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Oxidative degradation of chitosan
by Fe-MCM-41 heterogeneous
Fenton-like system

Zhang Zhang?, Wuheng Dong?3**! & Yongchun Huang'%:3:5"~

We herein disclosed an efficient multiphase Fenton-like catalytic system for oxidative degradation

of chitosan. By utilizing Fe-MCM-41, featured with regular mesoporous structure and high specific
surface area, the activation efficiency of H,0, was significantly enhanced and the chitosan degradation
efficiency proved by 28.1% higher than the conventional system using H,0, alone. Under optimized
conditions (5 g/L chitosan, 0.5 g/L Fe-MCM-41, 0.16 mol/L CH,COOH, 0.86 mol/L H,0,, 50 °C, 140 min),
the viscosity reduction rate of chitosan reached an impressive 98.2%. Among the catalysts tested,
Fe-MCM-41 with a loading factor of x =0.12 demonstrated optimal degradation performance. After
four recycles, the degradation efficiency maintained > 93.6%, demonstrating its excellent stability

and recyclability for potential industrial applications. Kinetic studies provided further elucidation of
the reaction mechanism, which indicated that the degradation process of chitosan followed a first-
order kinetic model, with an apparent activation energy (E,) of 48.91 kJ/mol. This novel and efficient
strategy for chitosan degradation, addressed the challenges of catalyst recovery and secondary
pollution typically associated with traditional Fenton systems, and posed broad application potential
for polysaccharide material processing.
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Chitosan, a natural polysaccharide derived from partial deacetylation of chitin, has found broad application in
medicine, food, and agriculture sciences owing to its excellent biocompatibility and renewability!>. However, the
high molecular weight and dense crystalline structure make it poorly soluble, thus limit its wider applications.
Consequently, the development of efficient methods for chitosan degradation has become increasingly attractive.
In areas such as plastic alternatives, biomedicine, and functional materials, oligochitosan, a degradation product
of chitosan, has attracted significant attention due to its superior water solubility and bioactivity>*. Therefore,
the search for efficient and controllable degradation methods are highly desirable target of ongoing research.

Among the various degradation techniques, chemical oxidation—particularly methods using hydrogen
peroxide—has been widely applied due to its high reaction efficiency’. For example, Ding et al.® investigated the
oxidative degradation of chitosan using hydrogen peroxide under various pH and temperature conditions, and
proposed the corresponding degradation mechanism. Similarly, Chen et al.” successfully degraded chitosan via
hydrogen peroxide, yielding low-molecular-weight, water-soluble chitosan. Nevertheless, the use of H,0, alone
for chitosan degradation is still challenging in terms of low efficiency and poor controllability over the degree
of degradation.

To enhance the degradation efficiency of chitosan, researchers have sought to incorporate iron ions, thereby
constructing a Fe**/H, O, Fenton-like homogeneous degradation system. Chu et al.® demonstrated that the Fe**/
H,0, system remarkably improved the degradation efficiency of chitosan than using H,O, alone. Nonetheless,
this system continues to encounter some challenges, including difficult catalyst recovery, secondary pollution
by residual iron ions, and a narrow applicable pH range, which restricts its industrial applications. Therefore, an
urgent need exists formore efficient, environmentally friendly, and easily recoverable protocol to address these
challenges.

Mesoporous materials have recently been extensively utilized in multiphase Fenton-like catalytic systems,
owing to their high specific surface area, tunable pore sizes, and exceptional structural stability’-'!. MCM-41,
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characterized by its moderate pore size, high surface area, and relatively straightforward preparation process, has
emerged as an ideal carrier for metal ions'?. In comparison to SBA-15 and MCM-48, MCM-41 shows superior
performance in mass transfer processes, especially after loading with iron ions, thereby significantly enhancing
its catalytic efficiency. The utilization of Fe-MCM-41 (iron-loaded MCM-41) in multiphase Fenton-like catalysis
has been thoroughly investigated and its high catalytic efficiency for hydrogen peroxide activation has been
validated. For instance, Deng et al.!* demonstrated that the Fe-MCM-41 catalytic system could efficiently
degrade methylene blue dye within 120 min. Liang et al.!* revealed that this material could almost completely
degrade Rhodamine B within 30 min. These studies underscore that Fe-MCM-41 can effectively facilitate the
decomposition of H,O,, generating hydroxyl radicals (OH) and thus achieving efficient degradation of organic
pollutants.

Considering the outstanding performance of Fe-MCM-41 in the degradation of organic pollutants, it is
postulated that this material also possesses significant potential for the degradation of chitosan. The pore size
of Fe-MCM-41 is optimal for the unobstructed passage of hydrogen peroxide molecules, and the iron ions
within and around the pores efficiently catalyze H,O, decomposition, producing ‘OH radicals. These radicals
react rapidly with chitosan, facilitating its efficient degradation'>-'7. As a heterogeneous catalyst, Fe-MCM-41 is
easy to recover, significantly reducing the risk of secondary pollution from residual iron ions, and demonstrates
exceptional catalytic stability and reusability over extended use. Consequently, Fe-MCM-41 is regarded as an
ideal catalytic material for the degradation of chitosan.

This study aims to establish an efficient multiphase Fenton-like catalytic system for the oxidative degradation
of chitosan by optimizing the iron loading, reaction conditions, and recyclability of Fe-MCM-41. The research
focuses on key parameters, including iron loading, H202 concentration, and reaction temperature on the
degradation efliciency. In addition, the study explores the kinetic characteristics of the Fe-MCM-41 Fenton-like
system in chitosan degradation and its catalytic mechanism for the decomposition of H,0,. By systematically
evaluating the activity and stability of the catalyst under different reaction conditions, its feasibility in practical
applications is further revealed.

Compared with traditional homogeneous Fenton systems and other catalytic systems, Fe-MCM-41 exhibits
obvious advantages in catalytic efficiency, catalyst recyclability, and stability. After four cycles of reuse, the
optimized Fe-MCM-41 system retained a degradation efficiency more than 93.6%, showing outstanding stability
and reusability. At the same time, the research results show that the degradation process of chitosan conforms
to the first-order reaction kinetic model, and its catalytic mechanism is explained in detail. This multiphase
Fenton-like catalytic system effectively solves the problems of residual iron ions and secondary pollution in
traditional systems, showing its broad prospects in industrial applications.

In conclusion, this study presents an efficient and environmentally friendly multiphase Fenton-like catalytic
system that not only offers a new solution for the industrial application of chitosan but also paves the way for
advancements in biomedicine and functional materials.

Materials and methods

Experimental apparatus

HK-1D Thermostatic Water Bath, Nanjing WuHua Intelligent Equipment Co., Ltd; OS-20-Pro Mechanical
Stirrer, Beijing Dragon Instrument Co., Ltd; DF-101S Collecting Magnetic Stirrer, XinNiu Technology Co., Ltd;
Ubbelohde Viscometer (0.57 mm), Shanghai LiangJing Glass Instrument Factory; Explosion-proof Stainless
Steel Reactor, XinNiu Technology Co., Ltd; SHZ-DIII Circulating Water Vacuum Pump, Shanghai JinFu
Laboratory Instrument Equipment Co., Ltd; JS-510 Mechanical Stopwatch, Shanghai Star Diamond Stopwatch
Co., Ltd; DHG-9053A Electric Thermostatic Drying Oven, Shanghai YiHeng Scientific Instrument Co., Ltd;
Nabertherm GmbH Muffle Furnace, Nabertherm GmbH, Germany; BS224 S Analytical Balance, Sartorius
AG, Germany; Rigaku Dmax-rA X-ray Diffractometer, Rigaku Corporation, Japan; ZSX Primus III+X-ray
Fluorescence Spectrometer, Rigaku Corporation, Japan; ZEISS Sigma 300 Scanning Electron Microscope, Carl
Zeiss AG, Germany; Micromeritics ASAP 2460 Surface Area and Pore Size Analyzer, Micromeritics Instrument
Corporation, USA; Malvern Zetasizer Nano ZS90, Malvern Instruments Ltd.; TG 209 F1 Libra Netzsch,
Germany; Avatar 360 infrared spectrometer, Nicolet, USA.

Experimental reagents

Hexadecyltrimethylammonium bromide and tetraethyl orthosilicate: analytical grade, Tianjin Kermel
Chemical Reagent Co., Ltd; Ferric nitrate nonahydrate: 98% purity, Energy Chemical Co., Ltd; Tartaric acid:
95% purity, Bide Pharmatech Ltd; Sodium hydroxide, 30% hydrogen peroxide, glacial acetic acid, and sodium
acetate: analytical grade, Xilong Scientific Co., Ltd; Chitosan: industrial grade, 90% deacetylation, Shenzhen
Zhongfayuan Biotechnology Co., Ltd.

Preparation of catalyst
Preparation of Fe-MCM-41'%1%; First, ferric nitrate nonahydrate (Fe(NO,),-9H,0, as an iron source) and tartaric
acid (TA) were dissolved in deionized water and stirred at room temperature for 40 min to ensure that the
solution was fully mixed. Subsequently, cetyltrimethylammonium bromide (CTAB, acting as a template agent)
was added and stirred for an additional 60 min until completely dissolved. Tetraethyl orthosilicate (TEOS,
serving as the silica source) was then slowly added dropwise while stirring for 60 min to uniformly disperse the
silicon source. Then, the pH was adjusted to 9-10 with sodium hydroxide (NaOH) solution and stirred for 4 h
to generate the precursor of Fe-MCM-41.

Subsequently, the resulting solution was then transferred into a stainless-steel autoclave lined with
polytetrafluoroethylene (PTFE) and subjected to crystallization at 110 °C for 72 h to form a stable mesoporous
structure. After crystallization, the mixture was cooled to room temperature, and the solid product was isolated
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via vacuum filtration. The solid was thoroughly washed with deionized water until the filtrate reached a pH of
7.0. The isolated solid was then dried overnight at 100 °C to remove any residual moisture. Finally, the dried
sample was calcined in a muffle furnace, with the temperature gradually increased at 5 °C/min to 550 °C and
held for 6 h to remove the template agent, ultimately yielding Fe-MCM-41 molecular sieves.

Fe-MCM-41 samples with varying iron contents were synthesized by adjusting the molar ratio of the
reactants (1.0 SiO,: 0.2 CTAB: x Fe3*: 100 H,0, where x=0.04, 0.08, 0.12, and 0.16), designated as 0.04-Fe-
MCM-41, 0.08-Fe-MCM-41, 0.12-Fe-MCM-41, and 0.16-Fe-MCM-41, respectively. As a control, MCM-41 was
synthesized using the same method but without an iron source, yielding a pure silica MCM-41 sample.

Analysis of catalyst

X-ray diffraction (XRD) analysis

The crystal structure of the catalyst was characterized using X-ray diffraction with Cu Ka radiation, scanning
from 0.5° to 10° for low angles and 10° to 80° for wide angles. This analysis confirmed the mesoporous structure
of Fe-MCM-41 and assessed the effect of iron ion incorporation on the structure.

Specific surface area and pore size (BET) analysis

The catalyst’s specific surface area was measured using the BET method, and the pore size distribution was
analyzed using the BJH method. Before analysis, the sample was vacuum-treated at 300 °C for 6 h. BET analysis
examined the pore structural characteristics of Fe-MCM-41.

Scanning electron microscopy (SEM) analysis

The surface morphology of the catalyst was observed using a scanning electron microscope. The samples were
sputtered with gold for 45 s on a Quorum SC7620 sputter coater at an accelerating voltage of 3 kV. SEM analysis
was used to evaluate the particle distribution of Fe-MCM-41.

Fourier transform infrared (FT-IR) spectroscopy analysis
Catalyst samples were analyzed using an Avatar 360 FT-IR spectrometer. KBr pellets were prepared, and
measurements were taken across a range of 4000-400 cm™!.

X-ray fluorescence (XRF) analysis
The iron content in the catalyst was quantified using XRE, covering an analysis range from 9Na to 92U, to assess
the distribution of iron in the catalyst.

Thermogravimetric analysis (TGA)
Catalyst samples were analyzed using a TG209F1 Libra thermogravimetric analyzer. Air was used as the reactive
gas, with the temperature raised from room temperature to 1000 °C at a rate of 10 °C/min.

Zeta potential analysis
The surface charge characteristics of the samples were determined using a Zeta potential instrument under
different pH conditions. Zeta potential analysis was used to evaluate the dispersibility and stability of the catalyst
in the aqueous phase.

Evaluation of catalyst activity

A specified amount of catalyst, chitosan and deionized water were added to a round-bottom flask and
mechanically stirred in a constant temperature water bath for 30 min to reach adsorption equilibrium. Then
acetic acid and H,O, were added, and samples were taken after the reaction. The samples were diluted and
centrifuged for detection and analysis. All experiments were conducted in triplicate, and the experimental
results were taken as the average of three measurements. The stirring rate was set at 300 rpm, and the reaction
temperature was controlled between 30 and 60 °C.

Analytical methods

Weigh an appropriate amount of chitosan and dissolve it in an acetic acid (0.2 mol/L)—sodium acetate
(0.1 mol/L) buffer solution, stirring until the chitosan is completely dissolved to prepare the chitosan solution
before degradation. The concentration of this solution should be prepared according to the experimental
requirements and used for viscosity measurement as a benchmark before degradation.

After the degradation reaction is completed, a certain amount of the reaction solution is taken and diluted
with the same buffer solution to keep the concentration of the diluted sample consistent with that of the chitosan
stock solution before degradation. Subsequently, the diluted reaction solution is centrifuged to remove the solid
precipitate, and the supernatant is taken as the chitosan solution after degradation for subsequent viscosity
measurement.

Viscosity measurements were taken using an Ubbelohde viscometer under constant temperature conditions
(30+0.1 °C). The outflow time (t) of the pre-degradation chitosan stock solution and the degraded chitosan
solution was recorded. Additionally, the outflow time (t;) of the buffer solution used to prepare the chitosan
solutions was measured as a baseline reference. The intrinsic viscosity of the chitosan solution, before and after
degradation, was calculated using the empirical formula of the one-point method, as shown below?*-2%;
] = Nsp + 37,
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ﬁgure = [ ,"n:" is defined as the relative viscosity;ny, =n,— 1, "," is identified as the incremental viscosity ;
"C" represents the concentration of the chitosan solution, expressed in g/mL.

The effectiveness of chitosan oxidative degradation was evaluated based on the rate of decrease in intrinsic
viscosity, [1)] , calculated as follows:

%) =1 " 100
o 06) = 2

In the formula: “n,” represents the intrinsic viscosity of the chitosan solution before degradation; “r;" represents
the intrinsic viscosity of the chitosan solution after degradation.

Results and discussion

Characterization and analysis of the catalyst

X-ray diffraction (XRD) analysis of the catalyst

Figure 1 shows the X-ray diffraction (XRD) patterns of Fe-MCM-41 with varying iron contents (x Fe**): SiO,,
where x=0.04, 0.08, 0.12, and 0.16). Figure 1a shows the XRD patterns of the catalyst in the low-angle range
of 0.5° to 10°. At x=0.04, the synthesized molecular sieve shows a well-defined XRD pattern with a sharp
and intense (100) diffraction peak, as well as (110) and (200) peaks, indicating a highly ordered hexagonal
arrangement and significant crystallinity?*. As the iron content increases to x=0.08 and x=0.12, the intensity of
all diffraction peaks slightly decreases, but the (100), (110), and (200) peaks remain clearly visible. This suggests
that the mesoporous structure of the molecular sieve retains the hexagonal symmetry of MCM-41, despite a slight
decrease in structural order?*. However, at x=0.16, Fe-MCM-41 shows a significant decrease in the intensity of
the (100) peak, with the (110) and (200) peaks nearly disappearing. This indicates that the introduction of a large
amount of iron disrupts the hexagonal symmetry of MCM-41 and partially disturbs the mesoporous structure.
Excess iron may exist on the surface of the molecular sieve in the form of highly dispersed Fe,O,.

Figure 1b shows the X-ray diffraction (XRD) patterns of the catalyst in the wide-angle range of 10° to 80°.
All four samples display characteristic SiO, diffraction peaks around 22°, consistent with SiO, as the primary
component of the samples?. As the iron content increases, the intensity of the characteristic SIO diffraction
peak gradually diminishes. At x=0.04, no iron oxide diffraction peaks are observed, suggestlng that the
introduced iron is highly dispersed within the MCM-41 framework. At x=0.08, the Fe-MCM-41 sample shows
a Fe, O, diffraction peak at 26 =35.9°. At x=0.12, a distinct Fe,0, diffraction peak is observed at 26 =40.6°. At
X= 0 16 the Fe-MCM-41 sample shows clear Fe,O, dlffractlon peaks at 260=33.2° and 40.8°2°. These results
suggest that in the range of x=0.08 to 0.16, Fe is partlally dispersed within the MCM-41 framework and partially
exists as Fe,O,. As the iron content increases, the intensity of the Fe,O, peaks increases, likely due to excess iron
forming highly dispersed Fe,O, on the surface of the molecular sieve. This observation is consistent with the
XRD patterns observed in the low-angle range.

To investigate the effect of varying Fe content on the crystalhte 51ze of Fe,O, in Fe-MCM-41, the Scherrer
equation was used to estimate crystallite size. The formula is: D = 3 (M, where ”D" is the crystallite size (nm), "\"
is the X-ray wavelength, "B" is the full width at half maximum (FWHM) of the diffraction peak (in radians), and "6"

is half of the diffraction angle (in radians). Using this formula, the Fe,O, crystallite sizes for the 0.08-Fe-MCM-41,
0.12-Fe-MCM-41, and 0.16-Fe-MCM-41 samples were calculated. The results are presented in Table 1.
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Fig. 1. XRD Patterns of MCM-41 and Fe-MCM-41 with varying Iron Contents (x=0.04, 0.08, 0.12, 0.16).
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Sample 20 ) | B¢ | D (nm)
0.08-Fe-MCM-41 | 35.9 0.398 | 20.98
0.12-Fe-MCM-41 | 40.6 0.401 | 21.12
0.16-Fe-MCM-41 | 33.2 0.384 | 21.59
0.16-Fe-MCM-41 | 40.8 0.366 | 23.16

Table 1. Crystallite sizes of Fe,O, in Fe-MCM-41 samples with varying Fe Contents.

Sample d,,, (nm) | a, (nm) | Pore size (nm) | Wall thickness (nm) | Bet surface area (m?g)~" | Pore volume (cm*g)~!
MCM-41 5.21 9.03 3.65 5.38 932.69 0.81
0.04-Fe-MCM-41 | 4.63 8.01 3.61 4.40 801.46 0.96
0.08-Fe-MCM-41 | 4.25 7.35 3.54 3.81 715.78 0.96
0.12-Fe-MCM-41 | 4.54 7.85 3.06 4.79 665.71 0.90
0.16-Fe-MCM-41 | 4.38 7.57 2.67 4.90 350.28 0.64

Table 2. Physical parameters of Fe-MCM-41 with varying Iron Contents.

The results indicate that the Fe,O, crystallite size increases as Fe content rises. For samples with lower Fe
content (x=0.08 and 0.12), the crystallite sizes were 20.98 nm and 21.12 nm, respectively, showing minimal
variation and suggesting good dispersion of Fe species within the MCM-41 pores. However, at x=0.16, the
crystallite size significantly increased, reaching 21.59 nm and 23.16 nm, indicating a tendency for Fe,O,
particle agglomeration. This increase in crystallite size may reduce catalytic activity, as larger particles decrease
the specific surface area?”. Therefore, optimizing Fe content is crucial for maintaining the efficiency of the Fe-
MCM-41 catalyst.

Specific surface area and pore size (BET) analysis

Table 2 summarizes the physical parameters of Fe-MCM-41 with varying iron loadings (x Fe**: $iO,, where
x=0.04, 0.08, 0.12, and 0.16). The results indicate that as iron doping increases, the lattice constant, pore
size, and specific surface area of Fe-MCM-41 gradually decrease. Notably, at higher iron content (x=0.16),
the specific surface area significantly decreases to 350.28 m?/g, suggesting that the introduction of iron causes
pore structure contraction and partial blockage?®. The pore wall thickness initially decreases and then increases,
indicating that the material’s structure becomes looser at moderate iron content (x=0.08), while at higher iron
content, the pore walls become denser?. Although the pore volume shows minor fluctuations, it also decreases
significantly at higher iron content.

The specific surface area is a critical factor in determining catalytic activity in multiphase Fenton-like
reactions. A larger surface area provides more active sites, facilitating hydrogen peroxide (H,0,) decomposition
and generating more hydroxyl radicals (OH), thereby enhancing the catalytic reaction efficiency®®. However,
while increasing iron loading can enhance catalytic activity, excessive iron loading may cause pore blockage and
a reduction in surface area, ultimately leading to decreased catalyst performance®!. Therefore, optimizing iron
content is crucial for balancing a large surface area with highly active iron sites.

Scanning electron microscopy (SEM) analysis

Figure 2 shows the scanning electron microscopy (SEM) images of Fe-MCM-41 with varying iron loadings (x
Fe**: Si0,, where x=0.04, 0.08, 0.12, and 0.16). Slight nanoparticle agglomeration is observed, possibly due to
the high energy, unsaturation, and instability of the mesoporous Fe-MCM-41 nanoparticles. During calcination,
surface silicon hydroxyl groups of the nanoparticles underwent condensation reactions®’. At x=0.04, Fe-
MCM-41 exhibits rod-like or spherical shapes with regular morphology and good structural order. At x=0.08,
Fe-MCM-41 primarily exhibits spherical shapes while maintaining good structural order. At x=0.12, Fe-
MCM-41 exhibits irregular nanoparticle block shapes alongside rod-like or spherical forms. At x=0.16, Fe-
MCM-41 predominantly exhibits irregular nanoparticle block shapes, indicating reduced structural order and
hexagonal symmetry as Fe loading increases, consistent with the XRD results. These irregular nanoparticle
blocks are inferred to be clusters of Fe,O, oxides, based on the XRD results.

Fourier transform infrared (FT-IR) spectroscopy analysis

Figure 3 shows the Fourier-transform infrared (FT-IR) spectra of Fe-MCM-41 with varying iron loadings (x
Fe3t: Sio,, where x=0.04, 0.08, 0.12, and 0.16). All Fe-MCM-41 samples exhibit a broad absorption band in the
range of 3600-3000 cm™!, attributed to the characteristic absorption of silanol (Si—-OH) groups on the surface
of the mesoporous material. An absorption peak around 1640 cm™! is observed, attributed to the vibrational
absorption of O-H bonds, indicating a small amount of adsorbed water in the samples. Two distinct absorption
peaks are observed at 820 cm™! and 480 cm™! in the infrared spectra. The peak at 820 cm™! corresponds to the
symmetric stretching vibration of Si-O bonds in the silicate tetrahedral structure, while the peak at 480 cm™!
corresponds to the bending vibration of Si-O bonds. These absorption peaks are consistent with findings
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Fig. 2. SEM images of Fe-MCM-41 with varying Iron Contents. (a) x=0.04; (b) x=0.08; (c) x=0.12; (d)
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Fig. 3. FT-IR spectra of Fe-MCM-41 with varying Iron Contents.
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Sample xFe3*: S$i0, | Iron content (theoretical value) (wt%) | Iron content (actual value by XRF measurement method) (wt%)
0.04-Fe-MCM-41 | 0.04 3.60 3.38
0.08-Fe-MCM-41 | 0.08 6.94 5.67
0.12-Fe-MCM-41 | 0.12 10.07 9.69
0.16-Fe-MCM-41 | 0.16 13.00 12.66

Table 3. Iron content in Fe-MCM-41 with varying Fe>* ratios.
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Fig. 4. Effects of different degradation systems on chitosan degradation efficiency.

reported in the literature3*3*

materials.

The figure shows that, compared to pure silica MCM-41, the absorption peak intensity at 963 cm™"! in the Fe-
doped Fe-MCM-41 samples is significantly enhanced. This enhancement serves as indirect evidence of successful
iron incorporation into the framework. Additionally, the absorption peak around 1080 cm™ is attributed to
the asymmetric stretching vibrations of Si-O-Si bonds in the silicate tetrahedra. In pure silica MCM-41, this
peak typically appears at 1100 cm™!. In contrast, the strong absorption peak at 1080 cm™! in the Fe-MCM-41
samples indicates a shift of the Si-O-Si peak to lower wave numbers. This shift further confirms that iron has
been incorporated into the MCM-41 framework, causing subtle structural changes. The shift in the Si-O-Si
absorption peak signifies not only successful iron doping but also microstructural alterations in the framework.

, confirming the structural integrity of the silicate tetrahedra in the Fe-MCM-41

Iron content (XRF) analysis

Table 3 shows the iron content of Fe-MCM-41 with varying molar ratios (x Fe**: S§iO,, where x=0.04, 0.08,
0.12, and 0.16). As the molar ratio of iron ions to SiO, increases, the iron content in Fe-MCM-41 also increases.
The XRF-measured values for the four Fe-MCM-41 samples are slightly lower than their theoretical values,
suggesting that most of the iron ions were successfully incorporated into the mesoporous molecular sieve.

Evaluation of catalyst activity
Screening of degradation systems
The effects of different degradation systems on chitosan degradation under identical conditions were studied. The
degradation systems included the Fe-MCM-41 system (0.5 g/L of 0.04-Fe-MCM-41 catalyst), the H,O, system
(0.86 mol/L H,0,), and the Fe-MCM-41 Fenton-like system (0.5 g/L of 0.04-Fe-MCM-41 catalyst combined
with 0.86 mol/L H,0,). In all experiments, the chitosan concentration was kept at 5 g/L, the CH,COOH
concentration at 0.32 mol/L, and the reaction temperature at 30 °C. The reaction time ranged from 20 to 160 min.
The experimental results in Fig. 4 illustrate the effects of different degradation systems on chitosan degradation.
Figure 4 shows the influence of various degradation systems on chitosan degradation, further confirming
the superior performance of Fe-MCM-41 in Fenton-like catalytic reactions. Under identical conditions, after
160 min, the Fe-MCM-41 system showed a viscosity reduction rate of only 6.4%, indicating that the degradation
was primarily driven by acid-catalyzed depolymerization. However, with the addition of H,0,, the viscosity
reduction rate increased significantly to 56%, demonstrating that H,O, substantially enhanced the degradation
of chitosan. This enhancement is attributed to the generation of small quantities of radicals (e.g.,"OH) by H,0,,
which attack chitosan molecular chains.
With the introduction of Fe-MCM-41 into the H,0, system, forming a highly efficient Fenton-like multiphase
catalytic system, the viscosity reduction rate increased further to 77.4%. This significant enhancement suggests
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that Fe-MCM-41 not only effectively catalyzed the decomposition of H,O, to generate more ‘OH radicals, but
also that these radicals played a key role in the cleavage of chitosan molecular chains. The improved degradation
efficiency is mainly attributed to the porous structure of Fe-MCM-41 and the uniform distribution of iron ions,
enabling more efficient capture and activation of H,0,. The iron ions within and on the surface of Fe-MCM-41
pores react with H,0,, forming a Fenton-like system that significantly enhances ‘OH radical production. As a
highly oxidative radical, OH effectively attacks the glycosidic bonds of chitosan, accelerating its decomposition®.

Furthermore, the unique porous structure of Fe-MCM-41 imparts superior multiphase catalytic properties in
Fenton reactions. This structure provides abundant active sites, improving contact efficiency between reactants
and the catalyst, thereby accelerating the reaction rate and enhancing product yield. Compared to homogeneous
Fenton systems, Fe-MCM-41 catalysts exhibit excellent recyclability and stability, preventing iron ion leaching,
extending the catalyst’s lifespan, and reducing environmental pollution risks.

The effect of varying iron loadings in Fe-MCM-41 on chitosan degradation efficiency

The effect of varying iron loadings in Fe-MCM-41 (1.0 SiO,: x Fe’*, where x denotes the molar ratio of
Fe(NO,),-9H,0, ranging from 0.04 to 0.16) on chitosan degradation was investigated. Under conditions of 5 g/L
chitosan, 0.5 g/L Fe-MCM-41 catalyst, 0.86 mol/L H,0,,0.32 mol/L CH,COOH, and 30 °C, the reaction time
ranged from 20 to 160 min. The experimental results in Fig. 5 demonstrate the influence of iron loading on the
efficiency of chitosan degradation.

Figure 5 shows that iron loading in Fe-MCM-41 significantly impacts chitosan degradation efficiency. Under
identical conditions, Fe-MCM-41 samples with varying iron contents all exhibited good catalytic performance,
primarily due to the introduction of iron, which increases the number of Lewis acid sites on the catalyst surface.
This promotes the decomposition of H,O,, generating more hydroxyl radicals (OH), which accelerate chitosan
degradation®. Appropriate iron loading helps maintain the mesoporous structure and large specific surface area
of Fe-MCM-41, which is crucial for improving catalytic efficiency.

The balance of iron loading is a critical factor influencing catalytic activity. Moderate iron incorporation
can significantly increase the number of active sites (acid sites) on Fe-MCM-41, thereby enhancing its catalytic
activity. However, excessive iron loading may cause partial pore blockage, reducing specific surface area and
limiting the effective contact between reactants and H,O, on the catalyst surface, thus diminishing catalytic
performance”. Experimental results show that when the iron content reaches x=0.12, the catalytic performance
of Fe-MCM-41 reaches its optimal level. Under these conditions, an ideal balance is achieved between the
number of acid sites and the specific surface area (665.71 m?/g), providing sufficient active sites while preserving
an effective pore structure, ensuring the synergistic effects of H,O, decomposition and chitosan adsorption®®.
After 140 min of reaction, the viscosity reduction rate of chitosan reached 82.2%, a 28.1% improvement in
degradation efficiency compared to the system using only H,0,.

The 0.12-Fe-MCM-41 catalyst maintains a large specific surface area, even with higher iron content, and
demonstrates superior efficiency in chitosan degradation. This suggests that the optimized Fe-MCM-41 catalyst
achieves an optimal balance between iron loading and performance, demonstrating greater practical utility.
However, when the iron content increases to x=0.16, despite the continued rise in the number of acid sites,
excessive iron introduction leads to a sharp decline in specific surface area to 350.28 m?/g, damaging the pore
structure. This restricts the diffusion and contact of reactants, reducing chitosan degradation efficiency to 73.1%.
These results show that while higher iron loading increases the number of acid sites, the damage to the pore
structure and the reduction in specific surface area significantly weaken overall catalytic activity™.

Therefore, Fe-MCM-41 with an iron content of x=0.12 achieves optimal catalytic degradation through
moderate iron loading, a well-balanced distribution of acid sites, and a relatively large specific surface area,
suggesting that the optimal reaction time is 140 min.
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Fig. 5. Effects of iron loading in Fe-MCM-41 on chitosan degradation efficiency.

Scientific Reports |

(2024) 14:25972 | https://doi.org/10.1038/s41598-024-76520-9

nature portfolio


http://www.nature.com/scientificreports

www.nature.com/scientificreports/

© [+
o a
L L

~
a
M
-

[}

-

Characteristic viscosity drop rate(%)
(<2} (2] ~
o [3,} o
\
\
~
- -

[34]
a
M

0.0 0.2 0.4 0.6 0.8 1.0
0.12-Fe-MCM-41 concentration(g/L)

Fig. 6. Effects of Fe-MCM-41 concentration on chitosan degradation efficiency.

100 -
98 +
96 4 ’
94 + ?
924 ¢

90 - ’

88 » 4

86 = 4

4
84 4 ',§
824 4

80 T T T T T T T
25 30 35 40 45 50 55 60 65
Temperature(C)

.-
k2

Characteristic viscosity drop rate(%)
N

Fig. 7. Effects of reaction temperature on chitosan degradation efficiency.

The effect of Fe-MCM-41 concentration on chitosan degradation efficiency

The effect of varying 0.12-Fe-MCM-41 concentrations (0-1 g/L) on chitosan degradation efficiency was
investigated. The experimental conditions included 5 g/L chitosan, 0.86 mol/L H,0,,0.32 mol/L CH,COOH, a
reaction temperature of 30 °C, and a reaction time of 140 min. The experimental results in Fig. 6 show the effect
of varying 0.12-Fe-MCM-41 concentrations on chitosan degradation efficiency.

As shown in Fig. 6, Fe-MCM-41 concentration significantly influences chitosan degradation efficiency.
Under identical conditions, the viscosity reduction rate of chitosan increases with the Fe-MCM-41 catalyst
concentration. At a catalyst concentration of 0.5 g/L, the viscosity reduction rate of chitosan reaches 82.2%,
indicating optimal catalytic efficiency. However, increasing the catalyst concentration beyond 0.5 g/L decreases
the viscosity reduction rate. Further increases in catalyst concentration continue to reduce the viscosity reduction
rate. This observation aligns with findings reported in reference’, and confirms that excessively high catalyst
concentrations may induce an anti-catalytic effect. Therefore, under the given conditions, the optimal catalyst
concentration is 0.5 g/L.

The effect of reaction temperature on chitosan degradation efficiency
The effect of varying reaction temperatures (30-60 °C) on chitosan degradation efficiency was investigated.
The experimental conditions included 5 g/L chitosan, 0.5 g/L 0.12-Fe-MCM-41, 0.86 mol/L H,0,,0.32 mol/L
CH,COOH, and a reaction time of 140 min. The experimental results in Fig. 7 show the influence of varying
reaction temperatures on chitosan degradation efficiency.

As shown in Fig. 7, reaction temperature significantly influences chitosan degradation efficiency. At 30 °C,
the viscosity reduction rate of chitosan reaches 82.2% under the same reaction conditions. As the reaction
temperature increases, the viscosity reduction rate of chitosan rises accordingly. At 50 °C, the viscosity
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reduction rate reaches 98.2%, reflecting a 16% increase compared to 30 °C. This increase is attributed to the
higher number of activated molecules within a certain temperature range, enhancing the probability of effective
collisions and facilitating the cleavage of glycosidic bonds in chitosan molecules*!. When the temperature
exceeds 50 °C, the viscosity reduction rate plateaus. This may be due to excessively high temperatures causing
partial decomposition of H,0,, hindering hydroxyl radical formation*?. Additionally, excessively high reaction
temperatures hinder hydroxyl radical adsorption on Fe-MCM-41, negatively impacting the Fenton-like reaction
and reducing degradation efliciency. Therefore, under these conditions, the optimal reaction temperature for
chitosan degradation is 50 °C.

The effect of CH;COOH concentration on chitosan degradation efficiency

The effect of varying CH,COOH concentrations (0-0.32 mol/L) on chitosan degradation efficiency was
investigated. The experimental conditions included 5 g/L chitosan, 0.5 g/L 0.12-Fe-MCM-41, 0.86 mol/L H,0,,
a reaction temperature of 50 °C, and a reaction time of 140 min. The results in Fig. 8 show the effect of varying
acetic acid (CH,COOH) concentrations on chitosan degradation efficiency.

As shown in Fig. 8, CH,COOH concentration significantly influences chitosan degradation efficiency. Under
identical conditions, at a CH,COOH concentration of 0.016 mol/L, the viscosity reduction rate of chitosan is
88.9%. As the CH,COOH concentration increases, the viscosity reduction rate rises to 98.2% at 0.16 mol/L. These
results suggest that within a certain concentration range, increasing CH,COOH concentration significantly
enhances chitosan degradation efficiency.

First, CH,COOH (acetic acid), as an acidic medium, provides sufficient H* ions in the reaction system,
enhancing the activity of the Fe-MCM-41 catalyst. The acidic environment facilitates H,O, decomposition,
generating more hydroxyl radicals (OH), which accelerates the cleavage of glycosidic bonds in chitosan
molecules. As CH,COOH concentration increases, the H* concentration in the reaction system rises, enhancing
the acidity of active sites on the catalyst and making chitosan molecules more susceptible to ‘OH attack, thereby
significantly improving degradation efficiency®.

However, when CH,COOH concentration exceeds 0.16 mol/L, the viscosity reduction rate stabilizes. This
may be due to several factors. First, an excessively high concentration of H* may bind to the amine groups (-
NH,) in chitosan, forming a cationic system (R-NH,), limiting the attack sites for hydroxyl radicals and slowing
degradation. Additionally, a highly acidic environment may accelerate H,0, decomposition, leading to excessive
consumption before sufficient reaction occurs, reducing ‘'OH generation and ultimately limiting degradation
efficiency®.

Therefore, under these conditions, the optimal CH,COOH concentration is 0.16 mol/L. At this concentration,
H* in the reaction system effectively promotes hydroxyl radical generation and chitosan degradation, without
inhibiting ‘OH action sites or causing excessive H,0, consumption, thus maximizing degradation efficiency.

The effect of H,0, concentration on chitosan degradation efficiency

The effect of varying H,0, concentrations (0-1 mol/L) on chitosan degradation efficiency was investigated. The
experimental conditions included 5 g/L chitosan, 0.5 g/L 0.12-Fe-MCM-41, 0.16 mol/L. CH,COOH, a reaction
temperature of 50 °C, and a reaction time of 140 min. The results in Fig. 9 show the effect of varying H,O,
concentrations on chitosan degradation efficiency.

As demonstrated in Fig. 9, the concentration of H,0O, has a significant impact on chitosan degradation
efficiency. Under identical reaction conditions, when no H202 is present, only acid-mediated degradation occurs,
resulting in a viscosity reduction of 6.4%. This result indicates that without H,O,, degradation is primarily
driven by the acidic medium and is limited in effectiveness. As the H,O, concentration increases, chitosan
degradation efficiency is significantly enhanced. At 0.86 mol/L H,0,, the viscosity reduction rate of chitosan
reaches 98.2%. This is because H,O, is the primary source of ‘OH, and its concentration directly affects the
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Fig. 8. Effects of CH,COOH concentration on chitosan degradation efficiency.
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amount of hydroxyl radicals produced, which are essential for degradation efficiency** In Fenton-like systems,
H,0, decomposes under Fe-MCM-41 catalysis, generating ‘OH radicals that attack glycosidic bonds in chitosan
molecules, cleaving them into smaller fragments. Thus, increasing H,O, concentration significantly enhances
"OH generation, accelerating chitosan degradation.

Within a certain range, increasing H,0, concentration improves chitosan degradation efficiency. However,
when H,0, concentration exceeds 0.86 mol/L, the viscosity reduction rate plateaus. Several factors contribute
to this phenomenon. Excessive H,O, may promote ‘OH generation but also react with ‘OH, producing water
(H,0) and oxygen (O,). These side reactions consume ‘OH, reducing the number of active species available to
attack chitosan and limiting further improvements in degradation efficiency. As chitosan degrades into smaller,
more soluble molecules, the number of free amine groups available for 'OH attack decreases, making further
oxidative cleavage of acetyl groups more difficult®. This explains why degradation efficiency plateaus at high
H,0, concentrations.

In addition, too high a concentration of H,0, may cause incomplete decomposing of the H,O, in the system.
The remaining H,O, may impose an inhibitory effect on other reactants or products in the solution, interfering
with the normal Fenton-like reaction process. Meanwhile, oxygen bubbles formed during the reaction may cover
the surface of the catalyst, reducing the contact opportunities between the reactants and the catalyst, further
reducing the reaction efficiency. Therefore, under the conditions of this study, the optimal concentration of
H,0, is 0.86 mol/L. This concentration maximizes the production of ‘OH while avoiding side reactions caused
by excess H,0, and its potential negative impact on catalyst activity. By optimizing the H,O, concentration, this
study significantly improved the degradation efficiency of chitosan and achieved the best results.

The effect of chitosan concentration on degradation efficiency

The effect of varying chitosan concentrations (2-15 g/L) on degradation efficiency was studied. The experimental
conditions included 0.5 g/L 0.12-Fe-MCM-41, 0.16 mol/L CH,COOH, 0.86 mol/L H,0,, a reaction temperature
of 50 °C, and a reaction time of 140 min. The results in Fig. 10 show the effect of varying chitosan concentrations
on degradation efficiency.

As shown in Fig. 10, the mass concentration of chitosan has a significant impact on its degradation effect.
Under the same reaction conditions, when the chitosan mass concentration is 2 g/L, the intrinsic viscosity
decrease rate reaches 99.3%. However, as the concentration of chitosan increases, when its concentration
increases to 15 g/L, the intrinsic viscosity decrease rate is only 90.3%, indicating that its degradation efficiency
decreases as the concentration increases. This phenomenon is mainly due to the fact that when the mass
concentration of chitosan is low, the number of molecular chains is smaller and the entanglement between
molecular chains is reduced. This results in reduced hydrogen bonding within and between molecules, which
in turn increases the possibility of hydroxyl radicals attacking the 1,4-glycosidic bonds in chitosan??. Therefore,
within the concentration range of the experiment, lower mass concentration of chitosan favors the oxidative
degradation.

The reusability of Fe-MCM-41
The reusability of 0.12-Fe-MCM-41 was studied under conditions of 5 g/L chitosan, 0.5 g/L 0.12-Fe-MCM-41,
0.16 mol/L CH3COOH, 0.86 mol/L H,0,, a reaction temperature of 50 °C, and a reaction time of 140 min. After
filtration, washing with deionized water, and drying, the used catalyst was recovered for reuse. The iron content
of the recovered catalyst was measured using XRF after each reuse cycle. Table 4 illustrate the viscosity reduction
of chitosan over the number of catalyst reuse cycles.

As shown in Table 4, the 0.12-Fe-MCM-41 catalyst maintained a viscosity reduction rate above 93.6% over
the first four cycles, demonstrating high reusability. However, in the fifth cycle, the catalytic degradation activity
decreased significantly, and the intrinsic viscosity decrease rate dropped to 85.8%. In order to explore the reasons
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4 6 8 10 12 14 16
Chitosan concentration (g/L)

No. of recycling

The characteristic viscosity decrease rate (%)

1

98.2

2 97.7
3 96.8
4 93.6
5 85.8

Table 4. Reusability of 0.12-Fe-MCM-41 catalyst.
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Fig. 11. Thermogravimetric analysis (TGA) graphs of 0.12-Fe-MCM-41 before and after treatment.

for the change in activity of the 0.12-Fe-MCM-41 catalyst after recycling, thermogravimetric analysis (TGA) was
used to compare the unused catalyst and the catalyst samples after five cycles. The analysis results show that there

are significant differences in the mass loss of the two samples at different temperature intervals.

As demonstrated in Fig. 11, in the low-temperature range (100-200 °C), the mass loss of the unused catalyst
was relatively small, primarily due to the desorption of adsorbed water. By contrast, the reused catalyst exhibited
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significantly higher mass loss, indicating an accumulation of reaction products or adsorbed moisture within the
pores.

In the medium temperature range of 200-500 °C, the mass loss of the unused catalyst is still small, while
the mass loss of the recycled catalyst increases significantly, showing that organic matter or carbon deposits are
deposited in the pores, covering the active sites and hindering. The contact of reactants is reduced, resulting in
a decrease in catalyst activity*®. In the high-temperature range (above 500 °C), the mass change of the unused
catalyst was minimal, indicating its structural stability. However, the reused catalyst exhibited considerable mass
loss, indicating partial degradation of its silica—carbon framework after multiple cycles.

In summary, the decline in 0.12-Fe-MCM-41 catalyst activity after several recycles is primarily caused by the
accumulation of organic materials and carbon deposits, which lead to pore blockage and active site coverage, as
well as partial framework collapse. These factors collectively affected the stability and catalytic performance of
the catalyst?’.

The stability of Fe-MCM-41 catalyst in the catalysis of H,0,

The iron dissolution of the 0.12-Fe-MCM-41 catalyst was analyzed using Inductively Coupled Plasma Optical
Emission Spectroscopy (ICP-OES), with X-Ray Fluorescence (XRF) determining the iron content to be 9.69
wt%. Under the described reaction conditions, the Fe leaching rate was 0.48 mg/L. With a catalyst dosage of
0.5 g/L, the calculated iron leaching rate was 0.99%. The lower dissolution amount indicates that the catalyst has
good stability and effectively avoids the secondary pollution problem caused by the dissolution of a large amount
of metal ions from the framework.

However, it should be noted that this part of dissolved iron may mainly come from the surface of the catalyst
rather than the iron atoms deep in the framework structure. The leaching of surface iron may result from the
partial dissolution of exposed Fe>* or Fe?* ions during contact with the reaction solution. This phenomenon is
especially relevant for Fe-MCM-41 catalysts synthesized via hydrothermal methods, which may lead to partial
surface distribution of iron. The weakening and leaching of surface iron ions may be unavoidable!>2°.

Nevertheless, the catalyst recovery in this experiment did not involve high-temperature calcination or complex
regeneration procedures. The Fe-MCM-41 catalyst exhibited an acceptable leaching rate, demonstrating good
stability after multiple uses. Despite minor surface iron leaching, the reusability of Fe-MCM-41 in industrial
applications remains satisfactory. The low iron leaching rate suggests that the catalyst can maintain structural
integrity and catalytic activity. No significant increase of metal ion concentration in the solution. This mitigates
the risk of secondary pollution.

In summary, Fe-MCM-41 exhibits good stability and durability, making it suitable for recycling in practical
production processes and highlighting its significant application potential.

Study on the kinetics of catalytic degradation

Apparent rate constants of chitosan degradation at different reaction temperatures

To investigate the kinetic characteristics of Fe-MCM-41 in chitosan degradation, experiments were conducted
under the following conditions: 5 g/L chitosan, 0.5 g/L 0.12-Fe-MCM-41, 0.16 mol/L. CH,COOH, 0.86 mol/L
H,0,, and a reaction time of 140 min. The experiments were conducted at 313 K and 323 K, respectively. The

catalytic degradation rate of chitosan can be expressed as — ‘Zl—; = kc", where "c" represents chitosan concentration,

“k” is the rate constant, “n” is the reaction order, and “t” is time. Graphs were plotted from the experimental
results (see Fig. 12) to examine the relationship between the first-order reaction — In(1 — nr) and reaction time,

as well as the second-order reaction 1/(1 — nr) and reaction time.
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Fig. 12. Kinetic curves of chitosan degradation. (a) First-order reaction; (b) Second-order reaction.
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T (K) | First-order rate constant kl (min~") | First-order R? | Second-order rate constant kz (min~") | Second-order R?
313 0.01225 0.99528 0.04445 0.89127
323 0.02198 0.98803 0.15688 0.87579

Table 5. Apparent rate constants for chitosan degradation at various temperatures.
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Fig. 13. Maximum Diameter of H,0,.

A comparison of Fig. 12 and Table 5 reveals that the first-order kinetic model (R*>0.95) shows a better
correlation than the second-order kinetic model (R?<0.95) at both temperatures. Therefore, it can be inferred
that the oxidative degradation of chitosan in the Fe-MCM-41 heterogeneous Fenton-like system follows first-
order kinetics.

Apparent kinetic equation for chitosan degradation

According to the Arrhenius equation, the rate constants for reaction at two temperatures (T,=313 K and
T, =323 K) were used for integration: hl% = %ﬁ, where “R” is the molar gas constant. By substituting the
rate constants into the Arrhenius equation, the apparent activation energy (Ea) was determined to be 48.91 kJ/
mol, and the pre-exponential factor was calculated as 1.38 x 10® min~. Thus, the apparent kinetic equation for

chitosan degradation can be expressed as: k = 1.38 x 10%exp (—4.891 x 10*/RT).

Reaction mechanism in the catalysis of H,0, by Fe-MCM-41

Comparison of pore size of Fe-MCM-41 and molecular size of H,0,

BET analysis revealed that the average mesopore diameters of 0.04-Fe-MCM-41, 0.08-Fe-MCM-41, 0.12-Fe-
MCM-41, and 0.16-Fe-MCM-41 were 3.61 nm, 3.54 nm, 3.06 nm, and 2.67 nm, respectively which was in
consistent with literature value (approx 3 nm)*. Metal doping reduces both the pore volume and pore diameter
of MCM-41 mesoporous molecular sieves?”. Under ideal conditions, without considering hydration effects, the
longest dimension of H,O, is 0.48 nm (see Fig. 13), while the average pore diameter of the four Fe-MCM-41
samples is 3.22 nm. Therefore, H,0, can smoothly pass through the molecular sieve channels, and its catalytic
performance is minimally influenced by spatial hindrance.

Analysis of the zero-point charge of Fe-MCM-41

Figure 14 shows the zeta potential of 0.12-Fe-MCM-41 under different pH conditions, with the point of zero
charge (PZC) occurring at pH 2. Under mildly acidic conditions (2 < pH < 7), the mesoporous material surface
carries a negative charge, while H,0, molecules remain neutral. Therefore, in mildly acidic environments, the
negative charge on the surface of 0.12-Fe-MCM-41 neither repels nor attracts H,0, molecules significantly,
minimizing the influence of surface charge on H,O, interactions.

Reaction process of H,0, catalyzed by Fe-MCM-41

Based on the above analysis, steric hindrance and electrostatic effects on H,O, molecules in the Fe-MCM-41
catalyst are relatively weak. As shown in Fig. 15, after H,O, passes through the internal channels of Fe-MCM-41
smoothly, it undergoes a Fenton-like reaction with =Fe!l! on the catalyst surface and within the channels,
producing =Fe" and HO,  (Eq. 1). Subsequently, =Fe'' further reacts with H,0, in a Fenton reaction, generating
=Fe and "OH (Eq. 2). The cyclic transformation between =Fe!! and =Fe! on the catalyst promotes continuous
H,0, decomposition to generate ‘OH, thereby facilitating chitosan degradation. The degradation rate of chitosan
and the consumption of H,O, both indicate that Fe-MCM-41 plays a crucial role in catalyzing the decomposition
of H,0, to generate ‘OH. By characterizing the structure and surface properties of Fe-MCM-41, it was found
that the catalyst has a high specific surface area and uniformly distributed iron active sites, which allows H,0, to
diffuse effectively and contact these active sites, promoting the Fenton-like reaction®’. These experimental data,
combined with mechanistic analysis, clearly illustrate the key role of Fe-MCM-41 in the decomposition of H,0,
and the generation of 'OH, providing solid theoretical support for its potential in practical applications.

= Fe'' + H,0, — = Fel' + HO, + HF (1)
= Fe'' + H,0, »=Fe'" + OH + OH™ )
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Fig. 16. XRD Patterns of Chitosan Raw Material and Chitosan Degradation Products.

XRD analysis of chitosan degradation products
As shown in Fig. 16, raw chitosan exhibits two characteristic diffraction peaks at 26 =9.55° and 20.07°, while the
degradation products show peaks at 20 =9.36° and 20.65°. Compared to raw chitosan, the characteristic peaks of
the degraded chitosan were weakened, but their positions remain largely unchanged. This indicates that, under
the catalytic influence of Fe-MCM-41, chitosan undergoes oxidative degradation without significant change of
its fundamental functional groups and main chain structure?. This suggests that degradation primarily affects
the glycosidic bonds of chitosan, rather than causing substantial changes to its main chain or functional groups.
During the catalytic oxidative degradation process, as hydroxyl radicals (OH) are generated and participate
in the reaction, the glycosidic bonds of chitosan are gradually broken, resulting in a shortening of the molecular
chain length, weakening of the intermolecular hydrogen bonding effect, and loosening of the molecular chain

arrangement, which ultimately leads to a decrease in the crystallinity of chitosan®.

Conclusion

(1) This study establishes a Fenton-like heterogeneous catalytic system utilizing Fe-MCM-41 for the efficient
oxidative degradation of chitosan. This system effectively addresses the challenges posed by traditional
homogeneous Fenton systems, including difficulties in catalyst recovery and secondary pollution from
residual iron ions, while significantly enhances degradation efficiency. Experimental results indicate that
the degradation efficiency of the Fe-MCM-41 system is 28.1% higher than that of the system using only
H,0,, highlighting its superior activation capability for H,0,. Under optimized conditions (Fe-MCM-41
concentration of 0.5 g/L, chitosan concentration of 5 g/L, CH,COOH concentration of 0.16 mol/L, H,0,
concentration of 0.86 mol/L, temperature of 50°C, and reaction time of 140 minutes), the intrinsic viscosity
reduction rate of chitosan reached 98.2%.

(2) Theiron loading in the Fe-MCM-41 catalyst significantly affects the degradation performance. The optimal
performance occurred with x = 0.12, whereby the degradation efficiency retained >93.6% after four recy-
cles, which demonstrated excellent stability and reusability for industrial applications.

(3) Kinetic analysis concluded that the degradation of chitosan follows a first-order reaction kinetic model,
with an apparent activation energy of 48.91 kJ/mol. Based on Arrhenius equation, the calculated kinetic
equation is & =1.38 X 10%exp (- 4.891 x 10* /RT), indicating that the reaction rate significantly increases with
rising temperature.

(4) This study represents a significant progress in applying the Fe-MCM-41 catalyst, offering an effective solu-
tion for the efficient degradation of chitosan. The system not only enhances degradation efficiency but also
demonstrates good recoverability and stability, providing technical support for the further application of
chitosan in various biomaterials and related fields. Future research will focus on the optimization of the
catalytic activity and stability of Fe-MCM-41 through metal ion doping, evaluation of broader application
potential in treating chitosan and other related polysaccharide materials.
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