
Citation: Rani, K.M.; Palanisamy, P.N.;

Kowshalya, V.N.; Tamilvanan, A.;

Prabakaran, R.; Kim, S.C. Uncalcined

Zn/Al Carbonate LDH and Its

Calcined Counterpart for Treating the

Wastewater Containing Anionic

Congo Red Dye. Energies 2024, 17,

2698. https://doi.org/10.3390/

en17112698

Academic Editors: Marin Ugrina and

Jelena Milojković
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Abstract: In this investigation, Zn/Al carbonate layered double hydroxide (ZAC-LDH) and its
derived material on calcination were synthesized for removing the anionic azo dye Congo red
(CR) from wastewater. Numerous factors were methodically investigated, including temperature,
adsorbent dosage, pH, starting Dye Concentration (DC), and contact time. The CR elimination
percentage dropped as the initial DC increased from 25 mg/L to 100 mg/L at 30 ◦C for uncalcined
LDH, and from 97.96% to 89.25% for calcined LDH. The pH analysis indicates that the highest level of
dye removal was recorded within the acidic pH range through the electrostatic attraction mechanism.
The sorption kinetics analysis results demonstrated that the pseudo-second-order kinetic model
exhibited a stronger fit to both uncalcined LDH and CZA-LDH, with the maximum correlation
coefficient value. The Van’t Hoff plots indicate the spontaneous nature of the physisorption process
with a negative ∆G◦ (<−20 kJ/mol), while the endothermic adsorption process exhibited a positive
∆H◦. The X-ray diffraction of calcined LDH reveals a significant intercalation of CR dye molecules,
both prior to and following adsorption, showcasing a distinctive memory effect. The Brunauer–
Emmett–Teller (BET) gas sorption measurements were performed to support the mesoporous nature
of ZAC-LDH and CZA-LDH. The FTIR spectrum confirms the interaction of dye molecules on
the surface of uncalcined and calcined LDH. These findings emphasize the efficacy of both the
synthesized LDHs in removing CR dye, with CZA-LDH demonstrating superior efficiency compared
to uncalcined LDH in the context of CR removal from wastewater.

Keywords: Congo red dye; Langmuir separation factor; layered double hydroxide; kinetics; memory
effect; thermodynamics

1. Introduction

Water pollution is a serious threat that the ecosystem is facing nowadays. It is in-
evitable for hazardous compounds in various forms to contaminate water bodies like lakes,
rivers, seas, and groundwater. This contamination can occur through various sources by
both natural and human-induced activities, including industrial discharge, agricultural
and urban runoff, wastewater disposal, oil spills, plastic pollution, atmospheric deposition,
mining activities, etc. [1,2]. A wide array of industries, including but not limited to the
textile, paper, culinary, rubber, plastic, and cosmetics sectors, utilize pigments and dyes
to impart color to their products [3]. The industries of textile and dyeing utilize a wide
range of dye types, including direct, reactive, disperse, acid, basic, vat dye, sulfur, reactive
disperse, and azoic dyes, among others [4]. Each of these dyes possesses distinct properties
and finds specific applications [5]. Azo dyes, constituting a predominant category among
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diverse dye types, are widely manufactured and applied to fibers like cotton, rayon, cellu-
lose acetate, and polyester. They encompass over 50% of the entire spectrum of commercial
dyes. As a result, a considerable number of industrial effluents contain these azo dyes,
which give rise to aesthetic concerns and, more significantly, potential health hazards for
aquatic organisms and humans, including reproductive disorders, neurological disorders,
and malignancies [6]. The selection of dye is contingent upon various factors, including
the intended color, the fiber variety to be dyed, and the method of application. In the
textile industry, environmental factors are progressively exerting a greater impact on the
dye selection process, resulting in the emergence of dyeing methods that are sustainable
or environmentally benign [7]. Dye pollutants released from such industries are the main
source of environmental pollution [8]. The release of even a minute amount of dye into an
aquatic ecosystem poses a risk to aquatic lifespan [9,10]. This is primarily due to its adverse
impact on the ecosystem, as it diminishes sunlight transmission and depletes the crucial
dissolved oxygen levels essential for sustaining aquatic life [11].

As an illustration, the widely used diazo dye Congo red (CR) dye breaks down into
benzidine, a substance that has been shown to cause cancer in living things [12]. To re-
move Congo red dye (CRD) from effluents before they are released into the environment,
environmental remediation products must be created [13]. This area of study could prove
to be an engaging subject, addressing concerns related to public health and environmen-
tal protection regulations. Since CRD is known to be resistant to biodegradation, it can
persevere in the environment for an extended time, leading to concerns about bioaccumu-
lation in aquatic ecosystems [14]. And it may cause skin and eye irritation upon direct
contact. Ingesting or inhaling large amounts of the dye could potentially lead to severe
health effects, such as cancer [15]. Dye containing-wastewater removal poses a significant
environmental problem, mainly because conventional techniques of treating such effluents
are inherently challenging [16]. Established approaches, including biological methods,
coagulation, electrochemical techniques, advanced oxidation processes, and membrane
processes, often encounter inefficiencies in achieving complete color removal, coupled with
elevated capital and operating costs [17–20]. As a result, the development of affordable
techniques and materials for effectively eliminating pollutants from the environment is
crucial [21].

Adsorption technology is a prevalent innovative method currently being employed
to eliminate colorants from aqueous phase due to its user-friendly procedure, efficacy in
removal, cost-effectiveness, and absence of secondary pollution [22]. Preceding studies
have reported on a number of adsorbents, including carbon [23], natural materials [24],
synthetic resins [25,26], banana peel [27,28], lemon peel [29], raw barley straw [30], heavy
metal waste, decorated egg shell [31], sawdust [32], rice husk [33], fly ash [34], coir pith
carbon [35], and tea detritus [36,37], utilized for the color removal from aqueous phase.
Certain adsorbents are prohibitively expensive, challenging to dispose of, or excessively
re-generable to be utilized on a large scale. In this context, a category of anionic clays
referred to as layered double hydroxides has demonstrated efficacy as adsorbents for the
elimination of numerous anionic impurities [38,39].

The general formula of LDHs is M2+
1−xM3+

x(OH)2]x+(An−)x/n·mH2O, where M2+

is divalent metal (Zn2+, Mg2+, Fe2+, etc.), M3+ is trivalent metal (Al3+, Fe3+, etc.), and
An− is interlayer anions (CO3

2−, Cl−, NO3
−, SO4

2−, etc.) [40,41]. Carbonates serve as the
interlayer anions within obviously occurring mineral hydroxides, a category to which LDH
materials belong. The compositional flexibility of LDH is evident in its ability to incorporate
various M2+ and M3+ ions in the layers, diverse interlayer anions (An−), and stoichiometric
coefficients (x) [42]. This adaptability allows LDH materials to find extensive applications
across multiple domains, including catalysis, adsorption, ion exchange, pharmaceuticals,
and purification. The exchangeability of interlayer anions and the flexibility in composition
make LDH materials versatile in meeting diverse functional requirements [43–45]. When
exposed to water or an aqueous solution containing diverse anions, calcined layered
double hydroxide (CLDH) displays an impressive capacity to restore the layered structure
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characteristic of LDH. Importantly, these anions need not be the same as those in the
original LDH, and the process demonstrates what is known as the ‘structural memory
effect’ [46,47]. Studies have shown that both LDH and its calcined counterpart serve as
effective ion exchangers and adsorbents for the eradication of toxic pollutants water [48,49].
The prime objective of this investigation is to produce calcined LDH (CZA-LDH) and
uncalcined LDH, followed by the elucidation of these compounds efficiency as adsorbents
enabling the removal of CR in solutions of water.

2. Materials and Methods
2.1. Synthesis of ZAC-LDH and Its Calcined Counterpart CZA-LDH

All the materials utilized in this investigation are of analytical reagent (AR) quality
and were employed without undergoing any purification process. The ZAC-LDH was
produced using an aqueous solution of ZnSO4·7H2O and Al2(SO4)3·16H2O. The molar
ratio of ZnSO4 to Al2(SO4)3 in the aqueous solution was 3:1. The solution was then blended
using a magnetic stirrer. A precisely measured amount of 0.3 g of CTAB was introduced
into the solution and thoroughly mixed using a magnetic stirrer until it formed a uniform
mixture. The solution containing sodium hydroxide (1 M) as the precipitating agent and
sodium carbonate (0.5 M) as the source of carbonate anions is slowly added until the pH
reaches 10. The co-precipitate was transferred into a Teflon walled stainless-steel autoclave
and subjected to the hydrothermal method shown in Figure 1. During this procedure, the
mixture was subjected to a temperature of around 120 ◦C and held at that temperature for
a duration of approximately 8 h. The collected material is subjected to filtration, followed
by multiple washes using double-distilled water until the pH reaches a neutral level.
Subsequently, the material is dried at a temperature of 80 ◦C using a hot-air oven. The
product that has been acquired has been recognized as uncalcined LDH. In order to obtain
calcined LDH, the uncalcined LDH was subjected to a temperature of approximately 450 ◦C
in a muffle furnace for a duration of two hours. In order to obtain the calcined LDH sample,
the rates of heating and cooling were both set to 10 ◦C per minute. In order to conduct
additional analyses and adsorption studies, both the uncalcined and calcined LDH samples
were finely ground into a powder.
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Figure 1. Synthesis of uncalcined LDH and calcined LDH. Figure 1. Synthesis of uncalcined LDH and calcined LDH.

2.2. Characterization

Utilizing the Shimadzu XRD-6000 diffractometer, Shimaddzu analytical (India) Pvt.
Ltd, Mumbai, the sample’s diffraction of X-rays (XRD) pattern was examined. Filtered
copper K-alpha radiation (wavelength, λ = 1.54 angstroms) was used at an X-ray tube
voltage of 40 kilovolts and a current of 200 mill amperes. The specimens were then attached
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to alumina specimen holders, and the spacing between the plans of crystals (d-spacing) was
measured using the powder technique. The samples were scanned in the series of 5–80 ◦C
at a scanning speed of 1◦ per minute. The utilization of scanning electron microscopy
with field emission (FESEM) was employed to conduct a morphological analysis. With a
secondary electron detector, the researchers created FESEM images of the samples after
depositing a layer of gold or palladium.

2.3. Method of Adsorbate Solution Preparation

The dye of interest in this adsorption study was CR. The color index, molecular
formula, and molecular weight of the CRD is 22,120, C32H22N6Na2O6S2, and 696.68,
respectively. The anionic property of this benzidine-based dye and the molecular structure
is shown in Figure 2. A typical solution of CRD was produced by liquefying 500 milligrams
of the dye in 1000 milliliters of distilled water, resulting in a concentration of 500 milligrams
per liter (mg/L). Subsequently, further dilution was made from stock dye solution for
various concentrations of CR that were derived from the stock solution for adsorption
studies. Every chemical used in this investigation was of analytical purity. In order to
prepare solutions and reagents, double-distilled water was utilized. The preliminary
pH was adjusted as needed using 0.1 M sodium hydroxide (NaOH) or 0.1 M hydrogen
chloride (HCl).
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Figure 2. Molecular structure of Congo red.

2.4. Batch Adsorption Experiments

The batch-mode adsorption study was conducted using two synthesized materials,
namely uncalcined LDH and calcined LDH, to remove CR. The fixed dose (excluding the
dose variation study) and volume for various initial concentrations of CR were subjected to
agitation at 170 rpm with the help of REMI make Orbital shaker. The liquid was withdrawn
at predetermined time intervals and subsequently subjected to electrical centrifugation
at 5000 revolutions per minute for a duration of 20 min. The remaining DC (Dye Con-
centration) was measured using Elico BL198 Bio-Spectrophotometer at λmax 497 nm with
the unadsorbed liquid. To assess the impact of pH for the effective color removal, dilute
hydrochloric acid and sodium hydroxide solutions were employed. Furthermore, an in-
vestigation was conducted to assess the impact of temperature on the removal of dye at
three dissimilar temperatures: 30 ◦C, 40 ◦C, and 50 ◦C. For accuracy, each experiment was
replicated. The equation was used to compute the quantities of dye that were adsorbed at
equilibrium (qe) and at a certain time (qt) on the two adsorbent materials.

qe,t = (C0 − Ce)X
V
m

X M (1)

where qe,t (mg/g) denotes adsorbed amount at equilibrium (qe) or at any time (qt); C0
(mg/L) indicated Initial Dye Concentration (IDC); Ce,t (mg/L) refers to DC at equilibrium
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(Ce) or at any time (Ct); V (L) denotes volume of the solution; and m (g) indicates mass of
the adsorbent uncalcined LDH/calcined LDH sample.

Both uncalcined and calcined LDH, which were adopted as adsorbent materials in the
elimination of CR, underwent regeneration under identical conditions. The regeneration
process involved heating them in a muffle furnace at the temperature required for calcina-
tion for approximately 2 h, within an atmosphere of air. The capacity for reuse was tested
using a thermally regenerated material, including both calcined substances, to eliminate
CRD from a liquid solution. The reusability investigation kept the dosage of adsorbent
unchanged, probably 0.5 g/L for uncalcined LDH and 0.250 g/L for calcined LDH, while
starting with a concentration of dye about 50 mg/L.

3. Result and Discussion
3.1. Characterization of Materials

The characterization of the prepared uncalcined LDH by X-ray diffractogram revealed
a phase consistent with pure and original LDH materials, as depicted in Figure 3a. The value
of 2θ, which represents the peak’s maximal intensity and distinctiveness, indicates that
the single phase is well-crystallized and contains significant constituent crystallites [49,50].
Additional components, such as ZnO and Al(OH)3, were found at larger angles (2θ values
between 35◦ and 60◦) in the analysis. The crystalline structure of ZnO usually resembled a
brukite-type layer [49]. When uncalcined LDH underwent calcination at 450 ◦C, the initial
layered structure disintegrated, causing the removal of the interlayer carbonate anions,
OH−, and H2O molecules. This transformation led to the creation of metal oxides mixtures.
The XRD pattern illustrated in Figure 3b does not contain basal reflections from planes
(003) and (006). As stated in Figure 3b, the occurrence of mixed metal oxide formation is
indicative of the elimination of the initial layered structure.
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quent to the process.

The PXRD diffraction patterns depicted in Figure 3a–d provide evidence of the effec-
tive synthesis of Zn/Al-LDH, which exhibits a notable level of crystallinity and a pure
hydrotalcite phase. Strong peaks at 2θ values of 11.24, 22.68, 34.34, 38.19, 45.17, 60.30, and
61.61, which correspond to the reflection planes (hkl) of (003), (006), (009), (012), (015), (110),
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and (113), respectively, provide clear evidence of this. The presence of carbonate anions
intercalated within the ZA-LDH structure is denoted by these peaks. The XRD patterns of
uncalcined LDH and calcined LDH prior to and subsequent to dye adsorption are illus-
trated in Figure 3a–d. The principal mechanisms responsible for the adsorption of the dye
were surface adsorption and intercalation of the dye onto uncalcined and calcined LDH,
respectively. The aforementioned conclusion is substantiated by the XRD patterns of the
adsorbents prior to and subsequent to dye adsorption (Figure 3a–d). The dye adsorption
by calcined LDH is notably associated with the restoration of the original hydrotalcite
(HT) assembly through the intercalation of CR, facilitated by a special phenomenon known
as the ‘memory effect’. This process is additionally validated by the resurgence of basal
reflections of planes (003), (006), and (009), as well as the presence of several additional
faint peaks as observed in the XRD pattern (Figure 3d). This provides evidence for the
uptake of anionic dye CR onto both adsorbents, uncalcined and calcined LDH, through
surface adsorption and anion-exchange mechanisms.

Figure 4a,b depict the FESEM images of the adsorbent materials both before and after
CRD adsorption. Before adsorption, the rough surface of both the adsorbents has different
pores with different sizes. The dye molecule covering the surface of the material was
evidenced to have smooth coverage on surface in Figure 4b and flowers, like the structure
causing heterogeneity occurrence in Figure 5a,b. This difference in surface further proved
the adsorption of CR by both adsorbents.
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The particular surface areas and porous characteristics of ZAC-LDH and CZA-LDH
were investigated using the Brunauer–Emmett–Teller (BET) gas sorption technique. The
samples’ BET surface area, pore volume, and average pore width are presented in Table 1.
The nitrogen adsorption/desorption isotherms of the ZAC-LDH and CZA-LDH samples,
as depicted in Figure 6, exhibited a type IV isotherm with an H3 hysteresis loop. This
hysteresis loop is indicative of the creation of plate-like particle aggregates, resulting in
the production of slit-shaped pores. The mesoporous nature of the samples was further
validated by analyzing the relative pressure graph, which showed an increase in the
adsorption and desorption curves between 0.6 and 1.0. The calcined LDH exhibited a
significantly greater surface area, total pore volume, and average pore width compared
to ZAC-LDH. Furthermore, it was observed that the pore volume and average pore size
of CZA-LDH increased due to the removal of interlayer CO3

2− ions during calcination.
Furthermore, the relatively large pore size and mesoporosity of these materials make them
highly effective as adsorbents for wastewater treatment. This is due to their ability to
facilitate the simple diffusion of dye molecules [48].
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Table 1. Surface area, pore volume, and pore size of ZAC-LDH and CZA-LDH.

Parameter ZAC-LDH CZA-LDH

Single point surface area (P/Po = 0.21) in (m2/g) 22.0257 22.0469
BET surface area (m2/g) 22.5610 22.5963
Dubinin–Astakhov—micropore surface area (m2/g) 23.2209 23.2866
Total pore volume of (P/Po = 0.99) (cm3/g) 0.132013 0.145968
t-Plot micropore volume (cm3/g) 0.001020 0.002219
t-Plot mesopore volume (cm3/g) 0.130993 0.143749
Average pore width (Å) 233.7454 258.7366
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The FTIR spectra of ZAC LDH and CZA LDH before and after adsorption of CR dye
are shown in Figure 7a,b. The band at 3460 cm−1 in the FTIR spectra corresponding to ZAC
LDH was due to the stretching vibrations of H-bonding of M-OH group in the brucite-like
layer structure and interlayer water molecule. The intercalated anion carbonate in ZAC
LDH was supported by the appearance of band at 1380 cm−1, 770 cm−1. But in CZA
LDH, the disappearance of the peaks at 3460 cm−1, 1380 cm−1, and 770 cm−1 confirms the
formation of calcined LDH with the loss of hydroxyl group and water molecules. After
the adsorption of CR, the dye was evidenced by the decrease in the intensity of peak at
1380 cm−1 in ZAC LDH-CR compared with ZAC-LDH (Figure 7a). The reconstruction of
the LDH structure by intercalation of anionic dye CR in CZA-LDH was evidenced through
the appearance of peak at 1380 cm−1 (Figure 7b). Thus, the FTIR spectrum confirms the
interaction of dye molecule on the surface of uncalcined and calcined LDH [51].
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3.2. The Influence of IDC and Contact Time

As illustrated in Figure 8, the impact of IDC on CR adsorption by two adsorbents was
investigated. With an increase in the IDC from 25 mg/L to 100 mg/L at a temperature of
30 ◦C, the dye removal efficiency decreased from 95.65% to 89.62% for uncalcined LDH and
from 97.96% to 89.25% for calcined LDH. The availability of active spots on the adsorbent
is greater for lower concentrations of adsorbate, leading to more adsorption than at the
higher concentration. Concurrently, the maximum achievable adsorption rate of CRD per
unit mass for both adsorbents rose, corresponding to the initial concentration increase
from 25 mg/L to 100 mg/L at 30 ◦C, from 47.83 mg/g to 179.23 mg/g for uncalcined
LDH, and from 97.96 mg/g to 356.99 mg/g for calcined LDH. Both instances demonstrated
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an initial surge in the contact duration of the dye adsorption during the initial phases.
This was attributed to the presence of more active spots on the adsorbent surface, which
promoted efficient adsorption. Subsequently, the rate of increase slowed down, indicating
a reduction in available sites [52]. After it reached equilibrium nearing at 60 min, there was
no significant change in the extent of quantity adsorbed. This was explained by the IDC
acting as a driving force between the solid and aqueous phases to surmount the total mass
transfer resistance of the CRD. As a result, the adsorption mechanism was enhanced at
higher concentrations.
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3.3. The Influence of Temperature

Experiments were conducted at three distinct temperatures—30 ◦C, 40 ◦C, and 50 ◦C—
in order to determine whether temperature affected the removal of CR by two adsorbent
materials that were synthesized. Figure 9 describes the temperature dependency of CR onto
both uncalcined LDH and calcined LDH. The efficiency of adsorption of CR is significantly
influenced by the solution temperature, with a more favorable outcome observed at higher
temperatures. Surface diffusion facilitates the adsorption of pigment onto the surface,
which is enhanced by a rise in temperature. Consequently, as the temperature rose, the
percentage removal of anionic dye CR from uncalcined LDH increased from 89.62% to
92.35%, and from 89.25% to 93.55% for CZA-LDH. The IDC of the dye utilized in these
observations was 100 mg/L. The endothermic characteristics of the adsorption process were
demonstrated through the proportional increase in CR adsorption and temperature [53].
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3.4. The Implication of pH

The solution pH serves as a crucial parameter influencing the adsorption of adsorbate
molecules. As illustrated in Figure 10, the consequence of the pH on the uptake of CR
by two adsorbents, calcined and uncalcined LDH, was inspected by changing the initial
pH of the dye from 2 to 12 for 100 mg/L IDC. The point of zero charge (PZC) of the
adsorbent played a substantial role in elucidating the pH effect on dye removal, with the
PZC values measured for uncalcined LDH (8.07) and calcined LDH (8.6). Higher dye
removal percentages occurred at pH < PZC, and lower percentages were observed at pH
> PZC for both uncalcined LDH (PZC = 8.07) and calcined LDH (PZC = 8.6). In contrast
to pH > PZC, where the negatively charged anionic dye was repelled by the positively
charged LDH surface, electrostatic attraction facilitated dye removal at pH < PZC [54].
The maximum dye removal of 78.38% was observed for uncalcined LDH at pH 6 and
further increase in pH decreases the percentage removal due to breaking of LDH structure.
Simultaneously, calcined LDH demonstrated complete dye removal, reaching 100%, within
a broad pH range spanning from 3 to 7 [55,56]. The increase in the percentage of adsorption
can be attributed to the positive charge that develops on the adsorbent surface at an acidic
pH. This positive charge enhances the electrostatic force of attraction between the adsorbent
surface and the negatively charged dye molecules [57,58].

3.5. The Implications of Adsorbent Dose

The effect of adsorbent incremental dose on CR uptake by CZA-LDH (100 mg/L DC)
and uncalcined (50 mg/L DC) was examined by varying the adsorbent dose from 0.20 to
0.50 g/L. The values, which are depicted in Figure 11, indicate that, as the adsorbent dose
was upsurge, the amount of dye removed increased. The observed results can be elucidated
by the enlarged number of energetic spots and larger surface area of adsorbent, which
promote enhanced adsorption until a state of equilibrium is achieved with the adsorbate
molecules [59]. Additionally, the adsorption experiments were conducted using 0.50 g/L
as the optimal dosage. With this dose, uncalcined LDH achieved a maximum removal of
92.31%, while CZA-LDH achieved 89.25% removal, and these values were fixed for further
study [60].
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3.6. Kinetic Studies
3.6.1. Pseudo First Order (PFO) Model

To examine and understand the adsorption processes, including chemical reactions
and mass transfer, three kinetic models—namely, PFO, PSO (pseudo-second order) [61],
and intra-particle diffusion models—were employed for studying the adsorption of CRD
on both uncalcined and calcined materials. Lagergren [62] proposed the pseudo-first-order
rate equation, which is denoted as follows:

log(qe − qt) = log qe −
(

k1

2.303

)
t (2)
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where qe and qt represent the amounts of dye adsorbed at equilibrium and time, t (min)
respectively; and k1 symbolizes PFO rate constant (min−1).

The values of qe and k1 were calculated from intercept and slope of the plot log (qe-qt)
vs ‘t’ for different ‘Ci’ and ‘temperatures’ for both adsorbents. Tables 2 and 3 summarize
the calculated kinetic parameters (KPs). It is apparent from the R2 value that the adsorption
characteristics of both adsorbents for the removal of CRD were better described by a
pseudo-second-order equation as opposed to a PFO equation.

Table 2. KP for the adsorption of CRD by calcined and uncalcined LDH at a temperature of 30 ◦C for
various IDCs.

Adsorbents
Uncalcined LDH Calcined LDH

Initial Concentration (mg/L)

Parameter 25 50 75 100 25 50 75 100
qe exp (mg/g) 47.83 92.22 135.66 179.23 97.96 191.84 276.92 356.99

PFO kinetic model

k1 (min−1) 0.062 0.070 0.068 0.072 0.114 0.081 0.093 0.071
qe cal (mg/g) 31.21 65.43 111.51 178.11 59.84 92.49 156.24 203.56

R2 0.9552 0.9694 0.9795 0.9205 0.9114 0.9097 0.9035 0.919

PSO kinetic model

k2 (g/mg min−1) 0.005 0.002 0.001 0.001 0.013 0.003 0.002 0.001
h 13.441 22.371 24.390 26.810 123.457 121.951 181.818 135.135

qe cal (mg/g) 50.25 97.09 147.06 196.08 99.01 196.08 285.71 370.37
R2 0.9997 0.9996 0.9992 0.9989 0.9999 0.9999 0.9999 0.9999

IPDM

kid (mg/g/min½) 0.604 0.272 0.149 0.104 0.991 0.331 0.206 0.113
R2 0.8647 0.8491 0.8784 0.9173 0.6897 0.8282 0.7221 0.7989

Table 3. KP governing the adsorption of CRD by calcined and uncalcined LDH at varying tempera-
tures (100 mg/L IDC).

Adsorbents
Uncalcined LDH Calcined LDH

Temperature

Parameter 30 ◦C 40 ◦C 50 ◦C 30 ◦C 40 ◦C 50 ◦C
qe exp (mg/g) 179.23 181.42 184.70 356.99 365.59 374.19

PFO kinetic model

k1 (min−1) 0.073 0.060 0.067 0.066 0.055 0.067
qe cal (mg/g) 179.80 139.06 150.42 189.37 173.66 196.20

R2 0.9307 0.9693 0.9665 0.9199 0.8814 0.9367

PSO kinetic model

k2 (g/mg min−1) 0.00070 0.00079 0.00083 0.00097 0.00096 0.00097
h 26.954 30.395 33.003 133.333 131.579 142.857

qe cal (mg/g) 196.08 196.08 200.00 370.37 370.37 384.62
R2 0.9989 0.999 0.999 0.9999 0.9999 0.9999

IPDM

kid (mg/g/min½) 0.104 0.111 0.113 0.113 0.109 0.106
R2 0.9143 0.9123 0.9003 0.8009 0.8158 0.7917
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3.6.2. PSO Model

The following is the representation of the PSO kinetic equation,

t
qt

=
1

k2qe
2 +

1
qe

t (3)

The consensus adsorption capacity, qe, and second order rate constant, k2, were
derived from the relationship between the values of t/qt and time for various concentrations
of Ci (75 mg/L, 50 mg/L, 25 mg/L, and 100 mg/L) and temperatures (30 ◦C, 40 ◦C, and
50 ◦C). To determine the values of qe and k2, the slope and intercept of the plots in
Figure 12a,b and Figure 13a,b were utilized. The second-order calculated KPs are displayed
in Tables 1 and 2. It was observed that the qe values calculated for both adsorbents were
in close proximity to the experimental qe values. The adsorption behavior of the dye by
both adsorbents was highly consistent. For all concentrations, the PSO kinetics model
provided a more accurate fit than the PFO kinetics model, as evidenced by the high R2

values with low standard deviation values (approximately in the range from 0.082 to 0.30)
for the adsorptive elimination of CR by both adsorbents [62].
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3.6.3. IPDM (Intra-Particle Diffusion Model)

The kinetic results were subjected to the intra-particle diffusion model so as to elucidate
the mechanism of diffusion. Intense agitation of the solution mixture containing adsorbent
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and adsorbate during the adsorbent process may result in the adsorbate migration into the
pores available on the adsorbent, potentially serving as a tool in the rate-determination step.
The intra-particle diffusion model’s determination of the relationship among the quantity of
dye adsorbed (qt) and t1/2 (kid + C) at various time intermissions for various concentrations
is shown in the graph diagram in Figure 14a,b. The values of kid were computed from the
gradients for all concentrations at 30 ◦C and for various temperatures, fixing the IDC as
100 mg/L. Since the intra-particle diffusion plot did not intersect the origin, the adsorption
process by both calcined and uncalcined LDH appears to have substantially followed
boundary layer diffusion [63].
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3.7. Adsorption Isotherm

At constant temperatures, the equilibrium relationship between the adsorbate and the
adsorbate adsorbed onto the surface of the adsorbent can be analyzed using the adsorption
isotherm. In this investigation, the adsorption equilibrium for CR uptake by the two
materials was studied through Langmuir [64] and Freundlich [65] isotherm models.

3.7.1. Langmuir Isotherm

The Langmuir adsorption isotherm, a widely recognized linear method for determin-
ing the adsorption of a monolayer onto a homogeneous surface, is represented by the
subsequent equation:

Ce

qe
=

1
Q0.bL

+
Ce

Q0
(4)

where Qo and bL are constants representing the energy of adsorption (L/mg) and mono-
layer adsorption capacity, respectively. The equilibrium concentration of the adsorbate is
denoted as Ce in mg/L, while qe represents the quantity of adsorbate adsorbed/unit mass
of adsorbent in g/g. Table 4 provides a summary of the calculated values. A value between
0 and 1, known as the Langmuir dimensionless constant (RL), denotes the favorable nature
of adsorption. The maximal mono-layer converges capacity (Qo) for uncalcined LDH and
calcined LDH at 30 ◦C was determined to be 769.23 mg/g and 526.32 mg/g, respectively,
based on the plot of Ce/qe against Ce. The low correlation coefficient (R2) of the Langmuir
isotherm model makes it less suitable to explain the nature of CR adsorption.
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Table 4. KP governing the adsorption of CRD by calcined and uncalcined LDH at varying tempera-
tures (100 mg/L ICD).

Adsorbent
Temperature

(◦C)
Langmuir Isotherm Freundlich Isotherm

Q0 b RL R2 n kf R2

Uncalcined LDH
30 769.23 0.0024 0.8914 0.9208 1.133 29.580 0.999
40 714.29 0.0026 0.8831 0.68 1.122 33.159 0.9915
50 454.55 0.0042 0.8250 0.8712 1.412 53.407 0.9867

Calcined LDH
30 526.32 0.0073 0.7335 0.9531 1.676 86.298 0.993
40 588.24 0.0065 0.7543 0.9637 1.745 97.521 0.9983
50 625.00 0.0062 0.7646 0.92 1.703 106.955 0.9897

3.7.2. Freundlich Model

The heterogeneity of the adsorption system and multilayer adsorption are described
using the Freundlich isotherm model. The Freundlich equation’s linearized form is written
as follows:

log qe = log K f +
1
n

log Ce (5)

where the adsorption intensity (n) and the adsorption capacity (kf) are determined from
the slope and intercept of a linear plot of logqe versus logCe. For the removal of CRD
onto uncalcined LDH and calcined LDH, a favorable adsorption process is suggested
by the reciprocal value of n (1/n < 1). With a high correlation coefficient value (R2),
the computed equilibrium values fit the Freundlich isotherm well, demonstrating the
multilayer adsorption and heterogeneity nature of the process by both adsorbents [48].

3.8. Thermodynamic Parameters

Thermodynamic parameters related to adsorption, such as Gibb’s free energy change
(∆G0), enthalpy change (∆H0), and entropy change (∆S0), were determined using the
formulae given below:

∆G0 = −RT ln K (6)

ln Kc =
∆S0

R
− ∆H0

RT
(7)

Table 5 lists the thermodynamic characteristics for both adsorbents that were deter-
mined using Van’t Hoff plots [66]. The negative ∆G0 value in the range of −5.33 kJ mol−1 to
−7.18 kJ mol−1, which falls below the threshold of −20 kJ mol−1, indicates a spontaneous
physisorption process with a high attraction of CR onto the adsorbent material surface. In
addition, the positive values of the enthalpy changes (∆H0) indicate that the adsorption
process occurs at an endothermic temperature across all the temperatures examined. The
endothermic characteristics of the adsorption process are corroborated by the increase in
pigment adsorption as the temperature rises. Additionally, after the adsorption of the CRD,
the positive ∆S◦ values suggest an upsurge in degrees of freedom and randomness at the
boundary between the solid and the liquid [67].

Table 5. At various temperatures, the thermodynamic parameters of CRD adsorption by uncalcined
and calcined LDH.

Adsorbent Temperature (◦C) ∆G0 (kJ/mol) ∆H0 (kJ/mol) ∆S0 (J/K/mol)

Uncalcined LDH
30 −5.43

13.59 62.6540 −5.93
50 −6.69

Calcined LDH
30 −5.33

22.72 92.6740 −6.33
50 −7.18
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3.9. Reusability of the Adsorbents

The spent adsorbents uncalcined LDH and calcined LDH were calcined at 450 ◦C for
two hours in an air environment in a muffle furnace. To assess the materials’ reusability,
a constant heating and cooling rate of 10 ◦C per cycle was maintained. As shown in
Figure 15, the calcined materials from both were then utilized again to remove CR from
aqueous solution using the identical adsorbent dosages of 0.5 g/L and 0.25 g/L for both
uncalcined and calcined LDH material, respectively. The decline in the percentage of dye
removed during consecutive cycles may be attributed to the reduction in weight during
adsorbent recovery. However, both calcined adsorbent materials exhibited remarkable
dye removal (83.53% and 64.71%, respectively), indicating their potential for effective
reuse. This suggests that as-prepared adsorbent materials can be utilized, recovered, and
successfully reused in the treatment of dye wastewater [68]. The adsorption capacities of
various sorbents for the removal of CR in the present work and previous literature works
are discussed in the Table 6.
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Table 6. Comparison of adsorption capacities of various sorbents for removal of CR.

S. No. Adsorbent Material Quantity of Dye
Adsorbed (mg/g) Reference

1. Cabbage waste powder 1.78 [13]
2. Coal fly ash 152.7 [17]
3. Mg/Al-LDH 769.23 [41]
4. CuAl LDH 47.619 [69]
5. Ternary CaNiAl- LDH 135.21 [70]
6. CaAl-LDH Cl 123.9 [71]
7. ZAC-LDH 179.23 Present work
8. CZA-LDH 356.99 Present work

4. Conclusions

This work substantiates the synthesis and analysis of the adsorption of the anionic
dye CR using two different adsorbents: uncalcined LDH and its calcined counterpart, both
of which are used in a batch mode adsorption procedure. The CR elimination decreased
for uncalcined LDH (from 95.65% to 89.62%) and calcined LDH (from 97.96% to 89.25%)
as the ICD increased from 25 mg/L to 100 mg/L at 30 ◦C. The highest quantity of CRD
eliminated rose with temperature; for uncalcined LDH, it was 179.23 mg/g to 184.70 mg/g,
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and for calcined LDH, it was 356.99 mg/g to 374.19 mg/g. The temperature range for this
rise was 30 ◦C to 50 ◦C. The uncalcined LDH exhibited optimal dye removal (78.38%) at
pH 6, while calcined LDH showed 100% removal in the broader acidic pH range (below
7) for a 100 mg/L ICD. Kinetic data aligned well with the PSO model, demonstrating
high correlation coefficients (R2) and lower standard deviation values for both adsorbent
materials. The maximum adsorption capacity for uncalcined LDH (769.23 mg/g) surpassed
that of calcined LDH (526.32 mg/g) at 30 ◦C. Negative ∆G◦ values indicated a spontaneous
physisorption process, while positive ∆H◦ values confirmed the endothermic nature of
adsorption process at all temperatures under investigation. Langmuir and Freundlich
isotherm representations substantiated the favorability of the adsorption process. The
adsorption process’s favorability was confirmed by models of the Langmuir and Freundlich
isotherms. Thermally treated uncalcined LDH and calcined LDH demonstrated reusability
with CR removal percentages of 83.53% and 64.71%, respectively, in the third cycle. Pre- and
post-adsorption XRD spectra of calcined LDH demonstrated improved dye adsorption by
reconstructing its initial layered structure through CR intercalation with a ‘memory effect’.
Moreover, the BET analysis has revealed that both uncalcined ZAC-LDH and calcined LDH
possess a comparatively large pore size and mesoporosity. This characteristic makes them
highly effective as adsorbents for wastewater treatment, as it facilitates the easy passage of
dye molecules.

Accordingly, both uncalcined LDH and calcined LDH proved effective in CR removal,
with calcined LDH exhibiting superior efficiency. The findings underscore the potential of
these synthesized materials as efficient and reusable for the elimination of CR from dye
wastewater. Additionally, this research will be expanded to generate M2+/M3+ LDH and
assess its efficacy as a photo-catalyst and adsorbent for the removal of heavy metals from
aqueous solutions and dye effluent, respectively.
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writing—original draft preparation; R.P., conceptualization and investigation; S.C.K., conceptualiza-
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Nomenclature

BET Brunauer–Emmett–Teller
CLDH calcined layered double hydroxide
CR Congo red
CRD Congo red dye
CTAB cetyltrimethylammonium bromide
CZA-LDH calcined Zn/Al layered double hydroxide
DC Dye Concentration
FESEM Field Emission Scanning Electron Microscope
FTIR Fourier-Transform Infrared Spectroscopy
IDC Initial Dye Concentration
IPDM intra-particle diffusion model
KP kinetic parameter
LDH layered double hydroxide
PFO pseudo-first order
PSO pseudo-second order
XRD X-ray diffraction
ZAC-LDH Zn/Al carbonate layered double hydroxide
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