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ABSTRACT

Nitrate, as one of the primary pollutants, is found in agricultural drainage water, and human and
animal excrement. Nitrate causes damage to water environments and endangers human health.
It is clear that the research is very important for the development and improvement of existing
methods for treating water containing high concentrations of nitrate. This study was conducted
aimed to investigate the possibility of using a batch system of nanoclay modified with the organic
surfactant hexadecyltrimethylammonium bromide (HDTMA-Br) to remove nitrate anion as a
model pollutant from drinking water containing this pollutant. This study was conducted on lab-
oratory and batch reactor scale. Removal efficiency of different pH 4-9, contact time 15-60 min,
nanoclay adsorbent concentration modified with organic surfactant HDTMA-Br 0.5-1.5 g/dL and
nitrate concentration 25-75 mg/L was investigated. Nitrate concentration was measured by ultra-
violet spectrophotometer. Based on the scanning electron microscopy, the particles have a uniform
shape with high porosity and the diameter of the nanoclay particles modified using the organic
surfactant HDTMA-Br was 1.6 nm. Based on the X-ray diffraction analysis, the modification pro-
cess changed the base distance in the nanoclay structure from 17 to 24 A. The best conditions for
removal of 25 mg/L of nitrate (100% efficiency) included contact time of less than 15 min, opti-
mum temperature of 20°C, optimum pH 4 and concentration of 1 g/dL of nanoclay modified using
organic surfactant HDTMA-Br with the surface of the surfactant was 40% of the cation exchange
capacity. The maximum nitrate adsorption capacity was 94.33 mg/g by following the Langmuir
isotherm (correlation coefficient of 0.9960) and second-order adsorption kinetic (correlation coef-
ficient of 0.9988). The results showed that the modified nanoclay adsorbent is a suitable, cheap
and efficient method for removing nitrate from drinking water. Nanoclay adsorbent modified
with the organic surfactant HDTMA-Br is used as a strong adsorbent to remove nitrate from
aqueous media due to its high adsorption capacity and reusability for at least 4 cycles of recycling.

Keywords: Bentonite; Nanoclay adsorbent; Organic surfactant; Hexadecyl trimethyl ammonium
bromide; Nitrate

1. Introduction causes damage to aquatic environments and endangers the
health of living organisms, especially humans [1,2]. NO,
as an inorganic pollutant, is a very soluble and stable com-
pound and can remain in the form of NO; [3]. NO;, with
a nitrogen oxidation number of +5 and a negative charge,

Nitrate (NO;) is one of the primary pollutants that can
be found in agricultural drainage water, human and ani-
mal excrement, and the untreated NO; entering wastewater
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is easily washed from the soil by irrigation water and pre-
cipitation, moves to the ground water and causes its pollu-
tion [4]. NO; reduction to nitrite by microorganisms under
anoxic conditions can be a health risk for a person. The
groups exposed to the health risk of NOj include infants,
pregnant women and children, and NO; affects the thyroid
gland [5]. Increasing the concentration of NO; in drinking
water is the cause of health challenges of infant methemoglo-
binemia (blue baby syndrome), especially 3—6 months old,
and stomach cancer caused by nitrosamine compounds in
adults [6,7]. Providing safe water is one of the most import-
ant priorities of the water supply industry. NO; adsorp-
tion even below the maximum concentration (10 mg/L of
nitrogen-nitrate) in water is considered harmful to human
health, so NO;-contaminated water treatment is a strategic
way to prevent excess water use and preventing endanger-
ing human life has been a high priority over the last few
decades [8,9]. It is clear that the research is very important
for the development and improvement of existing methods
for treating water containing high concentrations of NO;
due to increasing removal efficiency. Many methods have
been used and developed to remove NO; more than the
allowable limit, including the adsorption by ion exchange,
reverse osmosis, adsorption, and chemical and biological
methods [10]. Each of the methods mentioned above has
advantages and disadvantages. Low removal efficiency,
production of large volume of sludge, inefficiency of cost
and energy, production of toxic by-products and spread-
ing potentially more toxic chemicals in the environment
are some of the disadvantages of using these methods [11].
The adsorption process has been used to remove NO; from
water over the last decade. The adsorption process has no
problem mentioned [12]. In recent decades, the adsorption
of NO; by natural adsorbents has been considered due to
economic efficiency. Some of these adsorbents are chitosan,
coconut shell, bamboo, activated carbon, bentonite, zeolite,
and sugarcane bagasse. The adsorption is the most effective
and economical process for NO; removal. In this method,
biological adsorbents such as biomass, peat and biopoly-
mer are used [13]. The high cost and problems associated
with regeneration of saturated activated carbon adsorbent
recently led to the development of clay adsorbent (bentonite)
modified using cationic surfactants such as hexadecyltrime-
thylammonium bromide (HDTMA-Br. In order to removing
different anions, different functionalized adsorbents have
been used, such as 4-nitro-1-naphthylamine ligand func-
tionalized porous conjugate material (mesoporous silica)
for toxic NO; detection and adsorption from wastewater
[14]; the mesoporous silica and the 2-methyl-1-naphthyl-
amine organic ligand composite adsorbent for phosphate
adsorption from water [15]; 2-methyl-1-naphthylamine
ligand on to porous silica for arsenic adsorption from con-
taminated water [16]; 1-naphthylamine ligand on to meso-
porous silica for NO; capturing from contaminated water
[17]; N,N’-di(3-carboxysalicylidene)-3,4-diamino-5-ligand
on to mesoporous silica monolith for the selective selenium
monitoring and removal from water [18]; The adsorption
capacity of clay modified with cationic surfactant can be
attributed to the presence of hydroxide, carboxyl and sili-
con functional groups on the surface of modified clay and
high specific surface area, high porosity, and positive charge

of the adsorbent [19]. Chemical and mechanical stability is
one of the advantages of clay adsorbent (bentonite as smec-
tite nanoclay) modified using cationic surfactants such as
HDTMA-Br. Nanoclays are very popular due to their high
surface area, large pore volume, and high thermal stabil-
ity modified using cationic surfactant HDTMA-Br [20].
The present study was conducted with regard to the crisis
of water pollution to preserve water resources due to the
widespread pollution of water resources caused by the
uncontrolled discharge of urban, industrial and agricul-
tural waste and the fulfilment of treatment standards. The
adsorption technology by modified clay (bentonite) using
cationic surfactant HDTMA-Br has been used as a new
method to remove NO; anions and achieve blue with good
properties in accordance with standards. Among the smec-
tite nanoclay, montmorillonite nanoclay have been studied
by various researchers due to their abundance, compatibil-
ity with the environment, and good structure and chemi-
cal properties. Enkari and Ebrahimi [21] removed NOj ions
from aqueous solution using montmorillonite nanoclay
modified using octadecylamine. Kang et al. [22] synthe-
sized quaternary ammonium gel-silica functional group
through dimethyldecyl binding [3-(trimethoxysilyl)propyl]
ammonium chloride for NO; removal in batch and column
reactor studies. El Hanache et al. [23] modified nanozeolites
using cationic surfactant HDTMA-Br as super-adsorbent to
remove NO; from polluted water. Treating water contain-
ing high concentrations of NO;, the interpretation of the
trend of NO; concentration changes during the removal
process and the factors affecting the removal process are
among the innovative aspects of the research. Providing a
basis for the efficiency of NO; pollutant removal by clay
nanoparticle adsorbents functionalized using cationic sur-
factant HDTMA-Br as a framework to improve the public
health of society through the use of the study results for
the purification of NO; pollutants from the aquatic envi-
ronment is the ideal objective of the research. The lower
consumption of cationic surfactant, higher micro-poros-
ity, and increasing the interlayer surface area compared to
other studies shows the improvement of the current study
method. The interpretation of the trend of NO; concentra-
tion changes during the removal process and the factors
affecting the removal process are among the innovative
aspects of the research. Providing a basis for the efficiency
of NO; pollutant removal by clay nanoparticle adsorbents
functionalized using cationic surfactant HDTMA-Br as a
framework to improve the public health of society through
the use of the study results for the purification of NO; pol-
lutants from the aquatic environment is the ideal objective
of the research. This study was conducted aimed to inves-
tigate the possibility of using a discontinuous system of
nanoclay modified using organic surfactant HDTMA-Br
to remove NO; anion from drinking water containing
this pollutant.

2. Method

This study is a descriptive-cross-sectional experimen-
tal laboratory study, the statistical population of which is
water samples contaminated with NO;. The studied vari-
ables included NOj; removed under optimum conditions,
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NO; removal conditions such as time, pH, concentration of
clay nanoparticles (B), cationic surfactant (HDTMA-Br) (H),
clay nanoparticles functionalized using cationic surfactant
HDTMA-Br. This study was conducted in a batch cylindri-
cal glass reactor with the volume of 1,000 mL and effective
volume of 500 mL. For proper mixing of the reactor, a plate
shaker (100 rpm) was used. Nanoclay prepared without
any pretreatment process was used during this research
due to its high degree of purity (99.99%). To synthesize
clay nanoparticles functionalized using cationic surfactant
HDTMA-Br, the modified method of Singla et al. [24] was
used. 5 g of bentonite nanoclay was added to 500 mL of
distilled water and stirred using a magnetic stirrer for 22 h
at 20°C. Over time, 2 g of cationic surfactant HDTMA-Br
was added. The two were mixed for 13 h and filtered using
filter paper. After filtering the solution, the precipitate
was heated at 85°C for 200 min.

To investigate the surface, shape, size, and placement
of particles on the cationic surfactant HDTMA-Br, scanning
electron microscopy (SEM; Philips XL30, Holland) and X-ray
diffraction (XRD; Rigaku Instrument Corporation, Japan)
were used to identify the structure of modified nanoparticles.

Chemical variables were measured based on the instruc-
tions of the standard method book. 1,000 mg/L of synthetic
NO; solution was prepared by dissolving 1.5 g of Merck
potassium NO; powder (dried at 103°C for 60 min) in
1,000 mL of deionized water. By diluting, 25, 50 and 75 mg/L
of NO; was obtained. Tests were performed to determine
the process efficiency at 3 initial NO; concentrations 25, 50
and 75 mg/L, 3 reaction times 15, 30 and 60 min, different
pH 4, 6.5 and 9 and 3 nanoparticle adsorbents clay, cationic
surfactant (H) and clay nanoparticles functionalized using
cationic surfactant (H) 0.5, 1 and 1.5 mg/dL for optimum
determination of variables in batch reactor (adsorbents of
clay nanoparticles, cationic surfactant (H), clay nanoparti-
cles functionalized using cationic surfactant (H) at laboratory
temperature. After adjusting the pH in the corresponding
batch reactor, 500 mL of synthetic sample with adsorbents
of clay nanoparticles, cationic surfactant (H), clay nanoparti-
cles functionalized using cationic surfactant (H) was poured
and the shaker was turned on at the desired reaction times.
Over time, 25 mL of water sample was taken from the mid-
dle of the reactor for testing, passed through a filter of
0.45 microns, the remaining NO; concentration was read at
220 nm using an ultraviolet spectrophotometer, and the cor-
relation coefficient was at least 0.995, confirming the drawn
NO; standard curve. After ensuring the accuracy of the ultra-
violet spectrophotometer, the lowest standard solution was
added to it and the lowest accuracy of the standard reading
was considered as the detection limit, which is equivalent
to 3 times the amount of interference created in the control
chart (0.04 mg/L). 10 times the amount of interference was
considered as the measurement range. Also, for the accu-
racy, 3 samples were prepared and placed in the UV spec-
trophotometer at different times (3 times) and checked in
3 d, until finally the accuracy of the method was confirmed.
The number of samples was obtained from the method of
designing tests of 90 samples. Data were analyzed using
Excel and SPSS version 18, which included t-test and chi-
square test for the quantitative and qualitative variables. NO;
removal efficiency is calculated by the following equation:

Removal(%) =1- g

to

where C, is the NO; concentration after the adsorption
process at time t and C,; is the initial NO; concentration at
time £.

In view of application, Taguchi model for optimizing
is very applicable for rapid assessment of optimal condi-
tions based on a small number of tests and is effective for
more than one process parameter. In addition, the Taguchi
model was utilized to represent the relationship between
four operational variables (adsorbent concentration as fac-
tor 1; pH as factor 2; NO; concentration as factor 3; reac-
tion time as factor 3) and three levels of removal efficiency.
Therefor a new set of 9 experiments was conducted.

3. Results and discussion

Factors affecting the efficiency of organic bentonite
adsorbent (clay nanoparticles functionalized using cationic
surfactant (H)) are: surface morphology by SEM, long dis-
tance between layers due to organization by XRD, creating
hydrophobic property by Fourier-transform infrared spec-
troscopy (FTIR), long distance between layers in acidic pH,
limitation of adsorption active sites on to adsorbent due to
increasing initial NO; concentration, increasing the contact
surface with the NO; and creating more absorption sites
due to increasing adsorbent concentration, reaction time,
temperature, adsorbent stability (reusability).

3.1. Modified nanoclay structure

To determine the crystalline properties and purity of
clay nanoparticles, cationic surfactant (H), and clay nanopar-
ticles functionalized using cationic surfactant (H), XRD was
used. The output peaks at supplementary angles equal to
7.26° and 21.87° are consistent with the standard peaks of
montmorillonite (equivalent to 001 and 100) and thus con-
firm the purity (Fig. 1). Illite, quartz, kaolinite, cristobalite
impurity was identified according to the peaks indicated.
Silica, aluminum, oxygen and sodium are considered as
main elements (Fig. 2 and Table 1). As shown, the amount of
carbon and nitrogen have increased due to the penetration
of cationic surfactant H in the surface of bentonite, and the
amount of calcium, sodium and magnesium have reduced
due to the exchange of cations between sodium, calcium and
magnesium and the alkyl chain. The presence of sharp and
narrow peaks indicates the crystallinity of the synthesized
samples. The output peaks at two angles equal to 7.26° and
21.87° are consistent with the standard peaks of montmo-
rillonite (equivalent to 001 and 100). The supplementary
bentonite pattern (2°-10°) has a distinct peak at 7°, indi-
cating that the silicate d-layer spacing (distance) is 1.2 nm.
Therefore, the purity of the nanoparticle is confirmed. The
results showed that bentonite layers expanded due to mod-
ification using surfactant that contained a long-chain alkyl
group [25]. In the modification of montmorillonite with cat-
ionic surfactant (H), the interlayer distance is reduced from
7.26° to 21.87° due to the entry of organic materials into the
montmorillonite layers which indicates the organization
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Fig. 1. X-ray diffraction image: (a) bentonite nanoparticles,
(b) cationic surfactant H, and (c) clay nanoparticles functional-
ized using cationic.

of bentonite and leads to producing organic bentonite
absorbent.

SEM was used to determine the structure of clay
nanoparticles, cationic surfactant H, and clay nanopar-
ticles functionalized using cationic surfactant H (Fig. 3).
The raw clay nanoparticles have an irregular, multi-lay-
ered lumpy shape with high porosity, and the minimum
particle diameter of 7.33 nm. High surface area helps to
increase NO; adsorption capacity on clay nanoparticles.
Clay nanoparticles functionalized using cationic surfac-
tant H have a more uneven shape with cracked layers and
a minimum particle diameter of 0.2 nm. The roughness of
the surface, high porosity due to the porous structure and
large surface area help to increase the capacity of NO;
adsorption on clay nanoparticles [26]. SEM micrographs
showed that this increase in clay improvement content
causes more compatibility between the filler layers and
increases the adsorption capacity. Modifying the surface
of clay nanoparticles has led to different effects on clay
nanoparticles, which in the first stage includes increase in
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Fig. 2. Percentage of nanoclay elements analyzed by energy-
dispersive X-ray spectroscopy.

Table 1
w/w% of elements of clay nanoparticles functionalized using
cationic surfactant H

No. Element w/w%
1 Carbon 11.3
2 Nitrogen 1.14
3 Magnesium 0.97
4 Calcium 0.42
5 Sodium 0.21

adsorption due to increase in porosity, increasing the sur-
face of nanoparticles, increasing the surface available for
the adsorption of NO; anions, and increasing the removal
efficiency due to increasing the number of adsorption sites.
There are van der Waals force, electrostatic force or hydro-
gen bonds between the layers of montmorillonite. The
presence of interlayer spaces can be increased by cationic
surfactants due to exchanging cations with the surface in
the nanoclay layers which increases the adsorption sites.

Infrared spectroscopy was used to determine the struc-
ture of clay nanoparticles, cationic surfactant H, clay nano-
particles functionalized using cationic surfactant H (Fig. 4).
The peak bands of bentonite nanoparticles include 471; 609;
179; 1,046; 1,638; 3,437 and 3,738 cm, respectively, belong-
ing to Si-O-Si bending vibration, Si-O-Al bending vibra-
tion, quartz, Si-O stretching vibration, bending vibration of
water molecule adsorbed on bentonite, stretching vibration
of water molecule adsorbed on bentonite and O-H stretching
vibration. The peak bands of cationic surfactant nanoparti-
cles H include 2,919 and 2,851 cm, respectively, belonging to
the symmetric and asymmetric bonds of methyl and meth-
ylene stretching vibrations. Table 2 shows the properties of
clay nanoparticles, cationic surfactant H, clay nanoparti-
cles functionalized using cationic surfactant H. The max-
imum specific surface area of bentonite was 28.99 m®/g.

—-CH, and -CH, vibrations show the existence of long
alkyl chain in bentonite. According to the modifications of
the adsorbent, the functional groups in the spectrum pro-
vided by FTIR were confirmed and the chemical structure
of the adsorbent was qualitatively evaluated as good. This
result was also reported by other researchers [27]. The
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Fig. 3. Scanning electron microscopy image: (a) bentonite nanoparticles, (b) cationic surfactant H, and (c) clay nanoparticles

functionalized using cationic surfactant H (200 kV).

maximum specific surface area of the adsorbent of clay
nanoparticles, cationic surfactant H, functionalized nanoclay
using cationic surfactant H was 33.65, 0.38 and 1.17 m%/g,
respectively. The structure of the modified nanoparti-
cle based on BET theory showed that the changes in the
nanoparticle after modification caused a reduction in the
volume and surface area of the pores and an increase in
adsorption due to the presence of functional groups. But the
diameter of modified nanoparticle was more. Rathnayake
et al. [28], by investigating the specific surface area of min-
eral and organic clay and modifying clay by HDTMA-Br,
showed that the specific surface area and pore volume
reduced due to the occupation of the interlayer space of clay

particles by the surfactant, and an increase in diameter and
adsorption showed the presence of functional groups.

3.2. Effect of pH on NOj adsorption

The efficiency of the NO; removal process of clay
nanoparticles, cationic surfactant H, clay nanoparticles func-
tionalized using cationic surfactant H increases at pH 4 and
25-75 mg/L of NO;. pH 4 needs a lower concentration of
adsorbent compared to the other two. This can be attributed
to the active adsorption sites in the surface and deep parts
of the absorbers. A reduction in pH has led to an increase
in the adsorption rate. The lowest amount of remaining
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Fig. 4. Fourier-transform infrared spectroscopy image: (a) ben-
tonite nanoparticles, (b) cationic surfactant H, and (c) clay
nanoparticles functionalized using cationic surfactant H (before
adsorption). Notes: In the FTIR spectrum related to the absorp-
tion of NO; anions by the adsorbent (clay nanoparticles func-
tionalized using cationic surfactant), the peaks were observed
at the wavenumber 693.2 (57.29), 910.4 (28.91), 1,007.5 (20.69),
2,8489 (83.12), 2,924.3 (79.53), 3,527.4 (84.54), 3,651.5 (86.5),
3,691.9 (83.81), respectively.

Table 2

NO; (100% NOj removal efficiency) was at pH 4, reaction
time of 60 min, 25 mg/L of NO; and 2 g/dL of adsorbent of
clay nanoparticles. The lowest amount of remaining NO;
(22.5% NO; removal efficiency) was at pH 4, reaction time of
60 min, 25 mg/L of NO; and 2 g/dL of adsorbent of cationic
surfactant H. The lowest amount of residual NO; (100%
NO; removal efficiency) was at pH 4, reaction time 30 min,
and clay nanoparticles functionalized using cationic surfac-
tant H (Fig. 5 and Tables 3-8). One of the most important
effective factors in the adsorption of NO; pollutant on the
absorbent surface is the initial pH of the solution. The initial
pH of the solution can affect the surface charge of the adsor-
bent and change the state of the pollutant in the aqueous
environment. The initial pH of the solution determines the
surface properties of the adsorbent and the adsorbed mate-
rial. Determining the pH point of zero charge (pH, ) leads
to the interpretation of the amount of NO; adsorption due
to the surface charge of the adsorbent at different pH. The
pH, . value of adsorbents of clay nanoparticle, and function-
alized nanoclay using cationic surfactant H was obtained as
7.4 and 8, respectively, indicating neutral conditions. In this
study, the best pH for NO; adsorption was found to be 4,
which has the highest adsorption capacity for NO; anion.
Because at this pH, the available NO; is turned into nitrite
ion, which has better adsorption than the NO; molecule

100 %— 'P % +
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s s 6 71 8 9 1
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Fig. 5. Effect of pH on NO; adsorption (optimum conditions of

clay nanoparticles functionalized using cationic surfactant H:

reaction time of 60 min, 25 mg/L of NO;, and 2 g/dL of adsorbent
of clay nanoparticles).

Properties of bentonite nanoparticles, cationic surfactant H, clay nanoparticles functionalized using cationic surfactant H

Unit Nanoparticles
Bentonite Cationic surfactant ~ Clay nanoparticles functionalized
using cationic surfactant
Total net volume (cm®/g) 7.73 0.09 0.012
pH,.. ) 7.4 - 8
Specific surface area (m?/g) 33.65 0.38 1.17
Diameter (nm) 7.33 39.3 40.57
Zeta potential (mV) -50.3 -53.1 -20.2
Barrett-Joyner-Halenda, BJH (nm) 4.03 2.38 1.85
Cation exchange capacity (meq/100 g) 108.4 23 120.6
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Table 3
Results of the effect of bentonite on NO; removal from drinking water (25, 50 and 75 mg/L, pH 4, and different contact times and
amounts of bentonite adsorbent)

Bentonite Removal efficiency percentage Removal efficiency percentage Removal efficiency percentage
adsorbent 25 mg/L 50 mg/L 75 mg/L
Eo/nd‘f)mration Time (min) Time (min) Time (min)
&

15 30 60 15 30 60 15 30 60
1 52 60 57 42 50 47 32 40 37
2 63 70 100 53 60 80 43 50 70
3 58 65 72 48 55 62 38 45 52

Table 4

Results of the effect of bentonite in removing NO; from drinking water (25, 50 and 75 mg/L, pH 6.5, and different contact times
and amounts of bentonite adsorbent)

Adsorbent (g/dL) Removal efficiency percentage Removal efficiency percentage Removal efficiency percentage
25 mg/L 50 mg/L 75 mg/L
Time (min) Time (min) Time (min)

15 30 60 15 30 60 15 30 60
1 47 55 62 37 45 52 27 35 42

58 65 73 48 55 63 38 45 53
3 53 60 67 43 50 57 33 40 57

Table 5

Results of the effect of bentonite in removing NO; from drinking water (25, 50 and 75 mg/L, pH 9, and different contact times and
amounts of bentonite adsorbent)

Adsorbent (g/dL) Removal efficiency percentage Removal efficiency percentage Removal efficiency percentage
25 mg/L 50 mg/L 75 mg/L
Time (min) Time (min) Time (min)
15 30 60 15 30 60 15 30 60
1 42 47 60 32 37 40 22 27 30
2 53 58 68 43 48 50 33 38 40
3 48 52 55 38 42 45 28 32 35
Table 6

Results of the effect of cationic surfactant (H) in removing NO; from drinking water (25, 50 and 75 mg/L, pH 4, and different contact
times and amounts magnetic nanoparticles)

Adsorbent (g/dL) Removal efficiency percentage Removal efficiency percentage Removal efficiency percentage
25 mg/L 50 mg/L 75 mg/L
Time (min) Time (min) Time (min)
15 30 60 15 30 60 15 30 60
20 18 19 17 14.0 17 16 12 16 14.0
40 20 22 215 18.5 20 19.5 17 19 18
60 17.5 21 19.5 16.5 18 17.5 14.5 17 16.5

[29]. pH 4 requires a lower concentration of adsorbent adsorbent. An increase in pH leads to a reduction in posi-
compared to the other two, which can be attributed to the tive charge and adsorption of NO; [30]. Clay nanoparticles
active site of adsorption in the surface and deep parts of the  have a positive charge at low pH and absorb anionic ions
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Table 7

Results of the effect of cationic surfactant H in removing NO; from drinking water (25, 50 and 75 mg/L, pH 6.5, and different

contact times and amounts)

Adsorbent (g/dL) Removal efficiency percentage Removal efficiency percentage Removal efficiency percentage
25 mg/L 50 mg/L 75 mg/L
Time (min) Time (min) Time (min)

15 30 60 15 30 60 15 30 60
20 14.0 17 15 12.0 15 14 12 14 12.0
40 18 20 19.5 16.5 18 17.5 15 17 16
60 15.5 19 17.5 14.5 16 15.5 12.5 15 14.5

Table 8

Results of the effect of cationic surfactant H in removing NO; from drinking water (25, 50 and 75 mg/L, pH 9, and different

contact times and amounts of magnetic nanoparticles)

Removal efficiency percentage
25 mg/L

Cationic surfactant
HDTMA-Br (%)

Removal efficiency percentage

Removal efficiency percentage

50 mg/L 75 mg/L

Time (min)

Time (min) Time (min)

15 30 60 30 60 15 30 60
20 7 17 15 5.0 15 14.0 2 3.0 7.0
40 18 20 19.5 16.5 18 17.5 15 17 16
60 15.5 19 17.5 14.5 16 15.5 7.0 15 14.5

such as NO; more. Increasing the pH to more than pH,
leads to a reduction in NO; adsorption due to the elec-
trostatic repulsion force in the adsorbent surface. Due to
the negative charge of chloride ion, the electrostatic force
between chloride and hydroxyl ions increases the probabil-
ity of chloride adsorption. Another researcher reported the
highest removal efficiency of NO; from water using mont-
morillonite was modified by hexadecyl trimethyl- at opti-
mum pH 5.4 [31]. Another researcher reported the highest
removal efficiency of lead from contaminated water using
the chemical ligand-based conjugate adsorbent at optimum
pH 3.5 [32].

3.3. Effect of the amount of adsorbent

Increasing the concentration of clay nanoparticles,
cationic surfactant H, clay nanoparticles functionalized
using cationic surfactant H increased NO; removal effi-
ciency. Increasing the adsorbent concentration of clay
nanoparticles from 1 to 2 g/dL with pH 4, reaction time of
60 min, 25 mg/L of NO; increased the removal efficiency
percentage from 18% to 100%. The increase in the amount
of adsorbent led to an increase in the adsorption capacity
due to the increase in the number of active sites on the
adsorbent surface. Increasing the concentration of cationic
surfactant adsorbent H from 20% to 40% with pH 4, reac-
tion time of 60 min, and 25 mg/L of NO; increased removal
efficiency percentage from 15% to 19.5%. Increasing the
adsorbent concentration of functionalized clay nanoparti-
cles using cationic surfactant H from 1 to 2 g/dL with pH
4, reaction time of 30 min, 25 mg/L of NOj increased the
removal efficiency percentage from 98% to 100% (Fig. 6
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Fig. 6. Effect of the amount of adsorbent on NO; adsorption
(optimum conditions of clay nanoparticles functionalized
using cationic surfactant H: reaction time of 60 min, 25 mg/L of
NO;, and pH 4).

and Tables 3-8). Increasing the amount of the adsorbent
increased the percentage of NO; removal, which is due to
the increase in the specific surface area of the adsorbent, the
contact surface, and the direct contact between the active
sites of the adsorbent of clay nanoparticles, cationic sur-
factant HDTMA-Br, nanoclay functionalized using cationic
surfactant H and NO; anion. By increasing the amount of
adsorbent dose from 1 to 2 g/dL, adsorption also increased,
due to increasing the progressive forces in the value of
2 g/dL than the initial doses of nano-absorbent, which
causes all the adsorption sites to be quickly absorbed by
NO; anions. By increasing the amount of adsorbent, as one

3
of the effective parameters in increasing the efficiency of
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adsorption, the exchange surface available for the equi-
librium adsorption that is available to the adsorbed sub-
stance is increased. The higher the ratio of the surface to
the volume of the nanoparticle, the greater the reactivity,
and increasing the adsorbent dose by increasing the con-
tact surface between the pollutant and creating more sites
for pollutant adsorption, increases the efficiency of the pol-
lutant adsorption process but after the amount of 2 g/dL
of nano-absorbent, the transfer of NO; ions on the surface
of modified clay nanoparticles has a constant amount of
NO; adsorption efficiency due to the lack of active sites.
Modified nanoclay in lower concentration and reaction
time can carry out the process of NO; anions adsorption
compared to pure clay which shows the adsorption power
of modified nanoclay compared to pure clay. It is con-
cluded that the functional group of the cationic detergent
on the surface of the absorbent can be suitable for absorb-
ing NO; groups and suitable places for it to be absorbed
next to the nanoclay, and the reason for increasing the
amount of NO; anions adsorption compared to pure nano-
clay. The study results of the effect of the amount of the
adsorbent showed that by increasing the concentration of
all three adsorbents to remove NO; from 1 to 2 g/dL with
pH 4, respectively, reaction times of 15, 30 and 60 min, and
25 mg/L of NOj increased the removal efficiency from 18%
to 100%, 15% to 19.5%, and 98% to 100%, and the adsorp-
tion capacity from 2.25 to 12.5, 1.87 to 2.43, and 12.25 to
12.5 mg/g, respectively. Another researcher reported that
Nano bentonite was able to adsorb about 78.3% and 100%
for initial concentrations of 100 and 20 mg/L, respectively
[33]. Another study reported an increase in direct yel-
low 50 removal efficiency from 78% to 100% by adding
0.2 g of hexadecyltrimethylammonium bromide into the
pure bentonite adsorbent [34]. An increase in the amount
of the adsorbent increased the number of active adsor-
bent adsorption sites of NO; anion on zinc. An increase
in the amount of the adsorbent increased the efficiency
removal of Europium on hybrid conjugate material [35].

3.4. Effect of the amount of reaction time

Increasing the concentration of NO; from 25 to 75 mg/L
with pH 4 leads to an increase in the contact time from 30
to more than 60 min for 100% removal. The lowest amount
of NO; remaining (100% NO; removal efficiency), pH 4,
25 mg/L of NO; and 2 g/dL of adsorbents of clay nanopar-
ticles and clay nanoparticles functionalized with cationic
surfactant H was related to 60 and 30 min, respectively
(equilibrium time). Increasing the reaction time from 0
to 20 min increased the efficiency strongly (Fig. 7 and
Tables 3-8). The rapid increase in removal efficiency in the
first few min was attributed to the active sites on the adsor-
bent surface. The contact time is an important parameter
for the use of adsorption, and increasing the contact time of
the adsorbent with the pollutant increases the probability
of trapping the pollutant and the efficiency of the process
will increase until the saturation of the adsorbent. This
increasing trend gradually reduced and reached a fixed
point (equilibrium point) where the amount of adsorption
and desorption was in a constant range and the efficiency
did not change. The maximum removal of NO; in the first

30 min of observation and up to the contact time of 60 min
has a constant trend. The increase in adsorption efficiency
in the initial times is due to the larger surface area, many
empty sites, high reactivity and the higher availability of
the absorbent of binding sites near the surface of clay, but
after reaching the equilibrium time, the vacancy sites on
the absorbent surface are occupied by NO; anions and
the efficiency follows a constant trend. Another researcher
reported that bentonite pretreatment with acid led to
increasing the adsorptive removal of ciprofloxacin from
water in less time [36,37]. Another researcher reported
that the adsorption of copper on to clay increased rapidly
over time (in the first 30 min) and reached saturation
in approximately 120-240 min [38]. Another researcher
showed that the amount of nickel ions adsorbed on to clay
enhanced with enhanced contact time and that equilibrium
adsorption was reached in 15 min [39]. The increase in
NO; removal efficiency did not occur in 40-90 min and the
adsorbent contact time was 30 min. NO; anion removal
on nanoclay functionalized using H cationic surfactant is
a fast process because about 93% of NO; anion removal
occurs in the first 20 min, indicating its power. The study
results are consistent with the results of other studies [40].

3.5. Effect of the amount of NO; concentration

An increase in NO; concentration reduced the effi-
ciency of NO; removal. Increasing the concentration
of NO; from 25 to 75 mg/L with pH 4, reaction time of
60 min, and 2 g/dL of nanoclay adsorbent reduced the
removal efficiency from 100% to 70% and an increase in
the adsorption capacity from 12.5 to 8.75 mg/g. Increasing
the concentration of NO; from 25 to 75 mg/L with pH 4,
reaction time of 30 min and 2 g/dL of the adsorbent of
clay nanoparticles functionalized using cationic surfactant
H reduced the removal efficiency from 100% to 67% and
increases the adsorption capacity from 12.5 to 12 25 mg/g.
The increase in NO; concentration reduced the efficiency
of NO; removal due to the reduction in the number of
active sites on the adsorbent surface due to the saturation
of the active sites (Fig. 8 and Tables 3-8). The pollutant
removal mechanism depends on its initial concentra-
tion. At optimum concentration (25 mg/L), NO; anions
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Fig. 7. Effect of reaction time on NOj adsorption (optimum
conditions of clay nanoparticles functionalized using cationic
surfactant HDTMA-Br).
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Fig. 8. Effect of initial concentration on NO; adsorption
(optimum conditions of clay nanoparticles functionalized using
cationic surfactant H).

are first absorbed in special adsorption sites and then in
exchange sites due to the saturation of the special adsorp-
tion sites to achieve the highest adsorption rate, but after
this adsorption rate, as the concentration increases, the
removal efficiency also decreases. NO; removal in terms
of time is proportional to the NO; anion concentration of
the water. There are sufficient active sites for adsorption
at low NO;j concentration, which increase the probability
of contact between the adsorbent and the adsorbed. The
reduction in adsorption efficiency is related to the increase
in NO; concentration with the ratio of NO; concentration
to the available surface of the adsorbent. Increasing the
initial concentration of NO; reduced the adsorption effi-
ciency and an increase in the adsorption capacity due to
the increase in the interaction between NO;, adsorption
sites, concentration gradient and driving force [41]. NO;
removal efficiency by the oak leaf adsorbent reduced the
adsorption efficiency from 94.41% to 89.35% by increas-
ing the initial concentration of NO; from 5 to 120 mg/L
[42]. Remazol Brilliant Red F3B removal efficiency by
chitosan-treated cotton composite reduced by increas-
ing the initial concentration of Brilliant Red F3B [43].

3.6. Effect of temperature

Fig. 9 shows the effect of temperature on NO; removal
efficiency. Increasing the temperature from 15°C to 20°C
leads to an increase in NO; removal efficiency from 82%
to 100% due to the exothermic nature of the process. The
sorption amount enhanced with an enhance in temperature
[44]. Bentazon removal by the surfactant-modified pillared
montmorillonites using cetyltrimethylammonium bromide
adsorbent showed that the maximum adsorption capac-
ity was occurred at room temperature [45]. NO; removal
reaction by clay nanoparticle adsorbent functionalized
using cationic surfactant H is possible at room tempera-
ture. A reduction in NO; removal efficiency in the tem-
perature range of 30°C—45°C is due to the weaker gravity
between the NO; cation and surface-active sites on the clay
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Fig. 9. Effect of temperature on NO; adsorption (optimum
conditions). Notes: The reaction time in bentonite adsorbent
(B), cationic surfactant (HDTMA-Br) (H) and clay functional-
ized using cationic surfactant (HDTMA-Br) (B-H) is 60, 60 and
30 min, respectively.

nanoparticle adsorbent functionalized using cationic surfac-
tant H. An increase in temperature leads to an increase in
the speed of movement of NOj, the active sites of adsorp-
tion and the collision of NO; anion with the adsorbent sur-
face, and a reduction in time for the interaction between the
active sites of the adsorbent and absorbed NOj;. The reduc-
tion in NO; removal efficiency in the temperature range
of 30°C—45°C is due to the weakening gravity between the
NO; anion and the surface-active sites on the clay nanopar-
ticle adsorbent functionalized using cationic surfactant
H. An increase in temperature leads to an increase in the
movement speed of NO; and there is less time for inter-
action between the active sites of the adsorbent and the
adsorbed NOj;. Each adsorbent can have its own optimum
temperature so that the adsorption rate is better. Therefore,
the factor of temperature depends on the type of absorber.
The optimum temperature during the equilibrium contact
time for 4-chlorophenol and 2,4-dichlorophenol adsorption
by organoclays-with dodecyltrimethylammonium bromide
(DTAB) and cetyltrimethylammonium bromide (CTAB)
was 35°C [46]. The maximum removal of desulfurization
of oil on organoclay-dibenzothiophene adsorbent was at
45°C [47]. An increase in temperature leads to an increase
in NO; mobile due to enlarging of adsorbent pores and
reducing the activation energy [48]. A reduction in tem-
perature leads to a reduction in NO; adsorption due to a
decrease in the availability of NOj to the active sites on the
absorbers of clay nanoparticles, cationic surfactant H, and
nanoclay functionalized using cationic surfactant H due
to a reduction in molecular vibration. Thermogravimetric
analysis (TGA) curves of nanoclay and clay nanoparticle
adsorbent functionalized using cationic surfactant H are
performed in the temperature range of 20°C-1,000°C. The
first, second, and third degradation for clay nanoparticle
adsorbent functionalized using cationic surfactant H are
seen at 100.84°C, 345.80°C, and 641.79°C, respectively. The
first, second, and third degradation for nanoclay are seen
at 269.63°C, 388.32°C, and 657.45°C, respectively. In the
adsorption literature, the Van't Hoff equation is used for cal-
culation of thermodynamic parameters of adsorption [49].
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3.7. Effect of adsorbent reusability and regeneration study

Fig. 10 shows the effect of adsorbent reusability on NO;
removal. The efficiency reduced from 100% in the first use
to 63% in the tenth use due to the reduction in active sites
and their deactivation on the surface of the adsorbent, indi-
cating the high power of the adsorbent in its repeated use.
No significant reduction was in NO; removal efficiency
until the forth use. Economically, the use of cationic surfac-
tant (H)-functionalized clay nanoparticles adsorbent for at
least 4 times is economical due to the adsorbent reusability
with high removal efficiency. Increasing the number of uses
from the first time to the tenth time led to a reduction in
NO; removal efficiency due to a reduction in the number
of active sites on the adsorbent surface. The study results
are consistent with the results of other studies [50]. The
cationic surfactant (H)-functionalized clay nanoparticles
adsorbent after at least forth use is regenerated by HCI
solution of 0.1 N and fallowed by adding cationic sur-
factant (H) as a functional agent.

3.8. Equilibrium adsorption isotherms

The reason for choosing two isotherms of Langmuir
and Freundlich to match the equilibrium experimental

)
=

EH =B mB-H

g 100 99.5 98
96
S 100 1 93.5 90

80 4
60 4
40 1

20

Nitrate removal efficiency (percentag)

=)
4

Repeat

Fig. 10. Effect of adsorbent reusability on NO; removal (opti-
mum conditions: 2 g/dL of adsorbent of clay nanoparticles,
reaction time of 60 min, 25 mg/L of NO;, and pH 4). Notes: The
reaction time in bentonite adsorbent (B), cationic surfactant
(HDTMA-Br) (H) and clay activated using cationic surfactant
(HDTMA-Br) (B-H) is 60, 60 and 30 min, respectively.

data with different mathematical models (adsorption iso-
therm modeling) is to interpret the surface adsorption
behavior on the nano-absorbent. The data of adsorption
isotherm tests, the analysis of these data, and the determi-
nation of the adsorption isotherm model are necessary for
the design of adsorption process units. Table 9 shows the
results of Langmuir NO; adsorption isotherm. The maxi-
mum adsorption capacity of a single layer for NO; anions is
94.33 mg/g. The correlation of 0.9969 of the Langmuir model,
as a high anion is 94.33 mg/g. The correlation of 0.9969 of the
Langmuir model, as a high value of correlation coefficient,
shows the uniform monolayer adsorption on the adsorbent
surface of clay nanoparticles functionalized using cationic
surfactant (H), adsorbent power and high adsorption capac-
ity, and indicating the desirability of the adsorption process
(Table 9). The value of Freundlich’s constant (coefficient of
heterogeneity) 43.51 (mg/g)(L/mg)"" and the correlation
coefficient is 0.927, indicating the optimum adsorption of
multilayers on different active sites with different energy
levels. NO; anions with different energy levels are kept on
the adsorbent of clay nanoparticles functionalized using cat-
ionic surfactant (H) due to the energy inequality between the
adsorption sites and NO; anions. Isotherm studies provide
important information for the design of pollutant adsorption
processes in the liquid phase [51]. The equilibrium adsorp-
tion data were analyzed using Langmuir-Freundlich iso-
therm models to understand the adsorbent-adsorption inter-
actions. The adsorption usually takes place on flat surfaces
that have a fixed number of similar sites and each site can
only absorb one anion. The Freundlich model shows that the
binding energy reduces exponentially by increasing surface
saturation. The adsorption isotherm of the Freundlich model
shows the optimum adsorption of multilayers [52]. The
removal of NO; by clay nanoparticles functionalized using
cationic surfactant H follows the Langmuir model adsorp-
tion equilibrium isotherm. This means that the adsorption
has happened as a single layer and the same. Accordingly,
the maximum NOj; adsorption capacity was 33.94 mg/g,
indicating the high adsorbent capacity of clay nanoparti-
cles functionalized using cationic surfactant H to remove
NO;. The NO; adsorptive from water on nanoclay and orga-
no-nanoclay adsorbents fitted with the Langmuir model and
showed homogeneous surface connection [53]. The removal
of lutetium by organic ligand-based sustainable composite
hybrid material followed the Langmuir model adsorption

Table 9
Parameters extracted from NOj; adsorption isotherms (linear and non-linear isotherm models)
No. Isotherm model Parameter Value
1 Langmuir Correlation coefficient 0.996
Process type (R,) 0.016
Equilibrium constant (K,) (L/mg) 1.16
Maximum adsorption capacity (g, ) (mg/g) 94.33
RMSE 0.21
2 Freundlich Coefficient of determination (R?) 0.927
Freundlich’s constant (1) 3.04
Freundlich’s constant (K)) (L/mg)(mg/g) 43.51
RMSE 0.16




116 H. Maleki et al. / Desalination and Water Treatment 307 (2023) 105-119

equilibrium isotherm and the adsorption capacity was
171.76 mg/g [54].

3.9. Adsorption kinetics

Examining the first-order and second-order kinetic
models about the NO; adsorption process and predicting
its speed can play an effective role in describing the surface
adsorption process [55]. The first-order kinetic coefficient
is a correlation coefficient of 0.9268 with a kinetic constant
of 0.28. The direct relationship between the changes in NOj;
solution anions removal, saturation concentration and adsor-
bent removal; and time is one of the assumptions of first-
order adsorption kinetics (Table 10). The second-order kinetic
coefficient is a correlation coefficient of 0.9988 with a kinetic
constant of 0.01. The adsorption process follows quadratic
kinetics and predicts experimental results. The mechanism of
NOj adsorption by clay nanoparticles functionalized using
cationic surfactant (H) is a chemical adsorption and accord-
ing to the FTIR results is van der Waals force, electrostatic
force or hydrogen bonds between the layers of montmorillon-
ite. The most important design factor of these models is the
prediction of the rate of the adsorption process, which kinetic
calculation is associated with the control of the reaction
dimensions, such as the time required for the adsorbed
material to be placed on the adsorbent surface. Correlation
coefficient is suitable for judging the choice of kinetic model.
For the second-order kinetics, NO; anion adsorption on
clay nanoparticle adsorbent functionalized using cationic
surfactant H is dependent on NO; concentration. NOj
adsorption by clay nanoparticle adsorbent functionalized
using cationic surfactant H follows the chemical adsorp-
tion type and therefore follows the second-order kinetic
model. The laboratory data of NO; adsorption by local green
montmorillonite adsorbent follows the second-order model
kinetics of adsorption [56]. The laboratory data of NO;
adsorption by clay-phosphoric acid-microwave radiation
and kaolin-lime-microwave radiation adsorbents followed
the pseudo-second-order model Kkinetics of adsorption
[57]. Adsorption performance the amount of NO; anions

absorbed at equilibrium can be expressed as g, (mg/g).
Methylene blue onto modified Tamazert kaolin, followed
the pseudo-second-order model kinetics of adsorption [58].
Maximum adsorption of methyl orange on chitosan-based
composite fibrous adsorbent was 175.45 mg/g [59].

3.10. Ion selectivity study

Fig. 11 shows the effect of anions selectivity such as chlo-
ride (CI") of 200 mg/L), sulfate (SO,?) of 200 mg/L, and phos-
phate (PO,?) of 200 mg/L on the NO; removal efficiency of
25 mg/L by clay nanoparticles functionalized using cationic
surfactant (H) adsorbent. NO; removal efficiency in the
presence of 200 mg/L CI, 200 mg/L SO.?, and 200 mg/L PO.?
decreased from 100% to 66.3%, 31.2%, and 98.5%, respec-
tively. The effect of CI- and SO,? anions is more than PO.?
due to the greater affinity to ion exchange reaction with the
quaternary ammonium group. The production of H,PO;
anion from PO,? in acidic conditions and its magnitude lead
to the unwillingness of H,PO; anion to compete with NO;
due to the same capacity.
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Fig. 11. Effect of anions selectivity (CI") of 200 mg/L, SO;* of
200 mg/L, and PO4‘3 of 200 mg/L on the NO; removal efficiency
of 25 mg/L (optimum conditions: 2 g/dL of adsorbent of clay
nanoparticles, reaction time of 60 min, and pH 4).

Table 10
Variables extracted from NO; adsorption kinetics (linear model and non-linear model)
Model Kinetics reactions Parameter Value
Linear First-order Correlation coefficient 0.9268
First-order kinetic constant (g/mg-min) 0.28
Amount of NO; absorbed at equilibrium (g,) (mg/g) 20.05
Second-order Coefficient of determination (R?) 0.9988
Second-order kinetic constant (g/mg-min) 0.01
Amount of NO; absorbed at equilibrium (g,) (mg/g) 48.7
Non-linear First-order Correlation coefficient 0.9193
First-order kinetic constant (g/mg-min) 0.91
Amount of NO; absorbed at equilibrium (g,) (mg/g) 25.75
Second-order Coefficient of determination (R?) 0.9886
Second-order kinetic constant (g/mg-min) 1.75
Amount of NO; absorbed at equilibrium (g,) (mg/g) 47.60
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Fig. 12. The Taguchi model (Experimental conditions: tempera-
ture: 20°C, pH: 4-9, reaction time: 0-60 min, initial concentration:
25-75 mg/L, adsorbent concentration: 1-3 g/dL).

3.11. Optimization

The Taguchi model was used to determine the optimal
operational variable values. Taguchi model results for NO;
removal efficiency indicate that reaction time (37%) and
initial concentration (14%) are the most significant and the
least significant variable, respectively (Fig. 12).

4. Conclusion

The present study was conducted with the aim of
absorbing NO; anion as one of the most harmful pollut-
ants from the water environment using batch system
of clay nanoparticles functionalized with HDTMA-Br
cationic surfactant.

The lower consumption of cationic surfactant and
increasing the interlayer surface area compared to other
studies are innovations of the current study method. The
morphological characteristics of the adsorbents were ana-
lyzed using SEM equipped with EDS, XRD and FTIR, which
indicated the presence of functional groups and proper
performance of the adsorbent. The FTIR results showed
that there were van der Waals force, electrostatic force or
hydrogen bonds between the layers of montmorillonite. The
presence of interlayer spaces could be increased by cationic
surfactants due to exchanging cations with the surface in
the nanoclay layers which increased the adsorption sites.
The result showed that the best optimal conditions and the
highest adsorption rate were obtained at pH equal to 4, ini-
tial NO; concentrations of 25 mg/L, contact time of less than
15 min, concentration of 1 g/dL of the adsorbent, tempera-
ture of 20°C, and adsorbent reusability of at least 4 times
was economical due to the with high removal efficiency. The
equilibrium isotherms showed that NO; ion adsorption fol-
lowed the Langmuir equilibrium model (R*=0.996), the NO;
adsorption capacity is 94.33 mg/g. The results of the kinetic
modeling demonstrated that second-order kinetics model
(R?=10.9988) were found as the best-fitted models. The mech-
anism of NO; adsorption by clay nanoparticles functional-
ized using cationic surfactant (H) was a chemical adsorption.
The results showed that the modified nanoclay adsorbent
is a suitable, cheap and efficient method for removing NO;
from drinking water. In terms of implementation, nanoclay

adsorbent modified with the organic surfactant HDTMA-Br
was used as a strong adsorbent to remove NO; from aque-
ous media due to its high adsorption capacity and reus-
ability for at least 4 cycles of recycling. In terms of practi-
cal and a concluding remark, the nanoclay adsorbent mod-
ified with the organic surfactant HDTMA-Br can be used
as a purification process at the point of use to treat NO;-
contaminated water. Investigating the removal efficiency of
NO; by the nanoclay adsorbent modified with the organic
surfactant HDTMA-Br in the presence of other anions
and other cations in water is suggested for future research.
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