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A B S T R A C T   

A hydrothermal technique was employed to synthesize Ni/Mg/Al ternary L.D.H.s modified with 
montmorillonite (NMA-MMT-LDHs). Many characterization methods, including X-ray diffraction 
(XRD), scanning electron microscopy (S.E.M.), Fourier transform infrared (FTIR), and Brunauer, 
Emmett, and Teller (B.E.T.), were used to assess the physiochemical properties of the produced 
analytes. Congo red and methylene blue were utilized as model dyes to treat textile waste with the 
synthesized analytes. The batch adsorption model was utilized to conduct the adsorption ex
periments under varying contact time, adsorbent dosage, and solution pH conditions. A pseudo- 
second-order kinetics and the Langmuir adsorption model control the adsorption process. The 
maximum monolayer adsorption capacities of C.R. and M.B. were determined to be 344 and 200 
mg/g, respectively. As the quantity of dosage increased from the 0.01–0.04 g, the percent removal 
efficiency (%) increased from 75 to 87 % for S2-LDH, 84–88 % for S2-MMT, 86–93 % for S3-MMT, 
and 95–97% for S4-MMT for C.R. dye and 82–85 % for S2-LDH, 83–89 % for S2-MMT, 83–91 % 
for S3-MMT, and 84–92 % for S4-MMT for M.B. dye. The removal percentage of C.R. dye for 
adsorbents S2-LDH, S2-MMT, S3-MMT, and S4-MMT were 75 %, 84 %, 86 %, and 95 %, 
respectively and 82 %, 83 %, 83 %, and 85 %, respectively for the M.B. dye removal. The presence 
of MMT significantly increases the affinity of Ni/Mg/Al-LDHs (NMA-LDHs), and the designed 
production technique can be used to produce a variety of compositionally distinct adsorbent 
materials.  
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1. Introduction 

Clean water has become a precious and locally rare resource due to rapid development. Water is being polluted through human 
activities that may cause various waterborne diseases. The majority of waste material is coloured, notably dyes [1]. The textile, leather, 
paint, tanneries, paper, and plastic industries all rely heavily on synthetic dyes, which are produced more than 7 × 105 tonnes annually 
[2]. Methylene blue (M.B.) is a textile dye that is commonly used to color paper, silk, wool, cotton and other textiles. Beyond its use in 
medicine, M.B. in water poses several threats to human health [3,4]. M.B. dye contamination in water bodies has increased over the 
past few decades, which is a severe issue, due to widespread application of M.B. dye in the textile sector and the uncontrolled release of 
wastewater [5]. Consuming water polluted with M.B. dye is unhealthy for people and weakens their immune systems, causing 
symptoms including vertigo and delusions in the brain [6]. Like these dyes, Congo-red dye (C.R.) is mainly used to dye industrial 
products [7]. The extensive usage of azo dyes results in significant wastewater production that contains azo dye contaminants. Because 
C.R. (diazo dye) contains an aromatic amine, it is known to be carcinogenic, and due to their aromatic compositions, azo dyes are 
resistant to natural degradation. Dye pollution affects wildlife and plants negatively and persists in the environment for a long time [8]. 

Many studies have looked into eliminating dyes from wastewater utilizing various processes, including photochemical degradation, 
microbial degradation, chemical oxidation, reverse osmosis, flotation process, and adsorption. Adsorption is one of these ways that is 
most efficient for eliminating dyes [9]. It is the most cost-effective method because many adsorbents are available, it is easy to design, 
highly efficient, and can deal with dyes in concentrated form [10]. The suitable adsorbent must be chosen to achieve the best 
adsorption performance. C.N.T.s, red mud, chitosan, fly ash, rice husk, peat, ferrite nanoparticles, and maize stalk have all been 
investigated for the removal of colorful dyes from wastewater. Developing new, cost-effective, and efficient adsorbent materials is still 
demanding [11]. Layered double hydroxide (L.D.H), also known as anionic clays or hydrotalcite-like compounds, has drawn 
considerable interest due to its potential applications in various industries, like water treatment [12]. The structure of these solids is 
derived from the structure of brucite, where trivalent cations largely replace divalent ones. [M2+

(1-x) M3+
x (OH)2]x+ (An− ) (x/n) × mH2O is 

the general formula for L.D.H.s, where M2+ is a divalent cation, M3+ is a trivalent cation, A is an interlayer anion, and x is a ratio of 
divalent to trivalent cations with values ranging from 0.2 to 0.33. The M(OH)6 octahedra that shared their edges formed layers that 
resembled brucite. It’s worth noting that a partial and isostructural M2+ to M3+ replacement would result in positive charges across 
these layers, which would be balanced by a negatively charged interlayer space made up of anions and water molecules [13]. L.D.H.s 
have several distinguishing characteristics that allow them to be used as adsorbents, notably interlayer anion exchange capacity, a 
large surface area, and positively charged surfaces [14]. However, the adsorptive efficiency of L.D.H. can be increased further through 
structural and compositional modifications. Montmorillonite (MMT) is a clay mineral in which one Al3+ octahedral sheet is linked to 
two Si4+ tetrahedral sheets. Many inorganic cations can simply incorporated into MMT layers and remove the negative species. Ac
cording to several research, MMT is a promising solution for the removal of cationic dyes. As a result, we may conclude that an 
adsorbent consisting of L.D.H. with MMT can remove anionic as well as cationic dyes from wastewater [15]. Tarmizi et al. published a 
report on the fabrication and analysis of a montmorillonite-mixed metal oxide composite and its anionic and cationic dye removal 
adsorption capacities [16]. Al Nasrawi et al. discovered that a CuMgAl-LDH/MMT nanocomposite improved Cd2+ removal [17]. Al 
Nasrawi and coworkers explored the adsorptive behavior of a CuMgAl-LDH/MMT nanocomposite to remove Zn(II) ion from an aqeous 
solution [18]. 

Herein, we demonstrate the synthesis of ternary NMA-LDH modified by MMT utilizing the simple hydrothermal method. To the 
best of our knowledge, research on the synthesis of NMA-MMT-LDHs, as well as their cationic and anionic adsorption capabilities is 
currently not well investigated. The as-synthesized NMA-MMT-LDHs were studied using XRD, FT-IR, S.E.M., and B.E.T., and it was 
subsequently used as an adsorbent to trap model textile waste. In a batch experiment, variables such as effect of initial pH, contact time 
and initial concentration of dyes on adsorption performance were examined. 

2. Experimental work 

2.1. Materials and reagents 

Nickel nitrate Ni(NO3)2.6H2O (98.5 % pure), magnesium nitrate Mg(NO3)2.6H2O (99.9% pure), aluminum nitrate Al(NO3)3.9H2O 
(98.5 % pure), Urea [C.O. (NH2)2] (93 % pure), sodium hydroxide (NaOH) (97.0 % pure), C.R. and M.B. were obtained from Xilong 
Science Co., Ltd. Na-MMT obtained from Zhejiang Sanding Technology Co., Ltd. The chemicals utilized in experiments were all of 
analytical quality and didn’t need to be further purified. In every step of the experiment, deionized water was used. In the current 
investigation, C.R. and M.B. were used as adsorbates. 

2.2. Synthesis of L.D.H. And MMT-LDHs 

Synthesis of NMA-LDH adsorbent was carried out by dissolving 0.01 M of Al(NO3)3.9H2O, 0.01 M of Mg(NO3)2.6H2O and 0.01 M of 
Ni(NO3)2.6H2O in 30 mL of deionized water. Urea (0.04 M) was used as a co-precipitating agent. Light green precipitates appeared 
after a hydrothermal reaction at 120 ◦C for 24 h. Then, the solution was filtered, washed, and dried. The chemical ratio of metals (Ni+2 

+ Mg+2)/Al3+ were taken as 2. Similarly, NMA-LDHs with different metallic ratios 3 and 4 were also synthesized by the same method 
and labeled as S2-LDH, S3-LDH, and S4-LDH. 

The NMA-MMT-LDHs were synthesized in a single step using a hydrothermal technique. In particular, 1g of Na-MMT was dispersed 
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in a 100 mL beaker with 30 mL of deionized water. After 10 min of stirring. Mg(NO3)2.6H2O, Al(NO3)3.9H2O, Ni(NO3)2.6H2O, and 
urea were added, and the mixture was stirred for a further 10 min. The resulting slurry was placed in a Teflon autoclave that was kept at 
120 ◦C for 24 h. The resulting precipitates formed were vacuum filtered and dried overnight at 60 ◦C. The following is a hypothetical 
reaction mechanism (Eq. (1) - Eq. (4)) [19]: 

CO(NH2)2 + 3H2O → 2OH− + 2NH+
4 + CO2 (1)  

CO2 + 2H2O → CO2−
3 + 2H+ (2)  

Mg2+ +Al3+ +Ni2+ +OH− +CO2−
3 → NiMgAl − CO2−

3 − LDH (3)  

NiMgAl − CO2−
3 − LDH+MMT → NiMgAl − MMT − LDH (4) 

Urea can break down into ammonia gas (NH4+) and carbon dioxide (CO2) in hydrothermal environment. Then, by adding water, it 
converted into CO3

2− and O.H.-. Finally, NMA-LDHs were formed and then modified with MMT to form NMA-MMT-LDHs. 
The synthesis of NMA-LDHs and fabrication process on the MMT is shown in Scheme 1. The total feeding ratios of (Ni+2 + Mg+2)/ 

Al3+ were 2, 3, and 4, respectively, and the samples were labeled as S2-MMT, S3-MMT, and S4-MMT, respectively. 

2.3. Characterization of the products 

The X-ray diffraction (XRD) pattern of the products was obtained on an X-Ray Diffractometer Shimadzu (XRD-6000) using a Cu Kα 
radiation source (λ = 1.5406 Å). A scanning electron microscope (S.E.M., Hitachi S-4800) was used to examin the sample morphologies 
and elemental mapping. Nitrogen adsorption/desorption was carried out at 77 K on the Micrometrics ASAP 2460 volumetric analyzer 
to determine specific surface area, porosity, and pore diameter. Fourier transform infrared spectroscopy (FT-IR Nicolet 8700) was used 
for the analysis of functional groups. The dyes concentrations (C.R. and M.B.) were determined by using UV–Vis spectrophotometer 
(Shimadzu UV-2501 PC). 

2.4. Adsorption test 

Adsorption tests were conducted to determine the effects of contact time, pH, and adsorbent dosage. These tests were conducted 
using 10 mg of each produced substance in 250 mL beakers with 100 mL of 25 mg/L C R. and M.B. solutions with pH values ranging 
from 2 to 10. By adding NaOH (0.1 M) or HNO3 (0.1 M), the pH of the solution was brought to the proper values. After that, G.L.P. 21 
pH meter was used to determine the pH. The suspension of samples was taken out at each interval of 5 min, and the final concentrations 
of C.R. and M.B. were calculated using a UV–visible spectrophotometer with maximum wavelengths of 497 nm and 664 nm, 
respectively. The dosage effect was studied by adjusting the dosage of each sample (10–40 mg) while mixing C.R. and M.B. solution 
(25 mg/L) in separate 250 mL beakers. 

Eqs. (5) and (6) were used to calculate the percent removal (%) and the maximum amount adsorbed (mg/g): 

Removal %=

(
Co− Ce

)

Ce
× 100 (5)  

qt =
(C0 − Ct)V

m
(6) 

Scheme 1. Representation of NMA-LDH and NMA-MMT-LDH synthesis.  
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2.5. Kinetics studies 

In order to conduct adsorption kinetic experiments for C.R. and M.B., 10 mg of samples were added to 250 mL beakers containing 
100 mL of dyes at pH = 2 ± 0.2 for C.R. (25 mg/L) and pH = 9 ± 0.2 for M.B. At room temperature, the beaker was sealed and 
constantly stirred. A UV spectrophotometer (SHIMADZU UV-2501PC) was used to measure the concentrations of C.R. and M.B. dyes in 
the aqueous samples at their maximum absorption wavelengths of 497 nm and 664 nm, respectively. Using Eq. (7), the adsorbed 
amount (qt) of both the dyes on the prepared samples was determined. 

qt =

(
Co− Ct

)
× V

m
(7)  

where qt (mg/g) represents the quantity of dye adsorbed at contact time t (min.), C0 (mg/L) represents the initial dye concentration, Ct 
(mg/L) represents the concentration at contact time t, V (L) represents the volume of solution, and m (g) adsorbent’s mass. 

The mechanism of the controlled adsorption process was studied using pseudo-first-order and pseudo-second-order kinetic models 
[15,16]. The linear expressions for these kinetic models are given in Eqs. (8) and (9), respectively. Where k1 (min− 1) represents the 
fictitious first-order constant and k2 (g/mg min) represents the fictitious second-order kinetic rate constant, qe (mg/g) denotes the 
amount adsorbed at quilibrium, and qt (mg/L) is the amount adsorbed at time t.  

ln(qe-qt) = lnqe - k1t                                                                                                                                                                   (8) 

t
qt
=

1
k2qe2 +

t
qe

(9)  

2.6. Adsorption isotherm 

In order to ascertain the materials’ maximal adsorption potential at different concentrations (5–25 mg/L), adsorption isotherm 
conduct tests were performed. 0.01 g of samples were mixed in 100 mL of C.R. and M.B. solutions (5–25 mg/L) for 80 min while being 
constantly stirred at 25 ◦C to calculate the rest of the concentration of C.R. and M.B. using a U.V. spectrophotometer. Eq. (7). was used 
to calculate removal capacity of the prepared samples for C.R. and M.B. dyes. Eqs. (10) and (11) were applied to fit both Langmuir and 
Freundlich isotherm models to the collected data. 

Ce

qe
=

Ce

qmax
+

1
qmaxKL

(10)  

ln qe = ln KF +
1
n

ln Ce (11)  

where Ce (mg/L) is the concentration at equilibrium, qe (mg/g) shows the removal capacity at equilibrium, and qmax (mg/g) represents 
the potential maximum adsorption capacity. KL is the Langmuir constant, KF is the Freundlich constant, and 1/n is the heterogeneity 
factor [20]. From Eq. (12), it is possible to determine the Freundlich model’s maximal removal capacity. 

KF =
qm

Co
1/n (12) 

Eq. (13) was used to get the separation factor (RL). RL was employed to investigate the adsorption nature and shape of Langmuir 
isotherm; 

RL =
1

1 + KLCo
(13)  

2.7. Regeneration cycle 

Adsorbents reusability is an essential aspect of their practical use. Adsorption-desorption treatment cycles were performed to assess 
the reusability of each sample. 1g of each sample was added to 50 mL of 25 mg/L of C.R. and M.B. solutions, which were shaken at 150 
rpm. After C.R. and M.B. dyes adsorption, samples were collected and washed with 20 mL of 8 % HNO3 to eliminate the remaining C.R. 
and M.B. dye. Before being utilized in the next adsorption cycle, the samples were repeatedly washed with distilled water to remove 
excess acid and then dried at 100 ◦C. The adsorption-desorption cycles were repeated by using the same adsorbents [21]. 

3. Results and discussion 

3.1. X-ray diffraction 

Fig. 1 depicts the XRD patterns of precursors S2-MMT, S3-MMT, and S4-MMT. The presence of MMT in the sample is indicated by 
the diffraction peaks at 20.23◦, 35.29◦, 39.6◦ and 45.9◦ in Fig. 1 (a), which are consistent with the usual MMT peaks (JCPDS no. 
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03–0015) indicating MMT presence in the sample [18]. The strong diffraction peaks of S2-MMT, S3-MMT, and S4-MMT indexed to a 
series of 003, 006, 012, and 015, which corresponds to Mg/Al hydrotalcite-like materials (JCPDS 35–0965) [19]. The presence of metal 
cations Ni+2 and Al+3 (JCPDS 15–0087) in the host layer is indicated by peaks with series of 018, 110, and 113 (near 2θ = 60◦) [20]. 
For S2-MMT, S3-MMT, and S4-MMT samples, the d-spacing of the plane (003) is approximately 0.759 nm, 0.764 nm, and 0.778 nm, 
respectively. This XRD pattern result demonstrates that interlayer spacing reduces as Al3+ feeding content increases. Table 1 displays 
the crystal lattice parameters. Fig. 1 (b) shows the XRD pattern for pure S2-LDH, S3-LDH, and S4-LDH. 

3.2. Morphological study 

The L.D.H. microspheres, which resemble flowers and are stacked together in Fig. 2(a–d), are made up of multiple nanoplatelets 
crossed over one another. The hierarchical abundant porous structure for S2-MMT is visible in Fig. 2(b), which aids in improving 
adsorption. The S3-MMT and S4-MMT exhibit the flower-like structure typical of layered double hydroxide [22], with spherical ag
glomerates and numerous projecting thin 2D nanoflakes Fig. 2(c and d), significantly increasing the active sites for adsorption of dyes. 
A further indication that pure S2-LDH contains nanometer-sized particles are wrinkles that are several micrometers long Fig. 2(a). 

3.3. Pore properties 

Fig. 3 shows the low-temperature nitrogen sorption isotherms and pore size distribution (PSD) of the S2-LDH, S2-MMT, S3-MMT, 
and S4-MMT. With a relative pressure range of 0.7–0.98, the nitrogen adsorption-desorption isotherm for S2-LDH, S2-MMT, and S3- 
MMT displays type IV hysteresis loop, indicating capillary condensation characteristics [21]. It can also be inferred from Fig. 3(a) that 
S2-LDH, S2-MMT, and S3-MMT all contain pores that are basically slit-shaped based on the isotherm’s type and the hysteresis loop’s 
shape. While S4-MMT exhibits a type III isotherm and has an H4 hysteresis loop that suggests narrow or thin slit pores, The texture 
characteristics of these samples are summarised in Table 2. S2-LDH, S2-MMT, S3-MMT, and S4-MMT have BET surface areas of 29.03 
m2/g, 40.68 m2/g, 82.13 m2/g and 145.6 m2/g,respectively. According to these findings, L.D.H. grows onto MMT with increasing 
surface area. According to Groen’s study [23], Fig. 3(b) shows the average pore diameters of S2-LDH, S2-MMT, S3-MMT, and S4-MMT 
are 18 nm, 19 nm, 20 nm, and 29.26 nm, respectively. This indicates the presence of mesopores. 

In accordance with the studies (Table 2), S4-MMT possesses the largest BET surface area (145.6 m2/g) and a nano-flower structure, 
which can be associated with the composite material generating more layers as the metallic ratio increases. The large porosity and 
surface area may give additional adsorption active sites. 

3.4. FTIR spectra 

Fig. 4 shows the FTIR spectra of prepared samples. The high absorption peak at 3526 cm− 1 is due to the stretching modes of water 
molecules present in the interlayer and OH groups, whereas the weak signal at 1641 cm− 1 is due to the bending mode of water 
molecules [24,25]. According to Z. Sun et al. [26] and dos Santos et al. [27], the peaks at 1360 cm− 1 show the coexistence of car
bonates and nitrates species in L.D.H. galleries, respectively. According to Pourfaraj et al. [28], the other low-frequency bands, 642 
cm− 1, can be accredited to the stretching lattice vibrational modes of M − O, M − OH, and O-M-O (where M = Mg2+, Ni2+, or Al3+). 
This explanation is consistent with the XRD characterization. 

Fig. 1. XRDs of NMA-LDHs modified by MMT and pure MMT (a) XRDs of NMA-LDHs precursor (b) containing different ratios of metals.  
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3.5. Adsorption of C.R. And M.B 

3.5.1. Effect of Adsorbent dosage 
Fig. 5 displays the effect of the dosage of adsorbent on the percentage removal efficiancy (%) for synthesized samples. According to 

the findings, the percent removal efficiency (%) ranged from 75 to 87 % for S2-LDH, 84–88 % for S2-MMT, 86–93 % for S3-MMT, and 
95–97% for S4-MMT for C.R. dye at pH = 2 (Fig. 5(a)) and 82–85 % for S2-LDH, 83–89 % for S2-MMT, 83–91 % for S3-MMT, and 
84–92 % for S4-MMT for M.B. dye at pH = 9 (Fig. 5(b)), increased as the dosage of the adsorbent increased. However, the maximum 
removal capacity (mg/g) decreased. Aggregation limits adsorption sites from being available, which lowers the entire surface area 
available for additional dye adsorption. The optimal experimental dosage was determined to be 0.01g of adsorbent [29]. 

3.5.2. pH effect 
Fig. 6 illustrates the elimination percent of C.R. and M.B. as a function of pH. It is observed that the highest adsorption of C.R. 

occurs at pH 2. This is so because the L.D.H.s’ positively charged surface at low pH makes them more electrostatically attractive to the 
anionic dye molecules. In addition, the montmorillonite component can also become protonated at low pH, further enhancing the 
adsorption of anionic dyes. (Fig. 6(a)). The percent removal was around 97 %. 

Table 1 
Characterization data of prepared samples.  

Samples a = 2d110 nm c = 2d003 nm Basal spacing d003 nm Basal spacing d110 nm 

S2-MMT 0.302 2.277 0.759 0.1510 
S3-MMT 0.302 2.292 0.764 0.1510 
S4-MMT 0.303 2.334 0.778 0.1519 
S2- LDH 0.303 2.286 0.762 0.1518 
S3-LDH 0.303 2.295 0.765 0.1518 
S4-LDH 0.303 2.35 0.784 0.152  

Fig. 2. SEM analysis of S2-LDH (a), S2-MMT (b), S3-MMT (c), S4-MMT (d).  
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The quantity of M.B. adsorbed (Fig. 6(b)) varied only slightly with pH. At high pH, L.D.H.s can undergo deprotonation of their 
hydroxyl groups, resulting in a negative surface charge. This negative charge can attract and adsorb cationic dyes due to their positive 
charge. Also, the quantities adsorbed M.B. was lower than the C.R. values. The percentage removal was around 92 %. Electrostatic 
interaction between the positively charged cationic dye and the negatively charged surface of the LDH-modified with MMT is involved 
in the adsorption mechanism. Moreover, the material’s increased surface area gives dye molecules more places to interact, boosting 
adsorption capacity. 

3.6. Kinetic studies 

Kinetic analysis is important in determining the effect of contact time and the underlying mechanism of adsorption processes [30]. 
Figs. 7 and 8 show the effect of time on C.R. and M.B. adsorption by the prepared samples S2-LDH, S2-MMT, S3-MMT, and S4-MMT. 

Fig. 3. Isotherms of nitrogen adsorption-desorption (a) and Curves of pore size distribution (b) of each sample.  

Table 2 
Summarizes the results of pore structure parameters.  

Samples dpore (nm) Vpore (cm3/g) SBET (m2/g) 

S2-LDH 18.16 0.0019 29.03 
S2-MMT 19.71 0.0034 40.68 
S3-MMT 20.26 0.0068 82.13 
S4-MMT 29.26 0.0290 145.6  

Fig. 4. The FTIR study of as-synthesized samples.  
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Fig. 7 ((a)–(b)) and 8 ((a)-(b)) demonstrate the pseudo-first-order and pseudo-second-order kinetic models that are consistent with the 
samples for the adsorption of C.R. and M.B. dye under specific conditions. As shown in Table 3, kinetic adsorption better matches the 
pseudo-second-order model than the experimental values of the calculated qe, which are nearly equal. These findings show that the 
pseudo second-order sorption mechanism is dominant and that the sorption process’s overall rate constant appears to be governed by a 
chemisorption process. Figs. 7(c) and 8(c) display the maximum amount adsorbed for all prepared samples as a function of contact 
time, while the percent removal efficiency is shown in Figs. 7(d) and 8(d). Adsorption occurs rapidly and constantly throughout the 
first 60 min of the experiment, and all samples reached adsorption equilibrium within approximately the same time (90 min) [31]. 

3.7. Adsorption isotherm 

Figs. 9 and 10 display the adsorption isotherms of C.R. and M.B. with concentrations varying from 5 to 25 mg/L for four prepared 
samples after 90 min of contact time. Figs. 9 (a) and 10 (a) show the effect of C.R. and M.B. concentration on removal capacity, 
respectively. The Langmuir adsorption isotherm model is shown in Figs. 9(b)–10(b) of all samples for C.R. and M.B. dye, respectively. 
The linear Langmuir plot is used to estimate the values of qmax and KL. The Freundlich isotherm constants KF and n are calculated by the 
plot between lnqe and lnCe (Figs. 9(c)–10(c)). Fig. 9(d)–10(d) depict the maximum removal capacity of prepared samples for C.R. and 
M.B. dye, respectively. Table 4 lists the isotherm parameters examined for the Langmuir and Freundlich models. Regarding R2, the 
experimental data more closely match the Langmuir isotherm model than the Freundlich isotherm, demonstrating the homogenous 
adsorption-controlled process. This demonstrated that the Langmuir isotherm correctly described the characteristics of C.R. and M.B. 
as well as the sorption mechanism on the composite under investigation. 

Fig. 5. Effect of Adsorbent dosage when C.R. (a) and M.B. (b) = 25 mg/L, m = 0.01–0.04 g, V = 0.1 L, and at T = 25 ± 1 ◦C.  

Fig. 6. Effect of pH when C.R. (a) and M.B. (b) = 25 mg/L, V = 0.1 L, m = 0.01 g and at T = 25 ± 1 ◦C.  
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3.8. Regeneration cycles 

Regeneration experiments were performed to evaluate the effectiveness, stability, and repeatability of prepared samples. After each 
cycle, 8 % HNO3 was used as a desorption agent to remove the M.B. and C.R. dye from the adsorbent. The removal percent (%) reduces 
from cycle 1 to cycle 4, as shown in Fig. 11. In the very first cycle, the percentage adsorption of C.R. dye (Fig. 11(a)) for adsorbents S2- 
LDH, S2-MMT, S3-MMT, and S4-MMT was 75 %, 84 %, 86 %, and 95 %, respectively, while the removal of M.B. dye was 82 %, 83 %, 
83 %, and 85 %, respectively (Fig. 11(b)). Whereas 50 %, 55 %, 59 %, and 63 % removal percent of C.R. dye and 41 %, 46 %, 51 %, and 
58 % removal percent of M.B. dye were observed for adsorbents S2-LDH, S2-MMT, S3-MMT, and S4-MMT, respectively in 4th cycle. 
The reduction in removal percent (%) can be ascribed to the resultant loss of surface area and the ultimate breakdown of the adsorbent 
porous structure into a packed structure [32]. The synthesized samples’ ability to be reused has been established with complete C.R. 
and M.B. dye adsorption, which is favorable in its practical wastewater treatment applications [33]. 

Fig. 7. Pseudo-first-order kinetic model (a) Pseudo-second-order kinetic model (b) Effect of contact time on the maximum amount adsorbed of C.R. 
dye for as-synthesized samples (c) removal percent (%) of each sample (d) when m = 0.01g, C.R. = 25 mg/L, T = 25 ± 1 ◦C, V = 0.1 L, and at pH = 2 
± 0.2. 
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Fig. 8. Pseudo-first-order kinetic model (a) Pseudo-second-order kinetic model (b) Effect of contact time on the maximum amount adsorbed of M.B. 
dye for as-synthesized samples (c) removal percent (%) of each sample (d) when m = 0.01g, M.B. = 25 mg/L, T = 25 ± 1 ◦C, V = 0.1 L, and at pH =
9 ± 0.2. 

Table 3 
Pseudo-first-order and Pseudo-second-order kinetic model parameters of the as-synthesized samples.  

Adsorbates Samples qe,exp (mg/g) Pseudo first-order model Pseudo second-order model    

qe,cal (mg/g) k1 ( × 10− 2 min− 1) R2 qe, cal (mg/g) k2 ( × 10− 3 g/mg min) R2  

S2-LDH 211.4 15.6 5.2 0.773 185.1 5.61 0.9994  
S2-MMT 220.6 83.40 2.25 0.801 207.7 1.44 0.9945 

C.R. S3-MMT 185.5 113.0 1.12 0.628 210 1.45 0.9952  
S4-MMT 228.39 156.0 7.25 0.739 230 1.35 0.9971  
S2-LDH 204.151 10.76 3.87 0.786 202.08 10.2 0.9999 

M.B. S2-MMT 208.38 25.35 5.1 0.660 207.7 5.42 0.9997  
S3-MMT 209.96 29.95 5.6 0.612 209 5.02 0.9996  
S4-MMT 210.63 35.23 5.26 0.689 210 6.188 0.9998  
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4. Conclusions 

We report the synthesis of NMA-LDHs (S2-LDH, S3-LDH, and S4-LDH) and MMT-modified L.D.H.s (S2-MMT, S3-MMT, and S4- 
MMT) via a one-step hydrothermal method. The distinctive XRD studies made available in this work are supported by helpful ki
netic and mechanistic explanations. The chemical ratio of metals in the modified L.D.H.s is directly related to the adsorption effec
tiveness towards C.R. and M.B. In contrast to the sample without MMT (S2-LDH), the sample with MMT (S4-MMT) only demonstrated 
substantial adsorption capabilities for C.R. and M.B. (344 mg/g and 200 mg/g, respectively). It is an established fact that hierarchical 
nano-flower structures, with mesoporous morphology and high surface area, have numerous adsorptive sites for the adsorption 
process, which is in accordance with our results. The best dosage and contact duration for prepared samples were 0.01 g and 90 min, 
respectively. The pH studies revealed that the maximum C.R. adsorption occurs at pH 2 while the maximum M.B. adsorption occurs at 
pH 9. The adsorption kinetics of all samples adsorbing C.R. and M.B. dyes were established to follow the pseudo-second-order model. 
The findings from the adsorption isotherm model fit the Langmuir model well. The prepared samples could be arranged according to 
maximum Langmuir adsorption capacity in the order: S4-MMT > S3-MMT > S2-MMT > S2-LDH. For C.R. and M.B., the highest 
adsorption capacity qmax of S4-MMT was 344 mg/g and 200 mg/g, respectively. Furthermore, the adsorption-desorption cycles show 
that the produced samples are reusable and stable. All of the results suggested that NMA-LDHs modified with MMT could be used as a 
reliable, cost-effective, and alternative adsorbent for eliminating dyes from wastewater. 

Fig. 9. Equilibrium adsorption isotherms, the effect of C.R. concentration on maximum amount adsorbed (a), Langmuir Model (b), Freundlich 
Model (c) maximum quantity adsorbed of synthesized samples (d) when the C.R. concentration was 5–25 mg/L, m = 0.01g, V = 0.1 L, T = 25 ± 1 ◦C 
and at pH = 2 ± 0.2 (without adjusting the initial pH). 
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Fig. 10. Equilibrium adsorption isotherms, the effect of M.B. concentration on maximum amount adsorbed (a), Langmuir Model (b), Freundlich 
Model (c) maximum quantity adsorbed of synthesized samples (d) when the M.B. concentration was 5–25 mg/L, V = 0.1 L, T = 25 ± 1 ◦C, m =
0.01g and at pH = 9 ± 0.2 (without adjusting the initial pH). 

Table 4 
The Langmuir and Freundliich isotherm Model constants of the as-synthesized samples.  

Adsorbate Samples Langmuir isotherm model Freundlich isotherm model   

qmax (mg/g) KL (L/mg) R2 KF(mg/g) (L/mg)1/n n R2 

C.R. S2-LDH 172.41 1.62 0.996 263.59 5.68 0.991  
S2-MMT 263.15 1.90 0.990 246.16 9.29 0.988  
S3-MMT 303.03 3.67 0.998 241.29 11.01 0.991  
S4-MMT 344 5.61 1 239.91 27.24 0.985 

M.B. S2-LDH 131.57 1.81 0.996 368.15 2.69 0.99  
S2-MMT 188.67 2.52 0.999 256.95 6.91 0.991  
S3-MMT 
S4-MMT 

192.30 
200 

3.06 
3.84 

0.999 
0.999 

252.2 
246.8 

7.78 
9.17 

0.983 
0.977  
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[31] P. Kowalik, M. Konkol, M. Kondracka, W. Próchniak, R. Bicki, P. Wiercioch, Memory effect of the CuZnAl-LDH derived catalyst precursor - in situ XRD studies, 

Appl. Catal. Gen. 464 (465) (2013) 339–347. 
[32] S.O. Ganiyu, T.X. Huong Le, M. Bechelany, G. Esposito, E.D. Van Hullebusch, M.A. Oturan, M. Cretin, A hierarchical CoFe-layered double hydroxide modified 

carbon-felt cathode for heterogeneous electro-Fenton process, J. Mater. Chem. A 5 (7) (2017) 3655–3666. 
[33] R. Huang, Adsorption of methyl orange onto protonated cross-linked chitosan, Arab. J. Chem. (2013). 

T. Waheed et al.                                                                                                                                                                                                       

http://refhub.elsevier.com/S2405-8440(23)08184-7/sref9
http://refhub.elsevier.com/S2405-8440(23)08184-7/sref9
http://refhub.elsevier.com/S2405-8440(23)08184-7/sref10
http://refhub.elsevier.com/S2405-8440(23)08184-7/sref10
http://refhub.elsevier.com/S2405-8440(23)08184-7/sref11
http://refhub.elsevier.com/S2405-8440(23)08184-7/sref11
http://refhub.elsevier.com/S2405-8440(23)08184-7/sref12
http://refhub.elsevier.com/S2405-8440(23)08184-7/sref12
http://refhub.elsevier.com/S2405-8440(23)08184-7/sref13
http://refhub.elsevier.com/S2405-8440(23)08184-7/sref14
http://refhub.elsevier.com/S2405-8440(23)08184-7/sref14
http://refhub.elsevier.com/S2405-8440(23)08184-7/sref15
http://refhub.elsevier.com/S2405-8440(23)08184-7/sref15
http://refhub.elsevier.com/S2405-8440(23)08184-7/sref16
http://refhub.elsevier.com/S2405-8440(23)08184-7/sref16
http://refhub.elsevier.com/S2405-8440(23)08184-7/sref16
http://refhub.elsevier.com/S2405-8440(23)08184-7/sref17
http://refhub.elsevier.com/S2405-8440(23)08184-7/sref17
http://refhub.elsevier.com/S2405-8440(23)08184-7/sref18
http://refhub.elsevier.com/S2405-8440(23)08184-7/sref18
http://refhub.elsevier.com/S2405-8440(23)08184-7/sref19
http://refhub.elsevier.com/S2405-8440(23)08184-7/sref19
http://refhub.elsevier.com/S2405-8440(23)08184-7/sref20
http://refhub.elsevier.com/S2405-8440(23)08184-7/sref20
http://refhub.elsevier.com/S2405-8440(23)08184-7/sref22
http://refhub.elsevier.com/S2405-8440(23)08184-7/sref22
http://refhub.elsevier.com/S2405-8440(23)08184-7/sref21
http://refhub.elsevier.com/S2405-8440(23)08184-7/sref21
http://refhub.elsevier.com/S2405-8440(23)08184-7/sref27
http://refhub.elsevier.com/S2405-8440(23)08184-7/sref27
http://refhub.elsevier.com/S2405-8440(23)08184-7/sref23
http://refhub.elsevier.com/S2405-8440(23)08184-7/sref23
http://refhub.elsevier.com/S2405-8440(23)08184-7/sref24
http://refhub.elsevier.com/S2405-8440(23)08184-7/sref24
http://refhub.elsevier.com/S2405-8440(23)08184-7/sref30
http://refhub.elsevier.com/S2405-8440(23)08184-7/sref30
http://refhub.elsevier.com/S2405-8440(23)08184-7/sref31
http://refhub.elsevier.com/S2405-8440(23)08184-7/sref31
http://refhub.elsevier.com/S2405-8440(23)08184-7/sref32
http://refhub.elsevier.com/S2405-8440(23)08184-7/sref32
http://refhub.elsevier.com/S2405-8440(23)08184-7/sref33
http://refhub.elsevier.com/S2405-8440(23)08184-7/sref33
http://refhub.elsevier.com/S2405-8440(23)08184-7/sref34
http://refhub.elsevier.com/S2405-8440(23)08184-7/sref35
http://refhub.elsevier.com/S2405-8440(23)08184-7/sref35
http://refhub.elsevier.com/S2405-8440(23)08184-7/sref36
http://refhub.elsevier.com/S2405-8440(23)08184-7/sref36
http://refhub.elsevier.com/S2405-8440(23)08184-7/sref37

	Montmorillonite modified Ni/Mg/Al ternary layered double hydroxide nanoflowers with enhanced adsorption features
	1 Introduction
	2 Experimental work
	2.1 Materials and reagents
	2.2 Synthesis of L.D.H. And MMT-LDHs
	2.3 Characterization of the products
	2.4 Adsorption test
	2.5 Kinetics studies
	2.6 Adsorption isotherm
	2.7 Regeneration cycle

	3 Results and discussion
	3.1 X-ray diffraction
	3.2 Morphological study
	3.3 Pore properties
	3.4 FTIR spectra
	3.5 Adsorption of C.R. And M.B
	3.5.1 Effect of Adsorbent dosage
	3.5.2 pH effect

	3.6 Kinetic studies
	3.7 Adsorption isotherm
	3.8 Regeneration cycles

	4 Conclusions
	Data availability statement
	CRediT authorship contribution statement
	Declaration of competing interest
	Acknowledgments
	References


