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The vermiculite/aluminum oxide nanocomposite absorbent was investigated in this study using the
gel decomposition method under the influence of ultrasound waves. It placed. It can absorb nitrate
ions. Different analyses identified the adsorbents; the initial concentration, temperature, amount of
adsorbent, contact time, and pH were evaluated in this case. Other isotherm models were used
in the adsorption mechanism and control steps. The results show that Langmuir isotherm and
second-order kinetics have the best match. Based on the results, it was revealed that the above
adsorbent is suitable for aqueous solutions.
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1. Introduction

Water plays a crucial role in human development and life
events. However, human development has increased water
consumption and pollution, a society’s primary concern.
The presence of low levels of toxic mineral anions in water
is a severe threat to human health [1]. Among these anions,
Nitrate is one of the most essential elements worldwide and
is considered a water pollutant [2]. Nitrate is a colorless,
odorless, and tasteless ion that is highly soluble in water
and not easily detectable in drinking water without testing.
It is found in water at concentrations below the permissible
limit. Nitrate ions are not toxic, but their reduction to nitrite
by microorganisms can pose serious health risks, especially
for infants under six months. Since the stomach acid of
infants is not as strong as that of adults, it leads to the for-
mation of bacteria that convert nitrates into nitrites [3]. The
absorbed nitrites in the blood can convert hemoglobin into
methemoglobin, which is particularly dangerous for infants.
Nitrate ions can also have long-term effects, including the
formation of cancerous tumors in the liver, kidneys, stom-
ach, mouth, nasal cavity, lungs, esophagus, and diabetes
[4].

Furthermore, aquatic organisms, especially freshwater
ecosystems, are most affected by excessive nitrates in water

and the resulting toxicity. Excessive nitrogen in surface
waters increases the growth of algae and is known as eu-
trophication, the leading cause of oxygen depletion in lakes
and rivers [4]. Algal growth in water has direct and indirect
consequences for human health. The absorption of neuro-
toxins in algae by certain fish and the closure of the water’s
respiratory surface in effluents for plants are among the
consequences of algal growth [5]. Removing nitrates from
environmental sources such as surface and groundwater is
one of the prerequisites for preventing such consequences
[6].

Standard technologies for nitrate removal include ion ex-
change, adsorption, chemical reduction, reverse osmosis,
and electrodialysis. Reverse osmosis and electrodialysis are
methods used in recent years to reduce nitrogen in water [5].
One of the advantages of these methods is the possibility
of automating their operation. Also, these systems do not
need precise control of operational conditions. However,
these technologies are limited for nitrate removal due to the
high cost of equipment, high energy consumption, and high
sludge production. Surface adsorption is a standard process
to reduce nitrate levels in water [7].

Compounds used in surface adsorption include nanocompos-
ites. In recent years, surface adsorption by nanocomposites
has been used to remove pollutants and harmful ions [8].
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Nanocomposites are compounds that contain nano-scale
components to form nano-scale particles that efficiently
adsorb surface pollutants and thus have a large specific sur-
face area [9]. Vermiculite-based nanocomposites can be
mentioned as compounds used in surface adsorption. Ver-
miculite is composed of expandable minerals [10]. The pres-
ence of metal oxide nanoparticles, such as aluminum oxide,
can give unique properties to nanocomposites [11]. In the
present study, a nanocomposite of vermiculite-aluminum
oxide was used to prepare the nanocomposite. The sol-gel
degradation method was used to prepare this nanocompos-
ite under ultrasonic waves. Subsequently, the prepared
nanocomposite was characterized, and its performance in
an aqueous environment containing nitrate ions was investi-
gated.

2. Experimental section

2.1 Materials

Sadra Chemistry Company prepared Vermiculite to produce
nanocomposites. Zinc acetate, citric acid, and hydrochloric
acid were purchased from Sigma Aldrich. Potassium nitrate
for preparing stock solution was obtained from Kian Kaveh
Azma Company.

2.2 Methods
2.2.1 Synthesis of nanocomposites

To synthesize nanocomposites, it is initially necessary to
activate vermiculite. For chemical activation of vermiculite,
10 grams of raw vermiculite are mixed with 50 mL of
1 Molar hydrochloric acid in a magnetic stirrer for one
day. Then, this homogeneous mixture is transferred to the
ultrasonic bath for 4 hours, and the resulting suspension
is centrifuged and washed several times with DI water.
The resulting vermiculite is placed in an oven at 100
°C (for 12 hours). This experiment is repeated using 2
Molar hydrochloric acid. The sol-gel method is used to
prepare vermiculite/aluminum oxide nanocomposites. First,
activated vermiculite is added to the vessel during the
production of aluminum oxide nanoparticles. To determine
the weight percentages of different nanocomposites, the
weight of aluminum oxide nanoparticles is chosen as the
basis, and the amount of vermiculite will vary depending
on the sample percentage. For this reason, zinc acetate
and citric acid are dissolved in distilled water and stirred
together for 1 hour. This solution is considered as solution
number one.

Next, starch is dissolved in distilled water and heated to
60 °C (solution number two). Solution number one is
added to solution number two and stirred together for
half an hour. A certain amount of activated vermiculite
is added to the above mixture and then transferred to an
ultrasonic bath for 2 hours at 60 °C. The resulting gel is
placed in an oven at 60°C for 12 hours until dried. Finally,
the sample is placed in a furnace at 350 °C for 2 hours to
burn off organic materials and then in a furnace at 600
°C for 2 hours for calcination. The product obtained is a
vermiculite-aluminum oxide nanocomposite.

Ghorbannezhad et al.

2.2.2 Characterization of prepared nnocomposites

For the characterization of nanocomposites, SEM, XRD,
FTIR, and BET analyses were performed using Hitachi
S3240 SEM equipment (Japan), Bruker Tensor27 FTIR
equipment (USA), Quantachrome NOVA2000 XRD equip-
ment, and TMAX-3H-2000PS1 BET surface area analyzer,
respectively.

2.2.3 Batch experiments

To conduct this research, a certain amount of potassium
nitrate in DI water was used to prepare the desired con-
centrations of nitrate ions. After designing the solution,
adsorption in the batch system was studied, and the effects
of factors affecting the studied process were investigated.
These factors included contact time, pH, concentration of
salt, and adsorbent dosage. To perform adsorption experi-
ments, the adsorbent and the synthetic solution were first
placed in an Erlenmeyer and stirred at 200 rpm. After a
specific time, centrifugation separates the adsorbent from
the solution. The adsorption amount was determined using
atomic absorption spectrophotometry at 275 nm. The re-
moval percentage was obtained according to the following
equation [12]:

G —C,

i

R(%) =

x 100 (1

C; and C, are the initial concentration of nitrate ions and the
final concentration (mg/L), respectively. Additionally, the
adsorption capacity can be obtained using equation 2 [13]:

Co - Ce
m

where C, (mg/L), C, (mg/L), V (L), and m (g) are
the equilibrium concentration of nitrate ion, the initial
concentration of nitrate ion volume of the solution, and the
mass of the adsorbent, respectively.

Geq = xV @

2.2.4 Investigation of adsorption Kinetics

The kinetic models, including pseudo-first-order, pseudo-
second-order, and intra-particle diffusion (IPD) models,
were used to demonstrate the adsorption mechanism. These
models are expressed by equations 3, 4 and 5, respectively
[14]:
In(g. —q:) = In(g.) — Ki 3)
t 1 t

= + @
@ K- q.

g = Kigt"* +C 5)

where g, and ¢, are the equilibrium and adsorption ca-
pacity at time ¢ (min), respectively, K is the first-order
rate constant (min~!), K> is the second-order rate regular
(g/mg-min), and K, is the intra-particle diffusion rate con-
stant (mg/g-min®).

2.2.5 Adsorption isotherm investigation

The adsorption isotherm models were used to evaluate the
adsorption rate under different conditions. The following
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Figure 1. Vermiculite structure SEM image.

equations express these models. The Langmuir equation is
expressed by equation 6:

X bxC,

(*> ={e = Qmax(

m 1+Kl><Ce) ©

K; is the Langmuir adsorption equilibrium constant, ¢;;qx
is the maximum adsorption capacity, and C, (mol/L) is the
equilibrium concentration of the adsorbed substance.
The Freundlich equation is given by equation 7 [15]:

X
ge= () =Kpxc!" )
Here, Kr (mg/g) (mg/L)(~1/" is the Freundlich adsorption

capacity constant.
The Temkin isotherm equation is as follows [16]:

RT
qe = b—ln(ATCe) ®)
T
RT RT
ge = —1In(A7)+ —1n(C,) ©))
br br

In the above equations, A7 (L/g) is the Temkin equilibrium
constant related to the maximum binding energy, and by
(J/mol) is the Temkin equilibrium constant related to heat
of adsorption.

The Redlich-Peterson model combines variables into a sin-
gle empirical equation [17]:

KrpC,

e=—"—7% (10)
1+ ogpCy

. .

25 KV 5.00 KX KYKY-EM3200  SN:0692

10 um

In linearized form, it becomes:

Co  opeCP L]

ge  Krp Krp

Y

Kgp, agp, and B are the Redlich-Peterson parameters in the
above equations. The logarithmic form of the equation is as
follows:

C, Q,
ln(a) :1n(K—Z)+ﬁ1n(ce) (12)

2.2.6 Thermodynamics analysis

At the temperatures of 25, 35, and 45 °C, thermodynamic
factors, including enthalpy in kJ/mol, entropy in kJ/(mol.K),
and Gibbs free energy, are as follows [18]

Ky=1e (13)

where Kp is the adsorption equilibrium constant (L/mg).

The change in Gibbs free energy is as follows [19]
AG® = —RT In(Kp) (14)

The change in entropy is determined using the following
equation:

AG? = AH? — TAS° (15)
AS®  AHO 1

In(Kp) = — - — — 1

n(Kp) R R T (16)

If AGY is hostile, it indicates the spontaneity of the pro-
cess. If AGY is positive, it suggests non-spontaneity of the

KYKY-EM3200 SN:0692

10 um

25 KV 2.00 KX

Figure 2. SEM Images (a) Vermiculite/Aluminum Oxide (Before Adsorption), (b) Surface of Vermiculite/Aluminum Oxide

Adsorbent (After Adsorption).
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Figure 3. FTIR spectra of prepared samples, a) vermiculit and b) vermiculite/aluminum oxide samples.

process, and if AG® is equal to 0, it means the process
is at equilibrium. If AHY is negative, it indicates exother-
mic adsorption; if AH? is positive, it suggests endothermic
adsorption.

3. Results

3.1 Characterization of nanocomposites

The SEM results of samples scanning electron microscopy
(SEM) for vermiculite and vermiculite/aluminum oxide
before and after adsorption are shown in Figures 1 and 2,
respectively. The vermiculite structure appears as a layered
structure with dimensions smaller than 100 nanometers in
Figure 1. In Figure 2(a), aluminum oxide nanoparticles can
be observed within the vermiculite structure. In Figure 2(b),
after adsorption, it can be seen that pollutant particles have
occupied the porous and empty regions of the adsorbent.
FTIR analysis for the synthesized samples is presented in
Figure 3 . For vermiculite, peaks at 3423 cm~', 1230 cm™!
and 857 cm™! are related to the hydroxyl group, the Si-O
bond, and the Al-O bound, respectively.

In the case of the vermiculite/aluminum oxide nanocom-
posite, peaks related to vermiculite are observable.
Additionally, peaks at 655 cm~! are indicative of Al-O
bond vibrations. So, it is clear that the nanocomposite
synthesis is successful.

The results of the BET analysis are given in Figure 4 and
Table 1. As observed, vermiculite exhibits an isotherm of

5160 (a)

1} 02 04 06 08 1 12
Relative pressure (PIPO)

type 1V, indicating the presence of both micropore and
mesopore structures [12].

The surface area for vermiculite and vermiculite/aluminum
oxide nanocomposite is 326.3 and 663.6 m>/gr, respectively.
As can be seen, aluminum oxide incorporation into
vermiculite causes an increase in specific surface area,
resulting in improved adsorption efficiency.

3.2 The parameter’s effect on adsorption
3.2.1 pH

The ionization of the adsorbent functional groups and
the control of the interaction between the pollutant and
the adsorbent are influenced by the pH of the aqueous
medium. The pH values for vermiculite and vermi-
culite/aluminum oxide were 2.8 and 3.5, respectively.
Aluminum oxide reduces the negative surface charge of
vermiculite. Accordingly, the effect of pH on the removal
of nitrate ions is shown in Figure 5, with increasing pH
from 2 to 5. The adsorption efficiency of nitrate ions by
vermiculite/aluminum oxide changes from 42.2% to 99.3%.
pH lower than 5 increases the concentration of hydronium
ions in the medium. Ions react with aluminum oxide on
the adsorbent surface and lead to the formation of AIOH™.
As a result, the surface charge becomes a positive [15].
Therefore, at pH values lower than 5, the positively charged
adsorbent absorbs the negatively charged nitrate ions. At
pH values higher than 5, the concentration of hydroxide

S 800 1 (b)
§ 700+

D'2Relati‘.§?§4|:|ress.u{|!'er3 [P.FPD?'S

Figure 4. BET analysis for (a) vermiculite and (b) vermiculite/aluminum oxide.
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Table 1. Structural parameters obtained from BET analysis.

Total surface area

Total pore volume

Mean pore size

5/9

(m*g~") (cm’gh) (nm)
Vermiculite 326.3 0.05 2.3
Vermiculite/aluminum oxide 663.6 0.56 4.9

ions increases, and the positive surface charge decreases,
leading to electrostatic repulsion between nitrate ions and
the surface, reducing adsorption efficiency.

3.2.2 Contact time

The effect of contact time on the nitrate removal percentage
is shown in Figure 6. As observed, the nitrate removal rate
increases with increasing contact time for the nanocompos-
ite adsorbent. Additionally, the removal rate is rapid in the
first 50 minutes. Therefore, this time (maximum value) is
considered in subsequent tests. This increase over time is
related to unsaturated and accessible sites for nitrate ad-
sorption. With time, these sites become saturated, so after
50 minutes, the active sites are almost saturated, and the
removal rate remains constant.

3.2.3 Adsorbent dosage

As observed in Figure 7, by increasing the adsorbent dosage
from 0.5 to 1.5 gr/L, the percentage of nitrate elimination
gradually increases from 33.2% to 99%. The reason for this
increase is the more significant number of available adsorp-
tion sites. Therefore, the subsequent sections considered
1.5 grams per liter of the adsorbent suitable for acceptable
nitrate removal.

3.2.4 Checking the initial size of nitrate in solution

Figure 8 shows the initial concentration of Nitrate on the
removal efficiency by nanocomposite adsorbents. The ver-
miculite/aluminum oxide nanoabsorbent increases with ni-
trate removal and increases the initial concentration from
20 mg/L to 50 mg/L due to the improved driving force to
overcome. All the resistances related to the mass transfer
between the liquid phase and the adsorbent when the value

120

Removal (%)
5 288 8

]
(=]

=

Figure 5. Effect of pH on the percentage of nitrate removal
from aqueous solution by the synthesized nanocomposites.

is higher than 50 mg/L, nitrate removal is reduced despite
the increase in driving force. The desired reduction is due
to the saturation of the absorption sites in the adsorbents.
Above, the adsorbents’ absorption sites reach the saturation
limit, reducing the absorption efficiency [14].

3.2.5 Temperature

The effect of temperature on the nitrate removal percentage
is illustrated in Figure 9. As can be seen, increasing temper-
ature has an increasing impact on the adsorption capacity.
Therefore, it can be inferred that this adsorption reaction
is endothermic. The adsorption capacity increases since an
increase in temperature leads to greater molecular mobility
and more effective collisions between nitrate ions and the
adsorbent. Additionally, an increase in temperature causes
the expansion and enlargement of the pore volume, leading
to a rise in the number of active sites on the adsorbent’s
surface and within the pore structures.

4. Investigation of adsorption isotherms

The adsorption isotherm evaluation is presented in Figure
10 and Table 2. By comparing the graphs and linear regres-
sion of the curves, it can be concluded that the experimental
data is consistent with the Langmuir model, indicating that
nitrate adsorption on the synthesized adsorbent occurs as a
monolayer.

To express the main characteristic of the adsorption
isotherm, the separation factor (RL) in the Langmuir model,
which is a dimensionless constant, is used and serves to
evaluate adsorption. This factor is defined as follows

1

Rp=——
E T 1+ bCan

a7

120
100

Removal (%)

0 50 100 150 200

Time (min)

Figure 6. Effect of contact time on nitrate removal.
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Figure 7. Effect of Adsorbent Dosage on the nitrate removal
(Contact Time: 50 minutes, Optimal Adsorbent Dosage: 1.5
gr/l, pH: 5, Initial Nitrate Concentration: 50 mg/L).

where C,,, is the initial concentration of the nitrate ions
in the solution when the value of the separation factor is
between zero and one, the adsorption process is considered
favorable. When it is greater than 1, it is considered unfa-
vorable. Therefore, considering the concentration of Nitrate
in the range of 10 to 100 milligrams per liter, the values of
the separation factor for the vermiculite/aluminum oxide
nanocomposite fall in the range of 0.083 to 47.0, indicating
the desirability of the adsorption process.

4.1 Investigation of adsorption kinetic

The results of the kinetic models for nitrate adsorption by
the synthetic adsorbent are shown in Figure 11.
From the comparison of the figures, it can be inferred that
the nitrate ion adsorption process by the adsorbent conforms
to a pseudo-second-order kinetic model. The rate constant
of the pseudo-second-order kinetic model at concentrations
ranging from 20 to 90 milligrams per liter has been deter-
mined using the obtained linear equations and is reported in
Table 3.

In Figure 11, an intra-particle diffusion model for the

Table 2. Parameters obtained from the adsorption models of
nitrate ions by vermiculite/aluminum oxide nanocomposite
adsorbent.

Adsorption isotherm model

Cinax(mg/g) 90.9

Langmuir Ki(L/mg) 0.11
R? 0.99

Kr(L/g) 22.6

Freundlich N 32
R? 0.93
Ar(L/g) 11.82
Temkin br(j/mol) 138.6
R? 0.97

KRP(L/g) 58.8

Redlich- arp(L/mg) 1.35
Peterson B 0.67
R? 0.96

Ghorbannezhad et al.

80
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[ ]
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Figure 8. Effect of the initial concentration of nitrate solution
on the removal percentage by the synthesized nanocompos-
ite adsorbent.

adsorbent has been investigated. Based on the figure, a
phase (line) in the diffusion plot indicates that intra-particle
diffusion alone does not control adsorption. Instead, the
surface adsorption process is initiated by diffusing pollutant
particles to the adsorbent surface in the first phase and then
continues through intra-particle diffusion in the subsequent
phase. Therefore, the surface adsorption mechanisms are
uniform at different contact times, and both phases play an
equal role in limiting the rate of surface adsorption [15-17].

4.2 Investigation of adsorption thermodynamics

Since the adsorption process for nitrate ions by the
studied adsorbents conforms better to the Langmuir
isotherm, the parameter ’b” from this isotherm can be used
to investigate the thermodynamics of the adsorption process.

X bxC,

() = e = ame 5 E,

(18)

The temperature-dependent relationship for the coefficient
b in the Langmuir isotherm is used to calculate the isosteric
heat of the surface adsorption process. This temperature
relationship is defined as b =~ exp(—AH /RT) and is incor-
porated into the Langmuir equation.

bT x C,
= —_— 19
de = 4max 1 +b(T) < C, (19)
The b coefficient expresses the adsorption strength adsorp-
tion. The temperature dependence of this coefficient is in
the form of equation 20:

—AH
b(T) =bo— 20
(1) = b 20)
98
\?96
%_gm
2 92
& 90
88
86
B84
1] 10 20 30 40 50 60
Tempemature (oC)

Figure 9. Effect of temperature on nitrate removal percent-
age by adsorbent.
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Figure 10. Investigation of linear models for the adsorption isotherm of nitrate ions by vermiculite/aluminum oxide

nanocomposite adsorbent.

Its linear form is as follows:

In(b) = —— = In(b) (21

RT

The parameter b., shows the tendency to absorb at high tem-
peratures. If we have the changes of b with temperature, the

Table 3. Kinetic constants obtained from the nitrate ion
adsorption process by ermiculite/aluminum oxide
adsorbent.

process is calculated from In(b) in terms of 1/TAH (Table Go Ge K> R?
4). (mg/l)
The figure shows that the absorption process is endothermic,
and the absorption increases with increasing temperature 20 085 006 098
because the absorption process is guided by both absorption 30 091 0049 0.97
and activation energy. The absorbed heat equals the surface 50 091 0.031 0.99
absorption enthalpy of the physically absorbed species [20]. 70 .13 0.019 098
The change in Gibbs free energy (AG) is expressed by equa- 90 1.67 0.01 0.98
15 pseudo-first-order 20 99
1 m 81
?-:_ 0.5 %I ...; :
_;g 0 ofl S5
T as Y 150 ‘;'
1 5 20
15 1 pseudo-second-order ::1
0 30
2 0 20 40 60 80 100 120 140 m
t(min) t{min) n
08
0.7
S 06
=3
_E_ 05
o /
i /"ﬂ?«‘ﬂ'iqe
0.2 diffusion
0.1
0
0 2 4 1126 8 10 12

Figure 11. Investigating kinetic models of nitrate ion adsorption by vermiculite/aluminum oxide nanocomposite adsorbent.
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Figure 12. Linear drawing of parameter b regarding the
inverse of temperature in nitrate ion adsorption process by
vermiculite/aluminum oxide adsorbent.

tion 22:

AG = —RT In(K,) (22)

In the above equation, K¢ is the equilibrium constant and is
calculated according to the following equation:

K.— Cadsorp _ CO - Ce
.= =
Cequlibrium Ce

(23)

The following equation is used to calculate entropy changes:

_ASY AR

In(K,) 2 2T

(24)
The results are presented in Table 5.

5. conclusion

The most important findings from the present study can be
summarized as follows:

* We are increasing the contact time to 50 minutes,
increasing the adsorption percentage.

* Increasing the adsorbent dose up to 1.5 grams per liter
increases the percentage of adsorption, after which it
becomes constant.

* We are increasing the initial nitrate concentration to 50
mg/, a percentage of adsorption. By further growing, this
value decreases.

* With an increase in the initial nitrate concentration up to
50 milligrams per liter, the removal efficiency increased for
the Nano-adsorbent vermiculite/aluminum oxide, but then.
* An increase in pH from 2 to 5 led to an increase in
removal efficiency, but further increases in pH reduced the

Table 4. Changes of Langmuir isotherm constants with
temperature in the nitrate ion absorption process by the
adsorbent.

T T T b Ln(b)
(O (K) (1/K) (I/mg)

25 298 0.0033 0.1 22
35 308 0.0032 022 -15
45 318 00031 035 -1.04

Ghorbannezhad et al.

Table 5. Equilibrium constant, Gibbs free energy, and
entropy at different temperatures.

T C, K. AG° AS°
(K) (mg/l) (j/mol)  (j/molK)
298 7.7 549 -4219.12 103.03
308 6.8 6.35 -4748.16 93.21
318 5.9 8.76  -5737.67 89.91

removal efficiency.

* The adsorption capacity of the adsorbent increases with
temperature increasing.

e The Langmuir isotherm model provides a consistent
insistent for the adsorbent’s nitrate consistency.

* The second-order kinetic model was more suitable for
predicting the adsorption process rate.

* The negative sign of the Gibbs free energy indicates the
spontaneity and the tendency of nitrate ions to be adsorbed
by the adsorbent.

* The positive enthalpy illustrates the endothermic nature of
the adsorption process.

The positive sign of the change in entropy suggests an
increase in entropy within the system, increased particle
dispersion at the liquid-solid interface, and increased
adsorbed par, and the adsorbent energy findings provide
valuable insights into the adsorption of nitrate ions using the
synthesized adsorbent and its potential for water treatment
applications.
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