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A B S T R A C T

A nanocomposite of polypyrrole (PPy)/SBA-15 was synthesized, characterized and used for Hg (yy)
adsorption from aqueous medium. The adsorbent characterization was carried out using Fourier-
transform infrared spectra (FT-IR), X-ray diffraction (XRD), N2 adsorption/desorption, scanning electron
microscopy (SEM) and transmission electron microscopy (TEM). Atomic absorption spectrophotometer
(AAS) was also applied to determine the amount of Hg (yy) ion in the solution. Effective parameters on Hg
(yy) removal such as pH, the amount of adsorbent and contact time were examined and optimized at
temperatures ranging from 25 to 45 �C. Optimum values were pH 8, contact time of 60 min and the
amount of absorbent of 1 g/l. The Langmuir and Freundlich adsorption isotherm models were applied and
the presented results show very good agreement with Langmuir adsorption isotherm with high
adsorption capacity of 200 mg/g. In addition, pseudo-second order kinetic equation was best fitted for
adsorption kinetic model. The adsorption process data verified its spontaneous and endothermic nature.
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1. Introduction

Nowadays, environmental pollution of heavy metals is a serious
problem all over the world. Heavy metals are non-biodegradable
and could easily enter into food chain through accumulation of
living organisms. Toxic heavy metals such as Zn, Cu, Ni, Hg, Cd, Pb
and Cr are the most concerning ions particularly in wastewater
treatment industries result in soil and water contaminations [1].

For example, US environmental protection agency (EPA)
specified maximum contaminant level (MCL) of mercury in
drinking water about 0.002 mg/l (2 ppb) [2,3].The allowed limit
of mercury in water is lower than other toxic heavy metal ions.
Therefore, mercury removal from industrial wastewater and urban
water is crucial [4]. Different methods such as adsorption,
membrane filtration, chemical oxidation, ion exchange and
precipitation have been introduced for toxic pollutants removal
from industrial wastewater.

At present, the adsorption process is known as techno-
economic approach to remove heavy metals and toxicants from
aqueous solutions [1]. The selection of adsorbent with higher
sorption capacity, more selectivity and lower-cost is the most
important issue in adsorption process. Different kinds of
* Corresponding author. Fax: +98 51 38816840.
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adsorbents are: seaweeds, zeolites, activated carbon and meso-
porous adsorbents like Al2O3 and silicates [1,5,6]. Mesoporous
M41S silicate group including MCM-41 and SBA-15 is considered as
suitable adsorbent due to high surface area, high pore volume and
ordered structure to functionalize its surface [7–10].

The promising features of conductive polymers to hybrid with
inorganic mesoporous materials improve their selectivity and
relatively high metal adsorption capacities. Thus, these composite
polymeric materials could use extensively for heavy metal removal
from aqueous solutions [11,12]. Among them, polyaniline (PAni)
and polypyrrole (PPy) were widely provided as adsorbents because
of good environmental stability, low cost and ease of preparation.

The removal of Hg(II) ions from aqueous media using PAni and
its nanocomposite was investigated by Ghorbani et al. [13]. Tang at
al. [14]. synthesized novel PAni/SBA-15 nanocomposite and
suggested the pseudo-second-order model for chemical process
of adsorption kinetics.

The nanofiber of PPy–PAni used for adsorption of Cr (VI) from
aqueous solution by Bhaumik et al. [6]. The Langmuir isotherm was
the best fitting model in their adsorption process. Azioune et al.
[15] used PPy powder and PPy-silica composite as a bioadsorbent
for a model protein called human serum albumin (HSA). The
nanocomposite of PPy and sawdust was prepared by Pahlavanza-
deh et al. [16] to nitrate removal from aqueous media. The
Freundlich isotherm was very good model for mentioned adsorp-
tion process. Hasani and Eisazadeh [17] investigated PPy and its
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Fig. 1. N2 adsorption/desorption isotherms of SBA-15 and PPy/SBA-15.
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Al2O3 nanocomposite (with and without PVA as surfactant) to
remove Cd (II) ion from aqueous solution. The Langmuir isotherm
was well fitted in their equilibrium data. Lim et al. [18] examined
PPy/colloidal silica nanocomposite to remove heavy metal ions
such as Hg2+, Ag+, and Pb2+ from aqueous solution. They reported
relatively high adsorption capacities of this nanocomposite
material for heavy metals extraction. The modified PPy/MCM-
41 nanocomposite synthesized by Javadian and Taghavi [19]
showed high adsorption capacity for Hg (II) ion and the
equilibrium data well fitted by Freundlich isotherm. For the first
time, Cheng et al. [20,21] synthesized and characterized PPy
nanocomposites with mesoporous silica including MCM-41 and
SBA-15 nanocomposite. They investigated the electrorheology (ER)
behavior of prepared nanocomposites. Cheng et al. [21] found the
PPy/SBA-15 shows better ER performance the MCM-41 nano-
composite. Mehdinia et al. [22] used molecularly imprinted PPy
based on SBA-15 for ascorbic acid adsorption. The results showed
that the imprinted nanocomposites represented high selectivity
and high adsorption for ascorbic acid adsorption.

Literatures reviews showed that few researchers applied PPy/
SBA-15 nanocomposite to removal heavy metal ions from aqueous
solutions particularly mercury removal. In this article, PPy/SBA-
15 nanocomposite is synthesized, characterized and applied to
study adsorption capacity of Hg (yy) ion from aqueous by achieving
optimum experimental conditions. The main novelty of this work
is to present considerable potential of PPy/SBA-15 nanocomposite
for the removal of Hg (II) from aqueous solution with higher
adsorption capacity. Most of the important previous researches
focused to electrorheology properties of PPy/SBA-15 [20,21], PPy/
MCM-41 [23] or PAni/SBA-15 [24]. Recently, Javadian and Taghavi
[19] carried out mercury removal using PPy/MCM-41 adsorption.
The PPy/SBA-15 could achieve higher adsorption capacity than
PPy/MCM-41 as expected and our data confirmed that qm is about
200 mg/g compared to 164 mg/g for PPy/MCM-41 adsorbent
system [19].

2. Experimental

2.1. Materials

Pluronic P123 surfactant (EO20PO70EO20, Mw= 5800), tetrae-
thylorthosilicate (TEOS, 98%), pyrrole (distilled before use) and
FeCl3�6H2O was used as initiator for polymerization of pyrrole.
Standard solution of Hg (yy) (1000 mg/l) was prepared by
dissolving 0.171 g of Hg (NO3)2 in 100 ml of distilled water. Other
chemical materials were received purely and purchased from
Merck Co.

2.2. Mesoporous SBA-15 synthesis

Mesoporous SBA-15 was synthesized according to Zhao et al.
[25] as following: 12.5 ml of P123 as surfactant and 375 ml of
distilled water along with 75 ml (0.1 N) of HCl were stirred at 42 �C.
Then, 31.5 ml of TEOS as the silica source was added to the
homogeneous mixture. The obtained gel was placed in static
conditions at 42 �C for 24 h. Next, the temperature was increased to
138 �C and maintained for 24 h. After filtration, the obtained
powder was transferred to a furnace for calcinations at 550 �C for
5 h in order to remove existing organics in its pores.

2.3. Synthesis of PPy/SBA-15 nanocomposite

For the synthesis of PPy/SBA-15 nanocomposite, 5.4 g of FeCl3
was dissolved into 100 ml of distilled water and stirred for 20 min.
Then, 1 gr of SBA-15 and 1 ml pyrrole were added to the filtered
solution and the product was stirred for 5 h to complete
polymerization. Finally, the product was filtrated and dried in
oven for 24 h.

2.4. Instrumentation

Low angle X-ray spectra patterns in the range of 0.6–9 were
determined with XPERT-PRO40 kV spectrometer using Cu Ka
radiation (l = 1.5406 Å). FT-IR results were recorded via Shimadzu
4300 Fourier transform infrared spectroscopy. N2 adsorption/
desorption isotherms were carried out on Chem BET 3000 TPR/
TDP, USA at 77 K. TEM images were taken by Philips, CM/20,
Netherlands. SEM images were obtained using a TESCAN
MIRA3 microscope.

2.5. Adsorption experiments

Batch experiments were carried out through contacting 100 mg
of PPy/SBA-15 with 100 ml Hg (yy) solution with different initial
concentrations at various pH values and temperatures of 25, 35 and
45 �C. The pH values of the solution were adjusted in the range of
2–12 using 0.1 N solutions of HCl and NaOH. The products were
placed in a shaker with 200 rpm velocity for 2 h in order to
accomplish adsorption process. At the end of the process, the
adsorbent was separated by centrifuging at 4000 rpm in 20 min.
The amount of mercury in the solution before and after adsorption
process was measured by atomic adsorption spectrometer (AAS) as
PerkinElmer Corp model 2380. Mass balance was applied for
calculating the amount of adsorbed Hg (II) by PPy/SBA-15 nano-
composite.

3. Results and discussion

3.1. Characterization analyses

The N2 adsorption/desorption isotherms of SBA-15 and PPy/
SBA15 nanocomposite are shown in Fig. 1. The SBA-15 sample
exhibits isotherm of type IV according to the IUPAC nomenclature
with a hysteresis loop of type H1 and a steep increase of adsorbed
N2 at relative pressure P/P0 = 0.6–0.8 as expected for mesoporous
materials [20,21,23–25]. Also, the BJH pore size distribution curve
showed the presented SBA-15 has narrow pore size distribution
with average pore size of 8.2 nm.

In Table 1, the specific BET surface area, pore volume and
average pore diameter of SBA-15 and PPy/SBA-15 nanocomposite
calculated from N2 adsorption isotherms using the BJH method are
summarized.

In the case of PPy/SBA-15, after polymerization of pyrrole
chains, the inflection point of the isotherm shifts to lower



Fig. 2. Morphology images of (a) TEM of SBA-15 (b) SEM of SBA-15 and (c) SEM of PPy/SBA-15 nanocomposite.
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P/P0 which supports that PPy actually inserted inside the channels
of SBA-15 [21,24]. In addition, the decrease in BET surface area,
mesopore volume and pore size of PPy/SBA-15 nanocomposite
clearly indicates that the polymer well incorporated into the
channels of SBA-15 [21,23,24].

Morphology of synthesized SBA-15 was characterized by TEM
equipment. Fig. 2a exhibits TEM image with the electron beam
parallel to the direction of main channels of SBA-15. The SBA-
15 shows hexagonal well-ordered mesoporous structure which
already found by Cheng et al. [20]. The pore size diameter of SBA-
15 can be estimated about 7–8 nm which is close to the pore size
calculated by BJH method.

Furthermore, SEM images of SBA-15 and PPy/SBA-15 nano-
composite are shown in Fig. 2b and c, respectively. According to
Fig. 2c, the PPy polymerization was occurred not only insides the
pores, but also the outside the SBA-15. Thus, this event could
Table 1
Characteristics of SBA-15 and PPy/SBA-15 samples.

Sample Surface area
(BET) (m2/g)

Pore diameter
(BJH) (nm)

Pore volume
(BJH) (cm3/g)

SBA-15 743.5 8.2 0.98
PPy/SBA-15 97.6 3.1 0.22
further support the lower surface area of PPy/SBA-15 than SBA-15
as reported in Table 1.

Low Angle XRD patterns of synthesized SBA-15 and PPy/SBA-
15 samples for 0 < 2u < 10 is shown in Fig. 3. The XRD analysis
Exhibits 3 peaks: one strong peak (10 0) at 0.95�, corresponding d
spacing is 9.3 nm, and two weak peaks (110) and (2 0 0) at 1.59�

and 1.81� respectively, which represent hexagonal structure of
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Fig. 3. Low angle XRD patterns of SBA-15 and PPy/SBA-15.
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synthesized silicate mesoporous material [26]. After PPy insertion
into SBA-15 pores, the XRD pattern has not changed. However,
observed significant reduction of peak intensities for PPy/SBA-
15 could be related to fill out channels of SBA-15 pores by PPy
polymers [23,24,27]. In addition, the decrease in BET surface area,
mesopore volume and pore size of PPy/SBA-15 nanocomposite
clearly indicates that the polymer well incorporated into the
channels of SBA-15 [21,23,24]. The approximate pore size of SBA-
15 calculated by the BJH formula, 8.2 nm as reported in Table 1, is
smaller than the d spacing 9.3 nm for plane (10 0) of XRD pattern,
since XRD includes also thickness of silica walls [25].

The FT-IR spectra of SBA-15 and PPy/SBA-15 are shown in Fig. 4.
In SBA-15, the bands 788 and 1099 cm�1 belong to the symmetrical
vibrations and anti-symmetric of bond Si��O��Si. The peaks at
466, 935 and 3434 cm�1 are attributed to the torsion vibration of
the bond Si��O��Si and the vibration of the Si��OH group,
respectively. These peaks are assigned to SBA-15 frame work and
can also be seen in the spectra of PPy/SBA-15.

In PPy/SBA-15, the strong broad band at 3427 cm�1 can be
attributed to stretching vibrations of PPy or to single bridge
compounds polymeric association. The bands at 2918 and
2356 cm�1 refer to the stretching vibration of C��H bond and
C��N stretching vibration, respectively. The absorption band at
1635 cm�1 was assigned to the C¼C ring stretching of pyrrole. The
band at 1305 cm�1 is due to C��H vibrations. The peak at
1091 cm�1 corresponds to the in-plane deformation of O��H
group and C��O symmetric stretching. The peak at 910 cm�1 could
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be assigned to the C��H deformation vibration in the CH¼CH group
[21,22,27,28]. In SBA-15 FT-IR pattern compared with PPy/SBA-15,
some of bands have been disappeared which indicates incorpo-
ration of PPy chains with SBA-15 particles.

3.2. Adsorption studies

3.2.1. Effect of pH
One of the important parameters in adsorption process is pH of

the solution to control amount of metal ions at adsorbent sites [29].
The adsorption capacity was examined by varying pH ranging from
2 to 12 while other parameters such as the amount of PPy/SBA-
15 adsorbent, concentration of metal ions and temperature remain
constant. The effect of pH changes on removal efficiency of Hg (yy)
ion is shown in Fig. 5. The initial concentration of metal and the
amount of adsorbent were 60 mg/l and 0.1 g, respectively.

The metal adsorption increases while increasing pH from 4 to 8,
and then decreases. According to Fig. 5, the removal efficiency is 8%
at pH 4 and reaches to about 68.3% at pH 8.0. At low pH values it
may probable to protonation of adsorbent surface [9]. which
causes the exclusion of Hg2+ ions. Also, because of high
concentration of H+ ions in lower pH, it may compete with metal
ions in adsorbent active sites. As pH increases, the competition
between H+ ions and Hg2+ ions at adsorbent active sites reduces,
result in increasing capacity adsorption [9]. Further increasing of
pH value, the metal species in the solution change in other ways
and enhancing heavy metal removal is been attributed to reduction
in solubility and precipitation of solid metal hydroxide [9].
Therefore, no more adsorption occurs with formation of Hg
(OH)2 at higher values of pH.

3.2.2. Effect of adsorbent dosage
The effect of adsorbent PPy/SBA-15 amount was investigated

ranging from 0.01 to 0.15 g at pH 8.0 in 100 ml solution with 60 mg/l
Hg (yy) ion concentration. The obtained results are presented in
Fig. 6. By increasing adsorbent dosage to 0.1 g, removal efficiency
would enhance as expected. At 0.1 g value, the maximum efficiency
is about 73.3%. However, further addition of adsorbent does not
affect removal efficiency probably due to adsorbent particles
aggregation [30,31]. Therefore, 1 g/l of nanocomposite is demon-
strated as optimum adsorbent quantity to Hg (II) removal in this
study.

3.2.3. Effect of contact time and temperature
Adsorption of Hg (yy) ion using PPy/SBA-15 adsorbent as a

function of contact time was investigated in three different
temperatures at 25, 35 and 45 �C. The obtained results were
demonstrated in Fig. 7. It can be observed that at initial stage of
adsorption, mercury removal has faster rate due to more active
sites accessibility and then gradually slower rate until the



10

15

20

25

30

35

40

45

0 20 40 60 80 10 0 120 140

q t
(m

g/
g)

Time (min)

25 C

35 C

45 C

Fig. 7. Effect of adsorption contact time of Hg (yy) ion at different temperatures 25,
35, 45�C (100 ml Hg (II) solution with 40 mg/l concentration, 100 mg of PPy/SBA-15
at pH 8).

158 M. Shafiabadi et al. / Synthetic Metals 212 (2016) 154–160
equilibrium is achieved at 60 min when adsorption sites become
filled out [32]. As shown in Fig. 7, amount of adsorbate per unit
mass of adsorbent at time t (mg/g), qt, increases by increasing
temperature from 25 to 45 �C indicating endothermic nature of
adsorption process as discussed later. However, the simple, safe
and tech-economical way is to perform experiments at room
temperature without considerable decrease of adsorption efficien-
cy.

3.3. Adsorption isotherm

Adsorption isotherm represents the interaction between
adsorbent and adsorbate and this study is required for designing
adsorption systems. In order to investigate Hg (yy) adsorption,
experimental data were studied with 0.1 g of PPy/SBA-15 adsorbent
at optimum pH 8 and 25 �C. Two most popular isotherms including
Freundlich and Langmuir models were applied to explore Hg (yy)
adsorption in our study. The Freundlich isotherm is an empirical
model is generally used for describing heterogeneous systems [33].
The Langmuir isotherm is based on monolayer adsorption onto
adsorbent surface and adsorption occurs at identical homogeneous
sites of the adsorbent surface without any interaction between
adsorbate molecules [34]. Linear form of the Langmuir and
Freundlich isotherms are presented by equations 1 and 2
respectively:

Ce

qe
¼ Ce

qm
þ 1
bqm

ð1Þ

lnqe ¼ lnKf þ
1
n
lnCe ð2Þ

where qe is the equilibrium adsorption capacity of the adsorbent
(mg/g), Ce is the equilibrium concentration (mg/l), qm is the
maximum monolayer adsorption capacity (mg/g), b is the
Langmuir constant related to the energy of adsorption (l/mg), Kf

is the adsorption capacity of the adsorbent and n is the empirical
Table 2
Langmuir and Freundlich isotherm parameters for Hg (yy) ion with PPy/SBA-
15 adsorbent.

Langmuir isotherm Freundlich isotherm

qm
(mg g�1)

b(l mg�1) R2 Kf(mg/g(L/mg)1/n) N R2

200 0.004 0.993 2.32 1.48 0.985
constant for intensity of adsorption related to adsorbent hetero-
geneity. In adsorption process, the higher amounts of n are
desirable [35]. The mentioned isotherm models were plotted for
adsorption data at 25 �C and model parameters were calculated
and presented in Table 2. As presented, the Langmuir model fits the
data better than Freundlich model. It can be seen from Table 2 that
the maximum amount of Hg (yy) adsorption using PPy/SBA-
15 adsorbent is 200 mg/g whereas for other adsorbents like
SWCNTs (single-walled carbon nanotubes) is about 25.6 mg/g as
reported by Yaghmaeian et al. [36]. In addition, for further
evaluation a listed of adsorbents and their adsorption capacity for
Hg removal was presented by Zabihi et al. [37].

3.4. Adsorption kinetics

To finding which mechanism (diffusion or reaction) is
predominately as limiting-step in adsorption process, different
kinetic models have been used to evaluate experimental data.
Commonly, pseudo-first and pseudo-second linear kinetic models,
as stated by equations 3 and 4 respectively, were used to fit the
kinetic data:

ln qe � qtð Þ ¼ lnqe � tk1 ð3Þ

t
qt

¼ 1
k2qe2

þ t
qe

ð4Þ

where qt is the amount of adsorbate per unit of adsorbent at time t
(mg/g), k1 and k2 are pseudo-first order and pseudo-second order
rate constants, respectively. Rate constants and adsorption
capacities for pseudo-first order from best fitting obtained from
plotted ln(qe�qt) versus t data and for pseudo-second order from
plotted t/qt versus t data were estimated and corresponding values
are reported in Table 3. The kinetic of adsorption of Hg (yy) with
PPy/SBA-15 is described well by pseudo-second order model. The
calculated value of qe from pseudo-second order model is closer to
the experimental value (qe,exp = 34.57). Therefore, adsorption
kinetic of Hg (yy) with PPy/SBA-15 adsorbent is better described
by pseudo-second order kinetic model.

The rate limiting-step can be single or a combination of
diffusion steps. Usually, intra-particle diffusion is the rate limiting-
step as given by Weber and Moriss [38]. presented by equation 5 as
following:

qt ¼ kidt
1=2 þ Cst ð5Þ

where, kid is intra-particle rate constant (mg/g/min0.5). The plot of
qt versus t0.5 is depicted to predict the rate limiting-step. From
Fig. 8, it can be seen that the adsorption of Hg (yy) ion is consisted of
a few linear plots. The first section of the plot is because of the
boundary layer diffusion and deviation from the center indicates
boundary layer thickness, then at second section of the plot,
adsorption reduction is attributed to the intra-particle diffusion
mechanism [2,38]. For intra-particle diffusion model, estimated
values of rate constant kid and R1

2 by data regression are 4.912 and
0.97 respectively.
Table 3
Pseudo-first order and pseudo-second order model parameters for Hg (yy) ion
adsorption by PPy/SBA-15 adsorbent.

pseudo-first order pseudo-second order

k1
(min�1)

qe (mg/g) R2 k2
(mg/g min)

qe
(mg/g)

R2

0.04 30.05 0.958 0.0017 40 0.986
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3.5. Adsorption thermodynamics

Thermodynamic analysis is applied to understand the nature
and mechanism of adsorption process. DG, DH and DS values are
calculated from equations 6 and 7 to describe thermodynamic
behavior of adsorbate:

DG ¼ �RTlnkd ð6Þ

lnkd ¼ DS
R

�DH
RT

ð7Þ

where, DH (J/mol) and DS (J/mol.K) are predicted from slope and
intercept of data plotting of ln (kd) versus 1/T. The thermodynamic
parameters are reported in Table 4. The negative DG values confirm
the spontaneous nature of Hg (yy) adsorption. The DG values are in
the range �20 to 0 kJ/mol which indicates Hg (yy) adsorption is a
physisorption process [39]. Moreover, positive values of DH for Hg
(yy) ion represent its endothermic nature. The positive value of DS
indicates the reversible adsorption of Hg (yy) ion with PPy/SBA-
15 nanocomposite.

4. Conclusions

In the present study, PPy/SBA-15 nanocomposite was synthe-
sized, characterized and applied for Hg (yy) ion adsorption from
aqueous solution in batch media. Optimal conditions of Hg (II)
removal was obtained at pH 8, contact time of 60 min and
absorbent dosage of 1 g/l at room temperature. The experimental
data were fitted well by Langmuir model and the maximum
adsorption capacity was estimated to be 200 mg/g. Hg (yy) ion
adsorption followed the pseudo-second order kinetic model.
Results showed that PPy/SBA-15 nanocomposite is an appropriate
adsorbent for Hg (yy) ion removal from aqueous media.
Table 4
Thermodynamic parameters of adsorbed Hg (yy) by PP/SBA-15 nanocomposite.

DH (kJ/mol) DS (J�1mol�1 K�1) DG (kJ/mol) R2

298 K 308 K 318 K

19.82 81.05 �3.93 �4.74 �5.55 0.989
Thermodynamical investigation presented the endothermic nature
and physisorption mechanism of mercury removal by PPy/SBA-
15 nanocomposite.
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