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ABSTRACT: Nitrate-loaded Zn/Al, Mg/Al, and Mg−Zn/Al layered
double hydroxides (LDHs) were synthesized using the coprecipita-
tion method. The slow-release properties of LDHs were measured in
powder form at various pH conditions. Sodium alginate was used to
encapsulate Mg/Al LDH to produce composite beads (LB) to further
slow down the release of nitrate ions. The prepared LDH samples and
LB were characterized by X-ray diffraction, attenuated total
reflectance Fourier transform infrared spectroscopy, thermogravimet-
ric analysis, and inductively coupled plasma optical emission
spectroscopy. The surface morphologies of LDHs and LB were
obtained from scanning electron microscopy analysis. The slow-
release properties of the materials were evaluated using a kinetic study
of nitrate release in tap water, soil solution, as well as plant growth
experiments using coriander (Coriandrum sativum). The nitrate release ability of LDHs and LB was compared with a soluble nitrate
source. The plant growth experiments showed that all three LDHs were able to supply an adequate amount of nitrate to the plant
similar to the soluble fertilizer while maintaining the availability of nitrate over extended periods. The ability of LDHs to increase soil
pH was also demonstrated.

1. INTRODUCTION
For growing crops, nitrogen is generally the crucial nutrient in
natural systems, and the plant uptakes nitrogen in the nitrate
form. In arid and semiarid conditions, the anion-exchange
capacity (AEC) of the soil is dependent on soil pH and most
often is low. Soil particles may not readily absorb nitrate
anions; hence, the unutilized nitrate anions can easily leach to
the deeper soil layers, which is a major cause of serious
surface/groundwater contamination as well as environmental
pollution.1,2 Various methods such as crop rotation, using
nitrification inhibitors, soil tests, and plant monitoring to
prevent nitrate loss and increase crop production, have been
routinely investigated in the past.3,4 However, preventing
nitrate loss through leaching and surface runoff from the
agricultural field is very challenging as the nitrate ions are
highly mobile in soil solution. The amount of degradation of
organic nitrogenous compounds by nitrogen mineralization
also plays a crucial role in nitrate leaching. To address the
excessive nitrate leaching, reducing the amount of fertilizer is
advocated from seedling to different crop growth stages.1

However, the benefits in such a scenario rely on various other
factors like crop classes, time of sowing, and the root system’s
ability to go deep into the soil horizons.3,5

The slow-release fertilizers, which supply a required nutrient
for a prolonged period in a relatively lower quantity, are
envisaged as a solution to the excessive leaching of nitrate and
associated problems. However, the climatic conditions and soil
profiles can profoundly affect the efficiency of the materials.6

Slow-release fertilizers are often conventional fertilizers coated
with polymeric compounds to manipulate their release
characteristics. However, the use of synthetic polymers, such
as resins and petroleum-based thermoplastics as coating
materials, has been facing challenges and legal restrictions in
terms of their limited degradation.7 Ecologically friendly, easily
available, and cost-effective solutions are therefore required to
solve problems related to the currently available slow-release
fertilizer technologies.
The usage of synthetic clay minerals, namely, layered double

hydroxides (LDHs) in agriculture, is not extensively reported
due to the abundance and focus on natural clay minerals.
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However, in recent years, a lot of attention has been given to
developing LDH-based agro-products considering the multi-
functionality of the material.8 LDHs are derived from the
structure of the mineral brucite, Mg(OH)2; unlike the brucite
structure, some of the divalent metal ions are replaced with
trivalent metal ions in the LDH structure. LDH is with
chemical formula [M1−x

2+M3+
x(OH2)]x+(An−)x/n·yH2O [where

M2+ is the divalent metal ions (e.g., Mg2+, Zn2+, Mn2+); M3+ is
the trivalent metal ions (e.g., Al3+, Fe3+, Cr3+); An− is the
intercalated anions (e.g., NO3

−, CO3
2−, Cl−); and x is the

fractional aluminum substitution in the layers, which is the
metal ratio M3+/(M2+ + M3+)]. The value of x varies preferably
between 0.2 and 0.33 with the corresponding proportion of
M2+/M3+ within 2:1−4:1.8 The ratio of M3+ and M2+

influences the anion-exchange capacity of LDH, which could
range within 200−450 cmolc/kg for obtaining a relatively
stable LDH structure.9 LDHs, due to their specific
intercalation chemistry and high anion-exchange capacity,
can quickly release nutrient ions from the external surfaces,
which is then followed by the release of intercalated nutrient
ions relatively at a slower rate.10,11 Although several methods
have been employed to synthesize various binary and ternary
LDHs, coprecipitation using inorganic salts is a universally
employed process due to its simplicity. Many articles can be
found in the literature that provides details of coprecipitation
methods, which have also been used for the synthesis of
LDHs12−14 and other materials.15−17

According to Benićio et al.,18 LDHs can enhance the
nutrient availability in the soil solution by increasing the soil
pH, which increases the negative charge on the soil matrix and
decreases the adsorption of anions. A recent study by Mitter et
al.19 concluded that LDH degradation occurs gradually under
atmospheric CO2 and moisture, which makes them environ-
mentally friendly materials. Other unique characteristics of
LDHs, such as high chemical stability, basicity, pH-dependent
solubility, and high anion-exchange capacity, also make them
prospective nanoscale agrochemicals for soil remediation, soil
conditioning, as well as crop production.8 On top of these
benefits, LDHs after soil degradation can serve as a source of
additional nutritional elements for plants. Hatami et al.20

observed an increased availability of zinc in the soil after the
application of phosphate-modified Zn/Al LDH. Loṕez-Rayo et
al.21 also reported an increased zinc uptake by plants on the
application of Zn-doped Mg/Al LDH materials to plants.
Although a variety of LDHs have been used in simulated
aqueous solution environments as a nitrate ion adsorber,
research reports about the capability of LDHs as slow-release
nitrate fertilizers in soil conditions are scarce.22−24 Torres-
Dorante et al.2 prepared Mg/Al LDH, which could prevent the
nitrate leaching loss of up to 80% under crop conditions.
Halajnia et al.25 used Mg/Al and Mg/Fe LDH for nitrate
removal from the soil solution. They reported that adsorbents
did not perform efficiently for nitrate removal and noticed a
decrease in nitrate adsorption at higher soil solution temper-
atures. Berber et al.26 used nitrate-loaded Mg/Al LDH to
release nitrate into the soil and found that the LDH was
releasing nitrate slowly. Halajnia et al.27 in another study
observed that the rate of ion exchange by Mg/Al LDH
depends on the soil pH; the release rate increases at lower pH
due to the partial dissolution of LDH layer structures. Another
observation by de Castro et al.28 demonstrate that the
structural stability rapidly decreased when the LDH was
applied in a powder form in the acidic soil, affecting the slow-

release behavior. Hence, to maintain the slow-release proper-
ties specifically in acidic soil conditions, encapsulation of LDH
can be a good strategy.29 Natural polysaccharides such as
alginate can be a perfect option as an encapsulation matrix
because of their cost-effective and eco-friendly nature.30,31 The
composite materials of LDH with such polymer systems are
mutually beneficial as LDHs can contribute to the poor
mechanical properties, while polymers effectively act as a
barrier preventing direct contact of LDHs with acidic soil while
improving the slow-release properties. Wang et al.31 prepared
biochar-impregnated calcium alginate beads with improved
water holding and nutrient retention properties for soil
conditioning and nutrient conservation. Karthikeyan and co-
workers developed Zn/Fe LDH-encapsulated sodium alginate-
functionalized beads for phosphor and nitrate ion adsorption
from the aqueous environment.32 In a recent article, Vu et al.33

reported the synthesis of Mg/Al LDH with intercalated
chloride anion and further encapsulation in sodium alginate
beads for nitrate adsorption in both synthetic solution and
groundwater. According to the authors, the presence of
competing anions in the groundwater affected the nitrate
adsorption capacity of the LDHs and its subsequent use as a
slow-release nitrate fertilizer.
LDHs are progressively explored as materials to improve

crop yield, quality, and soil recently. In the last few years, a few
studies have been reported about the use of LDHs as slow-
release fertilizers of macronutrients, such as nitrate and
phosphate. These reports corroborate the studies by Everaert
et al.,10 Benićio et al.,18 and Berber et al.26 on LDHs as
promising opportunities as nanofertilizers. However, many of
these studies were limited to laboratory investigations of
synthesis, characterization, and release kinetics of nutrients in
an aqueous or buffered solution using a single LDH material
where the conclusions were drawn on experiments under
controlled conditions. The data on the efficacy of different
LDH materials in field trials for a specific crop in terms of
nutrient bioavailability to the plant system and availability in
soil is scarce.
The present work proposes a structural comparison of

binary-, ternary-, and biopolymer-encapsulated LDHs along
with the analysis of the performance efficacy of the materials as
multifunctional slow-release nitrate fertilizers under aqueous,
soil, and crop conditions. To the best of our knowledge, the
present study is the first to evaluate the effect of different
LDHs on nitrogen usage efficiency on the growth of coriander
(Coriandrum sativum) in terms of soil conditioning and
bioavailability to the plant, which is envisaged to add valuable
knowledge to the interaction between LDHs and plants.
Hence, we herein report the synthesis of binary (Zn/Al and

Mg/Al) and ternary (Mg-Zn/Al) LDHs for the intercalation
and release of nitrate ions. Composite beads were prepared by
encapsulating selected LDH in an alginate matrix to further
slow down the nitrate release rate and induce water retention
properties. The prepared materials were characterized by
various instrumental techniques; nitrate release characteristics
were compared and subsequently used for plant growth
experiments using coriander (C. sativum) to evaluate the
performance.

2. EXPERIMENTAL SECTION
2.1. Materials. Magnesium nitrate hexahydrate (Mg-

(NO3)2·6H2O, 98%), zinc nitrate hexahydrate (Zn(NO3)2·
6H2O, 98%), aluminum nitrate nonahydrate (Al(NO3)3·9H2O,
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98%), hydrochloric acid (HCl), calcium sulfate (CaSO4·
2H2O), and potassium nitrate (KNO3) were obtained from
Sigma-Aldrich (South Africa). Sodium hydroxide (NaOH),
acetic acid (CH3COOH), calcium nitrate (Ca (NO3)2·6H2O),
and sodium nitrate (NaNO3) were obtained from Minema
Chemicals (South Africa). Sodium alginate was obtained from
SRL (Sisco Research Laboratories, India). Ultrapure water
obtained by a Milli-Q system (Merck Millipore, Merck, South
Africa) was used in all experimental methods.
2.2. Synthesis of LDHs. The nitrate-intercalated Mg/Al

LDH was synthesized by coprecipitation with low super-
saturation. Appropriate amounts of Mg(NO3)2·6H2O and
Al(NO3)3·9H2O were weighed (using a 2:1 molar ratio) and
dissolved with hot decarbonated water (100 mL) placed in a
dropping funnel added dropwise with constant magnetic
stirring to a 500 mL beaker containing 100 mL of 1.0 mol/L
sodium nitrate solution under a N2 gas atmosphere.
Throughout the synthesis, the pH of the suspension was
kept constant between 9 and 10 by adding appropriate
amounts of 1.0 mol/L of NaOH dropwise into the mixture
after which the white suspension was allowed to age for 18 h at
25 °C in a closed round-bottom flask. The precipitate was then
washed several times with ultrapure water and dried under
vacuum at 60 °C. The Mg/Al LDHs were ground, sieved to 75
μm, and kept in a closed container for further analyses and
experiments. The Zn/Al and Mg−Zn/Al LDH of 2:1 ratio
were synthesized using the same method. Table 1 displays the
molar ratios of different precursor ions used for the synthesis.

2.3. Synthesis of LDH-Encapsulated Beads (LB). In a
typical procedure, 0.2 g of sodium alginate was mixed with 30
mL of ultrapure water in a 100 mL beaker with constant
magnetic stirring. One gram of the prepared Mg/Al LDH was
added to the solution and mixed for 2 h at 25 °C. The solution
was subsequently added dropwise to a 250 mL beaker
containing 100 mL of 0.3 mol/L Ca(NO3)2·6H2O to produce
hydrogel beads (LB). The prepared beads were stirred for 10
min, filtered, washed with ultrapure water, and then dried in a
freeze dryer for 24 h.
2.4. Characterization. 2.4.1. LDH and LB Character-

izations. X-ray diffraction (XRD) spectra of the various LDHs
(Mg/Al, Zn/Al, Mg−Zn/Al LDH), LB, and sodium alginate
(SA) were obtained by an X-ray diffractometer (PANalytical
X’Pert Pro, Netherlands) using Cu Kα radiation (λ =1.5406 Å)
with a filament intensity of 40 mA and a voltage of 45 kV.
Scans were conducted between 2θ = 1 and 40° at a scan speed
of 2°/min and a scanning step of 0.02°. Infrared spectra were
acquired on an attenuated total reflectance Fourier transform
infrared (ATR-FTIR) spectrometer (Perkin Elmer Spectrum
100 FTIR spectrometer, USA) from 4000 to 500 cm−1 through
eight scans at a 4 cm−1 resolution. A thermogravimetric
analyzer (TGA) (TA Instruments TGA5500 Discovery series,
USA) was used at a heating rate of 10 °C/min to study the
thermal decomposition patterns of various LDHs. The surface
morphology of the various LDHs was attained by a scanning

electron microscope (SEM) (JEOL JSM-7500F Field Emission
Electron Microscope, Japan) with an accelerating voltage of 3.0
kV and an emission current of 10 μA. To quantify the
elemental components, 0.10 g of the samples was dissolved in
50 mL of 0.1 mol/L HCl solution and was diluted to a 10 ppm
concentration. The amounts of Mg, Zn, and Al were
determined by inductively coupled plasma optical emission
spectroscopy (Perkin Elmer ICP Optima 2000 DV, USA). The
amount of nitrate in LDHs was determined by ion
chromatography (IC) (Dionex ICS-5000+ SP, Thermo
Scientific, USA).
The anion-exchange capacity (AEC) of the prepared

materials (Mg/Al, Zn/Al, Mg−Zn/Al LDH) was determined
using chloride as an exchangeable anion. In a typical
procedure, 500 mg of LDH was placed in 50 mL of 0.8
mol/L KCl solution in a 100 mL reagent bottle and was shaken
for 24 h, and then the AEC was determined as per the
procedure reported by Ito, M.34

2.4.2. Soil Characterization. The soil used in this study for
the plant growth experiments was collected from the surface
layer (0−20 cm) in the eastern region of Pretoria, South Africa.
The soil was air-dried and sieved to 2 mm size to determine
the physicochemical properties. The soil was characterized as
follows: a hydrometer method was used to determine the
percentage of sand, silt, and clay.35 The soil sample pH was
measured on 2.5:1 soil/water suspension.36 The CEC of the
soil sample was determined by the previously reported silver
thiourea method.37 Soil moisture was determined as per the
method described by Okalebo et al.36 The soil’s organic matter
was determined by the Walkley−Black method as per the
procedure described by Schulte.38 To determine the available
nitrate in the soil, CaSO4·2H2O was used as an extractant. The
extractant with soil at a ratio of 1:10 (soil/extractant) was
added to 1 L water and was shaken for 15 minutes. The filtrate
was collected, and the nitrate present was quantified by using
IC.39 The measured characteristics of the soil are given in
Table 2.

2.5. Water-Holding Capacity of Soil in the Presence
of LB. Two grams of LB was mixed with 200 g of the soil filled
in a 250 mL polystyrene cup, installed with a filter paper (70
mm) at the bottom of the cup and some small holes to drain
the excess water gravimetrically. Subsequently, the soil mixture
was saturated with tap water and allowed to absorb the water
for 24 h at 25 °C. A control experiment (in the absence of LB)
was carried out. The water-holding capacity was measured as
the percentage moisture present in the soil by using a moisture
analyzer (MAX 5000XL, Arizona Instrument LLC, USA). The
experiments were conducted in triplicate, and the average
values were reported.

Table 1. Molar Ratios of Different Precursor Ions Used to
Synthesize Various LDHs

molar ratio (a/b/c) Mg2+ (a) Zn2+ (b) Al3+ (c)

2:0:1 0.03 NA 0.015
0:2:1 NA 0.03 0.015
1:1:1 0.015 0.015 0.015

Table 2. Characteristics of the Soil Used for Pot Trials

soil property value

sand (%) 56.00 ± 0.89
silt (%) 33.00 ± 0.77
clay (%) 11.00 ± 0.85
organic matter (%) 2.05 ± 0.32
moisture (%) 30.00 ± 0.09
pH 6.56 ± 0.07
CEC (cmolc/kg) 10.80 ± 0.53
available nitrate (mg/kg) 32.26 ± 0.88
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2.6. Water Retention of Soil Using LB. Two grams of LB
was mixed with 200 g of the soil filled in a 250 mL polystyrene
cup with holes at the bottom and made 80% saturated by
adding tap water and then weighed (C1). The cup was stored
at 25 °C. The weight of the cup was measured (C2) every 2
days for a period of 12 days. A control experiment was carried
out in the absence of LB. The water retention (WR%) was
determined by using the following equation40

= ×C CWR% ( / ) 1002 1 (1)

The experiments were conducted in triplicate, and the average
values were reported.
2.7. Nitrate Release from LDH and LB. The release

studies of nitrate from the prepared materials were performed
under different pH conditions (5.5 and 6.5) using tap water.
The pH of tap water was adjusted using acetic acid (0.1 mol/
L). The release studies were also conducted in a soil solution.
To prepare the soil solution, 20 g of soil was mixed with 400
mL of deionized water with constant stirring at 300 rpm using
a mechanical stirrer for 72 h followed by centrifugation at 6000
rpm for 30 min using a centrifuge (Nuve NF 800R, Ankara,
Turkey). The supernatant solution was collected and used as a
soil solution. The pH of the soil solution was measured as 6.5.
All of the release studies were conducted at 25 °C.
In a typical release experiment, an LDH or LB of weight

equivalent to 5 mg of nitrate was placed in tap water (or soil
solution) in a reagent bottle (100 mL). The bottle was placed
in a constant temperature water bath at 25 ± 1 °C and was
shaken at 100 rpm. Aliquots of water samples (5 mL) were
collected after 5, 10, 15, 30, 60, 120, 240, 480,1440, 2880,
4320, and 10080 min. The removed sample was replaced with
5 mL of fresh tap water or soil solution at the same pH to
maintain a constant volume. The samples were filtered through
a 45 μm (PVDF) syringe filter, and the filtrate was used to
analyze the amount of released nitrate from Mg/Al, Zn/Al,
Mg−Zn/Al LDH, and LB by using IC (Dionex ICS-5000+ SP,
Thermos Scientific, USA). The kinetics of nitrate release from
Mg/Al, Zn/Al, Mg−Zn/Al LDH, and LB were compared to

that of a soluble nitrate salt (KNO3). To determine the
buffering capacity of various LDH samples, the pH of the
filtrate was measured at regular intervals. All release experi-
ments were executed in triplicate, and average values were
presented.
2.8. Pot Trials Using LDH and LB. The nitrate fertilizer

efficiency of Mg/Al, Zn/Al, Mg−Zn/Al LDH, and LB was
determined and compared to that of KNO3 by growing
coriander (C. sativum) in the soil collected and characterized
(Table 2). The plant growth experiment was conducted in
triplicate in a chamber under a controlled environment of
temperature and light (25 °C and 2000 lumens). Coriander
seeds were placed on paper towels, moistened with deionized
water, and aged for 3 days at 25 °C to germinate the seeds.
The soil (250 g) was filled in a 250 mL polystyrene cup with
some small holes on the bottom. An amount of LDH with
nitrate equivalent to 120 mg/kg was mixed with the soil
uniformly. A control experiment was performed without
adding any nitrate fertilizer. Coriander seeds were planted in
each cup. To keep the K content equal in all of the pots in
comparison to the pot with soluble KNO3, a solution of KCl
(4.89 mmol/L) was added to pots containing LDHs and LB.
After germination, each pot was allowed to have 12 plants. The
moisture level of the soil was kept at 70% by applying
diionizedwater on a regular basis. Plants were harvested after
21 days and dried under an air oven at 65 °C, ground to
powder using a ball mill, sieved through a 1 mm sieve, and
stored in zip lock bags. Subsequently, nitrate assimilated by the
plant was determined by the hot water method reported
previously41,42 using IC. The soil pH and the nitrate in the soil
were also examined after 21 days.

3. RESULTS AND DISCUSSION
3.1. Characterization. Figure 1a−c shows X-ray diffracto-

grams for nitrate forms of Zn/Al, Mg/Al, and Mg−Zn/Al
LDHs. The XRD patterns exhibit well-defined peaks with high
crystallinity for all of the LDHs. The basal spacing (d)
calculated by utilizing Bragg’s law (nλ = 2d sin θ) and using

Figure 1. X-ray diffraction patterns of the synthesized nitrate forms of (a) Zn/Al LDH, (b) Mg/Al LDH, (c) Mg−Zn/Al LDH, (d) SA, and (e) LB.

ACS Omega http://pubs.acs.org/journal/acsodf Article

https://doi.org/10.1021/acsomega.2c07395
ACS Omega 2023, 8, 8427−8440

8430

https://pubs.acs.org/doi/10.1021/acsomega.2c07395?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c07395?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c07395?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c07395?fig=fig1&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.2c07395?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


(003) reflection was 8.90, 8.89, and 8.89 Å, respectively, for
Zn/Al, Mg/Al, and Mg−Zn/Al LDHs. It is widely known that
the basal d-spacing obtained for various LDHs depends on the
type of charge-balancing interlayer guest anion. The d-spacing
of a nitrate LDH is expected to be higher than that of a
carbonate LDH, which may be associated with stronger
electrostatic interactions existing between the divalent
carbonate interlayer anion and the host layer when compared
to that of a monovalent nitrate anion and host layer.43 As seen
in Figure 1, the 003 basal reflection occurred at approximately
2θ = 10.02° corresponding to a d-spacing of 8.9 Å and an
interlayer distance of 4.1 Å for synthetic LDHs with nitrate
anion in the interlayer space, and this was consistent with
findings for Zn/Al, Mg/Al, and Zn−Mg/Al LDHs. Olanrewaju
et al.43 reported a basal spacing of 8.8 Å for nitrate Mg−Al
LDH prepared using ammonium nitrate in the absence of inert
gases. According to the authors, the ammonium ions complex
with carbonate ion in solution and prevents the formation of
the carbonate form of LDH. They observed the formation of
carbonate LDH when NaOH was used as a base for the
synthesis. In our case, the synthesis under a nitrogen
atmosphere and the presence of excess nitrate in the synthesis
medium assisted the formation of the nitrate form of LDH,
which is carbonate-free. A similar d-spacing of 8.84 Å was
reported for nitrate Zn−Al LDH by Mahjoubi et al.,44 where
the synthesis was done by coprecipitation method using
NaOH in the presence of excess nitrate anions. Shafigh et al.45

prepared Zn−Mg/Fe LDH with nitrate in the interlayer and
observed a basal d-spacing of 8.7 Å. A peak broadening was
observed for the 003 basal peak for Mg/Al LDH and Mg−Zn/
Al LDHs. Xiao et al.46 prepared nitrate Mg−Zn/Al LDH by
coprecipitation method for folic acid intercalation, and the
pristine LDH exhibited the typical diffraction peaks with a
basal spacing d003 of 8.8 Å and d006 of 4.5 Å. The observations
were similar to the values obtained in this study. Although all
of the prepared LDH materials showed a crystalline nature,
Mg/Al LDH and Mg−Zn/Al LDH presented peak broadening
for reflections. According to Ellis et al.,47 disordered anions in
the interlayer region that exist at various angles relative to the
hydroxide sheets will result in the broadening of XRD peaks

while well-ordered anions perpendicular to the hydroxide
sheets will make sharp, intense peaks. The peak broadening
could also be attributed to a structural disorder like stacking
faults or Scherrer’s broadening due to smaller crystallites
leading to a decrease in crystallinity.48 Since the basal distances
observed in all three LDHs were similar, it might be fair to
assume that the presence of Mg2+ ions in the brucite-like layer
resulted in smaller LDH crystallites causing the broadening of
XRD peaks in general.48 Figure 1d displays the XRD pattern of
sodium alginate with a characteristic peak at 14.28°, which
indicated its amorphous nature, and the observation is in line
with other reported studies.49,50 The XRD pattern of LB
(Figure 1) shows the characteristic peaks corresponding to
003, 006, and 012 reflections, and the d003 value was 8.9 Å,
suggesting that the nitrate-loaded Mg/Al LDH was successfully
encapsulated in alginate and the structure of LDH was not
affected by the biopolymer matrix.51

To better understand the functional group compositions and
confirm the existence of nitrate anions in the interlayer, the
prepared materials were characterized by ATR-FTIR spectros-
copy, and the spectra obtained are shown in Figure 2a−c. The
spectra of Zn/Al, Mg/Al, and Mg−Zn/Al LDHs were similar.
The broad band at 3400 cm−1 was attributed to the stretching
vibration of the hydroxyl groups of the brucite-like layer and
interlayer water. The corresponding bending mode of the
hydroxyl groups of interlayer water molecules was observed at
1644 cm−1. The band at 1350 cm−1 was assigned to the
vibration modes (asymmetric stretch ν3) of nitrate, which
clearly indicated the effective intercalation of nitrate in the
interlayer space. Free nitrate anion has a D3h symmetry, which
lowers for a nitrate anion confined in the LDH interlayer space
due to interactions with water molecules and hydroxyl
groups.52 The distortion of the symmetry of nitrate ions in
all of the LDH materials can be confirmed by the presence of a
weak band around 1030 cm−1 (N−O symmetric stretching
mode ν1), which is not normally active in a free nitrate anion
with a D3h symmetry. The bands observed at 820 and 667
cm−1 were attributed to ν2 (out-of-plane bending mode) and
ν4 (in-plane bending mode) of nitrate anion. Similar results
were obtained by Benićio et al.53 and Cao et al.54 for nitrate

Figure 2. FTIR spectra of the synthesized nitrate-loaded (a) Zn/Al LDH, (b) Mg/Al LDH, (c) Mg−Zn/Al LDH, (d) SA, and (e) LB.
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Mg/Al LDH. However, the findings of Mahjoubi et al.44 and
Ravuru et al.55 showed bands at 1380 cm−1 of nitrate anion in
the interlayer using Zn/Al and Ni/Al LDH.
FTIR spectra of SA (Figure 2d) showed a broad band at

3300 cm−1 due to the stretching vibration of hydroxyl groups,
whereas the bands at 1600 and 1412 cm−1 were ascribed to a
stretching vibration (symmetric and asymmetric) of carbox-
ylate groups; the stretching vibration of the C−O−C groups
was observed at 1036 cm−1.56 FTIR spectra of LB (Figure 2e)
demonstrated characteristic peaks of both Mg/Al LDH and
SA; the bands at 1600 and 1420 cm−1 were attributed to the
stretching SA functional groups, while the bands at 1350 and
823 cm−1 were associated with the vibration modes of Mg/Al
LDH.
The results of the ICP-OES analysis for the metal element

composition of various nitrate-intercalated LDHs are pre-
sented in Table 3.
The x values determined by ICP-OES were very close to the

ideal range of proper LDH formation, i.e., 0.2 ≤ x ≤ 0.33.
However, it is to be noted that although the intended
compositional ratio 2:1 for M2+/M3+ was obtained only for
Mg/Al LDH, Zn/Al LDH and Mg−Zn/Al LDH showed a
cationic molar ratio of 3.36 and 3.19, respectively, within the

ideal range of 2−4, indicating the formation of thermodynami-
cally stable LDHs.57 The chemical formula of various LDHs
could be written as Zn/Al LDH-[Zn0.772+ Al0.233+ (OH)2]0.23+
(NO3

−)0.23·0.5(H2O), Mg/Al LDH-[Mg0.672+ Al0.333+
(OH)2]0.33+(NO3

−)0.33·0.5(H2O), and Mg−Zn/Al LDH-
[Mg0.532+-Zn0.242+ Al0.233+ (OH)2]0.23+ (NO3

−)0.23·0.5(H2O)
correspondingly. Based on the stoichiometric ratios, the
short representation of the LDH formulations may be
considered as Zn3Al LDH, Mg2Al LDH, and Zn2MgAl LDH.
The AEC values determined for various LDHs (Table 3)

showed similar values and were close to the theoretical AEC
value of 326 cmolc/kg obtained for LDH with molecular
f o r m u l a M g 0 . 6 7
Al0.33(OH)2(C10H19O2)0.17(C10H19O2Na)0.01(NO3)0.01
(CO3)0.05·0.42 H2O.58 The AEC of LDH is determined by the
metal cation ratio, the ability of the interlayer anion in
stabilizing the lamellar structure, and the molecular mass of the
cations and anions involved. According to Leroux and Besse,9

the AEC values of LDH might range between 200 and 450
cmolc/kg and are generally higher than the cation-exchange
capacities, CECs, of typical montmorillonites. Values below
200 cmolc/kg are not feasible when the M2+ and M3+ ratios are
very small to support the LDH structure. The presence of

Table 3. Elemental Composition Analysis Data

sample Zn (wt %) Mg (wt %) Al (wt %) x value calculated (M3+/(M2+ + M3+) stoichiometric ratio (M2+/M3+) AEC (mequiv/100 g)

Zn/Al LDH 32.17 9.57 0.23 3.36 337.3
Mg/Al LDH 19.78 9.73 0.33 2.03 339.6
Mg−Zn/Al LDH 22.1 10.13 10.1 0.23 3.19 336.8

Figure 3. TGA curves of (a) Zn/Al LDH, (b) Mg/Al LDH, and (c) Mg−Zn/Al LDH.
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more readily exchangeable nitrate anion could also contribute
to the reasonably high values of AEC observed in the prepared
LDH materials.59

TGA analyses were utilized to examine the thermal
decomposition profiles of nitrate-intercalated Zn/Al, Mg/Al,
and Mg−Zn/Al LDH, and the thermograms are shown in
Figure 3a−c. The TGA/DTG curves for Zn/Al LDH showed
the first mass loss at 75 °C, which was attributed to the loss of
the weakly adsorbed surface water.60−62 The second mass loss
was observed at 138 °C due to the removal of interlayer water.
This was followed by the largest mass loss peak at 233 °C with
a shoulder peak on the left accounting for about 20% mass loss.
These peaks corresponded to the dehydroxylation of brucite-
like layers where the shoulder peak at 201 °C represented Al−
OH dehydroxylation, while the Zn−OH dehydroxylation
occurred at 233 °C.60 According to Yao et al.,63 the
dehydroxylation temperature of Al−OH is lower than that of
Mg−OH. Additional mass loss registered around 440 °C could
be attributed to the decomposition of nitrate to NO2.

44,64 In
the case of Mg/Al LDH, the DTG peak positions were at 88,
210, 360, and 462 °C, respectively, for surface water, interlayer
water, hydroxyl groups, and nitrate removal. All of the peak
positions were shifted to higher temperatures indicating higher
thermal stability of Mg/Al LDH in comparison to that of Zn/

Al LDH. Moreover, a single mass loss peak was observed for
the dehydroxylation in this case, indicating an overlap of Al−
OH and Mg−OH decompositions. The peak positions
obtained for the respective decomposition steps for Mg−Zn/
Al LDH were 85, 147, 260, 335, 402, and 469 °C,
demonstrating similarities in thermal decomposition features
of Zn/Al LDH and Mg/Al LDH. The peak positions suggested
thermal stability closer to that of Mg/Al LDH. Considering the
denitration occurring at a relatively higher temperature, the
mass losses registered were 11, 17, and 16% for Zn/Al LDH,
Mg/Al LDH, and Mg−Zn/Al LDH, respectively, which could
be an indication of a lower concentration of nitrate anions in
the interlayer of Zn/Al LDH when compared to the
counterparts.
Magri et al.65 observed that for Zn2Al-CO3, the onset

temperature for dehydroxylation was observed at a lower
temperature (215 °C) in comparison to Mg2Al−CO3 (282 °C)
and thus inferred that the Mg2Al−CO3 structure is thermally
more stable than the analogous phase of zinc and our
observations are similar to these findings but on the nitrate-
intercalated LDH. Monteiro et al.66 prepared Mg/Al LDH
nitrate as a precursor to prepare oxo molybdenum catecholate
complexes and observed a similar thermal decomposition
pattern for the pristine nitrate LDH. Wang et al.67 closely

Figure 4. (a) SEM image of Zn/Al LDH, (b) SEM image of Mg/Al LDH, (c) SEM image of Mg−Zn/Al LDH, (d1) digital image of LB, (d2, d3)
SEM image of LB at different magnifications (10× and 40×), and (e) EDS spectra of LB.
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monitored the decomposition mechanism in nitrate-loaded
Ni/Al LDH by the TG-DTG-MS study and concluded that the
thermal decomposition of LDH proceeds in individual
processes, i.e., removal of the physisorbed and interlayer
waters, dehydroxylation of the layers, and decomposition of the
interlayer nitrate ions (denitration) and the interlayer nitrate
ions decompose only after the destruction of the lamellar LDH
structure.
SEM images of Zn/Al, Mg/Al, and Mg−Zn/Al LDHs are

shown in Figure 4a−c. LDHs exhibited a plate-like
morphology61,68 as expected. Zn/Al LDH displayed irregular
lamellar structures composed of clearly distinguishable flake-
like platelets. This sample showed the highest prevalence of
flake-like structures among all three LDH samples, and the
structure of these flakes was more defined in comparison to the
other LDHs. These flakes were stacked in an orderly manner,
and this observation was in agreement with the XRD results,
which showed crystalline sharp peaks for Zn/AL LDH. On the
other hand, Mg/Al LDH and Mg−Zn/Al LDH exhibited
relatively smaller and more aggregated platelets, which were
apparent from the XRD peak broadening observed. Consid-
ering the fact that various LDHs have similar Al3+ contents, it
may be concluded that the incorporation of Mg2+ within the
brucite-like layer causes more agglomeration of particles, which
could be associated with the nucleation and growth mechanism
of LDH in different reaction environments (metal salts).69 The
SEM observations agree with the previous reports70,71

confirming that the substitution by transition metal varied
the morphology of different LDHs and the platelet size
increased upon Cu-, Co- and Zn-substitution.
Figure 4d shows the digital image of LB (Figure 4d1) and

the SEM surface image of the alginate beads at two different
magnifications (Figure 4d2,d3). The SEM micrograph of LB
exhibits a porous nature. At higher magnifications, the LDH
particles appeared to be covered by a polymer coating, which
was characteristic of the biopolymer matrix, and this
observation was similar to that reported by Prevot et al.72 for
Ni/Al LDH-alginate bionanocomposites synthesized by
confined coprecipitation. EDS spectrum of LB indicated the
existence of Mg and Al at 1.25 and 1.48 keV as Kα X-ray
signals together with carbon, nitrogen, oxygen, and calcium
(used for cross-linking) (Figure 4e).32,73 These results
indicated a close interaction of the Mg/Al LDH with the

biopolymers, facilitating the homogeneous integration within
the polymer matrix.
3.2. Nitrate Release Profiles of LDH and LB. The nitrate

release from various LDHs and LB was studied to get an
understanding of the slow-release properties. The release
profiles obtained for the prepared materials in tap water at 25
°C under different pH conditions (pH 5.5 and 6.5) are shown
in Figure 5a,b.
A 100% nitrate release was obtained for KNO3 within 5 min,

predictably as a soluble nitrate source. In the case of powder
LDH samples, a bimodal release pattern was observed meaning
a comparatively fast release until 60 min followed by a steady
and slow release of nitrate anion thereafter. At pH 5.5, which
simulates an acidic environment, about 55% of nitrate
intercalated was released for Zn/Al LDH, whereas it was
61% for Mg/Al LDH and Mg−Zn Al LDH after 7 days leaving
around 45 and 39% nitrates in the interlayer of the LDHs. The
initial fast release observed can be attributed to the nitrate ions
on the surface of LDH, which usually easily ion-exchange with
hydroxyl or carbonate ions in the water.74,75 LDH materials
have an inherently high affinity for carbonate anions (as
dissolved CO2 in water or atmospheric CO2), which can
displace the intercalated nitrate very fast.29 However, all three
LDHs after the initial fast-release stage showed slower
exchange leading to slow-release properties. Silva et al.75

proposed that the interlayer ionic barrier played a vital role in
the slow release of intercalated anions. The result of the initial
exchange of nitrate with carbonate in solution resulted in the
surface-adsorbed carbonate anion that could obstruct the
release of intercalated nitrate, thus interrupting the quick
release of nitrate ions. In a water medium at pH 6.5, the LDH
materials released relatively less amount of nitrate after 7 days,
which were 51, 53, and 57%, respectively, for Zn/Al LDH,
Mg/Al LDH, and Mg−Zn/Al LDH. LDH structures are
sensitive to the pH of the release environment, and a higher
amount of nitrate release was expected at lower pH due to the
partial dissolution of LDH layers.76 The results demonstrated a
pH-dependent release pattern for nitrate ions from LDH in an
aqueous medium for a longer time period.
Among different LDHs, Mg−Zn/Al LDH showed a slightly

higher amount of nitrate release after 7 days than the others,
whereas Zn/Al LDH showed the lowest amount of release. As
per the XRD results (Figure 1), Zn/Al LDH showed the

Figure 5. Nitrate release from various LDHs and LB in tap water at pH (a) 5.5 and (b) 6.5.
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highest crystallinity, whereas the Mg-containing LDHs were
less crystalline. The LDH with higher crystallinity is
structurally more intact, which could result in the release of
nitrate anions at a slower pace. According to Silva et al.,75 the
release rate depends on a few factors such as the material’s
crystallinity, the charge density of the layer, and the
component used in the layer. The use of various M2+/M3+ in
this work verifies these factors, which demonstrated that Zn/Al
LDH with higher crystallinity released nitrate anions slowly in
comparison to the LDHs with lower crystallinity. The
observations on nitrate release from Zn/Al LDH were similar
to that reported by Nunes et al.,29 where 50% release of nitrate
was obtained 80 min in a water medium.
The nitrate release profiles of LB at pH 5.5 and 6.5 in an

aqueous medium were similar and exhibited greater retaining
(68%) and a much slower release of nitrate ions. This
demonstrated the effective encapsulation offered by the
biopolymer matrix to LDH in the composite bead sample.
The biopolymer matrix provided a structural barrier for the
nitrate anion diffusion as well as protected the LDH structure
from exposure to different pH environments, further slowing
down the release of nitrate. The observations are similar to that
of Han et al.,73 where Mg/Al LDH-alginate beads showed
similar release patterns in phosphate medium at solution pH
between 5.0 and 9.0.
The buffering capacities of various LDHs were also studied,

and the results are presented in Figure 6. The pH increases
observed for Zn/Al, Mg/Al, Mg−Zn/Al LDH, and LB at the
end of the experiments were 6.15, 7.19, 6.88, and 6.08,
respectively, when the starting pH was 5.5 and the values were
7.11, 8.26, 7.9, and 7.03 when the starting pH was 6.5. From
the results, it was apparent that Zn/Al LDH had a lower
buffering capacity, whereas Mg/Al LDH offered the highest
buffering capacity among various LDHs. LB showed the lowest
buffering capacity of all of the tested materials.
Borgiallo and Rojas77 reported high pH buffering capacity

for Ca−Al LDH with Friedel’s salt structure and their utility as
heavy metal scavengers. The high buffering capacity of Fe−
Mg/Mn-LDH and maintenance of pH between 9 and 10
during nitrate adsorption and removal in aqueous solutions
were reported by Zhou et al.,78 as well. Sieda et al.79 employed
carbonate forms of Ca/Fe LDH and Mg/Fe LDH for
phosphate removal from aqueous solutions and suggested

that buffering the pH effect off LDH due to the release of
metal cations (Mg2+, Ca2+, Fe3+) and/or their hydroxides
effectively assisted in phosphate removal. Since Mg2+ forms
stronger ionic bonds with hydroxyl groups,80 it was fair to
expect a higher buffering capacity for Mg/Al LDH than for
Zn/Al LDH, which was also confirmed by the buffering
capacity order Mg/Al LDH > Mg−Zn/Al LDH > Zn/Al LDH
observed in this study.
The biphasic release of nitrate from Zn/Al, Mg/Al, Mg−Zn/

Al LDHs, and LB was also observed in soil solution, which
progressed slowly over 7 days and reached 61.25, 64, 69, and
40.51%, respectively, while KNO3 showed a constant release as
expected (Figure 7). As reported in the literature, the anion-

exchange selectivity order for LDH is CO3
2− > HPO4

2− >
SO4

2− > Cl− > NO3
−.81,82 Higher exchangeability of carbonate

with nitrate in a simulated soil medium was reported by
Dorante et al.79 However, in agricultural soil, bicarbonate ion is
the predominant anion, whereas the concentration of
carbonate ion is significantly low.83 Ureña-Amate and co-
workers84 reported similar observations on soil solution where
the 50% nitrate released was higher for the simulated soil
solution medium than for the decarbonated water medium.
Berber et al.85 demonstrated that in a neutral soil solution, 70%

Figure 6. Buffering capacity of Zn/Al, Mg/Al, Mg−Zn/Al LDH, and LB with a starting pH of (a) 5.5 and (b) 6.5.

Figure 7. Nitrate release profiles of various LDHs in soil solution.
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of nitrate was released from Mg/Al LDH within 8 days, which
was in agreement with the observations of the present study.
Nitrate release studies also indicated that the composite

bead LB was capable of retaining a higher amount of nitrate at
both pH conditions, demonstrating a significantly slower
release rate when compared to LDH alone in powder form.
Composite beads not only avoid difficulties in terms of the
application of powder form of LDH in soil but also protect
from the low pH environment if the soil is unfavorably acidic.
3.3. Water-Holding Capacity of Soil Using LB. The

water-holding capacity of the soil was analyzed using a
moisture analyzer after 24 h of water saturation, and the result
demonstrated that the water-holding capacity of soil increased
up to 1.5 times in the presence of LB than in the control
experiment. The moisture content of the soil in the presence of
LB was 46.2%, whereas that of the untreated soil was 30%. LB
could increase the water-holding capacity of soil and establish a
favorable condition for the plant to uptake the nutrients. Wang
et al.26 prepared calcium alginate beads impregnated with ball-
milled biochar as a new type of water/nutrient retention agent.
The cumulative swelling and release characteristics of water
and nitrate indicated that the beads have great potential as a
soil amendment to improve their nutrient retention and water-
holding capacity. In a very recent study, van der Merwe et al.86

used industrial kelp solid waste-extracted alginate slurries to
prepare amendment beads to improve water retention slow-
release properties. In addition to improving water-holding
capacity, hydrogel beads are reported to enhance the other
properties of soil such as increasing infiltration rates, reducing
compaction tendency, increasing plant performance, and
increasing soil aeration, which some or other ways are
beneficial to plant growth.87

3.4. Water Retention of Soil Using LB. Water retention
tests were conducted with LB over 12 days, and the results are
presented in Figure 8. It can be seen from the figure that the

water retention capacity of soil gradually decreased in the
control experiment gradually over 12 days; only 6.2% of the
water remained in the soil at the end of the experiment cycle.
On the other hand, 26% of water remained in the soil with LB,
indicating that LB can increase the water retention properties
of soil and help maintain soil moisture levels over extended
periods. Previous research into the water absorption and
retention capacity of hydrogels in general and alginate-based
hydrogels in particular show potential for using hydrogels in
the field of soil amendments.82 Taha et al.88 employed alginate-

immobilized ureolytic bacteria for maximizing water retention
in soil. The water uptake measurements showed that alginate
beads retain 55% more water in the soil. Liu et al.89 reported
that the water retention of the mixed soil (sandy soil: loam soil
= 3:1; 25 mesh) improved in the presence of cellulose
nanofiber-impregnated alginate-poly(vinyl alcohol) hydrogel
beads. According to the authors, the closer three-dimensional
network in the biopolymer matrix accommodated water
molecules, which could be released later into the soil by the
diffusion process.
3.5. Nitrate Assimilation by Coriander. To evaluate the

potential of various LDHs and LB slow-release fertilizers
realistically, pot trials were conducted using coriander (C.
sativum) seeds and the results were compared to the
performance of soluble nitrate source KNO3 and are reported
in Figure 9. The data obtained on the effect of Zn/Al LDH,
Mg/Al LDH, Mg−Zn/Al LDH, LB, and KNO3 on soil and
plant characteristics are presented in Table 4. The amount of
dry matter produced after harvest is shown in Figure 10.
The nitrate in the soil was significantly lower for LB-

containing pot, and the results demonstrated that the nitrate
availability in the soil was significantly higher in pots
containing LDHs. The lower concentration of nitrate in the
pot containing LB is in agreement with the nitrate release
study results where LB retained a substantial amount of nitrate
in the biopolymer matrix resulting in a much slower release
rate when compared to LDHs in powder form. The nitrate
present was low in the soil where KNO3 was added as a
fertilizer, which indicated the quick release of nitrate from the
soluble source and the mineralization and leaching occurring
thereafter. The results indicated that LDHs could retain a
higher amount of nitrate in the soil through slow release for 21
days, thereby preventing leaching. LDHs were able to retain
nitrate for soil fertility, leaving it available for use in the future.
Figure 9 shows the coriander plant after 18 days of growth

with different LDHs, LB treatments against the control. A
comparison of the pictures clearly showed increased plant
growth with LDH treatment when compared to the control
although the pot with KNO3 showed a slightly better growth of
plants. Figure 10 compares dry matter production with and
without the LDH and LB materials. Regardless of the nitrate
present in the soil, the dry matter was significantly lower with
LB than with any LDH or KNO3. This is consistent with the
release pattern documented in Figure 7. Although Mg−Zn/Al
LDH showed the highest release rate in water and soil
solutions, the nitrate release from LDHs was similar in the soil
conditions. Considering the complexity and inhomogeneity of
soil, such slight variations can be justified. The dry matter
production was the lowest in the control, which was probably
due to lower water-holding capacity and lower anion-exchange
capacity.
The nitrate uptake by the plant was measured by the nitrate

present in the dry matter. The values obtained were 4.78, 4.83,
4.80, 3.61, and 5.02 mg/pot, respectively, for Zn/Al LDH,
Mg/Al LDH, Mg−Zn/Al LDH, LB, and KNO3. The results
clearly indicated that LDHs were capable of supplying nitrate
effectively to the plant similar to KNO3. Another significant
advantage for LDHs was the ability to increase the soil pH. A
higher pH value was acquired when LDHs were utilized as a
fertilizer for coriander. Plants release a H+ ion or excrete an
OH− ion when taking up a nitrate ion that can increase the pH
at the root zone, which may be the reason for increasing the
soil pH after using KNO3. The increase in soil pH by the use of

Figure 8. Water retention of soil with and without LB.
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LDHs could be due to the anion exchange between the anions
present in the soil and nitrate. The increase in soil pH
diminishes the uptake of nitrate by the mineral phase of the
soil and enhances the accessibility of nitrate to the plants.83 In
the case of low soil pH, the positive charges on soil particle
surfaces can tightly retain negatively charged nutrients such as
nitrate, potentially reducing the uptake by the plant. An
increased soil pH can change the soil particle surface properties
and thus increase the bioavailability of nitrate to the plant.90

In the case of LB, the nitrate assimilation was lower in
comparison to LDHs in powder form. The decreased surface
area of LB is not the only reason behind these properties, as
Everaert et al.11 reported that there was no significant
difference between the powdered or granulated form of LDH
toward the phosphor ion uptake. The physical barrier offered
by the alginate prevents the LDH from exposure to the soil.
Moreover, the alginate also forms an electrostatic obstruction
that decreases the exchange rate of nitrate with other anions.
This experiment demonstrated that the coriander growth was

almost equal in pots containing LDHs compared to the pot
with the soluble nitrate fertilizer. Moreover, the nitrate
availability in the soil and soil pH increased significantly with
the application of LDHs, demonstrating their capacity for soil
conditioning and preventing the leaching of nitrate through the
soil.

4. CONCLUSIONS
Various LDHs (Zn/Al LDH, Mg/Al LDH, Mg−Zn/Al LDH)
with nitrate interlayer anions were successfully synthesized,
and the nitrate release properties under different conditions
were compared to KNO3. To study the effect of biopolymer
encapsulation on the release properties of LDH, composite
beads were prepared by impregnating Mg/Al LDH in an
alginate matrix. Physicochemical characterization revealed the
effective intercalation of nitrate anions and the increased
thermal stability of the Mg-containing LDHs. The release rate
of nitrate ions from LDHs and LB in tap water and soil
solution showed slow-release nature, and Mg/Al LDH showed
the highest pH buffering capacity. The materials were
employed as slow-release fertilizers for coriander growth.
LDHs showed similar effectiveness for plant growth and
produced dry matter that contained nitrate similar to that of
soluble fertilizer. LDHs also increased the soil pH value, which
enhanced the accessibility of nitrate to the plant. Although LB
was able to hold water and able to retain nitrate for more
extended periods, it showed lower productivity than the
powder form of LDHs and KNO3 for coriander growth since
the nitrate release rate was much slower. The findings
demonstrated the potential of LDHs as slow-release fertilizers,
as reliable matrices to retain nitrate levels and soil pH and to
avoid nitrate leaching. Encapsulation of LDH showed further
reduction in the release rate, which supports its usage as a
long-term crop fertilizer. Though this study has shown that
LDHs can undoubtedly be a slow-release fertilizer with
minimal harm to the environment, more lab-scale, long-term
field, and commercial trials are required to establish the full
potential of these materials. The use of LDHs in the powder
form could be challenging on a large scale in assuring uniform
distribution in the soil under field conditions. There is also a
need to assess the performance of these materials against slow-
release products available in the market for a proper efficacy
comparison. The study also illustrates the need for further
research to apply LDHs for different crops and cropping
conditions to realize the full potential and design limitations of
these materials as new-generation fertilizer adjuvants. Future
work will be focused on establishing the size uniformity of the

Figure 9. Growth of coriander 18 days after sowing: (a) control, (b) Zn/Al LDH, (c) Mg/Al LDH, (d) M−Zn/Al LDH, (e) LB, and (f) KNO3.
Digital images were taken by ASR, the first author of this article.

Table 4. Soil and Plant Characteristics after Harvest

sample soil pH
available nitrate in
soil (mg/pot)

nitrate content in dry
matter (mg/pot)

Zn/Al
LDH

7.25 ± 0.02 10.25 ± 0.68 4.782 ± 0.15

Mg/Al
LDH

8.12 ± 0.03 9.82 ± 0.55 4.828 ± 0.16

Mg−Zn/Al
LDH

7.89 ± 0.05 9.91 ± 0.72 4.802 ± 0.24

LB 6.92 ± 0.02 5.35 ± 0.51 3.610 ± 0.13
KNO3 6.72 ± 0.04 6.70 ± 0.88 5.021 ± 0.44
control 6.51 ± 0.01 2.93 ± 0.02 3.121 ± 0.04

Figure 10. Dry matter production of coriander after 21 days.
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LDHs, optimizing application strategies of LDHs for different
cropping requirements as well as understanding the chemical
transformation of the materials under soil conditions.
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