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ARTICLE INFO ABSTRACT
Keywords: In this study, the sodium dodecyl sulfate intercalated modified magnesium-aluminum hydro-
Sodium alginate talcite/sodium alginate/sodium carboxymethylcellulose (modified LDHs/SA/CMC) composite gel

Carboxymethyl cellulose

Sodium dodecyl sulfate
Magnesium aluminum hydrotalcite
Rhodamine B

spheres were synthesized and their efficacies in adsorbing the cationic dye rhodamine B (RhB)
from aqueous solutions were evaluated. The effects of adsorption time, pH and temperature on
the adsorption of RhB by spheres were investigated. Remarkably, the modified LDHs/SA/CMC gel
spheres achieved adsorption equilibrium after 600 min at 25 °C, and the removal rate of RhB at
60 mg/L reached 91.49 % with the maximum adsorption capacity of 59.64 mg/g. The gel spheres
maintained over 80 % efficacy across four adsorption cycles. Kinetic and isotherm analyses
revealed that the adsorption of RhB conformed to the secondary kinetic model and the Langmuir
isotherm, indicating a spontaneous and exothermic nature of the adsorption process. The
adsorption mechanisms of modified LDHs/SA/CMC gel spheres on RhB dyes include electrostatic
adsorption, hydrogen bonding and hydrophobic interactions. In conclusion, modified LDHs/SA/
CMC gel sphere is a green, simple, recyclable and efficient adsorbent, which is expected to be
widely used for the treatment of cationic dye wastewater.

1. Introduction

Rhodamine B (RhB), a synthetic red alkaline fluorescent dye from the triphenylmethane family, is extensively used as a colorant in
the textile industry, favored for its high stability and resistance to biodegradation [1,2]. However, its carcinogenic and neurotoxic
properties pose significant health risks, including respiratory infections, skin and gastrointestinal irritation, and damage to the liver
and thyroid [3,4]. Consequently, the removal of RhB from water sources is a critical environmental challenge. Among the various dye
removal strategies—such as physical adsorption [5], photocatalytic degradation [6], advanced oxidation processes [7], and microbial
treatment [8], adsorption stands out as a promising method due to its simple design, ease of operation, low cost, low chemical re-
quirements, and lack of inhibition by toxic substances [9,10].

Magnesium-aluminum hydrotalcite (MgAI-LDHs) is a type of layered bimetallic hydroxide [11], renowned for its unique layered
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structure and exchangeable interlayer anions, endowing it with a potent capability for pollutant removal from water, particularly
anions [12]. The surface properties of LDHs can be modulated from hydrophilic to hydrophobic by employing surfactants or bio-
molecules as soft templates [13], thereby augmenting their proficiency in extracting organic pollutants from aqueous environments
[14]. For instance, Qin et al. [15] utilized defect-ordered MgAl-LDHs nanosheets to adsorb the Congo red dye, achieving an impressive
adsorption capacity of 262.4 mg/g; Chakraborty et al. [16] developed MgAl-LDHs loaded metal-organic framework nanocomposites,
which exhibited a rapid adsorption of methyl orange (99 mg/g within 20 min). Despite these strengths, the use of LDHs in powdered
form poses challenges such as proneness to agglomeration, difficult recovery, and potential secondary contamination, thus hindering
their practical application. Integrating LDHs into sodium alginate (SA) gel spheres presents an innovative solution to these limitations
[17], offering a more efficient and environmentally benign approach to water purification.

Alginate, a natural biopolymer sourced from brown algae, stands out for its non-toxicity, biodegradability, biocompatibility, and
cost-effectiveness [18]. When processed into hydrogels, alginate’s mechanical stability and durability can be significantly enhanced
through physicochemical modifications [19,20]. These improvements are pivotal in augmenting its adsorption properties, particularly
in increasing its capacity to adsorb pollutants [21]. The creation of hydrogel spheres has emerged as a prevalent technique to boost
alginate’s adsorptive capabilities [22]. However, poor mechanical strength and low rigidity limit the direct use of sodium alginate as
an adsorbent application [23], the combination with organic matter can improve the mechanical properties and stability of the gel, and
increase the functional groups and effective adsorption sites of the adsorbent [24]. Hence, the integration of alternative adsorbent
materials within sodium alginate matrices is critical for optimizing the adsorption capacity and efficiency. Carboxymethyl cellulose
(CMCQ), an anionic, water-soluble cellulose derivative, is renowned for its renewable and biodegradable nature. It can be crosslinked
with multivalent metal cations to form solid gels with a stabilized three-dimensional mesh structure [25]. Both SA (sodium alginate)
and CMC are natural polymers characterized by excellent biodegradability and compatibility. Rich in -OH and ~COOH groups, they
exhibit a strong affinity for pollutant molecules, enabling rapid removal of contaminants from wastewater via mechanisms such as
electrostatic adsorption, ion exchange, and hydrogen bonding [26]. Chen et al. [27] synthesized magnetic SA/CMC interpenetrating
network gel spheres capable of adsorbing dyes DV51 and DR23 at capacities of up to 2782 mg/g and 2868 mg/g, respectively, in
neutral environments. Similarly, Ren et al. [28] developed SA CMC gel pellets which demonstrated a remarkable Pb®" adsorption
capacity, reaching up to 1.73 g/g. These examples underscore the potential of SA and CMC-based materials in high-efficiency pollutant
adsorption, making valuable in wastewater treatment applications.

In this research, novel gel spheres composed of modified layered double hydroxides (LDHs), sodium alginate (SA), and sodium
carboxymethyl cellulose (CMC) were synthesized using sodium dodecyl sulfate-modified magnesium-aluminum hydrotalcite as the
embedding material and calcium chloride as the cross-linker. These gel spheres, abundant in functional groups, were specifically
engineered for the effective adsorption of RhB dyes. The primary aims of this study were to delineate the material’s morphology and
structure, assess its capacity for RhB removal, and elucidate the underlying mechanisms of RhB adsorption. The findings revealed that
these gel spheres exhibit significant adsorption efficiency for RhB, characterized by ease of operation, straightforward recovery, and
robust reusability. These attributes earmark the modified LDHs/SA/CMC gel spheres as a promising solution for dye wastewater
treatment, offering practical and sustainable remediation avenues.

2. Experimental materials and methods
2.1. Materials

Sodium alginate (SA), sodium carboxymethyl cellulose (CMC), Mg(NO3)2e6H50, Al(NO3)309H,0, NaOH, NayCOs, sodium
dodecahydrate sulfate(SDS), CaCl, were purchased from Sinopharm Group, and the water used in the experiments was deionized.

2.2. Synthesis of composite gel spheres

2.2.1. Synthesis of modified MgAl-LDHs

Modified magnesium aluminum-layered double hydroxides (MgAl-LDHs) were synthesized through the co-precipitation technique.
Magnesium nitrate hexahydrate (Mg(NO3)206H20) and aluminum nitrate nonahydrate (Al(NO3)309H>0) were solubilized in 250 mL
of deionized water. Concurrently, a 0.1 mol sodium dodecyl sulfate (SDS) solution (50 mL) was introduced into the aqueous metal salt
mixture. The pH was meticulously regulated to a range of 8-9 using a sodium hydroxide and sodium carbonate solution. The system
was subsequently subjected to continuous stirring at 75 °C for 2 h. Following this, the resultant slurry underwent an aging process at
70 °C for an additional 24 h. The material was then isolated by filtration, rinsed to neutrality, and desiccated at 70 °C.

2.2.2. Synthesis of modified LDHs/SA/CMC gel spheres

Composite layered double hydroxides (LDHs) incorporating sodium alginate and sodium carboxymethyl cellulose were formulated
via a meticulous procedure (Fig. S1). The constituents were dissolved in deionized water at 60 °C, employing a stoichiometric mass
ratio of 2:1:2. Subsequently, the mixture was subjected to ultrasonic agitation for 30 min to ensure homogeneity. After a defoaming
period, the aqueous composition was incrementally introduced into a 2 % mass fraction calcium chloride (CaCly) solution using a
precision syringe. This facilitated the cross-linking process, which was carried out over a 12-h interval. The emergent gel spheres were
isolated, rigorously rinsed with deionized water 3—4 times to eliminate residual reactants, and finally desiccated in vacuum drying
oven at 60 °C for 2 h. The loading of modified LDHs was calculated on basis of the average mass of the material after three preparations.
The mass of the material preparation stage was 2.5000 g, and the mass of the dried gel pellet after preparation was 2.7205 g, which
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gave a content of modified LDHs of about 36.76 %.

2.3. Characterization

The comprehensive characterization of the materials involved multiple sophisticated analytical techniques. X-ray diffraction (XRD,
Empyrean, Netherlands) was employed to elucidate the crystal structure, providing insights into the lattice arrangements and phase
compositions. Fourier transform infrared spectrometry (FT-IR, Nicolet 6700, USA), spanning a range of 400 cm ™! to 4000 cm ™!, was
utilized to capture the infrared spectra of the samples, offering details about the functional groups and molecular interactions. The
microstructural features of the materials were meticulously examined using scanning electron microscopy (SEM, Zeiss Ultra Plus,
Germany), which allowed for a detailed visualization of surface morphology and particle size. Finally, X-ray photoelectron spec-
troscopy (XPS, Thermo Kalpha, USA) was conducted to analyze the elemental composition and valence states within the materials,
thereby shedding light on their chemical environment and electronic structure. These combined analytical approaches provided a

holistic understanding of the materials’ properties and potential functionalities.

2.4. Adsorption experiments

To assess the adsorption capacity of the modified LDHs/SA/CMC composite gel spheres for RhB, a 100 mL RhB solution at a
concentration of 60 mg/L was prepared. The pH of this solution was adjusted from 3 to 11 using 0.1 mol/L HCI and NaOH. Subse-
quently, a series of dosages (25, 50, 100, 200, 300, 400, 500, 600 mg) of composite gel spheres were introduced into the solution. The
adsorption process was conducted in a thermostatic oscillator at room temperatur. After 600 min of adsorption, the supernatants were
transferred to a centrifuge tube using a 5 mL pipette gun, and the absorbance of the solutions was measured at 554 nm using a UV
spectrophotometer after centrifugation. Each type of experiment included a blank group (without adsorbent) and was repeated three
times, and the average absorbance of the results of the three groups of experiments was taken as the final value for graphing and fitting,
and the adsorption amount and removal rate were calculated, with the standard deviation as the value of the error bar. The formulae
are shown below:

g.= M 1)

m

where: ¢, is the equilibrium adsorption amount at adsorption equilibrium (mg/g).

Cp is the RhB ion concentration in the initial solution (mg/L);

C, is the RhB ion concentration in the solution at adsorption equilibrium (mg/L);
V is the volume of the solution (L);

m is the mass of the gel sphere (g).

Removal rate calculation formula:

(CO B Cr)

0

E= x 100% 2

where: E is the removal rate (%) at adsorption equilibrium; Cp is the RhB concentration in the initial solution (mg/L); C, is the RhB
concentration in the solution at adsorption equilibrium (mg/L).

2.5. Adsorption isotherm studies

The Langmuir (Eq. (3)), Freundlich (Eq. (4)), Temkin (Eq. (5)), and Sips (Eq. (6)) model was used to fit the behavior of RhB
adsorption on modified LDHs/SA/CMC gel spheres.
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where: g, is the theoretical maximum adsorption amount (mg/g), C, is the RhB concentration in the solution at adsorption equilibrium
(mg/L), nis a measure of the linear deviation of the adsorption process, b is Temkin constant (J/mol), related to the heat of adsorption,
R is the molar gas constant (8.314 J/K-mol). K;, Ky, K1, and K; are the adsorption constants of the Langmuir, Freundlich, Temkin, and
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Sips models, respectively.

2.6. Adsorption kinetic

The kinetic adsorption results were fitted using the pseudo-first-order kinetic model (Eq. (7)), the pseudo-second-order kinetic
model (Eq. (8)), and the intra-particle diffusion model (Eq. (9)).
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Fig. 1. (a)-(c) SEM images of MgAl-LDHs, modified LDHs, and the grinding modified LDHs/SA/CMC gel spheres; (d)—(f) SEM images of modified
LDHs/SA gel spheres; (g)-(i) SEM images and(j)-(k) EDS images of modified LDHs/SA/CMC gel spheres.
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where: g, is the equilibrium adsorption amount of gel spheres at equilibrium (mg/g); q; is the adsorption amount at the moment t (mg/
g); k1 (min™) and ky (g/mg-min) are the coefficients of the pseudo-first-order and pseudo-second-order kinetic equations. k; is the rate
constant for intra-particle diffusion (mg-minO'S/ g); tis the reaction time (min): c; is the boundary layer thickness. AARDy is the average
absolute relative deviation (%).

2.7. Adsorption thermodynamics

The thermodynamic study of RhB adsorption on modified LDHs/SA/CMC gel spheres was carried out at 298.15 K, 308.15 K, and
318.15 K. The thermodynamic parameters of adsorption were calculated as shown below:

AG= — RTLnKy; amn
AS AH

Ln Ky, =— — — 12

n Ky R RT 12)

[ (K, — 1)C.,

— (13)
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where: q. is the equilibrium adsorption amount at adsorption equilibrium (mg/g); C. is the concentration of RhB in solution at
adsorption equilibrium (mg/L); R is the universal gas constant (J/moleK); T is the temperature (K); AH is the enthalpy change (kJ/
mol); AS is the entropy change (kJ/moleK); AG is the Gibbs free energy (kJ/mol). K);, was obtained by fitting Eq. (13) [29], which is an
acausal parameter that meets the IUPAC requirement that the equilibrium constant used to estimate AG should be acausal. C; is the
saturated concentration of RhB in aqueous solution (0.025 mol/L).
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Fig. 2. (a-b) XRD patterns of MgAl-LDHs, modified LDHs, SA, CMC, and modified LDHs/SA/CMC gel spheres; (c) Adsorption-desorption isotherm of
modified LDHs/SA/CMC gel spheres; (d) Pore size distribution of modified LDHs/SA/CMC gel spheres.
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2.8. Desorption and regeneration experiment

At the end of the adsorption experiments, the gel spheres were separated from the solution, washed with deionized water, placed in
a conical flask containing 100 mL of the ethanol desorption solution, shaken in a shaker at 160 rpm for 12 h at 298.15 K, and then
separated, dried, and reused. Following this procedure, the adsorption experiments were repeated four times.

3. Results and discussion
3.1. Characterization of the adsorbents

As shown in Fig. 1a and b, the MgAI-LDHs showed a stacked classical hexagonal and lamellar structural morphology on the
microscopic scale [30]. Upon composite with SDS, the modified LDHs showed a stacked plate-like structure with blunted boundaries
on the microscopic scale. As can be seen in Fig. 1c, the modified LDHs were distributed on the cross-section of the gel spheres, which
implies the successful preparation of the composite gel spheres. In Fig. 1d and g, at a 200 pm resolution, the composite gel material
appeared as spherical entities with an average diameter of around 1-2 mm, characterized by a rough surface texture. Higher resolution
images at 50 pm and 5 pm revealed a series of irregular folds on the gel spheres’ surface, likely due to the partial collapse of the polymer
network during the drying and dehydration phases [31,32]. Further observation revealed that the surface of the CMC-added gel
spheres is rougher due to the condensation reaction between the carboxyl group of SA and the hydroxyl group of CMC, which released
heat and promoted the formation of a mesh structure through thermal expansion [33], thus increasing the roughness and specific
surface area.

The EDS data in Fig. 1k indicated that the modified LDHs/SA/CMC gel spheres comprise significant amounts of Mg, Al, and S. The
atomic ratio of Mg to Al was approximately 2:1 (0.64:0.32), suggesting the successful integration of modified MgAl-LDHs into the SA/
CMC matrix. Furthermore, the EDS spectra in Fig. 1j demonstrated a uniform elemental distribution in the prepared gel spheres, with
no evidence of segregation, thereby confirming the effective synthesis of these composite gel spheres.

In Fig. 2a-b, the XRD patterns of modified LDHs, SA, CMC, and modified LDHs/SA/CMC gel spheres were presented. Fig. 2a
revealed that the synthesized MgAl-LDHs samples exhibit sharp, well-defined peaks characteristic of hydrotalcite-like compounds,
signifying a well-structured layered crystal formation [34-36]. Upon integration with SDS, as observed in Fig. 2a, the original LDHs
characteristic peaks were accompanied by distinct, symmetric diffraction peaks of SDS (JCPDS card no. 39-1996) at 20 = 6.8° and
20.5°, and around 26 = 11°, the (003) crystal plane of LDHs forms a new crystal plane together with the SDS plane. This indicated that
SDS aggregates on the LDHs’ surface, affecting its crystallinity [18]. In Fig. 2b, the XRD patterns of the modified LDHs/SA/CMC gel
spheres, juxtaposed with those of SA and CMC, exhibited distinct peaks at 26 values of 11.65°, 23.62°, and 60.76°. However, these
peaks were notably diminished in intensity, a phenomenon attributed to the decreased crystallinity resulting from the composite
formation of SA and CMC. This attenuation of peak intensity also confirmed the successful integration of modified LDHs with SA and
CMC, signaling the formation of a new composite material with distinctly modified structural attributes.

Fig. 2¢ and d showcased the adsorption-desorption isotherms and pore size distributions of modified LDHs/SA/CMC gel spheres,
respectively. As shown in Fig. 2¢, the adsorption-desorption curves of the gel spheres showed iv-type isotherms according to the IUPAC
classification, and h3-type hysteresis lines were observed [37]. As can be seen from Fig. 2d, the pore size distribution of the spheres was
not uniform and was mainly dominated by mesopores, with the pore size concentrated at 27.12 nm. In addition, the spheres also have
some large pores, and the appropriate pore size and pore volume were favorable for the adsorption of RhB dyes with a molecular size of
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Fig. 3. Adsorption curves of (1) SA/CMC gel spheres, (2) modified LDHs/SA gel spheres, (3) modified LDHs/SA/CMC gel spheres, (4) modi-
fied LDHs.
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15.9A x 11.8 A x 5.6 A [38].

3.2. Verification and comparison of adsorption performance

Fig. 3 presented the adsorption profiles of four distinct materials on RhB, under specific conditions: RhB concentration at 60 mg/L
and an adsorbent dosage of 0.2 g. The materials’ adsorption capacities for RhB were arrayed in descending order: modified LDHs
demonstrated the highest adsorption, succeeded by modified LDHs/SA/CMC gel pellets, modified LDHs/SA gel pellets, and finally, SA/
CMC gel pellets, which exhibited the lowest adsorption. The modified LDHs were notably the most efficacious in adsorbing RhB.
However, their integration into gel spheres led to a discernible dip in adsorption efficiency, a result that was in line with initial ex-
pectations. This phenomenon was partially elucidated by observations in Fig. 3, where SA/CMC gel pellets alone managed only about a
15 % removal rate, highlighting their restricted adsorptive capacity. Consequently, the amalgamation of SA/CMC with modified LDHs
diminished the latter’s overall adsorptive effectiveness. Additionally, the gel spheres’ surface area significantly reduced compared to
the powdered form of modified LDHs, further contributing to the decline in adsorption efficiency. This analysis effectively highlighted
how the composition and structural characteristics of materials can substantially influence their adsorption capabilities. The addition
of carboxymethyl cellulose (CMC) to the modified LDHs/SA gel spheres, forming the modified LDHs/SA/CMC composite, markedly
enhanced the RhB removal rate, increasing it from 57 % to 91 %. The increase in adsorption performance was consistent with the

results obtained from SEM analysis and additionally suggested that binding with CMC can increase the functional groups and effective
adsorption sites of SA gel adsorbents.

3.3. Effect of dosage on adsorption

Fig. 4a illustrated the relationship between the dosage of modified LDHs/SA/CMC gel spheres and their efficacy in removing and
adsorbing RhB. The analysis showed a gradual decrease in the adsorption amount of RhB with increasing dosages of the gel spheres,
ranging from 25 mg to 600 mg, while the removal rate experienced a significant enhancement. Notably, at a gel sphere dosage of 400
mg, the RhB removal rate reached a stable plateau. The number of available adsorption sites increased with the increase in adsorbent
dosage and hence the removal of RhB increased, reaching 97.63 % at 400 mg. In addition, the increase of adsorption sites led to an
increase in the competition for RhB molecules, and not every adsorption site could effectively capture RhB molecules [39], and thus its
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Fig. 4. (a) Effect of adsorbent dosage on adsorption; (b) Effect of pH on adsorption; (c) Zeta potential of modified LDHs/SA/CMC gel spheres; (d)
Effect of temperature on adsorption.



S. Chang et al. Heliyon 10 (2024) e30345

adsorption capacity was decreasing.

3.4. Effect of pH on adsorption

Fig. 4b delineated the interplay between solution pH and the removal and adsorption of RhB. The figure demonstrated that solution
pH markedly influenced RhB adsorption, with both the removal rate and adsorption amount of RhB by the gel spheres progressively
increasing as the pH rose from 3 to 5. Optimal RhB removal, reaching 91.49 %, occurred at pH 5. This efficacy could be attributed to the
higher concentration of H' ions at lower pH levels, leading to the protonation of functional groups on the gel spheres’ surface. These
protonated groups, being positively charged, repelled the similarly charged RhB molecules, resulting in reduced electrostatic
attraction and, consequently, lower adsorption.

As the pH continued to increase from 5 to 11, the removal rate and adsorption amount of RhB by the gel spheres began to decline,
dropping to 73.09 % at pH 11. This decline is likely because RhB assumes an amphoteric ion form in water at pH levels above 4,
diminishing the interaction between the negatively charged membrane surface and the RhB dye [40]. To substantiate the pH effect on
RhB adsorption, the zeta potential of the gel spheres was analyzed. As shown in Fig. 4c, the zeta potential of the modified
LDHs/SA/CMC gel spheres remained negative across a pH range of 2-11, reaching a peak negative charge at pH 5 with a potential of
—28.8 mV. Concurrently, the RhB dye in the solution was positively charged, aligning with the experimental observations. Conse-
quently, pH 5 was identified as the optimal condition for adsorption experiments, setting the stage for all subsequent experiments to be
conducted at this pH level.

3.5. Effect of temperature on adsorption

Fig. 4d exhibited the adsorption capacity of modified LDHs/SA/CMC gel spheres for RhB at reaction temperatures of 298.15 K,
308.15 K, and 318.15 K. As depicted in Fig. 4d, the equilibrium adsorption capacity of RhB by the gel spheres was 27.44 mg/g at
298.15 K, corresponding to a removal rate of 91.49 %. Intriguingly, this capacity enhanced progressively with increasing temperature.
At 308.15 K and 318.15 K, the equilibrium adsorption capacities were 28.62 mg/g and 29.43 mg/g, respectively. As can be seen from
Table 1, a positive AH value indicated that the adsorption process was endothermic, with rising temperatures favoring the adsorption
and thus increasing RhB uptake from water. The negative AG values suggested that RhB adsorption by the gel spheres was a spon-
taneous process. Furthermore, a positive AS value implied an increase in disorder at the solid-liquid interface during RhB adsorption,
signifying a state of increased entropy.

3.6. Adsorption kinetic studies

Fig. 5a and b depicted the fitted curves for the pseudo-first-order and pseudo-second-order kinetic models, with the corresponding
parameters detailed in Table 2. Analysis of this data revealed that the linear correlation coefficient R? for the pseudo-second-order
kinetic model (0.9947) exceeded that of the pseudo-first-order model (0.9880), and its AARDg; is also smaller (8.16 %). In addi-
tion, the R? of both is greater than 0.8 and the residuals are randomly distributed around zero, so it can be assumed that the kinetic
model was successfully fitted [41] and the adsorption of RhB on modified LDHs/SA/CMC gel spheres more accurately fits the
pseudo-second-order kinetic model [42]. This observation tentatively suggests that chemisorption may be the main driver of the
adsorption process [43], although the specific adsorption mechanism still requires further analysis.

In Fig. 5c, the fitted curves for the intraparticle diffusion model were showcased, with the relevant parameters enumerated in
Table 3. Analysis of Fig. 5c and Table 3 revealed that the RhB adsorption process on the modified LDHs/SA/CMC gel spheres
encompassed three distinct phases. Initially, the first phase was characterized by the diffusion of RhB from the solution to the surface of
the gel spheres, exhibiting a steeper slope in the curve. This was attributed to the abundance of carboxyl and hydroxyl groups on the
surface of the gel spheres, which provided a plethora of active adsorption sites for RhB, rendering surface adsorption the dominant
mechanism at this early stage [44]. Subsequently, the second phase involved the diffusion of RhB into the pores of the adsorbent [45].
As the surface adsorption sites became increasingly occupied, a concentration gradient of RhB developed between the surface and the
internal cavities of the gel spheres, prompting RhB to diffuse towards the inner surfaces. The final phase represented the equilibrium
stage between adsorption and desorption [19]. Here, the adsorption sites on the gel spheres were fully occupied, leading to a saturation
of the adsorption capacity. This stage marked the point at which the adsorption process stabilized, reflecting a balance between the
uptake and release of RhB molecules.

Table 1

Parameters related to adsorption thermodynamics of RhB on modified LDHs/SA/CMC gel spheres.
T/K LnKy AG (kJ/mol) AS (kJ/mol-K) AH (kJ/mol)
298.15 8.427 —20.889 0.439 110.162
308.15 9.869 —25.285
318.15 11.221 —29.680
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Fig. 5. (a) Pseudo-primary kinetic model (b) Pseudo-secondary kinetic model (c) Particle internal diffusion model (Adsorbent dosage: 0.2g, tem-
perature: 25 °C, pH = 5, concentration of RhB: 60 mg/L).

Table 2
Fitted parameters for adsorption kinetics of RhB on modified LDHs/SA/CMC gel spheres.
Pseudo-first-order kinetic model Pseudo-second-order kinetic model
q. (mg/g) k; (min~1) AARDy; R? q. (mg/g) k2 (g/mg-min) AARDg, R?
21.85 0.0115 13.19 0.9880 29.77 3.22 x 1074 8.16 0.9947
Table 3
Fitting parameters of the intra-particle diffusion model for RhB adsorption by modified LDHs/SA/CMC gel spheres.
k; (mg-min®5/g) R? ks (mg-min®°/g) R3 ks (mg-min®°/g) R3
1.60 0.9918 1.19 0.9922 0.47 0.9813

3.7. Adsorption isotherm studies

Fig. 6a to d displayed the Langmuir and Freundlich adsorption isotherm fitting curves for RhB adsorption onto modified LDHs/SA/
CMC gel spheres. The corresponding isotherm parameters and correlation coefficients were tabulated in Table 4. Analysis revealed that
the order of the average R? values for various models was Langmuir > Sips > Freundlich > Temkin. Analysis revealed that the
Langmuir adsorption isotherm model, with a correlation coefficient (R?) of 0.9984, exhibited a superior fit. This indicated that the
adsorption of RhB onto the modified LDHs/SA/CMC gel spheres was predominantly characterized by monolayer adsorption [18],
without significant interaction among the adsorbed RhB molecules [28].

At a constant temperature of 298 K, the theoretical maximum adsorption capacity was established at 59.64 mg/g. This suggested
that the theoretical saturation adsorption capacity for the modified LDHs/SA/CMC gel spheres surpassed the maximum capacity
observed in practical experiments. Furthermore, the Freundlich isotherm’s n values, which were within the range of 1-10 (Table 4),
underscored the efficacy of the modified LDHs/SA/CMC gel spheres as robust adsorbents [18]. The Temkin model relatively
adequately described the RhB adsorption process (R? = 0.9332), indicating the non-uniformity of the spheres’ surface and the weak
interactions, such as electrostatic attraction between RhB and the gel spheres. The g, cq of the Sips model was very close to the
Langmuir model and the R%(0.9981) is the second, which suggested that the adsorption of RhB dyes on gel spheres is mainly influenced
by heterogeneous adsorption sites [46]. However, the main limitation of the Sips models is the lack of physical meaning of its pa-
rameters [47]. This affects the understanding of the adsorption process and mechanism. This comprehensive analysis affirmed their
utility in the adsorptive removal of RhB, highlighting their potential in water treatment applications.

3.8. Adsorption mechanism

To investigate the interaction between modified LDHs/SA/CMC gel spheres and RhB dye, the FT-IR spectra of modified LDHs/SA/
CMC gel spheres and synthesized materials (Fig. 7a) were obtained, as well as gel spheres before and after adsorption of RhB dye
(Fig. 7b). As shown in Fig. 7a, the characteristic peaks due to the stretching vibration of -OH appeared at 3488 em™ !, 3427 em ™, and
3435 cm™! for modified LDHs, SA, and CMC, respectively [48,49], and the hydroxyl vibration appeared to partially overlap and the
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Fig. 6. Langmuir (a), Freundlich (b), Temkin (c), and Sips (d) isotherm models for the adsorption of RhB on modified LDHs/SA/CMC gel spheres
(Adsorbent dosage: 0.2g, temperature: 25 °C, pH = 5, adsorption time: 600min).

Table 4
Adsorption parameters for RhB adsorption on modified LDHs/SA/CMC gel spheres.
Isotherm model Parameters
Langmuir isotherm qm (Mg/g) 59.64
K, 0.215
R? 0.9984
Freundlich isotherm n 1.870
K 11.871
R? 0.9796
Temkin isotherm b (J/mol) 251.168
Ky 4.477
R? 0.9332
Sips isotherm qm (mg/g) 61.81
m 0.964
Ks 0.198
R? 0.9981

peaks were red-shifted from 3488 cm ™! to 3451 cm ™! after the composite of the modified LDHs and the gel spheres; and the vibrational
peaks appeared near 2910-2930 cm ™! belonged to a series of characteristic peaks of methyl groups [32]. In addition, the modified
LDHs/SA/CMC gel spheres were symmetric and asymmetric telescopic vibrations of -C—0 at 1642 cm ™! versus 1471 cm™! [27],
which showed a blue-shift of the -C=0 absorption peaks compared to that of the modified LDHs at 1634 cm ™! versus 1469 cm ..
These spectral changes provided valuable insights into the molecular structure and interactions within the composite material upon
RhB adsorption.

Upon the adsorption of RhB, as shown in Fig. 7b, notable alterations were observed in the positions and intensities of the major
stretching vibration peaks of the modified LDHs/SA/CMC gel spheres. Specifically, the symmetric stretching vibration peaks of methyl,
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hydroxyl (-OH), and carbonyl (-C—=0) groups shifted from 3451 cm’l, 2920 cm’l, and 1642 cm ™! to 3449 cm’l, 2922 cm’l, and
1671 cm ™, respectively. Remarkably, the stretching vibrational band of the S=0 bond exhibited a blue shift from 1216 to 1208 cm™*
post-RhB adsorption, suggesting the occurrence of hydrophobic interactions between the modified LDHs in the spheres and the dye
molecules [50]. These spectral changes are indicative of the involvement of chemical and hydrogen bonding interactions, particularly
those involving hydroxyl and carboxyl groups, in the adsorption process between the modified LDHs/SA/CMC gel spheres and the RhB
dye molecules. Such insights highlight the complex interplay of molecular forces during the adsorption process, underscoring the
multifaceted nature of the interaction between the adsorbent and the adsorbate.

The interaction between RhB and modified LDHs/SA/CMC gel spheres was further scrutinized using X-ray photoelectron spec-
troscopy (XPS), as depicted in Fig. 8a. The comparative analysis of XPS spectra, before and after RhB adsorption, revealed the presence
of nitrogen, a constituent of RhB, in the gel spheres post-adsorption, in addition to the standard elemental components. This finding
confirmed the adsorption of RhB onto the surface of the modified LDHs/SA/CMC gel spheres. Notably, changes were observed in the
positions and intensities of the Cls, Ols, and S2p peaks following the adsorption of RhB dye. As illustrated in Fig. 8b, the binding
energies of the Cls spectra included peaks at 284.8 eV (representative of C-C, C-H (aromatic)), 286.72 eV (C-O, C-O-C (carbonyl and
ether)), and 288.78 eV (-COOH (carboxyl)). These binding energies shifted upon the adsorption of RhB, which was attributed to the
interaction between the carboxyl groups on the surface of the gel spheres and the azo groups in the RhB dye [27]. Such a shift in
binding energies indicated a chemical interaction between the adsorbent and the dye, providing insights into the nature of the
adsorption mechanism at a molecular level. The core orbital peak area experienced an augmentation, a consequence of the formation
of robust hydrogen bonds between the carboxyl (-COOH) group in the gel spheres and the azo (-N—=N-), amine (-NH-), and amide
(-NHy) groups in RhB. This interaction altered the binding energy [51]. The Ol1s X-ray photoelectron spectroscopy (XPS) data, pre-
sented in Fig. 8c, showed that post-adsorption, the binding energies of C-O and C—O0 bonds decreased by 0.09 eV and 0.11 eV,
respectively. Fig. 8d displayed the S2p XPS data. The binding energy associated with sulfate compounds [52] (RSO4) was observed to
decrease from 169.98 eV to 169.64 eV following RhB adsorption. Concurrently, the binding energy linked to the physisorbed species of
sodium dodecyl sulfate (SDS) with LDHs [53] diminished by 0.25 eV from 168.7 eV. This shift indicated a transformation in the
chemical environment surrounding the SDS, reflecting changes in its S2p electronic state. These alterations in binding energies and
peak areas in the XPS spectra provided insights into the molecular interactions underpinning the adsorption process, highlighting the
complex interplay of chemical forces during the adsorption of RhB onto the modified LDHs/SA/CMC gel spheres.

Drawing from the observed impact of pH on adsorption, coupled with data from FTIR and XPS, it was determined that the
adsorption of RhB by modified LDHs/SA/CMC gel pellets predominantly occurred through electrostatic adsorption, hydrogen bonding,
and hydrophobic interactions. This multifaceted adsorption mechanism highlights the complex interplay of forces at play, enabling the
effective capture of RhB molecules by the gel spheres.

3.9. Desorption and regeneration experiment

As evidenced in Fig. 9, the adsorption efficiency of the modified LDHs/SA/CMC gel spheres for RhB exhibited a decline as the
number of utilization cycles increased. Nevertheless, even after four cycles of usage, the modified LDHs/SA/CMC gel spheres main-
tained commendable adsorption performance for RhB. The adsorption capacity for RhB remained significant at 24.76 mg/g, and the
removal rate consistently exceeded 82 %. The used spheres are shown in Fig. S2. After four cycles of the adsorption test, the removal
ability of the spheres for RhB was still good, and its appearance did not change significantly. This resilience in adsorptive capability
across multiple cycles underscores the robustness and potential reusability of the modified LDHs/SA/CMC gel spheres in practical
applications.

3.10. Adsorption performance comparison

To substantiate the superior adsorptive properties of the modified LDHs/SA/CMC gel spheres, the comparative analysis with
several previously reported adsorbents was conducted. As shown in Table 5, the adsorption capacity of LDHs gel spheres was improved
compared to the modified LDHs (48.29 mg/g), and compared with other large particle size adsorbent materials which were easy to
apply, the gel pellets also had good performance in adsorbing RhB. In addition, the gel spheres were simple to prepare, easy to use and
recycle, which was expected to be applied to practical engineering.

4. Conclusion

In this study, SDS intercalation-modified MgAl-LDHs were synthesized via a co-precipitation method. Subsequently, these were
crosslinked with SA and CMC to form modified LDHs/SA/CMC gel spheres. The adsorptive properties of these spheres towards RhB
were investigated. Results indicated that the modified LDHs/SA/CMC gel spheres achieved adsorption equilibrium after 600 min at pH
5.0, with a removal rate of RhB reaching 91.49 % and a maximum adsorption capacity of 59.64 mg/g at 25 °C. The adsorption process
of RhB onto the gel spheres was characterized as a spontaneous endothermic reaction, aligning with the pseudo-second-order kinetic
model and Langmuir adsorption isotherm. Even after four utilization cycles, the RhB removal efficiency of the gel spheres remained
above 80 %, highlighting their potential as valuable adsorbents. The primary mechanisms underlying the adsorption of RhB by the
modified LDHs/SA/CMC gel spheres were identified as electrostatic adsorption, hydrogen bonding, and hydrophobic interactions.
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Fig. 9. Desorption and regeneration experiments of RhB by modified LDHs/SA/CMC gel spheres.

Table 5

Comparison of adsorption performance of different adsorbents for RhB.
Adsorbent Morphological qm (mg/g) Reference
Modified LDHs/SA/CMC gel spheres sphere 59.64 This study
Modified LDHs powder 48.29 [54]
P-N-GO hydrogel lump 11.91 [55]1
CMC-based composite hydrogel lamellar 19.86 [56]
PPy hydrogel sphere 22.60 [57]
ZIF-67 loaded activated carbon pellets sphere 46.20 [58]
Bioconjugated graphene oxide hydrogel lamellar 62.00 [59]1
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