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Abstract: A novel core-shell hydrogel bead was fabricated for effective removal of methylene blue dye from aqueous solutions. The core, made of sodium alginate-g-polyacrylamide and attapulgite nanofibers, was cross-linked by Calcium ions (Ca2+). The shell, composed of a chitosan/activated carbon mixture, was then coated onto the core. Fourier transform infrared spectroscopy confirmed the grafting polymerization of acrylamide onto sodium alginate. Scanning electron microscopy images showed the core-shell structure. The core exhibited a high water uptake ratio, facilitating the diffusion of methylene blue into the core. During the diffusion process, the methylene blue was first adsorbed by the shell and then further adsorbed by the core. Adsorption tests showed that the core-shell structure had a larger adsorption capacity than the core alone. The shell effectively enhanced the adsorption capacity to methylene blue compared to the single core. Methylene blue was adsorbed by activated carbon and chitosan in the shell, and the residual methylene blue diffused into the core and was further adsorbed.
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1  Introduction

The textile industry’s growth has led to a surge in dye-contaminated effluents, posing a significant environmental challenge. Among various water treatment methods, adsorption stands out as a cost-effective and facile approach. Hydrogels, due to their high water uptake ratio in dye solutions, have emerged as an effective adsorbent for dye removal. This property allows for easy diffusion of dye solutions into the hydrogel’s interior, where it is adsorbed by specific adsorption sites within the hydrogel’s structure [1,2].

Research has focused on natural macromolecules such as cellulose, starch, chitin, and sodium alginate for their non-toxic, water-absorbing, biodegradable, and cost-effective properties in dye adsorption applications [3–5]. The core-shell structure of hydrogel beads, with distinct structures and properties in both the core and shell, has been studied for its versatility in applications like drug delivery, adsorption, and environmental cleanup [6,7].

In drug delivery, sodium alginate is frequently used as a core or shell material due to its gelling ability with multivalent ions. Zhu reported a microsphere with a sodium alginate core incorporated with bioactive glass and a zein protein shell. The zein protein shell can protect bioactive glass passing through an acidic environment in the stomach and finally release it into the intestine [8]. Hydrogel beads were also created with an alginate core and carboxymethylcellulose shell as a drug delivery system. The carboxymethylcellulose shell enhances the mechanical properties of the alginate core and prevents drug leakage from the core [9].

Chitosan hydrogel beads with a uniformly distributed halloysite nanotube core and alginate shell have been developed for drug delivery [10]. The core-shell hydrogel beads were created for the purpose of orally delivering insulin directly to the intestine using a chitosan-coated layered double hydroxides/insulin complex core and alginate shell, produced by a simple dropping method [6]. Core-shell hydrogel capsules were fabricated with a core of diethylenetriamine-β-cyclo-dextrin/ethinylestradiol, aldocellulose, hydroxyethylcellulose, and a shell of sodium alginate for sustained release of ethinylestradiol in the intestine [11].

Hydrogel nanocomposites of β-cyclodextrin loaded with Vitamin E as core and soy soluble polysaccharide polymer network as shell were fabricated for release of Vitamin E [12]. Core-shell hydrogel beads with a mangiferin-loaded κ-carrageenan core and a chitosan shell were prepared using a one-step gelling method for mangiferin delivery [13]. The core-shell hydrogel capsules were produced, featuring a model drug core surrounded by a UV cross-linked poly(N-isopropylacrylamide) shell using a multi-material extrusion-based 4D printing method [14]. Additionally, core-shell hydrogel beads composed of a poly(N-acryloylglycine) core and a co-poly(N-acryloylglycinates) shell were prepared as pH/temperature-sensitive drug delivery vehicles [15].

In adsorption, a series of hydrogel beads with magnetic cores and adsorptive shells were developed. The Fe3O4/poly(acrylamide-co-sodium acrylate) core-shell magnetic nanocomposite hydrogels, measuring 11 nanometers in diameter, demonstrated exceptional sorption capabilities for methylene blue [16]. A magnetite nanoparticles core–crosslinked polyacrylic acid shell was fabricated to facilitate the elimination of methylene blue [17]. Core-shell beads with Fe3O4 nanoparticles cores and carboxymethyl cellulose cross-linked with poly(acrylic acid-co-acrylamide) shells were synthesized for the efficient removal of methylene blue from aqueous solutions through adsorption [18].

Graphene oxide core-polyethersulfone shell particles exhibit a high adsorption capacity as high as 352.11 mg·g−1 for methylene blue dye [19]. Chitosan hydrogel beads with a core-sodium dodecyl sulfate(SDS) shell show an enhanced malachite green removal due to “adsolubilization” of malachite green on SDS bilayer [20]. Polyvinyl alcohol nanoparticle core and poly(acrylamide-co-N-isopropylacrylamide) hydrogel shell nanogels were produced employing surfactant-free emulsion polymerization to efficiently eliminate Cu2+ from aqueous solutions [21]. Core-shell nanocomposite structures with metal oxide cores(TiO2, ZnO, TiO2–ZnO) and polyacrylamide shells showed good photodecolorization of organic dyes [22]. A polyetherimide core with a chitosan shell was fabricated for platinum metal ion recovery [23]. Core-shell bead with micrometer-sized sodium alginate beads and polyetherimide shell was used for Cr(VI) removal [24].

The beads, composed of a poly(acrylic acid) microgel core encapsulated by a polyethersulfone shell, exhibited exceptional adsorption capacity for methylene blue, reaching up to 84.82 mg·g−1 [25]. The water-soluble chitosan-poly(vinyl alcohol) core with ionic cross-linked hydrogel sodium alginate shell particles can adsorb carbon dioxide, lead ion, and copper ion [26]. The core-shell particles, consisting of a Cu2+ crosslinked carboxylated cellulose nanocrystals-carboxymethyl chitosan hydrogel sphere aerogel core and an MOF-199 crystal shell, demonstrate remarkable adsorption capacity towards methylene blue [27]. Wheat straw waste hydrogel sphere core with polypyrrole nanotubes shell shows high removal efficiency for water-soluble model anionic dye eosin Y [28]. A mechanically stable core-shell hydrogel bead has a Cu(II) removal capacity of 221 mg·g−1. Carboxymethylated cellulose nanofibril (shell) was immobilized on the surface of the sodium alginate hydrogel bead (core) via electrostatic attractions and hydrogen bonding [7].

Few reports exist on core-shell hydrogel beads with a high water uptake core and a high adsorption shell. The high water uptake core absorbs more dye solution, which diffuses into the core. During this process, the dye must pass through the shell and be adsorbed by the adsorption sites in the shell. The remaining dye solution then diffuses further into the core and is adsorbed by adsorption sites there.

Sodium alginate, a natural polymer extracted from seaweed, can be crosslinked by Ca2+ to form hydrogels. Grafting polymerization of acrylamide or acrylic acid to sodium alginate boosts the hydrogel’s water absorption capacity, facilitating the diffusion of more solution into the hydrogel and subsequent adsorption.

To enhance the adsorption capacity, various inorganic adsorbents, such as attapulgite nanofiber, sepolite, montalite, and rectorite, are integrated into the hydrogel. Attapulgite nanofiber is a magnesium aluminum silicate nanofiber with a high specific surface area and strong adsorption ability [29]. Hydrogels incorporating attapulgite nanofiber have been developed for dye removal from solutions [30].

Chitosan, a polysaccharide derived from chitin [31], has excellent film-forming properties and can form complexes with sodium alginate due to the opposite charges of the amine groups in chitosan and the carboxylate groups in alginate. Activated carbon is a commonly used high-performance adsorbent for dyes or heavy metal ions.

In this study, a novel core-shell hydrogel bead was fabricated using sodium alginate grafted with poly(acrylamide), attapulgite nanofiber, chitosan, and activated carbon. The hydrogel bead’s adsorption capacity and kinetic behavior were assessed for the common textile dye, methylene blue.

2  Experiment

2.1 Materials

Attapulgite (Jiangsu Dianjinshi Au soil Mining Industry Co., Ltd., Xuyi, China). Sodium alginate (Shanghai Qingxi Chemical Technology Co., Ltd., Shanghai, China). Chitosan (degree of deacetylation >90%. Shanghai Lanji Science and Technology Company, Shanghai, China). Actived carbon (Liyang Zhuxi Actived Carbon Company, Liyang, China). N,N,N′,N′-Tetraethylethylenediamine (Sinopharm Chemical Regent Co., Ltd., Shanghai, China). CaCl2 (A.R. grade. Sinopharm Chemical Regent Co., Ltd., Shanghai, China). Methylene blue (methylthioninium chloride C16H18N3SCl. Tianjin Chemical Reagent Research Institute, Tianjin, China). Distilled water.

2.2 Fabrication of Core-Shell Hydrogel Bead

2.2.1 Fabrication of Core

1.4 grams of sodium alginate were dissolved in 70 grams of distilled water, and 3.0 grams of acrylamide were added to form a mixed solution. Adding 0.08 grams of K2S2O4 and 100 μL of N,N,N′,N′-Tetraethylethylenediamine into above solution to initiate the grafting polymerization of acrylamide. The solution was stirred for 1 h at 25°C. Next, a certain amount of attapulgite powder was dispersed into the solution. The hydrogel beads were formed by dropping the resulting mixture into a 5% CaCl2 solution. The obtained hydrogel beads were kept in CaCl2 solution for 24 h. The beads were rinsed multiple times with distilled water to obtain the final product.

The mass ratios of (sodium alginate + acrylamide) to attapulgite were 1:0.5, 1:1, 1:1.5, 1:2, 1:2.5, and 1:3. Coordinate beads were labeled as C1, C2, C3, C4, C5, and C6, respectively. C designed the core. The sodium alginate-g-ploy(acrylamide) bead was coded as C0.

2.2.2 Fabrication of Core-Shell Hydrogel Bead

2 grams chitosan, 5 grams CH3COOH, and 95 grams H2O were mixed together and agitated until chitosan dissolve. 8 grams actived carbon powder was dispersed in the above chitosan solution. sodium alginate-g-ploy(acrylamide) beads were immersed into the above chitosan/actived carbon mixture and then were removed and placed in a 0.5M NaOH solution to cause chitosan to gel. This process created a chitosan/activated carbon layer on the surface of the sodium alginate-g-ploy(acrylamide) core. Finally, the prepared core-shell beads were freeze-dried. Core-shell beads with core of C1, C2, C3, C4, C5, and C6 were labeled as CS1, CS2, CS3, CS4, CS5, and CS6, respectively.

2.3 Characterization

The structure of sodium alginate-g-ploy(acrylamide) was detected by Fourier transform infrared spectroscopy (FTIR) spectrometer (Thermo Fisher Nicolet iS10). The surface morphology of the core-shell hydrogel bead was observed by scanning electron microscopy (Apreo 2C Thermo Scientific, Shanghai, China).

2.4 Water Uptake Ratio Measurement

The freeze-dried core or core-shell beads were immersed in distilled water. After a certain period of time, the beads were taken out and weighed. The water uptake ratio, designated as W(t) at a given time t, was determined through the application of Eq. (1). In this equation, mi and mt correspond to the masses measured at the initial time and at time t, respectively.


W(t)=mt−mimi
(1)

2.5 Adsorption Capacity Measurement

0.1 grams of freeze-dried core or core-shell beads were submerged in 50 mL of a methylene blue solution (250 mg·L−1) at 25°C. After 72 h of adsorption, the absorbance of methylene blue solution was measured using a UV-Vis spectrophotometer (VARIAN Cary 50). The concentration of methylene blue was determined by absorbance using a standard curve of methylene blue. The adsorption capacity, designated as Q, was determined using Eq. (2).


Q=(250−Ce)∗0.050.1
(2)

where 250 is the initial concentration of methylene blue of the solution (mg·L−1), while the final concentration after adsorption was Ce (mg·L−1). The volume of the methylene blue solution was 0.05 (L), and the original weight of the beads was 0.1 grams.

2.6 Adsorption Kinetic

0.1 grams CS1 were submerged in 100 mL of a methylene blue solution (250 mg·L−1) at 25°C. At certain time intervals, 0.5 mL solution was removed to measure its absorbance and determine the adsorption capacity of the CS1 beads, as previously described in Section 2.5. This process continued until the absorbance of the remaining solution reached a consistent value.

3  Results and Discussion

3.1 Fabrication

Fig. 1 shows the photos of prepared hydrogel beads. Sodium alginate is a biodegradable, non-toxic, and water-soluble linear polysaccharide extracted from brown seaweed. It consists of (1-4)-β-D-mannuronic acid (M) and (1-4)-α-L-guluronic acid (G) units [32]. The G units of sodium alginate can be easily cross-linked by divalent ions such as Ca2+, Ba2+ to form an egg-box structure [33]. This process creates a hydrogel in a short time. Sodium alginate hydrogel has found use in the adsorption of dyes, serving as an effective method for treating dye-contaminated wastewater [34].
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Figure 1: Photos of prepared hydrogel beads. A: C0, B: C1, C: C2, D: C3, E: C4, F: C5, G: C6, and H: CS1

To achieve a core with a high water uptake ratio, hydrophilic -NH2 groups of acrylamide were introduced on the molecular chain of sodium alginate by grafting polymerization. K2S2O4 and N,N,N’,N’-tetraethylethylenediamine were used as oxidation-reduction radical initiators. Attapulgite nanofibers were dispersed in as-prepared sodium alginate-g-polyacrylamide solution to enhance the adsorption capacity of core. Chitosan mixed with actived carbon powder as a shell was used to adsorb methylene blue. Chitosan, a cationic polysaccharide, is soluble in acid solution but insoluble in basic solution. Based on the rapid phase inversion, the chitosan shell form around the core as soon as it was dropped into the NaOH solution, resulting in a core-shell structured hydrogel bead.

3.2 Morphology and Structure

The morphologies of the freeze-dried CS1 are presented in Fig. 2. CS1 exhibits a core-shell structure, which is clearly visible in Fig. 2A. The core exhibits a porous structure, as shown in Figs. 2B and 2C. Attapulgite nanofibers are distributed on the porous core, as shown in Fig. 2D. CS1 exhibits a coarse surface due to the presence of a large amount of activated carbon powder, as seen in Figs. 2E and 2F.
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Figure 2: Microphotograph and SEM micrographs of CS1: (A) microphotograph of split CS1(100×); (B) SEM micrographs of split CS1(100×); (C) core of CS1(300×); (D) attapulgite nanofibers in core (10000×); (E) surface of CS1(300×); (F) actived carbon on the suface of CS1 (3000×)

Fig. 3 shows the FTIR spectra of sodium alginate, acrylamide, and sodium alginate-g-acrylamide. In the spectrum of sodium alginate, the peaks observed at 1616 and 1427 cm−1 correspond to the anti-symmetric and symmetric stretch vibrations of the COO− group in sodium alginate, respectively. In the spectrum of sodium alginate-g-acrylamide, the peak at 3201 cm−1 is assigned to N-H stretching vibration [34]. The bands centered at about 3500 and 3200 cm−1 are due to the stretching vibration of -NH2 groups coupled with -OH band of sodium alginate at 3445 cm−1 [35]. The peak at 2935 cm−1 corresponds to the stretch vibration of –CH2–, which is generated by polymerization of acrylamide. The peaks at 1668 cm−1 correspond to the C=O stretch vibration of -CONH2. The peaks at 1610 cm−1 correspond to the N-H bending vibration [36]. The peaks at 1460 cm−1 correspond to the deformation vibration of -CH2- of grafted polyacrylamide. The peak at 1418 cm−1 represents the symmetric stretch vibration of the COO− group in sodium alginate. These findings suggest that acrylamide has been successfully grafted onto sodium alginate through polymerization.
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Figure 3: FTIR spectra of sodium alginate, acrylamide, and sodium alginate-g-poly(acrylamide)

3.3 Water Uptake Behavior

Fig. 4 shows the water uptake behavior of cores and core-shell beads with varying attapulgite nanofiber content. C0 (sodium alginate-g-poly(acrylamide) hydrogel bead) exhibits the highest water uptake ratio. As the attapulgite nanofiber content increases, the water uptake ratio decreases. The attapulgite nanofibers are physically trapped within the cross-linked structure formed by Ca2+ and sodium alginate–g–poly(acrylamide) molecules. An increased presence of attapulgite nanofibers establishes a structural impediment that prevents the diffusion of water molecules into the interior regions of the hydrogel bead, subsequently resulting in a reduced water uptake ratio.
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Figure 4: Water uptake ratio of different cores (A) and core-shell hydrogel beads (B)

The core with a high water uptake ratio provides a driving force for solution absorption. The solution is forced to pass through the shell and is subsequently adsorbed by the attapulgite nanofibers within the core. During this process, the shell adsorbs methylene blue molecules with chitosan and activated carbon powder.

3.4 Adsorption Capacity

In Fig. 5A, the adsorption capacities of the core beads are displayed. As the content of attapulgite nanofiber increases, the adsorption capacity experiences an initial increase, followed by a subsequent decrease. C2 exhibits the highest adsorption capacity, while C5 and C6 display similar levels.

[image: images]

Figure 5: Adsorption capacities of core (A) and core-shell hydrogel beads (B) with different content of attapulgite nanofiber in 250 mg·g−1 methylene blue solution

The adsorption primarily results from the attapulgite nanofiber within the core. The negatively charged surface of attapulgite nanofiber electrostatically attracts cationic methylene blue molecules, leading to increased adsorption with increasing nanofiber content. However, a high nanofiber content decreases water uptake of the core bead, reducing the diffusion of methylene blue solution into the core bead. This decrease in diffusion results in fewer methylene blue molecules within the core bead, ultimately leading to a decrease in adsorption capacity.

Fig. 5B displays the adsorption capacities of core-shell hydrogel beads for methylene blue. In comparison to core beads, core-shell hydrogel beads exhibit higher adsorption capacity. CS1 has the highest adsorption capacity of 82.08 mg·g−1. For these core-shell beads, adsorption occurs in two stages: initial shell adsorption followed by core adsorption. Methylene blue molecules are initially adsorbed by chitosan molecules and activated carbon in the shell. Subsequently, these molecules diffuse into the core and are adsorbed by attapulgite nanofibers within the core.

The core not only adsorbs methylene blue molecules but also exerts an attractive force on the methylene blue solution due to water uptake. This force draws more methylene blue solution through the shell. As the solution passes through, methylene blue molecules within the solution are adsorbed by activated carbon and chitosan in the shell.

Fig. 6 illustrates the two-stage adsorption mechanism of the core-shell hydrogel bead for methylene blue. As the core absorbs water, it draws the methylene blue solution through the shell and into the core. In this process, the methylene blue molecules are adsorbed by activated carbon and chitosan in the shell. The remaining methylene blue can be further adsorbed by the attapulgite nanofibers in the core.
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Figure 6: Water uptake drived two-stage adsorption mechanism of core-shell hydrgel bead to methylene blue

This adsorption style is rarely reported. According to previous reports on core-shell bead adsorption, most adsorption occurs at the shell. The core’s role is usually to provide supporting material for the shell or to reduce its cost. For example, alginate serves as a core to support a polyethylenimine shell [24]. PVA is used as a solid core to enhance the mechanical strength of PVA core-poly (acrylamide-co-N-isopropylacrylamide) shell beads [21]. Other reports have described cores with adsorption abilities, such as a graphene oxide core protected by a porous polyethersulfone shell [19].

In some research, the core serves a special purpose. For instance, Fe3O4, which has magnetic properties, can be easily separated from aqueous solutions using a magnet [16–18]. To enhance adsorption, TiO2 or ZnO cores with good photodecolorization abilities but low pollutant adsorption abilities are coated with polyacrylamide [22]. Table 1 lists the adsorption capacities of various core-shell beads for methylene blue.
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3.5 Adsorption Kinetic

The adsorption kinetics are analyzed using the intra-particle diffusion model, as expressed in Eq. (3):


Qt=Kidt1/2+C
(3)

In Eq. (3), Qt (mg·g−1) represents the adsorption capacity of methylene blue at time t (min). The intra-particle diffusion rate constant, Kid (mg·g−1·min−1/2), characterizes the diffusion rates of the adsorption process. C is a constant.

Fig. 7 reveals that the intra-particle diffusion model exhibits two-linearity, indicating that two distinct stages occur during adsorption. The initial linear segment (red line) represents a rapid stage, where methylene blue rapidly diffuses from the solution to the external surface of the shell [39]. The subsequent linear segment (blue line) represents a slower stage, where methylene blue molecules gradually diffuse into the core, describing the second adsorption stage.
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Figure 7: Fitting curves of intra-particle model of CS1 for adsorption of methylene blue

4  Conclusions

A core-shell hydrogel bead compose of sodium alginate-g-poly(acrylamide)/attapulgite nanofibers and chitosan/activated carbon was successfully fabricated. Sodium alginate-g-poly(acrylamide) was successfully synthesized by grafting polymerization of acrylamide onto sodium alginate, and the resulting sodium alginate-g-poly(acrylamide) was crosslinked by Ca2+ in the presence of attapulgite nanofibers to form the core. A mixture of chitosan and activated carbon was then coated onto the core to create a core-shell bead. FTIR confirmed the successful grafting of polyacrylamide onto sodium alginate. SEM images showed a distinct core-shell structure. The core exhibits a high water uptake ratio, facilitating the diffusion of methylene blue into the core and its adsorption by the shell during the diffusion process. The core-shell hydrogel beads exhibit a good ability to adsorb methylene blue, reaching a maximum capacity of 82.08 mg·g−1.
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Figure S1: Photos of prepared core-shell hydrogel beads. (A) CS2, (B) CS3, (C) CS4, (D) CS5, and (E) CS6
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Table 1: Adsorption capacities of various adsorbents with core-shell structure for methylene blue adsorption

Adsorbents Adsorption Reference
capacity (mg-g ')

Magnetite nanoparticle core-polyacrylic acid shell 507.70 [17]

Fe; 04 nanoparticle core-carboxymethyl cellulose cross-linked with ~ 34.30 [18]

poly(acrylic acid-co-acrylamide) shell

PAA microgels core-polyethersulfone shell 84.82 37

GO core-polyethersulfone shell 352.11 [19]

Cellulose core-attapulgite nanofiber shell 11.07 [38]

Straw-based hydrogel sphere core-sieve-like polypyrrole nanotube 520.20 28]

shell

Sodium alginate-g-polyacrylamide/attapulgite nanofiber core and 82.08 This work

chitosan/actived carbon shell
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