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a b s t r a c t
In this study, the adsorption of methylene blue (MB) dye using the nano-zeolite modified with 
copper (Cu–zeolite) was investigated. The modified zeolite was characterized by scanning electron 
microscopy, Fourier transform infrared spectroscopy, X-ray powder diffraction and transmission 
electron microscopy. Moreover, the effect of experimental parameters such as pH, contact time and 
initial concentration on adsorption of dye was studied. Results indicated that the optimum conditions 
for maximum adsorption of 20 mg/L MB were 30 min contact time, pH = 7 and 8 g/L adsorbent; the 
remaining MB in the solution was 1.75%. The equilibrium data were found to be well represented 
by Langmuir isotherm equation and the adsorption process was described by pseudo-second-order 
kinetic model for MB.
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1. Introduction

Dye-containing wastewaters from the textile industry are 
one of the main pollutant sources worldwide. There are over 
100,000 different textile dyes with an estimated annual pro-
duction of 700,000 metric tons. Of these dyes, 30% are used in 
excess of 1,000 tons per annum and 90% are used at the level 
of 100 tons per annum [1–3]. In addition to the textile indus-
try, the consumption of dyes has increased in cosmetics, pulp 
and paper, paint, pharmaceutical, food, carpet and printing 
industries among others. Besides coloring the wastewater, 
dyes and their breakdown products are toxic, carcinogenic 
and mutagenic to life forms, and they can cause allergies and 
skin diseases [4–6]. Dyes have complex aromatic structures 
and their removal is generally difficult. Moreover, they are 
usually biologically non-degradable, resistant to aerobic 
digestion, and are stable to light, heat and oxidizing agents 
[7,8]. The possible reason for non-biodegradability of these 

dyes in conventional systems is the lack of necessary enzymes 
to biodegrade these dyes in the environment [3,9–14]. One 
of the best methods for wastewater treatment is adsorption. 
Amongst the features of adsorption, flexibility, simplicity 
of design and insensitivity to toxic pollutants are the most 
important. Activated carbon is the most popular adsorbent, 
and has been cited by the US Environmental Protection 
Agency as one of the best available control technologies [15]. 
The traditional technologies based on adsorption frequently 
involve the use of activated carbon for the removal of organic 
contaminants in water. However, it is well known that regen-
eration of active carbon is complicated [16–19], and many 
researchers have focused on various materials that are able to 
remove organic pollutants from water [20–30]. 

One of the important class of hydrated aluminosilicates 
is zeolites. They own cage-like structures with internal and 
external surface areas of up to several hundred square meters 
per gram. An important property of these materials is the 
capacity to be easily regenerated while retaining their initial 
properties. The wide use of synthetic and natural zeolites as 
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adsorbents for removal of phenolic compounds from water 
has been reported [31–34]. Zeolites are a group of crystal-
lized hydrated aluminosilicates with fine pores containing 
balanced cations from earth alkaline metals group (Na+, K+, 
Mg2+ and Ca2+), which absorb water and release it reversibly. 
They can absorb and release water reversibly without major 
change in their structure and exchange some of their cations.

Copper is one of the most famous metals, which has 
been used for thousands of years. It is essential for all liv-
ing organisms, which has lower toxicity and is cheaper than 
other metals. In addition, copper ions are doped in the pores 
of the nano-zeolite leading to their increased surface area and 
increased use as an adsorbent to remove organic contami-
nants. The main objective of the present study is to evaluate the 
feasibility of applying Cu–zeolite to the methylene blue (MB) 
removal from aqueous solutions. We focused on enhancing 
adsorption capacity and reducing adsorption cost of toxic MB 
by loading Cu ions on the synthesized nano-zeolite surface.

2. Materials and methods 

All chemicals used in this study, such as natrolite zeolite, 
copper nitrate and MB were prepared from Merck Company 
with high purity. In this study, MB, which is an aromatic 
chemical compound, and water polluting dye were used.

2.1. Instruments

UV–Vis absorption spectra were acquired on a Cary 
100 UV–Vis spectrometer (Varian, USA) at room tempera-
ture (23°C–25°C) by using a double beam. FTIR spectra were 
measured on a Bruker spectrophotometer pressed into KBr 
pellets and is reported in wave numbers (cm–1). Transmission 
electron microscopy (TEM) was carried out on a Zeiss-
EM10C-80 KV and field emission scanning electron micro-
scopic (FESEM) images were obtained using a HITACHI 
S-4160 FESEM. X-ray powder diffraction (XRD) pattern on 
a BRUKER B8 ADVANCE X-ray diffractometer with CuKα 
radiation. Typically, a scanning velocity of 1.5°∙min–1 was 
used to scan the peaks of the zeolite diffraction pattern in 
the 2θ range between 5° and 80°. A Metrohm 692 pH meter 
(Herisau, Switzerland) was used for pH measurements.

2.2. Preparation of nano-natrolite zeolite

To prepare nano-natrolite zeolite, certain amounts, 2 g, of 
natrolite zeolite were placed in electric furnace at tempera-
ture 700°C for 6 h. Then, it was cooled to room temperature 
and kept in the closed container to use it [35,36].

2.3. Preparation of nano-zeolite modified by copper

The Cu-doped zeolite was prepared through using the fol-
lowing incipient wetness method. The Cu(NO3)3*9H2O (0.3 g) 
(99%, Merck, Germany) and natrolite zeolite were used for this 
purpose. Initially, 2 g of zeolite and 3 g of Cu(NO3)3*9H2O were 
mixed and stirred for 2 h at room temperature until a uniform 
solution was formed. Then, the solution was heated to 700°C 
for 6 h with 2°C min–1 heating rate. The Cu–zeolite was washed 
with distilled water several times, isolated using a centrifuge 
and ultimately, dried in an oven (at 120°C for 12 h) [35,36].

2.4. Procedure

For performing a typical removal experiment, 0.04 g of 
raw natrolite zeolite, nano-zeolite or Cu–zeolite powder was 
mixed with 10 mL of MB solution at 20 ppm concentration. 
The suspension was shaken at 200 rpm for 30 min at room 
temperature and then centrifuged at 4,000 rpm for 10 min. 
Finally, the adsorption amount of the obtained solution was 
taken using UV/Vis. The effect of various parameters such as 
initial MB concentration, contact time, pH, temperature, etc. 
was studied on the removal extent of MB [37].

The amount of MB adsorbed onto Cu–zeolite and 
the removal efficiency were calculated by the following 
equations:

q
C C V
mt

e=
−( )0  (1)

Removal efficiency /(%) ( )= − ×C C Cf0 0 100  (2)

where C0, Cf and Ce (mg L–1) are the initial, final and equilib-
rium concentrations of contaminants, respectively. qt (mg g–1) 
is the adsorbed amount of adsorbate per unit mass of the 
adsorbent at time t. V (L) is the volume of adsorption solution 
and m (g) is the mass of adsorbent [38].

3. Results and discussion 

3.1. Investigating the structure of absorbents

The structures of the as-prepared products were first 
characterized by scanning electron microscopy (SEM) and 
TEM. Fig. 1 presents the SEM images of the zeolite and Cu–
zeolite, which exclusively show a large number of nanoparti-
cles. Fig. 2 shows a TEM image of the zeolite and Cu–zeolite. 
The cores of the Cu have a typical size of less than 100 nm, 
but the bulk of the nano-zeolite particles contains aggregates 
with no fractal features and a uniform size.

3.2. Investigating the structure of absorbents using XRD pattern

XRD pattern results are shown in Figs. 3 and 4. The 
results indicate that main peaks related to the Cu–zeolite 
samples match the standard sample. Also, comparing these 
two figures indicates that a series of peaks at 35.74, 38.95 
and 50.04 are shown which confirm the formation of CuO 
nanoparticles. Using this evidence, it can be realized that 
copper is present in the structure of nano-zeolite. The initial 
peak that has extremely increased indicates anisotropic crys-
tallographic nature of this sample and placement of particles 
is beside each other [39,40].

In this sample, no impure peak was seen. In addition, by 
using the Scherrer equation, the peak of 19° (111) is shown 
and the mean of particle size is about 12 nm [41,42].

3.3. Investigation of adsorbents’ structure using FTIR

Fourier transform infrared spectroscopy (FTIR) spectra 
of nano-zeolite are shown in Fig. 5. The peak in the areas 
of 1,450, 638, 677, 769, 1,036 and 1,645 cm–1 represents a link 
related to nano-zeolite. In addition, the peak in the area of 
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3437.02 cm–1 is related to stretching vibrations in OH ions 
of the peak in endceylan groups, and the peak in the area 
of 769 and 1,036 cm–1 is related to Si–O and Al–O, respec-
tively [43,44]. Fig. 6, related to Cu–zeolite, is similar to Fig. 5; 
however, the peak in the area of 634 cm–1 is related to copper, 
which represents the presence of copper in the compound. 
The results of the powder XRD pattern and framework FTIR 
spectra clearly indicate that the modification by ion-exchange 
technique does not change in framework composition natro-
lite zeolite, phase purity and crystallinity of parent NaX and 
its exchanged forms [45–47].

3.4. Investigating the effect of pH on removal efficiency

One of the important experimental parameter in removal 
extent of pollutants is solution pH because of its effects on the 
surface charge of the sorbent and ionic forms of MB present 
in solution. The optimum pH for the adsorption of MB was 
found to be in the range 8–12 (Fig. 7). This can be explained 
with the electrostatic interaction of MB (because of its cationic 
structure) with negatively charged surface of the modified 

(a)

(b)

Fig. 1. SEM image for nano-zeolite absorbent (a) and Cu–zeolite (b).

100 nm

(a)

(b)

Fig. 2. TEM photography for nano-zeolite absorbent (a) and 
Cu–zeolite (b).

Fig. 3. XRD image to nano-zeolite.
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nano-zeolite. The pH of point of zero charge of the sorbent, 
pHPZC, was 8 [48]. At lower pH (pH < pHPZC), the adsorbent has 
positive charge. Also MB may be present in its cationic form 
via protonation of its sulfur or nitrogen atoms. Hence, repul-
sive force between such cationic form and positively charged 

sorbent repels MB from the adsorbent surface. In addition, 
ion exchange of protons with Cu(II) cation in zeolite, decrease 
Cu(II) extent of zeolite as complexing agents for removing 
MB. In such conditions, protonated MB molecules have little 
tendency with remained Cu(II) on the zeolite. By increasing 
the pH (pH ≥ pHPZC), these problems tend to decrease and 
removal extent tends to increase, so the best MB removal was 
obtained at pH 8 and thereafter no significant increase was 
observed [49]. Similar trends were observed for the adsorp-
tion of MB onto Fe(III)/Cr(III) hydroxide [50], malachite green 
onto agro-industry waste [51], MB on zeolite [52,53], MB onto 
various carbons [54] and MB onto elaeagnusan gastifolial [55].

3.5. Investigating the effect of adsorbent rate on the removal 
efficiency

At this stage, the adsorption rate of the adsorbent sample 
on the removal of the dye was examined. For this purpose, 
at the optimal pH equal to 7, various weights of adsorbent 
were used for MB solution at concentration of 20 ppm. In 
each test, adsorbent sample was contacted with 10 mL of the 
dye samples for 20 min. Results are shown in Fig. 8. As the 
results indicate, when the amount of the adsorbent increases 
from 0.04 to 0.1 g, an increase is also seen in the percentage of 
removal of the dye. According to the experiments, the opti-
mal mass for the adsorbent is 0.08 g. In general, the adsor-
bent’s capacity to adsorb the dye increases with increased 
adsorbent mass, because increased mass of adsorbent is asso-
ciated with increased specific surface area and adsorption 
sites. In addition, as the amount of the adsorbent increase, no 
change is seen in the percentage of removal of the dye, since 
the surface sites are filled and saturated.

3.6. Investigating the effect of reaction time on removal efficiency

This test was performed within 5–30 min with the 
change range of 5 min and the optimal time was accordingly 
obtained. Results of Fig. 9 show that by increasing the con-
tact time, removal efficiency increases and reaches its opti-
mal time at 20 min and the removal percentage reaches to 
98.32 and after that the increase in the percentage of removal 
efficiency have been insignificant. Also, the increased con-
tact time leads to increased MB adsorption by surface sites 
(vacant surface sites) on the surface of the absorbent. 

Fig. 4. XRD pattern to Cu–zeolite.

Fig. 5. FTIR spectra of nano-zeolite.

Fig. 6. FTIR spectra of Cu–zeolite.

Fig. 7. Effect of pH on adsorption of dye (conditions: 8 mg adsor-
bent, 10 mL of 20 mg/L of cationic dyes duration of oscillation 
time of 20 min).
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3.7. Investigating the effect of reaction temperature on removal 
efficiency 

In Fig. 10, the effect of contact time of adsorbent on 
adsorption of MB is shown. Results showed that the MB 
adsorption had the highest dye removal by Cu–zeolite at a 
pH of 7 and 0.08 g of the adsorbent and MB with the concen-
tration of 20 ppm in 20 min at the room temperature (25°C). 
As the temperature rises, the percentage of dye removal 
decreases, since the MB molecules move more and their 
adsorption by the surface reduces.

As the temperature rises, the percentage of dye removal 
decreases, since the MB molecules move more and their 
adsorption by the surface reduces [56].

3.8. Investigating the effect of dye solution concentration 
of methylene blue on adsorption efficiency

Fig. 11 shows the effect of the initial MB concentration 
on its surface adsorption by the adsorbent. To perform this 
test, the parameters of time, adsorbent mass and pH on opti-
mum values were regulated (0.08 g of adsorbent, 20 min 
contact time and pH = 7). As shown in the figure, the rate of 

the absorbed dye was reduced; thus, it can be stated that dye 
removal is influenced by dye initial concentration. At low 
concentrations, MB was adsorbed on the vacant positions 
of adsorbent surface and these places were saturated and 
filled by increasing the concentration. When the initial MB 
dye concentration was low, there were very high number of 
sites available for dye adsorption on the surface of the adsor-
bent. However, as long as the initial MB dye concentration 
increases, the number of moles of the MB dye is higher than 
the number of its vacant positions. Therefore, the available 
sites are quickly saturated and dye removal rate decreases.

For example, when the initial concentration of dye 
increases from 20 to 100 ppm, the dye adsorption rate also 
decreases from 98.135 to 49.01.

3.9. Comparison of methylene blue dye rate between natrolite 
zeolite, nano-zeolite and Cu–zeolite

By comparing zeolite, nano-zeolite and Cu–zeolite absor-
bents, the efficiency of MB removal significantly increases 
if the nano-zeolite modified by copper was used as the 
adsorbent.

In summary, the objectives of using Cu–zeolite include:

• reduced reaction time
• reduced adsorbent amount and
• increasing the amount of methylene blue adsorption

Fig. 8. Effect of amount of absorbent on adsorption of dyes (con-
ditions: pH = 7.0 and 10 mL of 20 mg/L of cationic dyes duration 
of oscillation time of 20 min).

Fig. 9. Effect of contact time on dye adsorption (conditions: 10 mL 
of 20 mg/L of dyes, pH = 7.0 and 80 mg adsorbent).

Fig. 10. Effect of temperatures on adsorption of dyes (conditions: 
10 mL of 20 mg/L of dyes, pH = 7.0 and 80 mg adsorbent).

Fig. 11. Effect of initial dye concentration on adsorption of dyes 
(conditions: 10 mL of dyes, pH = 7.0 and 80 mg adsorbent).
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The information presented in Table 1 displays the results 
of removing MB from the solution.

Adsorbent efficiency: Cu–zeolite > nano-zeolite > zeolite.

3.10. Adsorption isotherm

Adsorption isotherm describes how the adsorbent inter-
acts with the adsorbed substance. Isotherms of Langmuir 
and Freundlich were used for evaluating the parameters such 
as adsorption capacity and adsorption mechanism.

Langmuir considered adsorption as an ideal adsorption 
on an ideal surface. This model assumes that adsorption can 
only be done at constant sites and can only maintain one 
adsorbing molecule at a time (single-layered) [57,58]. All the 
sites are equivalent and there is no interference between the 
adsorbed molecule and the adsorption site. The Langmuir 
equation has been derived from Gibbs’ method, which has 
been shown in Eq. (3). In which, qmax (mg/g) is the monolayer 
adsorption capacity, b (L/g) is the Langmuir constant that is 
related to the free energy of adsorption, while Ce (mg/L) is 
the equilibrium concentration of adsorbate in solution and 
qe (mg/g) is the concentration of adsorbate on the surface of 
absorber.

Eq. 3 has been shown as follows:

C
q

C
q b q

e

e

e= +
max max.

1  (3)

The essential characteristics of Langmuir isotherm can 
be explained using a dimensionless constant, RL, known as 
separation factor, which is calculated using the following 
equation: 

R
bCL = +( )
1

1 0

 (4)

where C0 (mg L–1) is the initial dye concentration and b is 
the Langmuir adsorption constant (L mg–1). The RL value 
describes adsorption process to be unfavorable (RL > 1), lin-
ear (RL = 1), favorable (0 < RL < 1) or irreversible (RL = 0) [58].

The laboratory data was applied to the equation above 
and the graph Ce /qe was obtained based on the linear regres-
sion Ce. The second model is the Freundlich isotherm and 
it is a multi-site adsorption isotherm for heterogeneity sur-
faces [59] and its total form has been shown in the following 
equation:

ln ln lnq K
n

Ce f e= +
1  (5)

In which, qe and Ce are the parameters in Eq. (3) and Kf 
and n are Freundlich parameters related to the extent of 
adsorption and the intensity of adsorption, respectively.

A linear graph of qe based on lnCe shows that the Freundlich 
model describes the adsorption process in the best way possible. 
Comparing R2 values evidently indicated that the Langmuir 
model possessed the best fit with the experimental equilib-
rium data (Table 2) [49,60,61]. This suggests that the MB 
was adsorbed in the form of monolayer coverage onto the 
surface of adsorbent. In addition, the obtained value of n 
(4.48>1) corresponds to a favorable adsorption process. On 
the other hand, the RL value of MB obtained from Langmuir 
isotherm lied at 0.0211, which indicated that the adsorp-
tion was favorable and in consistence with the Freundlich 
model [62].

3.11. Kinetic studies

Adsorption kinetics was studied to obtain the mechanism 
of heavy metal ions adsorption, as well as the time needed 
to reach equilibrium and the potential rate-controlling steps, 
such as mass transport and chemical reaction processes 
[57,63].

Laboratory data were fitted with Lagergren pseudo- 
first-order kinetic [64] and Ho pseudo-second-order kinetic 
[65]. This was done for molecular reviewing of the adsorp-
tion mechanism and the stages controlling its speed. The 
Lagergren pseudo-first-order kinetic and Ho [65] pseudo- 
second-order kinetic models have been, respectively, pre-
sented in Table 3.

The information presented in this table indicated how the 
contact time affects the adsorption process at different times. 
The adsorption behavior showed that the adsorption system 
best fits the pseudo-second-order (R2 = 0.9988) model, illus-
trating that the rate-limiting step can be chemical adsorption 
or chemisorption involving valence forces through sharing 
or exchange of electrons between the adsorbent and adsor-
bate [49,64]. It is by reviewing the results of this section that 
a multi-layer adsorption can be concluded (Table 4). In the 
pseudo-first-order model, K1 = 0.0417, whereas in the pseu-
do-second-order model, K2 = 0.53.

4. Conclusion 

In this study, the MB dye adsorption using the nano- 
zeolite modified with copper was investigated and the fol-
lowing results were obtained:

Table 1
Comparing different absorbents for methylene blue removal 
(conditions: T = 25°C, pH = 7, 8 mg adsorbent, 10 mL of 20 mg/L 
of cationic dye duration of oscillation time of 20 min)

% RemovalAbsorbents

98.32Cu–zeolite 
79.5Nano-zeolite
60.25natrolite zeolite

Table 2
Results of the Langmuir and Freundlich models

Model
LangmuirFreundlich

R2 = 0.8506R2 = 0.7451
b = 2.32
qmax = 4.83 mg g–1

n = 4.48
Kf = 1.6
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• The structure of the absorbents constructed by SEM, 
TEM, XRD and FTIR analyses were identified.

• The effect of operational parameters such as pH, contact 
time, adsorbent rate and initial concentration and tem-
perature was examined. Results showed that the removal 
of dye increased by increasing contact time, adsorbent 
amount and pH.

• The kinetics and isotherm adsorption data were well 
described by the pseudo-second-order model and the 
Freundlich isotherm model, respectively. 

• Finally, the results indicated that nano-zeolite modified 
with copper was a good candidate to remove cationic dye 
(MB) from wastewater.
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