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Abstract
In this study, the removal of Cr(VI) from aqueous solution by modified zeolite with 3-aminopropyltriethoxysilane was investigated. The effect of various
parameters such as pH, contact time, temperature, initial concentration of
Cr(VI) ion, common cations, and anions on the adsorption of Cr(VI) was studied. The modified zeolite was characterized by following instrumental analysis
of XRD, SEM/EDS, BET, and FT-IR. Based on calculated thermodynamic
parameters values (∆G0 < 0, ∆H0 > 0, and ∆S0 > 0) and kinetic properties of
the adsorption of Cr(VI) by modified zeolite, it was concluded that the ratelimiting step of the process is a second-order chemical reaction. The results of
the adsorption isotherm study confirmed that the adsorption follows the
Langmuir isotherm model. The maximum adsorption capacity was 13.5 mg/g.
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1. Introduction
Water containing heavy metals such as chromium, lead, copper, mercury, and
nickel has created problems for living organisms and the environment. It also
causes cancer in humans [1] [2] [3]. Chromium is one of the most toxic and soluble heavy metals. When chromium ions enter the human body, they enter the
DOI: 10.4236/jep.2021.129040 Sep. 29, 2021
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bloodstream and damage the liver, kidney, lung, and brain cells and lead to cancer [4]. Each method to remove heavy metals from the polluted water with heavy
metals (chemical precipitation, ion exchange, precipitation, membrane separation, and reverse osmosis and adsorption) has its advantages and disadvantages.
An adsorption method can be more selective and efficient than the other methods if the cost of the adsorbent is reduced [5].
Mongolia has a significant resource of lignite, zeolite, and other aluminosilicate rocks that can be used as adsorbents for wastewater treatment. These materials, especially zeolite minerals can adsorb heavy metal ions selectively due to
the following advantages, porous structure, ion exchangeable character, and
reusability. In the adsorption method, Mongolian natural zeolite has been studied for the removal of heavy metals by several researchers. Among them, Ts.
Bolortamir, et al. [6] studied the removal of hexavalent chromium from tannery
wastewater using natural zeolite from Tsagaan Tsav and Urgun deposits in
Dornogovi Province of Mongolia. They reported that zeolite modified with barium chloride adsorb hexavalent chromium favorably, and fractional removal of
higher (over 0.9) than natural zeolite. R. Egashira, et al. [7] investigated the removal of Cu, Zn and, Mn from mine wastewater using natural zeolite from Tsagaan Tsav deposit in Dornogovi Province of Mongolia, and studied batch equilibrium adsorptions of the heavy metals. Also, Cs and Sr adsorption on the clinoptilolite-rich zeolite from three different deposits located in the southwest of
Mongolia was investigated [8]. Furthermore, the ability of natural minerals from
Tushleg and Tsagaan Tsav deposits in Dornogovi Province of Mongolia as adsorbents was investigated [9], and it was shown that the order of heavy metal selectivity was Pb2+ >> Zn2+ > Cd2+. Moreover, they confirmed that modification
with magnesium oxide is more effective on zeolite from Tushleg deposit for enhancing arsenic(V) adsorption from the aqueous solution.
The purpose of this work is to develop an adsorbent for the removal of chromium(VI) from an aqueous solution. The natural zeolite produced in Dornogovi
province (Tsagaantsav Mine, the deposit is possible to produce 4.8 million
tonnes of zeolite minerals) of Mongolia has been selected as adsorbent and it has
been modified by a silicon-organic monomer (3-aminopropyltriethoxysilane),
which contains active functional groups, low toxicity, and simple structure [10].
The modified zeolite was characterized by XRD, BET, SEM, and FT-IR. The dependences of the variable parameters for the optimal conditions of the process
are determined. The thermodynamics, kinetics, and isotherms were studied to
explain the adsorption mechanism.

2. Experimental Section
2.1. Chemicals and Reagents
All chemicals and reagents including, 3-aminopropyltriethoxysilane (APTES),
toluene (98%), NaOH (>98%, pellets), HNO3, and HCl (>36%) were analytical
grades. The standard solutions of Cr(VI) were prepared by dissolving K2CrO7
DOI: 10.4236/jep.2021.129040
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into redistilled water.

2.2. Modification of Natural Zeolite
The modification experiment was performed in two main stages: 1) Pretreatment of natural zeolite sample and 2) modification with silicon-organic
monomer, 3-aminopropyltriethoxysilane. The first stage: The sample was crushed
and sieved to a particle size range of 0.45 - 0.3 mm. The natural zeolite sample was heated in a muffle furnace at 700˚C for 3 hours to activate the surface. The temperature of 700˚C had chosen based on chemical and mineral
composition of the natural zeolite [11]. Then the activated sample was washed
three times with hydrochloric acid solution (5%) and distilled water, respectively, to remove fine powders and contaminants, then dried at 110˚C for 2 hours
[12]. At modification stage: 10 g of pretreated zeolite was added into 100 ml of
3-aminopropyltryethoxycylane solution (30% (vol) in toluene) and stirred for 3
hours at a temperature of 50˚C. Then, the mixture was filtered, the solid residue
was washed several times with distilled water and dried in the oven for 4 hours
at 110˚C. The modified zeolite was cooled on a vacuum desiccator for further
use [13].

2.3. Characterization of Natural and Modified Zeolite
The surface morphology and chemical composition of the natural and modified
zeolite were investigated using a scanning electron microscope (SEM) equipped
with an x-ray energy dispersive detector (EDS), JCM-6000, JED-2300, JEOL, and
TM1000-Hitachi. The Brunauer Emmet Teller (BET) method with nitrogen gas
adsorption/desorption test was applied to measure the surface area of the samples using TriStarII 3020, Micromeritics. The samples were analyzed by an X-ray
diffractometer (XRD), D2 Phaser, Bruker to determine mineral composition.
The Fourier Transform Infrared Spectroscopy, FT-IR 4200, JASCO was used to
identify the functional groups of the samples.

2.4. Adsorption Experiment
The batch experiments were carried out by stirring 0.1 g of modified zeolite with
50 ml of adsorbate solution of Cr(VI) in a temperature-controlled shaker
(PC-620D, CORNING) for various times (0.5 - 6 hours) with a rotational speed
of 100 rpm. Then the suspension was filtered, and an aliquot of 1 ml of filtrate
was taken for Cr(VI) determination by spectrophotometer (U2910, Hitachi) at
the wavelength of 540 nm. The 1,5-diphenilcarbazide was used as a complexing
reagent. The adsorption capacity was calculated by the following equation:
q = (C0 − Ce ) ×

V
m

(1)

where, q is the adsorption capacity, mg/g; C0 and Сe are initial and equilibrium
concentrations of Cr(VI), mg/l; m is the mass of modified zeolite, g; V is the volume of solution, ml.
DOI: 10.4236/jep.2021.129040
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2.5. Desorption Experiment
For the desorption and regeneration study, 0.1 g modified zeolite was contacted
with 50 ml of 50 mg/l Cr(VI) solution at pH = 3. After 3 hours of adsorption,
exhausted adsorbent was carefully separated from the solution and washed thoroughly. Then desorption experiments were performed for 3 hours, 50 ml solutions of HNO3 with different concentrations (0.05 - 0.4 M) were used to desorb
Cr(VI) from the modified zeolite adsorbent. At the end of each adsorptiondesorption cycle, the modified zeolite was washed with redistilled water. The
desorbed total Cr concentration was determined by spectrophotometer (U2910,
Hitachi). The desorption efficiency of Cr was calculated as the ratio of the desorbed amount to the adsorbed amount.

3. Result and Discussion
3.1. Effect of pH on the Adsorption of Cr(VI)
To investigate the effect of the pH of the solution on the adsorption capacity of
both natural and modified zeolites for Cr(VI), the pH of the solution was varied
from 2 to 7 (Figure 1) using HNO3 and NaOH solutions. The adsorption of
Cr(VI) is highly dependent on the pH of the solution, which affects the surface
charge of the adsorbent, the degree of ionization, and the chemical speciation of
the chromium species. Chromate anion exists as HCrO −4 as CrO 24 − in the
range of pH 2 - 6.5 and pH 8 - 10 (Figure 2).
Figure 1 shows that the adsorption capacity decreases with the increasing
value of pH. It means that the electrostatic attraction between protonated modified zeolite surface and chromate anions affects the adsorption capacity. At a
lower pH value, the modified zeolite surface groups were protonated, at a higher

Figure 1. Effect of pH on the adsorption of Cr(VI) (C0 = 50 mg/l, Т = 25˚C, t = 2 h).
DOI: 10.4236/jep.2021.129040
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Figure 2. Relative distribution diagram of Cr(VI) species in the aqueous solution.

pH value proton dissociation occurs, and consequently, deprotonated surface
repulses the chromate anion. Based on this experiment, it is assumed that the
3-aminopropyltrimethoxysilane can react with the –OH groups on natural zeolite and thus form an amino-functionalized zeolite. The amino group of modified zeolite can have ionized in acidic conditions and thereby become positively
charged (Scheme 1). The modified zeolite and HCrO 4− were conducted by
Scheme 2.
The maximum adsorption capacity of modified zeolite is more than natural
zeolite and reaches 11.4 mg/g at рН = 3, where the predominant species is

HCrO −4 for Cr(VI). Hence, pH 3 was taken for further experiments.

3.2. Effect of Initial Concentration and Time
The modified zeolite was used in this investigation, the result of the previous
experiment (Figure 1) confirmed that natural zeolite was modified successfully.
The investigation for the effect of time was carried out at pH = 3, using solutions
of Cr(VI) with initial concentrations of 10, 25, 50, and 100 mg/l. The result
shows that the increase of the adsorption rate is rapid in the first 30 minutes and
slow during the next 2.5 hours, then it becomes constant (Figure 3). The first
stage may attribute to electrostatic attractions between the protonated surface of
the adsorbent and HCrO −4 . The second stage may attribute to a conversion of
the electrostatic bonds to chemical bonds. The maximum adsorption capacity
was increased from 4.2 - 12.2 mg/g when the initial concentration increased
from 10 to 100 mg/l. It may be related to the increase of the driving force of the
concentration gradient.
DOI: 10.4236/jep.2021.129040
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Scheme 1. Surface protonation of modified zeolite in acidic condition.

Scheme 2. Interaction between surface of modified zeolite and HCrO −4 .

Figure 3. Effect of initial concentration and time (рН = 3, Т = 25˚C, n = 100 rpm).

3.3. Effect of Temperature
Temperatures of 25˚C, 35˚C, 45˚C, and 55˚C were chosen to study the effect of
temperature on the adsorption. The experiment was performed at pH 3 using
the solution with the initial concentration of 50 mg/l. As shown in Figure 4, the
adsorption capacity increases with increasing temperature, which indicates adsorption reaction is endothermic.
The higher temperature may affect the rate of chemical interaction between

HCrO −4 and adsorbent, resulting in the enhancement of the number of elastic
collisions. The temperature of 45˚C was chosen for the next isotherm experiment due to the difference in adsorption capacity was low (∆q = 0.15 mg/g)
when temperature increased from 45˚C to 55˚C.

3.4. Effect of Competitive Anions
To investigate an effective competitive anion such as NO3− , Cl−, SO 24 − , SO32 − ,
and CH3COO− on the adsorption capacity, NaNO3, NaCl, Na2SO4, Na2SO3, and
NaCH3COO were added to Cr(VI) solution with a concentration of 50 mg/l. The
DOI: 10.4236/jep.2021.129040
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Figure 4. Effect of temperature (C0 = 50 mg/l, pH = 3, t = 3 h, n = 100 rpm).

concentration of the anions was 10 mg/l and 20 mg/l. The adsorption capacity
decreased significantly while added NaNO3 to Cr(VI) solution. Therefore, result
of the effect of other competitive anions on the adsorption of Cr(VI) is shown in
Figure 5.
The adsorption capacity decreased by 0.67% and 1.9% for Cl−, 1.08% and
1.91% for SO 24 − , 1.50% and 2.74% for SO32 − , 1.08% and 2.33% for CH3COO−,
respectively. The order of adsorption capacity decreasing in the presence of the
anions was Cl− < SO 24 − ≈ CH 3 COO − < SO32 − and

Cl− ≈ SO 24 − < CH 3 COO − < SO32 − for the anion concentration of 10 mg/l and 20
mg/l, respectively. The adsorption capacity was decreased with a low amount
when Cl−, SO 24 − , SO32 − , and CH3COO− were present. It indicates the high affinity of modified zeolite to bind to Cr.

3.5. Effect of Competitive Cations
To investigate an effect common cations, the experiment conducted under optimized pH (pH = 3), contact time (i.e., 3 hours) using several concentration of
Na+, K+, Ca2+, or Mg2+ and combination of all 4 ions (i.e., 0, 10, 20, 50, 100, and
200 mg/l). The adsorption capacity decreased in the presence of common cations
concentration increase (Figure 6). A remarkable decrease in the adsorption capacity was not observed, when the concentration of Na+, K+, Ca2+, or Mg2+ were
lower than 100 mg/l (i.e., adsorption capacity decrease was less than 20%).

3.6. Adsorption Kinetics
The adsorption takes place in several stages. The adsorption kinetics determines
the rate-limiting step of the adsorption from these stages, which gives the necessary
DOI: 10.4236/jep.2021.129040
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Figure 5. Effect of competitive anions on the adsorption of Cr(VI). 1—Cl−, 2— SO 24− , 3—
SO32− , 4—CH3COO− (pH = 3, C0 = 50 mg/l, Т = 25˚C, t = 3 h).

Figure 6. Effect of common cations on the adsorption of Cr(VI). 1—Na+, 2—K+, 3—Ca2+,
4—Mg2+, 5—combination of all 4 ions (Na+, K+, Ca2+, and Mg2+) (pH = 3, C0 = 50 mg/l, Т
= 25˚C, t = 3 h).

information for modeling and practical applications of the adsorption [14]. Mathematical models used in the kinetic study of adsorption are classified into two
main groups: Reaction and diffusion models [15]. In the kinetic study of the adsorption of Cr(VI) on the modified zeolite were used a reaction model, the Lagergren first-order model and Ho second-order model [16], and intraparticle
DOI: 10.4236/jep.2021.129040
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diffusion (Weber-Morris diffusion model) model to explain three stages of the
adsorption: an external diffusion (film diffusion, transfer of adsorbate ions to
surface of the adsorbent), an internal diffusion (a pore diffusion, transfer of adsorbate ions within the pores and the liquid in the pores of adsorbent) and adsorption (an attraction between the adsorbate and the active part of adsorbent)
[17].
The results of the effect of time on the adsorption were analyzed by equations
of the first and second-order reaction model Equation (2), (3), and intraparticle
diffusion models Equation (4) to determine the kinetic parameters.
log ( qe − qt )= log qe −

K1t
2.303

(2)

t
1
1
=
t+
qt qe
K 2 qe2

(3)

qt = K id t 0.5

(4)

where, qe (mg/g) and qt (mg/g) are denote adsorption capacity at equilibrium
and time t, K1 (min−1) and K2 (g/mg·min) are the first and second order rate
constants, t (min) is time, Kid (mg/g·min0.5) is the rate constant of intraparticle
diffusion.
The first and second-order rate constants (K1 and K2) and intraparticle diffusion rate constant (Kid) were determined from the slope of the linear gradient of
the plot log(qe − qt) versus t, t/qt versus t, and qt versus t1/2, respectively. qe was
calculated from the intercept of the linear gradient of the plot log(qe − qt) versus

t and t/qt versus t. The kinetic parameters of the adsorption are presented in Table 1.
Table 1 shows that the regression coefficient (R2) value of the second-order
model plot is higher than the first-order and intraparticle diffusion model plot,
and the amount of calculated qe from the second-order model plot is relatively
close to the experimental results. Therefore, second-order kinetics supports that
the chemical adsorption could be the rate-limiting step of the process of the adsorption system. Based on this, the first portion of the curve in Figure 3 could be
relating to film diffusion, the latter of the curve relates to pore diffusion and the
second-order reaction.
Table 1. The kinetic parameters of the adsorption.
C0

Pseudo First-order

(mg/g)

K1·10−2

10

4.70

0.58

25

9.29

50
100

(mg/l)

DOI: 10.4236/jep.2021.129040

qe (exp)

qe (cal)

Pseudo Second-order

R2

K2∙10−3

0.61

0.5709

32.5

2.63

3.08

0.9103

11.95

2.76

3.12

12.90

3.43

3.66

662

(mg/g)

qe (cal)

Intraparticle Diffusion

R2

Kid

R2

4.80

0.9998

3.7351

0.6825

3.4

10.10

0.9937

4.4252

0.9429

0.8161

4.8

12.54

0.9999

7.2681

0.9099

0.8107

3.8

13.85

0.9988

7.3079

0.9053

(mg/g)
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The model based on Fick’s law was applied to confirm it. By this law, the relationship between adsorption capacity and time given by the following Equations
(5)-(8) when adsorbent particles are assumed to be spherical with radius “a”
[18].
12

qt
 Dt 
= 6 2 
qe
a 

na 
Dt
 −1 2 ∞
π + ∑ ierfc
−3 2
a
Dt 
n =1


(5)

After D is replaced with D1, at a short time, Equation (5) becomes as:
12

qt
 D 
= 6  12  t1 2
qe
 πa 

(6)

The film diffusion coefficient D1 is found from the slope of the plot of qt/qe
versus t1/2.
For moderate and large times, the diffusion equation given by
qt
6
= 1− 2
qe
π

∞

1

 − Dn 2 π2 t 

a2



∑ n2 exp 
n =1

(7)

If D is replaced with D2, at the large time the Equation (7) becomes as:

q 
6  Dn 2 π2 t 
ln 1 − t  = ln 2 − 

π  a2 
 qe 

(8)

The pore diffusion coefficient D2 is obtained from the slope of the plot of ln(1
− qt/qe) versus t. The values of D1 and D2 are presented in Table 2.
The values of the film diffusion coefficient may be in the range of 10−6 - 10−8
cm2/s if the adsorption is controlled by the film diffusion [19]. While the value of
the pore diffusion coefficient belongs to the range of 10−11 - 10−13 cm2/s, then the
adsorption mechanism is controlled by the pore diffusion mechanism [20].

3.7. Adsorption Thermodynamic
The thermodynamic parameter, such as the standard Gibbs free energy change
(ΔG0) was evaluated by Equation (9), the standard enthalpy change (ΔH0) and
entropy change (ΔS0) were determined from Van’t Hoff Equation (11), found
from the slope and intercept of linear plot lnKc versus 1/T. The results are summarized in Table 3.

∆G 0 =
− RT ln K c

(9)

C Ae
Ce

(10)

∆H 0 ∆S 0
+
− RT
R

(11)

Kc =
Kc
ln=

where, Kc is equilibrium constant, CAe is the amount of adsorbed Cr(VI) at equilibrium, Ce is the equilibrium concentration of Cr(VI).
As shown in Table 3, the values of ΔG0 at the temperature range of 298 - 328
K were obtained between −17.552 and −18.290 kJ/mol. The negative values of
ΔG0 are indicating that the adsorption of Cr(VI) on the modified zeolite is a
DOI: 10.4236/jep.2021.129040
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Table 2. The film and pore diffusion coefficients of the adsorption.
С0 (mg/l)

D1∙10−13 (cm2/s)

D2∙10−12 (cm2/s)

10

1.6

4.8

25

8.8

4.9

50

6.6

4.9

100

6.9

5.2

Table 3. The thermodynamic parameters of the adsorption.
T (K)

C0 (mg/l)

ΔG0 (kJ/mol)

298

ΔH0 (kJ/mol)

ΔS0 (J/mol∙К)

8.734

85.933

−17.552

308

−17.771

50

318

−17.797

328

−18.290

spontaneous and thermodynamically favorable process. The decrease of the value of ΔG0 with the increase of temperature confirms that the reaction is more
spontaneous at a high temperature. A positive value of ΔH0 (8.734 kJ/mol) and

ΔS0 (85.933 J/mol∙К) indicate that the process is endothermic in nature and the
disorderliness of the adsorption at the solid-liquid interface (modified zeolite
surface and solutions containing Cr(VI)).

3.8. Adsorption Isotherm
The isotherm study was performed at the pH of 3, the temperature of 45˚C for 3
hours. The maximum adsorption capacity of the modified zeolite for Cr(VI) was
12.2 mg/g (Figure 7).
Adsorption equilibrium data were correlated to the two most commonly applied isotherm models, the Langmuir and Freundlich. The models express the
relationship between adsorption capacity (qe) and metal concentration in solution (Ce) at equilibrium. The Langmuir model is suitable for monolayer adsorption, assuming that the surface of the adsorbent is homogeneous, the heat of the
adsorption process is constant, and no interaction between adsorbed species.
This model determines the maximum adsorption capacity (Q) and the coefficient (b) related to binding affinity, which was calculated from the slope and intercept of the plot of 1/qe versus 1/Ce.
The linearized form of this model is,

Ce
1 Ce
=
+
qe Qb Q

(12)

The Langmuir model dimensionless constant separation factor (KL) is defined
as:

KL =
DOI: 10.4236/jep.2021.129040
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Figure 7. Isotherm curve (pH = 3, t = 3 h, T = 45˚С, n = 100 rpm).

KL indicates the shape of isotherm like, unfavorable (KL > 1), linear (KL = 1),
favorable (0 < KL < 1), or irreversible (KL = 0).
The Freundlich isotherm describes the heterogeneous surface energies by
multilayer adsorption. This model determines parameters, indicates adsorption
capacity (Kf) and adsorption intensity (n) which are found from the linear plot
of log(qe) versus log(Ce). n values between 1 and 10 indicate beneficial adsorption [21].
A linearized form of this model is,
=
log qe log K f + n log Ce

(14)

The constants of these models are summarized in Table 4.
Table 4 shows that the adsorption may be followed by the Langmuir isotherm
model. It was confirmed by the relatively high value of the correlation coefficient
(R2 = 0.9894) and the value of the Langmuir model dimensionless constant separation factor (KL = 0.084).
Table 5 shows the results of studies using zeolite as an adsorbent to remove
Cr(VI) from the aqueous solution.

3.9. Desorption and Regeneration of Modified Zeolite Adsorbent
As shown in Figure 8(a), the lowest amount of the desorption efficiency of Cr
was determined with 0.05 M HNO3. Therefore, the solution HNO3 with the
concentration of 0.05 M was not used for the regeneration experiment.
The results of desorption efficiency of Cr with regenerated modified zeolite
adsorbent for five cycles are shown in Figure 8(b). The result indicates that the
desorption efficiency of Cr decreased with increasing concentration of desorbing
agent from 0.1 M to 0.4 M. The sorption efficiency was 43.0%, 28.9% and, 22.3%
DOI: 10.4236/jep.2021.129040
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Table 4. Isotherm constant.
Isotherm Model

Isotherm Constant

Langmuir

Q (mg/g)

13.532

b (l/mg)

0.216

КL

0.084

R

0.9894

Kf (l/g)

0.723

n

0.230

R2

0.9302

2

Freundlich

Table 5. Comparison of maximum sorption capacity of modified zeolite with other adsorbents.
№

Adsorbents

q , (mg/g)

Ref

1

Amino functionalized hydrophobic zeolite

9.490

[22]

2

Zeolitic imidazolate framework-67 microcrystals

5.880

[23]

3

Surfactant-modified Iranian zeolite

4.389

[24]

4

Synthetic zeolite

1.790

[25]

5

Indonesia (Ende-Flores) natural zeolite

4.365

[26]

6

Zeolite treated with NaCl

3.230

[27]

7

Natural clinoptilolite zeolite

10.420

[28]

8

Zeolite 13x

3.929

[29]

9

Organo-modified zeolitic material

2.270

[30]

10

Mongolian zeolite, modified with APTES

13.532

In this study

(a)
DOI: 10.4236/jep.2021.129040
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(b)
Figure 8. Desorption of Cr from modified zeolite (a) and regeneration of modified zeolite
adsorbent (b).

for the first cycle of the regeneration. However, it was decreased consequently
for the 2, 3, 4, and 5th cycles. This result indicates that further investigation on
desorption and regeneration study needed.

3.10. Instrumental Analysis
The results of the instrumental analysis such as XRD (Figure 9), EDS (Figure
10), SEM (Figure 11), BET (Table 6), and FT-IR (Figure 12) of natural zeolite,
modified zeolite are compared below.
XRD pattern (Figure 9) showed that natural zeolite peaks appear at a range of
2θ angle values of 10.13θ (100), 11.43θ (200), 15.38θ (220), 17.49θ (111), 19.34θ
(131), 22.74θ (400), 25.22θ (312), 26.58θ (222), 28.48θ (422), 30.27θ (132), 32.31θ
(530), 36.06θ (351) and 37.26θ (441) [31] [32] [33] [34] [35]. These peaks indicate
that the natural zeolite is dominated by clinoptilolite-type zeolites. Clinoptilolitetype zeolites have the general formula (Na, K, Ca)2-3Al3(Al, Si)2Si13O36·12H2O.
No significant change was observed on the diffraction peak position of the
modified zeolite, and the same diffraction peaks were found in natural and modified zeolites. These are indicating that the structure of the natural zeolite is
maintained after the modification. However, after the modification, the intensities of most peaks were decreased, indicating the zeolite surface may be functionalized by APTES. In other words, the decrease of the peak intensities confirms
that the modification and adsorption of Cr(VI) have been done successfully.
According to the results of the elemental analysis of the natural zeolite (Figure
10(a)), the ratio of Si/Al (5.9 mol/mol) and the content of K (9.1%) indicate that
DOI: 10.4236/jep.2021.129040
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Figure 9. XRD pattern of natural zeolite (a), modified zeolite before (b) andafter the adsorption.
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Figure 10. Elemental analysis. ((а) Natural zeolite; (b) Modified zeolite before the adsorption; (c) Modified zeolite after the
adsorption).
Table 6. The surface property of natural, pretreated, and modified zeolite.
Sample

BET Surface Area (m2/g)

Pore Volume (cm3/g)

Pore Size (nm)

Natural zeolite

22.79

0.058

10.188

Pretreated zeolite

18.28

0.053

11.597

Modified zeolite

9.06

0.035

15.243

the Tsagaantsav deposit is dominated by clinoptilolite-type minerals and thermally stable [11] [34]. After the modification of natural zeolite, the silicon content increased from 66.2% to 73.8%, indicating the presence of silicon organic
monomer with amine groups (3-aminopropyltrimethoxysilane) (Figure 10(b)).
And after the adsorption of Cr(VI), 10.3% chromium was detected (Figure 10(c)).
SEM images of the natural and modified zeolite before and after adsorption of
Cr(VI) are shown in Figure 11. Figure 11(a) and Figure 11(b) are shown that
no significant change in the morphology of the zeolite crystals after their modification with APTES.
It confirmed that the structure of the natural zeolite was not destroyed much
in the modification and natural zeolite surface functionalized by APTES. This
result is consistent with those of the XRD analysis. But changes were observed in
the morphology of the modified zeolite after the adsorption of Cr(VI) shown in
Figure 11(c).
The surface property of natural, pretreated, and modified zeolite was analyzed
by N2 adsorption, and the result of the adsorption/desorption isotherm is shown
in Table 6. The BET surface areas of natural, pretreated, and modified zeolite
were 22.79, 18.28, and 9.06 m2/g, respectively and the corresponding pore volumes were 0.058, 0.053, and 0.035 cm3/g. The average pore diameter of natural
zeolite increased after the modification from 10.188 nm to 15.243 nm. The remarkable decrease in the BET surface area and pore volume after the modification
DOI: 10.4236/jep.2021.129040
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(a)

(b)

(c)
Figure 11. SEM images of the natural (a) andmodified zeolite before (b) and after (c) adsorption of Cr(VI).
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Figure 12. FT-IR spectra of the natural (a) and modified zeolite (b) and after (c) adsorption of Cr(VI).

indicates that APTES molecules loaded into the surface of the zeolite. Shaogang
Liu et al. [36] reported similar results on surface properties of modified zeolite.
The FT-IR spectra of the natural and modified zeolite before and after adsorption of Cr(VI) are shown in Figure 12. Typical peaks of natural zeolite were
found at 3620 cm−1 (Si-OH), 3463 cm−1 (OH) [35], 1642 cm−1 (corresponding to
water molecules associated with the cations in zeolite structure) [25] [37]. The
peaks corresponding to Si-O, Al-O bond in the SiO4 and AlO4 tetrahedral at
1052 cm−1, the peaks corresponding to Si-O-Si and Al-O-Al bond at 459 and 796
cm−1 were detected [25]. After modification, the intensities of the peaks at 3620
and 3463 cm−1 were decreased, and new peaks with low intensity were detected.
For example, at 2926 and 2858 cm−1 ((νC-H) CH3 and (νC-H) CH2) [38], at 1700
and 1670 cm−1 (vCN), at 1561 and 1540 cm−1 (-NH2) [38] [39]. These peaks are
corresponding to the group of silicon-organic monomer (Si(CH2)3NH2), detected with low intensity due to low concentrated solution of APTES were taken
for the modification [37].
The peaks relating to Si-O-Si, Al-O-Al, Si-O, and Al-O did not shift but their
intensity was decreased. These all changes confirm that natural zeolites have
been modified with APTES. After the adsorption, the intensity of the peak at
3463 cm−1 was increased, and at 2926 cm−1, 2858 cm−1 (vC-H) were decreased.
The intensities of the peaks at 1700, 1670 cm−1 (vCN), and 1561, 1540 cm−1
(-NH2) were increased.

4. Conclusion
The modification of the natural zeolite of the Tsagaantsav deposit of Mongolia
DOI: 10.4236/jep.2021.129040
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has been done successfully, and the maximum adsorption capacity for Cr(VI)
was 13.532 mg/g. The kinetics result has shown that the rate-limiting step of adsorption of Cr(VI) on the modified zeolite is the second-order reaction. The results of thermodynamics and isotherm studies determined that the adsorption is
spontaneous, thermodynamically favorable, endothermic, and followed the
Langmuir model. The adsorption of Cr(VI) on the modified zeolite took place in
the following steps: 1) Binding of HCrO −4 to the protonated surface of the adsorbent by electrostatic attraction. 2) Reduction of Cr(VI) to Cr(III). The amino
group may have played an essential role in this process as the reducing reagent.
3) Formation of a complex compound of Cr(III).
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