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ABSTRACT

The textile industry is a major driver of water pollution, releasing vast amounts of heavy metals, toxic dyes, and
organic and inorganic contaminants, which severely harm the environment. Pollution remediation remains a
major challenge, highlighting the need for efficient and cost-effective solutions. Biopolymer-based technologies
provide a sustainable, efficient, and eco-friendly solution for industrial dye removal. Incorporating nanomaterials
can enhance the adsorption capacity of these materials due to their high specific surface area. This study
compares the effectiveness of nanomaterials such as cellulose nanocrystals (NCC), chitin nanocrystals (NCChit),
and oxidized chitin nanocrystals (NCChit-ox). The results indicate that NCChit-ox is the most effective sorbent,
exhibiting the highest Langmuir constant (KL) and a maximum adsorption capacity for methylene blue (MB) of
96.5 mg/g, with a removal efficiency exceeding 92.5 % across all concentrations, as confirmed by molecular
modeling. These nanomaterials were incorporated into bacterial alginate-based hydrogels for MB adsorption. The
effects of temperature, contact time, pH, and dye concentration were studied. Among the evaluated isotherms,
the adsorption experimental data best fit the Langmuir model (R? = 0.9547). Kinetic data suggest that the
adsorption process follows a second-order mechanism (R? = 0.977). The hydrogel demonstrates excellent

reusability, maintaining high adsorption efficiency across multiple cycles.

1. Introduction

In 1968, the European Water Charter stated: “There is no life without
water” and “Freshwater resources are not inexhaustible. It is essential to
preserve, control, and, if possible, increase them.” The charter outlines
12 principles that may seem self-evident today. However, in 2016, it was
reported that 1.8 billion people still lacked access to safe drinking water,
while 2.4 billion lacked access to adequate sanitation. The primary
sources of water pollution include: (i) domestic sewage, which accounts
for 75-80 % of water pollution; (ii) heavy industrialization which gen-
erates waste in the form of toxic chemicals and pollutants; (iii) marine
dumping where household garbage continues to be disposed of in oceans
by many countries; (iv) oil leaks and spills caused by offshore drilling
operations; (v) intensive agriculture, where chemicals in pesticides and
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fertilizers directly contaminate water due to flooding, heavy rainfall, or
excessive irrigation; (vi) global warming due to the rising temperatures
and (vii) radioactive waste with accidents still releasing toxic substances
into the environment [1-3].

Dyes, extensively used in the pharmaceutical, textile, food, paper,
and cosmetics industries, are significant contributors to environmental
problems [4]. It is estimated that 7 million tons of various dyes are
discharged annually into water bodies by different industries, gener-
ating vast amounts of wastewater. This poses a major concern, as most of
these dyes are non-biodegradable and carcinogenic, resulting in haz-
ardous consequences for both human health and ecosystems. The
adverse effects on aquatic life are particularly severe, primarily due to
direct exposure. Indeed, dyes release nitrates and phosphates into the
natural environment, increasing the phenomenon of eutrophication,
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defined as excessive phytoplankton growth and resulting in oxygen
depletion due to the inhibition of photosynthesis [5]. For humans,
exposure to dyes has been linked to health issues ranging from skin
irritation to cancer-like diseases [6]. Azo dyes such as congo red (CR)
and methylene blue (MB), are among the most widely used in the textile
industry and are highly soluble in water. These dyes are known to be
carcinogenic and can induce liver and bladder tumors in laboratory
animals. Moreover, the reduction of azo dyes, i.e., the cleavage of the
dye’s azo bond, leads to the formation of mutagenic and carcinogenic
aromatic amines, further amplifying their toxicological risks.

There are three main approaches to removing dyes from wastewater:
(i) chemical methods, such as precipitation, flotation, electro-
coagulation and oxidation. These methods have several disadvantages
that limit their suitability for commercial use, including the need for
specialized equipment, high energy demands, and extensive use of
chemical reagents. By contrast, (ii) biological treatments typically
involve the breaking of azo bonds under anaerobic conditions, which
generates aromatic amines. These amines are subsequently degraded
into small, non-toxic molecules under aerobic conditions. These pro-
cesses are both cost-effective and environmentally friendly, as they are
less harmful than chemical methods. Finally, (iii) physical methods are
generally simple procedures which often rely on mass transfer mecha-
nisms. This approach requires minimal use of chemicals and is consid-
ered more reliable, as it does not involve living organisms or extensive
chemical usage. Physical methods are frequently employed in processes
such as membrane filtration and adsorption. The highest removal per-
centage for physical dye removal techniques ranges from 86.8 % to 99
%, with adsorption being the most effective method. Hydrogels are
three-dimensional, network-cross-linked polymers with a highly porous
nature and a large number of hydrophilic functional groups (e.g., OH,
COOH and SO3H), enabling them to absorb and retain significant vol-
umes of water. Polysaccharide-based hydrogels [7,8] are excellent
candidates for removing heavy metals, dyes, and oil from water due to
their high flexibility, tuneable porosity, adjustable surface charge,
thermomechanical stability, functionality, fast diffusion, deswelling
ability, pH stability, and large surface area [8]. Additionally, the phys-
icochemical properties of these hydrogels can be enhanced by incor-
porating nanomaterials [9].

Alginate, a linear polysaccharide composed of -D-mannuronate (M)
and its epimer, a-L-guluronate (G), covalently (1,4)-linked in varying
sequences, is widely used in the agri-food and pharmaceutical in-
dustries. Commercially, alginate is extracted from brown seaweed as
soluble sodium alginate but it can also be produced as an extracellular
polymer by Azotobacter vinelandii and Pseudomonas spp [10-12]. It is
important to point out that most alginate-based adsorption studies rely
on commercial sodium alginate, whereas the present work employs
bacterial alginate, which offers the advantage of a controlled and
tunable molecular weight. This enables a more rational design of the
hydrogel network and a clearer investigation of structur-
e—property—performance relationships. By tailoring bacterial alginate
(BA) production (i.e., culture conditions during fermentation), it is
possible to obtain polysaccharides with reproducible physicochemical
characteristics, in terms of molecular weight and M/G distribution.
These two parameters are known to affect their properties, resulting in
polymers that are of great interest for use in various industrial appli-
cations [13,14].

Numerous studies have reported the use of nanocellulose-based
materials for water and wastewater treatment, whereas few works
focus on nanochitin as an adsorbent or its incorporation into hydrogel
matrices for pollutant removal applications [15-19]. In addition, the
existing literature often provides limited insight into the surface charge
characteristics of polysaccharide nanocrystals and their role in adsorp-
tion mechanisms. In the study presented below, we first compared the
effectiveness of nanomaterials (cellulose nanocrystals (NCC), chitin
nanocrystals (NCChit) and oxidized nanocrystals (NCChit-ox)) to BA as
adsorbents for the two dyes most commonly found in wastewater:
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methylene blue (MB) and congo red (CR). The isotherm parameters for
MB and CR adsorption on these materials were also evaluated. Molec-
ular dynamics simulations of the nanocrystals in water in the presence of
dye molecules have been undertaken in order to gain atom-level infor-
mation on the interaction of chitin and cellulose with methylene blue
(MB) and congo red (CR); to the best of our knowledge, studies
combining molecular dynamics simulations with experimental adsorp-
tion results to elucidate molecular-scale interactions between poly-
saccharide nanocrystals, bacterial alginate hydrogels, and dye molecules
remain extremely limited.

Finally, the most promising nanomaterials were incorporated into
bacterial alginate-based hydrogels to investigate their kinetic and ther-
modynamic properties, their swelling properties as well as their higher
stability during recyclability compared to bacterial alginate without
nanomaterials.

2. Results and discussion

2.1. Adsorption on bacterial alginate and polysaccharide-based
nanomaterials

Cellulose and chitin, the first and second most abundant natural
polysaccharides on Earth, are linear and semi-crystalline polymers
composed of highly ordered (crystalline) regions along with some
disordered (amorphous) regions in proportions that vary depending on
their source [20,21]. Consequently, cellulose nanocrystals (NCC) and
chitin nanocrystals (NCChit) were successfully extracted using tradi-
tional acid hydrolysis. NCC was produced by hydrolyzing microcrys-
talline cellulose with HoSO4 (64 % weight) at 45 °C for 2 h followed by
purification steps [22]. Commercially available chitin was hydrolyzed
with aqueous HCl (3 M) for 1.5 h at 90 °C, followed by multiple
centrifugation and dialysis steps to achieve neutral pH, as reported in
the literature [23]. Subsequent preparation steps for chitin or cellulose
nanocrystals preparation included ultrasonication to enhance dis-
persibility and centrifugation to eliminate aggregates. The resulting
dispersions exhibited a white/beige color and remained stable for
several months. Additionally, oxidized chitin nanocrystals (NCChit-ox)
were successfully synthesized via TEMPO-mediated oxidation of NCChit
in water at pH 10, followed by dialysis. Using chitin nanocrystal instead
of bulk chitin to prepare NCChit-ox resulted in a high degree of
oxidation (DO = 39 %) [24]. Furthermore, lyophilization of the acquired
dispersions of NCC, NCChit and NCChit-ox could prevent bacterial
contamination. NCC, NCChit and NCChit-ox were fully characterized.
The data, summarized in the Electronical Supplementary Data (ESI,
Table S1) and detailed in the ESI Figures S1-S6, were consistent with the
literature and previous work [22,24-26].

Dynamic light scattering (DLS) and zeta (&) potential measurements
were conducted to determine particle size, colloidal stability, and sur-
face charge. To ensure colloidal stability, nano-sized particles must
exhibit an absolute value of the zeta potential greater than 30 mV. The
obtained NCC exhibited a negative zeta potential of —47.06 + 0.36 mV,
attributed to the sulfate groups introduced during hydrolysis (see ESI,
Table S1). These sulphate groups covalently attached to the NCC chain
create repulsive forces that prevent particle aggregation [27]. By
contrast, NCChit displayed a positive zeta potential of +32.44 + 3.69
mV as HCI does not react with hydroxyl groups, suggesting weak elec-
trostatic repulsive forces among NCChit (see ESI, Table S1). On the
other hand, the NCChit-ox surface exhibited a high density of negative
charges, evidenced by a zeta potential of —38.93 + 0.84 mV (see ESI,
Table S1), attributed to the high content of sodium carboxylate groups
[24].

The effectiveness of polysaccharide-based nanocrystals and bacterial
alginate as adsorbents was evaluated based on their nature, size, surface
charge, and the type of dye used. Two dyes, methylene blue (MB) and
congo red (CR), were studied at various initial concentrations: 0.01,
0.03, 0.05, 0.08 and 0.1 mM for MB and 0.005, 0.008, 0.01, 0.03 and
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0.05 mM for CR in milli-Q water with pH 5.5, chosen as a relevant
condition since it ensures optimal sorption performance and predomi-
nant dye speciation [17]. The removal efficiencies are shown in Fig. 1
and Tables S2 and S3 (see ESI). Fig. 1a clearly illustrates the superior
sorption of MB using NCChit-ox and BA, with a slight decrease in BA
sorption capacity with rising concentrations that was not observed for
NCChit-ox (which displayed near-constant capacities of 93-97 %).
Interestingly, these two adsorbents were found to be the least effective
for CR removal, with NCChit emerging as the most suitable sorbent for
this dye (Fig. 1b).

The Langmuir and Freundlich constants are summarized in Table 1
(see also Figure S7), and the amount of dye adsorbed at equilibrium (qe)
is listed in Tables S2 and S3 (see ESI). As shown in Table 1, the best
sorbent is NCChit-ox as it exhibits the highest Langmuir constant (K
and the highest maximum adsorption capacity of MB per unit of sorbent
(96.5 mg/g). This is a remarkable result, considering that the maximum
adsorption of MB on chitin and its chemical derivatives ranges from 6.90
to 69.92 mg/g at room temperature and neutral pH [28-34]. Moreover,
the sorption process is spontaneous, as the free Gibbs energy is negative
(Table 1). Regarding the Freundlich model, NCChit-ox also stands out as
the best sorbent. The model has the highest n value, n = 1.29, suggesting
favorable adsorption intensity as well as a very high Freundlich constant
(Kp = 21.64 mg""/™ L7 /g) indicating the adsorption capability of
NCChit-ox (Table 1). Although the efficiency of BA is lower, the nega-
tive Gibbs free energy demonstrates that the adsorption process is
spontaneous and favorable, much like the adsorption observed for
NCChit-ox.

Furthermore, as shown in Figure S8a (see ESI), the Hall parameter Ry,
values fall between 0 and 1. According to the study of Hamdaoui and
Naffrechoux[35], values of Ry, identify the type of isotherm as irre-
versible (R, = 0), favorable (0 < Ry, < 1), linear (Ry, = 1) or unfavorable
(RL > 1). Consequently, NCChit-ox can be considered as a suitable
sorbent for MB adsorption under the experimental conditions. As re-
ported previously, BA and NCChit-ox are inefficient sorbents for CR.
The most appropriate sorbent for CR was NCChit. Table 1 shows that the
Freundlich isotherm model fits better with the data than the Langmuir
model (R? = 0.97 vs R = 0.91, respectively) (see ESI, Figure S9).
Considering the values of the Freundlich constants (n and Kg), the
adsorption appeared favorable. The parameters of the Langmuir
isotherm indicate a strong interaction between NCChit and CR (K =
53.8 mg/L) and a maximum adsorption of CR slightly higher than 14
mg/g, this adsorption being spontaneous as shown by the negative value
of the free Gibbs energy (AG = —42.5 KJ/mol). This was also evidenced
by the variation of the Hall parameters (see ESI, Figure S8b), ranging
from 0.27 to 0.79 for the lowest and the highest concentrations,
respectively. In view of these thermodynamic studies, interactions
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between sorbents (NCChit and NCChit-ox) and dyes (MB and CR)
should differ considerably.

It is important to note that the structure of NCChit and NCChit-ox
remains unchanged after the adsorption of dyes onto the nano-object
surface, as shown on the SEM images in Figure S10 (see ESI).

2.2. Molecular dynamics simulations

Molecular dynamics simulations of the nanocrystals in water in the
presence of 10 dye molecules have been undertaken in order to gain
atom-level information on the interaction of chitin and cellulose with
methylene blue (MB) and congo red (CR). A first remark is that for all
systems, the nanocrystals remained whole throughout the simulations:
no shifting, peeling or dissociation of the glycosidic chains were wit-
nessed. For cellulose, an expected twisting of the nanocrystals was
observed because of the competition between inter- and intrachain
hydrogen bonding [36,37]. A second remark concerns the reproduc-
ibility of the results, as revealed by five independent simulations for
each crystal/dye system with differently substituted crystal surfaces and
different initial positions of the dye molecules away from the latter.
Within the 400-ns timeframe of our simulations, the relative proportion
of crystal/dye and dye/dye interactions (discussed below) were found
not to depend on these initial conditions. The results presented below
are thus averaged over the five independent simulations for each
nanocrystal/dye system. MB was found to readily interact with NCChit,
NCChit-ox and NCC. However, MB being a cationic dye, its probability
of being adsorbed on an anionic surface is higher (Fig. 2a). On average,
there are 7 to 8 MB molecules within a 5 A distance from the anionic
NCChit-ox and NCC surfaces vs. 4 from the NCChit cationic surface.
However, this simple picture obscures the fact that dye molecules un-
dergo a competition for binding, either directly on the crystal surface, or
with other, already adsorbed dye molecules.

Indeed (Fig. 2¢), the stacking of two MB units at the surface does not
occur >15 % of the time (as in Fig. 2d, a representative conformation)
and the probability of finding a stack of at least three MB units is close to
zero, regardless of the considered crystal. Clearly, the interaction of MB
molecules with glycosidic units on the crystal surface dominates the
inter-MB interaction. Interestingly, when considering anionic surfaces
only (NCChit-ox and NCC), the affinity of MB for chitin seems lower
than that for cellulose, which manifests via slightly less direct NCChit-
ox/chitin contacts and slightly more two-MB stacks on NCChit-ox. This
could be a consequence of a lesser charged surface and/or of the twisted
conformation of cellulose. These results are consistent with the experi-
mental data presented in Fig. 1a: the MB dye removal for NCC is lower
when compared to NCChit-ox and does not increase with the concen-
tration, denoting a saturated monolayer of dyes on the surface of the

0.05

N o ®
S =} <3

CR dye removal (%)

N
o

0.005 0.008 0.03
Initial concentratlon (C,, mmol/L)

BA B NCChitOx MmNCChit

Fig. 1. Effect of initial concentration of a) methylene blue (MB) and b) congo red (CR) on the adsorption capacity of BA, NCC, NCChit and NCChit-ox at room

temperature and neutral pH.
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Table 1
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Isotherm parameters for MB and CR adsorption on bacterial alginate (BA), chitin nanocrystals (NCChit), oxidized chitin nanocrystals (NCChit-ox) and cellulose

nanocrystals (NCC).

j=3
N

Model
Langmuir isotherm Freundlich isotherm
g’ K" R2 AGE n Ky R2
Methylene blue
BA 61.39 0.056 0.9520 —23.87 1.09 3.34 0.8411
NCChit - - 0.9985 - 0.4133 0.0039 0.9548
NCChit-ox 96.52 0.31 0.8152 —28.06 1.29 21.64 0.9454
NCC - - 0.9219 0.5966 0.0634 0.9027
Congo red
BA - - - - - - -
NCChit 14.11 53.8 0.9081 —42.50 6.03 12.40 0.9709
NCChit-ox - - - -
* (mg/g).
® (L/mg).
¢ (KJ/mol.
d (mgl-(l/n) L /).
g 101 = 08{ T $ NCChit-MB
£ = $  NCChitOx-MB
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Fig. 2. a) Number of dye molecules within 5 A of a given nanocrystal. b) Statistics on the number of simultaneous dye/crystal contacts for the systems under study;
the number of contacts is given in white within the corresponding bar. c) Statistics on the occurrence of stacks of dyes at the crystal surface for the systems under
study. D-e) Conformations representative of the dye-stacking behavior of (d) NCChit-ox-MB, where 2-stacks dominate, and (e) NCChit-CR, featuring high-count
stacks built on top of a limited number of adsorbed CR units (black balls and sticks: chitin; colored sticks: dyes).

crystal. Conversely, the proportion of MB removal is ~100 % regardless
of concentration for NCChit-ox, indicating a stacking behavior for the
dyes. Finally, in line with experiments, NCChit is not a good candidate
for the removal of MB: chitin/dye interactions do occur to some extent
due to the hydrogen-bonding functions on N-acetyl-D-glucosamine, but
they are severely limited by the expected electrostatic repulsion.

As seen on Figs. 2a—c, interactions of CR with the two kinds of chitin
surfaces take place, but CR being an anionic dye, its probability of being
adsorbed by a cationic surface is much higher: 3 dyes on average are
present within a 5 A distance from a NCChit-ox surface vs. 9 from a
NCChit surface. This translates into many more direct CR/NCChit than
CR/NCChit-ox contacts (Fig. 2b). Interestingly, 20 % of conformations

do not even feature a single CR/NCChit-ox contact. Unlike MB, the large
size and many aromatic rings of CR tend to favor stacking over elec-
trostatic repulsion between CR moieties; stacking also becomes the only
possible interaction once the crystal surface has been covered with bulky
CR molecules.

Because of this, stacks of up to 4 CR molecules are frequently
observed on NCChit (Fig. 2¢), and more rarely up to 6; see Fig. 2e for a
representative conformation. This correlates with results presented in
Fig. 1b where nearly 100 % of dyes are removed by NCChit regardless of
the concentration. The same stacking behavior applies for NCChit-ox;
however, due to the small number of direct CR/NCChit-ox contacts on
which such stacks can be built, their occurrence remains very low
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irrespective of the stack size. Again, this trend agrees well with experi-
ments (Fig. 1b), which show a weak removal of CR varying little when
the dye concentration is increased.

From our simulations, the dye removal capacities of chitin and cel-
lulose originate from a tradeoff between the relative strengths of dye/
crystal adsorption and dye/dye stacking interactions. Dye/crystal in-
teractions are mostly driven by electrostatics (despite possibly miti-
gating hydrogen bonds). In this regard, NCChit-ox in which 40 % of
glycosidic units bear a negative charge is highly attractive to cationic
dyes such as MB; the covering of the crystal surface by a dye monolayer
is thus expected. Comparatively, NCChit only features 5 % of positively
charged surface moieties and is only mildly attractive to anionic dyes
like CR; NCChit should thus not be a very efficient CR remover. How-
ever, dye/dye stacking interactions can mitigate this picture: whereas
the small and rigid MB does not stack very well, the larger and more
flexible CR can preserve stacking by better accommodating the elec-
trostatic repulsion between dye molecules. Thus, the experimentally
observed near-total removal of dyes at multiple concentrations has
different origins: for NCChit-ox/MB, it is linked to a monolayer of MB
densely covering the chitin surface, while for NCChit/CR it is due to the
progressive stacking of multiple CR units on a rather sparse first layer.

Importantly, the dye/crystal vs. dye/dye tradeoff is not symmetrical,
since stacks cannot be built unless a first interaction layer exists (which
explains the weak CR removing properties of NCChit-ox); a careful
tuning of dye/crystal interactions is thus necessary in all cases.

2.3. Methylene blue adsorption in BA-based hydrogels

Because of the very good dispersibility of MB-nanocrystals in water,
we attempted to mix MB, BA, and polysaccharide-based nanomaterials
in order to obtain hydrogels upon CaCl, addition. Indeed, hydrogels can
be easily removed from water and therefore reused. Before exploring the
thermodynamic and kinetic aspects of the retention of MB by BA-based
hydrogels, their removal efficiencies were studied. The results are
summarized in Fig. 3A and Table S4 (see ESI). These results clearly
demonstrate the ability of BA to adsorb MB. Surprisingly, they highlight
lower retention efficiency when BA was mixed with nanocrystals,
reflecting potential interactions between BA and nanocrystals. The most
relevant system was the BA 4+ NCChit-ox hydrogel which achieved dye
retentions ranging from 33.4 to 99.7 %, depending on the concentration.
The Langmuir and Freundlich models are summarized in Fig. 4 and the
amount of dye adsorbed at equilibrium (q.) is listed in Table S4 (see ESI).
Despite the complexity of the sorbents, the determination coefficients
for these two models ranged from 0.76 to 0.97 and the Langmuir model

(A) 100

MB dye removal (%)
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fitted well with the data set. This indicates that the sorption of MB on BA
and BA + NCChit-ox hydrogels aligns with the assumptions of the
Langmuir model. Under the experimental conditions and with this sor-
bent, the maximum adsorption of MB (q,, = 6.08 mg/g) was three times
higher than that achieved using BA alone (q;, = 2.28 mg/g).

In spite of the low value of the Langmuir constant, we assume a
spontaneous sorption since it was possible to remove the BA + NCChit-
ox / MB hydrogels from the solution as shown in Fig. 3B On the other
hand, the Freundlich model indicated favorable adsorption intensity (n
= 1.20) but with a very low Freundlich constant (K = 1.11 mgl'(l/ myl/
"/g), casting doubt on the presence of a monomolecular layer of MB on
the surface of the BA 4+ NCChit-ox hydrogels (Table 2).

Fig. 5 presents the FTIR spectra of bacterial alginate (BA), oxidized
chitin nanocrystals (NCChit-ox), methylene blue (MB), and the hydro-
gels before and after MB adsorption (BA hydrogel and BA/MB hydrogel,
BA + NCChit-ox hydrogel and BA + NCChit-ox / MB hydrogel). The
spectrum of bacterial alginate (BA) exhibits two intense bands at 1611
cm™! (asymmetric) and 1394 cm™ (symmetric), which are characteristic
of the stretching vibrations of carboxylate groups (-COO") in alginate.

Additionally, the characteristic bands of C—O vibrations, typical of
polysaccharides, are observed between 1000 and 1200 cm™. A broad
band is also present between 3200 and 3600 cm™, corresponding to the
stretching vibrations of O—H bonds, which are often associated with
moisture or hydroxyl groups in polysaccharides such as alginate. In the
hydrogel spectra, a broadening of the O—H bands (3200-3600 ¢cm™) is
observed, indicating enhanced hydrogen bonding interactions between
molecules in the gel network. Furthermore, a slight shift of the band at
1394 cm™! to higher wavenumbers (~ 1425 cmfl) confirms the pres-
ence of strong interactions between the molecules within the hydrogel
network. The oxidized chitin nanocrystals (NCChit-o0x), present in small
quantities (4 mg compared to 16 mg for BA), produce signals that are too
weak relative to the abundant groups in BA (carboxylates, hydroxyls).

These signals are therefore masked by the more intense bands of the
BA hydrogel, implying that the spectrum of the BA + NCChit-ox
hydrogel is nearly identical to that of the BA hydrogel. Finally, the
physical adsorption of methylene blue (MB) within the hydrogels does
not alter the chemical nature of either MB or the hydrogel network.
Consequently, the characteristic bands of both components remain un-
changed in the infrared spectrum [38,39].

It is well established that contact time is a key factor influencing the
adsorption rate in the sorbent-solute adsorption process. The influence
of contact time on the removal of MB using BA and BA 4+ NCChit-ox
hydrogels is presented in Fig. 6A. Based on these results and the Equa-
tions 14 and 15, the pseudo-first order (PFO) model (Fig. 6B) and the

(B) Co=0.002mM C,=0.02mM

BA hydrogel

I . hydrogel

0.02

Fig. 3. (A) Effect of initial concentrations of methylene blue (MB) on the adsorption capacity of bacterial alginate (BA), bacterial alginate with cellulose nanocrystals
(BA + NCQ), bacterial alginate with chitin nanocrystals (BA 4+ NCChit) bacterial alginate with oxidized chitin nanocrystals (BA + NCChit-ox) hydrogels at room
temperature and neutral pH. (B) Images of bacterial alginate (BA) and bacterial alginate with oxidized chitin nanocrystals (BA + NCChit-ox) hydrogels after

adsorption of MB at initial concentrations (Co) of 0.002 mM and 0.02 mM.
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Fig. 4. Isotherm parameters for MB adsorption on bacterial alginate (BA) and bacterial alginate with oxidized chitin nanocrystals (BA + NCChit-ox) hydrogels:

Langmuir and Freundlich models.

Table 2
Isotherm parameters for MB adsorption on bacterial alginate (BA) and bacterial
alginate with oxidized chitin nanocrystals (BA+ NCChit-ox) hydrogels.

Model

Langmuir isotherm Freundlich isotherm

Hydrogels Q' K" R? n Ke© R?

BA 2.28 8.31 0.9211 3.67 1.78 0.7643
BA + NCChit-ox 6.03 0.227 0.9547 1.20 1.11 0.9723
* (mg/g).

® (L/mg).

c (mgl-(l/n) Ll/n /g)

pseudo-second order (PSO) model (Fig. 6C) were plotted. From these
graphs, the experimental data fit well with the PFO kinetic model for
both BA and BA + NCChit-ox hydrogel sorbents, for which the highest
correlation coefficients were obtained (Table 2). As shown in Table 3,
the calculated equilibrium adsorption capacity (ge,car) is consistent with
the experimental data (qe,exp) for both sorbents and the absorption rates
are 0.0295 for BA and 0.0030 g/mg min for BA 4+ NCChit-ox hydrogels,
respectively. Compared to the PFO adsorption model, the values of (qe,
) and R? were slightly lower — particularly for BA, for which the
agreement between (e cal and e exp Was not ideal (Table 3).

The thermodynamic studies were conducted using two hydrogels.
The corresponding results calculated using Equations 16 to 18, are re-
ported in Table 3. The negative AG°® values between 298 and 328 K
indicate that the sorption of MB on BA and BA + NCChit-ox hydrogels
was spontaneous. The negative enthalpy values (AH®) confirm that the
sorption was an exothermic process. Therefore, according to Van’t
Hoff’s law, the equilibrium constant will decrease as the temperature
increases, meaning that adsorption will be unfavorable. As shown in
Table 3, the entropy (AS°) values were also negative for both sorbents,

indicating an increase in molecular order at the solid/solution interface
during the MB dye adsorption.

In addition to the Langmuir and Freundlich isotherm models, the
Dubinin-Radushkevich isotherm model (Egs. 11 and 13) was also used to
compute the free energy of adsorption and identify the physical or
chemical nature of the sorption process. The free energy of the transfer
of one mole of MB to the surface of BA and BA + NCChit-ox hydrogels
was 8.08 kJ/mol and 12.38 kJ/mol, respectively. These values fall
within the 8-16 kJ/mol range, denoting a predominantly chemical
sorption most likely due to charge-charge interactions [40,41].

The swelling kinetics and capacity of the BA-hydrogel were analyzed
and compared with those of the BA + NCChit-ox hydrogel to evaluate
the impact of the nanomaterials’ presence. To achieve this, the hydro-
gels were immersed in water for specific time intervals (5 min, 10 min,
0.5h, 1.5 h, 6 h, 1 day, 2 days and 3 days). Afterward, the unabsorbed
water was removed by filtration, and the swollen gel was weighed. BA
and “BA + NCChit-ox” hydrogels reached equilibrium after 30 and 90
min of swelling, respectively. The results present Table S5 (see ESI)
indicate that the addition of NCChit-ox to the BA hydrogel leads to a
slight increase in the degree of swelling (from 292.32 % to 300.18 %)
and water content (from 196.16 % to 200.09 %).

This improvement suggests that the incorporation of nanomaterials
can positively influence the swelling properties of hydrogels [42].
Indeed, Siqueira et al.[43]. demonstrated that the addition of cellulose
nanocrystals to alginate hydrogels influences their swelling degree,
primarily due to their unique structural and chemical properties. Cel-
lulose nanocrystals possess a high number of hydrophilic functional
groups (mainly hydroxyl groups) on their surface, which attract and
retain water, thereby increasing the swelling capability of the hydrogels.

2.4. Desorption study and recycling

Fig. 7 illustrates the reusability of the hydrogel for the adsorption of
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Fig. 5. FTIR of bacterial alginate (BA), oxidized chitin nanocrystals (NCChit-
ox), methylene blue (MB), and the hydrogels before and after MB adsorption
(BA hydrogel and BA/MB hydrogel, BA + NCChit-ox hydrogel, and BA +
NCChit-ox / MB hydrogel).

MB at an initial concentration of 0.002 mM, over three consecutive
cycles. During the first reuse cycle, the adsorption efficiency remains
above 90 %, indicating minimal loss of performance. However, a
gradual decrease is observed in the second and third cycles, with R %
remaining above 80 % but slightly dropping. This decline may be
attributed to the partial saturation of the adsorption sites or minor
structural changes in the hydrogel after repeated use. Nevertheless, the
hydrogel demonstrates excellent reusability, maintaining high adsorp-
tion efficiency over multiple cycles, which highlights its potential for
sustainable applications in dye removal from aqueous solutions. It is
important to note that the recycling of the hydrogel containing only BA
did not produce good results. Indeed, after the second recycling, the
hydrogel degraded and collapsed, leading to inconsistent and non-
reproducible results. This confirms that nanocrystals enhance the me-
chanical properties of the hydrogel.

3. Experimental
3.1. Materials

Commercially available chitin derived from shrimp shells, micro-
crystalline cellulose (MCC), 2,2,6,6-tetramethylpiperidine-1-oxyl
(TEMPO), sodium bromide, sodium hypochlorite, methylene blue
(MB) and Congo red (CR) were purchased from Sigma-Aldrich (Sig-
ma-Aldrich, Steinheim, Germany). All solvents and reagents used in this

Results in Engineering 29 (2026) 108904

A) o7

06

05
2 04
g ®BA + NCChit.Ox
& 03

02 4¢

01 4

00 4 ; ; ; " ; ]

0 250 500 750 1000 1250 1500
t (min)
B) t (min)
0 + + + + + 4
50 100 150 200 250 300

051 s *BA
. s @BA +NCCHt.Ox
s o4
s ¢
o0 i *
3 as 4 *

* L *
[ ]
24 é
.
254

0 50 100 15 20 250 300
t (min)

Fig. 6. Adsorption kinetics for MB dye onto BA (grey points and lines) and BA
+ NCChit-ox hydrogels (black points and lines) at room temperature and
neutral pH: A) adsorption capacity vs. time; B) pseudo-first-order kinetic
models; C) pseudo-second order kinetic models.

study were of analytical grade and were purchased from Merck
(Darmstadt, Germany).

3.2. Instrumental analyses

The infrared spectra were recorded using a Fourier transform
infrared (FTIR) spectrometer (IRaffinity-1S, Shimadzu) equipped with
an ATR accessory featuring a germanium prism (MIRacle 10, Shimadzu).
Spectra were collected in the range of 4000-700 cm*. X-Ray powder
diffraction (XRD) patterns were acquired using a Bruker D8 Endeavor
diffractometer equipped with a Cu anti-cathode (Ka radiation, operating
at 40 kV-40 mA). Crystallinity indexes (CrI) were calculated from the X-
ray diffractograms using Equation 1 (Eq. 1: Crl = ((Intensity max - In-
tensity amorph)/Intensity max)*100) [24]. The microstructure of the
nanocrystals was examined using scanning electron microscopy (SEM)
with an FEI Co. scanning electron microscope (USA). All these analyses
were conducted following the methodology of Huet et al.[44]. as
detailed in the electronic supplementary information (ESI). Zeta po-
tential (ZP) and particle size measurements were performed using
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Table 3
Kinetic and thermodynamics parameters for MB adsorption on BA and BA +
NCChit-ox hydrogels.

BA BA +
hydrogel NCChit-ox
Kinetic parameters Pseudo-first- Qe,car™” 0.486 0.579
order K" 0.005 0.006
R? 0.877 0.931
Pseudo- Qe,cal™™" 0.579 0.548
second-order K, 0.030 0.003
R? 0.943 0.977
Thermodynamic Enthalpy AH° —30.64 + —15.00 +
parameters kJ/ 0.88 0.69
mol)
Entropy AS° (J/ —56.69 + —4.96 +
mol) 2.85 2.27
Gibbs energy AG® (kJ/mol)
298 K —13.83 £ —13.37 £
0.03 0.00
308 K —12.97 + —13.45 +
0.00 0.00
318K —-12.71 £ —14.06 £
0.03 0.01
328 K —13.50 £ —12.95 +
0.02 0.07
i Qe,exp = 0.5854 mg/g.
? (mg/g).
b s -1
(min~ 7).
¢ (mg/g).
d (g/mg min).
100 — - =
80 —i—
R o |
% ]
40 )
0 |
o
Initial 1st 2nd 3rd
adsorption
NUMBER OF CYCLES

Fig. 7. Removal efficiencies for MB (Co = 0.002 mM) with BA + NCChit-ox
hydrogel as adsorbents after consecutive reuse cycles. Note: After each cycle,
hydrogels were simply washed with water.

dynamic light scattering (DLS) with a Zetasizer Nano PRO (Malvern
Instruments) operated with a 633 nm laser and at two scattering angles
of 173 and 13° respectively. The samples were equilibrated at 25 °C for
120 s prior to measurement to avoid convection artifacts. ZP measure-
ments were carried out in single-use disposable folded capillary cells
(model DTS 1070) provided by Malvern Instruments. All samples were
prepared at a concentration of 1 mg/mL in Milli-Q water (18.3 MQ/cm).
The degree of oxidation (DO) of oxidized chitin nanocrystals was
determined by conductometric titration. For this purpose, 30 mg of
oxidized nanocrystals were dispersed in 15 mL of 0.01 M HCI solution
using an ultrasonic bath for 30 min and conductivity changes were
recorded using a conductometer (4510, Jenway). The titration curve
was then used to calculate the degree of oxidation with Equation 2 [45]
(Eq. 2: DO (%)=(202*(V2-V1)*c)/(m-36*(V2-V1)*c) x 100, where 202
is the molecular weight of N-acetylglucosamine unit (g/mol), 36 is the
difference between the N-acetylglucosamine unit and the sodium salt of
an N-acetylglucosamine acid moiety (g/mol), c is the NaOH concen-
tration (mol/L), m is the sample mass (g), and V1 and V2 are the
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volumes of NaOH (L) corresponding to the first inflection point and the
equivalence point on the titration curve, respectively).

3.3. Synthesis of bacterial alginate (BA)

Bacterial strains of Azotobacter vinelandii ATCC 9046 (American Type
Culture Collection, Manassas, VA, USA) were cultivated in a medium
under atmospheric nitrogen fixation conditions using sucrose as the
carbon source. The fermentation and the alginate recovery were carried
out following the method of Padilla-Cérdova et al.[46]. The final solid
product had a molecular weight (MW) of 453 + 42 kDa [47]. The bac-
terial alginate (BA) was stored in a dried state until it was rehydrated for
further analyses.

3.4. Synthesis of chitin nanocrystals (NCChit)

Chitin derived from shrimp shells (4.0 g) was added to 80 mL of 3
mol/L HCI and stirred under reflux at 100 °C for 90 min. The pH was
neutralized by washing the precipitate through centrifugation at 9500
rpm for 20 min, repeated five times with Milli-Q water (18.3 MQ-cm™).
After each centrifugation step, the supernatant was discarded. The
resulting precipitate was resuspended in MQ water and subjected to
dialysis using dialysis membranes (Average flat width 35 mm (1.4 in),
MWCO 12 000 Da) for three days. The dialysis water was replaced three
times per day with fresh Milli-Q water. Following dialysis, the suspen-
sion was ultrasonicated for 10 min (1 s on/1 s off cycle; 25 % amplitude)
using a Vibra-cell ultrasonic processor (Vibra-cell 75,022, 130 W, 20
kHz, sonic tip diameter 13 mm). The suspension was then centrifuged
sequentially at 7500, 8500 and 9500 rpm. After each step, the precipi-
tate was removed, and the final suspension containing chitin nano-
crystals (NCChit) was obtained and the precipitate was removed after
each step. The yield of nanocrystals (white solid, 46 %) was determined
by lyophilizing the final acquired suspension and calculating the weight
difference between the starting material (commercial chitin) and the
final product (NCChit).

3.5. Synthesis of oxidized chitin nanocrystals (NCChit-ox)

A TEMPO-mediated oxidation reaction was performed using 3 g of
chitin nanocrystals (NCChit) dispersed in 150 mL of water, with the
addition of 0.3 g of sodium bromide (NaBr), 0.048 g of TEMPO and 15
mL of sodium hypochlorite (NaClO). The reaction was carried out at pH
10, maintained by using an automatic titrator through the controlled
addition of 0.1 M NaOH, under constant stirring at room temperature
(RT) overnight. After the reaction, the suspension was subjected to
dialysis (MWCO: 12 kDa) for 3-4 days to remove residual reagents and
by-products. The yield of oxidized chitin nanocrystals (NCChit-ox) was
determined as 27 % (white solid) by lyophilizing the final suspension
and calculating the weight difference between the starting material
(NCChit) and the final product (NCChit-ox).

3.6. Synthesis of cellulose nanocrystals (NCC)

Microcrystalline cellulose (MCC, 10 g) was suspended in Milli-Q
water (45 mL) and cooled to 0 °C. HySO4 (43 mL) was added dropwise
at 0 °C under constant stirring until the desired acid concentration (64 %
w/w) was achieved [48,49]. The mixture was then heated to 45 °C and
stirred for 2 h. Hydrolysis was stopped by diluting the mixture ten-fold
with water. The suspension was allowed to settle overnight, after which
the supernatant (water and acid) was removed and replaced with fresh
Milli-Q water. This washing step was repeated twice. Then, the resulting
suspension was transferred into dialysis membranes (12 kD cut-off) and
dialyzed against MilliQ water for 3 days, until a neutral pH was achieved
outside the membrane. The suspension was centrifuged at 9000 rpm,
dispersed by sonication, and the supernatants were collected. This
centrifugation-sonication cycle was repeated until the supernatants
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were no longer turbid. The yield of cellulose nanocrystals (NCC, white
solid) was determined as 28 % by lyophilizing the final suspension and
calculating the weight difference between the starting material (MCC)
and the final product (NCC).

3.7. Hydrogel formation

Sixteen mg of bacterial alginate (BA) and 4 mg of nanomaterials
(NCC, NCChit or NCChit-ox) were added to 1 mL of water and dispersed
by sonication for 1 h (sonic bath). A solution of CaCly (4 mL, 2 % w/v)
was then added to the as-prepared sample and the reaction was allowed
to proceed for 1 h without magnetic stirring to form the hydrogel [13,47,
50].

3.8. Swelling properties

Three replicas of each dried alginate-based hydrogel (BA and BA +
NCChit-ox) were immersed in deionized water at room temperature for
3 d to achieve equilibrium swelling. The degree of swelling was
measured at various end times: 5 min, 10 min, 0.5 h, 1.5h, 6 h, 1 d, 2
d and 3 d The degree of swelling was calculated using the Equation 3
(Eq.3: Degree of swelling = [(Wet weight — Dry weight) / Dry weight]
x100 %).

The water content of the hydrogels was determined after achieving
equilibrium swelling using the Equation 4 (Eq. 4: Water content = (Wet
weight / Dry weight) x100 %).

3.9. Dye adsorption on bacterial alginate (BA) and polysaccharide-based
nanomaterials (NCC, NCChit and NCChit-ox) and their hydrogels

Ten mg of BA, NCC, NCChit or NCChit-ox were added to 12.5 mL of
dye solution at initial concentrations (Cgp) of 0.01, 0.03, 0.05, 0.08 and
0.1 mM for methylene blue (MB) and 0.005, 0.008, 0.01, 0.03 and 0.05
mM for Congo red (CR). The mixtures were vigorously stirred for 5 min
at room temperature. The dispersions were then centrifuged for 20 min
at 12 000 rpm, and the supernatants were analyzed by UV-Vis spec-
troscopy to indirectly determine the amount of dye adsorbed by the BA
or polysaccharide-based nanomaterials. The UV-Vis spectrophotometer
results showed maximum absorbance peaks at 660 nm and 497 nm for
MB and CR, respectively. Standard solutions of MB and CR at various
concentrations were prepared and analyzed at their corresponding
wavelengths to generate calibration curves. The standard curves, con-
structed by plotting absorbance versus concentration, yielded correla-
tion coefficients (Rz) of 0.9949 for MB and 0.9989 for CR. (see ESI,
Figures S11). The dye concentrations after adsorption (C.) were
measured in triplicate using the UV-VIS spectrophotometer.

The removal efficiencies (R) of MB or CR were calculated using
Equation 5 (Eq. 5: R = ((Cp—Ce) / Ce) x100).

The amount of adsorbate adsorbed at equilibrium (qe) was calculated
using Equation 6 (Eq. 6: qe = ((Co—Ce¢) / m) x V, where g represents the
equilibrium mass of adsorbed substance per unit mass of adsorbent (mg/
g), Co is the initial dye concentration (mg/L), Ce is the equilibrium dye
concentration (mg/L), V is the volume of solution (mL) and m is the
adsorbent mass (g)). Hydrogels were prepared following the procedure
described in “Hydrogel formation”. Specifically, 16 mg of BA combined
with 4 mg of nanomaterials (NCC, NCChit, or NCChit-ox) or 20 mg of
BA alone were added to 1 mL of MB solution at concentrations of 0.03,
0.08, and 0.1 mM. The mixture was sonicated in an ultrasound bath for 1
h at RT. Subsequently, 4 mL of a 2 % CaCl= solution was added to the
dispersion and left unstirred for 24 h to allow hydrogel formation. The
initial concentrations (Cy) of MB were 0.02, 0.016 and 0.01, 0.006 and
0.002 mM. After hydrogel formation, the hydrogels were carefully
removed, and the remaining dye solutions were analyzed using UV-Vis
spectroscopy. The dye concentrations of MB (Ce) were measured in
triplicate. The removal efficiencies (R) and the amount of adsorbate
adsorbed at equilibrium (qe) for MB were calculated using Egs. 5 and 6.

Results in Engineering 29 (2026) 108904

3.10. Isotherm models

The isotherm equilibrium data were analyzed using two different
adsorption isotherm models: Langmuir and Freundlich [51,52].

The Langmuir isotherm assumes that adsorption occurs on a homo-
geneous surface where each molecule has a constant enthalpy and
sorption activation energy, with no interaction between the adsorbed
molecules. This model simply describes the formation of a monolayer of
adsorbate on the surface. The linearized Langmuir equation can be
expressed as Equation 7 (Eq. 7: 1/qe = 1/qm + (1/qmKrCe)) where qy
(mmol/g) represents the maximum adsorption capacity and Ky, is the
Langmuir isotherm constant, related to the energy of adsorption (L/mg).
This constant reflects the ratio between adsorption and desorption rate
constants and can be associated with the Gibbs free energy (AG°) ac-
cording to Equation 8 (Eq. 8: AG® = - RT Ln(Ky), the unit of K, being L/
mol [53], T is the temperature (K) and R is the universal gas constant (J
mol ' K™1).

The Hall parameter (Ry) was calculated using Equation 9 [35]. (Eq.
9: Ry = 1/(0 + K *Cp), where Cy is the initial concentration of the
adsorbate in solution (mg/L).

Unlike its Langmuir counterpart, the Freundlich isotherm is based on
the assumption that the adsorption occurs on a heterogeneous surface
with interactions between adsorbed molecules. This model simply de-
scribes the formation of a multiple layers of adsorbate on heterogeneous
surfaces. The logarithmic form of the Freundlich isotherm can be
expressed as Equation 10 (Eq. 10: Ln ge = In K¢ + (1/n) In C.) where Kg is
the Freundlich isotherm constant (mg’ /™ L"/¢) and n is the corre-
sponding Freundlich constant which denotes the intensity of adsorption.

The Dubinin-Radushkevich (D-R) isotherm model is described by
Equation 11 (Eq. 11: In g = Ke? + In qm) where K (mol®/KJ?) is the
Dubinin-Radushkevich distribution constant in mol? and ¢ is the Polanyi
potential, which was calculated according to equation 12 (Eq. 12: ¢ =RT
In((Ce+1)/Ce)) where Ce is in mol/L and R in kJ/mol K. Finally, the
mean energy of sorption was assessed via Equation 13 (Eq. 13: E = (2
K)l/ 2in kJ/mol). The D-R isotherm model was used to identify whether
the adsorption process was chemisorption or physical adsorption.

3.11. Desorption and regeneration studies

Sixteen mg of BA and 4 mg of NCChit-ox were added to 1 mL of Milli-
Q water in an ultrasound bath for 1 h at room temperature. Subse-
quently, 4 mL of a 2 % CaCl; solution were added to the dispersion and
left unstirred for 24 h to allow hydrogel formation. The resulting
hydrogel was transferred to 7 mL of 0.1 M HCl under stirring at 100 rpm
for 1 h. It was then immersed in 5 mL of MB solutions at concentrations
of 0.002 mmol/L (Co) and stirred at 100 rpm for 3 h to complete the first
adsorption/desorption cycle.

Duplicate samples were prepared for each set of adsorption/
desorption experiments, and the procedure was repeated 3 times. For
each cycle, the hydrogel was carefully removed from the solution and
the resulting dye solution was analyzed by UV-Vis spectroscopy. The
concentration of methylene blue after adsorption (C.) was measured in
triplicate. The removal efficiency (R) of MB for each cycle was calcu-
lated using Eq. 5.

3.12. Kinetic experiments

In the kinetic experiments, 20 mg of BA-based hydrogel and the BA
+ NCChit-ox - based hydrogel, as obtained in Section “hydrogel for-
mation” were immersed into 10 mL of MB solution at a concentration of
0.02 mmol/L while varying contact time from 10 to 260 min. Samples
were collected at predetermined time intervals for analyzing the resid-
ual MB concentration in the solution. The experimental data were fitted
to the pseudo-first-order and pseudo-second-order kinetic models, rep-
resented by Equations 14 and 15 [54] (Eq. 14: Ln (qe-qy) = In g — Kyt and
Eq. 15: 1/q; = (1/K2 ¢2) + (1/qe)) where q; (ng/g) and qe (mg/g)
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correspond to the amount of MB adsorbed at time t and at equilibrium,
respectively. K; (1 min’l) and Ky (g/mg min) are the rate constants for
the pseudo-first-order and pseudo-second-order models, respectively.

3.13. Thermodynamic experiments

For the thermodynamic experiments, 20 mg of BA - based hydrogel
and the BA + NCChit-ox - based hydrogel, as obtained in Section 2.7,
were added to a MB solution at a concentration of 0.02 mmol/L. Ex-
periments were conducted at different temperatures (298, 308, 318 and
328 K) and the final MB concentration was determined after 24 h of
contact time. Enthalpy changes (AH®), Gibbs energy changes (AG®), and
entropy changes (AS°) were evaluated using Equations 16 to 18 [26,55]
(Eq. 16: AGo=AH,—TAS,; Eq. 17: AG,= —RT Ln(pK.) and Eq. 18: Ln
(pKe)=AS,/R—AH,/(RT)) where the distribution coefficient (K, in L
g 1) was defined as the ratio of the mass of MB sorbed on 1 g of the
adsorbent (ge in mg g’l) and the concentration (Ce in mg L™ of MB in
the solution after reaching the equilibrium and for each temperature, is
the solution density (g L™ [26].

3.14. Computational details

The starting structure for the 9-chain 10-mer chitin model was
constructed using experimental crystallographic data taken from refer-
ence[56], whereas the starting structure for the 9-chain 10-mer cellulose
type I model was constructed using the Cellulose builder toolkit [57].
The surface acetyl-D-glucosamine units were randomly modified to
match experimental conditions: 5 % were protonated and 40 % were
oxidized for “pristine” chitin (NCChit) and NCChit-ox, respectively.
Concerning cellulose (NCC), 7 % of the surface p-D-glucose units of type
Ip were sulfated. Both types of nanocrystals were described using the
GLYCAMO6 force field [58]. Parameters and partial charges for the
modified surface units were either taken from the GLYCAMO6 force field
when available or computed using R.E.D. Server [59]. Methylene blue
and Congo red were described using the GAFF force field [60] and their
partial atomic charges were taken from references [61,62]. The
substituted surface sugar units were randomly chosen; five different
substituted nanocrystals were generated for each system. The crystals
were introduced in truncated octahedral boxes containing TIP3P water
molecules[63], ten molecules of dyes as well as counter-ions (Na™
and/or Cl7) for electroneutrality. While much higher than the experi-
mental value, the corresponding dye concentration of approximately 40
mM is a fair trade-off between realism and computational limitations
(polynomial increase of system sizes and sampling times at lower dye
concentrations). The dye molecules were randomly placed in the bulk
solvent, away from the crystal surface. The systems were minimized and
equilibrated at constant volume and a temperature of 300 K, then at a
constant 1 bar pressure. Production runs of 400 ns were then performed
at a constant temperature of 300 K and a constant pressure of 1 bar. The
temperature and pressure were respectively regulated using the
velocity-rescaling (s = 2 ps) and Parrinello-Rahman (s = 5 ps,
compressibility = 4.5 10° bar1) algorithms. The equations of motions
were integrated using a 2 fs time step. Periodic boundary conditions
were imposed in all dimensions of space. Short-range Coulomb and van
der Waals forces were cut off at 1 nm, while long-range electrostatics
were computed with the particle-mesh Ewald method. All simulations
were performed and analyzed using the GROMACS 2022.4 suite [64].

4. Conclusions

In conclusion, polysaccharide-based nanocrystals and bacterial
alginate (BA) demonstrate strong potential as effective adsorbents for
the removal of methylene blue (MB) from aqueous solutions. Among the
materials investigated, oxidized chitin nanocrystals (NCChit-ox) exhibit
the highest adsorption efficiency toward MB, which can be attributed to
their favorable surface charge and well-defined nanostructure.
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Molecular-level investigations reveal that dye removal results from a
subtle balance between dye-nanocrystal interactions and dye-dye
stacking, in good agreement with the experimental observations.
Although BA-based hydrogels already show satisfactory performance for
MB adsorption, their combination with NCChit-ox significantly en-
hances adsorption capacity. Thermodynamic and kinetic analyses
confirm that the adsorption processes are spontaneous, exothermic, and
mainly governed by electrostatic interactions. In addition, the hydrogels
exhibit good swelling behavior and notable reusability, retaining >80 %
of their adsorption performance after three cycles. Overall, these results
highlight the promise of chitin-based nanomaterials and their hydrogel
composites as efficient, recyclable, and sustainable adsorbents for dye
removal in environmental and chemical engineering applications.
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