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ABSTRACT

In this research, two types of nanozeolite i.e. NaA and ZSM-5 were synthesized and utilized
as a sorbent for removal of mercury(II) from aqua’s media. The prepared nanosorbents were
characterized with scanning electron microscopy, X-ray diffraction and Fourier transformed
infrared techniques. Effect of pH, interaction time, temperature and other important parame-
ter for removal of mercury(II) was investigated. The adsorption isotherm models were stud-
ied based on Langmuir, Freundlich and Temkin models. The positive values of standard
enthalpy of adsorption exhibit the endothermic nature of the adsorption process. The values
of Gibbs free energy were negative for ZSM-5 and positive for NaA. But with increasing the
temperature, amount of Gibbs energy tends to be more negative therefore, the adsorption can
be more effective in higher temperature. Moreover, kinetic investigation revealed that the
pseudo-second-order sorption mechanism is predominant. According to experimental results,
the ZSM-5 is more efficient for removal of mercury(II) with respect to NaA nanozeolite.
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1. Introduction

Mercury is classified among priority hazardous
compounds according to the European Union legisla-
tion, as the maximum allowable level for mercury in
surface waters is 0.07 μg L−1 hence, its pollution is a
global crisis facing society today [1–5]. A wide variety
of industries can generate mercury-containing solid
wastes or wastewater, including weapons production,
copper and zinc smelting, gold mining, painting appli-
cation, fertilizer industry, mining facilities and tanner-
ies [6–12]. Methyl mercury and forms of mercury with
relatively low toxicity can be bioconcentrated in

organisms and biomagnified through food chains. The
illness, which came to be known as Minamata disease,
was caused by mercury poisoning because of eating
contaminated fish. Mercury has very high tendency
for binding to proteins and it mainly affects the renal
or nervous systems [13] which causes embryocidal,
cytochemical and histopathological effects [14]. From
the above considerations, it is evident that removal of
mercury ions from water and wastewater is very
important. Therefore, considerable research efforts by
numerous investigators were focused on the removal
of mercury compounds by various techniques.

Nowadays, new techniques are focused on adsorp-
tion processes because they are more economical than
other previously employed such as precipitation,*Corresponding author.
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ultra-filtration and reverse osmosis [15–17]. The men-
tioned methods usually involve expensive materials
and high operation costs; moreover, the application of
other methods such as electrodialysis, membrane elec-
trolysis and electrochemical precipitation has been
limited due to the high-energy consumption [18].
Beside, ion-exchange process as a cost-effective
method, normally involves low-cost materials and
convenient operations, and proved to be very effective
for removing contaminants from aqua’s media [19–21].

Zeolite is well known as a microporous material
that its structure is based on an infinitely extending
three-dimensional network of AlO4 and SiO4 tetrahe-
dral linked to each other by sharing all the oxygen
ions. The partial substitution of Si4+ by Al3+ in the
structure of zeolite results in an excess of negative
charge which cause cation exchange ability hence, it
used to adsorb and remove metal cations, radionuc-
lides as well as ammoniacal nitrogen from municipal
wastewaters and electroplating effluents [22–24]. The
advantage of zeolite over resins, apart from their
much lower cost, is their ion selectivity [25]. Owing to
zeolite structural characteristics and their adsorbent
properties, they have been applied as chemical sieve,
water softener and adsorbents [26]. In recent years,
nanosized zeolites have attracted considerable atten-
tion as heterogeneous catalysts and adsorbents
because of their potential advantages such as shape
selectivity of micropores, acid catalytic activity and
thermal/hydrothermal stability. In comparison with
natural zeolite, the nanosized zeolite could bring bet-
ter performance due to a high accessibility of active
phase and high-external surface area. Studies on
heavy metal removal by natural (clinoptilolite) and
synthetic (NaP1) zeolites indicated that the adsorption
capacity of synthetic NaP1 zeolite was ten times
greater than the natural zeolite [27,28]. On this aspect,
the use of synthetic nano zeolite is a workaround and
an improvement for removal of heavy metals hence,
in this research, two types of nanozeolite i.e. NaA and
ZSM-5 were synthesized and used as an adsorbent for
removal of mercury(II) from water solution. Effect of
time, temperature and other effective parameter on
adsorption procedure was investigated. Finally, the
performances of these sorbents were compared with
each other.

2. Experimental

2.1. Materials

All reagents used in this work are of analytical
grade that supplied from Merck company (Darmstadt,
Germany). Working solutions of mercury(II),

1,000mg L−1, were prepared from mercury(II) chloride
salt (CAS number: 7487-94-7). pH adjustments were
performed with 0.1 mol L−1 of sodium hydroxide and
HCl solutions. Tetraethylorthosilicate (TEOS) (CAS
number: 78-10-4) and Al(NO3)3-9H2O (CAS number:
7784-27-2) were used as Si and Al sources for synthe-
sise of nanozeolites, respectively. Tetrapropylammoni-
um hydroxide (TPAOH) (40 wt.%, CAS number:
2052-49-5) was used as template and surfactant source.
2-mercapto benzo thiazol (MBT) (CAS number:
149-30-4) was used as a chelating agent for determina-
tion of mercury(II).

2.2. Instruments

A digital pH meter (model 692, metrohm, Herisau,
Switzerland) was used for the pH adjustment. Separa-
tion was assisted using a refrigerated centrifuge
(Hettich, Universal 320 R). A Lambda-25 UV VIS spec-
trophotometer was used for determination of mercury
(II). The Crystallinity of nanozeolites was examined by
powder X-ray diffraction analysis which was carried
out on a Phillips powder diffractometer X’ Pert
MPD using PW3123/00 curved Cu-filtered Cu-Ka
(λ = 1.540589 Å

´
) radiation in 2θ range of 2–50˚. Fourier

transform infrared spectra (FT-IR) were measured
with Equinox 55 Bruker with ATR method over the
wavelength range of 400–4,000 cm−1. Surface morphol-
ogy analysis of the adsorbents was carried out using
the field emission scanning electron microscope,
model S-4160.

2.3. Synthesis of nanozeolites

In order to synthesize ZSM-5 nanozeolite, appro-
priate amount of aluminum nitrate was added slowly
to TPAOH solution with stirring, followed by consecu-
tive addition of distilled water. TEOS, as an organic
silica source, which is supposed to come in the aque-
ous phase slowly was added drop wise during 2 h.
The components were mixed with constant stirring
then, the mixture aged for 30min by microwave oven
to hydrolyze which results in a concentrated gel. The
obtained gel was then charged into Teflon-lined stain-
less steel autoclaves and crystallized by hydrothermal
treatment at 180˚C for 48 h without stirring. After this
procedure, the product was separated by centrifuge
(5,000 rpm), washed several times with distilled water,
dried overnight at 120˚C and calcinated at 500˚C for
5 h in air. The molar composition of ZSM-5 can be
expressed as:

30 SiO2 : 1Al2O3 : 7:752TPAOH : 486:027H2O
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For preparation of NaA nanozeolite, 1.35 g of sodium
aluminate and TEOS was dissolved separately in 25
mL of NaOH solution (6mol L−1), then aluminate
solution was added to silicate along with vigorous
shaking. The prepared gel was heated at 40˚C for 18 h
after formation of solid mass, it was filtered with filter
paper, washed several time with distilled water and
dried overnight at 80˚C then stored until being used.
The molar composition of prepared zeolite include:

1:85 SiO2; 1Al2O3; 6NaOH; 200H2O

2.4. Adsorption procedure

In order to perform ion-exchange process for mer-
cury(II) removal, various amounts of target ions (5–50
mg L−1) were placed in a 50mL flask, 0.05 g of nanoze-
olite was added and the solution stirred at 500 rpm
under optimum conditions (pH 8 and contact time =
60min), then the liquid was separated from nanozeo-
lites by centrifuging at 5,000 rpm after 3min. For
determination of mercury(II) concentrations, 2 mL of
residual solution was mixed with 0.3 mL of MBT

(10−3 M) and 1mL of CTAB solution (0.01%), then was
made up to 10mL with borax buffer (0.025M and pH
10), after 30min the absorption of complex was
measured with UV VIS spectrometer.

3. Results and discussion

3.1. Characterization of nanozeolites

According to Fig. 1 that exhibits the SEM images
of the zeolite nanocrystals employed in this paper, the
mean sizes of zeolites are 60–80 nm. Fig. 1(a) is the
SEM image of ZSM-5 and display that this sample has
good monodispersity in comparison with NaA parti-
cles (Fig. 1(b)) but NaA nanozeolite exhibit more regu-
lar spherical morphology.

The obtained FT-IR spectra in the region of frame-
work vibrations are shown in Fig. 2. The peak around
460 cm−1 is assigned to the bending vibrations of alu-
minosilicate species (Al–O−Si and Si–O−Si tetrahe-
dral). The band at 800–900 cm−1 is attributed to the
vibration of quartz and Al–OH group. The bending
vibration and stretching vibration of Si–O and Si–O–Si
can be depicted at 1,060 and 1,115 cm−1, respectively.

Fig. 1. A typical SEM images for ZSM-5 (a) and NaA (b).
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Furthermore, the bands at 3,000–3,600 cm−1 and 1,600
cm−1 are corresponding to lattice hydroxyls OH
stretching mode, H–OH stretching vibration of free
H2O and water crystallization bending vibration onto
the zeolite structure, respectively.

Fig. 3 shows XRD patterns of the prepared NaA
and ZSM-5 nanozeolites. The two types of zeolites
have a good crystalline degree and observed phases
are in good agreement with those reported in the liter-
ature [29–31]. The average crystallite size was calcu-
lated using Sherrer’s equation:

D ¼ Bk=b1=2cos h (1)

where D is the average crystallite size of the phase
under investigation, B is the Sherrer’s constant (0.89),

λ is the wavelength of the X-ray beam used (1.54056
Å
´
), β1/2 is the full width at half maximum of the dif-

fraction peak and θ is the diffraction angle. According
to the XRD pattern, the average crystallite size of 75.8
and 68.3 nm was determined for NaA and ZSM-5
nanozeolite, respectively, that is in good agreement
with the result of the SEM image.

3.2. Effect of pH

The pH of the solution is one of the most impor-
tant factors controlling the limit of extractability of
metal ions. The effect of pH on sorption was studied
by batch method at pH 2–10, keeping the other vari-
ables constant. About 0.05 g of the adsorbent was sus-
pended in 50mL of solution which contain 50 mg L−1

of mercury(II) at several pH values. These samples
were stirred for 60min at 150 rpm. Then the samples
were centrifuged at 5,000 rpm for 3min at room tem-
perature to separate the adsorbent. Amount of mer-
cury ions in the solution was determined and the
removal percent was calculated with Eq. (2):

%R ¼ C0 � Ceð Þ=C0 (2)

where C0 and Ce are the initial and equilibrium con-
centrations (mg L−1) of mercury(II) in the solution. The
results are depicted in Fig. 4. The optimum pH value
at which the maximum removal could be achieved
was 8.0. This may be explained by the adsorption sur-
face becoming less positive as the pH value increases
therefore, the attraction between mercury(II) and na-
nozeolite can be increased. The adsorption mechanism
for mercury(II) adsorption onto the nanozeolite surface
can be expressed as follow (Eqs. (3)–(6)):

nMOHþ þM zeoliteð Þ $ Mn(z)þMnþ þ nOH� (3)

Fig. 2. FT-IR spectrum for nanozeolites.

Fig. 3. The XRD pattern for NaA and ZSM nanozeolites.
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nSi–OHþMnþ $ Si–Oð Þn–Mþ nHþ (4)

SiO–þMOHþ ! SiOMOH (5)

nSiO–þMnþ $ Si–Oð Þn–M (6)

The main mechanism for mercury(II) adsorption
include: formation of inner sphere complex on the
zeolite surface with Si–O group, ion exchange of
hydrolyzed divalent metal cation (MOH+) in aqueous
solution and metal cation (mostly Na+ or Ca2+) in the
zeolite framework (Eqs. (3) and (4)), electrostatic inter-
action and hydrogen bonding. Ion–dipole interaction
and hydrophobic interaction can also be considered as
adsorption mechanism but the two mentioned mecha-
nisms i.e. ion exchange and complex formation are
more responsible for adsorption process.

3.3. Kinetics of adsorption

In order to investigate the effect of contact time
between adsorbate and adsorbent on removal effi-
ciency, the time was varied from 5 to 120min for
removal of mercury(II) at three level (12.5, 25 and 50
mg L−1). Removal percent increased rapidly in the first
20min and then, slowed down as equilibrium was
approached (Fig. 5). The increase in adsorption was
not significant after 60min. At this point, the amount
of mercury(II) being sorbed by the sorbent was in a
state of dynamic equilibrium with the amount of mer-
cury desorbed from the sorbent. Therefore, a time of
60min was selected for further works. The high-initial
uptake rate may be due to the availability of a large
number of adsorption sites. As the sites are gradually
filled up, adsorption becomes slow and the kinetics
will be more dependent on the rate at which the ana-
lyte is transported from the bulk phase to the actual
adsorption sites.

The kinetic of adsorption can be expressed as the
integrated linear form of pseudo-first order and
pseudo-second-order kinetic rate equations for the
boundary conditions (Eqs. (7) and (8)):

log ðQe �QtÞ ¼ log Qe � k1t (7)

t=Qt ¼ 1=ðk2 Q2
e Þ þ ð1=QeÞ t (8)

where k1 is the pseudo-first-order adsorption rate con-
stant and Qe, Qt are the values of the amount
adsorbed per unit mass at equilibrium and at any time
t and k2 is the second-order rate constant [32]. Lager-
gren plot of log(Qe −Qt) vs. t (Fig. 6) in the presence
of ZSM-5 and three level of mercury(II) is approxi-
mately linear (R2 = 0.93–0.95) although this plot
showed better linearity (0.95–0.99) in the presence of

Fig. 4. Effect of pH on mercury(II) removal, conditions;
sorbent 0.05 g, amount of analyte 50mg L−1 and time
60min.

Fig. 5. Effect of contact time for mercury(II) adsorption in three level of target ion.
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NaA, but linearity alone does not establish a first-
order mechanism. The high differences between the
experimental Qe values and those obtained from Lag-
ergren plots lead to almost total rejection of the first
order kinetics. The second-order plots of t/Qt vs. t
(Fig. 6) showed better linearity (R2 = 0.999) for both na-
nozeolites. The low differences among the experimen-
tal Qe and those obtained from Lagergren plots
establish the second-order kinetic (Table 1).

Since, neither the pseudo-first-order nor the
pseudo-second-order models can identify the diffusion
mechanism, the kinetic results were analyzed by the
intraparticle diffusion model. Due to the vigorous
agitation of particles during the sorption period, it is

assumed that the rate is not limited by mass transfer
from the bulk liquid to the particle external surface.
The rate-limiting step may be film or intraparticle dif-
fusion [33]. The intraparticle diffusion is governed by
the equation:

Qt ¼ kit
0:5 (9)

Plot of Qt vs. t0.5 (Fig. 7) at initial concentration of
12.5 mg L−1 is approximately linear for NaA (R2 = 0.89)
and has good linearity for ZSM-5 (R2 = 0.996). It can
also be observed that the plots have intercepts of 2.24
and 3.85mg g−1 for NaA and ZSM-5, respectively. This
is indicative of some degree of boundary layer control

Fig. 6. First and second order kinetic plots for mercury(II) removal.

Table 1
First-order rate (×10−2 min−1) and second-order rate (×10−2 gmg−1 min−1) constant and experimental—computed Qe values
from Lagergren and second-order plots at 303 K

Concentration (mg g −1)

First order Second order

K1 R2 Qe (mg g −1) K2 R2 Qe (mg g −1) Qe (mg g −1) Experimental

12.5 2.1 0.997 1.049 3.0 0.999 4.29 3.9
NaA 25 2.3 0.956 1.054 2.6 0.999 10.0 6.86

50 2.0 0.999 1.047 2.8 0.999 11.76 11.2

12.5 1.9 0.948 8.7 0.83 0.999 10.0 9.2
ZSM-5 25 1.0 0.931 7.07 0.57 0.999 16.38 15.2

50 1.1 0.956 14.68 0.23 0.999 26.31 23.4
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and further shows that the intraparticle diffusion is
not the only rate-limiting step. The values of the inter-
cept also indicated that with larger the intercept the
greater is the boundary layer effect.

The liquid film diffusion model, which explains
the role of transport of the adsorbate from the liquid
phase up to the solid phase boundary, can be
expressed as:

ln ð1� FÞ ¼ �kfd t (10)

where F is the fractional attainment of equilibrium
(F =Qt/Qe) and kfd is the adsorption rate constant.
Plotting –ln (1 − F) vs. t (Fig. 7) produced linear curve
(R2 = 0.97–0.99) for two type of zeolites but with non-
zero intercept (0.2–0.3) against the predictions of the
model. The small intercepts might point out limited
applicability of the model and thus, indicating a role
for liquid phase transports of the mercury(II) to the
sorbent surface in controlling the kinetics. This result
revealed that the sorption mechanism is a complicated
process with more than one mechanisms involved
which is related to the active groups of sorbent.

3.4. Effect of mercury(II) concentration and isotherm
studies

The removal efficiency by ZSM-5 and NaA in dif-
ferent concentration of mercury(II) is depicted in
Table 2. Decrease in uptake efficiency with increase in
initial concentration is due to the fact that sorption
sites took up the available metal ions more quickly at
low concentration, but metal needed to diffuse to the
inner sites of the sorbent for high concentration. More-
over, as the metal/sorbent ratio increases, sorption
sites are saturated, resulting in decreases in the

sorption efficiency. Additionally, it was noticed that
an increase in initial metal concentration leads to an
increase in the sorption capacity of mercury by na-
nozeolites. This is a result of the increase in the driv-
ing force the concentration gradient, as an increase in
the initial mercury concentrations.

The equilibrium adsorption isotherm is important
for designing an adsorption system because these
models can describe the interactive behaviour of the
solution and the adsorbent. Hence the effect of mer-
cury(II) concentrations on adsorption process was ana-
lyzed in terms of Langmuir, Freundlich and Temkin
isotherms and the results are depicted in Table 3. The
Langmuir model can be expressed as:

Ce=Qe ¼ 1= Qmbð Þ þ Ce=Qm (11)

where Qe is the amount of metal ions sorbed per unit
mass of the sorbent (mg g−1) and Ce the amount of
metal ions in the liquid phase at equilibrium (mg L−1).
The Qm is maximum adsorption capacity and b is the
Langmuir coefficient. Three assumes of this model
include: (i) presence of identical sites which are ener-
getically uniform on the solid surface, (ii) there is no
interactions between adsorbed species, meaning that

Fig. 7. Plot of intra-particle diffusion and liquid film diffusion for mercury(II) ions adsorbed on nanozeolites.

Table 2
Removal efficiency in different concentrations of mercury(II)

Concentration (mg L−1)
Removal (%)

NaA ZSM-5

12.5 34 73
25 28 60
50 10 46
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the amount adsorbed has no influence on the rate of
adsorption and (iii) formation of a monolayer in satu-
ration state [34,35]. So, this model is based on the
assumption of structurally homogeneous sorbent
where all the sorption sites are energetically the same
and identical. The essential characteristics of the

Langmuir isotherm can be explained in terms of a
dimensionless constant separation factor (RL), calcu-
lated by use of the equation:

RL ¼ 1= 1þ bCið Þ (12)

where Ci is the initial concentration of metal ions. RL

describes the type of Langmuir isotherm, to be irre-
versible (RL = 0), favourable (0 < RL < 1), linear (RL = 1)
or unfavourable (RL > 1) [36]. The Langmuir plots have
been depicted in Fig. 8 and indicated that the curve
for adsorption of mercury onto NaA has better linear-
ity in comparison with ZSM-5. Although RL value
(0.17–0.60) indicate favourable sorption of mercury(II)
ions on these sorbents.

The Freundlich model that suggests the adsorp-
tion–complexation reactions in the adsorption process
is represented as:

Qe ¼ KfC
1=n
e (13)

where n and Kf are the Freundlich coefficients which
evaluated from the slopes and intercepts of linear plot.

Table 3
Isotherm models data for mercury adsorption

Adsorption
isotherms

Isotherms
constant

Values
(NaA)

Values
(ZSM-5)

Langmuir Qm (mgg−1) 32.25 45.4
b (Lmg−1) 0.061 0.054
RL 0.17–

0.56
0.17–
0.60

R2 0.971 0.944
Freundlich Kf (mg1−1/ng−1) (L)1/n 1.054 5.09

n 1.46 2.08
R2 0.999 0.996

Temkin KT (Lmg−1) 0.19 0.63
Bl (mgg−1) 6.25 9.056
R2 0.966 0.941

Fig. 8. Langmuir and Freundlich isotherm models for the adsorption of mercury(II) ions.
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The magnitude of the Freundlich constant, n, gives a
measure of favourability of adsorption. The values of
n between 1 and 10 (i.e. 1/n < 1) represents a favorable
sorption [37]. The Freundlich isotherm (Fig. 8) is linear
if 1/n = 1 and as 1/n decreases, the isotherm becomes
more non-linear. Amount of n is equal to 1.46 and
2.08 for NaA and ZSM-5, respectively, which indicates
the sorption process, is favourable. The correlation
coefficient value of Freundlich isotherm was higher as
compared with Langmuir model and lead to the con-
clusion that the complexation reactions also are the
adsorption mechanism for removal of mercury(II) with
nanozeolites.

The Temkin isotherm takes into account the inter-
actions between adsorbents and metal ions to be
adsorbed and is based on the assumption that the free
energy of adsorption is a function of the surface cover-
age. The isotherm model is written as:

Qe ¼ B1lnKT þ B1lnCe (14)

the Temkin isotherm constants KT and B1 are calcu-
lated by plot of Qe vs. lnCe (Fig. 9). The correlation
coefficient value of this model is approximately near
to the Langmuir model (R2 = 0.94–0.96), which indi-
cates that the heat of sorption for all the sorbate mole-
cules on the surface layer of sorbents decreases
linearly due to the sorbent–sorbate interactions. There-
fore, the above two systems can be characterized by
uniform distribution of binding energies.

3.5. Thermodynamic studies

The value of Qe increased with raising the temper-
ature from 298 to 335 K suggesting endothermic inter-
actions. These results indicate that mercury(II) move
towards solid phase from the solution with the rise in

temperature, and the excess energy supply promotes
adsorption. The thermodynamic parameters for the
adsorption process, ΔH (kJ mol−1), ΔS (JK−1 mol−1) and
ΔG (kJ mol−1), could be evaluated using the equations:

DG ¼ �RT lnKd (15)

DG ¼ DH � TDS (16)

lnKd ¼ DS=R� DH=RT (17)

where Kd, R and T are the distribution coefficient of
the adsorbate (Qe/Ce), gas constant (8.314 × 10−3 kJK−1

mol−1) and absolute temperature (K), respectively [38].
The plot of ln Kd vs. 1/T is linear with the slope and
the intercept giving values of ΔH and ΔS. Mercury(II)–
ZSM-5 interaction exhibits negative values of Gibbs
free energy (Table 4) indicated that the adsorption
process is spontaneous. Although mercury(II)–NaA
interaction is non-spontaneous but increasing in ΔS
value can promote the adsorption of mercury(II) by
nanozeolites hence, mercury(II)–zeolites adsorption
reaction can be entropy stabilized.

3.6. Comparison of nanozeolites performance

In this research, two types of nanozeolites have
been synthesized and used for removal of mercury(II)
from aqua’s media. The results indicated that ZSM-5
has better performance with respect to NaA zeolite.
The removal efficiency with ZSM-5 is 40–70% but the
removal value with NaA is 10–35%. Moreover, the
maximum Langmuir monolayer capacity for ZSM is
30% higher than the Qm value for NaA hence, ZSM
can be utilized for treatment of higher amount of
mercury(II) in comparison with NaA zeolite. The other
point about the two type nanozeolites is their

Fig. 9. Temkin models plot for mercury(II) removal.
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thermodynamic behaviour. The ΔS value of ZSM is
more positive with respect to NaA that can promote
the adsorption of mercury(II) with ZSM nanozeolite.
Although negative values of Gibbs free energy for
ZSM indicated that the adsorption process is sponta-
neous. But this parameter for NaA is positive and the
process is non-spontaneous. Two reasons can be
expressed for better performances of ZSM nanozeolite.
According to molar composition of nanozeolites, there
is more silanol groups in the structure of ZSM (30
SiO2) which cause the presence of more adsorption
sites in the surface of sorbent. Moreover, the SEM
images indicated that ZSM nanozeolite has more
monodispersity in comparison with NaA zeolite. This
characteristic can help the ZSM particles to be more
dispersive in aqua’s media. Beside, with more mono-
dispersity the functional groups can be more accessi-
ble in order to interact with mercury(II) ions.

3.7. Comparison with other methods

The equilibrium time and calculated sorption
capacity (Qm) of nanozeolites tested in the present
study and other sorbents, which have been reported
in the literature for mercury(II) removal, present in
Table 5. It is obvious that the performance of the pre-
pared sorbents was good with respect to removal effi-
ciency and demonstrate satisfactory sorption capacity
which is compatible with the values found in the liter-
ature. Nanozeolite appears to be a promising sorbent
for the removal of mercury from aquatic systems due
to its preparation which is simple and has low cost
when compared with different available sorbents.

3.8. Cost comparison of zeolite with common adsorbents

When the prices of a number of common adsorbents
are compared, as shown in Table 6, zeolite appear to be
the cheapest being in the same range as clay and perlite.
Some cost addition will of course be required if any
treatment like acid or base activation is to be done.
These data indicate that nanozeolite is a good candidate
for heavy metal adsorption because of low cost, easy to
preparation and green characteristic.

4. Conclusion

In the present study, crystalline nano ZSM-5 and
NaA zeolites were synthesized and used for removal
of mercury(II). The different factors influencing the
uptake efficiency of mercury(II) were investigated.
Mercury(II)–zeolite interactions were accompanied by
increasing in ΔS and ΔH value and the adsorption
process was spontaneous for ZSM-5 and non-sponta-
neous for NaA. Moreover, optimum contact time was
60min with both zeolite types and kinetic of the inter-
action have been described by pseudo-second-order
mechanism. The performance of this method was in
good level with respect to removal efficiency and
adsorption capacity. Moreover, nanozeolite can

Table 4
Thermodynamic data for adsorption of mercury(II) (adsor-
bent 1.0 g L−1, mercury(II) 25mgL−1, pH 8.0 and time 60min)

ΔH
(kJ mol−1)

ΔS
(JK−1 mol−1)

ΔG (kJ mol−1)

298 K 313 K 333 K

ZSM-5 +30.69 +104.5 −0.3 −1.86 −3.94
NaA +12.58 +33.26 +2.74 +2.25 +1.59

Table 5
Comparison of presented method with the literature for
mercury(II) removal

Sorbent
Qmax

(mg g−1)
Time
(min) Refs.

Malt spent rootlets 50 24 h [1]
aPHM-N-methacryloyl-(l)-

cysteine-IIP
0.45 10 [4]

bTAR-methacrylic acid-IIP 25 20 [5]
2-mercaptoethylamine-IIP 28 50 [6]
Mesoporous aluminosilicate

sieve
20.65 100 [7]

Thiol-functionalized zeolite 89 24 h [8]
Fe3O4@SiO2–SH 148.8 4 h [10]
Thio-modified cellulose resins 23 10 [11]
Biomass of Sargassum

glaucescens
147 90 [12]

Eucalyptus bark 33.11 30 [13]
Sulfur-functionalized silica 24 h 47.5 [21]
Sheep bone charcoal 12.5 120 [35]
NaA 32.25 60 –
ZSM-5 45.4 60 –

aPoly(hydroxyethyl methacrylate)-ion imprinted polymer.
b4-(2-Thiazolylazo) resorcinol.

Table 6
Cost comparison of zeolite with common adsorbents

Types of adsorbent Price (US $ kg−1)

Clay 0.24–1.04
Commercial activated carbon 20–22
Chitosan 11–50
Zeolite 0.1–3
Perlite 0.05–1.5
Fe3O4 500–1,000
MWCNT 4,000–50,000
Lignin 0.25–2
Cellulose powder, microcrystalline 80–300
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transfer mercury(II) contamination problem of high-
volume samples to a few amount of easily handled
solid in order to reduce its hazardous impact on eco-
system.
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The application of natural zeolites for mercury removal:
From laboratory tests to industrial scale, Miner. Eng. 17
(2004) 933–937.

[10] S. Zhang, Y. Zhang, J. Liu, Q. Xu, H. Xiao, X. Wang,
H. Xu, J. Zhou, Thiol modified Fe3O4@SiO2 as a
robust, high effective, and recycling magnetic sorbent
for mercury removal, Chem. Eng. J. 226 (2013) 30–38.

[11] Y. Takagai, A. Shibata, S. Kiyokawa, T. Takase,
Synthesis and evaluation of different thio-modified
cellulose resins for the removal of mercury(II) ion
from highly acidic aqueous solutions, J. Colloid Inter-
face Sci. 353 (2011) 593–597.

[12] A. Esmaeili, B. Saremnia, M. Kalantar, Removal of
mercury(II) from aqueous solutions by biosorption on
the biomass of Sargassum glaucescens and Gracilaria cor-
ticata, Arab. J. Chem. doi: 10.1016/j.arabjc.2012.01.008.

[13] I. Ghodbane, O. Hamdaoui, Removal of mercury(II)
from aqueous media using eucalyptus bark: Kinetic
and equilibrium studies, J. Hazard. Mater. 160 (2008)
301–309.

[14] P. Miretzky, A.F. Cirelli, Hg(II) removal from water
by chitosan and chitosan derivatives: A review, J.
Hazard. Mater. 167 (2009) 10–23.
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