
ORIGINAL ARTICLE

The removal of mercury (II) from water by Ag supported
on nanomesoporous silica

Mohammad Ali Azizi Ganzagh1
& Mardali Yousefpour1 & Zahra Taherian1

Received: 20 June 2016 /Accepted: 12 August 2016 /Published online: 27 August 2016
# Springer-Verlag Berlin Heidelberg 2016

Abstract In this study, the synthesis of SBA-15/Ag nano-
composite materials with different amounts of silver (2.5,
5, and 10 %) has been investigated under acidic conditions
by using P123 as a template via the direct method. The
nanocomposites of SBA-15 were synthesized by the same
method and by the addition of silver salt. Finally, the
nanocomposite materials were examined for the removal
of mercury ions from wastewater as an adsorbent by the
reverse titration method. Characterization was carried out
through x-ray diffraction analysis (XRD), scanning elec-
tron microscopy (SEM), transmission electron microscopy
(TEM), and N2 adsorption-desorption (Brunauer–Emmett–
Teller). XRD spectra confirmed the presence of silver
nanoparticles within the amorphous silica matrix of
SBA-15. The Barrett–Joyner–Halenda analysis showed
that SBA-15 and SBA-15/Ag have a narrow pore size dis-
tribution. SEM images demonstrated that the morphology
of the matrix of SBA-15 is in spherical state. Furthermore,
wavelength dispersive x-ray spectroscopy identified the
presence and distribution of silver nanoparticles inside
the pore channels and outside of them. Typical TEM im-
ages of SBA-15 and SBA-15/Ag (5 wt.%) indicated a reg-
ular hexagonal pore structure with long-range order and
long channels. In SBA-15/Ag (5 wt.%) sample, the nano-
particles of silver was found into the pores and outside of
them. The removal of mercury ions from wastewater using
mesoporous silica nanocomposite containing silver

nanoparticles was studied by the reverse titration analysis.
The best capacity of adsorption of mercury ions from
wastewater was obtained for SBA-15/Ag (5 wt.%) sample,
which was equal to 42.26 mg/g in 20 min at pH of 7. The
Freundlich model was used to explain the adsorption char-
acteristics for the heterogeneous surface, and K f (adsorp-
tion capacity) and n (adsorption intensity) were deter-
mined for Hg (II) ion adsorption on SBA-15/Ag nanocom-
posite materials with different amounts of silver (2.5, 5,
and 10 %). The value of R2 was about 0.99, 0.99, 0.98, and
0.98 and Kf was about 42, 48, 58, and 58 mg/g for SBA-
15/Ag, SBA-15/Ag (2.5 %), SBA-15/Ag (5 %), and SBA-
15/Ag (10 %), respectively. Furthermore, the values of n
>1 show a favorable adsorption process for Hg (II) ion
adsorption on SBA-15/Ag nanocomposite materials.
Moreover, the Langmuir isotherm model evaluation
showed that the correlation coefficients for all concentra-
tions were R2 >0.99, indicating that Hg (II) ions were
adsorbed on the surface of SBA-15/Ag via chemical and
physical interaction. Additionally, the analytic hierarchy
process (AHP) and Technique of Order Preference
Similarity to the Ideal Solution (TOPSIS) methods that
depend on the criteria of the surface area, amount of ad-
sorbent, pore volume, and cost of synthesis were used. The
evaluation of results showed that the best sample was
SBA-15/Ag (5 wt.%). Furthermore, the research work
highlighted the antibacterial nanocomposite with suitable
adsorption of Hg (II) ions from water solutions and sup-
ported its potential for environmental applications. This
nanocomposite can be used in the absorption domain of
Hg (II) ions from water solutions.

Keywords Mesoporous silica . Nanocomposite . Silver
nanoparticles . Removal ofmercury ions .Wastewater

* Mardali Yousefpour
myousefpor@semnan.ac.ir

1 Faculty of Material and Metallurgical Engineering, Semnan
University, Semnan-Damghan Road, Semnan 19111-35131, Iran

J Chem Biol (2016) 9:127–142
DOI 10.1007/s12154-016-0157-5

http://crossmark.crossref.org/dialog/?doi=10.1007/s12154-016-0157-5&domain=pdf


Introduction

Heavy metals are enrolled into the surface and groundwater
due to various activities such as paint and pigment
manufacturing, and electroplating. Heavy metals such as mer-
cury, lead, copper, cadmium, zinc, and nickel are the most
common metallic contaminants in wastewaters. The removal
of heavy metals from industrial effluents due to their toxicity
and tendency to bioaccumulation before discharge into the
environment is required to mitigate any impact on plants, an-
imals, and humans. These metals are toxic for organisms and
humans even at low concentrations. Mercury is one of the
most important heavy metal pollutants in the environment. It
is a heavy metal and there is in three chemical forms, namely,
elemental, inorganic, and organo(alkyl) mercury [1, 2]. The
source of this metal is in natural water, sediment, draining
water in urban areas, and industrial waste. Many industries
directly or indirectly contribute to the discharge of mercury
into the environment. However, some types of natural re-
sources create toxic metals. There is elemental mercury in
the chemical structure of some types of fluorescent and plastic
dyes. The presence of mercury in pesticides, insecticides, dis-
infectants, and batteries is often inorganic, and the presence of
mercury in waste of some factories is often organic (http://
www.usgs.gov./themes/factsheet/146–00/index.html). The in-
organic form of mercury is absorbed about 10 % by the gas-
trointestinal tract and enters the blood less than the metallic
form. The lung is the main goal when humans are exposed to
mercury vapor. Elemental mercury is soluble in fat and can
enter the blood after inhalation.

Currently, the possibility of the presence of these pollutants
in water is rising day by day. This element not only causes
direct harm to human health but also accumulates in the fish
bodies and can affect human health indirectly. Nervous disor-
der, depression, nausea, vomiting, chest pain, shortness of
breath, or pulmonary and renal dysfunction can be noted as
the major effects of mercury on the human body [3]. Due to
its high toxicity effects, theWorld Health Organization (WHO)
has set the maximum allowable concentration (MCL) of mer-
cury in drinkingwater equal to 0.5–1.5mg/L, which is less than
the allowable limit that is considered for other metals [4].
Currently, there are various methods to reduce water pollutions
such as filtration, adsorption, oxidation, chemical precipitation
as hydroxides, carbonates or sulfides and subsequent liquid–
solid separation, ion exchange, membrane processes, reverse
osmosis, electrolytic recovery, and liquid–liquid extraction.
However, several of these methods are often time consuming
with high costs, low efficiency, and disposal of the secondary
toxic sludge. Furthermore, these technologies are ineffective
when the toxic metal is present in wastewaters at low concen-
trations. Therefore, a few of them are just accepted for many
pollutants. In recent years, adsorption technique has been con-
sidered more due to its simplicity, cheapness, convenience, and

effectiveness for the treatment of wastewater. In this method, an
adsorbent is used for the treatment of wastewater, which has
been widely investigated for the removal of heavy metals from
water solution [5]. A successful adsorption procedure is related
to the adsorption ability of the adsorbents. To remove various
contaminants from water, several adsorbents have been report-
ed such as activated carbon, zeolites, clays, metal hydroxides,
metal oxides, bentonite, and agricultural residues. However,
their important disadvantages are their low adsorption capaci-
ties, their relatively weak interactions with metallic ions, and
difficulties of their separation and reusability from wastewater.
To improve these limitations, organic-inorganic hybrid mate-
rials have been used for the removal of toxic ions from waste-
water [6–13]. Furthermore, silica gel, modified alumina nano-
particles, chitosan, carbon nanomaterials [6–13], nanoporous
materials, carbonated tricalcium silicate, silica gel containing
sulfur, nitrogen, and oxygen, functionalized silica [6–13], and
modified nanoporous materials such as silica nanoparticles
have been studied as adsorbent for heavy metal ion adsorption
from aqueous and non-aqueous solutions [13–34].Mesoporous
silica materials are known as promising materials for adsorp-
tion applications. The synthesis of these materials via hydro-
thermal method is simple and inexpensive. Moreover, they are
inert and non-toxic materials from a physiological viewpoint.
Mesoporous silica materials are porous with pore diameters in
the range of 2–50 nm. Because of their higher surface area and
greater active sites for interaction with pollutants, pore volume,
adjustable pore diameter, easy surface modification, and excel-
lent biocompatibility, these materials are useful in the field of
adsorption and separation. Mesoporous silica nano-based com-
posites with different porosity characteristics such as size,
shape, and relationship between porosity and with different
morphologies have been widely described in the literature
[35, 36]. Among this family of materials, MCM-41 and SBA-
15 types of mesoporous silica containing one- and two-
dimensional cylindrical channels have mostly been studied.
On the other hand, several studies have been performed on
the interaction between silver nanoparticles and mercury ions
[34, 37]. In adsorption applications, a uniform dispersion of
silver nanoparticles and effective control of the size and amount
of nanoparticles are usually required. However, nanoparticles
have a tendency to aggregate to bulk-like materials, which
decreases the adsorption capacity and selectivity if the silver
nanoparticle amount selected is more than 10 %. Therefore, the
silver nanoparticle must be doped in an ordered mesoporous
silica uniformly. Thus, the silver nanoparticle amount must be
selected between 2.5 and 10 % [38]. In this case, the SBA-15
modified by silver nanoparticles such as a new antibacterial
nanocomposite material has been studied for the removal of
mercury ions from wastewater at room temperature
(27 ± 1 °C). The silver nanoparticles have been used for the
purification of tap water in filter devices to inhibit the growth of
microorganisms. Because Ag+ ions are adsorbed to the
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negatively charged bacterial cell wall, the inactivation enzymes
inhibited cell growth [38]. Since the reduction potential of sil-
ver (Ag++e−⟶Ag) and the reduction potential of mercury
(Hg2++2e−⟶Hg) are E0 = 0.08 V and 0.085 V, respectively,
a high reactivity of Hg2+ with bulk silver should not be expect-
ed. However, nanoscale silver is expected to be more reactive
because there is a decrease in reduction of potential by reducing
the size of silver particles [39].When absorbents of the SBA-15
containing silver nanoparticles are used for the removal of mer-
cury ions from wastewater, Hg2+ is reduced to Hg. Thus, the
reduced Hg on the surface of silver nanoparticles reacts and
creates an alloy compound [39, 40]. There are many factors
affecting the adsorption process such as the chemical form of
metals, metal type, type of adsorbent, metal concentration, the
amount of adsorbent, pH, temperature, etc. In this study, SBA-
15/Ag nanocomposite has been employed as an adsorbent.
Furthermore, the effect of various parameters such as initial
Hg (II) concentration, contact time, pH, adsorbent dose, and
stirring rate on the adsorption has been studied. In the end,
Langmuir and Freundlich isotherms have been investigated to
understand the mechanism of the adsorption, and the best sam-
ple for mercury adsorption from wastewater has been selected
by analytic hierarchy process (AHP) and Technique of Order
Preference Similarity to the Ideal Solution (TOPSIS) method.

Materials and methods

Reagents and materials

Pluronic 123 (P123, EO20PO70EO20, MW = 5800; Merck),
tetraethylorthosilicate (TEOS; Merck), and silver nitrate
(AgNO3, 99.8 wt.%; Merck) were used as surfactant, silica
source, and silver source, respectively.

The synthesis of SBA-15 and SBA-15/Ag materials

SBA-15 and SBA-15/Ag materials were synthesized by the
method reported by Zhu [41]. The details are described below:

For SBA-15 preparation, first 4 g of P123 was dissolved in
the solution containing 120 g of deionized water and 12 g of
nitric acid with stirring state at 35 °C. Then, 6.52 g of TEOS
was added drop by drop and the mixture was stirred at 35 °C
for 20 h, and aging treatment was performed without stirring
at 100 °C for 48 h. The white solid product was filtered,
washed with deionized water, dried at room temperature,
and heated in air at 500 °C for 5 h. Following the synthesis
of the mesoporous SBA-15/Ag sample, in the first step, 2 g of
P123, 60 g of deionized water, and 6 g of nitric acid were
mixed and stirred for 1 h at 35 °C until a homogenous solution
is formed under acidic conditions. While stirring, 0.15, 0.30,
and 0.60 g of silver nitrate were added to the solution and
stirred for 1 h at the same temperature in the closed chamber

to obtain SBA-15/Ag nanocomposite with 2.5, 5, and 10 wt.%
of silver, respectively. Then, 4.26 g of TEOS was added to the
solution and stirred for 20 h at 35 °C in the closed chamber.
The obtained solution was aged without stirring at 100 °C for
48 h in the closed chamber. The product was filtered and
washed with deionized water for several times to remove the
unnecessary silver nitrate. Finally, the products were heated at
530 °C for 5 h in air, removing the P123 and decomposing the
AgNO3, to obtain the Ag nanoparticles.

Experimental

Small-angle x-ray scattering, a Philips X’pert powder diffrac-
tometer system with Cu Kα (λ = 1.541 Å) radiation, was used
for x-ray investigations. XRD analysis was done from 0.5 to
3.0°. The high-angle powder x-ray diffraction (XRD) patterns
of SAB-15/Ag were analyzed using an x-ray diffractometer D8
advance powder diffractometer with Cu Kα radiation.
Diffraction patterns were obtained at 0–90° with Cu Kα radi-
ation and a scan rate of 0.02°. The nitrogen adsorption and
desorption isotherms at about −196 °C were used to determine
the total pore volume via a relative pressure (P/P0). The specific
surface area was calculated using the Brunauer–Emmett–Teller
(BET) standard method for adsorption data in the relative ad-
sorption range of 0.05–01.4. Pore size distributions were cal-
culated by the Barrett–Joyner–Halenda (BJH) method using
the desorption branch of the isotherm. Transmission electron
micrographs (TEM) and electron microscopy images (SEM)
equipped with wavelength dispersive x-ray spectroscopy
(WDS) were taken on a Zeiss EM10C electron microscope
operating at 200 kV and on a Philips model XL30 at 20 kV.
Finally, the removal of mercury ions from wastewater using
mesoporous silica nanocomposites containing variable
amounts of silver nanoparticles was studied. In order to deter-
mine, the mercury adsorption isotherms were examined by
multiple sets of batch experiments. Single runs were done un-
der stirring 50 mg of SAB-15/Ag in 100 ml HgCl2 solutions at
27 °C to obtain the equilibrium time. Then, solutions were
filtered with a paper filter of 0.5 μm, and the filtered solutions
were evaluated. Furthermore, the effect of pH solution, contact
time, stirring rate, adsorbent dose, and initial concentration of
mercury ions were examined on the adsorption amount of Hg2+

from an aqueous solution. Finally, mercury adsorbed amount
was calculated by the difference between initial and final metal
concentrations in the solution using back-titration analysis.

Back titration is a titration done in reverse; instead of titrat-
ing the original sample, a known excess of standard reagent is
added to the solution, and the excess is titrated. Back titration
is useful if the endpoint of the reverse titration is easier to
identify than the endpoint of the normal titration, as with pre-
cipitation reactions. Back titrations are also useful if the reac-
tion between the analyte and the titrant is very slow or when
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the analyte is in a non-soluble solid. The details of back titra-
tion were discussed in the literature [42]. Additionally, exper-
imental data were studied to recognize the mechanism of the
adsorption and AHP and TOPSIS methods to find the opti-
mum condition of the adsorbent.

Results and discussion

The SEM results of synthesized SBA-15 samples are pre-
sented in Fig. 1 with different magnifications. It can be
noted that the particle morphology of synthesized SBA-15
is hexagonal in shape. As shown in Fig. 2, the morphol-
ogy of SBA-15/Ag particles with different amounts of
silver is spherical. In addition, the light points in Fig. 2
are related to silver particles that are formed inside and
outside of the mesoporous materials, which are able to
reach onto the surface. This is because more Ag nanopar-
ticles are incorporated inside the mesoporous SBA-15 ma-
trix and a few Ag nanoparticles are outside the mesopo-
rous matrix, which are wire-like and spherical in structure.
Furthermore, it is observed that by increasing the percent-
age of silver from 5 to 10 wt.%, more light points are
observed than outside of the mesostructure. To confirm
this result, WDS is given in Fig. 2 as well. WDS analysis
helps us to see the distribution of silver in the samples. In
Fig. 2, the dispersion of silver particles in the sample of

SBA-15/Ag (5 wt.%) is shown, which is more uniform
than the other samples. The low-angle and high-angle
powder x-ray diffraction patterns of the heated mesopo-
rous SBA-15 and SBA-15/Ag materials are shown in
Figs. 3 and 4. The high-angle XRD pattern of SBA-15/
Ag (2.5 wt.%), SBA-15/Ag (5 wt.%), and SBA-15/Ag
(10 wt.%) confirmed the presence of silver nanoparticles
within the amorphous silica matrix of SBA-15. From the
XRD spectra, according to the (111), (200), (220), (311),
and (222) lattice planes of the crystalline cubic phase of
Ag, five intensive diffraction peaks were observed, re-
spectively (Fig. 4), which confirmed the presence of silver
in the samples. The broad peak in range of 2θ ≈ 15–30° is
related to the amorphous silica. From the low-angle XRD
pattern of all materials, it is observed that the sharp peak
indexed with (100) peak and the other two weak peaks
indexed with (110) and (200) peaks for all nanocompos-
ites (Fig. 3). Therefore, by adding the silver to the SBA-
15 matrix, the order of silica matrix is maintained.
Furthermore, by increasing the silver amount to
10 wt.%, the intensity of main peak decreases that shows
the order of silica structure. The intense peak (100) of
SBA-15/Ag (2.5 wt.%), SBA-15/Ag (5 wt.%), and SBA-
15/Ag (10 wt.%) shows d spacing of 9.64, 9.12, 9.06, and
9.34 nm, which were related to a large unit-cell parameter
(a0 = 11.13, 10.53, 10.47, and 10.84 nm), respectively. In
addition, the XRD patterns indicated that the materials
prepared by this method were composed of both Ag and
mesoporous silica with a 2D hexagonal (p6mm) structure
(Figs. 5 and 6). Nitrogen adsorption–desorption isotherm
analysis of pure SBA-15, SBA-15/Ag (2.5 wt.%), SBA-
15/Ag (5 wt.%), and SBA-15/Ag (10 wt.%) showed type-
IV isotherm with type-H1 hysteresis loop according to the
IUPAC classification (Fig. 5), which was a characteristic
of a special mesoporous material of SBA-15 with cylin-
drical pore channels as already reported [43]. The exis-
tence of a sharp sorption step in adsorption curves, close
to a P/P0 value of 0.5, illustrates that the solid possesses a
well-defined array of regular mesoporous structure. There
is a deep variation of the molecular sieve between relative
pressure P/P0 = 0.5 and 1.0, which shows the uniformity
of the pore distribution due to the capillary condensation.
This behavior confirms that the isotherm for the SBA-15/
Ag is similar in shape to that of SBA-15, and the Ag
nanoparticles are dispersed uniformly inside the pores.
Furthermore, the slope of the curves happens at a very
low relative, which indicates the microporous structures
in SBA-15/Ag. The samples loaded with Ag adsorb lower
nitrogen gas amounts than pure SBA-15, which presents
the filling of pores by silver. The shape of hysteresis loops
demonstrates that only some parts of micropore channels
are closed by the silver nanoparticles and some of them
are opened. The analysis of pores distribution in Fig. 6

Fig. 1 Scanning electron micrographs of SBA-15 material: a
magnification ×1000, b magnification ×5000
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shows that the silver nanoparticles are placed on the inner
surfaces of the channels, which leads to a shift in pore
size distribution to smaller pore diameters. This phenom-
enon is also associated with a decrease in BET surface
area. Physical parameters of the synthesized materials by
nitrogen gas adsorption analysis results are summarized in
Table 1. According to Table 1, it can be noted that SBA-

15 has a higher surface area and pore volume than other
samples. The BET surface area of molecular sieve on
SBA-15, SBA-15/Ag (2.5 wt.%), SBA-15/Ag (5 wt.%),
and SBA-15/Ag (10 wt.%) is around 818, 689, 647, and
692 m2/g, respectively. The BJH mean pore diameter of
SBA-15, SBA-15/Ag (2.5 wt.%), SBA-15/Ag (5 wt.%),
and SBA-15/Ag (10 wt.%) is 4.03, 3.08, 3.53, and

Fig. 2 Scanning electron
microscope images with
magnification ×500 with a WDS
analysis: a SBA-15/Ag
(2.5 wt.%), b SBA-15/Ag
(5 wt.%), c SBA-15/Ag (10wt.%)
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patterns of the calcined Ag/silica
mesoporous materials
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Fig. 4 The high-angle x-ray
diffraction pattern of Ag/silica
mesoporous materials. a SBA-15/
Ag (2.5 wt.%), b SBA-15/Ag
(5 wt.%), c SBA-15/Ag (10wt.%)

132 J Chem Biol (2016) 9:127–142



3.53 nm, respectively. Figure 6 shows the pore distribu-
tion of molecular sieve. The results confirm that the pores
of 4.03, 3.08, 3.53, and 3.53 nm diameter occupied most
part of the pore volume of the SBA-15, SBA-15/Ag
(2.5 wt.%), SBA-15/Ag (5 wt.%), and SBA-15/Ag
(10 wt.%). Furthermore, it illustrates that pores of the
samples are very uniform. These results suggest that the
silver nanoparticles are located inside the host channels of
pure SBA-15. However, increasing the Ag loading
amount decreased the surface area and pore volume in
the Ag-loaded samples [44]. Figure 7 represents TEM
images of pure SBA-15 that confirm long-range order
pore structure. The diameter of pores is estimated around
7 nm that is close to the pore diameter calculated by the
BJH method. Figure 8 shows the TEM image of SBA-15/
Ag (5 wt.%) sample, which shows the structure as orderly
as SBA-15 structure. Moreover, darker regions in the im-
ages show the formation of silver nanoparticles within the
channels without destruction of structure. Pore diameter
and wall thickness are estimated to be about 7 and 2 nm,
respectively. These results are acceptable according to

BET results. The Ag nanoparticles are almost entirely
confined inside the channels of host SBA-15, which con-
firms that the Ag nanoparticles grow along the pore chan-
nels rather than on the outer surface of the channels of
host SBA-15. In addition, Fig. 8 indicates that Ag parti-
cles with a mean size of around 7 nm in diameter are
dispersed in the amorphous silica with a nearly spherical
shape. It was found that the mean size of Ag particles
were around 10–100 nm and with the tendency to aggre-
gate (Fig. 7). The Ag nanoparticles doped by porous ma-
trix have a smaller size and more narrow size distribution
than those formed outside of the pores. Furthermore, it
has been studied that when Ag nanoparticles are dispersed
inside the SBA-15 matrix, Ag cations are released when
the functionalized SBA-15 matrix interacts with an aque-
ous solution. These Ag cations are responsible for the
adsorption of mercury ions from wastewater. The mecha-
nism of the adsorption of Ag+ ions contains the binding of
Ag+ ions to the hydrated mercury ions from wastewater or
an aqueous solution [45]. At pH ≈ 7, Ag+ ions interact
with oxygen atoms of –OH groups of SBA-15 adsorbent.
This behavior is related to the stronger interactions be-
tween metal ions and –OH groups of SBA-15 matrix.
Therefore, the functionalized SBA-15/Ag can interact
with Hg2+ ions in water solutions.
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Table 1 Physical parameters of the materials obtained by means of N2

adsorption–desorption analysis

Samples SBET
a (m2/g) Vp

b (cm3/g) Pore size (nm)

SBA-15 818.80 1.29 6.34

SBA-15/Ag (2.5 wt.%) 689.90 1.05 6.09

SBA-15/Ag (5 wt.%) 647.97 0.86 5.29

SBA-15/Ag (10 wt.%) 692.55 0.93 5.37

a BET specific surface area
b Total pore volume deduced from nitrogen adsorbed volumes measured
at the beginning of the plateau after the capillary condensation step

Fig. 7 TEM images of pure SBA-15
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Fig. 8 TEM (above images) and HRTEM (below images) of SBA-15/Ag (5 wt.%) sample
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Effect of pH

The pH factor is one of the most important factors in the pro-
cess of mercury adsorption fromwater solution that significant-
ly influences the surface charge, the protonation degree of the
adsorbent, and the conversion of mercury compounds. Hg (II)
ion separation from water solution is related to the pH value of
the solution. The effect of pH on mercury ion adsorption by the
mesoporous SBA-15/Ag is given in Fig. 9. In this study, the
amount of adsorbent (0.05 g), stirring rate (220 rpm), initial
concentration (100 ppm), and contact time (5 min) were con-
sidered constant for all the samples. The tests are done in the
pH range of 3.5 to 7. The pH of each solution was set by the
addition of 1MHCl and NaOH. It is observed that the removal
efficiency of Hg (II) increases with increasing of pH solution
up to 7. Figure 9 shows the maximum amount of Hg ion ab-
sorption that occurs at a pH of 7. Furthermore, at a lower pH of
6, mercury ions are at the free form of Hg2+, and the positively
charged hydrogen ions compete with the Hg2+ for binding sites
on the surface of the SAB-15/Ag adsorbent. If the surface of the
SAB-15/Ag adsorbent is protonated, the electrostatic interac-
tion will decrease. This behavior is not favorable for Hg2+

reaction with the surface of the SAB-15/Ag. The surface charge
is an important factor for the adsorption of metal ions and very
much depends on the pH of the solution. In fact, since the H+

and OH− ions are strongly adsorbed on the surface of SBA-15/
Ag, they can change the surface charge of SBA-15/Ag. At low
pH, the amounts of H+ ions are greater. Therefore, the SBA-15/
Ag surface charge can change to positive and the competition
between metal ions adsorbed on the adsorbent surface (SBA-
15/Ag) and the repulsive force of Hg2+ ions with positive
charge causes the reduction of absorption by the SBA-15/Ag.
The increase of metal removal with the increase of pH up to 7
can be explained on the basis of a decrease in competition
between proton and metal cation for the same functional
groups. Thus, a decrease in positive surface charge induces a
lower electrostatic repulsion between the surface and the metal
ions. As a result, a decrease in adsorption at higher pH (pH
more than 7) due to the formation of soluble hydroxyl

complexes occurs [46]. Finally, the test was not carried out at
pH more than 7. Because the precipitates were formed in the
solution, it was impossible to continue the experiment. In ad-
dition, the hexagonal structure of SBA-15/Ag is damaged
above pH 8, which decreases the amount of Hg (II) ion adsorp-
tion [47]. As a result, the optimum pH in this study was con-
sidered equal to 7.

Effect of contact time

The adsorption of Hg (II) ions by SBA-15 and Ag/SBA-15
adsorbents based on contact time is illustrated in Fig. 10. It can
be seen that the amount of adsorbed Hg (II) ions increases
with contact time up to 70 min for Ag/SBA-15 adsorbent with
2.5, 5, and 10 wt.% of silver and contact time up to 20 min,
and after 20 min the maximum removal of Hg ions is obtained
and remained in a constant amount. On the other hand, for all
the samples, the amount of adsorbed mercury ions increases
with an increase in contact time in the initial stages (0–20min)
and then has a gradual enhancement to reach to approximately
up to 70 min. This increase is due to the probability of further
collisions of mercury ions with silver particles into the pores
and on the surface of pores in the long time contact. It can be
seen that a further increase in contact time beyond 20 min has
a negligible effect on the amount of ion absorption. The equi-
librium time was found to be independent on the initial con-
centration. Based on these results, the stirring time was adjust-
ed to 20 min for the rest of the batch experiments to make sure
that the equilibriumwas reached. In addition, it can also be the
result when initially all the active sites on the surface of ad-
sorbents were empty and mercury ion concentration gradient
was relatively high. Thus, by increasing the contact time, the
extent of ion uptake decreases according to the reduction rate
of the unfilled sites on the adsorbent surface remarkably.

Effect of adsorbent dose

In Fig. 11, the effect of adsorbent amount on the adsorption of
mercury ions from water is observed. In this experiment,
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pH = 7, initial concentration of 100 ppm, optimum time of
20 min, and stirring rate of 220 rpm are selected. Increasing
the number of available adsorbing sites leads to the increase in
the efficiency of the adsorbent for the removal of mercury
ions. Thus, in high adsorbent dose, the concentration of mer-
cury in solution reaches a minimum amount. As seen in
Fig. 12, by increasing the amount of adsorbent, the adsorption
capacity per unit mass decreases because active sites are not
saturated in the adsorption process. The adsorbent amount on
the adsorption of mercury ions from water was calculated by
reverse titration. In Fig. 12, it is observed that there are differ-
ent error bars because in reverse titration, there is human error.
Thus, it has no constant accuracy (Fig. 12).

Effect of stirring rate

The results of the experiments on the effect of stirring speed on
the adsorption rate for synthesized samples are observed in
Fig. 13. In this experiment, pH = 7, the optimal time
(20 min), initial concentration of Hg ions (100 ppm), and ad-
sorbent dose (0.05 g) are considered constant for all the exper-
iments. It is observed that when the stirring speed is increased
from 120 to 220 rpm, the amount of adsorbed mercury ions
using SBA-15/Ag silica-based structures increases. The reason
can be related to the increase in the stirring rate and the number
of available adsorption sites. Furthermore, high stirring rate
causes the agglomerated powders to convert to dispersed pow-
ders. Therefore, it makes more active sites in the adsorbent to
be available for adsorption of the mercury ions.

Effect of initial mercury concentration

The initial concentration of mercury ion adsorption on silica-
based structures in the range of 50 to 200 mg/L was investigat-
ed. The results are given in Table 2. In this experiment, the
optimum time (20 min), stirring speed (220 rpm), and the
amount of adsorbent (0.05 g) are constant for all the batches.

According to the results, it was found that by increasing the
initial concentration of mercury ions, adsorption decreases. At
low concentrations, more effective adsorption sites are avail-
able for mercury ion adsorption, but in higher concentrations,
the number of mercury ions is far greater than adsorption
places. Therefore, it can be seen in Table 2 that the adsorption
of mercury depends on its initial concentration, and when the
initial concentration increases, the adsorption decreases. By
increasing the initial concentration of mercury ions, the com-
petition of mercury ions for reaction with the adsorbent surface
becomes more and more. As a result, more active sites of ad-
sorbent are saturated. Additionally, the number of collisions
between mercury ions and adsorbent becomes greater, which
increases the adsorption process [48]. This study on the varia-
tion of initial mercury concentration at a fixed amount of ad-
sorbent (0.05 g) per 25 mL solution was carried out at room
temperature (27 °C). The effect of initial mercury concentration
on the amount of mercury adsorption is shown in Fig. 14. It is
clear that there is a very mild increase in the adsorption when
increasing the mercury concentration, especially in the lower
concentration range, indicating high affinity performance [49].
The amount of mercury adsorption is calculated by:

q ¼ C0−Ceð ÞV
W

ð1Þ
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0
10
20
30
40
50
60
70
80
90

100

0 0.05 0.1 0.15 0.2 0.25

Re
m

ov
al

 e
ffi

ci
en

cy
 (%

)

Adsorbent amount (g) 

SBA-15

SBA-15/Ag(2.5wt%)

Fig. 11 Effect of adsorbent dose on percent removal of mercury,
t = 5 min, pH = 7, s t i r r ing ra te = 220 rpm, and ini t ia l
concentration = 100 ppm

0
10

20
30
40

50
60

70
80
90

100 120 140 160 180 200 220 240

Re
m

ov
al

 e
ffi

ci
en

cy
 (%

)

s�rring rate (rpm)

SBA-15

SBA-15/Ag(2.5wt%)

SBA-15/Ag(5wt%)

SBA-15/Ag(10wt%)

Fig. 13 The effect of stirring rate on percent removal of mercury.
Adsorber amount equal to 0.05 g, t = 5 min, pH = 7, and initial
concentration = 100 ppm

136 J Chem Biol (2016) 9:127–142



where q (mg/g) is the amount of ion adsorption by the adsor-
bent phase, C0 and Ce are the initial and equilibrium concen-
trations of mercury ion (mg/L) in the solution, V is the volume
of solution (L), andW is the weight of the adsorbent (g) in the
mixture. Adsorbed amounts per unit weight for Hg (II) remov-
al at 50, 100, 150, and 200 mg/L initial concentrations and
20 min time are listed in Table 2.

Comparison with other studies

In the present work, the best adsorption capacity of SBA-15,
SBA-15/Ag (2.5 wt.%), SBA-15/Ag (5 wt.%), and SBA-15/
Ag (10 wt.%) materials was determined as 25.80, 31.05,
40.59, and 40.88mg/g for Hg2+, respectively. For comparison,
the adsorption capacities for Hg2+ showed by different com-
mon adsorbents (reported in Zhang et al. 2013, Wang et al.
2011, Teng et al. 2011, Antochshuck et al. 2003, Olkhovyk
et al. 2005, Aguado et al. 2005, Liu et al. 2010, Lee et al. 2001,
Puanngam et al. 2006, and Showkat et al. 2007) were equal to
26.5 mg/g (SiO2/polyacrylamide (–NH2)), 59.2 mg/g (3-
mercaptopropyl-functionalized MCM-41 (–SH)), 427 mg/g
(mesoporous thioether-functionalized polyvinylpyrrolidone
(PVP)/SiO2 composite (–S–)), 1000 mg/g (1-benzoyl-3-
propylthiourea-functionalized MCM-41 (=N, =O, –NH–,
and –NH2 groups)), 1700 mg/g (2,5-dimercapto-1,3,4-
thiadiazole (–SH)), 288 mg/g (3-mercaptopropyl-

functionalized SBA-15 (–SH)), 12.09 mg/g (silane and
9-(chloromethyl) anthracene (–SH)), 151 mg/g (3-
aminopropyl and 3-mercaptopropyl bi-functionalized meso-
porous silica (–SH)), 70.2 mg/g (chemically modified
MCM-41 (–NH– and –NH2)), and 92.3 mg/g (N-propyl
aniline-functionalized MCM-41 (–NH–)). It can be noted that
the adsorption efficiency of 2,5-dimercapto-1,3,4-thiadiazole
(–SH) > 1-benzoyl-3-propylthiourea-functionalized MCM-
41(=N, =O, –NH–, and –NH2 groups) > mesoporous
thioether-functionalized polyvinylpyrrolidone (PVP)/SiO2

composite (–S–) > 3-mercaptopropyl-functionalized SBA-15
(−SH) > 3-aminopropyl and 3-mercaptopropyl bi-functional-
ized mesoporous silica (–SH) > N-propyl aniline-
functionalized MCM-41 (–NH–) > chemically modified
MCM-41 (–NH– and –NH2) > chemically modified MCM-
41 (–NH– and –NH2) > 3-mercaptopropyl-functionalized
MCM-41 (–SH) > SBA-15/Ag (10 wt.%) > SBA-15/Ag
(5 wt.%) > SBA-15/Ag (2.5 wt.%) > SBA-15 > silane and
9-(chloromethyl) anthracene (−SH) > SiO2/polyacrylamide (–
NH2). Furthermore, if we consider the particular properties of
the SBA-15 matrix (excellent textural stability, high hydrophi-
licity, their surface silanol groups can be easily functionalized
by using various organic and inorganic components).
Therefore, it can be deduced that the adsorbents based on
modified SBA-15mesoporous silica are interesting candidates
for applications in Hg2+ metal ion removal fromwastewater. It
can be noted that mercury adsorption with the incorporation of
thio-groups to the mesostructured silica materials increases
because sulfur has a strong affinity toward mercury. In com-
parison with other mesostructured silica materials, SBA-15
matrix functionalized with silver has thicker pore walls, longer
pore diameter ranging from 5 to 30 nm, and higher pore vol-
umes. Then it can adsorb mercury from water solution. This is
because SBA-15/Ag is a non-toxic adsorbent and antibacterial
material and can be used to remove mercury ions from water
solution for the preparation of drinking water. On the other
hand, SBA-15/Ag is biocompatible. This is a very important
factor for biologists despite the low adsorption capacity for
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Table 2 Adsorbed amounts per unit weight for Hg (II) removal at 50,
100, 150, and 200 mg/L initial concentrations and 20 min time

Samples qe (mg/g)

50 ppm 100 ppm 150 ppm 200 ppm

SBA-15 19.51 25.80 27.80 28.14

SBA-15/Ag (2.5 wt.%) 22.91 31.05 31.99 32.19

SBA-15/Ag (5 wt.%) 23.66 40.59 42.26 42.82

SBA-15/Ag (10 wt.%) 24.01 40.88 42.59 42.89

y = 0.6364x + 3.7524
R² = 0.9964

y = 0.5711x + 3.8816
R² = 0.9938

y = 0.5095x + 4.0628
R² = 0.9816

y = 0.4819x + 4.096
R² = 0.9868
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removing mercury ions in comparing with other adsorbents
which may be toxic partially due to the incorporation of the
organic groups inside the adsorbent matrix. Another advan-
tage of SBA-15/Ag is the higher affinity performance in the
lower initial concentration of Hg (II) ions.

Adsorption isotherm

The equilibrium adsorption isotherms are one of the most
useful data to recognize the mechanism of the adsorption.
Several isotherm equations are available, and two important
isotherms are selected in this study, which are namely the
Freundlich and Langmuir isotherms [50].

Freundlich model

The Freundlich model is used to explain the adsorption details
for the heterogeneous surface and the interactions between the
adsorbed compounds. The model of heterogeneous solids

accepts a definite distribution of adsorption sites on the sur-
face. The exponential and linear forms of Freundlich model
are given in Eqs. (2) and (3)–(4), respectively [51].

Ln qeð Þ ¼ LnK f þ 1

n
LnCe ð2Þ

qe ¼ K fC
1
n
e ð3Þ

where K f and n are Freundlich constants that are related to
adsorption capacity and adsorption intensity, Ce is the equi-
librium concentration of mercury ions (mg/L), and qe (mg/g)
is the amount of ion adsorption by the adsorbent phase.
Furthermore, 1/n is a function of the strength of the adsorp-
tion. The plot of the adsorption of Hg (II) on SBA-15/Ag is
shown in Fig. 15. It can be seen that the model gives a good fit
to the experimental data with the correlation coefficients listed
in Table 3. Usually, for a good adsorbent, n is between 1 and
10 (1 < n < 10). A smaller value of n indicates better adsorp-
tion and formation of a relatively strong bond between adsor-
bate and adsorbent. The values of n >1 show favorable ad-
sorption process. If n is equal to 1, the ratio between the two
phases are not related to the concentration. The value of
1/n < 1 shows a normal adsorption, when 1/n > 1 shows a
cooperative adsorption. Therefore, in this study, the value of
1/n is 0.6, 0.6, 0.5, and 0.5 indicating a favorable adsorption
process of Hg (II) on SBA-15/Ag, SBA-15/Ag (2.5 %), SBA-
15/Ag (5 %), and SBA-15/Ag (10 %). The value of R2 is 0.99,
0.99, 0.98, and 0.98 and Kf is 42, 48, 58, and 58 mg/g adsorp-
tion capacity of SBA-15/Ag, SBA-15/Ag (2.5 %), SBA-15/
Ag (5 %), and SBA-15/Ag (10 %).

Langmuir model

The adsorption kinetics are useful for adsorption studies to
predict the rate at which Hg (II) is removed from aqueous
solutions and to provide valuable data for understanding the
mechanism of adsorption and the reaction pathways. In this
work, the Langmuir isotherm model was used to investigate

Table 3 Parameters of the kinetic models for adsorption of Hg (II) on
adsorbents

samples Model Parameters R2

SBA-15 Langmuir qm=156.25
b = 0.421

0.9967

Freundlich Kf = 42.62
n = 1.57

0.9964

SBA-15/Ag (2.5 wt.%) Langmuir qm=140.85
b = 0.607

0.9961

Freundlich Kf=48.50
n = 1.75

0.9938

SBA-15/Ag (5 wt.%) Langmuir qm=126.85
b = 1.068

0.9953

Freundlich Kf = 58.14
n = 1.96

0.9816

SBA-15/Ag (10 wt.%) Langmuir qm=121.95
b = 1.242

0.9937

Freundlich Kf = 58.14
n = 1.96

0.9864

y = 0.0064x + 0.0152
R² = 0.9967

y = 0.0071x + 0.0117
R² = 0.9961

y = 0.0079x + 0.0074
R² = 0.9953

y = 0.0082x + 0.0066
R² = 0.9937

0

0.005

0.01

0.015

0.02

0.025

0.03

0.035

0.04

0.045

0 1 2 3 4 5

Ce
/q

e 
(L

/g
)

Ce (ppm)

SBA-15
SBA-15/Ag(2.5wt%)
SBA-15/Ag(5wt%)
SBA-15/Ag(10wt%)

Fig. 16 Langmuir plot of Hg (II)

138 J Chem Biol (2016) 9:127–142



the mechanisms of Hg (II) ion adsorption on SBA-15/Ag. The
conformity between experimental results and the model pre-
dicted values can be expressed by the correlation coefficients
(R2). Relatively high correlation coefficients indicated that the
model successfully describes the kinetics of the adsorption.
The Langmuir adsorption isotherm is given by the following
equation [52]:

Ce

qe
¼ 1

qmb
þ 1

qm
Ce ð4Þ

In the Langmuir isotherm model, qm (mg/g) is the maxi-
mum theoretical monolayer adsorption capacity, amount of
Hg (II) adsorption by absorbent, Ce is the equilibrium concen-
tration (mg/L = ppm) of Hg (II) in solution, qe is the amount of
Hg (II) ions adsorbed (mg/g) at equilibrium, and b (L/mg) is
the Langmuir equilibrium constant (L/mg) related to the affin-

ity of adsorption sites. When Ce
qe
is plotted viaCe, a straight line

with the slope of 1
qmb

is obtained (Fig. 16), which indicates

that the adsorption of mercury follows the Langmuir isotherm.
In the present work, the values of Langmuir constants qm and
b were computed from the slope and intercept of the plot and
are listed in Table 3. Table 3 shows the correlation coefficient
(R2). From the data of our work, the adsorption capacity qm
was determined by linear Langmuir equation to be 156.25,
140.85, 126.58, and 121.95 mg/g of Hg (II) on SBA-15,

SBA-15/Ag (2.5 wt.%), SBA-15/Ag (5 wt.%), and SBA-15/
Ag (10 wt.%), respectively, and b of 0.421, 0.607, 1.068, and
1.242 L/mg, respectively, with the R2 value of 0.99 showing
that the adsorption data fitted well to the isotherm model. We
find that the correlation coefficients for all concentrations are
R2 >0.99), which have been listed in Table 3. Therefore, there
is a fairly good fit to the experimental data, the Langmuir
adsorption process follows the Langmuir isotherm model,
and Hg (II) ions were adsorbed on the surface of SBA-15/
Ag via chemical and physical interaction. Furthermore, the
Freundlich and Langmuir constants were obtained from the
plots, and their values are given in Table 3 for comparison. It is
seen that the Langmuir model is better than the Freundlich
model. It should be noted that RL value indicates the type of
isotherm. RL values between 0 and 1 suggest favorable ad-
sorption [50]:

RL ¼ 1

1þ bC0
ð5Þ

where b is the Langmuir constant and C0 is the initial
metal-ion concentration (mg/L). RL values of mercury

Table 4 Fitted isotherm models for the adsorption of Hg (II) on
adsorbents

Samples RL

50 ppm 100 ppm 150 ppm 200 ppm

SBA-15 0.0450 0.0319 0.0184 0.0159

SBA-15/Ag (2.5 wt.%) 0.0232 0.0162 0.0093 0.0080

SBA-15/Ag (5 wt.%) 0.0156 0.0109 0.0062 0.0053

SBA-15/Ag (10 wt.%) 0.0117 0.0082 0.0047 0.0040

Table 5 Decision matrix for candidate materials

Candidate materials Material selection criteria

SBET
a ABSb VP

c Cd

SBA-15 818.8 55.16 1.29 Low

SBA-15/Ag (2.5 wt.%) 689.9 76 1.05 Average

SBA-15/Ag (5 wt.%) 647.97 98.42 0.86 High

SBA-15/Ag (10 wt.%) 692.55 98.5 0.93 Very high

a BET specific surface area
bAmount of absorption
c Total pore volume deduced from nitrogen adsorbed volumes measured
at the beginning of the plateau after the capillary condensation step
d Cost

Table 6 Value of
material selection
attributes into fuzzy
scores [28]

Linguistic term Crisp score

Exceptionally low 0.045

Extremely low 0.135

Very low 0.225

Low 0.335

Below average 0.41

Average 0.5

Above average 0.59

High 0.665

Very high 0.745

Extremely high 0.865

Exceptionally high 0.955

Table 7 Decision matrix for candidate materials

Candidate materials Material selection criteria

SBET
a ABSb VP

c Cd

SBA-15 818.8 55.16 1.29 0.335

SBA-15/Ag (2.5 wt.%) 689.9 76 1.05 0.5

SBA-15/Ag (5 wt.%) 647.97 98.42 0.86 0.665

SBA-15/Ag (10 wt.%) 692.55 98.5 0.93 0.745

a BET specific surface area
bAmount of absorption
c Total pore volume deduced from nitrogen adsorbed volumes measured
at the beginning of the plateau after the capillary condensation step
d Cost
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presented in Table 4 are between 0 and 1 for all concen-
trations at 27 °C, indicating favorable adsorption. RL is a
characteristic parameter of Langmuir isotherm that can be
shown in terms of dimensionless equilibrium parameter.
Furthermore, RL is known as separation factor. The value
of RL indicates the kind of isotherm and the nature of the
adsorption process. It shows the adsorption nature to be
either unfavorable (RL > 1), linear (RL = 1), favorable
(0 < RL < 1), and irreversible (RL is zero). From the data
summarized in Table 4, it shows that the RL is between 0
and 1 and that the adsorption nature is favorable.

Using AHP and TOPSISmethod to select the optimal
condition for Hg removal

AHP method

Analytical Hierarchy Process or AHP is one of the most
efficient techniques used to determine the optimal condi-
tion for Hg removal. It was first proposed in 1980 by
Thomas L. Hour. It is based on paired comparisons and is
a useful method for the analysis of various types of rational
decision-making positions in various [53]. AHP is mainly
used to solve multi-criteria decision-making positions con-
taining uncertainty. Due to the ease and simplicity of its
use and its flexibility, this method is widely used [54].

Here, we use this technique to obtain the weights of the
criteria and then continue with TOPSIS method to choose
the best candidate. In Table 5, the decision matrix is given
for all the samples according to the criteria of the surface
area, the amount of adsorption, the pore volume, and the
cost of synthesis. As it can be seen, the cost criterion was
expressed as a qualitative measure. Table 6 has been used
to determine its quantitative values. After that, the final
Decision Matrix is given in Table 7. Then, to find the
relative weight, paired comparisons are carried out. In
Table 8, importance scales are specified by numbers from
1 to 9 according to the paired comparisons matrix similar
to the matrix given in the table below (Table 9).

aij ¼
1 a12 … a1n
a21 1 … a2n
… … … …
an1 an2 … 1

2
664

3
775

The relative normalized weight (Wi) of each factor is ob-
tained by calculating the i-th row geometric mean and the
rows normalized geometric mean from the comparison matrix
(Eqs. (6) and (7)) [55–63]:

GMi ¼ ai1 � ai2 �…� aij
� � ð6Þ

Wi¼GMi=∑i¼1
j¼1GMi ð7Þ

Table 8 Nine-point
intensity of importance
scale

Description Relative
importance
(aij)

Equal importance 1

Moderate importance 3

Strong importance 5

Very strong importance 7

Absolute importance 9

Intermediate values 2, 4, 6, 8

Table 9 Fuzzy pairwise
comparison matrix Criteria SBET

a ABSb VP
c Cd

BET 1 1/3 1 1/3

ABS 3 1 5 3

VP 1 1/5 1 1/3

C 3 1/3 3 1

a BET specific surface area
bAmount of absorption
c Total pore volume deduced from nitrogen
adsorbed volumes measured at the begin-
ning of the plateau after the capillary con-
densation step
d Cost

Table 10 Weight of each criterion obtained with AHP

Criteria GM W X = A·W CV

BET 0.577 0.108 0.468 4.33

ABS 2.94 0.551 2.086 3.78

VP 0.508 0.0952 0.395 4.15

C 1.31 0.245 1.038 4.23

Table 11 Decision matrix for candidate materials

Candidate materials Material selection criteria

SBET
a ABSb VP

c Cd

SBA-15 818.80 55.16 1.29 0.335

SBA-15/Ag (2.5 wt.%) 689.90 76 1.05 0.5

SBA-15/Ag (5 wt.%) 647.97 98.42 0.86 0.665

SBA-15/Ag (10 wt.%) 692.55 98.5 0.93 0.745

Weight 0.108 0.551 0.0952 0.245

a BET specific surface area
bAmount of absorption
c Total pore volume deduced from nitrogen adsorbed volumes measured
at the beginning of the plateau after the capillary condensation step
d Cost
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According to the calculations, the relative weight of each
factor is given in Table 10.

TOPSIS method

TOPSIS is defined as “a technique for ordering prefer-
ences with regard to its resemblance to the ideal
solution.^ This means that you should choose the shortest
distance from the ideal solution, yet far from the negative
ideal solution. TOPSIS algorithm is a very technical and
strong decision-making method for prioritizing options
through simulating the ideal solution. The selected option
from this method should have the shortest distance from
the positive ideal and the farthest distance from the neg-
ative ideal. TOPSIS process includes the following steps
[55–63]. Decision matrix with the weight of the found
factors in BAHP method^ section is given in Table 11.
The first step is normalizing the decision matrix. This
process tries to omit the scale from the decision matrix.
Thus, each of the measurement values corresponding to
the index is divided. Each element rij of the normalized
decision matrix r of Eq. (8) is calculated as follows:

rij ¼ aijffiffiffiffiffiffiffiffiffiffiffiffiffiffi
∑m

i¼1a
2
ij

q ð8Þ

In the second step, the obtained weight in above paragraph
is assigned to the normalized decision matrix (Eq. (9).

vij ¼ wj � nij ð9Þ

Here, wj is the j-th criterion weight.
In the third step, the ideal (A+) and non-ideal (A−) options

are determined by the relations (10) and (11). For the price

index, against the other criteria, the ideal is minimal because
lower synthesis costs are better.

Aþ ¼ vþ1 ;…; vþn
� � ¼ max

j
vijjiϵI

� �
; min

j
vijjiϵJ

� �� �
ð10Þ

A− ¼ v−1 ;…; v−n
� � ¼ min

j
vijjiϵI

� �
; max

j
vijjiϵJ

� �� �
ð11Þ

In the fourth step, the distances of each alternative from the
ideal and non-ideal options are calculated respectively by
Eqs. (12) and (13):

; i ¼ 1 ; 2 ; 3 ; … ; m

Sþi ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiXn

j¼1

vij−vþj
	 
2

vuut ð12Þ

; i ¼ 1 ; 2 ; 3 ; … ; m

S−i ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiXn

j¼1

vij−v−j
	 
2

vuut ð13Þ

In the fifth step, the relative distance from the ideal solution
according to Eq. (14) is calculated as:

Ri ¼ S−i
Sþi þ S−i

Sþi ≥0; S
−
i ≥0;Ri∈ 0; 1½ � ð14Þ

Table 12 TOPSIS results

Candidate materials Material selection criteria

SBET
a ABSb VP

c Cd

Sþi S−i
Ri

SBA-15 0.0610 0.308 0.058 0.07 0.240 0.088 0.268

SBA-15/Ag (2.5 wt.%) 0.0520 0.424 0.047 0.105 0.130 0.125 0.49

SBA-15/Ag (5 wt.%) 0.0489 0.551 0.039 0.139 0.071 0.243 0.773

SBA-15/Ag (10 wt.%) 0.0520 0.551 0.040 0.156 0.087 0.242 0.735

v+ 0.0610 0.551 0.058 0.070

v− 0.0489 0.308 0.039 0.156

a BET specific surface area
bAmount of absorption
c Total pore volume deduced from nitrogen adsorbed volumes measured at the beginning of the plateau after the capillary condensation step
d Cost

Table 13 Descending order of the candidate materials obtained with
TOPSIS method

Candidates Ri Ranking

SBA-15/Ag (5 wt.%) 0.773 1

SBA-15/Ag (10 wt.%) 0.735 2

SBA-15/Ag (2.5 wt.%) 0.490 3

SBA-15 0.268 4
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Finally, the best option with the highest value (Ri) is select-
ed as the final option for the shortest distance from the ideal
value [63]. Final results of TOPSIS are presented in Table 12.
It eventually becomes clear that SBA-15/Ag (5 wt.%) sample
has a minimum distance from the ideal (Ri = 0.773) and is the
best sample according to the criteria of the surface area, opti-
mal adsorption, pore volume, and cost (Tables 1 and 13).

Conclusions

In the present study, SBA-15/Ag nanocomposites were pre-
pared by using a direct synthesis method, and the x-ray diffrac-
tion analysis of high angle confirmed the formation of amor-
phous silica and silver crystal phases. BETanalysis showed the
surface area of pure silicamesoporousmaterial andmesoporous
silica–silver nanocomposites (2.5, 5, and 10 %) was 818.8,
689.9, 647.97, and 692.55 m2/g, respectively. The pore size
distribution curves obtained from BJH indicated narrow pore
size distribution in the mesoporous range for all compounds.
Moreover, the adsorption behavior is well described by the
Langmuir isotherm model. The adsorption results revealed the
feasibility of using a new effective adsorbent (SBA-15 and
SBA-15/Ag) for the removal of mercury from aqueous solu-
tions. Also, the TOPSIS method confirmed the above findings.
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