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ABSTRACT

Nano zero-valent iron (NZVI) particles were prone to forming aggregates owing to their
intrinsic magnetism and van der Waals force. In this work, a composite material containing
mesoporous silica MCM-41 and NZVI was prepared to avoid the problem of NZVI aggrega-
tion. The structures and morphologies of the as-prepared composite were confirmed using
X-ray diffraction, Fourier transform infrared spectrometry, transmission electron micro-
scopy, N2 adsorption–desorption, and X-ray photoelectron spectroscopy techniques. It was
found that NZVI particles were well dispersed in the composite, although the size of NZVI
particle was larger than that of bare NZVI. Moreover, the composite was used as adsorbent
for removing Pb(II) from aqueous solution at room temperature. The effects of contact time,
initial solution pH, and adsorbent dosage on the removal efficiency of Pb(II) were studied
using batch adsorption experiments. The results indicated the composite exhibited enhanced
adsorption properties, with the maximum adsorption capacity of 416.17 mg/g for Pb(II)
removal from aqueous solution. In addition, the adsorption isotherms and adsorption kinet-
ics were also investigated systematically, it was found that the isothermal data were well fit-
ted to Langmuir model, and the kinetic data were well suitable to pseudo-second-order
kinetics model.
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1. Introduction

Heavy metals pollution has become a serious envi-
ronmental problem all over the world in recent years
[1,2]. Among these heavy metal, Pb(II) is intensively
concerned due to its high toxicity and tendency to
accumulate in tissues of living organisms. Hence, it is
very important to develop an effective method to
remove Pb(II) from aqueous solution. Adsorption tech-
nique is widely used for the Pb(II) removal from

wastewater due to its low cost, simplicity, and high
efficiency [3,4]. Recently, nano zero-valent iron (NZVI)
has been increasingly used for water remediation
because of the advantages of high activity and absence
of secondary pollution [5–7]. However, there are still
some technical problems associated with practical
applications, for example, the low stability and
aggregation of NZVI particles [8]. Therefore, many
attempts have been made to enhance the stability and
the dispersity of NZVI [9,10].
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Since 1992, mesoporous silica materials have
attracted a great deal of attention due to their
high-specific surface areas and size-tunable mesopores
[11]. Silica-based inorganic–organic hybrid materials
have been widely studied for removal of heavy metals
[12–14]. Mesoporous silica materials modified with
amino or thiol functional groups are promising adsor-
bents, which exhibit specific adsorption properties and
larger adsorption capacity towards heavy metals
[15,16]. However, it is necessary to use a large excess
of organics during the synthesized process. Moreover,
MCM-41 is an excellent mesoporous silica material,
which presents large surface area, high physical–
chemical stability, and well-defined pore size. There
are many reports about using MCM-41 to prepare
inorganic–inorganic composite material, such as, Ag/
MCM-41 [17], Au/MCM-41 [18], and Mn2O3/MCM-41
[19]. However, to the best of our knowledge, MCM-
41/NZVI composite material has been rarely reported.

In this work, a new composite material containing
mesoporous silica MCM-41 and NZVI (MSNZVI) was
synthesized and characterized by X-ray diffraction
(XRD), Fourier transform infrared spectrometry
(FTIR), N2 adsorption–desorption, transmission elec-
tron microscopy (TEM), and X-ray photoelectron
spectroscopy (XPS). The adsorption properties of the
as-synthesized composite for removal of Pb(II) from
aqueous solution was studied systematically. Also, the
mechanism of removal of Pb(II) was proposed.

2. Materials and methods

2.1. Materials

All reagents were used in their analytical grade
without further purification. Tetraethoxysilane (TEOS)
98%, ferrous sulfate heptahydrate (FeSO4·7H2O) 99%,
sodium chloride (NaCl) 99%, cetyltrimethylammonium
bromide (CTAB) 98%, sodium borohydride (NaBH4)
96%, sodium hydroxide (NaOH), lead nitrate Pb(NO3)2
99%, and ethanol absolute, were purchased from Sino-
pharm Chemical Regent Co., Ltd. The stock solution
containing 1,000 mg/L of Pb(II) was prepared by dis-
solving appropriate amount of Pb(NO3)2 into distilled
water, and the solution pH was adjusted using
1.0 mol/L hydrochloric acid (HCl) and 1.0 mol/L
sodium hydroxide (NaOH) solutions.

2.2. Preparation of bare NZVI, MCM-41 and MSNZVI

Bare NZVI was prepared by reducing FeSO4·7H2O
with NaBH4 in aqueous solution. Initially, 2.78 g of
FeSO4·7H2O was dissolved into 50 mL of distilled
water while stirring for 30 min. Then, 50 mL of freshly

prepared aqueous solution containing 1.14 g of NaBH4

was added dropwise into the above solution. The mix-
ture was stirred for another 10 min. The black slurry
was collected by magnetism and washed by deoxy-
genated water, absolute ethanol, and acetone, respec-
tively. The whole process was carried out in an argon
atmosphere. The reaction can be written as follows,

Fe2þ þ 2BH�
4 þ 6H2O ! Fe0 þ 2B(OH)3 þ 7H2 " (1)

Mesoporous silica MCM-41 was prepared accord-
ing to the method of Cai et al. [20]. Firstly, 0.7 mL of
NaOH solution (2 M) was mixed with 100 mL of dis-
tilled water. Then, 0.2 g of CTAB was added to the
solution while stirring at 80˚C. When the solution
became homogeneous, 1 mL of TEOS was added
slowly. After 2 h, the resulting product was filtered,
washed with distilled water, dried at 50˚C, and cal-
cined at 550˚C for 4 h.

The preparation procedure for MSNZVI was as fol-
lows: 0.56 g of the as-prepared MCM-41 was added
into 50 mL of distilled water and dispersed by ultra-
sonication. Then, 2.78 g of FeSO4·7H2O was added into
the above solution under an argon atmosphere. After
the mixture solution was stirred for 30 min, 50 mL of
aqueous solution containing 1.14 g of NaBH4 was
added dropwise. The mixture solution was stirred for
another 10 min. The solid product was separated by
magnetism and washed by deoxygenated water,
absolute ethanol, and acetone, respectively. The final
product was dried under vacuum conditions and pre-
served under an argon atmosphere.

2.3. Characterization of MCM-41 and MSNZVI

XRD patterns were recorded on a Philips X’Pert
PRO diffractometer, equipped with the Cu-Kα radiation
and the accelerating voltage of 40 kV, emission current
of 40 mA. TEM images were recorded on a JEOL JEM-
100CX II TEM operating at an accelerating voltage of
100 kV. Infrared (IR) spectra were obtained on a Bruker
VERTEX 70 FT-IR spectrophotometer in KBr pellets in
the 4,000–400 cm−1 region. The N2 adsorption–desorp-
tion isotherms were determined on a Micromertics
ASAP 2020 V4.00 volumetric adsorption analyzer at
77 K. The specific surface area (SBET) was estimated by
the BET equation, and the pore size distribution was
obtained from the Barrett–Joyner–Halenda (BJH)
method. Surface composition of the samples was ana-
lyzed by X-ray photoelectron spectroscopy (XPS Kratos
AXIS-ULTRA DLD with a monochromatic Al X-ray
source at 130 W). Zero potential points were deter-
mined using a zeta potential analyzer (Brookhaven Zeta
Plus, New York, USA).
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2.4. Batch adsorption experiments

The adsorption of Pb(II) from aqueous solution
was investigated in batch experiments. All of the mix-
ture solutions were shaken at 250 rpm for 24 h using a
thermostatic shaker at room temperature.

2.4.1. Effect of contact time

To study the effect of contact time, 480 mg of
MSNZVI was added into 200 mL of Pb(II) solution
with the concentration of 1,000 mg/L. The mixture
solution was agitated in a shaker at room temperature,
and 1 mL of sample was taken out at certain time
intervals.

2.4.2. Effect of adsorbent dosage

To study the effect of adsorbent dosage, a series of
25 mL of Pb(II) solutions with the concentration of
1,000 mg/L were added into 50 mL Erlenmeyer flasks.
The amount of MSNZVI was added varying from 15
to 90 mg. The mixture solutions were agitated in a
shaker at room temperature for 24 h.

2.4.3. Effect of initial solution pH

The effect of initial solution pH on the adsorption
of Pb(II) was investigated by mixing 60 mg of
MSNZVI with 25 mL of Pb(II) stock solution. The pH
values of solutions were adjusted to the desired values
(2, 3, 4, 5, and 6) using 1.0 mol/L HCl or 1.0 mol/L
NaOH solutions.

2.4.4. Adsorption kinetics

To study the adsorption kinetics, 200 mL of Pb(II)
solutions with the concentration of 1,000 mg/L was
firstly added into a 500 mL Erlenmeyer flask. Then,
480 mg of MSNZVI was added into the above solu-
tion. The mixture solution was agitated in a shaker at
room temperature. Samples were taken out at certain
time intervals. The adsorption kinetics was investi-
gated according to the pseudo-first-order and the
pseudo-second-order kinetics models.

2.4.5. Adsorption isotherms

A series of 25 mL of Pb(II) solutions with the
concentrations of 50, 100, 200, 400, 600, 800, and
1,000 mg/L were added into 50 mL Erlenmeyer flasks,
respectively. Then, 30 mg of MSNZVI was added into
the above solutions. The mixture solutions were

agitated in a shaker at room temperature for 24 h.
Langmuir and Freundlich adsorption isotherm models
were used to evaluate the adsorption equilibrium
data.

For each test, samples were extracted and filtered
by 0.25 μm filter membrane. The Pb(II) concentration
of filtrates were determined by voltammetric analysis
system (VAS, UK PDV6000 plus). The removal effi-
ciency of Pb(II) and the adsorbed amount of MSNZVI
were calculated by the following Eqs. (2) and (3),
respectively.

Removal ð%Þ ¼ ðC0 � CtÞ
C0

� 100 (2)

qt ¼ ðC0 � CtÞV
m

(3)

where C0 and Ct (mg/L) are the metal ions concentra-
tion in solution at the initial and at any time t, respec-
tively; m (g) is the weight of MSNZVI, V (mL) is the
volume of the solution, and qt is the adsorption
amount of MSNZVI at any time t.

3. Results and discussion

3.1. Characterization of MCM-41 and MSNZVI

The low-angle XRD pattern of MCM-41 is shown
in Fig. 1(a). It indicated that MCM-41 possessed a
typical hexagonal mesophase structure with a clear
peak (1 0 0) and two weaker reflections assignable to
(1 1 0) and (2 0 0) reflections [21]. The N2 adsorption–
desorption experimental isotherms at 77 K as well as
the calculated pore size distribution of MCM-41 are
plotted in Fig. 1(b). As seen in Fig. 1(b), the adsorp-
tion–desorption curve was type IV, which indicated
the as-prepared MCM-41 was mesoporous nature
[22]. Furthermore, the pore size distribution of the
obtained MCM-41 with high-specific surface area of
744.27 m2/g was mainly in the range of 2–4 nm,
which was further confirmed that MCM-41 pos-
sessed mesoporous structure.

Fig. 2(a) presents the XPS wide-scan survey of
MSNZVI. The photoelectron peaks revealed that the
sample consisted of iron, oxygen, and silicon. Detailed
XPS survey for Fe 2p region is shown in Fig. 2(b). The
photoelectron peaks at around 710 and 723 eV corre-
sponded to the binding energies of 2p3/2 and 2p1/2 of
oxidized iron (Fe−Oχ). A feature peak at 706.8 eV
corresponded to the binding energy of 2p3/2 of zero-
valent iron (Fe0) [23]. Fig. 2(c) shows the wide-angle
XRD pattern of MSNZVI. The broad diffraction peak
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around 2θ = 21̊ was ascribed to amorphous silica. The
three broad diffraction peaks at 2θ = 45˚, 62˚, and 82˚
can be assigned to the characteristic peaks of Fe0 [24].
From the low-angle XRD pattern of MSNZVI shown
in Fig. 3(a), it can be seen that the characteristic peaks
of MCM-41 were disappeared, which indicated that
the order pores of MCM-41 were filled with small
NZVI particles. From the N2 adsorption–desorption of
MSNZVI (Fig. 3(b)), the specific surface area of
MSNZVI was 247.41 m2/g, which was much smaller
than that of MCM-41. It could also indirectly prove
that the pores of MCM-41 were filled with small NZVI
particles.

The FTIR spectra of MCM-41 before calcination,
MCM-41, and MSNZVI are shown in Fig. 4. The broad
absorption band in the region 3,760−3,055 cm−1 was
attributed to the stretching of Si−OH groups and the
remaining physically adsorbed water molecules. The
absorption bands at 1,080, 800, and 466 cm−1 were

assigned to the Si–O−Si stretching [25]. The adsorption
band at 1,639 cm−1 was due to bending of adsorbed
water molecules. For MCM-41 before calcination, the
adsorption peaks at 2,850, 2,930, and 1,480 cm−1 were
found, which could be ascribed to the asymmetric

Fig. 1. (a) Low-angle XRD pattern of MCM-41 and (b) N2

adsorption–desorption isotherm of MCM-41.

Fig. 2. (a) XPS wide-scan survey of MSNZVI, (b) detailed
XPS survey of Fe 2p, and (c) wide-angle XRD pattern of
MSNZVI.
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stretching, symmetric stretching, and bending of
−CH2−, respectively [26]. Apparently, these peaks
were absent in the spectra of MCM-41 and MSNZVI,
which revealed that CTAB was successfully removed
from MCM-41 after calcination.

The representative TEM images of MCM-41, bare
NZVI, and MSNZVI are illustrated in Fig. 5. As shown
in Fig. 5(a), the particles of MCM-41 are near sphere
or elongate sphere with size ranging from 80 to
100 nm. The sample possessed order 2D hexagonal
mesophase and well-ordered pore arrangements,
which was in consistent with XRD analysis of
MCM-41. From Fig. 5(b), it can be seen that NZVI
particles formed chain-like aggregates due to the
strong van der Waals attraction as well as the mag-
netic interaction between the particles [27]. As shown
in Fig. 5(c), the black spherical NZVI particles are well
dispersed in the composite of MSNZVI, although the
particle size was larger than that of the bare NZVI. It
is observed from Fig. 5(d) that some small NZVI parti-
cles are adsorbed on the surface of MCM-41. Here,
MCM-41 could be used as a dispersant for suppress-
ing NZVI particles to form chain-like aggregates. In
addition, MCM-41 could also provide crystal nuclei
for promoting the growth of NZVI grains in the
synthesis process of MSNZVI.

3.2. Adsorption studies

3.2.1. Effect of contact time

The effect of contact time on the adsorption of Pb
(II) onto MSNZVI is shown in Fig. 6. It was observed
that the adsorbed amount was increased from 208 to
392 mg/g with increasing contact time from 0.5 to 4 h.
Pb(II) was adsorbed rapidly during the first 4 h, The
rapid adsorption of Pb(II) in the initial stages was due
to the increased in concentration gradient between the
adsorbate in solution and the adsorbate in adsorbent
[28]. After 6 h, the adsorbed amount did not change
with further increase contact time, and the adsorption
equilibrium time of Pb(II) onto MSNZVI was 6 h. In
addition, the adsorption equilibrium was a dynamic-
balanced process [29]. Therefore, 24 h selected as con-
tact time for all of other experiments was deemed
sufficient to ensure apparent equilibrium.

3.2.2. Effect of adsorbent dosage

The removal efficiency and the adsorbed amount
for adsorption of Pb(II) onto MSNZVI with respect to
MSNZVI dosage are shown in Fig. 7. The maximum
adsorption capacity of MSNZVI was found to be
416.17 mg/g. The removal efficiency of Pb(II)

Fig. 3. (a) Low-angle XRD pattern of MSNZVI and (b) N2

adsorption–desorption isotherm of MSNZVI.

Fig. 4. FT-IR spectra of MCM-41 before calcination,
MCM-41, and MSNZVI.
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increased with increasing MSNZVI dosage, whereas
the adsorbed amount of per unit adsorbent was
decreased with MSNZVI dosage increasing from 60 to
90 mg. These results can be explained that adsorbent
surface was saturated with Pb(II) and the residual
concentration of Pb(II) was large at low-adsorbent
dosage. At higher adsorbent dosage, the adsorption
sites were excessive for the demands of Pb(II) adsorp-
tion reaction, which leads to the unsaturation of the
adsorption sites, resulting in comparatively less
adsorption amount at higher adsorbent dosage [30].

The adsorption capacities of bare NZVI and MCM-
41 for Pb(II) were also studied as control experiments
in this paper. The results showed that the adsorption
capacity of bare NZVI and MCM-41 was 319.24 and

39.06 mg/g, respectively. Obviously, the adsorption
capacity of MSNZVI was higher than that of bare
NZVI and pristine MCM-41. On the one hand, MCM-
41 could be used as a dispersant in the MSNZVI com-
posite, to enhance the dispersity of NZVI particles,
which could result in an increase in specific surface
area of NZVI. On the other hand, the small NZVI
particles adsorbed on MCM-41 spheres could increase
the adsorption active sites of MCM-41. Hence, the
adsorption capacity of MSNZVI was improved due to
the synergistic effect of NZVI and MCM-41.

In this work, the maximum adsorption capacity of
MSNZVI for Pb(II) (416.17 mg/g) was higher than that
of reported Sineguelas–NaOH–NZVI composite
(225 mg/g) [31]. Although it was lower than that of

Fig. 5. TEM images of (a) MCM-41, (b) bare-NZVI, (c) MSNZVI, and (d) partial magnified image of MSNZVI.
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zero-valent iron nanoparticles–Graphene composite
(555.6 mg/g) [32] and nano-graphite carbon-impreg-
nated calcium alginate bead (460.9 mg/g) [33], but the
cost of MCM-41 was lower and the synthetic process
of MSNZVI was more facile than these composites.
Therefore, MSNZVI has a potential application for
removal of Pb(II) from aqueous solutions.

3.2.3. Effect of initial solution pH

Since the concentration of Pb(II) is 1,000 mg/L, it
would generate insoluble species at pH > 6 according

to the solubility product (Ksp) of Pb(OH)2 at room
temperature. Therefore, the pH range of 2.0–6.0 was
selected for this study. As shown in Fig. 8, the
removal efficiency of Pb(II) increased with the increas-
ing initial solution pH. At a low solution pH, the con-
centration of the hydrogen ions was high, directly
competing with Pb(II) for active binding site. Addi-
tionally, some NZVI particles reacted with hydrogen
ions, which can inhibit the reduction reaction between
Pb(II) and NZVI [34]. Therefore, the removal efficiency
increased with the increasing solution pH. Further-
more, the zeta potential of MCM-41 and MSNZVI
particles (1 g/L) as a function of pH is shown in
Fig. 9, which is measured in 1 moL/L NaCl aqueous

Fig. 6. Effect of contact time on Pb(II) adsorption
(experimental conditions: T = 298 K; initial Pb(II) concen-
tration = 1,000 mg/L; solution volume = 200 mL; pH 5;
MSNZVI = 480 mg).

Fig. 7. Effect of adsorbent dosage on Pb(II) adsorption
(experimental conditions: T = 298 K; initial Pb(II) concen-
tration = 1,000 mg/L; solution volume = 25 mL; pH 5).

Fig. 8. Effect of initial solution pH on Pb(II) adsorption
(experimental conditions: T = 298 K; initial Pb(II) concentra-
tion = 1,000 mg/L; solution volume = 25 mL; MSNZVI =
60 mg).

Fig. 9. Zeta potentials of (△) MSNZVI and (□) MCM-41 in
1 mmoL/L NaCl solution at varied pH values. Total
concentration is 1 g/L.
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solutions at pH 2–12 (adjusted by NaOH or HCl). It
can be seen that the zero potential points of MCM-41
and MSNZVI were about at pH 5.23 and 4.54, respec-
tively. And the zeta potential exhibited negative
charge when pH was higher than the zero potential
points. Therefore, these could also confirm that the

removal efficiency increased with increasing the
solution pH.

In addition, the final pH value of solution was also
studied. The results are shown in Fig. 8 (blue curve).
It was observed that the final pH values of all solu-
tions were increased, it may be because that NZVI
reacted with water and oxide species to give Fe2+ and
OH− according to the Eqs. (4) and (5) [35].

2Fe0 þ 2H2O ! 2Fe2þ þH2 þ 2OH� (4)

2Fe0 þO2 þ 2H2O ! 2Fe2þ þ 4OH� (5)

3.2.4. Adsorption kinetics

The adsorption rate is an important parameter
employed to evaluate the adsorption process. Pseudo-
first-order and pseudo-second-order kinetic models
were used to study the adsorption kinetics of Pb(II)
[36]. The linear forms of these two models are
expressed by the Eqs. (6) and (7), respectively.

lnðqe � qtÞ ¼ ln qe � k1t (6)

t

qt
¼ 1

k2q2e
þ 1

qe
t (7)

where qe (mg/g) and qt (mg/g) are the amounts of Pb
(II) adsorbed onto the adsorbent at equilibrium and
time t (h), respectively. k1 (h

−1) and k2 (mg g−1 h−1) are
the rate constants of the pseudo-first-order and the
pseudo-second-order kinetic models, respectively.

According to the experimental data of adsorbed
amount with respect to contact time (Fig. 6), the adsorp-
tion kinetics of Pb(II) is discussed using the pseudo-
first-order and the pseudo-second-order kinetic models.
The linear plots of ln(qe − qt) vs. t, and t/qt vs. t are
shown in Fig. 10(a) and (b), respectively, and the
parameters of the two kinetic models are summarized
in Table 1. The results showed the pseudo-second-order
rate equation for adsorption of Pb(II) onto MSNZVI
agreed well with the data for R2 = 0.9987. In addition,

Fig. 10. Adsorption kinetics of Pb(II) onto MSNZVI (experi-
mental conditions: T = 298 K; solution volume = 200 mL;
pH 5; MSNZVI = 480 mg): (a) pseudo-first-order model plot
and (b) pseudo-second-order model plot.

Table 1
Pseudo-first-order and pseudo-second-order kinetic parameters for adsorption of Pb(II) onto MSNZVI

Temp (K) qe,exp (mg g−1)

Pseudo-first-order Pseudo-second-order

k1 (h
−1) qe,cal (mg g−1) R2 k2 (g mg−1 h−1) qe,cal (mg g−1) R2

298 416.17 0.5150 211.77 0.9552 0.0040 454.55 0.9987
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the calculated adsorption capacity value (qe(cal))
obtained from pseudo-second-order model was more
closer to the experimental value of adsorption capacity
(qe(exp)). Therefore, the pseudo-second-order model was
better fitted with the adsorption kinetics of Pb(II) onto
MSNZVI in contrast to the pseudo-first-order model
[37].

3.2.5. Adsorption isotherms

In order to predict the adsorption behavior of Pb
(II) onto MSNZVI, Langmuir and Freundlich adsorp-
tion isotherm models were used to interpret the
adsorption equilibrium experimental data. The linear
forms of these two adsorption isotherm models are
represented by Eqs. (8) and (9) [38], respectively.

Ce

qe
¼ 1

KLqm
þ Ce

qm
(8)

ln qe ¼ lnKF þ 1

n
lnCe (9)

where qe (mg/g) is the amount of Pb(II) adsorbed at
equilibrium, Ce (mg/L) is equilibrium concentration of
Pb(II) in solution, qm (mg/g) is the maximum adsorp-
tion capacity of adsorbent, KL (L/mg) is the Langmuir
constant, KF (mg1−1/n L1/n g−1) is the Freundlich con-
stant, and n is the Freundlich constant related to the
adsorption intensity of adsorption.

Moreover, as Eq. (10) shown, the value of RL is a
dimensionless constant, which can indicate whether
the type of Langmuir isotherm is favorable
(0 < RL < 1), unfavorable (RL > 1) or irreversible
(RL = 0) [39].

RL ¼ 1

1þ KLC0
(10)

The adsorption equilibrium studies of Pb(II) were
carried out varying the concentration from 50 to
1,000 mg/L, the adsorption equilibrium plot is shown
in Fig. 11(a). On the basis of this profile, the linear
plots of lnqe vs. lnce, and ce/qe vs. ce are presented in
Fig. 11(b) and (c), respectively, and the parameters of
the two adsorption models are also listed in Table 2.
The linear correlation coefficient value of Langmuir
model was 0.9997, and the calculated adsorption
capacity value (qm) obtained from Langmuir model
was more consistent with the experimental value of
adsorption capacity (qe(exp)). Hence, Langmuir model
fitted the experimental data better in contrast to

Fig. 11. Adsorption isotherms of Pb(II) onto MSNZVI
(experimental conditions: T = 298 K; solution vol-
ume = 25 mL; pH 5; MSNZVI = 30 mg): (a) equilibrium
adsorption isotherms of Pb(II) onto MSNZVI; (b) Freundlich
isotherm model plot; and (c) Langmuir isotherm model plot.
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Freundlich model. Furthermore, the value of RL for
the Langmuir isotherm was between 0 and 1, and the
Freundlich constant 1/n was smaller than 1, which
also suggested that the adsorption of Pb(II) onto
MSNZVI was fitted well with the Langmuir model.

3.2.6. Possible mechanism of Pb(II) removal

Previous studies indicate that NZVI particles typi-
cally have a core-shell structure with the core being
zero-valent iron (Fe0) and the shell being the iron oxi-
des/hydroxides [40,41]. This structure presented NZVI
with unique performance for heavy metal ions
removal. The possible mechanism of Pb(II) removal
using MSNZVI from aqueous solution should include
both adsorption and reduction processes. Firstly, the
NZVI particles had the core-shell structure with the
shell as the iron oxides/hydroxides, which had many
hydroxyl groups from the surface of NZVI particles,
and there were many hydroxyl groups from the
MCM-41 particles. These hydroxyl groups provided
many bind sites for the adsorption of Pb(II). Fig. 12(a)
shows the XPS survey scan of MSNZVI after the
adsorption of Pb(II). The photoelectron peaks revealed
that particles surface consisted of iron, oxygen, silicon,
and lead. It was indicated that Pb(II) was adsorbed
onto the surface of MSNZVI particles. Secondly, the
detailed XPS survey of Pb 4f is shown in Fig. 12(b).
The photoelectron peaks at around 138.7 and 143.5 eV
could be assigned to Pb(II) binding energies for 4f7/2
and 4f5/2 orbital, respectively [42]. However, the 4f
peak of Pb0 at about 136.6 eV was not detected, which
was similar to Ponder and Zhang’s reports [43,44]. It
was unclear whether the presence of surface Pb(II)
resulted from the adsorption of Pb(II) from the solu-
tion or the oxidation of the possible Pb0 formed in the
reaction. But, the redox mechanism of Pb(II) by Fe0

was justified by the fact that the standard oxidation–
reduction potential (E0) of the Pb2+/Pb0 (−0.13 V) was
more positive than that of Fe2+/Fe0 (−0.41 V) [40].
Hence, it could be inferred that there exist the
reduction of Pb(II) by Fe0.

4. Conclusions

In the present study, mesoporous silica MCM-41/
NZVI composite (MSNZVI) was facilely prepared and
systematically characterized. The NZVI particles were
well dispersed in the MSNZVI composite. The adsorp-
tion performances of the MSNZVI composite for Pb(II)
were studied systematically. The results of adsorption
experiments demonstrated that the adsorption capacity

Table 2
Langmuir and Freundlich parameters for adsorption of Pb(II) onto MSNZVI

Temp (K)

Langmuir model Freundlich model

qm (mg g−1) KL (L mg−1) R2 RL KF (mg1−1/n L1/n g−1) n R2

298 416.67 0.22 0.9997 0.0833–0.0045 94.59 3.58 0.9340

Fig. 12. (a) XPS wide-scan survey of MSNZVI after Pb(II)
treatment and (b) detailed XPS survey of Pb 4f.
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of MSNZVI composite for Pb(II) (416.17 mg/g) was
higher than those of bare NZVI (319.24 mg/g) and
pristine MCM-41 (39.06 mg/g), which could be attribu-
ted to the synergistic effect of NZVI and MCM-41.
Moreover, the adsorption process of Pb(II) onto
MSNZVI composite was found to well obey the
pseudo-second-order kinetic model and Langmuir
adsorption model. Additionally, the mechanism of Pb
(II) removal using MSNZVI composite involving
adsorption and reduction was proposed and con-
firmed. All of these results suggest that MSNZVI com-
posite has the potential application for Pb(II) removal
from aqueous solution.
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