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Abstract

Layered double hydroxides (LDHs), distinguished by their lamellar nanosheet structures, are
highly effective materials for hosting and intercalating functional chemicals, making them suitable
for water contaminant remediation. Elevated nitrate (NO*") levels in water and wastewater,
attributed to the high solubility of nitrates, pose significant risks to aquatic ecosystems and human
health. This study outlined a simple co-precipitation method for synthesizing zinc-aluminum
Zn-Al-LDHs and evaluated their performance in efficiently removing nitrate ions under optimal
conditions. The characterization of the Zn-Al-LDH nanostructures was conducted through
various techniques, including X-ray diffraction (XRD), thermogravimetric and differential thermal
analyses (TGA/DTA), scanning electron microscopy (SEM), and Fourier-transform infrared
spectroscopy (FTIR). Key parameters influencing nitrate adsorption, such as NO*- concentration,
pH, adsorbent dosage, contact time, and temperature, were thoroughly examined in a systematic
manner. Notably, the calcined form of LDH (Zn-Al-LDH-C) exhibited the highest nitrate
adsorption capacity of 94%, with optimal adsorption at pH 6.9 and low temperature. Equilibrium
was reached in 80 minutes, and the adsorption capacity rose to 16 mg/g. FTIR analysis confirmed
the intercalation of nitrate ions into the calcined material. Adsorption isotherm studies revealed
that nitrate adsorption onto Zn-Al-LDH followed the Langmuir model (R2=0.99), indicating a
uniform surface and monolayer adsorption mechanism, as opposed to the Freundlich model
(R2=0.90). This study demonstrates the potential of enhancing Zn-Al-LDH-C nanostructures to
improve their efficiency in removing contaminants from water and wastewater, presenting a
promising approach for advanced water treatment solutions.
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1. Introduction

Environmental pollution due to
industrialization, and intensive agriculture has
degraded ecosystems and threatens human health, with
contaminants like pesticides, PCBs, PAHs, nitrates,
metals, and metalloids increasingly affecting water
quality (1,2). Water and wastewater pollution involves
diverse chemicals from human activities, contaminating
sources, rivers, and supplies (3,4). Nitrate is an important
contaminant of groundwater and surface water resources
due to its solubility and varied sources. While vital for
growth, excess nitrate impairs oxygen transport and
remains a key target for removal from soil and water (5,6).

urbanization,

Exposure to nitrate can cause serious health problems,
including methemoglobinemia (blue baby syndrome) and
birth defects (7). These risks have prompted regulations
targeting sources such as agriculture, fertilizers, and
organic waste (8). Nitrate pollution arises from point
and nonpoint sources, mainly agricultural runoff from
livestock waste and fertilizers. Factors such as topography,
herd density, and buffer zones affect accumulation.
Intensive farming increases runoff, causing eutrophication
and degrading drinking water quality (9). Nitrate
exposure above 10 mg/L poses serious risks to infants,
including methemoglobinemia and developmental issues.
Chronic exposure is linked to thyroid disorders, cancer,
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and birth defects, highlighting the importance of regular
water monitoring (10). Nitrate in drinking water raises
health concerns, as dietary nitrates are converted into
nitrites by oral bacteria, which impair blood function and
form carcinogenic nitrosamines, recognized since 1956
(11). Methods like ion exchange and reverse osmosis are
used for the removal of nitrate, and ion-exchange resins
are most effective. Efficiency depends on competing ions,
with new techniques improving results (12).

Adsorption is a cost-effective method for the removal
of nitrate, utilizing high surface area, porous adsorbents
with ion-exchange sites. Modifications enhance active
sites, selectivity, and capacity, allowing rapid pollutant
removal with minimal post-treatment (13,14). The
adsorption process, in particular, has proven to be one
of the most effective techniques for removing several
anions, such as fluoride (15), phosphate (16), ammonia
(16), nitrate (16), aniline (17), and perchlorate (18), using
different adsorbents. The selection of a suitable material
plays a vital role in the optimal adsorption of particular
pollutants (19).

The high cost of activated carbon has shifted interest to
affordable LDHs, valued for their tunable properties and
broad applications. Foundational studies were conducted
by Feitknecht (1942) and Reichle (1968) (20,21). LDHs,
or anionic clays, have the general formula (M" , “M™"
[(OH),y* A" xH,O. Their positively charged layers,
formed by substituting divalent with trivalent metal
ions, provide high ion-exchange capacity for inorganic
and organic anions. Typically, M*'represents divalent
cations like Mg*, Zn**, or Cu® (22), and M>3*refers to a
trivalent cation, which includes ions, such as AI’*, Cr’",
Fe’**(23), and so on. Moreover, the partial substitution
of M’*for M?**results in positively charged hydroxide
sheets that require intercalation with anions (A™), such
as CO,”, NO,, and CI". LDH nanostructures exhibit
characteristics advantageous for pollutant adsorption,
including large surface areas, good thermal stability,
and elevated sorption and regeneration efficiencies (24).
LDHs are cost-effective to synthesize and efficiently treat
dye and industrial wastewater. The removal of nitrate
depends on optimizing contact time, dose, concentration,
pH, and temperature (25).

Recent studies show that biomaterials such as chitosan-
modified Mg-Al LDH can remove up to 98.7% of nitrate
in 90 minutes at 298 K (26). Calcined Ti nanopores
used as electrodes removed 87.5% of nitrate via
electrolysis (27). Co-biochar functionalized with Mg/
Al LDH nanocomposites showed 86%-100% efficiency
and superior durability compared to guava seed/
beetroot peel biochar (28). Other effective materials for
enhancing nitrate and nitrite adsorption include nano
y-alumina, magnetite—alumina nanocomposites, nZVI/
LDH composites, and protonated crosslinked chitosan
adsorbents (29,30).

The present study included the following steps. First, zinc-
aluminum layered double hydroxides (Zn-Al-LDHs) were
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effectively produced using a co-precipitation technique.
Then, Zn-Al-LDH nanostructure was characterized
using various techniques, including X-ray diffraction
(XRD) and Fourier-transform infrared spectroscopy
(FTIR). Afterwards, to enhance the nitrate adsorption
efficiency of the Zn-Al-LDH nanostructure, it is essential
to examine the influence of several factors, including
pH, contact duration, adsorbent dosage, and nitrate
concentration. The effects of the calcination process on
Zn-Al-LDH and the influence of temperature (10 to 50
°C) on nitrate adsorption were then investigated. Finally,
the equilibrium adsorption data were evaluated through
the application of Langmuir and Freundlich isotherm
models.

2. Materials and Methods

2.1. Materials

The synthesis of LDHs included the use of zinc chloride
(ZnCly), aluminum chloride (AICl;), sodium hydroxide
(NaOH), and sodium carbonate (Na,COs). Zinc
chloride and aluminum chloride were obtained from
Sigma-Aldrich, whereas sodium hydroxide and sodium
carbonate were obtained from Merck and Sigma-Aldrich,
respectively.

2.2. Synthesis of Zn-Al-CO3 Layered Double Hydroxides
(Zn-Al-LDH)

The Zn-Al-LDH, specifically [Zn-Al-CO,], was
synthesized through a straightforward co-precipitation
technique maintained at a stable pH of 10. In summary,
a metal salt solution was prepared by combining precise
quantities of salt, which include 20.86 g of ZnCl,, and
12.19 g of AICl; dissolved in 50 mL of distilled water
(31,32). The precipitation was then induced by dropwise
addition of an aqueous solution containing 6 g of NaOH
and 10.7 g of Na,COs; in 50 mL of distilled water. The pH
was maintained at 10 under vigorous stirring until a gel
formed. After 18 hours of curing at 70 °C, the synthetic
product underwent multiple filtration and washing
processes using distilled water and ethanol. Subsequently,
the product was dried at 60 °C for 24 hours. After finely
grinding with an agate mortar, the obtained sample
was calcined at 400 °C (31,32). The synthesized Zn-Al-
LDH samples were characterized by XRD and FTIR
spectroscopy before use.

2.3. Characterizations of the Adsorbent

The crystallized structures of Zn-Al-LDH before
and after nitrate adsorption, as well as those of the
zinc-based materials, were characterized by XRD
spectroscopy (PANalytical X-Ray Diffractometer). A
copper anticathode emitting X-rays with a wavelength
of 1.5418 A was used. FTIR is a technique that relies on
the absorption of infrared radiation by the sample under
investigation. This method facilitates the identification
of distinctive vibrational modes associated with chemical
bonds between atoms, thereby enabling the analysis of
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various chemical functionalities. The Zn-Al-LDH samples
at different stages (before and after nitrate adsorption)
were analyzed by a Perkin-Elmer Spectrum 65 Fourier
Transform Spectrophotometer. The spectral range was
4000 cm ! to 400 cm ! after pelletization (KBr) with a
resolution of 4 cm™. The thermogram was obtained using
a SENSYevo SETARAM instrument. For these analyses,
the temperature was systematically elevated from 10 °C to
1000 °C at a regulated heating rate of 10 °C/min.

2.4. Adsorption Experiments
A stock solution of nitrates (NO,’) with 1000 mg/L was
prepared using potassium nitrate (KNO,). Then, different
proportions were diluted in distilled water to make
standard solutions for the determination of nitrates, as well
as for the preparation of lower concentration solutions
used during the adsorption tests. Additionally, the
spectrophotometer was used to measure optical density
directly. Moreover, the analyses were carried out on a
spectrophotometer UV-vis Spectrum instruments (SP-
UV 2005). The highest recorded wavelength for nitrate
is Amax=220 nm. Stock solutions with a concentration
of 1 g/L of NO, were prepared by dissolving the required
quantity of nitrate in distilled water. Generally, the
concentrations achieved through dilution were used in
this study. The adsorption experiments were conducted
using a series of 250 mL beakers, each containing 20 mg
of the respective Zn-Al-LDH and 250 mL of the nitrate
solution at the specified concentration. The experiments
were conducted at a constant agitation speed of 500 rpm.
The pH of the solution was systematically varied between
2 and 12, while the contact time was adjusted from 5 to
360 minutes, and the initial nitrate concentration ranged
from 20 to 1000 mg/L. The pH was adjusted to the desired
level through the addition of either 1 N HCl or 1 N NaOH.
Following each adsorption trial, the solid phase was
isolated from the liquid phase via centrifugation at 3000
rpm for 15 minutes. The residual concentrations were
assessed using UV-visible spectroscopy. The quantities
adsorbed at equilibrium (qe) and at any given time (q,)
were computed using the specified following equation
(33):
4= (G -C)V (1)
m
q,= Adsorbate concentration at equilibrium, mg/g
C, =Initial adsorbate concentration, mg/L
C,=Final adsorbate concentration at equilibrium, mg/L
V=Volume of liquid, L
m = Mass of Zn-Al-LDH adsorbent, g

3. Results and Discussion

3.1. Characterizations of the Sorbent

Fig. la illustrates the XRD pattern of synthesized Zn-Al-
LDH, which is typical of hydrotalcite-like compounds,
with diffraction peaks at 26: 31.2°, 34.1°, 39.4°, and
53.6° attributed to the (009), (012), (015), and (018)
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Fig. 1. (@) X-ray Diffraction Patterns and (b) (inset) SEM Analysis of the
Synthesized Zinc-Aluminum Layered Double Hydroxide (Zn-Al-LDH)

planes, respectively, which are characteristics of the LDH
structure. Additionally, the XRD pattern further reveals
prominent symmetric reflection planes corresponding
to (001) and (111), which suggest the distribution of
metal ions within the LDH. Additionally, a less intense
and asymmetric (011) plane was observed, which can be
classified within a hexagonal lattice structure characterized
by rhombohedral space group symmetry, denoted as R 3
m rhombohedral. The intense reflection peaks observed
at low 20 angles (10.45°-21.89°) were affected by the
dimensions of the intercalated anion (CO,) and yielded
insights into the basal spacing, facilitating the calculation
of the lattice parameter (c). Additionally, the prominent
reflection at (110) corresponding to 20 (57.67°) provided
information regarding the average cation-cation distance,
thereby enabling the determination of the lattice parameter
(a) (34). The lattice parameters a and ¢ are detailed in
Table 1. Additionally, the observed profiles were modeled
as two-phase mixtures consisting of wurtzite ZnO and
spinel ZnAlLO. These results confirm that the prepared
material is the Zn-Al-LDH and are entirely consistent
with the literature (35,36).

The previous SEM analysis of the Zn-Al-LDH
nanostructure (Fig. 1b) indicated that the particles were
extensively interconnected and displayed a distinct layered
architecture, with the plate-like particles uniformly
dispersed. The surface appeared to be flat with a layered
texture, which makes the pockets rough and porous. This
indicates that the material has excellent properties for use
as an effective adsorbent of nitrate ions (37).

The FTIR spectrum obtained for the Zn-Al-layered
double hydroxide (ZnAl-CO,), as illustrated in Fig. 2,
displays bands that are indicative of hydrotalcite-like
materials (34). We can illustrate the broad and strong
band centered at 3400 cm™, which is associated with the
stretching vibrations of the OH bonds present in hydroxyl
groups and water molecules (H,0). Additionally, the
weaker band at 1630 cm™ is attributed to the bending
vibrations of H,O within the interlayer spaces. This can
also be attributed to C=C from the conjugated (aromatic)
alkene group (37). The spectral bands observed at 460,
550, and 790 cm™ are associated with the condensed
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Fig. 2. a) IR Spectrum of Zn-Al-LDH, b) DTG/DTA Analysis of Zn-Al-LDH

Table 1. Crystallographic Data of Synthesized Zn-Al-LDH

Lattice parameters*

Average
LDH d,,A d,, A . c size (nm)
ZnAl-LDH 8.91 1.55 3.10 26.73 50

*c=3/2ld,+2dl and a=2d

Al—O groups, the translation of Zn/Al—OH, and the
deformation of AI—OH, respectively. In the case of the
Zn—Al—CO, sample, the band observed near 1365 cm™
corresponds to the antisymmetric stretching mode of the
carbonate ion, while the bands detected around 870 and
680 cm ! are linked to the weak non-planar bending mode
and the angular bending mode of carbonate, respectively.
According to Fig. 2a, the spectrum of the LDH phases has
three characteristic domains, 4000-2500 cm™, and visible
bands, located around 3400-3600 cm™. The vibrations
associated with the hydroxyl groups (VOH) of the sheet,
as well as those of water molecules that are physisorbed
and intercalated, are the focus of this discussion. For low
frequencies, v<1000 cm’, the observed vibration bands
were assigned to the network. Additionally, the valence
vibrations (v, ) between the metal and the oxygen
atoms (568 and 617 cm™) were distinguished; therefore,
for the LDH phase [Zn—Al—CO,] that we synthesized,
the wide band located between 3100 and 3700 cm™ was
attributed to valence vibration of OH-groups (OH ...
..OH) of physiosorbed water and/or valence vibration of
OH— (M—OH) groups linked to carbonate anions in the
presence of divalent cations and trivalent (Zn*?and Al*?).
The weak band centered at 1623 cm™ corresponded to the
deformation vibration mode of water molecules strongly
adsorbed between the layers. The carbonate anions were
characterized by three frequency bands (i.e., 1415 cm’,
880 cm, and 680 cm™) in our sample; these bands were
shifted towards 1500cm !, which can be attributed to the
reorganization of the CO,* anions within the interlayer
region when water molecules are present (38,39).

3.2. DTG/DTA Analysis of Zn-Al-LDH

The thermal decomposition of Zn-Al-LDH was
investigated using thermogravimetric analysis (TGA) and
differential thermal analysis (DTA) to better understand
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Fig. 3. (a) Effects of Contact Time and (b) pH on the Surface Adsorption of
Nitrate on Zn-Al-LDH and Zn-Al-LDH-C

its decomposition behavior. The thermogravimetric
and differential thermal analysis (DTG/DTA) results,
as illustrated in Figure 2b, demonstrate that the
decomposition of Zn-Al-LDH proceeds through two
clearly defined endothermic stages. The preliminary
phase, which occurs at approximately 250°C, is attributed
to the evaporation of water adsorbed on the surface
as well as the removal of intercalated water molecules
from the material. The next phase, occurring at 450°C,
is characterized by the dehydroxylation of the structural
layers, which leads to the disintegration of the lamellar
structure and the formation of a mixed metal oxide (40).
A minor thermal peak was observed at higher
temperatures near 650 °C, which was attributed to the
elimination of residual carbonate ions strongly bound
to the brucite layers (40). The dehydroxylation process,
along with the decomposition of interlayer carbonate ions
(COs™), contributed to a mass loss of 32.5% up to 420 °C.
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Additionally, the structural deformation of the lamellae
and the appearance of metal oxides were evident at 650 °C.
The DTA curve shows three distinct endothermic peaks,
each associated with the decomposition of interlayer
anions.

3.3. Adsorption Evaluations of Zn-Al-LDH

3.3.1. The Effect of Contact Time on Nitrate Adsorption
by Uncalcined Zn-Al-LDH and Calcinated Zn-Al-LDH-C

Fig. 3aillustrates the experimental findings, indicating that
the surface adsorption of nitrate was enhanced on both
Zn-Al-LDH and calcined Zn-Al-LDH-C. The adsorption
process is characterized by two separate stages: an initial
rapid phase followed by a more gradual phase. The
amount of nitrate adsorbed increased with contact time.
The curve indicates a rapid increase in the rate of nitrate
removal within the first 30 minutes, reaching equilibrium
after approximately 80 minutes. At equilibrium, the Zn-
Al-LDH exhibited a maximum adsorption capacity of 13
mg/g.

In contrast, Zn-Al-LDH-C exhibited an enhanced
adsorption capacity, reaching a peak of 16 mg/g within
80-100 minutes in our study. This contrasts with a similar
study that used calcined Mg-Al-LDH, which achieved
a nitrate removal efficiency of 84% from real water.
However, in the second stage, after the elimination of
cations with a dose of 20 g/L, the efficiency increased to
99% (41). The enhanced performance of Zn-Al-LDH-C
suggests its higher affinity for nitrate, likely due to its
interlamellar spacing and the availability of primary
adsorption sites, which were effectively occupied during
the process.

3.3.2. The Effect of pH on the Adsorption of Nitrate with
Zn-Al-LDH

Generally, pH is widely recognized as a significant
parameter influencing the adsorption process at the
interface between water and the adsorbent. To investigate
this effect, adsorption experiments were conducted under
consistent experimental conditions while systematically
varying the solution pH from 2 to 12. The results of these
experiments are presented in Fig. 3b. The representation
of the effect of pH allows for the optimization of pH for the
maximum adsorbed quantity of nitrate on the Zn-Al-LDH.
It can be observed that the adsorbed quantity increased as
pH was increased and that it reached the maximum value
at pH 6.9. Therefore, the best pH for adsorption was 7.
The findings indicate that the adsorption of nitrate anion
(NO;") on Zn/Al-LDH surfaces decreased with increasing
pH beyond this optimum, aligning with previous studies
on Zn-Al-LDH synthesized using the co-precipitation
method at a Zn/Al molar ratio of 3:1 (42). Furthermore,
Li et al reported that pH is the most influential factor in
the efficient adsorption of organic contaminants from
wastewater using Zn-Al-LDH (43).

3.3.3. The Effect of the Dosage of Adsorbent on the
Adsorption of Nitrate with Zn-Al-LDH

Nitrate removal from water using Zn-Al-LDH nanostructures

The obtained results are shown in Fig. 4. The data for both
samples indicate that the adsorption capacity increased
with increasing initial concentration. Consequently, the
adsorption quantity increased as the concentration of the
examined solution was increased.

3.3.4.1. Influence of Temperature on Nitrate Adsorption
Understanding the effect of temperature on the
adsorption of ions from a solution is essential for
enhancing the efficiency of the adsorption process. The
nitrate adsorption isotherms at 10 °C, 25 °C, and 50 °C
are illustrated in Fig. 5a. These findings confirm the
exothermic characteristics associated with the adsorption
of nitrates onto the synthesized Zn-Al-LDH, as evidenced
by increased adsorption at lower temperatures.

This behavior is consistent with the surrounding
environmental conditions, as significant nitrate leaching
generally takes place during colder, wetter, and non-
growing periods, especially from late autumn to early
spring. The enhanced nitrate adsorption at lower
temperatures highlights the significant advantage of
using LDH materials for the removal of nitrate, making
it an effective solution under such conditions. The results
showed that the adsorption of nitrate anions (NO;~) on the
surface of Zn/Al-LDH decreased with rising temperature,
similar to findings from a study where Zn-Al-LDH was
synthesized using the co-precipitation method at a Zn/
Al molar ratio of 3:1 (42). However, Mohammadi et
al reported that an increase in temperature leads to a
decrease in nitrate adsorption on activated carbon (44).
Similarly, the adsorption efficiency of Zn-Mg-Al/LDH
has been observed to decrease as the temperature rises
(45).

3.3.4.2. Effect of Calcination (FTIR Characterization)

As illustrated in Fig. 5b, the FTIR analysis of Zn-Al-LDH
before and after calcination (Zn-Al-LDH and Zn-Al-
LDH-C) reveals that the calcination process significantly
affects the adsorption characteristics of Zn-Al-LDH. A
significant reduction in the intensity of all adsorption
peaks is observed following calcination. Notably, the

X/m (mglg)

60 80 100 120
C (mglL)

Fig. 4. The Impact of Adsorbent Concentration (C) on the Surface Adsorption
of Nitrate onto Zn-Al-LDH
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band corresponding to interlayer water molecules
(Vo) at approximately 1618 cm™ exhibits a decrease
in intensity, indicating their removal. Furthermore,
the vibration band associated with carbonate anions
(v,(CO,)) becomes broader and exhibits a lower intensity
compared to the uncalcined LDH phase, reflecting the
expulsion of carbonate ions, typically in the form of CO,,
during the dehydration of the Zn-Al-LDH structure.
Upon rehydration, the interlamellar space accommodates
reintroduced water molecules and carbonate anions
(CO,»), leading to the reconstruction of a new LDH
phase. This demonstrates the reversible nature of the
structural changes and the ability of the material to restore
its intercalated components.

Table 2 compares LDH-based materials for nitrate
removal from water, focusing on synthesis conditions,
pH, dose, efficiency, and cost. Calcined materials such as
Zn-Al-LDH-C and Mg-Al-LDH-C (400-500 °C) showed
enhanced stability, while non-calcined ones (Zn-Al-
LDH@BBAC, Mg-Al-LDH@Biochar) may have altered
surface properties.

Nitrate removal was most effective at pH 6-7, with Zn-
Al-LDH-C achieving the highest efficiency (94%) at a low
dose, whereas Mg-Al-LDH@Biochar had the lowest (70%)
despite a longer reaction time. Most LDH-based materials
were low-cost, except for biochar composites, which had
moderate costs. Zn-Al-LDH-C proved the most efficient
and cost-effective option.

3.3.5. Adsorption Isotherm

The adsorption isotherms were obtained using the

optimum suspensions of each material studied in 20
mL of nitrate at an initial concentration ranging from
25 to 500 mg/L and at the pH of the solution. The
suspensions were stirred for the optimal duration at
room temperature, centrifuged, and diluted. Then, the
supernatants were analyzed. The adsorption equations
of Langmuir and Freundlich were used to investigate
the capacity of Zn-Al-LDH in terms of the adsorption of
nitrate. The Langmuir model is one of the most important
models of one-layer adsorption models, which is based on
a constant number of adsorption places, and every place
has the ability to receive one molecule of adsorbent. The
conditions remained consistent across all locations, and
no interactions occurred between the molecules of the
adsorbent. Another model for isotherm adsorption is the
Freundlich model. These two models are presented as
follows (50).

_ Qmaxbcc
Langmuir: ©* = 14 bC, )
) -Q. - 9.
Linear form: 9e = Qumax bC, (3)
Freundlich: q, = KCe% (4)
1
Linear form: logq, = logK; +;10gce (5)

Where q, represents the quantity of adsorbate (in mg), C,
denotes the equilibrium concentration of the adsorbate
in the solution (in mg), Q_  indicates the maximum
adsorption capacity (in mg/g), and b, k, and n are
constants. The surface adsorption of nitrate onto Zn-Al-
LDH increased with rising external nitrate concentration.
After applying the adsorption models, the constants
for each model were computed, and the plots of these
data are given in Fig. 6a (Freundlich model) and Fig. 6b
(Langmuir model) indicate that the Langmuir equation
provides a superior fit for the adsorption isotherms of
nitrate onto the Zn-Al-LDH samples, as evidenced by a
higher correlation coefficient (R*=0.994) compared to
the Freundlich isotherm model (R*>=0.909). These results
suggest homogeneous surface characteristics and support
the notion of a monolayer formation of nitrate molecules
on the adsorbent surfaces. In summary, the R* correlation
coefficients for Langmuir isotherms were found to be
greater than those derived from Freundlich isotherms,
suggesting that adsorption of nitrate onto Zn-Al-LDH
occurs through a monolayer adsorption mechanism.

The infrared spectrum presented in Fig. 7a shows all the
characteristic bands of the Zn-Al-LDH phases after the
adsorption of the nitrate ions, as clearly demonstrated by
the net decrease in the carbonate ion band. It has been
reported that the characteristic peak of NO, exists at
approximately 1365 cm™. Fig. 7b illustrates the isotherm
associated with the adsorption of nitrate onto Zn-Al-
LDH.

3.3.6. Adsorption Mechanism

The distinctive properties of Zn-Al-LDHs, including
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Table 2. Comparison of Nitrate Removal Efficiency and Cost of Various LDH-Based Synthesized Materials

Nitrate removal from water using Zn-Al-LDH nanostructures

Synthesized materials

Temperature

Nitrate removal

based on LDH Calcination step pH © Time (min) Dose efficiency (%) Cost References
Zn-Al-LDH-C Yes (at 400°C) 6.9 25 80 16 mg/g 94 Low This study
Mg-Al-LDH-C Yes (at 500°C) 6.0 - 180 5-20 g/L 86 Low (46)
Zn-Al-LDH@BBAC No (at 70°C) 7 - 120 100 mg/L 90 Moderate (47)
Mg-Al-LDH@Biochar No 6 45 840 100mg 70 Moderate (48)
Zn—Al-Cl LDH Yes (at 400°C) 6 20 45 300mg 85.5 Moderate (49)
Zn-Al-LDH (4:1) No (at 180°C) 7 - 60 2g/L 78 Moderate (44)
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Fig. 6. (a) Freundlich Isotherm and (b) Langmuir Isotherm Models

their layered structures, high surface areas, and high
ion-exchange capacities, make them highly favored as
nanomaterials for the adsorption process. The adsorption
processes facilitated by LDHs can occur through various
mechanisms, such as surface adsorption, ion exchange,
intercalation, and memory reconstruction. When
polycationic ions are adsorbed by LDHs, numerous
pathways emerge, complicating the task of fully elucidating
the different modes or mechanisms through which anions
are incorporated. The operational conditions established
for the effective removal of nitrate ions included a short
contact time, low concentration, and reduced adsorption
temperature. The adsorption of NO, onto the (ZnAl-
CO,) Zn-Al-LDH is facilitated by p-complexation. This
interaction occurs between the zinc ions, which possess
available positive charges, and the partially negatively
charged oxygen atoms of the NO, ions. Bonding can
occur either through direct sigma bonds or via the back

Fig. 7. (a) FTIR Spectra of Zn-Al-LDH after Nitrate Adsorption, (b) Isotherm
of Nitrate Adsorption on LDH

donation of electron density from zinc to the nonbonding
orbitals of oxygen atoms. The proposed mechanism is
consistent with the FTIR analysis of Zn-Al-LDH following
the adsorption process. This analysis revealed a significant
electrostatic interaction between the layered Zn-Al-LDH
and adsorbed nitrate anions. Furthermore, the structural
integrity of the Zn-Al-LDH was maintained, as evidenced
by the absence of any noticeable changes after nitrate
adsorption, indicating both the sustainability and stability
of the material. The carbonate group is the most prevalent
and stable interlayer anion, accompanied by the consistent
presence of certain interlayer water molecules.

The nitrate removal mechanism of Zn-Al-LDH-C includes
ion exchange, electrostatic attraction, and intercalation.
Calcination enhances adsorption by increasing surface
area and creating structural vacancies. Positively charged
hydroxyl groups attract nitrate ions, which intercalate
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into

the LDH layers. FTIR analysis confirms nitrate

incorporation, and Langmuir isotherm fitting indicates a
uniform monolayer adsorption process.

4. Conclusion

This

characterization,

study primarily focused on
and application

the synthesis,
of Zn-Al-LDH

nanostructure derived from a LDH matrix for the
removal of nitrate from aqueous environments. The
synthesized adsorbent was characterized using XRD,
TGA/DTA, SEM, and FTIR to confirm the successful
formation of the LDH nanostructure. Before conducting

the

elimination experiments, we confirmed that the

synthesized materials were indeed the desired double-

lamellar
experiments,

removal
the

nitrate
influencing

hydroxides. During the

several parameters

nitrate-removal capacity were examined, including the
adsorption kinetics, isotherms, and the effect of solution
pH. The elevated R* value suggested that the data aligned
more closely with the Langmuir adsorption model than

with

the Freundlich model. Zn-Al-CO;-LDHs exhibited

significant adsorption capacity for the removal of nitrate
from water. The adsorption process showed high nitrate
removal efficiency, and the impact of temperature on the
adsorption process was found to be significant. Zn-Al-
LDH, derived from the original LDH, shows promising
potential as an adsorbent catalyst for water treatment.
These findings are of practical relevance for optimizing
remediation technologies for aquatic environments.
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