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ARTICLE INFO ABSTRACT
Keywords: This work designed and prepared an organic-inorganic nanocomposite using layered double
Layered double hydroxide (LDH) hydroxide (LDH) inorganic substrate and trimesic acid (TMA) as chelating agent. Subsequently,

Trimesic acid (TMA)
Indigo carmine (IC)
Methylene blue (MB)

the synthesized organic-inorganic nanocomposite was assessed using multiple identification
methods, including FTIR, EDX, XRD, TGA, and FESEM, and the outcomes demonstrated that the
intended structure was successfully prepared. Also, in order to investigate the efficiency of the
Mg-Al LDH-TMA nanocomposite as an efficient nano adsorbent, it was used for removal of indigo
carmine (IC) and methylene blue (MB) from aqueous solutions. This synthetic nanocomposite
showed a high adsorption capacity. The efficiency of the produced nanocomposite in the
adsorption of selected dyes was investigated with the help of batch adsorption studies performed
in a variety of experimental settings, including dye concentration, adsorbent dose, pH, adsorption
temperature and contact time. Furthermore, the produced Mg-Al LDH-TMA nanocomposite ex-
hibits strong stability and can be recycled and reused five times in a row, which is well consistent
with the principles of green chemistry.

1. Introduction

Since many of industries have numerous water consumption (as one of the practical requirements for the construction and
completion processes), they generate a considerable of sewage, which they discharge into natural bodies of water include rivers, lakes,
and oceans. Dyes, despite their wide range of uses, are among the most dangerous and common substances found in the effluent of
many different industries, including textile, paper, paint, cosmetics, plastics, food processing, etc. [1]. Even though dyes are essential
for the production methods used today, their improper disposal or release into water sources can have detrimental consequences on the
environment and public health. It is challenging to the decomposition the dyes because of their strong resistance to biological
degradation or photodegradation [2] and they have direct allergic, carcinogenic, and mutagenic impacts on human health as well as
their indirect effects through the food chain [3-6]. While some coloured wastewater is recovered and utilized again, the majority ends
up going into drains where it contaminates the environment [7]. Therefore, one of the fundamental environmental issues facing the
globe today is dyes contaminating water [8-10].

These harmful dyes have been eliminated from water over the past few decades using a variety of approaches, including chemical
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[11], electrochemical [12], ozonation [13], photocatalytic degradation [14,15], biodegradation [16], and adsorption techniques [17].
However, nearly all of these techniques are inefficient and have a number of drawbacks, including the producing a large amount of
sludge, high costs, high energy consumption, the generation of harmful by-products, etc [2]. Adsorption is an excellent approach
among them because it is inexpensive, efficient across a broad pH range, adsorbent renewal ability, simple operation, and high yield
[18-20]. Adsorption is thus considered as the most effective and popular water treatment method [21,22].

Different and special adsorbents, including layered-double hydroxides, CNTs (Carbon nanotubes) [23,24], graphene oxide [25],
agricultural waste [26,27], activated carbons [28], clay [29], zeolite [30], polymers [31,32], Covalent organic frameworks (COFs) are
a class of crystalline porous polymers possessing large surface area, nanoporous properties, and superior thermal stability [33,34],
Mixed metal sulphides (MMSs) because of their better electrical and redox reactions [35], reactive oxygen species (ROS) are widely
recognized to comprise both superoxide (-O3) and hydroxyl (-OH™) radicals [36], were investigated to evaluate their ability for water
treatment. While, adsorbents derived from layered double hydroxides (LDH) due to their outstanding adsorption abilities, this
adsorbent are a class of adaptable materials that have attracted substantial attention in numerous scientific and industrial domains.
LDHs are also known as hydrotalcite-like compounds are a class of ionic layered compounds, they made from the juxtaposition of the
positively charged main lamellar of mixed metal hydroxides (which includes trivalent and divalent metals cations that are octahedrally
surrounded by hydroxide agents), and an interlamellar region containing different anionic groups (charge-compensation groups) and
small solvent molecules. LDH’s general formula is often expressed as: [M%fo§+(OH)2] [A" 1x/n'mH20, which M*? represents divalent
cations (Ni2T, Zn?*, Cu®", Mg%"), while M3 shows trivalent cations (Ga>*, A>T, Fe>*), A"~ Expressing interlamellar anionic groups
(CO%’, NOs3, SO%’, Cl"), X is a constant number and usually its value is between 0.20 and 0.33, which is obtained from the ratio of m+3
+M*2/M 3 [37-42].

Due to their distinctive layered structure, LDH-based adsorbents have strong adsorption efficiency for removing anionic or cationic
pollutants by ion exchange with M2* ions in LDH due to the large interlayer gap that allows them to exchange anion ions and a positive
charge layer. LDH adsorbents have many uses in wastewater treatment, environmental remediation, and the elimination of different
contaminants from aqueous solutions. They are especially good at adsorbing anionic pollutants such organic dyes, heavy metal ions,
and anionic organic chemicals. LDHs are extremely flexible to different adsorption requirements since their surface characteristics and
composition may be customized. The good adsorption capacity, selectivity, and simplicity of regeneration of LDH adsorbents are
benefits. They are also regarded as sustainable and environmentally friendly due to their natural abundance and minimal toxicity. The
elimination of dangerous compounds from industrial processes and other urgent global concerns like water contamination hold
promise for these materials.

Indigo carmine (IC) is one of the anionic organic dyes soluble in water. This dye is used for medical diagnostic purposes in addition
to its widespread application in the food industries (such as baked goods, sweets, confectionery, ice creams, sauces, chewing gums, and
flavored drinks) [43,44] It is also used as a fabric dyeing agent and in analytical chemistry to detect redox reactions [45]. Even though
the European Union and the US have approved IC [43], it is still regarded as a highly hazardous dye that, when exposed to, can have
serious negative effects on human health, including carcinogenesis, respiratory issues, neurotoxicity, and eye and skin irritation
(Scheme 1b) [46]. Methylene blue (MB) is a cationic blue dye that contains sulfur and belonging to the phenothiazine family. It is used
in many commercial processes, including the dyeing of silk, cotton, and wool as well as the production of paper. It can also serve as an
indication of oxidation and reduction reaction [47-49]. After inhalation, it can result in symptoms like nausea, diarrhea, breathing
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Scheme 1. LDH-TMA nanocomposite (a), Indigo carmine (b) and Methylene blue structure (c).
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difficulties, and vomiting in humans. It can also result in eye burning or even permanent eye damage (Scheme 1c) [50].

The development of a modified LDH with TMA as a nanocomposite to remove IC and MB from aqueous solutions is the benefit of
this work. Due to the existence of lone pair electrons in oxygenated functional groups available in TMA such as hydroxyl and carboxylic
acid groups as chelating groups It causes this synthesized nanocomposite has shown a high adsorption capacity. The efficacy of the
generated nanocomposite in adsorbing selected dyes was investigated with the aid of batch sorption studies conducted under a variety
of experimental settings, including dye concentration, adsorbent dose, pH, adsorption temperature, and contact time. The adsorption
of MB and IC process was studied using data from several adsorption models and nanocomposite isotherms. This study seeks to advance
knowledge of how to prepare Mg-Al-LDH-TMA with improved sorption performance and removal efficiency for the MB and IC dyes
using a Coprecipiation methodology. This is an efficient, cost-effective, and environmentally friendly strategy for dye removal in real
environmental control and remediation (Scheme 1a).

2. Experimental
2.1. Reagents and apparatus

All the chemicals reagents used were analytical grade and were purchased from Merck or Aldrich and it is used without any second
treatment. Characterization of the LDH-trimesic acid nanocomposite was performed by FESEM (ZEISS-SIGMA300), EDX (Numerix
DXP-X10P), FTIR (Shimadzu 8400 s), and TGA (Bahr Company STA 504). XRD patterns of the LDH-trimesic acid nanocomposite was
obtained using TW 1800 diffractometer with Cug, radiation (A = 1.54050 Z\).

2.2. Preparation method of Mg-Al LDH

Mg-Al LDH was prepared using previously reported methods. Mg—Al LDH was synthesized using the co-precipitation method with
urea solution assistance. First, 100 mL of 3 M urea solution was prepared, then it was transferred to a round bottom glass flask (200
mL), and 3.75 g AI(NO3)3.9H,0 and 5.13 g Mg(NO3)2.6H20 were added to the above solution under stirring conditions and then it was
refluxed and stirred for 12 h at 100 C. After stirring for 12 h the temperature is reduced by 6 C and reflux the obtained suspension for
another 12 h under static conditions. Ultimately, the precipitate particles were centrifuged collected, repeatedly washed in a solution
of water and EtOH, and then dried for 24 h at 80 °C (Scheme 2).

2.3. Preparation method of TMA-Cl

A mixture of toluene (20 mL) and trimesic acid (TMA, 2.0 g) were stirred at room temperature for 5 min until the material was
completely dissolved. Then thionyl chloride (SOCl,0.7 mL) was added dropwise to the previous solution in a glass flask, the reflux
condenser was attached and the mixture reaction kept at 70 °C under reflux circumstances for 24 h. Then a rotary evaporator was used
to remove the solvent from reaction mixtures, and subsequent the obtained precipitate was recovered after washing with dichloro-
methane solvent for a number of times (Scheme 3).
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Scheme 2. General procedure for the preparation of Mg-Al-LDH.
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2.4. Preparation of Mg-Al LDH-TMA nanocomposite

This point of the synthesis involved adding dichloromethane (CHxCl,, 7 mL) solvent to the precipitate that was generated in the
previous step. Next, synthesized LDH (0.5 g) was added to the above solution, and last, tri-ethylamine (TEA, 0.3 mL) was added
dropwise. Triethylamine, a weak base, oxidizes and separates the hydrogen atoms of OHs that are bound to the surface of LDH. This
allows the hydroxyl functional group to be converted into O™, which then attacks the chlorinated trimesic acid compound to facilitate
their attachment. After sealing the glass flask’s intake, the mixture was constantly stirred for 24 h at room temperature. The resulting
Mg-Al LDH-TMA composite was collected via centrifugation, washed with water, and dried at 80 °C for 24 h (Scheme 4).

3. Results and discussion

The FTIR spectra of the AI-Mg LDH is shown in Fig. 1a. The stretching vibrations of metal hydroxide octahedral complexes (M — O)
bonds, where M can be either Mg?" or AI**, have peaks in the range of 450-1124 cm™!. The strong adsorption band between 1355
em ! and 1387 ecm™, as depicted in the figure, relates to the stretching vibrations of the nitrate anions group [51]. The interlayer
water molecule bending vibrations are attributed to the peaks at around 1542 cm™! and 1621 cm ™}, the peak observed in the wave
number of 2700-3716 cm ™! in LDH spectra were associated with the H-O bond’s stretching vibrations [52]. The IR spectra of the
Mg-Al LDH-TMA nanocomposite is displayed in Fig. 1b. The stretching vibrations of metal oxide (M — O) bonds are correlated with the
peaks at the 490-900 cm ™! range. The aromatic ester’s C-O stretching vibration is associated with a comparatively sharp peak in the
1222 em ™! area (Given that trimesic acid has three carboxyl groups, several types of esters can be formed: Monoesters, diesters,
triesters.). An average peak in the region of 1386 cm™! corresponds with the carboxylic acid’s O-H bond’s bending vibration. The
stretching vibration of the aromatic C=C bond relates to the peak in the 1560 cm ! area. The two-branched strong peak at 1650 cm ™
and 1760 cm-1 attributed to the stretching vibrations of C=0 of the acid and ester functional groups in the nanocomposite, respec-
tively. Furthermore, the stretching vibration of the carboxylic acid’s H-O bond is responsible for the bord peak observed at the
3700-2500 cm™" area.

The XRD spectrum of Mg-Al LDH is presented in Fig. 2a. It reveals the presence of four main peaks related to the crystal structure of
LDH, at 20 of 11.735, 23.631, 35.003, 39.632, 47.228, 61.018 and 62.318 respectively, to the crystallographic planes (003), (006),
(009), (015), (012), (110) and (113) of the crystalline phase of nanoparticles [53]. No additional peaks are observed, indicating the
highly pure and crystalline LDH layers. The corresponding Mg-Al LDH is well matched with the JCPDS card number (00-014-0191),
indicating the successful synthesis of Mg-Al LDH.

The peaks of the X-ray diffraction pattern associated with the manufactured Mg-Al LDH-TMA nanocomposite are depicted in
Fig. 2b. This pattern not only validates the existence of LDH (JCPDS 00-014-0191), but also that trimesic acid (JCPDS 00-045-1880) is
present in the nanoadsorbent. Also, the nanocomposite’s XRD pattern clearly shows diffraction peaks associated with the structure of
trimesic acid and LDH.

Thus, it can be said that during the creation of the Mg-Al LDH-TMA nanocomposite, the crystal structures of trimesic acid and LDH
do not change.

The results of the EDS analysis of the synthesized nanocomposite is shown in Fig. 3. The peaks of C (33.41) and O (53.55) elements

Scheme 3. General procedure for preparation method of TMA.
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Scheme 4. General procedure for the preparation of LDH-TMA nanocomposite.
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Fig. 1. FTIR spectra of AlI-Mg LDH (a), and LDH-TMA nanocomposite (1, b).

confirm that trimesic acid is present in the nanocomposite structure; the peaks of Al (4.06) and Mg (4.58) can be attributed to the LDH
portion of the nanocomposite; the peak of N (4.39) element is also related to interlayer nitrate ions.

The FE-SEM images of the synthesized Mg—Al LDH are displayed in Fig. 4 (a-d). Successful synthesis of LDH is indicated by the
images, which clearly reveal hexagonal and assembled crystal plates with a thickness of around 20-100 nm. Additionally, in Fig. 4,
parts (e-f) of the FE-SEM images in different magnifications pertaining to the synthesized nanocomposite are shown. The origins and
composition of the globules on the surface of LDH platelets are associated with the organic component of the nanocomposite, TMA,
which is linked to LDH through the ester bond formed between the carboxylic acid functional group of TMA and the hydroxides of the
LDH surface. It is evident from these images that the TMA agent has uniformly functionalized the Mg-Al LDH base material, main-
taining its layered structure and preventing lumps.
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Fig. 2. XRD patterns of Al-Mg LDH (a), and LDH-TMA nanocomposite (1, b).

The synthesized Mg-Al LDH-TMA nanocomposite’s TGA analysis curve is depicted in Fig. 5. At the range of 100-110 °C, a typical
TGA baseline shows an apparent weight gain due to buoyancy. As the temperature increases, the gas surrounding the sample pan
becomes less dense, so the pan experiences less buoyant lift (per Archimedes’ principle). The temperature range of 130-230 °C is where
the first observed weight loss (10 %) occurred, which is because of the evaporation of solvents and water molecules trapped between
the layers. Around 230 to 480 °C (20 %) degrees is when trimesic acid, the organic components of the nanocomposite, breaks down.
Since organic materials usually break down at 400°, trimesic acid’s hydrogen bonding with the agent OH in LDH may be the cause of
the organic components’ remarkable temperature tolerance in this nanocomposite. Between 480 and 800 °C (~31 %) is when the
mineral component of the nanocomposite breaks down.

Poresize distribution measurements for Mg—Al LDH-TMA and N5 adsorption/desorption isotherms were carried out in order to gain
a better knowledge of the structural characteristics of adsorbents. As can be shown, the Mg-Al LDH-TMA nanocomposite had a pore
volume of 0.04 cm®/g and a low BET surface area of 17.21 m?/g (Fig. 6 and Table 1). The composite may therefore offer more suitable
binding sites during adsorption, improving the dyes’ adsorption performance, as seen by the Ny adsorption/desorption data. Addi-
tionally, the mesoporous structure of the Mg—Al LDH-TMA was revealed by the porediameter distribution. Furthermore, the 2D layered
hydrotalcite’s nanosheet shape helped to maximize contact with the TMA, enhancing the combination’s adsorption efficacy.

4. Optimization of dye removal experiments using Mg-Al LDH-TMA nanocomposite (1)

The effect of adjusting a number of experimental parameters, such as contact time, adsorbent dosege, pH, and temperature, on the
adsorption of MB and IC on Mg-Al LDH-TMA nanocomposite, provided a comprehensive understanding of the mechanism behind dye
adsorption. The adsorbent was filtered out of the aqueous solution after varying periods of contact; the removal percentage (R%) is a
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Fig. 5. TGA curve of the Mg-Al LDH-TMA nanocomposite (1).
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Table 1
Structural parameters of Cu-Al LDH, and Mg-Al LDH-TMA nanocomposite determined from nitrogen sorption experiments.
Sample Sper’/m? g~ Vp/em® g7t D,/nm
Mg-Al LDH-TMA 17.21 0.04 10.295

@ Specific surface area calculated by the BET method.
Y Total pore volume registered at P/Py = 0.20.
¢ Pore size diameter calculated by the BJH method.

measure of how effectively the adsorption process has removed contaminants from the initial solution, and adsorption capacity (qt in
mg/g) were computed using Eqs. (1) and (2):

Co_ C.
Dye Removal % = OT %100 ®
0

q (G C)V 2
=T w

where W (mg) represents the mass of the sorbent, V (L) is the volume of the MB and IC dyes solution, Co (mg/L) is the MB and IC
concentration at the beginning, and Ce (mg/L) is the equilibrium MB concentration.
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4.1. Equilibrium studies

In order to study the MB and IC dye in equilibrium, 5 mg of sorbent were shaken with 100 mL solution containing different MB and
IC concentrations (10-50 mg/L) at pH = 7 and 30 °C for 60 min. With the solutions filtered, a UV-Vis spectrophotometer was used to
measure the adsorbance at 610 nm and 664 nm for IC and MB, respectively.

4.2. Effect of initial concentration of dyes

In order to examine the impact of concentration on adsorption, a magnet was used to mix solutions containing 10, 20, 30, 40, 50,
60, and 70 mg/L of methylene blue dye and 10, 20, 30, 40, and 50 mg/L of indigo carmine dye with 0.005 g of adsorbent for 60 min.
Following the adsorption process, the solutions were then filtered to separate the adsorbent. The optimum adsorption capacities for
methylene blue and indigo carmine are 40 mg/L and 60 mg/L, respectively, as shown in Fig. 7.

4.3. Adsorbent dose effect

In an effort to examine how the dosage of the adsorbent affects the ability of the Mg—Al LDH-TMA nanocomposite to adsorb the dyes
indigo carmine and methylene blue, 1, 3, 5, 7, and 9 mg of the nanocomposite were used at room temperature and neutral pH, with the
optimal concentrations of 40 mg/L for indigo carmine and 60 mg/L for methylene blue. The mixture was then stirred for 1 h using a
magnetic stirrer. For indigo carmine dye, the optimum adsorbent dosage was 3 mg, whereas for methylene blue dye, the value was 1
mg. It is generally possible to conclude that increasing the adsorbent dose in both dyes has resulted in a decrease in adsorption ca-
pacity, as Fig. 8 illustrates. One of two possible explanations for this decrease is that, while dye concentration and volume remain
constant, the competition for dye molecules increases as the concentration of Mg—Al LDH-TMA nano adsorbent particles rises. This may
result in a decrease in the number of adsorption sites available to the special Mg—Al LDH-TMA nanoparticles, making it more chal-
lenging for them to adsorb dye molecules. Secondly, when the dose of the adsorbent is increased, the concentration of it’s site causes
adsorbents to overlap, which accumulates particles and blocks pores or active sites on the adsorbent’s surface, lowering the adsorbent’s
equilibrium and capacity.

4.4. Contact time effect

Investigating the relationship between contact duration and adsorption capacity is one of the most important parts of the
adsorption process research. Adsorption was tested in the intervals of 15, 30, 60, 90, and 120 min, and under optimal circumstances,
the concentration of indigo carmine was 40 mg/L and the adsorbent dose was 0.003 g, while the concentration of methylene blue was
60 mg/L and the adsorbent dose was 0.001 g. This was carried out in order to examine how the time procedure affected the adsorption
capacity of the dyes. Based on the information gathered from Fig. 9, it can be deduced that rapid adsorption and an increase in
adsorbent capacity occurred with an increase in contact time, particularly in the early stages, because of the strong attraction between
the adsorbent and the dye and the abundance of adsorption sites. Has been located as a result, 60 min was the ideal duration for indigo
carmine dye and 90 min for methylene blue dye. When the process is carried out beyond the optimal times, the amount of dye
adsorption remains nearly constant over time. This is because the adsorbent dye saturates the adsorption sites, slowing down the
adsorption speed in the last stages of the adsorption process.
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Fig. 7. Effect of the initial concentration for the adsorption of MB and IC (Co = 10-60 mg/L, pH = 7, T = 30 °C, m = 5 mg, t = 60 min).
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0 20 40 60 80 100 120 140
80 : ' : : ' : 1000
o o L 900
L 800
60 -
L 700
3850 1 L 600 38
oo oo
£ 40 4 - 500 E
—e—IC
& 30 - 40 &
L 300
20 - —o—MB
L 200
10 - L 100
0 . . . . . . 0

0 20 40 60 80 100 120 140
Contact time (min)

Fig. 9. Effect of the time on MB and IC adsorption.

4.5. Effect of temperature

One of the key elements that significantly affects surface adsorption is temperature. The type of surface material, the type of
adsorber (molecule or particle), and the ambient factors all affect how temperature affects surface adsorption. Investigated and
examined were the effects of temperature variations on adsorption at 25, 40, 60, 80, and 90 °C, as well as under ideal conditions for
indigo carmine (40 mg/L, 0.003 g of adsorbent dose, and 60 min of adsorption time), and methylene blue (60 mL/L, 0.001 gr of
adsorbent dose, and 90 min of adsorption time). The data presented in Fig. 10 reveals that the adsorption capacity of indigo carmine
reduces as temperature increases from 60 to 90 °C, but it increases from 25 to 60 °C. This suggests that the adsorption process is
performing exothermically. Furthermore, the temperature-dependent adsorption capability of methylene blue dye has been seen to
diminish above 25 °C. There are several reasons for this drop in methylene blue dye adsorption in Mg-Al LDH-TMA nano-adsorbent
with rising temperature, several of which relate to the adsorption process’s thermodynamics. Is going to Many times, dyes like
methylene blue adsorb on solid adsorbents in an exothermic process, which releases heat as the dye molecules attach to the Mg-Al
LDH-TMA nano adsorbent’s surface. In an attempt to maintain equilibrium as the temperature rises, the system lowers its adsorption
capacity. Le Chatelier’s principle, which says that an equilibrium system adapts to any change in its environment, explains this.
Conversely, elevated temperatures have the potential to interfere with the adsorption forces that hold dye molecules to the Mg-Al
LDH-TMA nano-adsorbent surface. Higher temperatures release thermal energy that causes the dye molecules to either diffuse or
detach from the adsorbent surface, reducing their overall affinity for Mg—Al LDH-TMA. This results in a reduction of the adsorption
capacity. At higher temperatures, the adsorption efficiency can be counteracted by other competing processes, such as dye desorption,
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dye degradation, or modifications to the structure and stability of the Mg-Al LDH-TMA nano adsorbent.

4.6. Influence of solution pH on adsorption behaviour

The effect of pH changes on dye adsorption is depicted in Fig. 11. The reason for the variation in dye adsorption in the Mg-Al LDH-
TMA nanocomposite with pH changes is that both the surface charge of the adsorbent material and the surface charge of the adsorbed
material’s molecules are impacted by pH. This pH-dependent behaviour is associated with electrostatic interactions between charged
species involved in the adsorption process. Due to the protonation of hydroxyl groups (OH™ — OHy), the Mg-Al LDH-TMA nano
sorbent typically exhibits a positive surface charge at low pH values (acidic circumstances). The molecules of indigo carmine, which
are anionic at this pH, are drawn to the positively charged surface. When the pH is higher (alkaline circumstances), the hydroxyl
groups (OH™ — O) deprotonate, resulting in a negatively charged surface for the Mg-Al LDH-TMA nanocomposite, therefore nega-
tively charged indigo carmine molecules are repelled by this negative surface charge. As anticipated, the adsorption capacity of MB
rises as the pH of the solution decreases because the surface progressively becomes negatively charged. Consequently, the adsorption
capacity can be enhanced through adsorbent negative charges increasing the electrostatic attraction.

5. Kinetics study

The dye’s adsorption kinetics were examined in the presence of 0.001 g of nanocomposite at pH 11, 25 °C, and an initial con-
centration of 40 mg/L for methylene blue, and 0.003 g of nanocomposite at pH 7, 60 °C, and an initial concentration of 60 mg/L for
indigo carmin. After stirring the mixture for 15, 30, 60, 90, and 120 min, samples were filtered to ensure there were no particles in it.
Eqgs (3) and (4) represent the pseudo-first-order and pseudo-second-order models that were used to test the kinetic data for MB and IC
adsorption.

log(qe — qt) =logqe (2303) t 3)

t 1 1

—= +{—)t C)

q Kq? (qe)
where the adsorption capacity and the adsorption capacity in time are denoted by q. (mg/g) and q; (mg/g), respectively, and the first-
and second-order adsorption kinetics are represented by k; (1/min) and kg (g/mg. min). The correlation factor (RZ) of the pseudo-
second-order model for the Mg-Al LDH-TMA nanocomposite was 1. These findings suggest that the pseudo-second-order kinetics

model can adequately explain the MB and IC adsorption on the Mg-Al LDH-TMA nanocomposite. These various kinetic relationships
are shown in Fig. 12 (a,b) and Table 2.

6. Adsorption isotherms

Further research into the adsorption of MB and IC on the Mg-Al LDH-TMA nanocomposite was conducted using the Langmuir Eq.
(5) and Freundlich Eq. (6) isotherms [54,55].
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Table 2
Pseudo-first order and pseudo-second order kinetic parameters for MB and IC adsorption by LDH-TMA nanocomposite.
Models Parameters IC MB
Pseudo-first-order qe, calc (mg/g) 38.815 254.097
K1 0.0209 0.2003
R2 0.9986 0.9748
Pseudo-second-order qe, calc (mg/g) 71.42 909.09
K2 0.49 0.002
R2 1 1
C 1 1
e +—C, 5)
9 Kigm qm
1
Ing.=InKp + 0 IncC, (6)

where the values of qe (mg/g) and Ce (mg/L), respectively, denote the concentration of MB and IC and the adsorption capacity of the
MB and IC adsorbed in equilibrium. Freundlich constants KF (mg/g) and n are used to describe the adsorption intensity and capacity,
respectively; the equilibrium binding constant (L/mg) is represented by AT, and the Temkin constant is denoted by B. Fig. 13 (a, b),
Fig. 14 (a, b) and Fig. 15 (a, b) present a comparison of the experimental data for the MB and IC adsorption on the Mg-Al LDH-TMA
nanocomposite with the linear diagram of the Langmuir, Freundlich, and Temkin isotherm models. The adsorption isotherm is more
compatible with the Freundlich adsorption model, as indicated by the greater linear fit correlation coefficient (R?) of the Freundlich

0.018 A

a
0.016 A ( ) 9

0.014 4 ettt @

0.012 A

0.01

Ce/Qe

0.008

0.006 -

0.004 A

0.002 -

Ce
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Ce/Qe
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0 T T T T T T 1
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Fig. 13. Equilibrium studies of IC (a) and MB (b) adsorption using Mg-Al LDH-TMA nanocomposite, Langmuir isotherm model.
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Fig. 14. Equilibrium studies of IC (a) and MB (b) adsorption using Mg—Al LDH-TMA nanocomposite Freundlich isotherm model.

adsorption model in comparison to the Langmuir model. Additionally, at 25 °C and 60 °C for MB and IC, respectively, the maximal
adsorption capacity was 3333.33 mg/g and 1666.66 mg/g (Table 3).

7. Adsorption mechanism

Scheme 5 shows the adsorption mechanism that uses Mg—Al LDH-TMA nanocomposite to remove MB and IC dyes. The Mg-Al LDH-
TMA nanocomposite’s structure shows that it contains three functional groups: carboxylic acid, aromatic ring and hydroxyl. Therefore,
the potential source of adsorption could be the presence of an aromatic ring in trimesic acid, which can interact through n-x stacking
interactions with the aromatic regions of IC and MB dye molecules. Moreover, trimesic acid contains carboxylic acid groups (-COOH),
which can participate in hydrogen bonding and electrostatic interactions with other molecules. These functional groups can form
complexes with metal ions present in the LDH layers, influencing the surface chemistry and adsorption properties. When incorporated
into the LDH structure, trimesic acid can modify the surface properties of the nanocomposite, such as polarity and hydrophobicity/
hydrophilicity. These modifications can affect the adsorption affinity and selectivity of the nanocomposite towards different mole-
cules. Molecules can also adsorb onto the external surface of LDH particles via physical interactions such as van der Waals forces ,
electrostatic attraction and hydrogen bonding. This surface adsorption contributes to the overall adsorption capacity of the nano-
composite. The electrostatic interaction and hydrogen bonding between electron-rich oxygen and positively charged regions of the
indigo carmine dye molecules, such as protonated amino groups or any other positively charged functional groups. MB and IC dye
molecules can combine with carboxylic acid groups to form surface complexes, in which the dye molecules bind or coordinate with the
LDH surface through particular interactions or coordination bonds [56,57].

14



H. salamaat et al. Heliyon 10 (2024) 33656

0 —— T T T T T ]
0 50 100 150 200 250 300 350 400
Time (min)

1200 -
1000 (b) C)
800 -
600 °

400 ~

Log (ge-qt)
[ *]

200 A

0 T T T T T T T 1

2
Time (min)

Fig. 15. Equilibrium studies of IC (a) and MB (b) adsorption using Mg-Al LDH-TMA nanocomposite, Temkin isotherm model.

Table 3
Langmuir and Freundlich isotherm parameters for MB and IC adsorption on Mg—Al LDH-TMA nanocomposite.
Models Parameters IC MB
Langmuir Qmax (Mg/8) 1666.66 3333.33
K, (L/mg) 0.047 0.0153
R? 0.9423 0.968
Freundlich Kr (mg/g) 76.600 60.551
n 1.107 1.189
R? 0.997 0.9929
Temkin Kt 1.389 2.47
B 163.79 395.59
R? 0.9691 0.9693

8. Recycling studies

The application of nanoadsorbents more especially, LDH nanocomposites has the potential to completely transform water treat-
ment procedures. In order to improve their sustainability and environmental impact, this part analysis the recycling investigations
carried out on the Mg-Al LDH-TMA nanocomposite. Adsorbent recycling is essential to sustainable water treatment since it ensures
economic viability and reduces environmental impact. The reusability of Mg-Al LDH-TMA nanocomposites in eliminating MB eval-
uated by experiments with a cleaning agent mixture consisting of 0.1 mol/L of HCl and 0.1 mol/L of NaCl and for eliminating IC
evaluated by experiments with a cleaning agent mixture consisting of 0.1 mol/L of NaOH and 0.1 mol/L of NaCl. To prepare it for
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Scheme 5. The mechanism of MB and IC dye adsorption on the Mg-Al LDH-TMA nanocomposite.

further tests, the Mg-Al LDH-TMA nanocomposite was thoroughly washed after each application using a solution of 0.1 mol/L HCI for
MB and 0.1 mol/L NaCl and 0.1 mol/L of NaOH and 0.1 mol/L of NaCl for IC. This was followed by 3 h of drying at 70 °C. To
thoroughly verify the nanocomposites’s reusability, this application, washing, and drying cycle was carried out four times, as shown in
Fig. 16 and Fig. 17. Mg-Al LDH-TMA nanocomposites and other documented adsorbents are contrasted in Table 4 for their MB and IC

adsorption capacities.
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Fig. 16. Adsorption and desorption cycles of MB dye on Mg-Al LDH-TMA nanocomposite.
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Fig. 17. Absorption and desorption cycles of IC dye on Mg-Al LDH-TMA nanocomposite.

Table 4
Compares the performance of the ability of the synthesized Mg-Al LDH-TMA nanocomposites in adsorbing MB and IC with other reported adsorbents.
Entry Adsorbent Adsorbent dose Adsorption capacity (mg/g) Dyre Reference
1 CNT-TYR 0.01 434.08 MB [58]
2 magnetic alginate/rice husk biocomposite 0.3 344 MB [59]1
3 BW(Ni)0.5 0.05 523.56 MB [60]
4 Double cross-linked graphene aerogels 0.1 332.232 MB [61]
5 Lathyrus sativus husk 5 mg/L 104.28 MB [62]
6 LDH-polymer nanocomposite 0.001 1428.57 MB [63]
7 CoZnAl-LDH/GO 0.02 169.49 MB [64]
8 CuAl-LDH/SWCNTs 0.02 297.117 IC [65]
9 CS/p-CD/STPP beads 500 mg/L 1000 (¢} [66]
10 surfacemodified adsorbent prepared from municipal waste 0.05 146.3 IC [67]
11 MgFe,04 0.01 46.07 IC [68]
12 Mg,Al-Cl LDH - 512.553 (¢} [69]
13 Sn-MnO,/CNT 0.005 714.28 IC [70]
14 2.0 wt% Ag/UiO-66 0.05 312.6 IC [71]
15 Mg-Al LDH-TMA 0.003 1666.66 IC This work
16 Mg-Al LDH-TMA 0.001 3333.33 MB This work

9. Conclusions

Mg-Al LDH-TMA nanocomposites stand out from other adsorbents due to their special qualities, which include their simple
preparation process, high adsorption capacity, simplicity of removal, and reusable nature. The purpose of creating the Mg-Al LDH-
TMA nanocomposite was to remove MB and IC from water. The Mg-Al LDH-TMA nanocomposite structure was successfully veri-
fied, as shown by spectroscopic investigation, which also revealed a strong attraction for MB and IC molecules. Moreover, kinetic
analyses demonstrated that the MB and IC adsorption onto the Mg-Al LDH-TMA composite was accurately characterized by the
pseudo-second-order model. The adsorption data for the Mg-Al LDH-TMA nanocomposite were confirmed to be adequate by the
Freundlich isotherm model, which also showed multilayer adsorption behavior. It was discovered that the Mg-Al LDH-TMA nano-
composite had a maximum adsorption capacity of 3333.33 mg/g for MB and 1666.66 mg/g for IC, respectively.
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