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ARTICLE INFO ABSTRACT
Keywords: This paper deals with the preparation of a novel nanocomposite consisted of magnesium-
Nanocomposite aluminum layered double hydroxide (Mg-Al LDH) and ethylenediaminetetraacetic acid (EDTA)

Layered double hydroxide (LDH)
EDTA-Melamine

Effective adsorption

Adsorption isotherm

Cationic dyes

as well as melamine (MA) as an adsorbent. This nanocomposite was utilized to adsorb different
dyes such as rhodamine B (RhB) and methylene blue (MB) from water. The prepared adsorbent
was characterized using FT-IR, EDS, XRD, TGA, and FE-SEM analyses. The effects of various
parameters such as concentration, time, adsorbent dosage, temperature, and pH were tested to
investigate their influence on adsorption conditions. Both methylene blue and rhodamine B dyes
showed pseudo-second-order adsorption kinetics, and their adsorption followed the Langmuir
isotherm. Moreover, the maximum adsorption capacities for methylene blue and rhodamine B
were found to be 1111.103 mg/g at 45 °C and 232.558 mg/g at 60 °C, respectively. Additionally,
the adsorption processes were found to be spontaneous (AG°< 0, for both dyes) and exothermic
(AH° = —12.42 kJ/mol for methylene blue and AH® = —25.84 kJ/mol for rhodamine B) for both
dyes. Hydrogen bonding and electrostatic forces are responsible for the interactions occur be-
tween the nanocomposite and the functional groups in the dyes. The experimental findings
demonstrated a greater adsorption rate of MB than RhB, suggesting the adsorbent’s stronger af-
finity for MB. This preference is likely due to MB’s size, specific functional groups, and smaller
molecule size, enabling stronger interactions and more efficient access to adsorption sites
compared to RhB. Even after recycling 4 times, the dye adsorption percentages of the adsorbent
for MB and RhB dyes were 90 % and 87 %, but the desorption percentages of the adsorbate dyes
were 85 % and 80 %, respectively. The prepared adsorbent boasts several unique properties, such
as the swift and effortless adsorption of MB and RhB dyes, straightforward synthesis, mild
adsorption conditions, remarkable efficiency, and the ability to be recycled up to 4 times without
a significant decrease in activity.

1. Introduction

Industrialization, while addressing the needs of society and contributing to the development of countries, also brings about
challenges, such as environmental pollution [1-3]. Dyes are important chemical compounds that degrade slowly [4,5]. Dyes have
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Scheme 1. The chemical structure of methylene blue and rhodamine B dyes.

widespread usage in different industries including textiles, food, glass, printing, cosmetics, plastics, rubber, etc. [6-15]. However, a
challenge arises when it comes to removing these dyes from the water they are used in Refs. [16,17]. In recent years, dyes have
constituted a significant portion of environmental pollutants, particularly in water [13,18-20]. Removal of complex organic dyes such
as rhodamine B (RhB) and Methylene blue (MB) from water is a global issue because they have harmful effects on the environment,
particularly on human and aquatic organism health [21-24]. Methylene blue (MB) and rhodamine B (RhB) (Scheme 1) belong to the
category of cationic organic dyes. They are toxic and carcinogenic and find use in different industries including plastics, printing, food,
textiles, glass, and more [25-28]. Hence, it is vital to remove these hazardous organic substances from industrial effluents. They can
have adverse impacts on human health, including symptoms like vomiting, nausea, and increased heart rate, while also affecting other
living creatures [9,18,21,29,30]. Organic dyes can be removed by Different methods such as adsorption, ultrafiltration, oxidation,
co-precipitation, etc. [8,14,31,32]. Among these, adsorption using an adsorbent is an economical, straightforward, and
high-performance method for dye removal [1,33-35]. Over the past few decades, the adsorption of RhB and MB dyes from industrial
effluents by means of adsorbents has been extensively studied as an excellent technique [8,36,37].

Layered double hydroxides (LDHs), part of the anionic clay family and often referred to as hydrotalcite, exhibit remarkable
structural properties [35,38-40]. These include a high abundance of hydroxyl groups (OH) on the surface and the flexibility to adjust
interlayer anions [41,42]. Recently, LDHs have found numerous applications across diverse fields, including catalysis, adsorption,
medicine, drug release, and more [12,43-46]. LDHs are characterized by a general formula [M%fo;f+ (OH)o1* * [A™ 1y/n.mH0,
where M*2 and M*3 represent divalent and trivalent metal cations, respectively. A"~ denotes exchangeable interlayer anions, and x
signifies the molar ratio of M™3/(M*2 +M*3) [47-51]. In addition, their remarkable attributes, including high adsorption capacity,
cost-effective fabrication, and the capability for hydrogen bonding and electrostatic interactions, have garnered increasing interest
across various applications, particularly in the field of adsorption [52-55]. The interlayer anions and positively charged layers of LDHs
make LDH-based adsorbents highly effective in adsorbing contaminants (such as MB and RhB) from aqueous solutions [56-59].

Ethylenediaminetetraacetic acid (EDTA) is a stable agent known for its robust metal chelation capabilities, availability, and
affordability. It is frequently employed to enhance and modify the surface properties of various adsorbents [60-62].

Melamine (MA) is an affordable and easily accessible organic substance that possesses exceptional chelating properties, offering
significant potential for adsorption with contaminants [63]. As a result, it has been widely employed as a modifier in numerous organic
and inorganic adsorbents, including MOFs [64], graphene hydrogels [65], etc. [65-67].

Nanocomposites consist of a blend of two or more components, enhancing their physical and chemical properties, including
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Scheme 2. The structure of the Mg-Al LDH@EDTA-MA nanocomposite.

mechanical characteristics, microscopic attributes, and high surface area to volume (S/V) ratio, relative to the individual components
in isolation [68-70].

In this study, a novel, robust, and recyclable nanocomposite, Mg-Al LDH@EDTA-MA (Scheme 2), was successfully synthesized and
characterized to be used for the efficient adsorption of RhB and MB dyes from water. EDTA-MA exhibits exceptional chelating ca-
pabilities, due to its abundance of NH and OH functional groups resulting in high adsorption efficiency. The Mg-Al LDH in the syn-
thesized adsorbent enhances its environmentally friendly nature, achieved through a straightforward cost-effective preparation
method. The facile preparation, easy and rapid dye adsorption, mild adsorption conditions, reusability, and high efficiency are unique
properties of the prepared nanocomposite in comparison with previously reported adsorbents in the literature. To assess the syn-
thesized adsorbent performance, the main affecting parameters including temperature, time, concentration, adsorbent dosage, and pH
were optimized. Moreover, the study encompassed investigations into adsorption-desorption mechanisms, relevant isotherms, ther-
modynamic properties, and adsorption kinetics for a comprehensive analysis.

2. Experimental
2.1. Materials and methods
All the chemical materials were of high purity supplied by Aldrich or Merck and employed as-received. The Mg-Al LDH@EDTA-MA

nanocomposite was characterized by FT-IR (Shimadzu 8400 s), X-ray diffractometer (TW 1800, Acyxa = 1.54050 A), FE-SEM (TESCAN
MIRA3), EDS (Numerix DXP-X10P), and TGA (STA504, Bahr Company).

2.2. Synthesis process of Mg-Al LDH

The synthesis of Mg—Al LDH was carried out through the utilization of urea-assisted co-precipitation technique [71,72]. Initially, a
urea solution (100 mL, 3 M) was prepared and refluxed at 100 °C. Then, Mg(NO3)2 (5.131 g) and Al(NO3)3 (3.752 g) were added,
followed by further refluxing for 12 h. Following this, the temperature was decreased to 94 °C, and the reaction was maintained for an
additional 12 h without agitation. Afterward, the suspension of Mg-Al LDH underwent centrifugation and rinsing with deionized water
until reaching a pH = 7. The resultant precipitate was subsequently subjected to drying at 80 °C in a conventional oven.

2.3. Preparation of EDTA-MA

EDTA (1 mmol, 0.291 g) was added to a flask containing acetonitrile (to dissolve the EDTA), followed by the addition of 1 mmol
(0.155 g) 1-Ethyl-3-(3-dimethylaminopropyl)carbodiimide (EDCI) and stirring for 1 min at room temperature. Afterward,
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Scheme 3. Steps for the preparation of the Mg-Al LDH@EDTA-MA nanocomposite.

hydroxybenzotriazole (HOBT) (1 mmol, 0.135 g) was introduced and agitated for 1 h at ambient temperature. Following this, MA
(0.396 mmol, 0.049 g) was incorporated and stirred for 24 h at room temperature. Subsequent to this, the solution was washed with
CH3CN and dried in an oven at 80 °C.

2.4. Synthesis process of the Mg-Al LDH@EDTA-MA nanocomposite

Mg-Al LDH (0.160 g) was dispersed in 10 mL water for 5 min in a flask. EDTA-MA (0.16 g) was also dispersed in 10 mL water for 5
min in another flask. Then, the solutions from the two flasks were combined in a beaker, 10 mL of water was added, and the mixture
was stirred for 5 min at ambient temperature. A Teflon autoclave (50 mL) was used to prepare the Mg-Al LDH@EDTA-MA nano-
composite. For this purpose, the mixed solution was kept at room temperature for 6 h, followed by heating at 130 "C for 20 h. Finally,
filtering, washing with DI water, and drying at 90 'C was performed to obtain the desired product (Scheme 3).

2.5. Dye adsorption experiments

The main influencing parameters (i.e., concentration, time, adsorbent dosage, temperature, and pH) were examined to optimize the
adsorption conditions. The amount of adsorption was calculated in the wavelengths of 664 nm and 554 nm for MB and RhB dyes,
respectively. The coefficients of determination of the UV-Vis calibration curve are R2 = 0.9982 and R? = 0.9996 for MB and RhB dyes,
respectively. The adsorption capacity (mg/g) and adsorption percentage (removal percentage, R%) of MB and RhB dyes were
calculated using Eqs. (1) and (2), respectively [2]:
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Fig. 1. The FT-IR spectra of Mg-Al LDH (a), EDTA-MA (b), and the Mg-Al LDH@EDTA-MA nanocomposite (c).
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where Cy (mg/L) is the initial concentration and C, (mg/L) is the equilibrium concentration of the MB and RhB dyes in the solution, W
(mg) is the adsorbent mass, and V (mL) is the dye solution volume.

2.6. Dye desorption tests

Dye desorption tests were conducted to separate the adsorbent from the adsorbate dyes. This separation was achieved through a
washing process using 0.1 moL/L HCl-NaCl mixture, followed by drying at 70 °C. The driving force behind the desorption process is
ion exchange.

3. Results and discussion
3.1. Mg-Al LDH@EDTA-MA nanocomposite characterization

According to Fig. 1a, the FT-IR analysis of the Mg-Al layered double hydroxide reveals absorption bands at 3438 cm ™}, 1626 cm-1,
and 1358 cm ™!, which correspond to the O-H stretching vibrations, bending vibrations of the interlayer H-O-H molecules, and
asymmetric stretching modes of N-O in NO3, respectively [73-76]. Moreover, the characteristic peaks ranging from 558 to 1162 cm ™!
are associated with the stretching vibrations of metal-oxo group.

In the FT-IR spectrum of the EDTA-MA (Fig. 1b), the bands at 3394 cm ™' and 3112 cm™! can be ascribed to stretching vibrations of
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Fig. 2. The X-ray diffraction profiles of (a) Mg-Al LDH and (b) Mg-Al LDH@EDTA-MA.

N-H and O-H, respectively. Furthermore, the band at 2950 cm ™ belongs to the asymmetric stretching vibrations of C-H while that at
2916 cm ™! can be attributed to the symmetric stretching vibrations of C-H. The band at 1694 cm ™! is related to C=0 stretching while
that at 1608 cm ™! stems from C=N stretching and N-H bending vibrations. Additionally, the C-N aromatic stretching can be identified
by the peaks at 1396 cm ! and 1344 em ™! [77].

FT-IR spectrum of the Mg-Al LDH@EDTA-MA nanocomposite is shown in Fig. 1c. The N-H and O-H stretching vibrations can be
identified by the absorption band at 3430 cm ™. Additionally, the absorption bands at 2924 cm ™! and 2856 cm ™! are attributed to the
asymmetric and symmetric stretching vibrations of C-H bonds. Furthermore, the absorption band at 1712 cm™! is related to the C=0
stretching. The spectral peaks detected at 1624 cm™!, 1360 cm ™, and 1070-558 cm ™! have been assigned to the HyO bending modes
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Fig. 3. EDS spectra for the synthesized Mg-Al LDH@EDTA-MA nanocomposite.

exhibited by the interlayer water molecules, the asymmetric stretching of N-O in NOg3, and the stretching vibrations of M — O,
correspondingly. The presence of absorption bands at 3430 cm ™!, 2924-2856 cm ™!, and 1712 ecm ™}, corresponding to N-H, C-H, and
C=O stretching vibrations of EDTA-MA in the synthesized nanocomposite, provides evidence for the successful synthesis of the Mg—Al
LDH@EDTA-MA nanocomposite. Furthermore, the shifts and changes in band intensity compared to the pure components indicate that
Mg-Al LDH has successfully intercalated with EDTA-MA.

The XRD pattern illustrated in Fig. 2a depicts the crystallographic structure of Mg-Al LDH. The prominent diffraction peaks
observed at 260 values of 11.735° (003), 23.631° (006), 34.838° (009), 39.632° (012), 47.228° (015), 60.905° (110), and 61.39° (113)
(JCPDS card No. 00-041-1428), respectively, confirm the crystal structure of the Mg—Al LDH [72,78]. As can be seen from XRD pattern
of Mg-Al LDH@EDTA-MA nanocomposite in Fig. 2b, there are some peak shift and peak broadening in the XRD pattern which can be
related to the intercalation process and possible interactions between the Mg—Al LDH layers. The four main diffraction peaks at 20 of
11.735° (003), 34.838° (009), 60.905° (110), and 61.390° (113) (JCPDS card No. 00-041-1428) signifies the existence of the Mg-Al
LDH within the framework [24,79]. The characteristic peaks at 20 angles of 13.229° (001) and 27.112° (002), related to Melamine
(JCPDS card No. 00-002-0164), and the peaks at 260 angles of 10.942° (101), 22.316° (202) 53.361° (131), and 57.205° (113),
attributed to EDTA (JCPDS card No. 00-046-1614), indicate the presence of EDTA-MA between the Mg—Al LDH layers, confirming the
successful synthesis of the nanocomposite [80].

Fig. 3 shows the EDS spectra obtained for the synthesized Mg-Al LDH@EDTA-MA nanocomposite. The peaks related to all the
elements of carbon (11.77 %), nitrogen (4.68 %), oxygen (66.48 %), magnesium (6.31 %), and aluminum (10.77 %) were detected in
the synthesized nanocomposite. The peaks of magnesium (6.31 %) and aluminum (10.77 %) are specific to the Mg-Al LDH component
of the nanocomposite. Furthermore, the peak of C (11.77 %) confirms the presence of EDTA-MA in the prepared nanocomposite.

Fig. 4 shows FE-SEM images obtained for Mg-Al LDH@EDTA-MA nanocomposite which display Mg-Al LDH hexagonal-like plates
with a thickness of approximately 134 nm (Fig. 4b, ¢ and f) [81,82]. A comparison between the images of the pristine Mg-Al LDH
[81-84] and Mg-Al LDH@EDTA-MA nanocomposite reveals the successful incorporation of the EDTA-MA composite through an
ion-exchange mechanism within the LDH layers (Fig. 4 b,c,f).

Fig. 5 displays the TGA curve of the Mg-Al LDH@EDTA-MA nanocomposite. Hydrogen bonding that presents between interlayer
H,0 molecules and LDH results in an increase in the evaporation temperature of water. Consequently, the weight loss to 185 °C (~5 %)
corresponds to the evaporation of the solvent. Considering that organic substances typically decompose at temperatures of about
400 °C, the strong hydrogen bonding between EDTA-MA and the OH groups in the Mg—Al LDH could be responsible for the exceptional
heat resistance observed in the organic components of this nanocomposite. Accordingly, the weight losses occurring within the
temperature ranges of 185-247 °C (~10 %) and 247-480 °C (~25 %) can be related to the thermal decomposition of entrapped EDTA-
MA species [66]. The decomposition of LDH structure (dehydroxylation from Mg-Al LDH) results in the third weight loss observed at
480-800 °C [67,73]. In this range (480-800 °C), the curve slope is nearly constant which indicated that the LDH structure is stable at
higher temperatures.

3.2. Adsorption studies

The amount of adsorbate that can be adsorbed on the adsorbent surface is known as the adsorption capacity. This parameter is
profoundly influenced by various parameters, and understanding their effects is crucial for optimizing adsorption processes. These
factors include initial concentration, adsorbent dosage, time, temperature, and solution pH.

3.2.1. Study of initial concentration

Concentration is a fundamental parameter in adsorption studies. Variations in concentration have a pronounced impact on
adsorption kinetics and equilibrium, making it a logical starting point for optimization. For this purpose, 5 mg of adsorbent was
dispersed in 100 mL solution containing 10-50 mg/L MB and RhB at 30 °C for 30 min at constant pH of 7. According to Fig. 6a, the
adsorption capacity of the MB dye increases by increasing the dye concentration from 10 to 40 mg/L with a relatively steep slope.
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Fig. 6. The effect of different parameters on the adsorption of MB (a, c, e, g, i) and RhB (b, d, f, h, j) dyes; Concentration (a, b), adsorbent dosage
(c, d), time (e, f), temperature (g, h), and pH (i, j). Conditions for MB adsorption (Co = 10 mg/L to 50 mg/L, pH = 7, T = 30 °C, adsorbent dosage =
5 mg, t = 30 min). Conditions for RhB adsorption: (Co = 10 mg/L to 50 mg/L, pH = 7, T = 30 °C, adsorbent dosage = 5 mg, t = 30 min).

However, the slope remains almost constant from 40 to 50 mg/L, which may be attributed to diffusion difficulties resulting from the
accumulation of dye molecules. Additionally, the adsorption capacity of RhB is displayed in Fig. 6b in which the adsorption capacity
first increases at the initial concentrations (10-30 mg/L), but decreases by further increasing the concentration from 30 to 50 mg/L.
The maximal adsorptions for MB and RhB dyes were 40 mg/L and 30 mg/L, respectively. Therefore, the optimum Mg-Al LDH con-
centration for MB is 40 mg/L while that for RhB is 30 mg/L.
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Fig. 6. (continued).

3.2.2. Study of adsorbent dosage

For investigating the influence of this parameter on the absorption capacity, different adsorbent doses (0.001 g-0.01 g) were used
at constant concentration (Cy = 40 mg/L), constant temperature (T = 30 °C), and pH = 7 for MB dye. These parameters for RhB dye
were Cyp = 30 mg/L, T = 30 °C, and pH = 7. Fig. 6 (c, d) illustrates the effect of different adsorbent dosages on the adsorption capacity of
both the Mg-Al LDH and the Mg-Al LDH@EDTA-MA. In the case of MB (Fig. 6¢), the adsorption amount decreases with increasing
adsorbent dosage, whereas for RhB (Fig. 6d), it increases up to 0.007 g. The maximum adsorption occurred at adsorbent dosages of
0.001 g and 0.007 g for MB and RhB dyes, respectively. The decrease in the adsorption can be related to the aggregation of the
adsorbent particles and the limited availability of vacant space caused by the lower adsorbent surface area. Therefore, the optimum
adsorption was achieved for 0.001 g Mg-Al LDH for MB and 0.007 g Mg-Al LDH for RhB.

10



M. Ara and H. Ghafuri Heliyon 10 (2024) e32447

0.15 ——pH=3 0.6 ——pH=3
———pH= pH=5
g pH=5 g _
£ 01 2 04 pH=7
2 _'é’ e pH=9
o ] ——pH=
8 0.05 2 02 pH= 11
< < ———pH=13
0 0
400 500 600 700 800 400 500 600 700 800
MB Wavenumber (nm) RhB Wavenumber (nm)

Fig. 6. (continued).

3.2.3. Study of time

The adsorption of MB and RhB dyes using the Mg-Al LDH and the Mg-Al LDH@EDTA-MA was tested under conditions of Cy = 40
mg/L, m = 0.001 g, T = 30 °C, and pH = 7 for MB, and Cy = 30 mg/L, m = 0.007 g, T = 30 °C, and pH = 7 for RhB, at various times
ranging from 10 min to 60 min. The adsorption capacities of the adsorbent for MB and RhB dyes as a function of time are shown in
Fig. 6 (e, f), and both exhibit an incremental increase from 10 to 30 min. For MB (Fig. 6e), a gradual decrease in adsorption was
observed after 30 min, while for RhB (Fig. 6f), the decrease was more pronounced. The reduction in adsorption capacity could possibly
be ascribed to the inadequate space available on the adsorbent. The maximum adsorption capacity was achieved at t = 30 min for both
MB and RhB dyes. Therefore, the optimum contact time of the Mg-Al LDH was 30 min for MB and RhB dyes.

3.2.4. Study of temperature

The temperature is another key parameter in the adsorption process. Therefore, the adsorption capacity of the Mg-Al LDH and the
Mg-Al LDH@EDTA-MA were studied at temperatures ranging from 25 °C to 95 °C under the conditions of Cy = 40 mg/L, m = 0.001 g,
t =30 min, and pH = 7 for MB, and Cy = 30 mg/L, m = 0.007 g, t = 30 min, and pH = 7 for RhB, as shown in Fig. 6 (g, h). The optimum
adsorption temperature for MB (Fig. 6g) was observed at 45 °C. At higher temperatures, the adsorption capacity decreases until it
reaches equilibrium. For RhB (Fig. 6h), the adsorption capacity increases by increasing the temperature from 25 °C to 65 °C, and the
maximal adsorption capacity was obtained at 65 °C. Increasing the temperature enhances the diffusion of ions into the spaces between
the Mg-Al LDH layers and causes the interactions between the adsorbent and the dye, thus increasing the adsorption capacity.
Therefore, the optimum adsorption temperature of the Mg-Al LDH for MB and RhB dyes was 45 °C and 65 °C, respectively.

3.2.5. Study of solution pH

To achieve optimum pH values, the adsorption process using the Mg-Al LDH and Mg-Al LDH@EDTA-MA was tested at pH values of
3,5,7,9, and 11 under the conditions of Cy = 40 mg/L, m = 0.001 g, t = 30 min, and T = 45 °C for MB, and Cy = 30 mg/L, m = 0.007 g,
t =30 min, and T = 65 °C for RhB (Fig. 6a-j). It can be seen that the adsorption capacity of MB and RhB dyes increases as the pH values
increase, reaching an optimum point. The highest adsorption capacities for MB (Fig. 6i) and RhB (Fig. 6j) dyes were obtained at pH of 9
and 11, respectively. As a result, at alkaline pH levels, the electrostatic interactions between the negative charge on the Mg-Al LDH
surface and the positive charge of MB and RhB dyes are increased, leading to higher adsorption capacity. The optimum pH values
measured for Mg-Al LDH were 9 and 11, for MB and RhB dyes, respectively.

3.3. Adsorption isotherm models

In order to comprehend the interaction between the adsorbent and adsorbate, as well as the foundational significance of adsorption
isotherms in the formulation of adsorbents, an investigation was conducted on Langmuir, Freundlich, and Temkin adsorption iso-
therms. The conditions applied for the adsorption of MB (pH = 9, T = 45 °C, t = 30 min, adsorbent dosage = 1 mg) and RhB (pH =11,
T =60 °C, t = 30 min, adsorbent dosage = 7 mg) dye solutions on the Mg—-Al LDH@EDTA-MA nanocomposite at various concentrations
are illustrated in Fig. 7. Furthermore, parameters related to adsorption isotherms of the Mg—Al LDH and Mg-Al LDH@EDTA-MA were
presented in Table 1. Given that the R? value of the Langmuir adsorption model for both dyes is higher than that of other adsorption
isotherm models, it can be claimed that the adsorption of both dyes follows the Langmuir isotherm [73]. The maximum capacities for
monolayer adsorption (qmax) on the Mg-Al LDH@EDTA-MA nanocomposite were 1111.103 mg/g for MB (at 45 °C) and 232.558 mg/g
for RhB (at 60 °C). The comparison of the corresponding parameters in Table 1 shows that the chemical modification of Mg-Al LDH
improves the adsorption capacity of the sample.

Egs. (3) and (4) show the Langmuir and Freundlich adsorption isotherms, respectively. Additionally, Eq. (5) and (6) depict the
Temkin adsorption isotherm:

C. 1

1
= + —C, Langmuir 3)
qe KL qm qm g
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Fig. 7. Equilibrium studies of MB and RhB dyes adsorption; Langmuir (a), Freundlich (b), and Temkin (c), (Co = 10 mg/L to 50 mg/L, pH=9, T =
45 °C, t = 30 min, adsorbent dosage = 1 mg) for MB and Langmuir (d), Freundlich (e) and Temkin (f) isotherm models, (Co = 10 mg/L to 50 mg/L,
pH =11, T = 60 °C, t = 30 min, adsorbent dosage = 7 mg) for RhB.
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Table 1
Langmuir, Freundlich, and Temkin isotherm parameters for MB and RhB via Mg-Al LDH and the Mg-Al LDH@EDTA-MA.
Models Parameters Mg-Al LDH Mg-Al LDH@EDTA-MA
MB RhB MB RhB
Langmuir Qmax 711.25 45.137 1111.103 232.558
Ky, 0.271 0.165 0.265 0.160
R? 0.9735 0.9867 0.9898 0.9962
Freundlich Ky 249.704 34.395 250.41 34.39
n 1.98 1.56 1.94 1.52
R? 0.9592 0.9741 0.9608 0.9832
Temkin Kr 2.29 1.71 2.37 1.75
B 229.16 29.82 254.58 49.12
R? 0.9611 0.9821 0.9675 0.9911
Table 2

Kinetic parameters for the adsorption of MB (Cy = 40 mg/L, pH = 9, T = 45 °C, adsorbent dosage = 1 mg, t = 10, 20, 30, 40, and 50 min) and RB (Cy =
30 mg/L, pH = 11, T = 60 °C, adsorbent dosage = 7 mg, t = 10, 20, 30, 40, and 50 min) dyes on the Mg-Al LDH@EDTA-MA nanocomposite.

Dyes Pseudo-first-order model Pseudo-second-order model
k1 (1/min) Qe (mg/g) R? ko (g/(mg.min)) Qe (mg/g) R?
MB 0.102 240.602 0.99 0.0007 909.091 1
RhB 0.037 21.948 0.99 0.040 26.042 1
ge =BTInK,+BTInC, Temkin 5)
RT .
bT = u Temkin 6)
(BT)

where qp, is the maximum adsorption capacity (mg/g), Ky, is the Langmuir constant, qe (mg/g) is the equilibrium concentration of the
dyes on the adsorbent, and C. (mg/L) is the equilibrium concentration of the dyes in the solution, Kr and n are Freundlich constants. In
Egs. (5) and (6), bT and BT are constants, and K; is the Temkin adsorption potential (L/g).

3.4. Study of adsorption kinetics

Kinetic data play a significant role in adsorption. Therefore, the pseudo-first-order as well as pseudo-second-order kinetic models
were studied, as represented by Egs. (7) and (8), respectively.

k.t
tog(a. — 40 ~log . - (5355 @

t 1 1

o kgt (qe)t ®
where g is the adsorption capacity at equilibrium (mg/g), and q; is the adsorption capacity at time t (min). Also, k; (min~") and k;, (g/
(mg. min)) stand as the rate coefficients for pseudo-first-order and pseudo-second-order adsorption, respectively.

This study was done with the adsorbent dosage of 0.001 g at pH = 9, T = 45 °C, and Cy of 40 mg/L for MB. Additionally, the
adsorbent dosage of 0.007 g at pH =11, T = 60 °C, and Cy of 30 mg/L were used for RhB. The mixtures were stirred at different times of
10,20, 30, 40, and 50 min for both dyes, followed by the filtering of the samples to separate the adsorbent.

The kinetic parameter values for the adsorption of MB and RhB dyes onto the Mg-Al LDH@EDTA-MA nanocomposite were pre-
sented in Table 2. The correlation factor (R%) of the pseudo-second-order kinetic model, exceeds that of the pseudo-first-order model.
Consequently, it is inferred that the adsorption of both MB and RhB dyes on the nanocomposite conforms to a pseudo-second-order
kinetic model [18,73,85].

3.5. Thermodynamic studies

To determine whether processes were spontaneous or non-spontaneous and whether they were exothermic or endothermic,
thermodynamic parameters such as AG°, AH°, and AS° were examined using Eqs. 9 and 10. The results of this analysis are summarized
in Table 3.

AS AH

ll’le =—

R RT ©
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Thermodynamic parameters for the adsorption of MB (Co = 40 mg/L, pH =9, T = 25, 45, 65, 85, and 95 °C, adsorbent dosage = 1 mg, t = 30 min) and
RhB (Co = 30 mg/L, pH =11, T = 25, 45, 65, 85, and 95 °C, adsorbent dosage = 7 mg, t = 30 min) dyes on the Mg—Al LDH/EDTA-MA nanocomposite.

Dyes AG® (KJ/mol) AH° (KJ/mol) AS° (J/mol.K)
298 318 338 358 368
MB —11.04 —10.95 —10.86 —10.76 —-10.72 —12.42 —4.64
RhB —6.52 —-5.22 —-3.92 —2.62 —1.98 —25.84 —64.84
Table 4

Comparison of the adsorption capacity of the Mg-Al LDH@EDTA-MA nanocomposite for the adsorption of MB and RhB dyes with other reported

adsorbents in the literature.

Entry Adsorbent Adsorption capacity (mg/g) Reference
MB RhB

1 SCHMs" 88.3333 - [86]
2 ACB” 136.99 - (871
3 Cellulose/MWCNTs/Fe304 composite beads 285.71 - [88]
4 CMC/GOCOOH composite microbeads 183.23 - [27]
5 PT-GO bio-adsorbent 444.44 - [89]
6 SCBAC - 5.3 [90]
7 vy-Fe203@Mt - 209.20 [91]
8 ASC - 123.46 [92]
9 acid modified banana pee - 9.5220 [93]
10 This work 1111.103 232.558 -

& Magnetic starch-based composite hydrogel microsphe
b Activated carbon made from Moringa oleifera leaf.

Adsorption-Desorption (%)

3 4 5
Cycle number

m Adsorption M Desorption

Adsorption -Desorption (%)
&

3 4 5
Cycle number

m Adsorption M Desorption

Fig. 8. The adsorption-desorption cycles for the removal of MB (a) and RhB (b) dyes on the Mg-Al LDH@EDTA-MA nanocomposite.

AG°=AH’ — TAS®

(10)

In the equation, T (K) denotes the temperature, while R signifies the gas constant. Based on the results obtained in Table 3, AG® is <
0 for both MB and RhB dyes, indicating the spontaneity of the process. Furthermore, AH® is < 0, confirming the exothermic nature of

the process for both dyes.
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Scheme 4. The possible mechanism for the adsorption of MB and RhB dyes by the Mg-Al LDH@EDTA-MA nanocomposite.

3.6. Comparison of the maximum adsorption capacity with other reported adsorbents
Table 4 presents a comparison of the maximum adsorption capacity of the Mg-Al LDH@EDTA-MA nanocomposite for MB and RhB
dyes adsorption with previously reported adsorbents in the literature. The facile preparation, easy and rapid dye adsorption, mild

adsorption conditions, reusability, and high efficiency are unique properties of the prepared nanocomposite.

3.7. Recycling studies

15

Reusability is one of the most crucial parameters to investigate the applicability of the nanocomposite for the adsorption of MB and
RhB dyes. To assess this, desorption tests were conducted to separate the adsorbent from the adsorbate dyes. This separation was
achieved through a washing process using 0.1 moL/L HCI-NaCl mixture, followed by drying at 70 °C. The driving force behind the
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desorption process is ion exchange [94,95]. Remarkably, even after four cycles of reactions, the Mg-Al LDH@EDTA-MA nano-
composite demonstrated high reusability, with an adsorption capacity of 90 % for MB and 87 % for RhB dyes, indicating a minimal loss
in adsorption capacity (Fig. 8a and b). The adsorption capacity of the nanocomposite per adsorption-desorption cycle for the four
cycles was 96 %, 95 %, 91 %, and 90 % for MB, and 93 %, 91 %, 89 %, and 87 % for RhB, respectively. In Fig. 8, the adsorption
percentages indicate the amount of dye adsorption capacity for the adsorbent. Similarly, the desorption percentages reflect the amount
of desorption of the adsorbate dyes from the adsorbent.

3.8. Adsorption mechanism

Scheme 4 illustrates the proposed adsorption mechanism of MB and RhB dyes. Based on the structure of Mg-Al LDH@EDTA-MA
nanocomposite the adsorption mechanism involves both chemical and physical processes. EDTA is known for its chelating properties
and its ability to form stable complexes. When intercalated into the Mg—Al LDH, EDTA-MA can provide active sites for chemical in-
teractions with MB and RhB dyes, leading to the formation of coordination complexes between the dyes and the functional groups of
EDTA. The layered structure of Mg-Al LDH provides a large surface area with abundant surface hydroxyl groups, which can facilitate
the physical adsorption of dye molecules via hydrogen bonding and electrostatic interactions. The latter occurs as a result of the
presence of negative charges on the LDH surface and positive charges of MB and RhB dyes in alkaline pH [73,84,96].

4. Conclusions

In summary, the Mg—Al LDH@EDTA-MA nanocomposite was successfully synthesized for removing MB and RhB from water. The
unique properties of the prepared adsorbent include rapid and easy adsorption of MB and RhB dyes, facile preparation, mild adsorption
conditions, high efficiency, and recyclability for up to 4 cycles without a significant drop-in activity. The maximum adsorption ca-
pacity for MB and RhB dyes is 1111.103 mg/g and 232.558 mg/g, respectively. Adsorption of both methylene blue and rhodamine B
dyes followed pseudo-second-order adsorption kinetics, and their adsorption followed the Langmuir isotherm. Furthermore, ther-
modynamic analysis data revealed that the adsorption of MB and RhB dyes by Mg-Al LDH@EDTA-MA nanocomposite is spontaneous
and exothermic.
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