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Abstract

Nitrate contamination in agricultural groundwater poses significant environmental and health risks. Developing
low-cost, locally available adsorbents is crucial for sustainable water treatment. Raw perlite (RP) and acid-modified
perlite (MP) were investigated as adsorbents for nitrate removal in batch systems. Both perlites were characterized via
nitrogen adsorption-desorption, Fourier transform infrared spectroscopy, X-ray fluorescence spectroscopy, X-ray
diffraction spectroscopy, and scanning electron microscopy. Adsorption performance was evaluated under varying pH,
contact time, and initial nitrate concentration conditions. Equilibrium data were analyzed using the Langmuir, Freundlich,
and Dubinin-Radushkevich isotherm models, while kinetic and thermodynamic parameters were assessed to elucidate the
adsorption mechanism. HCl modification enhanced the structural and surface properties of perlite. Optimal adsorption
occurred at pH 6 with an equilibrium time of 60 min. The Langmuir model best described the equilibrium data, with
maximum adsorption capacities of 39.22 mg/g for RP and 54.94 mg/g for MP at 30 °C. Kinetic analysis indicated a
pseudo-second-order model fit, and thermodynamic evaluation confirmed that the adsorption process was endothermic
and spontaneous. Mechanistic insights revealed that physical adsorption predominated, driven mainly by electrostatic
interaction, hydrogen bonding, electrostatic displacement, cation bridging, pore filling, and ion exchange. Regeneration
tests demonstrated good reusability of both adsorbents for up to 5 cycles. HCl-modified perlite exhibits superior
adsorption capacity and reusability compared to raw perlite. These findings highlight its potential as an efficient and
sustainable adsorbent for nitrate removal from groundwater. Furthermore, this research significantly contributes to the
United Nations Sustainable Development Goals (SDGs), specifically SDG 6 (Target 6.3) by enhancing water quality and
SDG 12 (Targets 12.4 & 12.5) through the valorization of local mineral resources and the promotion of circular economy
principles.
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Introduction

The growing number of agricultural activities,
necessary for enhancing food production and industrial
operations, is the primary factor behind the rising levels
of nitrate pollution in groundwater [1] and surface
water, due to the high solubility of nitrate in water [2].
Nitrate has been identified as a crucial and indispensable
nutrient for the growth of plants and algae [3]. The use
of an excessive quantity of fertilizer is encouraged in

agriculture. Fertilizers and agrochemicals have

contaminated agricultural water supplies. The excessive
use of nitrogen fertilizers and poor management of
industrial waste can lead to eutrophication,
characterized by high nitrate levels that promote the
overgrowth of plants and algae in water [4].
Additionally, drinking water with a nitrate concentration
over 10 ppm is dangerous, as high levels of nitrogen
compounds can lead to health problems like alimentary
canal cancer and cyanosis in children [5,6]. Excessive
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nitrate consumption can reduce blood hemoglobin,
impairing oxygen transport. High nitrate levels in
drinking water can also lead to the formation of
carcinogenic nitrosamines and increase the risk of infant
methemoglobinemia, or blue-baby syndrome [7,8].
Growing demands for better water quality and safety in
developing nations require the implementation of nitrate
remediation systems [3]. The WHO’s maximum
contaminant level (MCL) for nitrate in drinking water is
50 mg/L as nitrate, while the US Environmental
Protection Agency (USEPA) sets the limit for nitrate-
nitrogen (NO3™N) at 10 mg/L [9,10].

Nitrate is difficult to remove by conventional
water treatment methods because of its high solubility
and chemical stability [1]. Ion exchange, reverse
osmosis, adsorption, chemical, and biological methods
have all been used to remove nitrate from water [11]. lon
exchange and adsorption are the most widely used and
efficient methods for removing nitrates from water.
Adsorption is particularly favored for its cost-
effectiveness and low risk of creating further
contamination [12]. While activated carbon is a highly
effective adsorbent due to its large surface area, its high
cost and reliance on coal—a finite resource—are
significant drawbacks [13]. Alternative adsorbents have
recently been developed due to their abundance and low
cost. Recently, there has been a growing interest in using
inexpensive industrial and agricultural waste as an
adsorbent to treat wastewater [14]. Several other
materials, including corn stalks [10], ceramic waste
[15], and steel slag [14], have been employed as
adsorbents to eliminate nitrate. With this in mind,
various adsorbents have been tested for the removal of
nitrate and other pollutants from water, such as clay,
chitosan, zeolite, carbon-based adsorbents, and agro-
industrial waste materials. Perlite, commonly regarded
as a rhyolitic glass, consists of more than 70% silica and
approximately 13% alumina [4]. The tetrahedral
coordination between silicon and oxygen atoms is
retained at the surface of perlite glass. Under ambient
conditions, these sites bond with monovalent hydroxyl
groups to complete their coordination, thereby forming
silanol and silanediol groups [16]. The silanol groups,
together with alumina hydrous oxide groups on the
perlite surface, can effectively attract and immobilize a
wide range of contaminants, including heavy metals,

organic compounds, and other hazardous substances

[17]. Malakootian et al. [18] demonstrated the
application of perlite for the removal of lead (Pb) and
cadmium (Cd) from paint industry effluents. Likewise,
Selengil and Yildiz [19] reported that expanded perlite
exhibited a notable adsorption capacity for methylene
blue in aqueous solutions.

Adsorbent materials can be modified chemically
and physically using different techniques. Chemical
modification of the surface is beneficial for adsorbents
as it directly alters the material’s surface chemistry.
Chemical processes employ acids, alkalis, or salts to
enhance the surface functional groups. The key
mechanism driving efficient nitrate removal is the
enhanced positive surface charges of the adsorbents,
which also create new surface functional groups with a
more effective affinity for nitrate. Acid alters the
chemical composition of adsorbents, resulting in an
augmentation of the density of positively charged
particles on their surfaces. According to Loganathan et
al. [20], electrostatic attraction will induce a high
concentration of positive charges to adsorb additional
negatively charged nitrate anions. The interactions
between the nitrate ion and the adsorbent, which move
it from the aqueous solution to the adsorbent surface,
provide the basis for nitrate removal by adsorption.
Changing the adsorbent’s structure makes it possible to
attain the primary objective of the adsorption process,
which is to have an adsorbent with a high adsorption
capacity and high selectivity for the nitrate ion. Various
techniques have been employed to alter the surface of
adsorbents to enhance their ability to retain nitrates.
These techniques include protonation (treatment with
acid), grafting groups (such as carboxyl, hydroxyl, or
amine), impregnation with metal or metal oxide, and
modification of surfactants [21].

This study investigated a novel adsorbent derived
from HCIl-modified volcanic rock perlite for nitrate
removal. Batch experiments were conducted to evaluate
the effects of key parameters, including pH, contact
time, initial nitrate concentration, and temperature. The
physical and chemical properties of the adsorbent were
comprehensively characterized using FTIR, XRD, BET,
XRF, and SEM analyses. Nitrate removal behavior was
further examined through kinetic, thermodynamic,
equilibrium, and mechanistic modeling. In addition, the
adsorbent’s reusability was assessed, and its practical

applicability was demonstrated using real agricultural
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groundwater. Beyond its scientific contributions, this
research advances global sustainability goals by
addressing SDG 6 (Target 6.3: Water quality
improvement) and SDG 12 (Targets 12.4 and 12.5:
Sustainable resource management and waste reduction),
thereby underscoring the potential of low-cost, geo-

sourced materials in circular water treatment solutions.

Materials and methods

Materials

Sodium nitrate (NaNOs), brucine sulphate,
sulphanilic acid, sulphuric acid, sodium hydroxide,
hydrochloric acid, sodium carbonate, and sodium
phosphate were obtained from Merck (Germany). All
reagents employed in this study were of analytical
grade. Distilled water was used throughout for the

preparation of solutions.

Preparation of adsorbents and an adsorbate

The raw perlite (RP) was obtained in its natural
form from the Sa Bot District, Lopburi Province,
Thailand. After being thoroughly rinsed with distilled
water, the samples were dried in a hot air oven at 100
°C. The dried perlite powder was then immersed ina 0.1
M hydrochloric acid solution for 24 h at ambient
temperature. The modified perlite (MP) was
subsequently washed with distilled water until a neutral
pH was achieved and dried again at 100 °C. After being
sieved to obtain a particle size of 50 - 100 mesh, the
dried perlite and bentonite were stored in a desiccator
for future use.

A nitrate stock solution (1,000 mg/L) was
prepared by dissolving 1.371 g of sodium nitrate in
distilled water. Before making up the volume to 1 L, 20
mL of 1.0 M HCI was added to suppress interference
from hydroxide and carbonate ions, and the solution was
stored for use. The absorbance of the standards and the
residual nitrate concentration in the samples were
determined colorimetrically using a UV-visible
spectrophotometer (Analytik Jena, Specord 210 plus,
Germany) with the brucine method at 410 nm [22].

Characterization of adsorbents

Several analytical techniques were employed to
characterize the adsorbents. XRF (HORIBA
MESA-500W, Japan) was used to determine elemental
composition, while XRD (Rigaku SmartLab2, Japan)

was applied to analyze the crystalline structure. Surface
morphology was examined using SEM (LEO 1450 VP,
Leo, UK), and FTIR (Perkin Elmer Model Two, USA)
was used to identify surface functional groups. The BET
surface area was obtained from N adsorption-
desorption isotherms measured using a Quantachrome
Autosorb 1 MP gas sorption analyzer (USA).

Batch experiments of adsorption

The adsorption experiments were carried out in
250-mL flasks containing 0.3 g of adsorbent and 100 mL
of nitrate solution. Experimental conditions were varied
to evaluate the effects of pH (2 - 12), contact time (1 -
240 min), initial nitrate concentration (25 - 300 mg/L),
and temperature (20 - 40 °C). Each flask containing the
nitrate-adsorbent suspension was agitated at 200 rpm. At
predetermined time intervals, the solid adsorbent was
separated by filtration, and the residual nitrate
concentration in the filtrate was quantified using a UV-
visible  spectrophotometer at 410nm.  This
quantification relied on the reaction of nitrate with
brucine sulfate in 13 N sulfuric acid, which produces a
yellow-colored complex detectable at the specified
wavelength (410 nm). The adsorption capacity (mg/g)
and percentage removal (%) were subsequently

calculated according to Egs. (1) and (2), respectively.

qr = (Co-COV (1)
\\

n= (CO-Ct)Xl()O (2)
C

% adsorptio

o

where, C, (mg/L) is the initial concentration, C,
(mg/L) is the concentration at any given time, (;

(mg/g) is the quantity adsorbed at any given time, V(L)
is the volume of the solution, and W(g) is the
adsorbents’ mass.

Adsorption isotherm

The distribution of molecules between the liquid
and solid phases at equilibrium during the adsorption
process appears clearer in the adsorption isotherm. The
Langmuir, Freundlich, and Dubinin-Radushkevich

isotherms were used in this investigation to assess the
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adsorption data. Eq. (3) present linear equations for the
Langmuir isotherm [3].

Ceo 1 o4 1 3)

€

qe qmax KLqmax

where, C. (mg/L) is the equilibrium concentration, e
(mg/g) is the amount adsorbed at equilibrium, K is the
Langmuir constant, and qmax (m/g) is the maximum
adsorption capacity. A dimensionless separation factor
can be used to describe the fundamental properties of the
Langmuir isotherm. (Rp) which is defined by Eq. (4).

!
Ro= — 4
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Eq. (5) present linear equations for the Freundlich

isotherm [3].
log q. = log K¢ + (I/n) log C, )

where, Ky (L/g) is the adsorption capacity, and the

adsorption intensity is represented by 1/n.

Eq. (6) present linear equations for the Dubinin-

Radushkevich isotherm.
In q.=1n q, — Kpr[RT In (1+1/C,)]? (6)

where, q. (mg/g) signifies the quantity of nitrate
adsorbed per gram of adsorbent at equilibrium; qo
(mg/g) indicates the maximum adsorption capacity; R is
the gas constant (L-atm/(mol-K)), and T represents the
absolute temperature in Kelvin (K). Kpr (mol?/kJ?) is
obtained from the slope of the linear graph depicting In
ge against [RT In (1 + 1/C¢)]%. The Kpr indicates the
average adsorption energy (E, kJ/mol) of the adsorbate,
as expressed by Eq. (7).

E=__ (7)

\2KpRr

The adsorption energy (E) below 8 klJ/mol is
generally indicative of physisorption. When E lies

within the range of 8 - 16 kJ/mol, the adsorption process
can be classified as chemisorption [23].

The kinetic models

Investigating adsorption kinetics can provide
important novel insights into the adsorption mechanism.
The kinetic experiment examines an adsorbate’s ability
to adsorb onto an adsorbent throughout a range of time
intervals. The adsorption data are analyzed in this study
using the pseudo-first-order, pseudo-second-order, and
intraparticle  diffusion  models. @ The  linear
representations of the pseudo-first-order, pseudo-
second-order, and intraparticle diffusion models are
given by Egs. (8) - (10), respectively [3].

k
lo —-q¢)=1lo - 1 ¢ 8
g (9. —q¢) g e 2303 (®)
i=;2+Lt 9)
At kpqe e
qi= Kia (0" +C (10)

where, ki (1/min) and k» (g/mg-min) are the pseudo-
first-order and pseudo-second-order models’ respective
rate constants. The q; (mg/g) and q. (mg/g) are the
equilibrium time and the amounts adsorbed at any time
(min), respectively. The intraparticle diffusion rate
constant is denoted by Kis (mg/g.min?), and C is the

intercept.

Kinetic validation

Simply estimating the normalized standard
deviation, Aqc (%), using Eq. (11), one may determine
which model more accurately depicts the adsorption

process [24].

2
[(qt,exp " At cal ) At,exp ]
N-1

Aqe (%) —100xJ (11

where, N is the number of data points, qexp(mg/g) is the
experimental adsorption capacity. For the pseudo-first
and pseudo-second models, qica (Mg/g) represents the
computed adsorption capacity.
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Thermodynamic parameter of adsorption

Utilizing examination of the adsorption of the
adsorbate onto the surface of the adsorbent, the
thermodynamic behavior is evaluated to understand the
changes in Gibbs energy (AG), enthalpy (AH), and
entropy (AS). Eq. (12) can be used to express the Gibbs
free energy change (AG) throughout the adsorption

process.

AG =-RT Ink, (12)

where K. (K¢ = q¢/Ce) is the equilibrium constant, R is
the gas constant, and T is the absolute temperature. Eq.
(13) can also be used to determine changes in enthalpy
(AH) and entropy (AS).

InK.= AS_AH (13)
R

The slope and intercept from the linear plot
between In K. and 1/T can be utilized for calculating AH
and AS, respectively.

Results and discussion

XREF analysis

X-ray fluorescence (XRF) analysis revealed that
the primary elements in both RP and MP adsorbents,
before and after adsorption, were Si, K, Fe, and Al
(Table 1). Specifically, RP contained Si (64.154%), K
(23.180%), Fe (6.387%), and Al (4.551%), while MP
exhibited a highly similar composition: Si (63.585%), K
(23.060%), Fe (6.720%), and Al (4.621%). After nitrate
adsorption, the percentages of Si (63.821%), K
(22.741%), and Al (4.162%) in RP and Si (62.854%), K
(22.307%), and Al (4.323%) in MP decreased. The
reduction in Al and K levels suggests that nitrate
adsorption on the adsorbent surface is influenced by
cation exchange [25]. Si/Al ratio showed 14.09 and
13.78 for RP and MP, respectively. The content of Al
increased from 4.55% in RP to 4.61% in MP; therefore,
MP can adsorb a larger amount of nitrate, due to the
amphoteric properties of Al,Os. However, Yang et al.
[14] reported that the surface of Al:Os is not only
suitable for nitrate adsorption but also exhibits affinity

toward most oxyanions.

Table 1 Chemical composition of adsorbents before and after nitrate adsorption.

RP MP
before adsorption after adsorption before adsorption after adsorption
elements unit (%) elements unit (%) elements unit (%) elements unit (%)
Si 64.154 Si 63.821 Si 63.585 Si 62.854
K 23.180 K 22.741 K 23.060 K 22.307
Fe 6.387 Fe 7.134 Fe 6.720 Fe 7.837
Al 4.551 Al 4.152 Al 4.612 Al 4.323

Nitrogen adsorption-desorption isotherm

The nitrogen adsorption-desorption isotherms and
pore size distributions of RP and MP are presented in
Figure 1, while the BET surface area, pore volume,
average pore radius, and pore diameter are summarized
in Table 2. According to the nitrogen adsorption-
desorption isotherms shown in Figures 1(a) and 1(b),
both RP and MP are identified as predominantly
mesoporous materials, exhibiting the characteristic
Type IV isotherm with average pore diameters in the
range of 2 - 50 nm [26]. Figures 1 (¢) and 1(d) show the
BJH pore size distribution, with the median pore sizes
of RP and MP calculated as 4.06 and 3.61 nm,

respectively. The BET specific surface areas were 23.08
m?/g for RP and 15.69 m?g for MP. The average pore

diameter was calculated using the relation D, =

4Vx1000 .
————— The pore volume and pore diameter were
BET surface area

0.0487 cc/g and 8.44 nm for RP, and 0.035 cc/g and 8.92
nm for MP, respectively. The total pore volume of RP at
0.999 P/Po was 31.47 cc/g, whereas that of MP at 0.995
P/Po was 22.63 cc/g. The reduction in BET surface area
is likely attributable to the coverage and partial collapse
of the internal pore structure during acidification [27].
Comparable reductions in surface area and pore volume,

resulting from pore damage and occlusion, have also
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been reported following treatment with hydrochloric
acid [27] and nitric acid [28].
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Figure 1 The plots of nitrogen adsorption-desorption and pore size distribution of RP (a), (¢) and of MP (b), (d).

Table 2 Textural properties of the adsorbents obtained from BET and BJH analyses.

adsorbents
Parameters
RP MP
BET surface area (m?%/g) 23.08 15.69
pore volume (cc/g) 0.0487 0.0350
BET pore diameter (nm) 8.44 8.92
BJH median pore diameter (nm) 4.06 3.61

SEM analysis

Figure 2 presents the surface morphology of RP
and MP adsorbents before nitrate adsorption. The RP
sample (Figure 2(a)) exhibits a highly porous
framework with irregular, interconnected pores, which
explains its relatively higher BET surface area and
greater accessibility for nitrate ions. In contrast, the MP

sample (Figure 2(b)) exhibits a smoother surface with
fractured, layered domains, reflecting structural
modifications induced by acid treatment. The
disappearance of the small pores observed in RP results
in a reduction of the BET surface area and pore volume,

consistent with the morphological changes seen in MP.
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Figure 2 SEM micrographs of (a) RP and (b) MP before nitrate adsorption, recorded at 2.00 kX magnification.

XRD analysis

The XRD patterns of RP and MP before adsorption
are shown in Figure 3, exhibiting broad amorphous
peaks around 26 ~ 25°, which confirm the amorphous
nature of perlite [29]. Consistent with this observation,
Somkiattiyot et al. [30] reported large peaks at 26 = 20°
- 62° and 22° - 32° corresponding to amorphous
structural regions. Furthermore, certain amorphous
silica phases can transform into crystalline structures,
indicating that the removal of specific contaminants
increases the relative amount of'silica [31]. RP exhibited
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diffraction peaks at 20 (°) values of 13.76, 21.90, 22.83,
23.66, 26.52, 27.33, 27.69, 27.96, 29.39, 30.29, 30.94,
35.53, 41.18, 44.90, 46.61, 48.74, 50.90, 54.78, 56.94,
60.36, 64.48, 67.38, 68.40, 74.26, and 74.45, with an
average crystallite size of 101.43 nm. In comparison,
MP displayed diffraction peaks at 20 (°) values of 13.59,
13.89, 20.82, 21.88, 23.68, 24.31, 26.62, 27.40, 27.70,
27.98, 30.46, 30.96, 34.21, 35.73, 39.43, 41.11, 41.64,
42.11, 42.51, 50.12, 51.06, 51.31, 56.59, 57.01, 57.25,
60.11, and 61.81, with an average crystallite size of
154.52 nm.
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Figure 3 XRD patterns of (a) RP and (b) MP before nitrate adsorption.

FTIR analysis

The FTIR spectra of RP and MP presented in
Figure 4 revealed comparable bands across both
adsorbents. The broad band in the range of 3,000 - 3,800
cm™' was assigned to the stretching vibrations of OH
groups in different environments [32]. Structural OH
stretching vibrations of Si—~OH and AI-OH groups were
identified as the source of the bands at 3,560 - 3,630
cm! [33]. The band at 3,739 cm™! corresponds to the
contribution of free terminal Si—OH groups. Perlite

exhibited a band at 3,622 - 3,640 cm™, which is
associated with the stretching vibration of the structural
hydroxyl group of Al [32]. Additionally, MP displayed
a peak at 3,629 cm™!, attributed to AI-OH, whereas this
peak was not observed in RP. Peaks between 1,600 -
1,650 cm™ were attributed to bending vibrations of OH
groups originating from water molecules [34]. The band
at approximately 1,000 cm™ corresponded to stretching
vibrations in Si-O-M (M = Al or Si) groups, while

symmetric and asymmetric Si—O stretching bands were
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observed with similar values. The bands at 750 - 790
cm ' reflected the Si—O bond stretching of silicate

structures [33].
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Figure 4 FTIR spectra of (a) RP and (b) MP before and after nitrate adsorption.

FTIR analysis confirmed distinct spectral changes
in RP after nitrate adsorption, indicating the
involvement of various surface functional groups in the
binding process. A notable increase in peak intensity
was observed at 2,374 and 2,006 cm™'. Moreover, the
initial characteristic peaks at 3,739, 3,600, 2,155, 1,740,
1,369, 1,039, and 791 cm™ shifted to 3,738, 3,638,
3,630, 3,593, 2,157, 1,751, 1,372, 1,061, and 790 cm™',
respectively, with new peaks emerging at 3,638 and
3,630 cm™. This behavior indicates that nitrate
adsorption occurred at AI-OH groups present on RP.
Similarly, the MP adsorbent exhibited structural
modifications after nitrate adsorption, as evidenced by
the shifting of its characteristic peaks from 2,372, 2,157,
1,736, 1,371, and 1,085cm™ to 2,375, 2,155, 1,752,
1,368, and 1,032 cm™, respectively. In addition, the MP
spectra exhibited new peak intensities at 3,621, 3,735,
and 3,739 cm™! after adsorption, confirming that nitrate
was adsorbed at AI-OH and Si—-OH groups,

respectively.

Effect of pH and pHpzc

The pH of a solution is a crucial factor influencing
adsorption, and the pHpzc (Figure 4(a)) defines the
specific pH at which the adsorbent surface carries zero
net charge. The difference in pHpzc values between RP
(6.0) and MP (5.1) provides insight into their adsorption
behavior toward nitrate ions. At solution pH values
below the pHpzc, the adsorbent surface tends to be
positively charged, thereby favoring the electrostatic
attraction of negatively charged nitrate ions. Notably,
MP achieved higher adsorption efficiency than RP

(Figure 5(b)) despite its lower BET surface area,
suggesting that acid treatment not only reduced pore
volume but also modified surface chemistry in a way
that enhanced nitrate binding. This modification may
have increased the density of AI-OH and Si—OH groups
or altered the surface charge, rather than affecting the
physical porosity. These findings highlight that
adsorption efficiency is governed not only by
morphological features but also by the interplay
between surface charge characteristics and chemical
modifications induced by pretreatment.

As pH increased from 2 to 6 (Figure 5(b)), the
removal efficiency for RP rose from 77.33% to 85.45%,
and for MP from 81.19% to 91.56%. Although
adsorption is generally expected to be enhanced at lower
pH, due to the positively charged adsorbent surface
attracting nitrate anions (Egs. (14) and (15)), the
experimental results demonstrated the opposite trend:
The adsorption percentage decreased under more acidic
conditions (pH < 6). The observed trend was consistent
with nitrate adsorption from aqueous solution using
magnetic Mg/Fe hydrotalcite [43] and modified steel
slag [14]. This outcome was likely attributable to the
compression of the electrical double layer (EDL) and
proton-dominated interfacial saturation [44], which,

Si-OH + H* —> Si—OH," (14)

Si—-OH," + NO;~ — Si— OH,*NO;~ (15)
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consequently hindered the diffusion and -effective
approach of nitrate ions to the adsorbent surface, thereby
diminishing the efficiency of electrostatic interactions.
In addition, the use of HCI for pH adjustment introduced
a high concentration of Cl™ ions at low pH. The presence
of CI” significantly reduced nitrate adsorption on the
adsorbent due to competition for active sites [7,14,35],
most likely via weak anion exchange or ionic shielding
near the active sites [45]. According to Zhu et al. [46],
the presence of Al increases the effective proton-
reactive sites on the adsorbent’s crystal face, thereby
enhancing its positive surface charge density. This
increased surface positivity, as reasoned in the present
study, facilitates the electrostatic attraction of nitrate
ions. For pH values between 2 and 6, the percentage of
adsorption increased with rising solution pH. This
behavior can be attributed either to the displacement of
chloride ions by nitrate ions or to the reduction of the
electrical double layer (EDL) resulting from the
decreased H* concentration. The positively charged
surface of the adsorbent would be linked to chloride ions
for the hydrochloric acid surface modification, and these
ions would then be exchanged for nitrate anions [36], as
represented in Eq. (16). Consequently, the adsorption
capacity did not attain its maximum under highly acidic
conditions (pH < 6), with the highest nitrate removal
observed at pH 6.

10

8

pHfinal

4 5 6 7 8 9 10
pHinital

(@)

%adsorption

] [0}
b M-OHZ/d +NO; —» \M-OH;fNog+ a- (16)
O/ 0/

An increase in pH from 7 to 12 resulted in a slight
decrease in nitrate clearance, from 86.74% to 84.15%
for RP and from 90.48% to 90.15% for MP. Although
the removal efficiency remained high, this reduction can
be attributed to electrostatic repulsion, as negatively
charged surfaces repel negatively charged nitrate ions.
Comparable findings have been reported for nitrate
adsorption on triamine-SiO. material [37] and nano-
alumina [38]. One plausible mechanism is cation
bridging, in which divalent cations (e.g., Ca?*, Mg?")
coordinate simultanecously with negatively charged
surface sites and nitrate. This process effectively
reduces the electrostatic barrier by forming ternary
(Si-O- Ca?"..NOj"), thereby

sustaining adsorption even at elevated pH levels.

surface complexes

Although direct evidence for nitrate-specific cation
bridging is limited, similar mechanisms have been
documented in other adsorption systems [47,48]. By
analogy, such bridging may also occur between divalent
cations and nitrate. This interpretation aligns with the
broader framework of surface complexation theory, in

which electrostatic interactions and ion coordination

jointly govern adsorption behavior.
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Figure 5 (a) Determination of the point of zero charge (pHpzc) for RP and MP. (b) Effect of solution pH on adsorption

capacity; pH 2—12, contact time 60 min, initial nitrate concentration 50 mg/L, adsorbent dose 0.3 g).

Effect of contact time and temperatures

Figure 6 illustrates the relationship between
nitrate adsorption capacity and contact time (1 - 240
min). Adsorption on both RP and MP was rapid within

the first 15 min, owing to the abundance of vacant sites

and the high initial nitrate concentration. With

increasing contact time, adsorption capacity

progressively rose as these sites became occupied, but
the rate slowed until equilibrium was reached at 60 min.

According to Khatamian et al. [39], several phenomena
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may contribute to the decline in removal efficiency:
progressive saturation of active sites by nitrate ions,
reduced diffusion from the bulk solution to the
adsorbent surface due to concentration gradients, and
temporal changes in adsorbate-adsorbent interactions,
all of which collectively diminish overall effectiveness.
Furthermore, adsorption capacity increased with
temperature (Figure 6); at equilibrium, RP exhibited
capacities of 14.11, 14.58, and 15.32 mg/g, while MP
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-
14 - & i
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= 11
10 —8—2(0°C
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8 r r r . .
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showed 15.31, 15.45, and 15.85 mg/g at 20, 30, and 40
°C, respectively. This indicates that the adsorption
process is endothermic. Jiang et al. [40] suggested that
elevated temperatures enhance particle mobility,
thereby increasing the likelihood of adsorbate molecules
interacting with functional groups on the adsorbent
surface and, consequently, boosting the adsorption

capacity.
6 . |
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Figure 6 Plots showing the effect of contact time and temperature on nitrate adsorption for (a) RP and (b) MP; pH 6,

contact time 60 min, initial nitrate concentration of 50 mg/L, and adsorbent dose 0.3 g.

Kinetics and activation energy

To investigate adsorption kinetics and activation
energy, contact-time and temperature-dependent
adsorption studies were performed. The nitrate
adsorption data, obtained at an initial concentration of
50 mg/L, were analyzed using the linear pseudo-first-
order, pseudo-second-order, and intraparticle diffusion
models. Figure 7 presents the plots of three kinetic
models, with their corresponding parameter values
summarized in Table 3. The pseudo-second-order
model yielded the highest regression coefficient (R?),
reaching 0.999 at 3 distinct temperatures. Moreover, the
adsorption capacity (qca) obtained from this model
exhibited the closest agreement with the experimental
values (qexp). Additionally, the pseudo-second-order
model showed low error values Aqc (%) of less than 1.
The calculated equilibrium capacity (qc, ) from this
model consistently matched the experimental data (qexp).
This superior fit indicates that the adsorption rate is
governed by a chemisorption mechanism, involving the
sharing or exchange of electrons between the adsorbent

and adsorbate [41]. The adsorption reactions likely

proceed through complexation, chelation, and valence
forces [42]. A similar observation has been reported for
nitrate adsorption by modified corn stalks [10].

As shown in Figure 7, the intraparticle diffusion
plots of RP exhibited three distinct stages, whereas those
of MP displayed two stages. However, none of the plots
passed through the origin, indicating that intraparticle
diffusion was not the sole rate-limiting step in
adsorption onto either adsorbent. This deviation implies
that other processes, such as film diffusion or surface
adsorption, also contributed to the overall rate of nitrate
uptake. Additionally, the liquid film diffusion plots (not
shown) were obtained by plotting In(1-F), where F =
qi/qe, against t. The resulting plots provided slope (—Kir)
and R? values, which are summarized in Table 3. Based
on these R? values, intraparticle diffusion exhibited a
slightly better correlation, although the liquid film
diffusion model remains applicable. The coexistence of
multiple diffusion pathways highlights the complexity
of the adsorption mechanism, with intraparticle
diffusion playing a significant role in conjunction with

boundary layer effects. These findings are consistent
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with previous studies [10,15], which emph

asize that

adsorption kinetics often involve a combination of
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Figure 7 Plots of kinetic and diffusion models of nitrate adsorption: (a, b) pseudo-first-order; (¢, d) pseudo-second-order;

external mass transfer and intraparticle diffusion rather

than a single controlling mechanism.
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(e, f) intraparticle diffusion. RP corresponds to (a, ¢, e) and MP to (b, d, f); pH 6, contact time 60 min, initial nitrate

concentration of 50 mg/L, and adsorbent dose 0.3 g.

Table 3 Kinetic parameters obtained from nitrate adsorption experiments onto RP and MP at various temperatures (20,

30, and 40 °C).

RP MP
Kinetic models
20 °C 30 °C 40 °C 20 °C 30 °C 40 °C
e (exp) (mg/g) 14.111 14.580 15.321 15.310 15.450 15.851
Pseudo-first order
(e (cal) (mg/g) 5.191 4.806 4.105 2.997 2.875 3.063
ki (1/min) 0.071 0.037 0.051 0.056 0.055 0.070
Age (%) 44.689 47.588 51.977 56.427 60.174 57.841
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RP MP
Kinetic models 20 °C 30 °C 40 °C 20 °C 30 °C 40 °C
R? 0.975 0.968 0.983 0.884 0.901 0.831
Pseudo-second order
(e (cal) (mg/g) 14.222 14.681 15.401 15.385 15.504 15.924
k> (g/(mg-min)) 0.047 0.054 0.060 0.071 0.073 0.076
Aq, (%) 0.556 0.489 0.369 0.345 0.247 0.326
R? 0.999 0.999 0.999 0.999 0.999 0.999
Intraparticle diffusion
Kiq (mg/g-min'?) 0.202 0.279 0.227 0.409 0.367 0.369
C (mg/g) 12.440 12.535 13.596 12.104 12.664 13.015
R? 0.994 0.985 0.949 0.980 0.984 0.989
Liquid film diffusion
K g (1/min) 0.071 0.069 0.095 0.045 1.145 1.097
R? 0.974 0.993 0.958 0.903 0.863 0.899

In this study, the rate constant (k;) obtained from
the pseudo-second-order kinetic model at different
temperatures (293, 303 and 313K) was used to
determine the activation energy (Ea.). A plot of Ink;
versus 1/T (not shown) was constructed, and E, was
calculated from the slope. The calculated E, values for
RP and MP were 9.946 and 2.750 kJ/mol, respectively.
According to the activation energy criterion, adsorption
can be classified as physisorption when E, is less than
40kJ/mol and as chemisorption when E, exceeds
40 kJ/mol [43]. Therefore, nitrate adsorption on RP and
MP was identified as a physisorption process.
Consistent with this criterion, Wang ef al. [10]; Wagner
et al. [49] reported that nitrate adsorption on magnetic
Mg/Fe hydrotalcite and on modified corn stalks also
proceeded via physisorption.

Effect of initial nitrate concentration and
adsorption isotherm

Adsorption experiments were performed at initial
nitrate concentrations ranging from 25 to 300 mg/L. As
the concentration increased stepwise (25, 50, 100, 200
and 300 mg/L), the adsorption capacity of RP rose from
7.37 to 37.28 mg/g, while that of MP increased from
7.87 to 52.20 mg/g. The experimental plots illustrating
the relationship between equilibrium concentration (Ce)
and adsorption capacity (q.) are presented in Figure 8.
Consistent with the findings of Elemile et al. [3], the
adsorption capacity increased with higher initial
concentrations, suggesting an enhanced driving force to
overcome mass transfer resistances between the liquid
and solid phases. Comparable trends have been reported
for nitrate adsorption using modified wheat straw [50],
modified grape seeds [51], and modified hazelnut shells
[13].
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Figure 8 Effect of initial nitrate concentration on equilibrium adsorption plots for (a) RP and (b) MP; pH 6, contact time

60 min, initial nitrate concentration of 50 mg/L, and adsorbent dose 0.3 g.

The equilibrium adsorption data were analyzed mg/g for MP. The Langmuir constant ( Ky ) values

using the linear forms of the Langmuir, Freundlich, and were 0.072 L/mg for RP and 0.122 L/mg for MP
Dubinin-Radushkevich isotherms (Table 4). The results

clearly indicated that the Langmuir isotherm provided

indicating relatively weak interactions between nitrate

ions and the adsorbent surface. This implies that

the best fit to the experimental data, yielding the highest physical forces are likely the dominant mechanism

correlation coefficients (R* > 0.99) compared with the governing the adsorption process [52]. Furthermore, the

ther t dels. This out rts th 1 . . .
OPIET TWO TOCeTs. LIS ouleome supports the monotayer dimensionless separation factor ( Ry ) values ranged
from 0.355 to 0.044 for RP and 0.240 to 0.026 for MP.

Since all Ry values fell between 0 and 1, the adsorption

adsorption theory, suggesting that each active site on the
adsorbent surface binds to a single nitrate ion [42]. The
maximum adsorption capacities predicted by the
Langmuir model were 39.22 mg/g for RP and 54.94 of nitrate onto both adsorbents can be considered

favorable.

Table 4 Isotherm parameters of nitrate adsorption onto RP and MP.

Adsorbents
Isotherm models =P NP
Langmuir isotherm
Qmax (mg/g) 39.22 54.94
K, (L/mg) 0.072 0.122
RL 0.355-0.044 0.240 - 0.026
R? 0.997 0.999
Freundlich isotherm
Kr (L/g) 6.347 9.208
1/n 0.359 0.975
R? 0.924 0.873
Dubinin-Radushkevich isotherm
q, (mg/g) 28.803 37.696
E (kJ/mol) 1.459 0.019

R? 0.865 0.813
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For the Freundlich isotherm, the RP and MP had
K values of 6.347 and 9.208 L/g, respectively. The

corresponding 1/n values were 0.359 of RP and 0.975 of
MP. Since both 1/n values are less than 1, this strongly
suggests that the adsorption process is favorable on both
surfaces [42]. The value of n provides insight into the
surface heterogeneity and energy distribution of active
sites [53]. In this study, the n values of RP and MP were
2.78 and 1.03, respectively. The higher n value of RP
indicates greater surface heterogeneity and stronger
adsorption affinity [54], reflecting a broader range of
binding energies driven by enhanced active sites and
favorable electrostatic interactions. In contrast, the
lower n value observed for MP implies a relatively
uniform surface with limited adsorption energy
variation.

The Dubinin-Radushkevich isotherm is used to
distinguish the sorption mechanism: a mean sorption
energy E less than 8 kJ/mol suggests physisorption,
whereas an E value greater than 8 kJ/mol indicates
chemisorption. The calculated mean free energy of
adsorption (E) of the Dubinin-Radushkevich isotherm
was 1.459 kJ/mol for RP and 0.019 for MP. These values
are significantly below the 8 kJ/mol threshold, which is
consistent with physical adsorption, including van der
Waals forces and other weak interactions [31].

The adsorption results summarized in Table 5
clearly demonstrate the superior performance of

hydrochloric acid-modified perlite (MP), which
achieved a maximum adsorption capacity of 54.95 mg/g
at 30 °C. This value is significantly higher than that of
raw perlite (RP, 39.22 mg/g) and other modified
adsorbents reported in previous studies. The
enhancement in adsorption capacity upon acid
modification can be attributed to  several
physicochemical changes induced by hydrochloric acid
treatment. While modified rice husk exhibited a higher
adsorption capacity (55.55 mg/g at 20 °C), MP shows
competitive performance with the added advantage of
being abundant, low-cost, and locally available in
Thailand. Compared to biochar-based adsorbents (e.g.,
corncob biochar, 34.20 mg/g), MP demonstrates a more
efficient adsorption mechanism, likely due to its mineral
composition and enhanced surface chemistry after acid
treatment. The enhanced adsorption capacity of MP
relative to RP and other adsorbents reflects the
mechanistic role of acid modification. Acid treatment
promotes the formation of additional oxygen-containing
functional groups and modifies the pore architecture,
thereby increasing the availability and accessibility of
adsorption sites. These changes intensify electrostatic
attraction and ion-exchange interactions with nitrate,
which explains the observed improvement in adsorption
efficiency and highlights its applicability in nitrate-

contaminated wastewater treatment systems [20].

Table 5 The maximum adsorption capacity (mg/g) of nitrate onto various modified adsorbents.

Adsorbates qmax (Mg/g) Tem (°C) References
ZnCly-modified coconut granular activated carbon 14.01 20 Liu [55]
modified rice husk 55.55 20 Katal et al. [56]
modified pine sawdust 32.5 5 Keranen et al. [57]
modified pine sawdust 29.5 23 Keranen et al. [57]
modified pine sawdust 23.8 40 Keranen et al. [57]
modified granular activated carbon 21.51 25 Mazarji et al. [1]
Surfactant-modified forms of clinoptilolite 30.2 room temp. Rasuli et al. [58]
Surfactant-modified forms of pumice 27.6 room temp. Rasuli et al. [58]
Sulphuric acid- corncob biochar 34.20 30 Hu et al. [59]
modified corncob biochar 10.48 30 Hu et al. [59]
modified hazelnut shells 26.51 25 Stjepanovi et al. [13]
modified corn stalk 20.04 30 Wang et al. [10]
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Adsorbates Qmax (Mg/g) Tem (°C) References
modified perlite (Iran) 32.63 20 Baei et al. [4]
raw perlite (RP) (Thailand) 39.22 30 This work
HCl-modified perlite (MP) (Thailand) 54.95 30 This work

Effect of ionic strength on nitrate adsorption

The ionic strength of an aqueous solution is a
critical factor influencing ion adsorption at the solid-
liquid interface. Its effect on nitrate removal was
examined through batch experiments with varying NaCl
concentrations (0, 0.001, 0.01 and 0.1 mol/L), as shown
in Figure 9. Increasing the NaCl concentration from 0
to 0.1 mol/L decreased nitrate adsorption, with values
dropping from 82.15% to 34.41% for RP and from

100 -
90

% nitrate adsorption

0 0.001

88.23 87.35

88.23% to 36.98% for MP, indicating that adsorption on
both RP and MP was strongly influenced by ionic
strength. An increase in ionic strength significantly
reduces nitrate adsorption at all initial NaCl
concentrations. This behavior indicates that nitrate is
predominantly  adsorbed  through  outer-sphere
electrostatic interactions, which are highly sensitive to

compression of the electrical double layer [60].

=RP = MP

0.01 0.1

NaCl concentration (mg/L)

Figure 9 Effect of NaCl ionic strength on nitrate adsorption by RP and MP; contact time 60 min, initial nitrate

concentration of 50 mg/L, and adsorbent dose 0.3 g).

Effect of coexisting anions on nitrate
adsorption

In nitrate-contaminated water, coexisting ions
such as chloride, sulfate, carbonate, and phosphate
(50 mg/L) competed with nitrate for adsorption sites on
the adsorbents. The control condition, containing only
nitrate without competing ions, is referred to as the
blank, as shown in Figure 10. In this experiment, the
concentration of each coexisting anion was adjusted to
be equimolar with nitrate (i.e., a 1:1 molar ratio). Under
these conditions, the relative affinity of anions followed
the order phosphate > carbonate > sulfate > chloride,
which is primarily governed by charge density and
hydration energy. It is well established that adsorbents

generally exhibit higher affinity toward anions with

greater charge density and multivalent species compared
to monovalent anions [61]. The presence of these anions
affected nitrate removal differently across the two
adsorbents. For RP, nitrate removal efficiencies were
82.26% with chloride, 65.36% with sulfate, 56.25%
with carbonate, and 23.15% with phosphate. Similarly,
MP exhibited efficiencies of 87.98% with chloride,
72.75% with sulfate, 60.96% with carbonate, and
27.65% with phosphate. Overall, the competitive effect
followed the order phosphate > carbonate > sulfate >
chloride for both adsorbents, indicating that phosphate
exerted the strongest inhibitory influence. The
experimental results are partially consistent with those
of Chen et al. [43], who investigated nitrate and nitrite

adsorption using magnetic Mg/Fe hydrotalcite and
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reported the inhibitory effects of coexisting anions in the
order phosphate > carbonate > fluoride > sulfate >
chloride > chlorate. The relative affinity order of
common anions has been reported as phosphate >
carbonate > sulfate > chloride, consistent with previous

100 -
90 -
80 -
70 -
60 -
50 -
40 -
30 -
20 -
10 -
0.

%adsorption

Blank chloride

sulfate carbonate

studies on adsorption onto metal oxyhydroxides [62,63].
This order reflects the stronger binding tendency of
phosphate compared to other anions, which explains its
more pronounced competitive effect in  multi-

component groundwater systems.

phosphate

coexisting-ions

Figure 10 Influence of coexisting anions on nitrate adsorption performance of RP and MP at a 1:1 molar ratio; pH 6,

contact time 60 min, initial nitrate concentration of 50 mg/L, and adsorbent dose 0.3 g.

The adsorption mechanism of anions onto
adsorbents is strongly influenced by their physico-
chemical properties, including solubility, ionic radius,
hydration energy, and bulk diffusion coefficient, which
are crucial for selective adsorption [64]. In our study,
nitrate adsorption was found to be only slightly affected
by chloride (CI"), likely due to its comparable ionic
radius (1.81 A) to nitrate (1.79 A) and its lower
hydration energy, which limits its competitive
interaction with adsorption sites. In contrast, sulfate
(SO+*) has a higher negative charge and a more
pronounced influence on nitrate adsorption. Similarly,
carbonate (COs%"), an oxyanion with an ionic radius of
1.78 A, was strongly adsorbed and reduced nitrate
adsorption [65]. Phosphate (PO4*"), carrying a trivalent
negative charge and higher hydration energy with an
ionic radius of 2.38 A, exhibited an exceptionally strong
affinity for perlite surfaces, indicating that multivalent
oxyanions compete more effectively than monovalent
anions for adsorption sites and thus markedly suppress
nitrate retention. According to Wang ef al. [10], these
results indicated that the affinity level between the

adsorbent and adsorbate was largely determined by

concentration and valence of anions.

Thermodynamics of nitrate adsorption

Studies on the effect of temperature on nitrate
adsorption onto RP and MP were conducted at 20, 30,
and 40 °C. The results revealed a positive correlation
between temperature and adsorption capacity, indicating
that the process is endothermic [66]. Figure 11
illustrates the plots of the logarithm of the equilibrium

constant (K¢ = q., / C. ) against the reciprocal of

temperature (1/T). The calculated AG values were
—2.991, —3.382, and —3.887 kJ/mol for RP, and —3.440,
—3.742, and —4.199 kJ/mol for MP. The consistently
negative AG values confirm that nitrate adsorption is
thermodynamically spontaneous under the tested
conditions. Moreover, the increasing negative
magnitude of AG with rising temperature suggests that
adsorption becomes more favorable at higher
temperatures, likely due to the enhanced mobility of
nitrate ions in solution. Typically, Gibbs free energy
changes range from 80 - 400 kJ/mol for chemisorption
and 0 - 20 kJ/mol for physisorption. Based on these
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values, the predominant mechanism is identified as
physisorption [67]. The positive enthalpy change (AH)
values of 10.015 and 7.647 kJ/mol for RP and MP
confirm that nitrate adsorption is endothermic for both
adsorbents. The increase in temperature-activated
adsorption sites suggests that nitrate ions require the
transfer of a significant amount of heat from the aqueous
solution into the solid phase [68]. The endothermic
nature of the adsorption process indicates that higher

temperatures provide the energy required to overcome
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diffusion resistance within the porous structure,
supporting intraparticle diffusion as the primary rate-
limiting step [69]. Similarly, the positive entropy
changes (AS) of 44.638 and 37.758 J/mol for RP and
MP, respectively, indicate greater randomness at the
solid-liquid interface during adsorption. This enhanced
disorder reflects the increased unpredictability
associated with the adsorption process at the solid-
solution interface.
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Figure 11 Thermodynamic analysis of nitrate adsorption on RP and MP; pH 6, contact time 60 min, initial nitrate

concentration 50 mg/L, and adsorbent dose 0.3 g.

Mechanism of nitrate adsorption

The characterization of RP and MP adsorbents,
together with the nitrate adsorption results, indicated
that the adsorption process involved multiple
mechanisms (Figure 12). Adsorption was observed at
pH 2, with maximum adsorption occurring at pH 6.
Under these conditions, the surface of perlite became
positively charged, thereby facilitating electrostatic
attraction with negatively charged nitrate ions [14], as
illustrated in Eq. (17). Moreover, adsorption increased
with increasing solution pH, reaching a maximum at pH
6, which can be attributed to the reduction in chloride
ion concentration. Consequently, the adsorption
mechanism is likely governed by electrostatic
competition, as illustrated in Eq. (18). The adsorption
mechanism, as seen in Eq. (18), was proposed to be
ligand exchange by displacement of Cl- with nitrate ions
[70]. Among these, hydrogen bonding, as shown in Eq.
(19), played an important role by providing additional
stability during adsorption. Specifically, the hydrogen

atoms in protonated hydroxyl groups interacted with the
oxygen atoms of nitrate ions [44]. Evidence of
hydrogen-bonding interactions was observed from
slight shifts and increases in the —OH stretching
vibration peaks, moving from 3,631 to 3,637 cm™ for
RP and from 3,600 to 3,602 cm™! for MP.

Metal ions such as K and Fe, together with their
oxides, can form hydroxides and hydrated metal oxides
at the adsorbent interface [14]. Consequently, nitrate
may be adsorbed through ion exchange, as illustrated in
Eq. (20).

M/Si-OH," + NO3~ — M— OHy"----- NO3~ (17)

M/Si—OH" /CI- + NO3s~ — M/Si—-OH,"/NOs~ + Cl-  (18)

M/Si—OH + NO;~ — M- OH....NOs (19)

K/Fe-OH + NO3;~ — K/Fe-NO; + OH~ (20)
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where, M represents Al, Fe, and K.

Because maximum nitrate adsorption on RP/MP
was observed at pH 6, which is higher than the pHpzc,
the M—OH groups become negatively charged and bind
with divalent cations, thereby forming cation bridging,
as illustrated in Eq. (21) [47,48].

SI/ALO M2 +NO; — SI/AL-O™--M2*NO; (21)

| Electrostatic attraction |

The FTIR spectra reveal the presence of siloxane
(Si-O-Si) groups from the tetrahedral sheet on the
adsorbent surface, highlighting the important role of
electrostatic attraction in the adsorption process.
Moreover, the Si—O-Si and Al-O-Al bonds on the
adsorbent surface can facilitate dipole—dipole
adsorption (Van der Waals forces) with nitrate ions
through intermolecular interactions [14]. The pore
structures of both RP and MP further enhance the pore-
filling mechanism, providing abundant adsorption sites

for the effective removal of nitrate molecules.

Pore-filling

Figure 12 Schematic representation of the proposed mechanism for nitrate adsorption on RP and MP adsorbents.

Batch nitrate adsorption design from
equilibrium data

Determining the appropriate amount of adsorbent
required to complete the adsorption process is critical
for the design of large-scale batch adsorbers.
Establishing equilibrium is essential for calculating the
optimal adsorbent dosage and its corresponding
adsorption capacity [57]. The single-stage batch
adsorption process can be evaluated using a mass

balance, as expressed in Eq. (22):

V(Cofce):W(qe*qo) (22)

since (, represents the initial capacity, it is taken as 0.
According to the Langmuir isotherm, the equilibrium
adsorption capacity ( . ) can be determined using Eq.

(23):

_ qmaxKLCe

e — 2
LK, C, (23)

de

Substituting this expression into Eq. (20) yields Eq.
(24):

K, C
V(CO-Ce):quax L™e

24
14K, C. (24)

where C, (mg/L) is the initial concentration of nitrate,

C. (mg/L) is the nitrate concentration at equilibrium,
ge(mg/g) is the equilibrium adsorption capacity, V(L) is
the volume of nitrate solution, and W(g) is the mass of
adsorbent.

The adsorption capacity (q.) of the adsorbent was
determined using the Langmuir isotherm together with
the associated parameters (Table 4). The efficacy of the
adsorbents was evaluated based on the mass required to
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achieve nitrate reduction across different solution
volumes. To illustrate this evaluation, Figures 13(a) and

13(c) show the relationship between solution volume
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and adsorbent mass at a fixed concentration of 100
mg/L, whereas Figures 11(b) and 11(d) depict the
relationship at a fixed adsorption level of 90%.
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Figure 13 Single-stage batch nitrate adsorption: (a, c) at a fixed initial nitrate concentration of 100 mg/L; (b, d) at a fixed
adsorption level of 90% for RP (solid line) and MP (dotted line).

Regeneration and reusability studies

The practicality and cost-effectiveness of the
adsorbents were evaluated through regeneration and
reusability experiments for nitrate removal from water.
A 0.01 M NaOH solution was used as the desorption
in the

desorption solution for 30 min, rinsed to adjust the pH

agent. Spent adsorbents were immersed

to 6 - 7, and subsequently dried for reuse in the next

adsorption cycle. Figure 14 illustrates the reusability
performance of the adsorbents over five consecutive
cycles. A gradual decline in adsorption efficiency was
observed with each adsorption-desorption cycle. The
adsorption capacity decreased progressively from the
first to the fifth cycle. Specifically, nitrate removal by
RP decreased from 86.52% to 45.36%, while that by MP
declined from 90.80% to 50.40%.
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Figure 14 Reusability performance of RP and MP in nitrate adsorption over five successive adsorption-desorption cycles.

Nitrate adsorption in real groundwater by
batch adsorption

The batch adsorption experiments using RP and
MP provide clear evidence of their effectiveness in
nitrate removal from agricultural groundwater in
Lopburi. At the tested condition (pH 6.25; initial nitrate
concentration 49.95 mg/L; contact time 60 min), both
adsorbents showed a consistent improvement in removal
efficiency as the dosage increased from 0.1 to 0.3 g/100
mL. As illustrated in Figure 15, RP achieved an increase

in adsorption percentage from 64.22% to 74.41%, while

9 1 arp =mP
80

70
60
50
40
30
20
10

0

% adsorption

0.1

MP performed slightly better, rising from 71.25% to
80.63%. This trend suggests that higher adsorbent doses
provide more available binding sites, thereby enhancing
nitrate uptake. The comparative performance also
highlights MP’s relatively stronger affinity toward
nitrate ions, although both materials demonstrated
substantial capability in treating real agricultural
groundwater. These findings reinforce the practical
potential of RP and MP as viable adsorbents for
mitigating nitrate contamination in field-relevant

conditions.

80.63

0.2 0.3

adsorbent dose (g)

Figure 15 Nitrate adsorption in real groundwater by RP and MP.

Although the Langmuir constant (K ) values

were relatively low, both RP and MP exhibited high
nitrate removal efficiency in real groundwater. This
apparent discrepancy can be explained by considering
the Freundlich parameters. The n values of 2.78 for RP
and 1.03 for MP indicate that adsorption on RP and MP
is more favorable, consistent with their higher efficiency

despite the low Ky . The lower Ky, may reflect weaker

binding energy at individual sites, yet the heterogeneous
surface and abundant adsorption sites allow effective
overall uptake. Thus, the combination of the Langmuir
and the Freundlich models highlights that adsorption
performance in complex groundwater systems cannot be

solely inferred from Ki, but must also account for



Trends Sci. 2026; 23(9): 13225

21 of 26

surface heterogeneity and the favorable adsorption
behavior indicated by n.

Cost analysis

The utilization of naturally abundant Thai perlite
for nitrate adsorption enhances local resource
valorization, reduces dependence on imported
adsorbents, and supports circular economy principles.
This study demonstrates how a low-cost mineral
precursor can be transformed into an effective adsorbent
through simple acid modification, thereby improving
nitrate removal efficiency. The resulting HCl-modified
perlite (MP) exhibits significant economic and
environmental advantages due to its straightforward
preparation process and enhanced adsorption capacity.
Beyond nitrate removal, the prepared MP shows
potential for broader water treatment applications,
particularly in rural and resource-limited communities.
Additionally, its durability, reusability, and relatively
low environmental footprint contribute to long-term cost

effectiveness.

Contribution to sustainable development goals
and circular economy

This research aligns with the principles of green
chemistry and the circular economy, contributing
directly to the United Nations Sustainable Development
Goals (SDGs). By utilizing a locally abundant mineral
resource (perlite) to develop an effective adsorbent for
nitrate pollution, it addresses SDG 6 (Target 6.3: water
quality) and SDG 12 (Targets 12.4 and 12.5: Chemicals
management and resource valorization). The successful
regeneration of the adsorbent over multiple cycles
further reinforces this sustainable and circular approach
[71,72]. Our study also responds to recent calls for SDG-
oriented water treatment solutions employing low-cost,
environmentally benign materials [73-75]. In addition,
it contributes to the expanding body of research on
biosorbents and geo-sourced materials for depollution
[76-80], while highlighting the importance of evaluating
sustainability and life-cycle impacts of these emerging
technologies [81-83].

Conclusions

In this study, HCl-modified volcanic rock was
successfully employed for nitrate adsorption. The
specific surface areas of RP and MP were found to be

23.08 and 15.69 m?*/g, respectively, with mesoporous
structures confirmed by Type IV isotherms.
Furthermore, both adsorbents were comprehensively
characterized using FTIR, XRD, XRF, and SEM
analyses. HCl modification effectively activated the
functional groups in perlite, thereby enhancing their
contribution to nitrate adsorption. Optimal removal
efficiencies for RP and MP were achieved at pH 6 with
an equilibrium time of 60 min. Both the pseudo-second-
order kinetic model and the Langmuir isotherm
exhibited an excellent fit to the adsorption data. The
maximum nitrate adsorption capacities of RP and MP
were  39.22 and  54.94mg/g, respectively.
Thermodynamic and activation energy analyses
confirmed that nitrate adsorption on RP and MP occurs
predominantly through physisorption. Mechanistic
insights revealed that physical adsorption predominated,
driven mainly by electrostatic interaction, hydrogen
bonding, electrostatic displacement, cation bridging,
pore filling, and ion exchange. The competitive effect
of coexisting ions was observed in the order: phosphate
> carbonate > sulfate > chloride for both adsorbents.
Furthermore, application to real wastewater treatment
demonstrated favorable nitrate removal performance,
confirming the practical potential of RP and MP as

effective adsorbents.
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