomposes during storage, requires
careful handling and transport due to its corrosive and oxidative
hazards, and raises safety concerns for large-scale or field
applications. By contrast, the MnFeAC system directly utilizes
dissolved O, as the terminal electron acceptor, eliminating the
need for added H,0,. This not only simplifies the assay but also
improves safety, practicality, and environmental compatibility,
even if the detection limits are somewhat higher compared with
H,0,-assisted assays.

To evaluate the applicability of the MnFeAC-based colori-
metric system for real samples, spike-and-recovery experiments
were performed using tap water. The calibration curve obtained
from standard catechol solutions in deionized water was
applied to estimate the concentration of catechol equivalents in
tap water samples (Fig. 6b). A small background signal corre-
sponding to approximately 3.18 uM phenol equivalents was
detected in the unspiked sample, suggesting the presence of
trace oxidizable organic matter or contamination during
experiments. After correcting for this background, the recov-
eries for catechol spikes of 9.08, 45.42, and 90.84 uM were
112.3%, 113.5%, and 106.6%, respectively, with a mean recovery
of 110.8 + 3.8% (RSD = 3.4%) (Table S2). These values fall
within the acceptable range (80-120%), demonstrating good
accuracy and precision of the developed method in complex
water matrices. After storage in PBS (pH 7.4), the catalytic
activity of MnFeAC (5:1) was well maintained. As shown in
Fig. S5, UVs;, of the detection system retained approximately
~88.7% of its initial value after two weeks, indicating negligible
deactivation during storage. This excellent stability demon-
strates that the aminoclay framework effectively preserves the
redox-active Mn/Fe centers and prevents oxidation or aggrega-
tion during storage, which is advantageous for long-term
application in colorimetric detection systems.

In addition, the potential interference effect of common
inorganic ions on the colorimetric detection was evaluated by
monitoring the UVs,, response in the presence of Ca**, Mg>",
NO;~, and SO4> .»*'® Statistical analysis (one-way ANOVA)
revealed no significant difference (p > 0.05) in the UVsy,
response between the control and samples containing these
ions, indicating that their interference effects are negligible
(Fig. S6).

Fig. S7 presents the selectivity performance of the proposed
colorimetric detection system toward catechol in comparison
with structurally related phenolic compounds, namely phenol
and hydroquinone. At the same concentration, catechol gener-
ates a pronounced adsorption band centered around 510 nm,
whereas phenol and hydroquinone induce only weak spectral
responses over the same wavelength range. The selectivity can
be attributed to the ortho-dihydroxy structure of catechol, which
enables strong coordination with surface metal active sites and
facilitates rapid electron transfer during the catalytic oxidation
process.”* In contrast, phenol lacks adjacent hydroxyl groups,
while hydroquinone, despite having two hydroxyl groups,
adopts a para-configuration that is less favorable for chelation

© 2026 The Author(s). Published by the Royal Society of Chemistry
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and redox cycling on the catalyst surface. Chin et al. (2021)
mentioned that the reaction between Fe®" and catechol is more
pronounced than that with resorcinol and hydroquinone due to
the differences in dihydroxy configuration.”® As a result, the
formation of the chromogenic quinone-imine product with 4-
AAP is markedly suppressed for these competing phenols.

3.5. Proposed mechanism of catechol detection with
MnFeAC

The colorimetric detection of catechol using MnFeAC is driven
by its oxidase-like catalytic activity, operating in the absence of
external activators such as light or H,O, and conducted under
dark conditions.'® This highlights the ability of MnFeAC to
mediate direct electron transfer between phenolic substrates
and dissolved O,, a hallmark of oxidase-like catalysis.

To investigate the roles of reactive oxygen species (ROS) in
the detection system, isopropanol (IPA) and ascorbic acid (AA)
were employed as scavenging agents for hydroxyl radicals ("OH)
and superoxide radicals (O, "), respectively.>*> The addition of
IPA (1.0 M) did not suppress the colorimetric signal, indicating
that "OH do not participate significantly in the reaction. In
contrast, AA markedly inhibited the reaction even at low

concentration (1 mM) (Fig S8). These results suggested that
O, is the predominant radical involved in the system,
although electron spin resonance (EPR) is still required to
definitively confirm its roles in future studies.'® Mechanistically,
molecular oxygen (O,) can be catalytically activated by MnFeAC
to generate reactive oxygen radicals, including hydroxyl radicals
(‘OH) and superoxide radicals (O, 7). These reactive species
abstract electrons from the hydroxyl group of catechol, leading
to the formation of benzoquinone/benzoquinone radicals.
Subsequently, the excess radicals promote the oxidative
coupling between 4-AAP and benzoquinone radical to produce
the corresponding chromogenic product (Fig. 7).>* The
progressive growth of this band under optimized conditions
(0.1 mg mL~" MnFeAC, pH 7.4, 40 min, 45 °C) directly correlates
with catechol concentration, enabling quantitative detection.
Importantly, the reaction proceeds without added oxidants
because dissolved molecular oxygen serves as the terminal
electron acceptor. The absence of light-driven or peroxide-
driven activation underscores that the MnFeAC framework
itself provides sufficient redox-through the coupled Mn**/Mn**
and Fe®'/Fe*" pairs-to sustain electron-transfer network that
cycles between reduced and oxidized forms during interaction
with dissolved O, and phenolic substrates. Specifically, Mn**

Table 2 Comparison of colorimetric systems for the detection of phenolic compounds

Linear range

Catalyst Target Oxidant used Detection system Ky, (WM) Vipay (WM min™") (uM) LOD (uM) References

Cu-MOF Phenol Dissolved O, only 4-AAP ~200  ~6.08 1-100 0.068 Gao et al. (2024)

Cu®*-MOF Phenol Dissolved O, only 4-AAP 150 74.40 1-200 0.061  Hu et al. (2021)"*

sSDNA-AuNPs Catechol Fe*" + H,0, N/A N/A 0.2-7.0 0.11 Zhang et al. (2016)"°
Hydroquinone Fe® + H,0, 2.7-19 1.6

Tyr-poly(Ani-co-AA) Catechol poly(Ani-co-AA)  N/A N/A 2.5-50 12.3 Hosu et al. (2019)*°

Co,.sMn; 50, Catechol Dissolved O, only 12.82  4.752 1-1000 0.35 Liu et al. (2021)"°

GCN-Cu NFs Catechol H,0, TMB 530 9.96 1-100 0.36 Dang et al. (2021)*°

MnFeAC (5:1) Catechol Dissolved O, only 4-AAP ~379.30 ~3.4 1-100 0.87 This study

© 2026 The Author(s). Published by the Royal Society of Chemistry
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and Fe** readily donate electrons to O,, generating O, while
forming Mn®" and Fe*" (eqn (6)). Beyond the primary O,-acti-
vation step, internal electron exchange between Mn** and Fe**
provides an additional thermodynamically favorable pathway
that regenerates Mn>* without requiring direct reduction by the
substrate (eqn (7)). This spontaneous Mn-Fe redox intercon-
version acts as a redox buffer that stabilizes the mixed valance
state and maintains a pool of reduced metal centers capable of
activating O,. Besides, the presence of metallic Mn® and Fe°
within the MnFeAC matrix further reinforces this redox
network. Owing to their highly negative redox potential (E° =
—1.18 V and —0.44 V, respectively), Mn° and Fe® can readily
undergo surface oxidation in the presence of dissolved O, to
generate Mn>*/Fe** while reducing O, to O," . These metallic
species therefore function as internal electron reservoirs that
replenish reduced metal centers, promoting O, activation, and
accelerate the initiation of catalytic cycles (eqn (8)). The oxidized
Mn**/Fe*" species are subsequently reduced back to Mn>"/Fe**
by electron donation from catechol, thereby completing
a closed redox loop (eqn (9)).**

Mn2+/Fe2+ + 02 i Mn3+/Fe3+ + 02.7 (6)
Mn** + Fe** — Mn** + Fe** (7)
Mn/Fe’ + 0, —» Mn*"/Fe** + 0,"~ (8)

Mn**/Fe** + catechol — benzoquinone + Mn**/Fe’*  (9)

This dual-valence cycling lowers the activation barriers for O,
activation, accelerates substrate oxidation, and prevents catalyst
deactivation by continuously regenerating active sites. Collec-
tively, this intrinsic oxidase-like mechanism explains the
reproducible detection of catechol observed across varying Mn :
Fe ratios and operating conditions.

4798 | RSC Adv, 2026, 16, 4788-4800

4. Conclusion

In this study, MnFe aminoclay (MnFeAC) was demonstrated to
exhibit intrinsic oxidase-like activity involving O,"~ as the
dominant reactive species, enabling the colorimetric detection
of catechol through the formation of a quinone-imine dye with
a characteristic absorbance at ~510 nm. Systematic optimiza-
tion revealed that a catalyst dosage of 0.10 mg mL ™", pH 7.4,
a reaction time of 40 min, and a temperature of 45 °C provided
the most favorable conditions for sensitive and reproducible
detection. Under these parameters, the system achieved a linear
response in the range of 1-100 uM catechol, with an LOD of 0.87
puM and an LOQ of 2.62 pM. Importantly, the catalytic process
proceeded in the dark and without the addition of external
oxidants such as H,0,, relying solely on dissolved O, as the
electron acceptor. This peroxide-free design represents a safer
and more environmentally friendly approach compared to
many previously reported colorimetric systems.

Nevertheless, several limitations of this work must be
acknowledged. The detection limits, while sufficient for proof-
of-concept, remain higher than those achieved by enzyme-
based assays or certain nanozyme systems. In addition, the
study was limited to a small set of phenolic compounds (cate-
chol, phenol, and hydroquinone). The response of the detection
system to other phenolic compounds should be investigated in
future work. EPR measurements should also be performed to
verify the roles of O, . Finally, the performance of the system
should be evaluated under atmosphere-controlled (N,/O,)
conditions to provide direct evidence for the involvement of
dissolved oxygen.

Overall, this work serves as a preliminary demonstration of
MnFeAC as an oxidase mimic for phenolic detection. Future
studies should aim to improve sensitivity through material
modification, expand the substrate scope to diverse phenolic
pollutants, and validate the system under real-sample condi-
tions. Integration with portable colorimetric platforms or

© 2026 The Author(s). Published by the Royal Society of Chemistry
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paper-based devices may further enhance its applicability in
environmental monitoring and biosensing.
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