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a b s t r a c t
The main objective of this study is to investigate surface adsorption characteristics and physical con-
ditions of laterite for the removal of nitrate in aqueous solutions with the appropriate amendment 
for the effective removal of nitrate from drinking water. The physico-chemical properties of later-
ite soil were analyzed. The effects of various operational parameters such as solution pH, adsorbent 
dosage, contact time, and the initial concentration of nitrate were examined on nitrate adsorption 
by laterite and laterite-limestone soil mixtures using the batch experiments. The obtained results 
showed that the maximum percentage of nitrate adsorption attained by raw laterite was at initial pH 
3, after 60 min of contact time, and with an adsorbent dose of 2 g. Pseudo-first-order kinetic model 
and Langmuir isotherm model showed the best fit for the experimental adsorption data, and a max-
imum adsorption capacity of 0.628 mg/g was observed. Laterite-limestone mixture containing 60% 
laterite showed the highest removal efficiency. The results obtained by the limestone-laterite mix-
ture showed that the maximum removal efficiency attained was at pH 3, after 180 min of contact 
time, and with an adsorbent dose of 2 g. Although the optimum pH was similar in both soil sam-
ples, the final pH of the solution had increased to 6.75 ± 0.17. Pseudo-second-order kinetic model 
and Freundlich isotherm model showed the best fit for the experimental adsorption data. This soil 
mixture was used to determine the effect of competing anions on the nitrate removal efficiency. 
It was found that phosphate ions have shown maximum influence.
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1. Introduction

In many parts of the world, groundwater serves as the 
sole source of drinking water in rural communities and 
urban areas. However, in recent years, increased industrial 
and agricultural activities have resulted in the generation 
of toxic pollutants. Inorganic pollutants are necessary since, 
even at low concentrations, they are unhealthy and harmful 

to humans and animals. As there are usually no organoleptic 
changes in drinking water due to trace levels of toxic inor-
ganic anions, these ions may remain undetected, thereby 
increasing the possible health risks caused by them [1].

Many inorganic anions have been found in poten-
tially harmful concentrations in numerous drinking water 
sources. Of these, nitrate is of prime concern on a global 
scale. Nitrate is a naturally occurring ion in the nitrogen 
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cycle that is the stable form of nitrogen (N) for oxygenated 
systems. Due to its high-water solubility [2], it is possibly 
the most widespread groundwater contaminant globally [3].

Since the 1920s, human activities have doubled the nat-
ural rate of nitrogen deposited onto land. The main reason 
for this is the significant rise in nitrate-based chemical fer-
tilizers. Other than that, decaying vegetable, animal, and 
human waste, domestic effluents (sewage sludge disposal 
and industrial discharge), precipitation, atmospheric wash-
out, septic systems, pesticides, and waste contamination 
through storm and urban runoff are also significant sources 
of nitrate [4]. In recent years, groundwater contamination by 
nitrate has been documented all over the world, including 
in countries such as Sri Lanka [5], India [6], and China [7].

High nitrate concentrations in drinking water sources 
can lead to a potential environmental and public health risk. 
They stimulate heavy algal growth, thus promoting eutro-
phication in water bodies. In humans, increasing nitrate 
concentrations in drinking water causes adverse health 
effects such as induction of methemoglobinemia, the poten-
tial formation of carcinogenic nitrosamines, and adverse 
reproductive outcomes [8]. Due to problems associated 
with excess nitrate concentrations in drinking water, the 
World Health Organization has set a maximum contaminant 
level of 10 mg/L of nitrate in drinking water [9].

Water must be treated to meet these guidance limits to 
meet regulated concentrations. However, it is almost impos-
sible to remove nitrate by conventional drinking water 
treatment methods due to high stability and solubility of 
nitrate [3,4]. The most commonly used treatment methods 
to remove/reduce nitrate include chemical denitrification 
using zero-valent iron (Fe0), zero-valent magnesium (Mg0), 
ion exchange, reverse osmosis, electrodialysis, catalytic 
denitrification, and biological denitrification. However, these 
technologies have their strengths and limitations and are 
expensive, less effective, and generate additional by-prod-
ucts [5]. Therefore, the search for efficient, effective, and 
less costly methods to remove nitrate from drinking water 
remains open. The adsorption process is generally consid-
ered better in water treatment because of convenience, ease 
of operation, and simplicity of design. Further, it has broader 
applicability in water pollution control, uses very simple 
technology, and has higher efficiency in removing water  
contaminants [3,5].

Laterite is usually defined as a relatively dense, earthy 
mass that is enriched in iron and aluminum hydroxides and 
dries relatively rapidly in the air. In addition to minerals 
of the aluminum and iron hydroxide groups, laterite con-
tains considerable amounts of kaolinite, filling the cells of 
the kaolinite-sesquioxide matrix [10]. Laterite soil contains 
SiO2, Fe2O3, Al2O3, which can create both positive and neg-
ative charges on the surface of laterite at neutral pH. This 
makes laterite a good adsorbent. Other than that, the high 
porosity and the availability of anion exchange sites are 
advantageous for the use of laterite as an adsorbent [11,12]. 
Through studies, it can be seen that laterite has shown 
positive results in the removal of anions such as fluoride 
[13–15], phosphate [15,16], arsenite [12], and heavy metals 
such as copper [17,18], lead and chromium [11,18].

Crystalline limestones, which are also known as marbles, 
cover about 30% of the land area of Sri Lanka [19]. Major 

minerals found in marble are calcite and dolomite. Out of 
them, most marbles contain dolomite as a major mineral 
with variable other compositions [19,20]. These rocks have 
a high industrial potential due to their wide distribution 
in rural areas. However, currently, Sri Lankan marbles are 
only used for construction activities and in the industries 
of lime and fertilizer.

Limestone is one of the most suitable candidates for 
acidic water neutralization as well as for the removal of a 
number of pollutants. Limestone is a commercial material 
for acidic neutralization of water and agriculture grounds 
[21]. The advantage of using limestone is due to the fact that 
calcium-based materials have shown that they are highly 
usable materials in water purification, especially for con-
taminant removal technologies. CaCO3 is a good material 
for arsenic [22], industrial dye [21], iron, and manganese [23] 
removal from drinking water. As a result, removing nitrate 
through adsorption using a laterite-based filter may be a 
convenient, effective, and worthwhile solution to the prob-
lem of nitrate contamination in groundwater. Since laterite 
soil has special qualities that make nitrate removal using it 
effective. It offers a sustainable and environmentally friendly 
solution that can be implemented in both rural and urban 
areas to ensure that communities have access to clean and 
safe water. Laterite soil is a natural filter medium that can 
be used for nitrate removal and is widely available and 
affordable. The aim of the study is to investigate the surface 
adsorption characteristics and physical conditions of lat-
erite, and develop laterite soil mixtures that can be used to 
remove nitrate from aqueous solutions. For this purpose, the 
laterite/limestone composite was synthesized and a detailed 
analysis of structure was described. Prepared and charac-
terized materials were tested for removal of nitrates from  
aqueous solutions.

2. Material and methods

2.1. Materials

The laterite material obtained from the southwestern 
part of Sri Lanka was washed several times using distilled 
water to remove earthy impurities, air-dried, ground, and 
sieved using a 0.5 mm US Standard. To minimize the con-
tamination and moisture loss, soil samples were taken as 
composite and collected in polyethylene zip lock bags.

Nitrate, sulfate, chloride, and phosphate solutions were 
prepared by dissolving sodium nitrate (NaNO3), sodium 
fluoride (NaF), potassium phosphate dibasic anhydrous 
(K2HPO4) in distilled water. All chemicals and solvents 
used during experiments were of analytical grade quality.

2.2. Laterite/limestone powder composite production

Laterite and limestone powder were mixed at different 
mass percentages ranging from 50% to 100% with respect 
to laterite while keeping the total mass a constant at 1.00 g. 
A series of nitrate solutions (C0 = 25 mg/L) were added to 
the prepared mixtures keeping a ratio of [m:V] = [1:50]. The 
mixtures were then shaken for 24 h with an agitation speed 
120 rpm at room temperature. The solid phase was sepa-
rated by centrifugation at 4,000 rpm for 10 min. The solu-
tions were filtered by a millex-GP syringe filter unit pore size 
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0.22 µm. The concentration of remaining nitrate was deter-
mined in supernatants by the Hach DR900 Multiparameter 
Portable Colorimeter. The percentage removal efficiency 
was calculated using Eq. (1).

Percentage Removal Efficiency �
�� �

�
C C
C

e0

0

100  (1)

where C0 and Ce are initial and equilibrium concentrations of 
nitrate in solution (mg/L).

The amount of nitrate absorbed per unit weight of 
adsorbent (qe in mg/g) was calculated as Eq. (2).

Adsorption capacity �
�� ��C C V
m
e0  (2)

where C0 and Ce are initial and equilibrium concentrations 
of nitrate in solution (mg/L), V is the volume of solution (L), 
and m is the mass of the laterite (g) [11,24].

2.3. Physico-chemical analyses

The soil samples were analyzed for available major and 
trace elements by X-ray fluorescence spectrometry using 
the Rigaku NEX CG EDXRF analyzer. Splits of each sam-
ple were oven-dried for 48 h at 160°C. Powdered samples 
were compressed into briquettes under a force of 200 kN 
for 60 s [25].

The powdered sample was analyzed for specific surface 
area and pore size distributions by N2 adsorption at 77 K 
using the Autosorb iQ-MP-(1STAT) Viton BET surface area 
analyzer. Parameters of the instrument were set according 
to 12.4 h of approximate outgas time, and 300°C final out-
gas temperature Analysis was carried out for 3.25 h using 
the standard analysis mode.

Fourier-transform infrared spectroscopy (FTIR) analy-
sis was used to identify and study the behavior of adsorp-
tion sites in laterite soil. Thus, investigations were carried 
out using the Nicolet iS10 spectrometer before and after the 
adsorption, using the KBr-pellet method, and spectra were 
obtained between 4,000–400 cm–1 [15,18,26].

The pH of the soil suspension solutions (1:5 = soil:wa-
ter) was measured using WTW ProfiLine pH 3110 pH 
Meter with ±0.005 variations. pH values were measured by 
means of the wet sediment analysis method.

2.3.1. Determination of the pHzpc of laterite

For the determination of the pH value at the point of 
zero charges of laterite, solutions of 50 mL 0.1 M NaCl was 
taken, and the initial pH (pHi) of solutions was adjusted 
between 2 and 10 by the addition of 0.1 M HCl and 0.1 M 
NaOH. After pH adjustment, 0.05 g laterite was added to 
the solutions, and the suspension was shaken at a speed 
of 120 rpm at room temperature. After 24 h, the solutions 
were filtered by a 0.22 µm cellulose acetate membrane, and 
the filtrates’ final pH (pHf) was measured. The difference 
between the initial and final pH values (ΔpH = pHi − pHf) 
was plotted vs. pHi. The pH at which ΔpH = 0 was consid-
ered the pH value at the point of zero charges [12,13].

2.3.2. Elution analyses to study water-soluble fraction

Since there can be accumulated metal ions readily avail-
able in laterite soil samples, those metal ion concentra-
tions were analyzed. 10 g laterite samples were dissolved 
in 50 mL of distilled water, maintaining a ratio of 1:5, and 
were stirred for 2 h. After 2 h, the solid phase was separated 
by using centrifugation (4,000 rpm) for 10 min, and then 
solutions were filtered by a millex-GP syringe filter unit 
pore size 0.22 µm. The filtrate was acidified using concen-
trated HCl for preservation and further analysis. The pre-
pared samples were analyzed for metal ion concentrations 
using the Agilent 7900 ICP-MS.

2.4. Batch adsorption studies

2.4.1. Effect of solution pH

The pH of the solution dramatically affects adsorption 
studies, and it can affect the surface charge, dissociation of 
functional groups of the adsorbent, chemical speciation, and 
diffusion rate of solute [27]. The initial pH of aqueous nitrate 
solution with C0 = 25 mg/L was adjusted to pH 2–11 by using 
0.1 M HCl and 0.1 M NaOH. Then the required amount of 
material was added to the solution, maintaining 1:50 (used 
units for ratio g:mL) ratio of soil and the nitrate solution, 
respectively. The mixture was shaken at 120 rpm at 25 at 
room temperature for 24 h. After 24 h, the solid phase was 
separated by using centrifugation at 4,000 rpm for 10 min, 
and then solutions were filtered by millex-GP syringe fil-
ter unit pore size 0.22 µm. The concentration of remaining 
nitrate was determined in supernatants immediately by the 
Hach DR900 Multiparameter Portable Colorimeter. This 
procedure was carried out for both raw laterite (RL) and 
60% raw laterite and 40% limestone mixture (LD60) samples.

2.4.2. Effect of adsorbent dosage

The effect of adsorbent dosage on nitrate adsorption was 
studied by adjusting the solution pH at optimum with an 
initial nitrate concentration of 25 mg/L and by adding the 
varying adsorbent dosage ranging from 0.50 to 10.00 g. The 
mixtures were shaken at a speed of 120 rpm using a shak-
ing assembly at room temperature for 24 h. Then the solid 
phase was separated by using centrifugation at 4,000 rpm 
for 10 min, and then solutions were filtered by millex-GP 
syringe filter unit pore size 0.22 µm. The concentration of 
remaining nitrate was determined in supernatants by the 
Hach DR900 Multiparameter Portable Colorimeter. This pro-
cedure was carried out for both RL and LD60 samples [24].

2.4.3. Adsorption kinetic studies

The influence of contact time on adsorption experiments 
was investigated. The series of solutions with an initial 
nitrate concentration of 25 mg/L were mixed with soil main-
taining 1:50 ratio of soil and nitrate solution, respectively, at 
optimum pH. The mixtures were then shaken in time inter-
vals from 5 min to 24 h with an agitation speed 120 rpm at 
room temperature, followed by solid-phase separation by 
centrifugation at 4,000 rpm for 10 min. The solutions were 
filtered by millex-GP syringe filter unit pore size of 0.22 µm. 
The concentration of remaining nitrate was determined in 
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supernatants by the Hach DR900 Multiparameter Portable 
Colorimeter. This procedure was carried out for both RL 
and LD60 samples. The percentage removal efficiency and 
the amount of nitrate absorbed per unit weight of adsorbent 
were calculated using Eqs. (1) and (2), respectively [11,24]. 
The rate of adsorption can be predicted by kinetic adsorp-
tion parameters. This factor is important and useful in pre-
dicting the adsorption mechanism [11,24]. The dynamics of 
the nitrate adsorption process by RL and LD60 were evalu-
ated with the pseudo-first-order [Eq. (3)] [28], pseudo-sec-
ond-order [Eq. (4)] [29], intraparticle diffusion [Eq. (5)] [9] 
kinetic models. The non-linear forms of these models:

q q et e
k t� �� ��1 1  (3)

q
q k t
q k tt
e

e

�
�

2
2

21
 (4)

q K t It p� �1 2/  (5)

where qt and qe and are the amounts of nitrate ions adsorbed 
on the modified biochar (mg/g) at time t and equilibrium time, 
respectively; k1 is the rate constant of the pseudo-first-order 
(min–1), k2 is the rate constant of the pseudo-second-order 
(g/mg·min); Kp is the intraparticle diffusion rate constant 
(mg/g·min1/2) and I (mg/g) is the intercept of the intrapar-
ticle diffusion model.

2.4.4. Adsorption equilibrium studies

Equilibrium adsorption experiments were conducted 
by taking a series of solutions with initial nitrate concentra-
tions of 5–30 mg/L with an optimum solution pH and opti-
mum adsorbent at room temperature. The mixtures were 
shaken at 120 rpm, and after equilibration, samples were 
filtered by 0.22 µm cellulose acetate membrane filters and 
were analyzed by the Hach DR900 Multiparameter Portable 
Colorimeter for the determination of residual nitrate concen-
tration. Equilibrium data are important requirements for the 
successful modeling of adsorption systems. There are dif-
ferent theoretical and empirical relationships for the model-
ing of the adsorption process [24]. In this study, Langmuir, 
Freundlich, and Temkin models were applied to describe 
the adsorption process, and the equations used [30–32].

q
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where Ce = the equilibrium concentration of adsorbate (mg/L), 
qe = the amount of solute adsorbed per gram of the adsorbent 
at equilibrium (mg/g), Qo = maximum monolayer coverage 
capacity (mg/g), KL = Langmuir isotherm constant (L/mg).

q K Ce F e
nf= 1/  (8)

ln ln lnq
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where qe = the amount of solute adsorbed per unit weight 
of adsorbent (mg/g), Ce = the equilibrium concentration of 
adsorbate (mg/L), KF = Freundlich constant indicative of 
the relative adsorption capacity of the adsorbent (mg/g), 
1/nf = the heterogeneity factor.
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where qe = the amount of solute adsorbed per unit weight 
of adsorbent (mg/g), Ce = the equilibrium concentration of 
adsorbate (mg/L), AT = Temkin isotherm equilibrium binding 
constant (L/g), bT = Temkin isotherm constant, R = is univer-
sal gas constant (8.314 J/mol·K), T = temperature (298 K).

2.4.5. Effect of competing ions

The adsorption capacity of LD60 for nitrate adsorption 
in the presence of co-existing (competing) anions (e.g., phos-
phate, sulfate, and fluoride), which are commonly present 
in real groundwater, was investigated. Experiments were 
conducted by adding varying concentrations of co-exist-
ing anions (5, 10, 15, 20, and 25 mg/L) in nitrate solution of 
fixed nitrate concentration of 25 mg/L, optimum pH, and 
optimum adsorbent dosage. The mixtures were shaken at 
a speed of 120 rpm at room temperature for their optimum 
time. Then the solid phase was separated from the solution 
by filtration using a millex-GP syringe filter unit pore size 
0.22 µm. The concentration of remaining nitrate was deter-
mined in supernatants by the Hach DR900 Multiparameter 
Portable Colorimeter. This procedure was carried out for 
the final mixture of LD60 [24].

2.5. Analysis of real drinking water samples

Groundwater samples were collected from Jaffna, Sri 
Lanka, which is known to have high nitrate contamination 
[33,34]. The initial nitrate concentration of collected samples 
was measured. LD60 was used as the adsorbent. For 50 mL 
of groundwater, 2.00 g of LD60 was added, and the pH 
was adjusted to 3 using 0.1 M HCl and 0.1 M NaOH. The 
mixtures were shaken at a speed of 120 rpm at room tem-
perature for 180 min. Then solid phase was separated from 
the solution by filtration using millex-GP syringe filter unit 
with a pore size 0.22 µm. The concentration of remaining 
nitrate was determined in supernatants by the Hach DR900 
Multiparameter Portable Colorimeter. The percentage 
removal efficiency was calculated using Eq. (1) [24].

2.6. Analysis of data

All analyses were performed using IBM SPSS 
Statistics 18.

3. Results and discussion

3.1. Physico-chemical analysis of mixture

The X-ray fluorescence analysis was performed to iden-
tify the composition of soil sample (Table 1). For laterite, 33 
elements and compounds were identified. In all the samples, 
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Fe was the most common element, with an average mass per-
centage of 65.1% ± 0.64%. Other than that Al, and Si were 
also abundant. SiO2 was the most abundant in all three com-
pounds. Al2O3 and Fe2O3 were also present in high amounts. 
Other detected compounds include TiO2, CaO, and K2O. 
In limestone, 22 elements and compounds were identified 

(Table 2). CaO is the most abundant in all three compounds, 
with an average of 63.67% ± 8.61%. MgO and SiO2 were 
also present in high amounts. Heavy metals were only 
present in minute amounts. Therefore, if they were eluted, 
the concentration would be very low.

FTIR was used to identify the functional groups and 
molecular structures in a soil sample. In the OH stretch-
ing vibration region (3,700–3,300 cm–1), the FTIR spectra 
(Fig. 1) shows five absorption bands at 3,695; 3,649; 3,618; 
3,448 and 3,525 cm–1 [14]. The stretching modes of OH bands 
related to free water (around 3,600 cm–1) and the bend-
ing mode of H–O–H band were also observable (around 
1,643 cm–1). The band at 3,695 cm–1 can be attributed to 
stretching vibrations of outer hydroxyl groups coordinated 
to iron, aluminum or silica present in laterite [35], and the 
band at 3,618 cm–1 can be associated with inner hydroxyl 
groups. The absorption band near 3,400 cm–1 is reported 
by the hydroxyl bonded to trivalent cations such as Al3+ 
or Fe3+. Therefore, the bands at 3,525; 3,448 and 3,379 cm–1 
indicate some portion of Al3+ or Fe3+ in the octahedral layer 
of laterite. In the region of 1,200–900 cm–1, the bands in 
the region 1,004–794 cm–1 are due to the presence of Si–O–
Fe, Al–OH, Fe–OH vibrations bands located at 794 and 
910 cm–1 may be attributed to Si–O bonds linked with tri-
valent cations (e.g., Al3+, Fe3+). Thus, the presence of absorp-
tion bands at 794 and 910 cm–1 indicates the occurrence 
of tetrahedrally coordinated trivalent cations in laterite. 
The band at 540 cm–1 signifies the presence of Fe–O bond  
stretching [11].

It shows that the spectrum for RL and LD60 before 
adsorption are very similar to those after adsorption in both 
incidences (Figs. 1 and 2). This indicates that the main struc-
tures of both soil mixtures were not altered due to nitrate 
adsorption. Similar results have been obtained in studies car-
ried out for nitrate adsorption using modified rice husk [36], 
and synthetic activated carbon magnetic nanoparticles [37].

Since there can be accumulated metal ions readily 
available in laterite soil samples, those metal ion concen-
trations needed to be analyzed. For this purpose, elu-
tion analysis was carried out for laterite. According to the 
results obtained Na, Mg, K, and Ca were the only elements 
present at ppm level (Table 3). All elements were present 
in levels that were highly below the WHO drinking water 
quality guidelines [9]. This concludes that the use of lat-
erite to filter drinking water does not cause health risks 
due to the elution of heavy metals.

Detailed analyses of adsorption isotherms were con-
ducted to compare the textural properties of fabricated 
materials (Fig. 3). The obtained isotherms of both samples 
are Type IV, according to the IUPAC report [38]. Type IV iso-
therms are given by mesoporous adsorbents. Mesoporous 
materials are materials that have an intermediate pore size 
range between 2–50 nm [39]. The adsorption behavior in 
mesopores is determined by the adsorbent–adsorptive inter-
actions and also by the interactions between the molecules 
in the condensed state. In the case of Type IV isotherm, the 
initial monolayer-multilayer adsorption on the mesopore 
walls is followed by pore condensation.

The pore size distributions of LD60 and RL (Table 4) also 
confirm the significant presence of mesopores, as the recorded 
average pre radii of RL and LD60 were 3.81 and 3.82 nm, 

Table 1
Composition of raw laterite

No. 1 No. 2 No. 3 Avg. Min. Max. SD

Mineral oxides/wt.%

SiO2 44.60 44.30 44.80 44.60 44.30 44.80 0.25
Al2O3 32.90 33.50 33.00 33.10 32.90 33.50 0.32
Fe2O3 19.30 18.80 18.90 19.00 18.80 19.30 0.26
TiO2 2.31 2.34 2.33 2.33 2.31 2.34 0.02
K2O 0.17 0.17 0.16 0.17 0.16 0.17 0.005
CaO 0.08 0.07 0.09 0.08 0.07 0.09 0.01

Elements/wt.%

Fe 64.80 64.60 65.80 65.10 64.60 65.80 0.64
Al 16.30 15.80 15.80 16.00 15.80 16.30 0.29
Si 14.90 15.60 14.70 15.10 14.70 15.60 0.47
Ti 1.91 1.91 1.87 1.90 1.87 1.91 0.02
Zr 1.00 0.98 1.00 0.99 0.98 1.00 0.009
Tb 0.26 0.20 0.35 0.27 0.20 0.35 0.08
Co 0.18 0.20 0.20 0.19 0.18 0.20 0.01
Gd 0.18 0.16 0.00 0.17 0.16 0.18 0.008
K 0.13 0.13 0.13 0.13 0.13 0.13 0.001
V 0.08 0.09 0.09 0.09 0.08 0.09 0.002

Table 2
Composition of raw limestone

No. 1 No. 2 No. 3 Avg. Min. Max. SD

Mineral oxides/wt.%

CaO 73.60 59.10 58.30 63.80 58.30 73.60 8.61
MgO 20.40 35.80 36.40 30.90 20.40 36.40 9.07
SiO2 4.34 3.58 3.74 3.89 3.58 4.34 0.40
Fe2O3 0.41 0.60 0.58 0.53 0.41 0.60 0.11
SO3 0.45 0.38 0.41 0.41 0.38 0.45 0.04
Al2O3 0.19 0.11 0.16 0.16 0.11 0.19 0.04
K2O 0.05 0.03 0.02 0.03 0.02 0.05 0.01

Elements/wt.%

Si 1.79 1.79 1.73 1.77 1.73 1.79 0.035
Fe 0.47 0.43 0.54 0.48 0.43 0.54 0.056
Zr 0.34 0.35 0.35 0.35 0.34 0.35 0.006
S 0.14 0.14 0.15 0.14 0.14 0.15 0.004
Al 0.05 0.05 0.05 0.05 0.05 0.05 0.001
K 0.02 0.02 0.02 0.02 0.02 0.02 0.001
Mn 0.02 0.02 0.01 0.01 0.01 0.02 0.008
Eu 0.01 0.02 0.09 0.04 0.01 0.09 0.043
Cu 0.02 0.01 0.01 0.01 0.01 0.02 0.002
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respectively. Mesoporous materials have a number of key 
advantages that include narrow pore size distributions and 
high surface area, simple functionalization strategies with 
organics, biocompatibility, and low toxicity [39]. Therefore, it 
confirms the applicability of both mixtures for the study.

3.2. Batch experiments

Collected laterite and limestone samples were sieved to 
the smallest size of 0.5 mm and it has been shown in previous 

studies that as particle size decreases, particles are more prone 
to contamination and harder to decontaminate once the con-
taminant adsorption has taken place and thereby enhanc-
ing the adsorption process with the decrease in particle size 
[40]. Five replicates were used to determine the parameters.

3.2.1. Effect of laterite: limestone mixing ratio

As the optimum pH of nitrate adsorption for RL leads 
to acidic solutions, it was decided to amend the RL mixture 

 Fig. 1. Fourier-transform infrared spectroscopy for RL before and after nitrate adsorption.

 Fig. 2. Fourier-transform infrared spectroscopy for LD60 before and after nitrate adsorption.
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by mixing limestone powder. A nitrate solution of 25 mg/L 
concentration was used, and the mixtures were shaken for 
24 h. The nitrate removal efficiency was determined using 
laterite-limestone mixtures prepared at different weight 
ratios, which included 50%, 60%, 70%, 80%, 90%, and 100% 
of laterite by weight.

The removal efficiency was the highest when LD60 was 
used, which includes 60% of laterite and 40% of limestone 
powder. The lowest removal efficiency was seen in LD60 
which was made of 100% limestone powder (Fig. 4).

3.2.2. Effect of pH

Solution pH plays an important role in the adsorption 
of nitrate ions onto RL and LD60 because it can affect the 

surface charge and charging behavior of chemical speciation 
of nitrate. The initial pH of the solution varied from 2.0 to 
11.0, and the effect on adsorption of the nitrate was deter-
mined. This ranged from 40.56% ± 1.76% and 63.04% ± 1.34% 
for RL and 42.72% ± 1.84% and 72.32% ± 2.68% for LD60 
(Fig. 5). The optimum pH of both RL and LD60 was 3. 
Moreover, from the results, it was seen that at lower pH val-
ues, generally, the nitrate removal efficiency was higher than 
that at basic pH values. Similar results have been reported 
by other researchers who reported that adsorption of nitrate 
by other adsorbents was high at acidic pH and decreased at 
basic pH [37,41]. At lower pH, the negative surface charge 
of the adsorbent reduces due to the excess of protons in 
solutions. The decrease in pH of the system causes the num-
ber of positively charged sites of the adsorbent to increase. 

Table 3
Elements detected in the elution analysis

Element Sample 1 Sample 2 Sample 3 Average Min. Max. SD

Li/ppb 0.582 0.566 0.555 0.568 0.555 0.582 0.014
Be/ppb 0.001 0.000 0.049 0.017 0.000 0.049 0.028
Na/ppm 2.791 2.748 2.138 2.559 2.138 2.791 0.365
Mg/ppm 0.186 0.182 0.103 0.157 0.103 0.186 0.047
Al/ppb 20.494 17.084 23.828 20.469 17.084 23.828 3.372
K/ppm 1.008 0.984 0.000 0.664 0.000 1.008 0.575
Ca/ppm 5.323 5.042 0.000 3.455 0.000 5.323 2.995
Ti/ppb 13.760 14.149 0.000 9.303 0.000 14.149 8.059
V/ppb 0.156 0.101 0.110 0.122 0.101 0.156 0.030
Cr/ppb 0.160 0.000 0.000 0.053 0.000 0.160 0.092
Mn/ppb 5.509 4.652 0.000 3.387 0.000 5.509 2.964
Fe/ppb 23.345 7.320 0.000 10.222 0.000 23.345 11.94
Co/ppb 0.096 0.013 0.000 0.036 0.000 0.096 0.052
Ni/ppb 0.850 0.218 0.162 0.410 0.162 0.850 0.382
Cu/ppb 7.223 6.331 2.975 5.510 2.975 7.223 2.240
Zn/ppb 0.845 0.000 0.719 0.521 0.000 0.845 0.456
Ga/ppb 0.022 0.014 0.045 0.027 0.014 0.045 0.016
As/ppb 0.125 0.054 0.000 0.060 0.000 0.125 0.063
Se/ppb 2.995 2.983 0.000 1.993 0.000 2.995 1.726
Rb/ppb 4.954 4.876 0.000 3.277 0.000 4.954 2.838
Sr/ppb 16.083 15.886 0.000 10.656 0.000 16.083 9.229
Mo/ppb 0.027 0.147 0.176 0.117 0.027 0.176 0.079
Ag/ppb 0.000 0.000 0.051 0.017 0.000 0.051 0.029
Cd/ppb 0.000 0.000 0.000 0.000 0.000 0.000 0.000
In/ppb 0.001 0.001 0.051 0.018 0.001 0.051 0.029
Sn/ppb 0.043 0.187 0.227 0.152 0.043 0.227 0.097
Cs/ppb 0.425 0.422 0.044 0.297 0.044 0.425 0.219
Ba/ppb 3.437 2.912 0.000 2.116 0.000 3.437 1.852
Au/ppb 0.006 0.000 0.000 0.002 0.000 0.006 0.003
Au/ppb 0.001 0.000 0.000 0.000 0.000 0.001 0.001
Hg/ppb 0.070 0.000 0.000 0.023 0.000 0.070 0.040
205Tl 0.039 0.039 0.048 0.042 0.039 0.048 0.005
Pb/ppb 0.000 0.000 0.000 0.000 0.000 0.000 0.000
Bi/ppb 0.001 0.000 0.049 0.017 0.000 0.049 0.028
U/ppb 0.019 0.017 0.065 0.034 0.017 0.065 0.027
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This can increase the electrostatic attraction between the 
surface of the soil and negatively charged nitrate ions which 
explains the removal of nitrate at such low pH. Naturally, 
positively charged surface sites on materials favor adsorp-
tion of nitrate anions due to electrostatic interactions [42]. 

In addition, as the pH increases, the hydroxide concen-
tration to increases. The reduced removal efficiency can 
be due to higher competition between nitrate and hydrox-
ide ions for the same sites on the adsorbent’s surface. 
Nitrate and hydroxide may compete for the same sites on 
the adsorbent surface due to both species having similar  
charges [36].

Moreover, the point of zero charges (pHPZC) was deter-
mined for laterite, and according to the results, the pHPZC 
was calculated to be 6.70. The pHPZC of laterite, according 
to previous studies, has been calculated as 3.98 [13], 7.40 
[17]. When the pH of the solution is less than 6.70, the sur-
face of laterite would be positive at pH values less than 6.70. 
In this situation, the adsorbent has a high ability to adsorb 
anionic species [24,41]. Nitrate being an anionic species, 

 Fig. 3. Low temperature nitrogen adsorption and desorption isotherms of samples RL and LD60.

Table 4
Textural parameters of RL and LD60

Sample Surface area 
(m2/g)

Total pore volume 
(cm3/g)

Average pore 
radius (nm)

RL 72.520 0.138 3.810
LD60 42.710 0.082 3.820

 
Fig. 4. Effect of laterite percentage in LD60 mixtures on the nitrate removal efficiency.
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this confirms that the nitrate removal efficiency would be 
favored in acidic conditions.

When considering the variation of final pH with initial 
pH, LD60 showed more basic values than RL (Fig. 6). The 
reactivity of limestone in acid solutions has been exten-
sively studied. The neutralization process can be described 
as the replacement of H+ ions in the solution by Ca2+ pres-
ent in the calcite of limestone [43]. As the final pH remains 
closer to neutral when using the laterite-limestone mixture, 
it is suitable for practical use as well.

3.2.3. Effect of dosage

Adsorbent dosage is another important factor that deter-
mines the optimum adsorbent dose, which is required to 
remove a definite amount of pollutants from the solution. 
In general, an increase in adsorbent dosage increases the 
adsorption of adsorbate from the solution due to the avail-
ability of more active sites and an increase in surface area at 

a higher dosage [24]. It was evident that with the increase in 
adsorbent dosage from 0.5 to 10.0 g, the nitrate adsorption 
efficiency increased, and the adsorption capacity decreased 
(Fig. 7). The highest removal efficiency of RL was observed 
at laterite dosage of 2.5 g which was 58.96% ± 6.16%. Further 
increase in adsorbent dosage beyond 2.0 g did not signifi-
cantly affect the nitrate adsorption capacity in both RL and 
LD60. Similar results were also reported by other research-
ers where nitrate adsorption efficiency from aqueous solu-
tion was found to increase up to the optimum dosage, and 
with further increase in adsorbent dose, the adsorption 
efficiency remained constant [42,44]. Therefore, based on 
the results of this study, the adsorbent dosage of 2.0 g was 
selected for both samples for further experiments.

3.2.4. Effect of contact time

The effect of contact time on nitrate adsorption capac-
ity was conducted with the initial nitrate concentration of 

 Fig. 5. Variation of nitrate removal efficiency of RL and LD60 with changes in initial pH.

 
Fig. 6. Variation of final pH with initial pH.
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25 mg/L, the adsorbent dosage of 2.0 g, and an optimum ini-
tial pH of 3. It was found that the removal efficiency of both 
mixtures for removing nitrate was rapid in the beginning 
stages of contact time (Fig. 8). The highest removal efficiency 
of RL was observed at 24 h which was 56.32% ± 0.59%. After 
20 min, the rate of adsorption decreases with time, and the 
adsorption process reaches equilibrium within 60 min. This 
phenomenon might be due to the presence of a greater num-
ber of active sites for the adsorption of nitrate ions during 
the initial stages. According to the obtained results, a contact 
time of 60 min for RL and 180 min for LD60 was chosen for 
further experiments. The results of contact time show that 
the process of nitrate adsorption is comparable with other 
adsorbents studied by researchers, such as graphene and 
modified sugarcane bagasse biochar [24,41].

3.2.5. Adsorption kinetic studies

When considering the results of RL, as shown in the 
plot of ln (qe – qt) vs. time gives a higher R2 of 0.987 for RL, 

suggesting that it follows pseudo-first-order kinetics (Fig. 9). 
It indicates that the reaction is more inclined towards phy-
sisorption. The experimental qe value of RL is seen to be 
comparatively close to the calculated qe value in the pseudo- 
first-order model, which further suggests the compatibility of 
the said model over other kinetic models for RL (Table 5).

Considering LD60, the plot of t/qt vs. time gives an R2 of 
0.996, suggesting it follows pseudo-second-order kinetics 
(Fig. 10). A good fit of experimental data with the pseudo- 
second-order model would indicate that chemical adsorp-
tion is the rate-controlling mechanism. This suggests that 
the rate-limiting step may involve valency forces by sharing 
or exchanging electrons between sorbent and sorbate [29]. 
Similar results have also been reported by other researchers 
where the pseudo-second-order kinetic model has shown 
good agreement with the experimental data for adsorption 
of nitrate ions [24]. The observed qe value of LD60 is seen to 
be comparatively close to the calculated qe value in the pseu-
do-second-order model, which further suggests the compat-
ibility of the said model over other kinetic models for LD60.

 
Fig. 7. Variation of nitrate removal efficiency with RL and LD60 dose.

 
Fig. 8. Variation of nitrate removal efficiency of RL and LD60 with contact time.
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3.2.6. Adsorption isotherms

The adsorption characteristic equilibrium studies of 
prepared materials for nitrates removal from aqueous solu-
tions were investigated. Three adsorption models fitted the 
experimental data, and the Langmuir adsorption isotherm 
showed the best fit to the experimental data of RL with R2 
of 0.981 (Fig. 11). Therefore, the adsorption can be mainly 
controlled by monolayer adsorption [32].

In mixture LD60, the experimental data fitted the 
Freundlich adsorption isotherm (Fig. 12) with an R2 of 
0.987, which means multilayer adsorption played a domi-
nant role [45]. The n value in the Freundlich model is 1.305 
(Table 6), which indicates favorable adsorption of nitrate by 
the LD60 [24]. Similar results have been seen in studies car-
ried out on the removal of nitrate [39].

3.2.7. Effect of competing ions

It was found that the adsorption capacity of LD60 
towards nitrate was reduced due to the presence of co-ex-
isting (phosphate, fluoride, and sulfate) in the water. 

Fluoride and sulfate showed almost equal effects on nitrate 
adsorption, and the removal efficiency ranged between 
41.20% ± 1.47% to 46.32% ± 1.634% in the presence of flu-
oride and between 43.84% ± 1.04% to 39.68% ± 1.37% in 
the presence of sulfate (Fig. 13). As the concentration of 
the competing ion increased, the nitrate removal efficiency 
decreased. It could be explained by the fact that in multi-el-
ement solutions, the electrostatic interaction of co-existing 
anions with adsorption sites of soil was much stronger than 
nitrate ions species. Phosphate ions have shown maximum 
effects on the adsorption of nitrate, and the removal effi-
ciency varied between 35.12% ± 3.48% to 38.08% ± 1.07%. 
It has been reported that multivalent anion with higher 
charge density was adsorbed more readily than monova-
lent anions [37]. Other researchers have reported similar 
results where multivalent, and mono charge anions have 
shown more and less adsorption trend, respectively [24,37].

The negatively charged surfaces of the laterite soil parti-
cles can attract and retain nitrate ions when they are present 
in the solution. The electrostatic forces between the nega-
tively charged nitrate ions and the positively charged sites 
on the surface of the soil particles are what cause this attrac-
tion [33,39]. The nitrate ions go through a process known 
as adsorption as they come into contact with the laterite 
soil. The nitrate ions attach to the surfaces of soil particles 
during adsorption, creating a thin layer of nitrate molecules 
[33,39]. In order to remove nitrate from the solution, this 
interaction is crucial. Numerous sites for nitrate adsorption 
can be found in the laterite soil due to its large surface area 
and wealth of clay minerals [11].

Laterite soil is naturally rich in iron and aluminum com-
pounds, which increases its stability. A solid structure is 
created by the interlocking and compact packing of the soil 
particles [11]. Due to its high resistance to erosion, laterite 
soil is particularly advantageous in regions with frequent 
heavy rain or strong winds. As a result of its strength, it is 
an excellent material for building foundations, highways, 
and even houses. The ability of laterite soil to be recycled 
is one of its remarkable qualities. It is possible for laterite 
soil to go through a process known as stabilization when 
it is excavated or dug up for construction. To enhance its 

 
Fig. 9. Pseudo-first-order kinetic model for the nitrate adsorption by RL.

Table 5
Kinetic parameters for nitrate adsorption by RL and LD60

Kinetic model Parameter RL LD60

Pseudo-first-order R2 0.987 0.892
k1 (min–1) 0.066 0.007
qe (cal) (mg/g) 0.726 0.326
qe (exp) (mg/g) 0.682 0.790

Pseudo-second-order R2 0.960 0.996
k2 (g/mg·min) 0.042 0.298
qe (cal) (mg/g) 0.918 0.668
qe (exp) (mg/g) 0.682 0.790

Intraparticle diffusion R2 0.928 0.883
Kp (mg/g·min0.5) 10.28 0.023
I (mg/g) 0.533 0.406
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engineering properties, stabilization involves adding addi-
tives like cement, lime, or fly ash [11,12]. This procedure 
increases the strength and durability of laterite soil, enabling 

its reuse in construction projects. Recycling laterite soil 
reduces waste and the need to mine new resources, making it 
an environmentally friendly choice.

 
Fig. 10. Pseudo-second-order kinetic model for the nitrate adsorption by LD60.

 
Fig. 11. Langmuir isotherm showing the variation of adsorption (Ce/qe) against the equilibrium concentration (Ce) for adsorption of 
nitrate ions onto RL.

 
Fig. 12. Freundlich isotherm showing the variation of lnqe against lnCe for adsorption of nitrate ions onto LD60.
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Fig. 13. Effect of competing anions on adsorption capacity of LD60 for nitrate adsorption.

 
Fig. 14. Groundwater collection sites in Jaffna district.
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4. Conclusion

The results of this study suggest that, laterite soil and 
laterite-limestone mixtures are effective adsorbents for 
nitrate adsorption from aqueous solutions. Laterite soil 
was mesoporous and is suitable to be used as an adsor-
bent. Nitrate adsorption efficiency was higher under acidic 
pH as compared to basic pH. The adsorption studies were 
investigated by batch method, and maximum removal was 
obtained at pH 3. The results showed that adsorption equi-
librium was reached within 60 and 180 min, respectively, 
for RL and LD60. The maximum adsorption capacity of 
laterite soil for nitrate ions was obtained as 0.628 mg/g.
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