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Abstract: Organic dyes are extensively used in the textile, paper and paint industries, among others.
However, the lack of efficient treatment of disposals leads to the release of these toxic molecules
into the environment, which has an enormous impact on living organisms. Dye absorption is the
most common approach used to tackle this problem. However, the ideal solution should include dye
degradation and absorbent regeneration, reducing the environmental impact of the procedure. Dye
degradation can be achieved by catalysis. Recently, silk fibroin (SF) has been shown to have incredible
absorbent properties. Herein, we characterized the capacity of SF hydrogels to absorb methylene
blue (MB), an extensively used cationic organic dye. Moreover, the effect of a pretreatment of the SF
hydrogel at different pH and ionic environments is also studied. Interestingly, opposite behaviors are
observed when absorbing MB or brilliant blue (an anionic dye), suggesting an electrostatic-based
interaction. Furthermore, the regeneration of a MB-saturated SF hydrogel by immersion in acidic pH
and its further reuse were evaluated. Finally, the SF hydrogel was coupled with a gold nanoparticle
catalyst, which resulted in a material able to absorb and catalyze the MB reduction by sodium
borohydride in situ, leading to dye degradation. Overall, this work presents a biodegradable reusable
material able to absorb and reduce MB in aqueous media.

Keywords: silk; hydrogel; methylene blue; adsorption; nanocomposite; gold nanoparticle; catalysis;
depollution

1. Introduction

Extensive global industrialization has raised many concerns about environmental
pollution. In particular, industrial wastes are poorly treated before disposal. Residual
waters flow into rivers, lakes, underground water and seawaters containing a great number
of pollutants [1]. The presence of pollutants such as heavy metal ions and organic dyes
in the environment strongly affects the ecosystem and consequently human health [1–3].
Furthermore, water is an essential resource for life, and the amount of drinkable water is in
constant decrease due to the increase in worldwide population and the resulting expansion
of pollution.

Organic dyes are widely used in the textile, paper, paint, cosmetics, printing, plastics
and pharmaceutical industries, among others [4,5]. Yet, several organic dyes are greatly
toxic for living organisms and are potentially carcinogenic and mutagenic [2,6]. In the
environment, these molecules are poorly or not completely degraded due to their complex
aromatic structures. Their relative stability therefore drives environmental accumulation,
where small modifications or combinations with other molecules can further increase their
toxicity [7]. Methylene blue (MB) is a cationic organic dye extensively used by industry,
and it is therefore used as model dye for many depollution applications. When ingested,
MB may indeed cause nausea, vomiting or gastritis [8].
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Extensive studies have been conducted on the development of efficient water de-
pollution methods. The latter include precipitation, flocculation, ion exchange, filtration,
adsorption and photodegradation, which have been successfully used [5,8,9]. Depollu-
tion through adsorption remains, however, the most widely used method due to its cost
effectiveness and simplicity [10]. Ideal adsorbent materials should have high adsorption
capacities, biodegradability, ease regeneration and recyclability.

In this context, silk fibroin (SF)-based materials have been developed in applications
dealing with the depollution of organic and inorganic compounds [11–17]. Silk is a natural
biopolymer produced by many members of the arthropod’s family. Because of its biocom-
patibility, biodegradability and tunable mechanical properties [18–23], silk-based materials
have been developed and applications for them have been found in many fields such as
medicine, catalysis and depollution. Bombyx mori worm’s silk is the most abundant due to
worm domestication and its mass production mainly for the textile industry. B. mori silk
is composed of two proteins: fibroin and sericin. Fibroin forms the core structure of silk
threads and is surrounded by sericin. Traditional procedures, mainly thread production for
the textile industry, use a degumming process that results in the removal of the surround-
ing sericin. Therefore, most of the silk materials are composed only of SF. Recently, many
different SF materials have been developed, including electrospun mats, additive manu-
facturing, hydrogels and microspheres, among others [24]. Interestingly, the absorption
capacity of SF materials has been scarcely shown in the literature. Gao et al. showed the
potential of silk electrospun membranes for air filtration [25]. The produced filters were
able to remove from air up to 99.99% of the particles between 0.3–10 µm, while showing a
decreased pressure drop in comparison with the state-of-the-art materials. Another study
proved the combination of SF with hydroxyapatite to be efficient for water filtration and
purification [12]. The described material was able to remove dyes and heavy metal ions
from solutions, which cannot be achieved with conventional nanofiltration membranes.
Finally, silk hydrogels obtained from recombinant bee silks produced in E. coli have also
been shown to absorb metal macrocycles, organic dyes and nanoparticles [26,27].

However, the main issue with the adsorption approaches is related to the fact that
pollutants are only removed from the environment but not eliminated. Activated carbon is
the most largely used adsorbent material. When it reaches its maximum adsorbent capacity,
this material is either degraded a posteriori by pyrolysis, an energy-consuming process
producing a high amount of CO2, or directly discarded into landfills, thus contributing to
further pollution [28]. Accordingly, an adsorbent-based approach requires the combination
with a non-pollutant dye/material degradation strategy.

To overcome this issue, two main strategies have been developed: material regenera-
tion and dye degradation. The regeneration of the material allows its reutilization, thus
increasing its lifetime and performance. Dye degradation can be achieved through catalysis.
In particular, the use of nanoparticles (NPs), which exhibit a high surface-to-volume ratio,
has been widely explored to this end as lower amounts of catalyst are required. A variety
of NPs have been used for dye degradation including silver, platinum, iron, palladium and
gold [29–34]. Although palladium NPs are probably the most well-know nanocatalyst, their
expensiveness and toxicity reduces their interest in depollution applications. In contrast,
gold NPs (Au NPs) have a reduced toxicity and better stability over time [35,36].

Herein, we report the use of SF-Au NPs bionanocomposite for a combined adsorp-
tion and degradation of a MB. The adsorption capacities of SF hydrogels are assessed by
monitoring the evolution of MB amounts in aqueous media. The hydrogels were also
pre-incubated in solution with different pH and ionic strength to investigate the possible
changes in their adsorption capacities. The regeneration of the studied materials and
their further recycling was also studied. Particular attention was given to the associa-
tion of SF materials and Au NPs to combine adsorbent capacity and dye-degradation
catalysis processes.
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2. Materials and Methods
2.1. Materials

Methylene blue (MB, M9140), brilliant blue (BB, erioglaucine disodium salt, 861146),
NaCl, NaBH4, Lithium bromide (LiBr, reagent plus ≥ 99.9%), horseradish peroxidase type
VI (HRP, P8375), PDMS (Sylgard 184), 2,2′-Azino-bis (3-Ethylbenzthiazoline-6-Sulfonic
Acid) (ABTS) were purchased form Sigma-Aldrich (St. Quentin Fallavier, France) with
98.5% minimum purity.

HMBP-C≡CH (1-hydroxy-1-phosphonohept-6-ynyl) phosphonic acid was synthesized
as previously reported [37]. Hydrogen tetrachloroaurate (III) (HAuCl4, 3H2O, ≥99.9%),
sodium ascorbate, sodium carbonate (Na2CO3, 99.8%, anhydrous) and hydrogen peroxide
(H2O2, 35 wt.%) were purchased from Fisher Scientific.

2.2. Silk Fibroin Extraction

Silk fibroin (SF) dispersion was obtained as previously described elsewhere [38].
Briefly, Bombyx mori silk cocoons were cut into small pieces and boiled for 30 min in
0.02 M Na2CO3 solution to remove sericin. Fibers were rinsed three times with abundant
demineralized water, dried and dissolved in a 9.3 M LiBr solution. The resultant dispersion
was then dialyzed against demineralized water for 48 h, in a 3500 molecular weight cut
off (MWCO) dialysis cassette. Insoluble residues were removed by centrifuging twice at
9000 rpm for 20 min. SF dispersion was diluted to 6 wt.% and stored at 4 ◦C before use.

2.3. Gold Nanoparticle Synthesis

Gold nanoparticles (Au NPs) were synthesized by following the procedure described
in previous work [39]. Briefly, 19 mL of demineralized water were mixed with 250 µL
of HAuCl4 (20 mM) and 500 µL of HMBP-C≡CH dispersed in water solution (40 mM)
previously adjusted at pH = 10. The solution was placed under vigorous stirring at room
temperature (RT) and 55 µL of sodium ascorbate (17.6 mg L−1) were added. The reaction
was considered finished after 30 min. Suspensions were dialyzed (MWCO 100 kDa) then
stored at 4 ◦C before use.

2.4. SF-Au NPs Bionanocomposite

SF hydrogels were formed by mixing 6% (wt.%) SF dispersion with water or 0.25 mM
Au NPs dispersion in a 1:1.6 ratio. Gelation was induced by adding 10 µL of HRP
(1 unit µL−1) and 10 µL of H2O2 1% following the protocol originally described by
Partlow et al. [40]. Gelation was carried out in PDMS molds for easy post manipula-
tion and in a glass desiccator in the presence of two water-containing beakers to increase
humidity and avoid evaporation. Gelation time was set to 72 h. For the sake of comparison,
SF hydrogel without Au NPs was also prepared following the procedure described above.

2.5. Dye Adsorption

SF hydrogels (0.034 g of SF per hydrogel) were immersed in 15 mL of pH = 7 MB
(10 mg L−1) or BB (10 mg L−1) solution and placed in an orbital shaker at RT.

2.6. Adsorption Isotherms

The adsorption capacity of SF sponges and swollen hydrogels were evaluated by
immersing the samples in 15 mL of MB solution (10–200 mg L−1) under stirring at RT
for 48 h to reach the equilibrium concentration (Ce; MB concentration in the solution at
the equilibrium state). After incubation, the absorbance at 664 nm of the solution was
measured. Ce and the adsorption capacity (qe; mg g−1; mass of adsorbed MB (mg) per mass
of adsorbent (g)) parameters were calculated for each point. Results were fitted with the
Langmuir, Freundlich and Temkin adsorption models as these models are widely used in
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the literature for similar systems [10,15,41–44]. The Langmuir model can be described by
Equation (1).

qe =
qmKLCe

1 + KLCe
(1)

This equation can be linearized as follows:

Ce

qe
=

1
qmKL

+
1

qm
× Ce (2)

The Freundlich experimental model can be described by the following equation:

qe = KFC1/n
e (3)

It can be linearized as:

ln(qe) = ln(KF) +
1
n

ln(Ce) (4)

The Temkin model can be described by Equation (5).

qe =
RT
bT

ln(KTCe) (5)

This equation can be linearized as follows:

qe =
RT
bT

ln(KT) +
RT
bT

ln(Ce) (6)

where qe is the adsorption capacity (mg MB g adsorbent−1); qm the maximum adsorption
capacity (mg g−1); Ce the MB concentration at the equilibrium state (mg L−1); n represents
the heterogeneity of the adsorbent; KL, KF and KT are the adsorption constants (L mg−1) of
the Langmuir, Freundlich and Temkin models, respectively. T is the absolute temperature
in Kelvin (K), R is the universal gas constant, 8.314 J mol−1 K−1, bT is the constant related
to the heat of adsorption indicating the variation of adsorption energy (J mol−1).

2.7. Materials Pretreatment

The effect of pH (3.5, 5 and 8) and ion pretreatments (0.6 M, NaCl) on the adsorption
capacities of SF hydrogels were evaluated. After gelation, samples were immersed in
demineralized water for 48 h at RT for complete swelling. Swollen materials were then
treated by immersion into a given pretreatment solution for an additional 48 h. Pretreatment
solution pH were adjusted using 1 M HCl/NaOH solutions. Prior to MB adsorption,
materials were abundantly rinsed with demineralized water (Figure 1).
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Figure 1. Schema of the procedure followed to evaluate the effect of salt pretreatment on the SF
hydrogel MB adsorption capacity. After formation, the hydrogel is immersed in water for swelling,
then in a 0.6 M NaCl solution until hydrogel saturation (6 days). The hydrogel is then rinsed and
immersed in 10 mg L−1 MB solution for MB absorption.
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2.8. MB Release

After their preparation and subsequent immersion in aqueous solution (water, pH ad-
justed at 7) for 48 h, the hydrogels were immersed in MB solutions (10 mg L−1,
pH = 7) for 6 days. MB release was performed by immerging MB-saturated SF mate-
rials in aqueous solution (pH 3, 10−3 M HCl) and monitoring by spectrophotometry at 664
nm. The procedure is presented in Figure 2.
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Figure 2. Schema of the procedure followed to evaluate SF hydrogel MB release. After formation, the
hydrogel is immersed in water for swelling, then in a MB solution until hydrogel saturation (6 days).
The MB-saturated hydrogel is then immersed in 10−3 M HCl solution for MB release.

2.9. Catalytic Activity

1.5 mL SF-Au NPs hydrogel bionanocomposites (0.034 g SF and ~0.15 mM final Au
NPs concentration) were placed in water to allow complete swelling for 48 h. Hydrogels
were immersed in 5 mL of MB solution (10, 50 or 100 mg L−1) and 500 µL of 1 M NaBH4
were added. Reaction was carried out under constant stirring and a 2 mL aliquot was taken
out at a given time for absorbance measurement (λ = 664 nm). Due to the high speed of
the reaction, it was not possible to measure the absorbance at several time points for a
single reaction. Therefore, four different reactions were carried out, and a single time point
measurement was performed.

The possibility to further chemically reduce MB using the same SF-Au NPs hydrogel
was evaluated by adding 1 mL of MB (10 mg L−1) and 500 µL of 1 M NaBH4 after complete
MB reduction. This procedure was repeated up to 15 times by simply washing the hydrogel
with fresh water and adding fresh MB and NaBH4 solution. The same procedure was
repeated three times using a 100 mg L−1 MB solution.

3. Results and Discussion
3.1. Silk Fibroin Materials Preparation

SF hydrogels were successfully prepared following the procedure described elsewhere,
which consists in inducing the gelation by horseradish peroxidase (HRP) and H2O2 [40].
Thus obtained, the hydrogels were further characterized by scanning electron microscope
(SEM) and confocal microscopy. Figure 3A shows the expected porous structure of the
freeze-dried hydrogels with a diameter of pores ranging from 5 to 40 µm. Hydrogel
macroporous structure was confirmed by confocal imaging in their wet state (Figure 3B).

Adsorption capacities were evaluated by immersing SF hydrogels in MB solutions
ranging from 10–200 mg L−1 for 48 h to reach the equilibrium concentration (Ce; MB
concentration in the solution at the equilibrium state). Three well-known adsorption
models were used to describe the adsorption mechanism. The Langmuir model is a
theoretical model based on the fact that adsorption takes place on the surface in the form
of a monolayer in a reversible way. In contrast, the Freundlich model is an empirical
model in which multilayered adsorption is considered. As for the Temkin model, the
interaction between adsorbent and adsorbate is considered. The model assumes, indeed,
that the heat due to the adsorption process will decrease due to the adsorbent–adsorbate
interaction. Table 1 summarizes the values of each parameter extracted from the Langmuir,
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Freundlich and Temkin models as well as the correlation coefficient value R2. The results
were satisfactorily consistent with the Langmuir model (Figure 4) in agreement with most
of the studies on organic dye adsorption found in the literature [15,45–47].
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tion models. Best fit is found with the Langmuir model.

We hypothesized that the adsorption of MB was mainly due to electrostatic interactions.
SF hydrogels were tested under three different conditions to evaluate this hypothesis:
(i) the pretreatment of SF materials with different pH solutions or (ii) with sodium chloride
and (iii) the use of an anionic dye.
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3.2. Effect of pH

SF being a protein, its overall charge is pH dependent and can therefore be modulated
by varying this factor. In contrast, the MB molecule is positively charged over a wide range
of pH as its pKa values are 2.6 and 11.2. To validate our hypothesis based on an electrostatic
interaction, the effect of pH pretreatment was studied. To this end, hydrogel samples
were immersed for 48 h in solutions at pH of 3.5, 5 and 8. The pH was adjusted with HCl
or NaOH. SF hydrogels were then washed with demineralized water and immersed in
10 mg L−1 MB solutions. This way of pretreating the adsorbent before evaluating its
adsorption capability was preferred to using the MB solution at various pH values. The
latter situation may, indeed, induce a bias due to the adsorption competition between
MB and hydroxide or proton ions. UV-vis spectrophotometry showed a pH-dependent
MB adsorption. MB adsorption capacity increased with increasing the pH value of the
pretreatment solution (Figure 5).
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Figure 5. MB adsorption by SF hydrogels after three different pH treatments. Initial (A) and final
(C) images of pH-treated silk hydrogels submerged in methylene blue solutions. From left to right,
the pH treatments were 3.5, 5 and 8, respectively, in both images. Quantitative analysis of the mass of
methylene blue adsorbed over time by UV-Vis spectrometry at 664 nm (B).

This result can be explained by the degree of swelling of the hydrogel. The pI of the
heavy chain of SF has been described in the literature to be 4.4–4.5 [48]. Over this pH
(pH = 8), the SF overall charge is negative due to the presence of carboxylate functions,
while under this pH (pH = 3.5) carboxylates are protonated and therefore the hydrogel
shrinks. Moreover, the changes induced within the SF hydrogel during the pH pretreatment
are maintained when the hydrogel is placed in the MB solution. This effect may be due to
kinetic considerations related to the diffusion of ions from the hydrogel to the surrounding
solution. Accordingly, a pretreatment at pH = 3.5 may also influence the interaction between
the hydrogel, expected to be positively charged, and MB, also positively charged. When
the pH of the pretreatment solution increases, over the pI, SF materials become negatively
charged, thus favoring the interaction with MB, which is positively charged.

3.3. Influence of the Ionic Strength of the Solution

Hydrogels were immersed in 0.6 M NaCl solutions for 48 h (see Figure 1). We chose
the salt concentration corresponding to seawater salinity. After salt pretreatment, hydrogels
considerably shrunk and became opaque (Figure 6A), probably due to the formation of
a salt bridge between carboxylate and sodium ions. Interestingly, the immersion of this
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material in aqueous solutions did not restore their original swelling state. After rinsing with
demineralized water, samples were immersed in MB 10 mg L−1 for 3 h. The pretreatment
of hydrogels with salt resulted in a decrease in both the adsorption rate and the maximum
adsorption capacity. This is clearly shown in Figure 6B through the lower slope, at an early
stage, and the apparition of a plateau at the lower MB adsorbed mass.
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3.4. Brilliant Blue Adsorption

Interestingly, the exact opposite adsorption behavior was observed when using bril-
liant blue (BB), an anionic dye, instead (Figure 7). In fact, BB was best adsorbed by
hydrogels pretreated at pH 3. On the contrary, when hydrogels are pretreated at higher
pH adsorption, the capacity decreased. Thus, though pH has an influence on hydrogel
shrinking, the nature (anionic or cationic) of the dye also has an influence on its adsorption
at a given pH. These results agree with the ones found in the literature when using silk/GO
and silk/TiO2 composite materials to adsorb different cationic and anionic dyes [11,49].
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3.5. Adsorbent Regeneration and Recycling

For successful application, adsorbent materials should not further pollute the envi-
ronment by neither their production nor their degradation (methods and byproducts).
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Therefore, biodegradable materials are of increasing interest in this field. In addition,
the possibility to regenerate and recycle these materials increases their useful life, thus
reducing their cost. The ability to regenerate and reuse SF materials has been evaluated in
this section. Regeneration procedures should allow a maximum release of the adsorbed
dye while preserving the adsorption capacity of the material. Herein, we investigated the
release kinetics of the MB adsorbed in the materials in acid solution (pH 3).

MB-saturated materials were prepared by immersing them into MB solutions (10 mg L−1)
for 6 days. The immersion of MB-saturated SF materials into acid aqueous solution
(pH = 3) resulted in a dye release into the solution (Figure 8A). This behavior agrees
with the previously described effect of pH over SF materials. When SF materials are im-
mersed in acid solutions, SF’s overall charge becomes positive and electrostatic repulsion
between SF and MB occurs, resulting in dye being released into the solution. By using this
methodology, up to ~29% of the MB adsorbed by SF hydrogels was released into the solu-
tion (Figure 8B). The regenerated materials were then reused for MB adsorption conserving
a ~70% of its initial adsorption capacity. After two cycles, the material was still useful,
although its dye release capacity was reduced by ~30%. This reduction of the adsorption
capacity could be explained by two hypotheses: (i) the saturation of several adsorption
sites due to the incapacity of the material to release all the adsorbed MB molecules; and
(ii) the hydrogel volume reduction induced by the acid solution treatment. This last effect
was expected as the hydrogel tends to shrink in an acidic medium, as shown above. A
combination of both hypotheses may also be possible; this deserves, however, further
analyses to better understand the reason of this decrease over the adsorption capacity.
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3.6. MB Degradation by a SF-Au NPs Bionanocomposite

In order to develop an adsorbent-based approach that can combine a non-pollutant
adsorbent with an in situ degradation strategy we evaluate, as a proof-of-concept, the
use of a silk fibroin hydrogel containing Au nanoparticles (SF-Au NPs bionanocomposite)
for a combined adsorption and degradation of MB. The use of Au NPs as a catalyst has
been largely studied in the literature [50–52]. Au NPs have been proved to catalyze
the reduction of MB to leuco methylene blue (LMB, colorless) by sodium borohydride
(NaBH4) [34,53]. This reaction was chosen as a model reaction as it can be easily followed
by UV-Vis measurements due to its blue color extinction. The combination of the MB
adsorbent capacity with the catalytic activity of Au NPs can further be used in a continuous
water treatment procedure. Not only Au NPs are able to degrade MB, but the direct contact
of both elements is enhanced by the adsorption capacity of the SF material.

Figure 9B shows that, after only 15 min, all the MB had been reduced to LMB (see
video x8 as supporting information). Control experiments were performed with hydrogels
without Au NPs and if an adsorption of MB was observed, no degradation could be
evidenced. Additionally, reduction of MB to LMB was successfully conducted with a
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solution of Au NPs alone to confirm the catalytic role of Au NPs. In this later case, a small
enhancement of the catalytical activity was evidenced (12 min rather than 15 min for a
complete degradation in the same conditions). This result is expected because Au NPs are
embedded within the hydrogel and the MB has to diffuse through the gel to reach the NPs.

Appl. Sci. 2022, 12, x FOR PEER REVIEW 11 of 15 
 

Figure 9B shows that, after only 15 min, all the MB had been reduced to LMB (see 
video ×8 as supplementary materials). Control experiments were performed with hydro-
gels without Au NPs and if an adsorption of MB was observed, no degradation could be 
evidenced. Additionally, reduction of MB to LMB was successfully conducted with a so-
lution of Au NPs alone to confirm the catalytic role of Au NPs. In this later case, a small 
enhancement of the catalytical activity was evidenced (12 min rather than 15 min for a 
complete degradation in the same conditions). This result is expected because Au NPs are 
embedded within the hydrogel and the MB has to diffuse through the gel to reach the NPs. 

 
Figure 9. Silk-Au NPs hydrogel bionanocomposite and MB solution (A), image taken at the start (B) 
and during (C) MB reduction reaction. The formation of H2 results in gas bubbles entrapped within 
the silk-Au NPs hydrogel. MB reduction kinetics monitored by UV-vis spectrophotometry (D). 

Not only the reaction occurs in a relatively fast manner with SF-Au NPs bionanocom-
posite, but also the hydrogel can be reused by adding more MB and NaBH4 at least up to 
15 times resulting in the degradation of 5.9 µmol of MB by each µmol of Au NPs. Thus, it 
appears that MB is efficiently adsorbed by the SF-Au NPs composite and transformed into 
leuco MB by an electron transfer mechanism catalyzed by Au NPs [54,55]. We can hypoth-
esize that the leuco MB, which is not charged, will have less affinity toward the silk ad-
sorbent and be released then replaced by new MB molecules (see Figure 10). 

 
Figure 10. Scheme of the MB reduction by NaBH4 catalyzed by AuNPs. 

In spite of the great reduction of MB observed, the chosen reaction results in the pro-
duction of hydrogen gas (coming from sodium borohydride) that is entrapped within the 

Figure 9. Silk-Au NPs hydrogel bionanocomposite and MB solution (A), image taken at the start
(B) and during (C) MB reduction reaction. The formation of H2 results in gas bubbles entrapped
within the silk-Au NPs hydrogel. MB reduction kinetics monitored by UV-vis spectrophotometry (D).

Not only the reaction occurs in a relatively fast manner with SF-Au NPs bionanocom-
posite, but also the hydrogel can be reused by adding more MB and NaBH4 at least up to
15 times resulting in the degradation of 5.9 µmol of MB by each µmol of Au NPs. Thus,
it appears that MB is efficiently adsorbed by the SF-Au NPs composite and transformed
into leuco MB by an electron transfer mechanism catalyzed by Au NPs [54,55]. We can
hypothesize that the leuco MB, which is not charged, will have less affinity toward the silk
adsorbent and be released then replaced by new MB molecules (see Figure 10).
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In spite of the great reduction of MB observed, the chosen reaction results in the
production of hydrogen gas (coming from sodium borohydride) that is entrapped within
the hydrogel (Figure 9A) resulting in a partial break down of the material after numerous
reutilizations. Nevertheless, it should be noted that the NPs were attached to the remaining
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SF fibers and no release into the solution was observed. These results on the lack of
NPs release are in accord with the results that we have previously described [39]. These
results are thus encouraging for the development of a non-pollutant and reusable system
combining the MB adsorption and in situ degradation.

3.7. Comparison with Other Materials

Many different materials are being developed for dye removal. Table 2 compiles
some of these materials and their maximum adsorption capacities for MB. Although the
results obtained within this work are largely outcome in some other cases presented in the
literature, it is important to consider that these are only proof-of-concept results and further
optimization of the materials should be conducted. Moreover, in the case of the adjunction
to the silk hydrogels of a catalytical ability and reusability potency, the maximum removal
capacity will be enhanced.

Table 2. Summary of MB removal materials and their maximum removal capacities.

Material Mode of Action Maximum Capacity Reference

SF hydrogel

Adsorption

25.77 mg g−1 This work
Silk-graphene oxide aerogel 1322.71 mg g−1 [11]

Graphene oxide hydrogel 714.29 mg g−1 [10]
Alginate beads-magnetic

NPs-activated carbon 18.23 mg g−1 [56]

Polyacrylamide dextran sulfate
hydrogels 19.145 mg g−1 [41]

Exfoliated montmorillonite
nanosheets-chitosan 530 mg g−1 [47]

SF-Au NPs hydrogel Chemical
reduction

This work
Graphene-tanic acid-Au NPs hydrogel [29]

4. Conclusions

To our knowledge, the use of silk materials as adsorbents has rarely been studied
to date. Herein, the maximum adsorption capacity of SF hydrogels has been evaluated.
The better fit of the experimental data with the Langmuir adsorption model agrees with
most of the studies on organic dye adsorption found in the literature. Moreover, the results
found in this section strongly suggest an electrostatic-mediated interaction between MB
and SF hydrogels. This interaction is in fact impaired in the presence of salt, or within an
acid media due to the positive charge of SF materials at this stage. In addition, the use of
an anionic dye resulted in an opposite behavior confirming the electrostatic interaction
hypothesis. This work also shows the possibility of using pH 3 solutions to restore and
reuse SF materials. Finally, the addition of Au NPs allows the coupling of the dye removal
capacities of SF with its in-situ degradation by catalysis.

Herein, this work provides a biodegradable material capable of removing and degrad-
ing MB from an aqueous solution within a simple procedure. It is important to note that
the results presented here are just a proof of concept and that the material can be easily
tuned and functionalized to optimize its performance. Future investigations could focus
on the use of HRP enzyme (used for hydrogel crosslinking) for pollutant degradation as
recently shown in the literature [57] as well as their possible use in potential synergy with
NPs catalyst.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/app12189152/s1, Video S1: methylene blue degradation in presence
of NaBH4 and catalyzed by SF-AuNP (speed x8).

https://www.mdpi.com/article/10.3390/app12189152/s1
https://www.mdpi.com/article/10.3390/app12189152/s1
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