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Although silk-derived biomaterials have garnered attention for environmental remediation due to their
sustainability, biocompatibility, and biodegradability, the application of silk fibroin-based microparticles
(FNP) for pollutant dye adsorption remains vastly underexplored. Hence, this study pioneers the fabrication
and characterization of FNP for the removal of methylene blue (MB), offering a comprehensive comparison
with two other silk-based states of raw silk cocoon pieces (SC) and sericin-degummed silk fibers (SD).
Remarkably, FNP achieved an adsorption capacity of 122.98 mg g™, over 32-fold higher than both SC and
SD (3.8 mg g%, highlighting its superior efficiency. The adsorption performance of FNP was strongly
influenced by experimental variables including pH, contact time, initial dye concentration, and adsorbent
dosage. Structurally, FNP exhibited favorable physicochemical properties for adsorption, including uniform
spherical morphology (~2.45 pm), moderate surface area (21.894 m? g‘l), a mesoporous-to-macroporous
structure (pore diameter 21.911 A), and a point of zero charge (PHpzc) of 6.7, contributing to its effective
electrostatic interactions with the cationic dye MB. Importantly, the adsorption data fitted the
Dubinin—Radushkevich isotherm, indicating a chemisorption-dominated mechanism. Molecular docking
further revealed specific fibroin-dye interactions at Lys62 (hydrogen bonding, —0.2 kcal mol™) and Glu94
(ionic bonding, —1.9 kcal mol™). Additionally, molecular dynamics simulations in water confirmed the
docking results and demonstrated the aqueous stability of the fibroin-MB complex. Conclusively, this work
not only establishes FNP as a high-performance, eco-friendly adsorbent for MB removal, but also provides
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dissociates as cations (MB').! MB serves as a prime example of an
environmental threat. Toxic gases created during MB decompo-
sition include Cl,, NO,, CO, SO,, CO,, and H,S. Discharging MB
into the aquatic environment decreases light penetration and
causes poisons to enter the food chain of creatures.> MB exhibits
a high molar absorption coefficient (~8.4 x 10* L mol " cm at

1. Introduction

Methylene blue (MB), a green organic dye from the phenothia-
zine family with several uses in medicine and textile dyeing,
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664 nm), which reduces sunlight penetration, thereby impairing
photosynthetic activity and oxygen solubility in aquatic environ-
ments.* Even at low concentrations, MB can generate intensely
colored byproducts that disrupt aquatic biodiversity and
ecosystem aesthetics. Furthermore, MB is non-biodegradable,
carcinogenic, and hazardous to human health, potentially
causing respiratory failure, vision impairment, digestive disor-
ders, and neurological issues.* Therefore, addressing these
environmental and health concerns necessitates innovative
approaches for the effective adsorption and removal of MB.
Currently, several materials and advanced methods/
technologies have been employed for the removal of harmful

© 2025 The Author(s). Published by the Royal Society of Chemistry
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substances and ions from aqueous solutions and
environments.>” For that reason, MB is similarly adsorbed and
treated using these technologies and materials. Previous studies
have explored the use of natural and synthetic materials for the
adsorption of MB. Activated carbon, derived from various biomass
sources, has been widely investigated due to its high porosity and
surface area, but its high production cost limits scalability.®
Similarly, nanocellulose and nanolignin have been studied for
their effectiveness in MB adsorption; these materials exhibit high
adsorption properties but face challenges related to large-scale
synthesis and application.” To address these limitations, a novel
potential material is necessary for the adsorption of MB.

Silkworm cocoons, a primary raw material in textile production,
hold untapped potential for addressing this issue.* Silk cocoons
are made up of a matrix of continuous silk threads that are roughly
1000-1500 meters long and bound together with sericin."* As
a result, silk cocoon pieces have a huge specific surface area and
excellent adsorption capabilities. Furthermore, silk fibroin, the
structural protein in silk, offers unique advantages for MB
adsorption due to its ability to self-assemble into nanoparticles.
Previous studies have demonstrated the effectiveness of silk
fibroin in MB adsorption when used in forms like regenerated silk
fibroin membranes and hydrogels, owing to their porosity and
strong interactions with cationic dyes.”™® For instance, silk fibroin
membranes modified with functional groups were shown to ach-
ieve high adsorption capacities due to enhanced electrostatic
interactions with MB molecules.’* Moreover, the silk fibers have
also been used as an effective MB adsorption material."”

Despite these advancements, research on fibroin nano-
particles (FNP) for MB adsorption remains limited. FNP possess
a negatively charged surface, high specific surface area, and
a matrix-like structure that facilitates electrostatic interactions
with cationic dyes such as MB." These characteristics make
FNP a novel and highly effective material for MB adsorption.
Moreover, FNP can be derived from waste materials such as silk
cocoon pieces, aligning with the principles of waste valorization
and sustainability. This novel approach not only addresses the
environmental challenge of MB removal but also presents an
efficient, scalable, and eco-friendly solution. Additionally, the
in-depth fibroin-MB interaction mechanisms are lacking.

Herein, this study aims to evaluate and compare the MB
adsorption performance of silk cocoon pieces (SC), sericin-
degummed silk strands (SD), and FNP. Moreover, in-depth anal-
ysis on the MB and fibroin interactions are also investigated using
in silico docking and molecular dynamics simulation study.

2. Methods and materials
2.1 Materials

Raw silk cocoons (SC) were sourced from Nam Dinh, Vietnam.
Chemicals including sodium carbonate (Na,COj;, =99.5%),
calcium chloride (CaCl,, =96.0%), ethanol (EtOH, =99.7%),
and calcium nitrate tetrahydrate (Ca(NOj),-4H,0, =99.0%)
were procured from Xilong Chemical Co. MB (dye content
=82%) was obtained from Sigma-Aldrich, ensuring high purity
for experimental accuracy. All chemicals were used as received
without further purification.

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

In this study, three adsorbents were employed, demonstrating
three distinct forms of fibroin, including the SC, the sericin-
degummed silk strands (SD), and the FNP. The SC was used
as obtained. The SD were fabricated by dissolving the SC in
0.5% (w/v) Na,COj3 at 100 °C for 1 h, followed by washing thrice
with water and air-drying.” Both SC and SD were cut into
0.1 mm pieces to increase the surface area for adsorption.

The FNP were synthesized through a solvent exchange
method.? Briefly, the previously obtained SD was dissolved at
a temperature of 90 °C for approximately 10 min in a mixture of
CaCl,, Ca(NO3),, water, and ethanol, combined in a ratio of 30:
5:45:20 (w/w/w/w). This mixture was made by dissolving the
pure CaCl, and Ca(NO;), powders in water, followed by the
addition of ethanol at the aforementioned ratio. The resulting
fibroin solution, after being dissolved in calcium mixture, was
then dialyzed against water at room temperature (25 °C) for 4
days using a cellulose membrane with a molecular weight cut-
off of 10000. The concentration of the silk fibroin solution
was determined using UV-vis spectroscopy at a wavelength of
276 nm. A standard curve was created within the concentration
range of 0.1-1 mg mL ™', applying the linear regression equation
¥y = 1.1517x + 0.0099 with an R* value of 0.9999 to quantify the
fibroin content. Then, the prepared fibroin solution (1% w/v)
was added dropwise into 5 mL of absolute ethanol under
constant agitation at 150 rpm for 15 min. The resulting mixture
was centrifuged (12000 rpm, 30 min) to separate the FNP,
which were washed with water to remove any residual ethanol.
The FNP were freeze-dried (—55 °C, 200 mTorr, 48 h) and kept at
4 °C until uses. This process was selected for its simplicity and
high scalability, making it well-suited for subsequent in-
production investigations.

2.3 MB adsorption study

The adsorption performance of SC, SD, and FNP was evaluated
by dispersing each material in 20 mL of MB solution at initial
concentrations of 5, 10, 20, 30, and 40 pg mL™*. The mixtures
were agitated at 150 rpm for 30 min to assess the effect of MB
concentration on adsorption capacity. The adsorption equilib-
rium data obtained were used to develop isotherm models.

To evaluate the influence of adsorbent mass, varying
amounts of SC and SD (0.1, 0.2, 0.4, 0.6, and 0.8 g) and FNP
(0.003, 0.006, 0.012, 0.024, and 0.036 g, corresponding to
nanoparticles derived from 0.5, 1, 2, 3, 4, and 5 mL of 1% fibroin
solution, respectively) were tested under similar experimental
conditions. Similarly, the effect of contact time was examined
by maintaining a constant MB concentration and adsorbent
mass while varying the agitation duration (15, 30, 45, 60, 90, and
120 min). Finally, to establish the optimal adsorption environ-
ment, the influence of pH on adsorption efficiency was studied
by adjusting the MB solution's pH to 2, 4, 6, and 8 using 0.1 M
NaOH or 0.1 M HCI. All experiments were conducted under
similar conditions to ensure comparability. The full list of these
variables is presented in Table 1.

The residual MB concentration after the adsorption process
was calculated using the standard curve y = 0.3816x — 0.044, R®

RSC Adv, 2025, 15, 14042-14057 | 14043
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Table 1 Absorption study variables and their investigated values
ranges

Variable Investigated values

5, 10, 20, 30, and 40 pg mL "

0.1, 0.2, 0.4, 0.6,and 0.8 g

0.003, 0.006, 0.012, 0.024, and 0.036 g
15, 30, 45, 60, 90, and 120 min

2,4, 6,and 8

MB initial concentration
Adsorbent mass (SC, SD)
Adsorbent mass (FNP)
Adsorption time

pH

= 0.9990, and a maximum wavelength of 662 nm. The adsorp-
tion efficiency was calculated by formula (1), where C, and C.
are the initial and equilibrium MB concentrations (mg L"),
respectively.

C() - Ce)

Y%oH = ( X 100(0/0) (1)

0

Adsorption equilibrium and kinetic models were developed
using the following equations.**"*
C. 1xC 1
+

Langmuir isotherm : — =
qe qm

Gm X KL
L 1
Freundlich isotherm : log g. = log K¢ + p x log C,
Dubinin — Radushkevich(D — R) :

1
lnqezlnqm—ﬁez;s:RTln(l—l— E)’ = —

Pseudo-first-order kinetics: In(g. — ¢¢) = In(q.) — k¢

L,

. t
Pseudo-second-order kinetics : — = 5+
g kg ge

where k; (min~") and &, (g mg~" min~") are the rate constants
for pseudo-first-order and pseudo-second-order Kkinetics,
respectively; g. (mg g ) and ¢ (mg g ') represent the equilib-
rium and time-dependent adsorption capacities; ¢ is the contact
time (min); C. and C, are the equilibrium and initial MB
concentrations (mg L™Y); ¢y, (mg g™ ) is the maximum adsorp-
tion capacity; Ky, and Ky are the Langmuir and Freundlich
constants, respectively; 1/n describes adsorption intensity;
g (mol® J~?) relates to mean adsorption energy; ¢ is the Polanyi
potential; and E (k] mol™ ') represents the mean free energy of
adsorption.

To further evaluate the FNP regeneration/reusability,
multiple adsorption-desorption cycles were performed. For
this, after the FNP were used to adsorbed MB under the optimal
condition, the FNP-MB was being centrifuged to separate the
particles and subjected to a desorption process to remove the
adsorbed MB. Then, the FNP were washed, dried, and reused in
a subsequent adsorption cycle. This cycle was repeated three
times, and the adsorption efficiency was measured after each
cycle.
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2.4 Physicochemical characterizations

The adsorbents were physicochemically characterized, where
appropriate, the following parameters.

2.4.1 Adsorbent total nitrogen content. The total nitrogen
content of the adsorbent (i.e., SC, SD, and FNP) was measured
using the standard Dumas combustion method. This method
works by completely oxidizing a sample at high temperatures,
converting all nitrogen-containing compounds into nitrogen
gas, which is then measured to determine the nitrogen content
utilizing a thermal conductivity detector. Briefly, a sample mass
of approximately 0.1 g was weighed, subjected to the analysis
instrument (FP928 Nitrogen and Protein Analyzer, Leco, USA),
Dam Ca Mau Factory — Petrovietham Camau Fertilizer Joint
Stock Company (PVCFC), and run using the standard settings
incorporated in the machine.

2.4.2 Adsorbent size. For the SC and SD, the average sizes
were determined based on the SEM micrographs (described in
the next section).

For the FNP, the average size of the particles and size
distribution (polydispersity index, PI) were assessed using
a MicroTrac S3500 analyzer by dynamic light scattering (DLS).
Briefly, the FNP were re-dispersed in water to a count rate of
500-600 keps. Then, the dispersions were put into a polystyrene
cuvette, followed by standard measurements as instructed by
the machine manufacturer.

2.4.3 Adsorbent morphology. The adsorbent morphology
was assessed using the scanning electron microscopy (SEM)
analysis, by the Carl Zeiss instrument. The samples were
immobilized on a carbon-coated disc mounted on a metal
substrate, followed by spin-coated with a 10 nm layer of gold.
Then, the samples were observed using SEM, under a nitrogenic
atmosphere. The SEM images of SC and SD were also used to
determine the adsorbent size using the Image] software.

2.4.4 Particle surface area and pore diameter. The Bru-
nauer-Emmett-Teller (BET) analysis method was used to
determine the specific surface area and pore diameter of FNP. It
is based on the physical adsorption of gas molecules onto the
surface of a solid and provides essential information about the
material's surface properties. For this, the FNP was first
degassed under nitrogen gas flow to remove contaminants
(moisture, adsorbed gases). Then, the particles were analyzed
using Quantachrome instruments under nitrogen gas for 12.0 h
at an outgas temperature of 300 °C, pressure tolerance of 1.000/
1.000 (ads/des), equilibrium time of 30/30 s (ads/des), and
equilibrium timeout of 360/360 s (ads/des). The FNP surface
area and pore diameter were calculated based on the BET
equations employed in the instruments.

2.4.5 pHp,. To determine pH,,. of the samples, 20 mL of
0.1 M KCl solution was added in a 100 mL Erlenmeyer flask and
adjusted the pH to 2, 4, 6, 8, 10, and 12, using 0.1 M NaOH
solution or 0.1 M HCI. Then, the samples were subjected to each
flask, soaked with continuous shaking for 24 h, and the pH of
the solution was assessed again. The differences in the pH
before and after soaking (ApH), and the initial pH, were used to
plot a graph, which determines the sample pHy,. (i.e., the pH
where the samples had no net charges).”

© 2025 The Author(s). Published by the Royal Society of Chemistry
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2.4.6 Chemical interactions. Fourier-transform infrared
(FT-IR) spectroscopy was performed to analyze the interactions
between MB and the adsorbent materials. FT-IR spectra were
obtained using a JASCO FT/IR-6300 spectrometer with a resolu-
tion of 1 cm™" over the spectral range of 4000-400 cm™". This
analysis provided insights into functional group interactions
and the adsorption mechanism.

2.5 In silico molecular docking

To comprehensively investigate the molecular interactions
between fibroin and MB, an in silico molecular docking
approach was employed following standard computational
protocols. Initially, the MB ligand underwent energy minimi-
zation and structural refinement before being converted into
the .pdbqt format. The MMFF94x force field was applied for
small-molecule geometry optimization, ensuring appropriate
bond lengths, angles, and torsional energies, thereby stabilizing
the ligand conformation. The fibroin protein structure was
retrieved from the Protein Data Bank (PDB), which was 3UA0,>
followed by the removal of water molecules, addition of polar
hydrogen atoms, and assignment of Kollman charges, after
which it was also saved in .pdbqt format. Subsequently, the
binding site was identified to ensure that the docking region
encompassed both the ligand and the key amino acid residues
involved in the interaction. The binding positions and interac-
tion types, including hydrogen bonding, van der Waals forces,
and w7 interactions, were examined to assess the complex's
affinity and stability. Molecular docking was then executed to
estimate the binding affinity and compute the binding free
energy (AG_dock or docking score (DS)). DS represents the pre-
dicted binding free energy, where values below —4 kcal mol *
indicate strong binding affinity. The most favorable configura-
tions, characterized by the lowest DS and an acceptable confor-
mational root-mean-square deviation (RMSD < 2.0 A), were
selected for further structural and energetic analysis.

2.6 Molecular dynamics simulation

To in-depth investigate the interactions between MB and fibroin,
especially in the aqueous environment (i.e., fibroin and MB are
surrounded by the water molecules), as well as the complex
structural stability, molecular dynamics (MD) simulation was
employed. To this end, MD simulation was conducted using
GROMACS software with an appropriate force field for the protein-
ligand system. The initial structures of the protein (PDB ID: 3UAO)
and MB were prepared and positioned based on the docking
results (Section 2.5). The system was solvated in a simulation box
using the TIP3P water model and neutralized with Na'/Cl~ ions.
Following energy minimization and equilibration steps (NVT and
NPT ensembles), MD simulation was carried out for 20 ns at 300 K
and 1 atm. Analyses performed included RMSD, root mean square
fluctuation (RMSF), and ligand-receptor interactions.

2.7 Statistical analysis

All experiments were conducted in triplicate and the quantita-
tive results were presented as mean + standard deviation.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Student's ¢-test and ANOVA statistical tests were employed for
samples comparisons, with significant values of p < 0.05.

3. Results and discussions

Silk has long been employed in the textile industry, which
demonstrates its capacity in adsorbing natural dyes and color-
ants such as MB."” Nevertheless, to the best of our knowledge, as
of 03/2025, no in-depth research has investigated the ability of
silk, and its main component fibroin, for their ability in the
adsorptions of chemicals. Furthermore, little is known about
the dye-fibroin molecular interactions. Hence, this work
focused on this issue, utilizing SC, SD, and FNP, as three
distinct states of fibroin, for the adsorption of a model dye, MB.
The research first investigated the adsorbent properties, fol-
lowed by the adsorption process and kinetics, explained the
adsorption mechanisms, and determined the fibroin-MB
chemical interactions by in silico docking study.

3.1 Characterizations of the adsorbents

In this study, three adsorbents were employed, including the SC
(raw silk material), the SD (pure fibroin fiber without sericin),
and the FNP (microparticles made from fibroin). SC was used as
obtained. SD was made from the sericin-removal process of SC.
Specifically, 5 g of dried SC produced 3.85 £+ 0.11 g of SD,
indicating an efficiency of 77.0 & 2.2%, which is commensurate
with the fibroin composition of silk fibers, which includes 25-
27% sericin and 70-75% fibroin.>® The FNP were produced
using the solvent exchange technique. Fibroin has an a-helix
structure in solution. When exposed to ethanol, it forms addi-
tional hydrogen bonding and transforms into an anti-parallel-
B sheet structure, resulting in a particulate system.” The
particle formation efficiency was 72.1 £+ 2.3%.

3.1.1 Total nitrogen content. The total nitrogen content of
the SC, SD, and FNP was 16.5 + 0.12%, 17.0 £ 0.03%, and 16.9 +
0.02%, respectively. Generally, the standard nitrogen content
reported for SC and SD is 16.8 &+ 0.01% and 17.4 £ 0.11%.%
Hence, our values were in well agreement with the literature,
suggesting the process validity. The slight increase in nitrogen
content in SD was consistent with the known composition of
silk cocoons, which typically contain sericin and other impuri-
ties with lower nitrogen content than pure fibroin protein.
Therefore, the observed increase in nitrogen content upon
degumming (SD) and subsequent microparticle processing
(FNP) is indicative of the effective removal of sericin and other
non-protein constituents, resulting in purer fibroin materials.

3.1.2 Size and morphology. Physically, the appearances of
the three adsorbents are illustrated in Fig. 1. Accordingly, the size
of FNP was 2.45 + 0.35 um, with polydispersity index of 0.052 £+
0.003, indicating narrow size distribution.”® Whereas, SC and SD
were mechanically cut to a size of 1 mm. Fig. 1A showcases raw
SC in their natural state. The cocoons are composed of fibroin
and sericin proteins, with fibroin serving as the structural core
and sericin as the protective outer layer. Fig. 1B depicts silk fibers
after the removal of sericin through degumming, resulting in
fibroin-dominant fibers. These fibers exhibit a soft, fibrous

RSC Adv, 2025, 15, 14042-14057 | 14045
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Fig. 1 Physical appearance and SEM images of (A and D) silkworm cocoon (SC), (B and E) sericin-degummed silk strands (SD), and (C and F)

fibroin microparticles (FNP).

morphology, with elongated, thread-like structures indicative of
their proteinaceous composition. The removal of sericin
enhances the biocompatibility and mechanical properties of the
fibers, making them suitable for biomedical applications. Fig. 1C
illustrates FNP powder, obtained through the process of self-
assembly via solvent exchange technique. The particles display
a fine, powder-like morphology.

Utilizing the SEM techniques, the in-depth structures and
morphology of the samples were revealed. Accordingly, the SC
composed of different fibers interconnected to each other in the
cocoons (Fig. 1D), whereas SD was a long smooth fiber with
a diameter of 20.3 + 1.6 um and an average length of 1.1 +
0.2 mm (Fig. 1E). On the other hand, the FNP were spherical
with smooth surface (Fig. 1F). The size difference between FNP,
SC, and SD results in a difference in surface area, which influ-
ences MB's adsorption ability, as later discussed.

A 3

2 ~&—FNP —#—-SC —o-SD

0 T
E_ . D 2 4 14
<

pHintitial

Fig. 2
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3.1.3 pHp, and chemical interactions. The pHy, of SC, SD,
and FNP are displayed in Fig. 2A. Briefly, SC and SD show an
initial rise in ApH at lower initial pH values (2-4), followed by
a sharp decrease, becoming negative at higher initial pH values.
Thus, at normal pH of 7.0 or higher, both SC and SD possessed
a negative charge. The FNP exhibit less pronounced pH varia-
tion, suggesting a relatively moderate surface charge compared
to SC and SD, indicating higher stability and possibly fewer
exposed acidic groups due to the transformation from silk I to
silk II structures, with more B-sheet content.’?® Nevertheless,
FNP also had negative charge at pH 6.7 or higher. On the other
hand, MB has a pK, value of 3.8, which corresponds to the
demethylation of the dimethylamino group.*® Nevertheless, MB
is a thiazine dye, and its structure includes a permanently
charged quaternary nitrogen within the central heterocyclic ring
system. This positive charge is not affected by normal acid-base

B ——FNP
——SD
——sC

4000

3500 3000 2500 2000 1500 1000 500

Wavenumber (cm™)

(A) pHpzc and (B) FT-IR graphs of silkworm cocoon (SC), sericin-degummed silk strands (SD), and fibroin microparticles (FNP).

© 2025 The Author(s). Published by the Royal Society of Chemistry
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equilibria. Thus, even at pH > 3.8, specifically at pH > 6.7, the
MB side group deprotonates, but the core structure remains
positively charged due to the quaternary nitrogen, making MB
a cation in this pH.*® Thus, at pH 7.0 or higher, MB predomi-
nantly exists in its positively charged form, making it highly
interacted with fibroin via ionic interactions, as discussed in the
next sections.

Regarding the FT-IR analyses (Fig. 2B), all three spectra share
characteristic bands typical of silk fibroin, including broad
peaks at ~3300 cm ', corresponding to O-H and N-H stretch-
ing vibrations (hydrogen bonds); peaks at ~2900-3000 cm " (C-
H stretching); and strong absorptions at ~1630 cm™ ' (amide I),
~1515 cm ™' (amide II), and ~1230 cm™ ' (amide III), reflecting
the presence of protein (peptide bonds) of silk fibroin 19.
Notably, SC exhibits relatively broader and slightly lower
intensity peaks due to impurities or sericin proteins covering
fibroin. SD presents sharper and more defined bands compared
to SC, indicating removal of sericin and the resultant exposure
of pure fibroin. FNP show spectral characteristics similar to SD,
with well-defined amide bands. The sharper and clearer peaks
in FNP compared to SC suggest effective microparticles
formulation.

3.1.4 Particle surface area and pore diameter. FNP are
micron-sized, therefore, the increased specific surface area
increases the contact area with MB molecules, making
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interactions easier. To further investigate the MB adsorption
behaviors, the FNP surface areas and pore diameter were
determined by BET analysis (Fig. 3). FNP have a particular
surface area of 21.894 + 1.120 m* g~ ' and an average pore size
of 21.911 + 1.711 A. The nitrogen adsorption-desorption curve
(Fig. 3A) follows a type-IV isotherm, typically associated with
mesoporous materials. Detailed analysis shows that FNP have
an average of 78.79% mesopores (2-50 nm diameter) and
21.21% macropores (>50 nm diameter) (Fig. 3C). These permit
MB to easily permeate into the particles, as the surface area of
MB molecules is only 1.32 nm?.** The presence of macropores
complements mesopores, offering pathways for rapid diffusion
and penetration of MB molecules deep within the particle,
facilitating efficient internal diffusion and maximizing the
utilization of adsorption site. Moreover, the presence of
hysteresis (a clear difference between adsorption and desorp-
tion curves) suggests significant pore condensation
phenomena, enabling better interaction of MB molecules with
pore walls through capillary condensation and multilayer
adsorption, potentially improving overall adsorption efficiency.
Additionally, the narrow distribution of pore sizes centered in
the mesoporous region means most adsorption sites are opti-
mally sized for effective trapping and retaining of MB molecules
(Fig. 3B). All of the aforementioned factors enhance the
adsorption of MB molecules by FNP, allowing for the easy
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(A) Surface area analysis, (B) pore diameter, and (C) pore distribution of FNP.
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formation of contacts between functional groups in the FNP
and MB particle structures.

3.2 MB adsorption investigation

To investigate the adsorption capacity of these three silk-based
materials, SC, SD, and FNP, as well as the effects of different
adsorption conditions on the process, experiments were con-
ducted at varied initial concentration of MB, mass of SC and SD,
mass of FNP, adsorption time, and pH (Fig. 4). Firstly, it is worth
to note that the variation in the adsorbent mass was signifi-
cantly different between SC/SD (0.1, 0.2, 0.4, 0.6, and 0.8 g) and
FNP (0.003, 0.006, 0.012, 0.024, and 0.036 g) due to their
different adsorption capacity. Thus, there are two graphs
(Fig. 4B and C) depicting the mass variation. Accordingly, FNP
consistently demonstrated superior results, compared to SC
and SD, across all parameters.

The initial MB concentration significantly affected adsorp-
tion efficiency. Particularly, efficiency rose as the concentration
climbed from 5 pg mL™" to 30 pg mL~", and plateau at 40 pg
mL . This trend is typical in adsorption processes, where the
saturation of available binding sites limits further adsorption
beyond a certain concentration. SC and SD showed better
adsorption efficiency than FNP, although their adsorption
capacity was less than that of FNP (Fig. 4A). The adsorption
capacity of the SC sample rose from 0.37 = 0.02 mg g ' t0 3.8 &
0.2 mg g, the SD sample from 0.38 + 0.02t0 3.8 £ 0.3 mg g *,
and the FNP from 7.22 + 0.6 to 122.98 + 8.4 mg g ', respec-
tively. This difference highlights the higher affinity of FNP for
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MB molecules, likely due to its increased surface area and the
availability of more binding sites, as later discussed.
According to the adsorbent mass variations, increasing the
mass of SC, SD, and FNP significantly decreases the adsorption
capacity (Fig. 4B). This suggested that excessive amounts of
adsorbents lead to underutilized binding sites, as the available
MB molecules are insufficient to saturate all adsorption sites.
This rapid decline in with increasing dose reflects the high
surface area and porosity of FNP, which allows for rapid satu-
ration of binding sites at lower doses, making it more effective
for practical applications where minimal adsorbent usage is
desirable. Accordingly, the ideal mass for SC and SD is 0.1 g and
0.006 g for FNP to fully use the material's adsorption capability.
It is worth to notice that the FNP had a mass roughly 300 times
less than SC and SD, yet their MB adsorption capability was
equal, as indicated by the discoloration of the MB solution
(Fig. 5). The difference in mass between adsorbent materials SC,
SD, and FNP is due to the lower adsorption capacity of SC and
SD compared to FNP. On one gram of adsorbent, FNP can
adsorb a larger amount of MB than SC and SD, which is related
to the material's size and physicochemical properties.
Furthermore, adsorption time is a crucial aspect of the
adsorption process since it allows us to develop a kinetic model
and calculate the adsorption rate. The adsorption period
increased in this experiment, but the adsorption efficiency
varied slightly. In the first 15 min of the process, the MB
adsorption efficiency of SC, SD, and FNP was 86 + 1%, 96 + 2%,
and 86 + 1%, respectively, and remained stable throughout the
process (Fig. 4D). This demonstrates that the adsorption speeds
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Fig. 5 Differences in mass survey samples between SC, SD, and FNP.

of SC, SD, and FNP were rapid and very effective for MB removal.
Furthermore, environmental conditions influence the mate-
rial's MB adsorption effectiveness, particularly pH, which has
a direct impact on the material's charge and hence affects the
interaction between the material and MB molecules. When the
PH rose from 2 to 8, adsorption efficiency improves (Fig. 4E).
This trend is consistent with the electrostatic interactions
between the negatively charged surfaces of the adsorbents
(proven in the pH,,. graph, Fig. 2) and the cationic MB mole-
cules (discussed in Section 3.1, pHy,.). Notably, FNP exhibits
a more pronounced increase in adsorption capacity as pH rises,
reaching approximately 120 mg g~ " at pH 8, which suggests that
the surface chemistry of FNP is more favorable for MB adsorp-
tion under alkaline conditions, further contributing to its
superior performance compared to SC and SD.

Overall, the results demonstrate that FNP consistently
outperforms SC and SD across all tested parameters, with its
higher surface area, greater porosity, and faster adsorption
kinetics making it the most effective adsorbent for MB. The
improved performance of SD compared to SC highlights the
importance of removing sericin to enhance the accessibility of
fibroin's adsorption sites, further supporting the potential of
silk-based materials for MB adsorption.

Notably, in terms of the FNP regeneration/reusability, the
MB adsorption efficiency decreased significantly from nearly
100% in the first cycle to 72.94 £ 3.10% in the second cycle, and
only 54.31 £ 3.32% in the third cycle. This was possibly due to
the fact that MB interacted with fibroin via both weak hydrogen
bonding and moderate/strong ionic interactions (discussed in
the next sections). Thus, some MB molecules was strongly
bound to the fibroin structure and was not completely des-
orbed. Consequently, the adsorption efficiency of the latter

© 2025 The Author(s). Published by the Royal Society of Chemistry
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cycles was reduced. Further investigations are necessary to
confirm this phenomenon.

3.3 Adsorption isotherms and kinetics

When fitting the MB adsorption processes in various kinetics
and isothermal models (Fig. S1 and Table 2), the Langmuir
and Freundlich adsorption equilibrium models showed coeffi-
cients R” of >0.9; however, their constants are not appropriate.
Langmuir's slope coefficient is less than zero, which contradicts
the model premise. The Freundlich model has a coefficient of n
< 1 (0.14, 0.29, and 0.30 for SC, SD, and FNP, respectively),
although the model theory requires n > 1.** As a result, the
Langmuir and Freundlich models are incompatible with the
three adsorption processes of SC, SD, and FNP. This fact could
be due to (1) heterogeneity of adsorption sites (i.e., the FNP
possessed both mesopores (2-50 nm diameter) and macropores
(>50 nm diameter), which causes heterogeneity), (2) multi-layer
adsorption (Langmuir assumes monolayer adsorption on
homogeneous surfaces, while Freundlich typically describes
heterogeneous monolayers), and (3) adsorbate-adsorbate
interactions (i.e., MB could interact with other MB molecules,
leading to the unfitted data). Moreover, as later discussed in the
D-R model and in silico docking study, MB interacts with fibroin
via favorable molecular interactions, leading to the chemi-
sorption process.

The D-R model is used to calculate the interactions between
materials and MB. The adsorption energies computed by the
D-R model for SC, SD, and FNP were 408.25 k] mol™?,
707.11 k] mol™', and 276.26 k] mol ', respectively. All these
values were far larger than 8 kJ mol ', showing that the
adsorption process was chemisorption.*® Furthermore, the first-
order kinetic model and the second-order kinetic model were
used to assess the adsorption rate, which revealed that all three
materials’ adsorption processes were compatible with the
second-order kinetic model. The second-order equation had an
R’ value greater than 0.9, and the adsorption capacity estimated
using second-order kinetics was comparable to the experi-
mental capacity. Furthermore, the slope of the equation was
quite tiny, suggesting that the material's adsorption rate was
extremely high. Conclusively, the MB adsorption process on SC,
SD, and FNP were chemisorption and followed the second-order
kinetics.

3.4 MB adsorption mechanisms

According to the D-R isotherm model (Section 3.3), the fibroin-
MB adsorption process was chemical in nature, with chemical
bonds forming between MB and fibroin. Hence, to further
investigate this phenomenon, FT-IR spectra of the FNP prior
and after MB adsorption (FNP-MB) were analyzed (Fig. 6). The
FT-IR spectrum indicated that, beyond the characteristic peaks
of FNP, additional signals appeared in the FNP-MB spectrum,
confirming interactions with MB. The broad band at
~3330 cm " in FNP (-OH) overlapped with the -NH stretching
of MB, with increased intensity suggesting the formation of new
hydrogen bonds.** Peaks at 1646 c¢cm ', 1526 cm ', and
1229 ecm ™', corresponding to amide I, amide II, and amide III of

RSC Adv, 2025, 15, 14042-14057 | 14049
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Models

SC

SD

FNP

Langmuir isotherm
Freundlich isotherm

D-R isotherm

Pseudo-first-order kinetics

Pseudo-second-order kinetics

¥y = —5.9046x + 10.6220
R*> =0.9229
¥ = 6.9963x — 1.1700

R?* = 0.9455
¥y = —3.10"° + 4.5608
R* =0.9302

E = 408.25 k] mol "
y = —0.0009x + 2.4390

R?* = 0.0007

K; = 0.0009

y = 0.1333x + 0.0703
R?* = 0.9997

K, = 0.25

y = —2.2275x + 5.5785

R? =0.9258

y = 3.4530x - 0.7112
R* =0.9871

y =-10"%+2.3716
R? = 0.9707

E = 707.11 k] mol™*
y = —0.0154x - 0.7396
R* =0.2363

K, = 0.0154

y = 0.1290x + 0.0141
RP=1

K, =1.18

y = —0.0811x + 0.5187

R?* = 0.5649

y = 3.3769x - 0.5557
R* =0.9031
y=-7.10"% + 5.7167
R* =0.9515

E =276.26 k] mol "
¥y = —0.0281x - 1.6120
R*> =0.357

K, = 0.0281
y = 0.0100x - 0.0112
R*> =0.9748

K, = 0.009

FNP, also intensified significantly after MB adsorption.*® This
enhancement is attributed to the resonance effect from the C=
N vibration of MB's dimethylamino group and the formation of
hydrogen bonds between MB and the fibroin amide groups.**
The peak at 1447 cm™*, attributed to the C-S bond of MB,
appeared distinctly in the FT-IR spectrum of FNP-MB, indi-
cating an interaction between the sulfur atom (S*) of MB and the
oxygen atom (-OH group) in the fibroin structure.’” This
suggests an electrostatic/ionic or polar interaction, as MB can
exist as a cation in solution due to electron loss in its C-S-C
heterocycle. Additionally, the nitrogen atom (-N-CH3) in MB
may form a covalent bond with oxygen atoms in fibroin amino
acid residues, driven by high adsorption energy. The C-N bond

is shown by the peak intensity at 1332 cm !, which rises as MB

is adsorbed, confirming the interaction of MB with FNP.
Hydrophobic interactions between MB's alkyl chains and
fibroin also contribute to the overall binding. Conclusively, the
FT-IR spectrum showed that the interactions between MB and
FNP formed favorable molecular interactions. A summary of
these interactions is presented in Fig. 7.

3.5 In silico molecular docking

To specifically point out where the interactions take place
between MB and fibroin, the in silico docking study was con-
ducted (Fig. 8). Generally, fibroin molecule has two distinct
polypeptide chains, the heavy chain and the light chain,
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interconnected to each other by a disulfide bond.*® The docking
results revealed that MB had favorable interactions with the
heavy chain of fibroin (Table 3). Specifically, MB exhibited
a hydrogen bonding with Lys62 (NZ) at a distance of 3.34 A, with
a binding energy of —0.2 kcal mol . Most hydrogen bonding has
an average binding energy of 1-5 kcal mol . However, in some
cases, especially in natural-based systems such as fibroin, this

bonding can be transient or geometry-dependent, thus reducing
its binding energy to 0.5 kcal mol™" or less.*® In this case, the
hydrogen bonding is considered as weak bonding. Additionally,
two ionic interactions were observed with Glu94 (OE1 and OE2) at
distances of 3.85 A and 3.51 A, respectively, with corresponding
binding energies of —0.8 kecal mol™* and —1.9 kcal mol ™, indi-
cating favorable moderate-to-strong interactions. The overall DS
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Fig. 8 In silico docking study of MB and fibroin molecular interactions.
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Table 3 Docking parameters and interactions between MB and fibroin. DS: docking score; RMSD: root mean square deviation; E_conf:
conformational energy; E_place: energy of initial ligand placement; E_scorel: initial scoring energy; E_refine: energy after ligand-receptor
refinement step; E_score?2: final docking scoring energy after refinement. A chain: heavy chain of fibroin

DS (kcal mol ™) RMSD (A) E_conf E_place E_scorel E_refine E_score2
—4.883 1.370 7.296 —28.864 —7.603 —16.606 —4.883
Fibroin amino acid MB atom Interaction Distance (A) Energy (kcal mol %)
Lys62 (NZ)-A chain Nitrogen (position 5) H-bond acceptor 3.34 —0.2 (weak)

Glu94 (OE1)-A chain Nitrogen (position 24) Ionic 3.85 —0.8 (moderate)
Glu94 (OE2)-A chain Nitrogen (position 24) Ionic 3.51 —1.9 (strong)

was —4.883 kcal mol ™, indicating a stable interaction between
MB and fibroin.*® Furthermore, the RMSD value (1.370 A) re-
flected the agreement between the predicted and experimental
structures. The binding energy values were also notable, with
E_place = —28.864 kcal mol ', E_scorel = —7.603 kcal mol *,
and E_refine = —16.606 kcal mol ™", confirming the stability of
the formed complex.

Since ionic interactions were the main forces binding MB
and fibroin, the MB adsorption process was re-confirmed to be
chemisorption, as previously discussed. Previous study has
pointed out that MB and fibroin could interact via the S atoms
of MB and N in lysine and O in tyrosine residues of fibroin."”
However, these hypothetical claims appeared to be not in
agreement with the docking study, which revealed different
interactions. These findings highlight the potential of fibroin as
an effective adsorbent for charged small molecules, particularly
compounds like MB. Compared to previous studies, the
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interactions observed in this study align with the biochemical
properties of fibroin, a protein polymer capable of forming
favorable molecular interactions with charged molecules due to
the presence of functional groups such as glycine, lysine, and
glutamate.>” "

3.6 Molecular dynamics simulation

To further investigate the MB and fibroin interactions in the
present of water molecules, MD simulation was conducted
(Fig. 9). Accordingly, the fibroin-MB complex stability was
determined through the RMSD index. Throughout the 20 ns
simulation, the RMSD fluctuated between 0.25 and 1.75 nm,
stabilizing notably after approximately 6 ns. Firstly, at around 0-
2 ns, the RMSD value starts around ~0.25-0.5 nm, indicating the
fibroin-MB complex initially remains relatively stable. However,
the RMSD exhibits significant fluctuations and peaks around
~1.75 nm near the 5 ns mark, suggesting structural
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Fig.9 Molecular dynamics simulation results of MB and fibroin interactions, with RMSD and RMSF plots, the complex structure in water, 3D and
2D representations of molecular interactions, and a table summarizing key ligand-receptor interactions.
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rearrangements or conformational adjustments as the complex
accommodates or optimizes the ligand binding mode. Finally,
after that, in the equilibrium phase, the RMSD sharply decreases
and stabilizes around approximately 1.0 nm. This stabilization
indicates the complex reaches equilibrium and maintains
structural integrity without substantial deviations from the
average structure. Conclusively, the fibroin-MB complex
becomes structurally stable after 6 ns of simulation time, and
a stable RMSD around ~1.0 nm suggests the complex is
adequately equilibrated for further structural or energetic
analysis.*?

Moreover, the RMSF analysis reflects atomic fluctuations
within specific residues or regions of the protein in the fibroin-
MB complex. Specifically, at low RMSF region (atoms ~1230-
1240), low fluctuations (~0.02-0.05 nm) were observed, indic-
ative of rigid or constrained atoms, corresponding to stable and
tightly bound structural elements such as anti-parallel B-sheet
structure of fibroin, and residues potentially involved directly in
ligand binding or maintaining protein structure integrity.*> On
the other hand, at higher RMSF peaks (atoms ~1240-1265),
clearer fluctuations appear (~0.02-0.15 nm). This indicates
higher flexibility, which is characteristic of loop regions,
terminal residues, or amino acids less involved directly in
structural stability or ligand binding.** Overall, the fluctuations
below 0.15 nm suggest no significant structural changes in the
fibroin at the interaction site. This stability is essential to
maintaining the integrity of binding between MB and the
fibroin active regions.*>*® Conclusively, the fibroin-MB complex
is stable in the aqueous environment.

Interestingly, the analysis of 3D visualizations and the
hydrated fibroin-MB complex model indicated that MB is well
surrounded/solvated by water molecules in the aqueous envi-
ronment, increasing the accuracy of simulating real aqueous
conditions (Fig. 9, central image). Despite solvation, MB consis-
tently formed three hydrogen bonds with water molecules and
fibroin (E = —1.6 kcal mol * (strong), —0.8 kcal mol ' (moderate),
and —0.3 (weak) kcal mol "), along with one m-H interaction
between the six-membered aromatic ring of MB and residue Met
64 (A chain), with a distance of 3.85 A and energy of —0.8 keal-
mol !, as summarized in the interaction table. These interactions
remained stable over time, as shown by the converged RMSD plot
(top left) and low local fluctuations in RMSF (bottom left), sup-
porting the formation of a thermodynamically stable complex.
Therefore, the directional, energetically favorable interactions
between MB and fibroin in the presence of water are fully
consistent with docking and FT-IR evidences of chemisorption.

3.7 Comparisons with previous work

To the best of our knowledge, as of 03/2025, no study has been
reported on the utilization of FNP for MB adsorption. Hence, we
conducted this work to fill in the literature gaps, with a focus on
fibroin-MB molecular interactions. Accordingly, a brief
summary and comparison between relevant fibroin/silk-based
materials for MB adsorption is presented in Table 4. Accord-
ingly, FNP could significantly increase the adsorption efficiency
compared to the raw silk and degummed silk. Moreover, the
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blending of fibroin with hydroxypropyl methylcellulose
(HPMC), as in silk fibroin/HPMC microparticles, exhibited the
highest sorption capacities (490-512 mg g~ '), far surpassing
other silk-based adsorbents,** which can be attributed to the
presence of HPMC that enhances interaction sites or internal
porosity for dye adsorption. Additionally, adsorbents with
higher Sggr values (ie., high surface area and porosity)
demonstrated higher adsorption capacity, in agreement with
previous studies.*'>" Similarly, smaller particle sizes typically
improve adsorption performance due to higher surface avail-
ability. Indeed, the microparticle forms demonstrated signifi-
cantly better adsorption capacities compared to larger
structures such as SC and SD. Interestingly, exceptionally small
particles (ultrafine silk fibroin powder, 3.8 um) still exhibited
modest adsorption (20.58 mg g~ '), implying that size reduction
alone might not be sufficient without adequate surface func-
tionalities or porosity. Notably, between similar materials of SC
and SD, our study showed less adsorption capacity compared to
previous works,"” which could be attributed to variations in silk
source, degumming methods, processing conditions, and
structural integrity post-treatment. Further research could in-
depth explore these differences.

When comparing between FNP and other well-established
adsorbents, traditional adsorbents like activated carbon, gra-
phene oxide, and carbon nanotubes offer high adsorption
capacities, most notably graphene oxide at 951.35 mg g~ ' and
activated carbon at up to 148.8 mg g~ * (Table 4). Nevertheless,
these inorganic materials also come with significant drawbacks.
They often require energy-intensive or chemically aggressive
synthesis routes, involve toxic precursors, and pose risks of
secondary environmental contamination due to their non-
biodegradable nature and potential cytotoxicity.**** In
contrast, FNP, with an adsorption capacity of 122.98 mg g/,
offer a unique combination of efficiency, eco-friendliness, and
biocompatibility.*® Silk fibroin is a natural protein-based
biopolymer that has been approved by the US Food and Drug
Administration (US FDA) as a biomaterial that can be used in
numerous biomedical and pharmaceutical applications.”® Upon
degradation, fibroin primarily yields peptides and amino acids,
which are non-toxic and biodegradable in aquatic environ-
ments.*> Moreover, FNP moderate surface area (21.894 m”> g )
coupled with rich functional groups enables effective chemi-
sorption through chemical bonding, as previously discussed.
Additionally, FNP can be further tailored structurally and
chemically with minimal environmental impact. Last but not
least, when roughly compared the production cost (Table 4),
FNP presents a compelling balance between affordability and
performance when compared to other widely used adsorbents
such as activated carbon. While activated carbon is significantly
cheaper due to its large-scale industrial production from low-
cost biomass (i.e., coconut shells), its manufacturing process
involves high-temperature carbonization and activation, which
can raise environmental concerns due to energy demands and
potential emission of greenhouse gases. In contrast, FNP are
derived from renewable silk waste or agricultural by-products
and prepared through relatively benign aqueous processes,
making them more environmentally friendly and sustainable,
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albeit at a slightly higher production cost. Graphene oxide,
although showing the highest adsorption capacity, has the
highest production cost (2.0 USD per g). Ultimately, while FNP
may not be the cheapest material, they represent a cost-effective
and sustainable middle ground, especially suitable for envi-
ronmentally conscious water treatment.

4. Conclusion

This study successfully formulated FNP with high MB adsorption
of 122.98 mg g ', nearly 40 times higher than the raw un-
processed silk materials; and deeply investigated the molecular
chemical interactions between fibroin and MB. Several critical
factors influencing adsorption efficacy were identified, including
initial MB concentration, adsorbent dosage, contact duration,
and solution pH. Interestingly, in silico docking studies revealed
that MB interacts with fibroin mainly via chemical bonding,
particularly at the fibroin residues Lys62 and Glu94. Further-
more, molecular dynamics simulations under aqueous condi-
tions demonstrated significant stabilization of the fibroin-MB
complex, with MB molecules fully encapsulated by water and
strengthened through the formation of three additional
hydrogen bonds (binding energies ranging from —0.3 to
—1.6 kcal mol™"). The limitation of this study is the absence of
real MB-contaminated wastewater samples, as the research
primarily focused on elucidating the specific interactions
between fibroin and MB without the interference of competing
ions or compounds. Future investigations should incorporate
real wastewaters to provide a more comprehensive assessment of
the adsorption performance. Moreover, thermodynamic investi-
gations were lacking and should be employed in future studies.
Conclusively, silk fibroin-based adsorbents demonstrate signifi-
cant potential for MB adsorption, but performance is greatly
dependent upon particle size, specific surface area, functionali-
zation, and structural modification (such as degumming).
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