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Porous materials with nanostructures are receiving great
attention in the scientiﬁc community as well as in industry,
thanks to their high performance and multifunctionality for
various applications. Important requirements of the novel
materials include high speciﬁc surface area, particularly wellcontrolled size, homogeneous distribution, and strong attachment to the interfacial surfaces. In addition, the ability to
tailor the structure and properties of these materials over a
broad length scale suggests that research on hybrid nanomaterials will have a tremendous impact in the ﬁelds of
environmental adsorption, catalysis, and electrochemistry.
This special issue concentrates on the recent advances in
the synthesis, processing, functionalization, application, and
challenges of novel hybrid materials. Among ten papers
published, three deal with nano-organic materials for bioapplication; two endeavor to the development of novel
adsorbents for removing toxic metals in the aqueous solution; two focus on catalytic materials for dye degradation
and organic synthesis; one concentrates on nanoparticle
synthesis; and the last two develop analytical methods.
The papers deal with a wide range of research from natural
porous materials such as bentonite and hydroxyapatite to
synthetic materials, e.g., highly ordered mesoporous materials
like MCM-41, zeolitic imidazolate framework-8, or platinum
nanoparticles. I hope that these special issues will be able to
provide readers some typical and exciting snapshots regarding
the synthesis of nanoparticles of metal oxides, ordered mesoporous materials, and metal-organic frameworks; functionalization of hybrid nanomaterials; environmental treatment
application of novel hybrid materials; catalysis application in

organic synthesis; and environmental treatment. Due to the
highly dynamic nature of the ﬁeld, it is impossible to cover
every aspect of hybrid nanomaterials, particularly, those
achieved recently by the research groups that do not involve in
the preparation of this issue. It is clear that this ﬁeld will
develop signiﬁcantly with the contribution of scientists in
diﬀerent ﬁelds.
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Due to their light weight, ﬂexibility, and low energy consumption, ionic electroactive polymers have become a hotspot for bionic
soft robotics and are ideal materials for the preparation of soft actuators. Because the traditional ionic electroactive polymers, such
as ionic polymer-metal composites (IPMCs), contain water ions, a soft actuator does not work properly upon the evaporation of
water ions. An ionic liquid polymer gel is a new type of ionic electroactive polymer that does not contain water ions, and ionic
liquids are more thermally and electrochemically stable than water. These liquids, with a low melting point and a high ionic
conductivity, can be used in ionic electroactive polymer soft actuators. An ionic liquid gel (ILG), a new type of soft actuator
material, was obtained by mixing 1-butyl-3-methylimidazolium tetraﬂuoroborate (BMIMBF4), hydroxyethyl methacrylate
(HEMA), diethoxyacetophenone (DEAP) and ZrO2 and then polymerizing this mixture into a gel state under ultraviolet (UV)
light irradiation. An ILG soft actuator was designed, the material preparation principle was expounded, and the design method of
the soft robot mechanism was discussed. Based on nonlinear ﬁnite element theory, the deformation mechanism of the ILG
actuator was deeply analyzed and the deformation of the soft robot when grabbing an object was also analyzed. A soft robot was
designed with the soft actuator as the basic module. The experimental results show that the ILG soft robot has good driving
performance, and the soft robot can grab a 105 mg object at an input voltage of 3.5 V.

1. Introduction
Traditional robots are typically constructed of rigid motion
joints based on hard materials and can perform tasks quickly
and accurately. However, such robots have limited movement ﬂexibility and low environmental adaptability and
cannot work under space-constrained conditions. These
factors limit the application of rigid robots in unstructured
and complex environments [1–3].
In nature, mollusks are widely distributed in oceans,
rivers, and lakes and on land. After hundreds of millions of
years of evolution, this animal has gradually developed the
characteristics of a large deformation ability, a light weight,
and a high power density ratio and can achieve eﬃcient
movement under complex natural environment conditions
by changing its body shape. In recent years, researchers have
attempted to apply the biological principles of mollusks to

the research and design of robotics. A soft robot is composed
of a soft material that can withstand large strains, has the
capabilities for continuous deformation and drive-structure
integration and can arbitrarily change its shape and size over
a wide range. Such a robot has strong adaptability to unstructured environments and broad application prospects in
military reconnaissance, rescue, and medical surgery [4–6].
A ﬂexible actuator based on an ionic electroactive
polymer (EAP) has the advantages of a low driving voltage, a
large displacement ability, a light weight, etc. Such actuators
have become a research hotspot in the ﬁeld of bionic robots.
In the past few decades, electrochemical actuators, which are
substitutes for air- and ﬂuid-derived devices, have been
further developed due to their ideal mechanical properties
for use in intelligent robots. However, traditional ionic EAP
actuators, such as those based on IPMCs, have the characteristics of a short working time in nonwater media, a
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complex manufacturing process, and a high cost. An ILG is a
new type of ionic EAP that can work in air for a long time.
Because an ILG oﬀers chemical stability, thermal stability,
and simpler ion transport, it is more suitable for the production of soft robot actuators than other EAPs.
In this paper, a soft robot actuator based on an ILG
material is proposed and its preparation, driving mechanism, and design method are deeply analyzed. Finally, the
validity and rationality of the soft robot are veriﬁed by
driving performance and grabbing experiments.

2. Design of the ILG Soft Robot
The ILG soft actuator consists of a 5-layer structure, as
shown in Figure 1. The middle layer is an electroactive layer
composed of the ILG material, which functions to store ionic
liquids. The outer two layers that wrap the middle layer are
electrode layers, which consist of activated carbon. Activated
carbon has a high speciﬁc surface area, a high electrical
conductivity, a high density, a strong adsorption force, etc.,
making it very suitable for use as an electrode material [7]. In
addition, gold foil is selected as a current collector to cover
the surface of the activated carbon layers. When the actuator
is working, one end is attached to an external metal electrode, and a wire is led from the external electrode to connect
to a power supply.
The soft robot consists of three ILG actuators, a common
copper electrode, and three independent copper electrodes,
as shown in Figure 2. The input unit consists of a common
electrode and an independent electrode. The common
electrode is a copper column, with the upper end ﬁxed with a
ﬁxture, and the copper electrode is connected to a power
source. The soft robot consists of three ILG actuators evenly
distributed around the common electrode at 120°. Two
copper electrodes sandwich one ILG actuator.
Figure 3 shows the motion cycle of the soft robot to grab
an object, which can be described as follows. First, the ILG
actuator is naturally stretched, and by applying an input
voltage of 3.5 V to the electrodes, the actuator quickly bends
outward. Second, when the actuator is close to the target
object, the input voltage direction is changed, and the actuator bends inward to clamp the object. Finally, the input
signal is changed, and the actuator bends outward to release
the object.
2.1. Preparation of the Soft Actuator. The preparation process
of an ILG is a process of ionic liquid loading. Ionic liquid
loading refers to the immobilization of an ionic liquid to
form a solid carrier by physical or chemical means [8].
BMIMBF4 was selected as the ionic liquid. The carriers of
ionic liquids need to have interconnected porous structures,
large speciﬁc surface area and porosity, and good mechanical
strength and electrochemical stability. Therefore, HEMA
was selected to prepare the carrier. This material is a colorless and transparent liquid that is soluble in water and has
low toxicity. HEMA was polymerized under ultraviolet light
to form polyhydroxyethyl methacrylate (PHEMA) with a
porous structure.

Copper sheet

ILG

Gold foil

Activated carbon

Figure 1: Five-layer structure of the soft actuator.
Common electrode
Independent electrode

Actuator

Figure 2: Conﬁguration of the soft robot.

(a)

(b)

(c)

(d)

Figure 3: Motion cycle of the soft robot manipulator to grab an
object.

The mixed solution consists of BMIMBF4, HEMA, and
ZrO2. Under UV light, the ILG is generated by the polymerization reaction induced by DEAP. The polymer matrix
is cross-linked into a porous network structure. ZrO2 enhances the mechanical strength of the gel, and as the ZrO2
content increases, the tensile strength of the ILG increases
[9, 10]. Figure 4 shows the soft actuator fabrication process.
Figure 4(a) shows the ILG sample, which is covered with a
layer of BMIMBF4 due to osmosis. Because the ionic liquid
has a certain viscosity, the activated carbon electrode can be
directly aﬃxed to both sides of the gel, as shown in
Figure 4(b). Finally, the gold foil is evenly aﬃxed to the
surface of the activated carbon layers to obtain an ILG soft
actuator, as shown in Figure 4(c).
2.2. Soft Actuator Deformation Mechanism. For the ILG
actuator, the application of a voltage on the electrode can
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(a)

(b)

(c)

Figure 4: Fabrication process of the soft actuator: (a) ILG; (b) the
activated carbon layer is aﬃxed; (c) the gold foil layer is aﬃxed.

cause bending deformation, which is the result of the
coupling of the electric ﬁeld, chemical ﬁeld, ﬂow ﬁeld, and
ﬁeld force. The average pore diameter of the structure is
greater than 10 microns, which is much larger than the
diameter of free ions in the ionic liquids (nanoscale).
Therefore, BMIM+ and BF4− can move freely inside the
carrier. Under the action of the electric ﬁeld, positive and
negative ions accumulate in the electrode layers on both
sides of the ILG. Because the cation volume is much larger
than the anion volume, the volume of the ILG cathode side
expands and the volume of the ILG anode side shrinks
[11, 12]. The entire actuator therefore bends toward the
anode side, as shown in Figure 5.
When an electric ﬁeld is applied, the movement of the
internal ions of the ILG actuator in the porous medium can
be described by the Nernst–Planck equation [13]:
ji � −di ∇ϖi +

F
ϖ z ∇Θ,
RT i i

Figure 5: Working principle of the actuator.

E�

where ∇ji is the ﬂow change of the i-th ion in the PHEMA
pores and t is the time.
The internal electric ﬁeld balance equation of the ILG
actuator can be expressed as follows:

D
� −∇Θ,
ke

(3)

∇D � ρ � F ϖ1 − ϖ2 ,
where D is the electric displacement, E is the electric ﬁeld, ρ
is the net charge density, and ke is the eﬀective dielectric
constant of the ILG.
The eﬀect of the electrode layer on the bending deformation of the actuator along the width and the thickness
is ignored. Considering only the relationship between the
axial deformation of the electrode layer and the net charge
density, the axial induced strain can be expressed as follows:

(1)

where i is the ion type (i � 1 represents the cation, and i � 2
represents the anion), ji is the ﬂow of ions in the PHEMA
pores, di is the diﬀusion coeﬃcient of the ions, ϖi is the ion
concentration, ∇ϖi is the ion concentration gradient, Θ is
the potential, ∇Θ is the potential gradient, F is the Faraday
constant, R is the gas constant, T is the absolute temperature, and zi is the number of ionic charges. The ﬁrst
term on the right-hand side of the formula indicates the
contribution of the cation or anion concentration diﬀusion; the second term indicates the contribution of
electromigration.
The continuous equation of concentration changing with
time is
zϖi
(2)
� −∇ji ,
zt

BMIM+
BF4–

Gold foil
Activated carbon
ILG

εc (s) � ρ(s)α(s),

(4)

where εc is the induced strain, α(s) is the induced strain
coupling coeﬃcient, and s is the Laplace domain.
Therefore, the axial induced stress is
σ c (s) � εc Et � ρ(s)d(s),
d(s) � α(s)Et ,

(5)

where Et is the elastic modulus of the electrode layer and
d(s) is the axial-induced stress coupling coeﬃcient.
The bending moment of the actuator is
b

b

M(s) � 2  σ c (s)xw dx � 2  ρ(s)d(s)xw dx,
b1

(6)

b1

where b and b1 are half the thickness of the actuator and ILG
layer, respectively, and w is the width of the actuator.
The ILG actuator is the basic unit of a soft robot and is
the source of its deformation. For ﬂexible mechanisms, the
degrees of freedom and constraints are determined by the
ﬂexibility matrix. The cantilever beam ﬂexibility matrix is as
follows [14]:
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σ

R � diag Rθx , Rθy , Rθz , Rx , Ry , Rz 
� diag 

l
l
l
l3
l3
l
,
,
,
,
,
,
Ea Ix Ea Iy Ga J 12Ea Iy 12Ea Ix Ea A

(7)

where Rθx, Rθy, and Rθz represent rotational ﬂexibility around
the x, y, and z axes, respectively, and Rx, Ry, and Rz represent
translational ﬂexibility along the x, y,and z axes, respectively.
If the order of magnitude of an element in one direction is
signiﬁcantly greater than that of the element in the other
directions, then the mechanism has a degree of freedom in
this direction. Using this method, the equivalent constraints
or degrees of freedom of the soft robot can be established.

3. Hyperelastic Arruda–Boyce Model
Material nonlinearity is caused by the nonlinearity of the
constitutive relationship of the material. The constitutive
relationship of a material includes the stress, strain, strain
rate, load duration, temperature, etc. After a load is
unloaded, residual strain will appear in a nonlinear material,
as shown in Figure 6.
The hyperelastic Arruda–Boyce model, typically used for
relatively largely deformed materials, is used to simulate
ILGs. Hyperelastic materials can be described by the strain
energy function W, which is used to deﬁne the strain energy
density in the material. The Arruda–Boyce strain energy
function W is as follows [15–17]:
5

ck
2(k−1)
k�1 λm

W � G

k

k

I 1 − 3  +

J2el

1
−1
− ln Jel ,

D
2

(8)

with c1 � (1/2), c2 � (1/20), c3 � (11/1050), c4 � (19/7000),
and c5 � (519/673750), where W is the strain energy density,
G is the initial shear modulus, λm is the deformation rate, Jel is
the elastic volume ratio, and D is the temperature-dependent
material parameter associated with the bulk modulus. A
material is completely incompressible when Jel � 1.
I1 is the ﬁrst strain invariant of the deviatoric strain, and
the relationship between I1 and the main tensile strain rates
λ1, λ2, and λ3 is as follows:
I1 � λ21 + λ22 + λ23 ,
I2 �

1 1 1
+ + ,
λ21 λ22 λ23

(9)

I3 � λ21 × λ22 × λ23 ,
where λ1, λ2, and λ3 are the main (extension) deformation
rates along the x, y, and z directions, respectively. I1, I2, and
I3 are the relative changes of the length, the surface area, and
the volume of the elastomer, respectively.
The material stress is obtained by diﬀerentiating the
stretching:
σn �

zW
,
zλn

(10)

ε

Figure 6: Stress-strain curve of nonlinear materials.

where σ n is the normal stress and λn is the stretching in the
loading direction.
The isotropic and incompressible deformation process of
an ILG is given by
��
I3 � λ1 λ2 λ3 � 1.
(11)
When the ILG is uniformly stretched, λ2 � λ3 ; equation
(11) can be used to calculate
1
λ2 � λ3 � ��.
(12)
λ1
The true stress is obtained by
σ 0 � σ n λn .

(13)

Diﬀerentiating equation (8), we obtain
σ 0 � Gλ2n − λ−1
n +

+

1
11
4
−2
6
−3
λn − λn  +
λ − λ 
175λ4m n n
5λ2m

19
519
8
−4
10
−5
8 λn − λn .
6 λn − λn  +
67375λm
875λm
(14)

4. Model for the Soft Robot. To establish a gripping model
scheme as shown in Figure 7, assume that the soft robot is an
inextensible, fully ﬂexible elastic rod. Assume that l is the
length of the evenly distributed rod, EI is the ﬂexural rigidity,
ρ is the mass per unit length, and kg is the curvature proﬁle
when the object is gripped [18, 19].
4.1. Deformation Analysis for Soft Actuators. At s � s∗ , the
position of any material point can be represented by the
following formula [20], as shown in Figure 8.
⇀

⇀

⇀

r s � s∗  � X s � s∗ E1 + Y s � s∗ E2 ,

(15)

where, in Cartesian coordinates, X and Y are represented as
follows:
∗

s
⎪
⎧
⎨ X(s � s∗ ) � X(s � 0) + 0 cos(θ(η))dη,
⎪
⎩ Y s � s∗ � Y(s � 0) + s∗ sin(θ(η))dη,
(
)
0

(16)
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where k0 represents the curvature. In addition to the gravity
⇀
per unit length and end load of the rod, the singular force Fξ
at s � ξ must be considered. Figure 7 shows the force that
simulates the contact of an object with the soft robot. The
governing equation can be derived from the equilibrium of
the linear and angular momentum [21–23]:

C

⇀
⇀
⎧
⎪
⎪
m′ − ρgE2 � 0,
⎪
⎪
⎪
⎪
⎪
⎪
⎪
⎪
⎪
⎨ z
EI θ′ − k0  + m2 cos(θ) − m1 sin(θ) � 0,
⎪ zs
⎪
⎪
⎪
⎪
⎪
⎪
⎪
⎪
⎪
⇀
⎪
⇀
⎩ ⟦m
⟧ξ + Fξ � 0,

Figure 7: Lifting of an object, considering the normal force and the
static friction force at the contact point of the soft actuator.

Ml

s=0
F0

⇀

where m � m1 E1 + m2 E2 .
4.2. Deformation Analysis Governing Formula for the Soft
Robot. The corner of the object is assumed to be in contact
with the soft robot at s � ξ. Two new unit vectors are deﬁned
as follows, as shown in Figure 9:

Fl

s=l

⇀

⇀

(21)

⇀
⇀
⇀
⎪
⎧
⎨ H1 � cos(θ(ξ))E1 + sin(θ(ξ))E2 ,
⎪
⇀
⇀
⎩⇀
H1 � −sin(θ(ξ))E1 + cos(θ(ξ))E2 ,

M0

(22)

⇀

E2

where
H1 is the tangent to the centerline of the soft robot and
⇀
H2 is perpendicular to the centerline of the soft robot.

r(s)

⇀
Fξ

E1

O

Figure 8: At s � 0, F0 and M0 are the terminal force and terminal
moment, respectively; at s � l, Fl and Ml are the terminal force and
terminal moment; and at point s � ξ, Fξ is the force.

where η is a dummy variable and θ is the angle between the
unit tangent vector and the horizontal direction.
⇀

⇀

⇀

r′ � cos(θ(s))E1 + sin(θ(s))E2 ,

⇀

⇀

⇀

(23)

where f1 is the normal force and f2 is the corresponding
friction force.
Equation (21) is applied to segment s ∈ (ξ, l), and we
obtain the following equation:
⇀
⇀
⎪
⎧
⎨ m ξ +  � −ρg(l − ξ)E2 ,
⎪
⇀
⇀
⇀
⎩⇀ −
m(ξ ) � N1 E1 + N2 E2 − ρg(l − ξ)E2 .

(17)

where the prime (′) represents the partial derivative
with
⇀
⇀
respect to s. Assuming that r is continuous, θ and r′ are also
continuous.
At point s � ς, the jump in any function χ �
χ(s, θ(s), θ′ (s)) is expressed by a compact notation:

⇀

� f1 H1 + f2 H2 � N1 E1 + N2 E2 ,

(24)

The expression of the potential energy W of the soft
robot is established:
ξ EI
⇀
2
⇀
W� 
θ′ − k0  + ρgY(s) − m(ξ − ) · r′ds
0 2

(25)

l

⟦χ⟧ς � χ ς+  − χ (ς− ),

EI
2
θ′ − k0  + ρgY(s)ds,
+ 
ξ 2

(18)

where

where
⎪
⎧
χ ς− � lim χ s, θ(s), θ′ (s),
⎪
⎨ ( ) s↗ς
⎪
⎪
⎩ χ(ς+ ) � lim χ s, θ(s), θ′ (s).

s

(19)

s↘ς

The jump will be associated with the force applied at the
discrete point.
The bending moment M is described by a constitutive
equation:
⇀

⇀

M � EI θ′ − k0 E3 ,

Y(s) �  sin(θ(ξ))dξ.

Equation (21) can be used to establish boundary value
problems.
⎪
⎧
EI θ″ − k′0 − ρg(l − s)cos(θ) � 0,
⎪
⎪
⎨
EI θ″ − k′0 − ρg(l − s)cos(θ) + N2 cos(θ)
⎪
⎪
⎪
⎩ − N sin(θ) � 0,
1

(20)

(26)

0

s ∈ (0, ξ),
s ∈ (ξ, l),

(27)
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n2E2
f1H1
n1E1
f2H2

c/2

Figure
9: At point s � ξ, the object
is in contact with the soft robot. The object is assumed to remain stationary due to the static friction force
⇀
⇀
f1 H1 and the normal force f2 H2 .

where the solution θ � θ∗ satisﬁes the conditions

where the constraint function Wc is

θ(0) � 0,

Wc �

θ′ (l) � k0 (l),
⟦θ⟧ξ � 0,

(28)

⟦θ′ ⟧ξ � 0,
ξ
c
 cos(θ(s))ds � .
2
0

The soft robot is divided into K segments. The total
potential energy expression is approximated as follows:
2

Wd �

EI K θi − θi−1
ds
− k0  ds + ρg l − s0 sin θ0 

ds
2 i�1
2
K−1

+  ρg l − si sin θi ds + ρg l − sK sin θn 
i�1

ds
2

− N1 cos θ0 

I−1
ds
ds
− N1  cos θi ds − N1 cos θI 
2
2
i�1

− N2 sin θ0 

I−1
ds
ds
− N2  sin θi ds − N2 sin θI  ,
2
2
i�1

(29)

ds I−1
ds c
+  cos θi ds + cos θI  − .
2 i�1
2 2

(30)

5. Nonlinear Finite Element Method
Geometric nonlinearity arises from the nonlinear relationship between the strain and displacement. Currently, research on geometric nonlinearity mainly focuses on three
types of problems: (1) a large displacement with a small
strain, (2) a small displacement with a large strain, and (3) a
large displacement with a large strain. A geometric nonlinear
problem has two main characteristics. First, due to the large
deformation of the structure, the strain and displacement of
the structure are nonlinear. Second, a balance equation is
established at the position after deformation. In the analysis
of large deformation, the displacement of the structure
changes continuously and appropriate strain, stress, and
constitutive relationships should be adopted.
To capture the nonlinear behavior of the structure, the
full nonlinear ﬁnite element formulas of the truss elements
and beam elements are studied.
5.1. Nonlinear FEM for Truss Elements. In the Cartesian
coordinate system, the object is displaced to a certain position under the action of external forces, as shown in
Figure 10. (x1, y1, z1) and (x2, y2, z2) are the position co-
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ordinates of points P1 and P2 before deformation, respectively. The object is deformed to a new position under
the action of external forces. (u1 , v1 , w1 ) and (u2 , v2 , w2 ) are
the deformation coordinates of points P1 and P2 after deformation, respectively.
The formula for the undeformed length of a truss element is as follows:
����������������������������
2
2
2
(31)
l � x2 − x 1  + y 2 − y 1  + z 2 − z 1  .

(x1, y1, z1)
(x1 + u1, y1 + v1, z1 + w1)

l

[k]{u} � AlEεφ,
⎪
⎧
⎪
⎪
⎪
⎨
T
⎪
⎪
zε zε zε zε zε zε
⎪
⎪
,
, ,
⎩  φ �  , ,
 ,
zu1 zv1 zw1 zu2 zv2 zw2

(33)

where E is Young’s modulus, A is the cross sectional area,
and l is the length of the truss element.
The tangent stiﬀness matrix is obtained by diﬀerentiating
equation (33) with respect to the displacement vector:
⌣

z([k]{u})
zε
zφ
� EAlφ
+ EAlε
z{u}
z{u}
z{u}

z2 φ
� EAlφφ + EAlε
.
z{u}2

(34)

T

The mass matrix is the same as that for a linear truss
element [25, 26]:
2
⎢
⎡
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢0
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
0
⎢
ρAl ⎢
⎢
⎢
⎢
[m] �
⎢
⎢
⎢
6 ⎢
⎢
⎢
1
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
0
⎢
⎢
⎢
⎢
⎢
⎣

Figure 10: Nondeformed and deformed geometry of a truss
element.

�������������������������������������������������
u2 + x2 − u1 − x1  + v2 + y2 − v1 − y1  + w2 + z2 − w1 − z1  − l

According to the change of the elastic energy, the
product of the stiﬀness matrix and the displacement vector is
expressed as follows [2, 24]:

[k] �

(x2 + u2, y2 + v2, z2 + w2)

X

The expression of the total Lagrangian strain ε along the
deformation axis is

ε�

0 0 1 0 0

⎤⎥⎥⎥
⎥⎥
2 0 0 1 0 ⎥⎥⎥⎥
⎥⎥⎥
⎥⎥⎥
0 2 0 0 1 ⎥⎥⎥⎥⎥
⎥⎥⎥
⎥⎥⎥.
0 0 2 0 0 ⎥⎥⎥⎥⎥
⎥⎥⎥
⎥⎥⎥
1 0 0 2 0 ⎥⎥⎥⎥⎥
⎥⎥⎦

(35)

0 0 1 0 0 2

5.2. Nonlinear FEM for Beam Elements. The two famous
beam theories are the Euler–Bernoulli and Timoshenko
beam theories. The Euler–Bernoulli beam theory assumes
that the cross section remains planar and normal to the
reference line after bending and its stiﬀness is higher than

(x2, y2, z2)
Y

.

(32)

the actual stiﬀness. Timoshenko’s beam theory overcomes
this problem by introducing shear deformation into the
model, which obtains accurate results for thick beam calculations. Because the soft actuators are slender, the shear
deformation is negligible. Therefore, nonlinear Euler–
Bernoulli beams with von Karman nonlinearity can be used
for modeling and analysis of the soft actuators.
In addition to the bending eﬀect, the ﬁnite element
formula should also include the torsion and tensile eﬀects to
reﬂect the large deformation eﬀect [27, 28]:
ε11 � e + zρ2 − yρ3 ,
⎪
⎧
⎪
⎪
⎪
⎪
⎪
⎪
⎪
⎪
⎪
ε12 � −zρ1 ,
⎪
⎪
⎪
⎪
⎪
⎪
⎪
⎪
⎪
ε13 � yρ1 ,
⎪
⎪
⎪
⎪
⎪
⎪
⎪
⎪
⎪
2
2
⎪
⎨
v′ 
w′ 
′+
e
�
u
+
,
⎪
2
2
⎪
⎪
⎪
⎪
⎪
⎪
⎪
⎪
⎪
ρ1 � φ′ ,
⎪
⎪
⎪
⎪
⎪
⎪
⎪
⎪
⎪
2
⎪
⎪
⎪ ρ2 � −w″ 1 − w′  ,
⎪
⎪
⎪
⎪
⎪
⎪
⎪
⎩ ρ � −v 1 −(v)2

,
3

(36)

where εij is the engineering strain tensor, e is the axial strain,
y and z are the coordinates on the cross section, and ρi is the
deformation curvature. u, v, and w are the displacements on
the cross section.
When a change of energy is applied, the product of the
stiﬀness matrix and the displacement vector is expressed as
follows:
[k]{h} �  [B]T [Ψ]T [Φ]ϕdx,
l

(37)
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where

F

z[N]
,
[B] �
zs
w′
1
v′
⎢
⎡
⎢
⎢
⎢
⎢
⎢
⎢
0
0
⎢
⎢0
⎢
[Ψ] � ⎢
⎢
⎢
⎢
⎢
0
0
2w′ w″
⎢
⎢
⎢
⎢
⎢
⎣
0 −2v′ v″
0

0

0

0

⎥⎥⎤⎥
⎥⎥⎥
⎥⎥⎥
1
0
0
⎥⎥⎥
2 ⎥
⎥,
′
0
0
−1 − w   ⎥⎥⎥⎥
⎥⎥⎦
2
0 1 − v′ 
0

δF2
δF1

EA 0
0
0
⎢
⎤⎥⎥⎥
⎡
⎢
⎢
⎥⎥⎥
⎢
⎢
⎢
0
GI
0
0
⎥⎥⎥
⎢
11
⎢
⎢
⎥⎥⎥,
⎢
[Φ] � ⎢
⎢
⎥
⎢
⎢ 0
⎢
0 EI22 0 ⎥⎥⎥⎥⎥
⎢
⎢
⎢
⎦
⎣
0
0
0 EI33
U

e⎫
⎪
⎧
⎪
⎪
⎪
⎪
⎪
⎪
⎪
⎪
⎪
⎪
⎪
⎪ ρ1 ⎪
⎬
⎨
ϕ � ⎪ ⎪.
⎪
⎪
⎪ ρ2 ⎪
⎪
⎪
⎪
⎪
⎪
⎪
⎪ ⎪
⎭
⎩
ρ3

δU1 δU2

Figure 11: Scheme of the Crisﬁeld method.

By applying Taylor expansion without higher order
terms, the tangential stiﬀness matrix is expressed as follows:

(38)

⌣

Assume that

[k] �  [B]T [Ψ]T [Φ]{Ψ} +[Γ][B]dx,
(i)
(i)
h  � h + Δh .

(40)

l

(39)
where

0
0
0
⎢
⎡
⎢
⎢
⎢
⎢
0 EAe − 2EI33 v″ ρ3
0
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
0
0
EAe + 2EI22 w″ ρ2
⎢
⎢
⎢
[Γ] � ⎢
⎢
⎢
⎢
⎢
0
0
0
⎢
⎢
⎢
⎢
⎢
⎢
⎢
0
0
⎢
⎢
⎣0
0

0

The mass matrix is the same as that of a linear beam
element.

0

0

0

0 −2EI33 v′ ρ3
0

0

0

0

0

0

0

0

0

⎤⎥⎥⎥
⎥⎥⎥
⎥⎥⎥
⎥
2EI33 w′ ρ2 ⎥⎥⎥⎥⎥
⎥⎥⎥⎥.
⎥⎥⎥
0
⎥⎥⎥
⎥⎥⎥
0
⎥⎥⎦
0

(41)

0

Assume that
⇀

{F} � λ F,
⇀

5.3. Nonlinear Convergence Algorithms. Although the
Newton–Raphson algorithm is used for nonlinear static
analysis, the tangent stiﬀness matrix becomes singular at
some points, which makes a global equilibrium solution
impossible. Riks proposed a process to track the intersection of the normal to the tangent line with the
equilibrium path to solve this problem [29], as shown in
Figure 11. The Crisﬁeld method uses arcs instead of vertical
lines to search for solutions. The increment of the load
factor becomes an unknown problem to be solved in the
iterative process.

(42)

where λ is the load parameter and F is the preselected load
vector.
The residual force vector of the i-th step is expressed as
follows:


i
i−1
⇀
⇀
zR 
i
i−1
RU , λ  � RU , λ  + ⇀ 
zU ⇀ i−1 i−1
(43)
U ,λ

i
⇀
zR 
· δU +
δλi ,

z{λ}U⇀i−1 ,λi−1 1
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⇀

where U is the displacement vector.


⇀ 
⇀
⇀ i

[k]U ⇀ i−1 i−1 − λi−1 F  +kT  ⇀ i−1 i−1 δU1
U ,λ
U ,λ
⇀

+ F δλi1

G � 4.10736,
(44)

� {0},

⇀ i

where δU1 is the ﬁrst increment of the load parameter in
the i-th step and δλi1 is the ﬁrst increment of the displacement vector in the i-th step.
⇀ i

⇀ i−1

U1 � U

⇀ i

(45)

+ δU1 ,

λi1 � λi−1 + δλi1 .

(46)

Substituting (45) and (46) into equation (44), we obtain


⇀ 
⇀
⇀ i
⇀

[k]U ⇀ i i − λi1 F  +kT  ⇀ i i δU2 + F δλi2 � {0}.
U1 ,λ1
U1 ,λ1
(47)
When the second step incremental search path is perpendicular to the normal of the ﬁrst step incremental path,
we obtain
⇀ i

⇀ i

⇀

⇀

δU1 · δU2 + F δλi1 · F δλi2 � {0}.

(48)

When solving nonlinear ﬁnite element equations by an
iterative method, choosing the appropriate convergence
criterion is necessary to ensure that the iteration can be
terminated. The convergence criterion will directly aﬀect
the speed and accuracy of the solution. If the convergence
criterion is not appropriately chosen, the calculation will
fail.
From equations (47) and (48), we obtain

⇀ i
δU2 � −kT 

δλi2 �

⇀ i

U

,λi
1 1


⇀ i
δU1 kT 

−1

⇀ 
 [k]U

⇀ i

U

,λi
1 1

⇀

⇀ i

U1 ,λi1

−1

⇀ 
 [k]U

⇀

− λi1 F  + F δλi2 ,
⇀

⇀ i

U1 ,λi1

− λi1 F 
.
−1


⇀i
⇀
⇀
⇀
F δλi1 F  − δU1 kT  ⇀ i i  F 
U1 ,λ1

(49)
The convergent load parameters and displacement
vectors are as follows:
λi � λi−1 + δλi1 + δλi2 + δλi3 + · · · ,
(50)
⇀ i
⇀ i−1
⇀ i
⇀ i
⇀ i
U � U + δU1 + δU2 + δU3 + · · · .

6. Experimental Analysis
6.1. Stress Calculation of the ILG. To verify the accuracy and
practicability of the induced stress expression of the ILG,
the deformation rate of each point in the uniaxial tensile
test is substituted into the stress expression to calculate the
stress.
For the Arruda–Boyce model, the parameters G and λm
are as follows:

λm � 4.62529.

(51)

A comparison of the uniaxial tensile stress calculation
data with the experimental data is given in Table 1.
Table 1, which presents comparisons of the tensile stress
calculation data with experimental data, shows that the
minimum relative error of the Arruda–Boyce model is 3.72
and the maximum relative error is 8.51. This result shows
that the calculation accuracy of the Arruda–Boyce model is
high and satisﬁes the requirement of material performance
analysis in soft robot design.
Figure 12 shows that the ﬁrst half of the stress-strain
curve calculated by the Arruda–Boyce model almost coincides with the experimental curve, while for the second
half, the relative error between the calculated and experimental stress-strain curves becomes increasingly larger but
remains small. The above analyses indicate that the calculation formula of the ILG stress is feasible and reliable.
6.2. Experiment on the Soft Actuator. The square wave of
the input signal has a magnitude of 4 V, a period of 30 s, and
a duty cycle of 50%. The actuator size is 30 mm × 5 mm
× 0.5 mm, the free segment length is 25 mm, and the average
thickness of the ILG layer is approximately 0.4 mm.
The interval of the displacement reading is 3 s. Figure 13
shows that the maximum amplitude of the positive axis of
the actuator is 4.8 mm, and the maximum amplitude of the
negative axis is 5 mm. The positive and negative displacements of the actuator are basically symmetrical and stable,
and the attenuation of the long-term working drive performance is very small.
In Figure 14, the simulation results are analyzed: when
the input voltage is 3.0 V, the maximum displacement of the
soft actuator is 3.7 mm; when the input voltage is 3.5 V, the
maximum displacement is 4.3 mm; and when the input
voltage is 4.0 V, the maximum displacement is 5.0 mm. The
displacement calculation results for the diﬀerent input
voltages are shown in Table 2.
According to Figure 15, the simulation value curve is
almost consistent with the experimental value curve, and the
change trends of the displacement curves from the simulation and experiment are almost identical. The relative error
between the calculated and experimental displacement
curves is small. Therefore, the calculation formula of the soft
actuator is feasible and credible.
6.3. Working Performance Test of the Soft Actuator. The longterm stable working performance is an important factor in
ionic EAP soft actuators. Since the traditional IPMC actuator contains a water-based electrolyte, maintaining a stable
driving performance after operation in air for dozens of
seconds is diﬃcult due to the evaporation of water and
electrolysis [30]. The ILG soft robot does not contain a
water-based electrolyte, which avoids the problem of water
molecule loss, and can work stably in air for a long time.
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Table 1: Comparison of the tensile stress calculation data with experimental data obtained in the uniaxial tensile test.

Measurement data
Force (mN)
Deformation (mm)
4.97
2.0
8.21
3.5
14.88
7.0
20.52
10.5
25.35
14.0
29.47
17.5
33.06
21.0
36.22
24.5
38.94
28.0
41.48
31.5
43.58
35.0
45.50
38.5
47.13
42.0
48.67
45.5
49.98
49.0
51.03
52.5
51.95
56.0
52.75
59.5
53.40
63.0
53.90
66.5
54.32
70.0
54.65
73.5
54.78
77.0
54.86
80.5
54.94
84.0
54.84
87.5
54.72
91.0
54.47
94.5
54.01
98.0
53.61
101.5
53.23
105.0
52.48
108.5
51.83
112.0
51.02
115.5
50.29
119.0
49.21
122.5

Experimental results
Strain (%)
Stress (kPa)
5.7
0.50
10
0.86
20
1.70
30
2.54
40
3.38
50
4.21
60
5.04
70
5.86
80
6.68
90
7.50
100
8.30
110
9.10
120
9.88
130
10.65
140
11.41
150
12.15
160
12.86
170
13.56
180
14.24
190
14.89
200
15.52
210
16.12
220
16.70
230
17.25
240
17.78
250
18.28
260
18.74
270
19.18
280
19.57
290
19.93
300
20.24
310
20.50
320
20.73
330
20.91
340
21.04
350
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Figure 12: Comparison of the tensile stress calculation data with experimental data obtained in the uniaxial tensile test.
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Figure 13: Soft actuator motion screenshots when the input voltage is 4 V.
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Figure 14: (a–c) Displacement calculation results for the input voltages of 3 V, 3.5 V, and 4 V, respectively.
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Table 2: Displacement calculation results for the diﬀerent input voltages.

Force (V)
Deformation (mm)

3.0
3.7

3.5
4.3

4.0
5.0

5.1
4.9

Displacement (mm)

4.7
4.5
4.3
4.1
3.9
3.7
3.5
2.9

3.1

3.3

3.5
Voltage (V)

3.7

3.9

4.1

Experiment
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Figure 15: Comparison of the displacement calculation data with experimental data.
0.5
0.4
0.3

Current (A)

0.2
0.1
0
–0.2
–0.3
–0.4
–0.5

0

200

400

600

1000
800
Time (s)

1200

1400

1600

1800

Figure 16: Current response curve of the soft actuator.

The current response stability of the soft actuator is
tested by applying a square wave signal with a magnitude of
4 V, a period of 30 s, and a duty cycle of 50%, and the current
response curve is shown in Figure 16. The experimental
results show that the current peaks remain unchanged over
30 minutes, and the current response of the ILG actuator is
stable. Therefore, the internal electrolyte is not substantially
decomposed.
From the above experiments, the ILG actuator can
maintain stable current response and bending displacement

in air. These results show that the ILG actuator can eﬀectively avoid the defects of traditional EAP actuators and has
excellent driving performance.
6.4. Experiment of the Soft Robot Grabbing an Object.
First, an input voltage of 3.5 V is applied across the electrodes, and the soft robot gradually opens outward. Next, the
operating platform is moved close to the target object. Finally, by changing the direction of the supply voltage, the
soft robot reversely bends to clamp the object.
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Table 3: Parameters of the soft manipulator.
Number Total length (mm) Mass (g) Free segment length (mm) Width (mm) Total thickness (mm) ILG layer thickness (mm)
1
35
0.068
30
5
0.5
0.4
2
35
0.070
30
5
0.5
0.4
3
35
0.073
30
5
0.5
0.4

(a)

(b)

(c)

(d)

Figure 17: Screenshots of the soft robot grabbing an object. (a) Natural stretching. (b) Bending inward. (c) Bending outward. (d) Grabbing
an object.

The parameters of the soft robot are shown in Table 3.
The values 1∼3 in the ﬁrst column are the ILG actuator
number, corresponding the three sets of execution components on the manipulator, with a total mass of 211 mg.
A set of screenshots of the soft robot manipulator’s
experimental process is shown in Figure 17. The process of
the soft robot grabbing an object is shown in Figure 3. From
Figures 17(a) and 17(b), when no object is grabbed, the
deformation of the soft actuator is larger, and the deformation is similar to that in Figure 13. In this case, the
mass of the object clamped by the soft robot at an input
voltage of 3.5 V is approximately 105 mg. The experiments
verify the eﬀectiveness of ILG soft robots.
Compared with the soft robot designed by Saito et al., which
has a load capacity of approximately 3 mg, the ILG soft robot
designed in this paper has a greatly increased load capacity.
Since the soft robot consists of three actuators, this ILG soft
robot has better adaptability for grabbing complex shape objects
than Saito’s soft robot, which consists of two actuators [31].
In addition, the service life is an important performance
indicator for EAP robots. The ILG material avoids the defects of IPMCs, and the soft robot proposed in this paper can
theoretically work in air for a long time.

7. Conclusions
A soft robot is a new ﬂexible structure, and the materials
and mechanism design methods of a soft robot are quite
diﬀerent from those of traditional robots. To avoid the
shortcomings of traditional rigid manipulators, such as
large energy consumption and complex mechanisms, a soft
robot based on a new ILG material is proposed in this
paper.
A high-performance ILG actuator based on the principle
of light curing was developed, and a modular design method
based on motion and constraints was discussed. An ion
transport model of porous media based on the Nernst–
Planck equation was established, and the deformation
mechanism of the ILG actuator was deeply analyzed in
combination with the theory of cantilever beam deformation. Based on nonlinear ﬁnite element theory, the
deformation of the soft robot when grabbing an object was
analyzed. A three-ﬁnger type soft robot was designed, and
the maximum displacement was 5 mm at a 4 V square wave
voltage. The soft robot can grab a 105 mg object under a
3.5 V voltage. The results prove that the ILG bionic soft robot
has good development prospects.
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Although L-Asparaginase (L-ASP) is an eﬀective chemotherapeutic agent, it has side eﬀects such as fever, skin rashes, chills,
anaphylaxis, and severe allergic reactions. Moreover, the short half-life of L-ASP reduces its antitumor activity. To reduce its side
eﬀects and broaden its pharmaceutical applications, L-ASP obtained from Pectobacterium carotovorum was subjected to liposomal
conjugation. The enzyme was then loaded into liposomes using the hydrated thin-ﬁlm method. The in vitro cytotoxic activity of
liposomal L-ASP was evaluated with the MTT assay using cancerous cell lines, and its antitumor eﬀects were examined in Lewis
lung carcinoma (LLC) tumorized mice. The average size of the liposomes containing puriﬁed L-asparagine was 93.03 ± 0.49 nm.
They had a zeta potential of –15.45 ± 6.72 mV, polydispersity index of 0.22 ± 0.02, and encapsulation eﬃciency of 53.99 ± 5.44%.
The in vitro cytotoxic activity of liposomal L-ASP was less eﬀective against LLC, MCF-7 (human breast carcinoma), HepG2
(human hepatocellular carcinoma), SK-LU-1 (human lung carcinoma), and NTERA-2 (pluripotent human embryonic carcinoma) cells than that of free L-ASP. However, the antitumor activity of liposomal L-ASP was signiﬁcantly greater than that of
untrapped L-ASP at the same doses (6 UI/mouse) in terms of tumor size (6309.11 ± 414.06 mm3) and life span (35.00 ± 1.12 days).
This is the ﬁrst time the antitumor activities of PEGylated nanoliposomal L-ASP have been assessed in LLC carcinoma tumorinduced BALB/c mice and showed signiﬁcantly improved pharmacological properties compared to those of free L-ASP (P < 0.05).
Thus, nanoliposomal L-ASP should be considered for its widening applications against carcinoma tumors.

1. Introduction
L-Asparaginase (L-ASP) hydrolyzes L-asparagine into Laspartate and ammonia and is used to treat acute lymphoblastic leukemia (ALL) and non-Hodgkin lymphoma
[1]. Although the enzyme has been a mainstay in the
treatment of ALL [2–4], it can induce fever, skin rashes,
chills, anaphylaxis, and severe allergic reactions [5, 6].
Continued treatment leads to frequent hypersensitivity reactions in the enzyme as a foreign protein [7, 8]. To minimize the incidence of systemic immunological reactions
and other limitations of L-ASP, liposomal encapsulation of

the enzyme using diﬀerent techniques has been adopted. The
main components of liposomes are phospholipids, which are
similar to cell membranes [9]. The phospholipids form a
bilayer membrane, which allows drugs with diﬀerent
physicochemical properties to be loaded into the liposome
or conjugated into the biolayers and then delivered to a
lesion [10]. When liposomes are loaded with enzymes, they
can be targeted to organs such as the spleen, liver, and bone
marrow [11], prolonging the circulation time without
inhibiting enzymatic activities [12]. L-ASP was clariﬁed for
its antitumor activities in breast tumor bearing mice by
Shiromizu et al. [13]. However, liposomal L-ASP has been
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only reported for its improvement in vivo anticancer activities
in lymphomatic mice [11]. Therefore, we developed PEGylated nanoliposomal L-ASP and ﬁrst time evaluated its antitumor eﬃcacy in Lewis lung carcinoma (LLC) tumorized
BALB/c mice for broadening its pharmaceutical applications.

2. Materials and Methods
2.1. Materials. The bacterial strain Pectobacterium carotovorum was provided by Prof. Gilles Truan (Axe Biocatalyse/Ingénieries Métabolique et Moléculaire, LISBP,
INSA, Toulouse, France). The strain was used for the production of L-ASP enzyme. 1,2-Distearoyl-sn-glycero-3phosphoethanolamine-N-[amino(polyethylene glycol)-2000]
(DSPE-PEG-2000) was purchased from Avanti polar lipids
Inc. (Alabaster, Alabama, USA). Cholesterol, soybean lecithin, fetal bovine serum (FBS), and gentamicin was obtained
from Sigma Chemical Co. (St. Louis, MO., USA). Dulbecco’s
modiﬁed Eagle’s medium and nonessential amino acid
(NAA) and L-glutamine was purchased from Invitrogen
(Carlsbad, CA, USA).
2.2. Animals. Male and female albino BALB/c mice (8–
10 weeks old) were obtained from the Institute of Biotechnology, Vietnam Academy of Science and Technology
(VAST, Hanoi, Vietnam). All mice were housed in a
temperature-controlled room on a 12-hour light/12-hour
dark cycle with food and water ad libitum. Experiments were
performed in accordance with Vietnamese Ethical Laws and
European Communities Council Directives of November 24,
1986 (86/609/EEC) guidelines for the care and use of laboratory animals.
2.3. Isolation, Extraction, and Puriﬁcation of L-Asparaginase.
The bacterium was cultivated in the optimal medium to
produce L-asparaginase as reported by Gulati et al. [14]. In
details, the inoculum was prepared by adding a loop full of
250 ml cultivated medium in a 1 L ﬂask and incubated at
30°C, 180 rpm in a shaking incubator for 12 h (to reach the
culture OD at 600 nm � 0.6 to 0.8). The continued 2% of the
inoculum was continuously incubated in a shaking incubator at 30°C, 180 rpm for additional 24 h. Cells were
harvested by centrifugation at 10,000 g for 10 min at 4°C.
Cells were washed with 50 mM Tris-HCl buﬀer (pH 8, 6) and
resuspended in the same buﬀer. The cells were cooled on ice
and ultrasonicated at 20 MHz, 35% amplitude, 20 min. The
lysate was centrifuged at 20,000 g for 10 min at 4°C. The clear
supernatant was loaded on DEAE cellulose and Sephadex
G-100 chromatography for puriﬁcation. The obtained eluted
fractions were protein-quantitated using Pierce BCA Protein
Assay Kit (Thermo Scientiﬁc) and qualiﬁed using SDSPAGE [15].
2.4. Determination of L-Asparaginase Activity. L-ASP activity was measured by the modiﬁed method of Wriston [16]
in which the rate of ammonia formation will be detected by
Nessler’ reagent at 37°C. One unit of L-ASP activity was
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deﬁned that liberates the amount of enzyme that released
1 µM of ammonia (with 10 µM–10 mM ammonium sulfate
as the standard) per minute under the assay conditions.
2.5. Procedure for the Preparation of L-ASP Nanoliposomes.
L-ASP was entrapped into liposomes by thin ﬁlm
dehydration-rehydration method, as Cruz et al. [17] with
slight modiﬁcation. Brieﬂy, soybean lecithin (40 µmol),
cholesterol (4 µmol), and DSPE-PEG-2000 (8 µmol) were
dissolved in chloroform : methanol (9 : 1 v/v) and stirred
mechanically to form homogeneous mixture in round
bottom ﬂask. The solvent was removed using a rotary
evaporator under an aspirate vacuum (25 mmHg) and a
water bath with the temperature maintained at 25°C. The
thin ﬁlm which formed on the walls of the ﬂask was dispersed in 2 ml of 5 mM potassium phosphate buﬀer (pH 7.5)
containing L-ASP (150 I.U.) and rotated without vacuum at
100 rpm, 25°C. Then, the multilamellar vesicles were sonicated three times at 30 seconds intervals for resizing before
ﬁltered through 0.22 µm membrane to receive the L-ASP
liposomal mixture. Finally, the liposomal mixture was
washed twice with normal saline.
The particle size, zeta potentials, and size distribution of
liposomes were determined using a Zetasizer Nano-Z
(Malvern Instruments, UK). The conjugates were also observed by high-solution transmission electronic microscopy
(TEM) (Jeol 1200EX TEM, Jeol Company, Tokyo, Japan).
The liposomal samples were mounted on metal stands and
coated with gold to thickness of 200–500 A°. Then, the plates
were magniﬁed 200x to capture the morphology of the
prepared liposomes.
2.6. Determination of Encapsulation Eﬃciency (EE). After
preparation, liposomal solution was loaded to Vivaspin
column and centrifuged at 3000 RCF for 20 min, 25°C to
remove the free L-ASP. The liposome pellet was lysed with
10% Triton X-100 to disrupt the liposomal bilayer and to
release L-ASP. The Bradford assay was used to determine the
amount of released L-ASP. Encapsulation eﬃciency of
L-ASP into liposomes is determined as the following formula [18]:
C
EE% � f × 100,
(1)
Ci
where Cf is the encapsulated amount of L-ASP into liposomes measured after lysing with 10% Triton-X 100 and Ci is
the L-ASP amount added to the lipid mixture.
2.7. Antiproliferative Activities of L-ASP Encapsulated
Nanoliposomes. The antiproliferative assays were carried
out in triplicate in 96-well microtiter plates against
LLC (Lewis lung carcinoma), MCF-7 (human breast carcinoma), HepG2 (human hepatocellular carcinoma), SKLU-1 (human lung carcinoma), and NTERA-2 (pluripotent
human embryonic carcinoma) cells. Those cells were
maintained in Dulbecco’s modiﬁed Eagle’s medium supplemented with 10% FBS (Sigma-Aldrich, St. Louis, MO),
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1% antibiotic-antimycotic (Thermo Fisher), 1% nonessential
amino acid, and 2 mM of L-glutamine. For MCF-7, insulin
was added to the growth medium at 10 µg/ml concentration.
All cells were incubated in a humidiﬁer with 5% CO2 at 37°C
and subcultured every 2-3 days. The cancer cells were seeded
into a 96-well plate at a density of 1 × 104 cells/well. Then
nanoliposomal conjugates were added to reach the ﬁnal
concentration ranging from 0.01–2.5 UI/mL and incubated
for further 72 h. To assess eﬀect of liposomes on cell viability,
the MTT assay was performed as previously described [19].
2.8. Antitumor Eﬃciency of L-ASP Encapsulated Liposomes.
The experiment was carried out using BALB/c mice at
20–25 gr weight. Mice were inoculated by subcutaneously
injection with 1 × 106 LLC cells to induce tumor. On the
day 7th of LLC cell injection, mice were randomly divided
into 4 groups (6 mice per group) including a control group,
two treated groups of liposomal L-ASP (6 UI/mouse and
3 UI/mouse), and the free L-ASP treated group (6 UI/
mouse). The drugs were administrated intravenously every 2 days. Growth of tumor was determined by caliper
measurements in two dimensions, length (L) and width (W),
every 7 days. The tumor volume (V) was calculated using the
formula V � 1/2 × L × W2 [20].
The survival time of mice in all experimental groups were
recorded. It was calculated from the day of LLC cell inoculation to the day of death, and percentage increase in
average life span (ILS) was calculated by the formula %
ILS � (A/B − 1) × 100 in which A means survival time of
treated, B is mean survival time of control group, and ILS is
increase in average life span group.
2.9. Statistical Analysis. Statistical analyses and signiﬁcance,
as measured by two-way analysis of variance (ANOVA),
were performed using GraphPad PRISM 5.0 software
(GraphPad Software, USA). In all comparisons, P < 0.05 was
considered statistically signiﬁcance.

3. Results and Discussion
3.1. Isolation, Puriﬁcation, and Determination of L-ASP
Activity. First, L-ASP crude extract was puriﬁed in three
steps with a ﬁnal yield of 23.5% and a puriﬁcation fold of 9.38
(Table 1). The estimated molecular weight of the obtained
enzyme was 36 kDa (Figure 1). This puriﬁed enzyme was
used for further liposomal conjugation.
3.2. Physicochemical Characteristics of Liposomal L-ASP.
Generally, the components of a bilayer have strong eﬀects on
the rigidity, ﬂuidity, and toxicity of the phospholipid bilayer
[21]. Nontoxic phospholipids are usually selected to reduce
toxicity and to strengthen drug-liposomal conjugates, including natural and synthetic phospholipids such as soybean
lecithin and DSPE-PEG-2000 [10]. Soybean lecithin is a
natural phospholipid that is often used for large-scale industrial applications to reduce production costs [22]. DSPEPEG-2000 is reported elsewhere as important breakthrough
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in the liposomal development pertaining stealth behavior
[23]. Cholesterol is often used in liposomal formulation
because it facilitates complex interactions with phospholipids and other lipids in cellular membranes [24]. Therefore,
we used soybean lecithin, DSPE-PEG-2000, and cholesterol
to make liposomal L-ASP, encapsulating the puriﬁed L-ASP
using the rehydrated thin ﬁlm method. The resulting liposomes were 93.03 ± 0.49 nm in size with a polydispersity
index of 0.22 ± 0.02, indicating that the size distribution was
quite homogeneous. The zeta potential is a measure of the
magnitude of electrostatic or charge repulsion between
particles, which aﬀects liposome stability [25–27]. The
liposomes harboring L-ASP had a zeta potential of
−15.45 ± 6.72 mV, the opposite of liposomes reported by
Bahreini et al. that were made from chitosan and tripolyphosphate using ionotropic gelation [28]. The entrapment
eﬃciency was determined as the ratio of encapsulated L-ASP
to the amount used to prepare the liposomes. The encapsulation eﬃciency was 53.99%, demonstrating that L-ASP
was eﬀectively loaded into the liposomes (Table 2).
3.3. High-Resolution Transmission Electron Microscopic
Analysis. High-resolution transmission electron microscope (TEM) was used to evaluate the size, shape, and
morphology of the L-ASP liposomes [26]. On TEM, the LASP liposomal particles were spherical and evenly dispersed
(Figure 2). The obtained liposomes were nanometers in size
(Figure 2).
3.4. Cytotoxicity Activities. The eﬀects of free and liposomal
L-ASP on the survival of LLC (Lewis lung carcinoma), MCF7 (human breast carcinoma), HepG2 (human hepatocellular
carcinoma), SK-LU-1 (human lung carcinoma), and
NTERA-2 (pluripotent human embryonic carcinoma) cell
lines were evaluated using the MTT assay. The cytotoxic
activity of the liposomal L-ASP was dependent on the cancer
cell line and concentrations tested (Table 3 and Figure 3).
SK-LU-1 cells were the most sensitive to liposomal L-ASP
and to the unloaded enzyme. The conjugates had similar
activity on SK-LU-1 and LLC cells, with IC50 values of
0.21 ± 0.03 and 0.23 ± 0.02 UI/mL, respectively. MCF-7 cells
were the least sensitive to both free and liposomal L-ASP. A
decrease in the L-ASP concentration led to reduced cell
death in all cell lines tested. Generally, malignant cells have a
high division rate and need more nutrients than normal
cells. Asparagine is important in cell growth and function, as
it coordinates protein and nucleotide synthesis [29]. L-ASP
induces cytotoxicity by breaking asparagine into L-aspartate
and ammonia. According to Moharib, the cytotoxic activity
of L-ASP is closely related to asparagine, and the asparagine
level diﬀered among various cell lines [30]. Therefore, L-ASP
induced cancer cell death to varying degrees. However, the
cytotoxic activity of the liposomal L-ASP was 3.00–5.68
times lower than that of free L-ASP after 72 h of treatment.
In general, and with L-ASP, liposomal formulations are
signiﬁcantly less toxic than the unconjugated forms because
of slow uptake. In our study, the L-ASP liposomes were less
active against all cancer cells, in agreement with other studies
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Table 1: Puriﬁcation proﬁle of isolated L-ASP.

Steps
Crude extract
Ammonium sulfate precipitation
Sephadex G-100 chromatography

Total activity (IU)
5972
2204
1403
1

Total protein (mg)
276.5
65.4
6.9
2

M

Speciﬁc activity (IU/mg)
21.6
33.7
202.6

Puriﬁcation fold
0
1.56
9.38

Yield (%)
100
36.9
23.5

KDa
116

66.2

45
35

25

18.4
14.4

Figure 1: Molecular weight analysis of puriﬁed L-ASP obtained from P. carotovorum using SDS-PAGE on 12.5% gel of stained with
coomassie blue; M-Fermentas ladder; 1-crude extract of L-ASP; 2-puriﬁed L-ASP.

Table 2: Determined physiochemical characteristics of liposomes loaded L-ASP.
Samples
Blank liposome∗
L-ASP-liposome
∗

Size (nm)
97.53 ± 22.17
93.03 ± 0.49

PDI
0.24 ± 0.02
0.22 ± 0.02

Zeta potential (mV)
−22.80 ± 0.00
−15.45 ± 6.72

EE (%)
—
53.99 ± 5.44

Blank liposome containing soy lecithin, cholesterol, and DSPE-PEG2000.

(a)

(b)

Figure 2: The TEM images of nanoliposomes (Jeol 1200EX TEM system, Japan) (a) DSPE-PEG2000-soy lecithin-cholesterol-loaded L-ASP
nanoliposomes; (b) blank liposomal nanospheres.
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Table 3: Cytotoxic activities of L-ASP-encapsulated liposomes and free L-ASP on diﬀerent cell lines.
Samples

HepG2
0.28 ± 0.01
0.044 ± 0.004

Values of IC50 (UI/ml)
SK-LU-1
0.21 ± 0.03
0.037 ± 0.001

150

150

100

100
% cell inhibition

% cell inhibition

Loaded L-ASP liposomes
Free L-ASP

LLC
0.23 ± 0.02
0.079 ± 0.001

50

0

MCF-7
0.36 ± 0.05
0.12 ± 0.01

NTERA-2
0.23 ± 0.02
0.038 ± 0.003

50

0
0.02

0.1
0.5
Concentration (UI/mL)

2.5

Cytotoxic effect of L-asparaginase
SK-LU-1
LLC
HepG2

MCF-7
NTERA-2
(a)

0.01

0.05
0.25
Concentration (UI/mL)

0.5

Cytotoxic effect of L-asparaginase liposome
SK-LU-1
LLC
HepG2

MCF-7
NTERA-2
(b)

Figure 3: Eﬀectiveness of free L-ASP (a) and L-ASP-encapsulated liposomes (b) on diﬀerent cell lines. Cultured cells (1 × 104 cells/well) were
treated with diﬀerent concentrations of either liposomal (a) or free L-ASP (b). Normal saline was served as the negative control. Each value
represents the mean ± SD.

[17]. The reduction in L-ASP cytotoxicity with liposomal
encapsulation might be due to the slower release rate and
slower substrate depletion, allowing cells to adapt and
synthesize asparagine themselves.
3.5. In Vivo Antitumor Activity of Liposomal L-ASP. The
antitumor activity of liposome-L-ASP was examined in
BALB/c mice harboring tumors induced by LLC cells
(Figure 4). Groups of mice were treated with two doses of
liposomal L-ASP (6 or 3 UI/mouse) or free L-ASP (6 UI/
mouse) intravenously. The tumor volumes of the mice were
analyzed at diﬀerent time points. Dose-dependent antitumor
activity of liposomal L-ASP was observed. Twenty-eight days
after LLC inoculation, the tumors of the group treated with
6 UI liposomal L-ASP measured 6309.11 ± 414.06 mm3,
which was signiﬁcantly smaller than in the negative control
(9,319.35 ± 469.58 mm3, P < 0.01). Liposomal L-ASP suppressed tumor growth more strongly and signiﬁcantly at a
dose of 6 UI than at a dose of 3 UI
(7,885.80 ± 824.36 mm3) (P < 0.05). The tumors in the group
treated with free L-ASP (7,544.94 ± 284.05 mm3) were larger

than those in the group treated with liposomal L-ASP at the
same dose (6 UI/mouse), and this diﬀerence was signiﬁcant
(P < 0.05) (Figure 4). The mice treated with 6 UI/mouse
untrapped L-ASP showed smaller volumes of tumors in
comparison with the 3 UI/mouse liposomal treated group
but no signiﬁcance was observed (P > 0.05). The mean body
weight of the mice in the liposomal L-ASP groups was
similar to that of the negative controls at the end of the
experiment, indicating that the encapsulation did not induce
toxicity (data not shown).
Furthermore, the administration of liposomal L-ASP
prolonged the lives of the mice (Table 4). The median
survival of mice treated with 6 UI liposomal L-ASP was
35.00 ± 1.13 days, which was 12.30% longer than that of
control mice (P < 0.05). The life span also increased slightly
in the free L-ASP group, but not signiﬁcantly.
Since the early 1970s, L-ASP has been used to treat ALL.
Currently, L-ASP is also used to treat ovarian cancer, hepatocellular carcinoma, and gastric carcinoma [31]. However, L-ASP can induce fever, thrombosis, and impaired
liver, kidney, and central nervous system function, which
may be related to the glutaminase activity of L-ASP [32].
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10000

Tumor volume (mm3)

8000
∗
∗∗

6000

4000
∗
2000

0
7

14

21

28

Time (days)
Liposomal L-ASP 3 UI/mouse
L-ASP 6 UI/mouse
Liposomal L-ASP 6 UI/mouse
Control

Figure 4: Tumor growth after treatment with free L-ASP or liposomal L-ASP. BALB/c mice harboring tumors induced by LLC cells
were treated with either free L-ASP (6 UI/mouse) or encapsulated LASP liposomes at either 6 UI/mouse or 3 UI/mouse (n � 6). Liposome-entrapped L-ASP at both doses 6 UI/mouse and 3 UI/mouse
signiﬁcantly inhibited tumor growth after 28 days compared with the
negative control (blank liposome) (∗∗ P < 0.01 and ∗ P < 0.05, respectively). Error bars represent standard error (SE).

Table 4: Eﬀects of liposome-L-ASP and free L-ASP on survival
time of LLC cells bearing mice from diﬀerent experimented groups
(mean ± SE) (n � 6).
Groups
Control group (blank
lipsosome)
Liposomal-L-ASP (3 UI/mouse)
Liposomal-L-ASP (6 UI/mouse)
Free L-ASP (6 UI/mouse)
∗

Mean survival time
(days)

% ILS

31.17 ± 1.28

—

33.33 ± 0.92
35.00 ± 1.13∗
32.17 ± 0.79

6.95
12.30
3.21

P < 0.05 in comparison with the control group (blank liposome).

According to Kumar et al. [15], L-ASP from Pectobacterium
carotovorum is free of glutaminase activity, which might avoid
the disadvantages of L-ASP isolated from bacteria such as
Escherichia coli and Erwinia chrysanthemi. In our study, both
free and liposomal L-ASP isolated from P. carotovorum
showed strong activity against various solid cancer cell lines,
including lung, liver, and breast carcinomas and pluripotent
human embryonic carcinoma cells. Shiromizu et al. reported
similar activity of L-ASP in colon cancer (C-26), a murine
sarcoma cell line (S-180), and murine breast cancer (4T1) [13].
Other limitations of L-ASP treatment include its short
biological half-life (T50 � 2.88 h), which necessitates increasing the dosage and intervals of L-ASP treatment [33].
Liposomes are considered an eﬀective solution to these
obstacles. Since their discovery in the 1960s, liposomes have

been used as drug carriers to enhance the potency and to
reduce the toxicity of therapeutic agents. Liposomes also
improve the delivery of therapeutic agents to speciﬁc sites in
the body [18, 34]. As reported elsewhere, solid tumors show
enhanced permeability by and retention of lipids and
macromolecules [35, 36]. Some eﬀects in some solid tumors
are not observed in normal tissues or organs, such as extensive angiogenesis and impaired lymphatic drainage/
recovery [37]. These eﬀects lead to higher delivery of a
liposome-encapsulated drug to tumors compared with other
sites. However, the size of liposomes aﬀects the circulation of
drug-loaded liposomes, especially liposomal L-ASP. Larger
liposomes are easily opsonized and then rapidly removed
from the blood by the mononuclear phagocytic system [38],
whereas small liposomes (range 50–200 nm) increase the
circulation time of loaded molecules, such as enzymes [39].
With the thin ﬁlm method, simpliﬁed dehydrationrehydration vesicles produce large liposomes. However,
our use of bath sonication produced liposomes smaller than
200 nm. This suitable average size helps to prolong the retention time of circulating liposomal L-ASP in vivo and its
accumulation in tumors.
Additionally, the PEGylation of the liposomes helped
them to avoid recognition by the mononuclear phagocytic
system. Other outstanding features of PEG-coated liposomes include avoiding aggregation between liposomal
particles and reduced clearance and immunogenicity [40].
These result in higher antitumor eﬃcacy of liposomal L-ASP
in vivo. However, the drug release rates of PEGylated formulations were lower than those with no PEGylation
[41, 42], which may be an additional explanation for the
lower in vitro cytotoxic activity of liposomal L-ASP.

4. Conclusion
Using the dehydrate-rehydrate thin ﬁlm method, L-ASP was
eﬀectively encapsulated into liposome carriers at an eﬃciency of 53.99 ± 5.44%. PEGylated nanoliposomal L-ASP
ﬁrst showed signiﬁcantly improved antitumor activities
compared to those of free L-ASP (P < 0.05) in LLC induced
BALB/c mice but showed lower activity in an in vitro assay.
Our PEGylated nanoliposomal L-ASP exhibited improved
pharmacological properties and bioavailability and should
be considered for further clinical applications against carcinoma tumors.
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This study is devoted to synthesis of nanosized zincated hydroxyapatite (Zn-HA) and its utilization as a heterogeneous photoFenton-like catalyst for degradation of methylene blue (MB) in aqueous solution. The prepared catalyst was characterized by
various techniques such as X-ray diﬀraction, scanning electron microscopy, transmission electron microscopy, energy-dispersive
X-ray, and Fourier transform infrared spectroscopy. The catalytic activity of Zn-HA towards MB and the eﬀects of various
experimental factors such as pH, zinc substitution degrees, initial MB concentration, and H2O2 dosage were studied in detail. The
results showed that the zinc substitution degree of 0.4 is optimal to get the highest degradation eﬃciency under conditions of
pH � 10, H2O2 dosage of 0.05 M, and MB concentration of 30 mg/L for a contact time of 120 min. The degradation mechanism was
proposed and discussed thoroughly. Besides, the ability of long-term use for the synthesized catalyst was also evaluated.

1. Introduction
The rapid industrialization with developing various kinds of
chemical-based industries leads to several major environmental issues caused by a huge amount of toxic substances
discharged into ecosystems. In this context, persistent organic
pollutants as dyes must be taken into account due to their
high toxicity and nonbiodegradability under normal conditions [1–4]. Recently, an examination conducted in Singapore
in 2017 reported that essential everyday foods such as vegetables, canned meat, fruits, and cheese in local supermarkets
contained at least one type of azo dyes which might cause
several health problems as lethal, genotoxic, mutagenic, and
carcinogenic eﬀects [5]. Thus, removal of toxic dyes from
contaminated sources is extremely important and attracts a
great attention from the global scientiﬁc community.
Up to now, there have been several methods used for
removal of organic pollutants such as ﬂocculation, ion-

exchange, reverse osmosis, adsorption, etc. [6–8]. A major
drawback of these methods is related to the secondary
polluted compounds that can be generated since the separated pollutants are not destroyed after detoxiﬁcation [9, 10].
To overcome this barrier, heterogeneous Fentonphotocatalysis has been utilized to remove organic pollutants by degrading them into eco-friendly biodegradable
substances [11, 12]. In this photocatalysis, properties of
photocatalysts play a leading role in ensuring success of a
treatment process. In this regard, many kinds of Fentonphotocatalysts have been developed. Among them, heterogeneous photocatalysts containing transition metals such as
Fe, Cu, Zn, Mn, Co, Mn, and Ti are widely used due to their
high photocatalytic activity and low cost [11, 13]. However,
these materials exhibit a good performance mostly in UV
region, but not under a wide spectrum of visible light due
to the limits of their band gaps [14–16]. Moreover, most
of the methods used to modify band gaps for improving

2
photocatalytic activity of catalysts are quite expensive and
complicated [17–20].
Recently, several studies have been made on using
hydroxyapatite (Ca10(PO4)6(OH)2-HA), a main mineral
constituent of mammalian hard tissues, as a supporting
material for improving photocatalytic activity of catalysts
because of its biocompatibility and excellent adsorption
capacity and photocatalytic activity for removal of both
organic compounds and toxic heavy metals [21–24]. With
regards to photocatalytic activity, Valizadeh et al. have
successfully synthesized magnetite-hydroxyapatite for
photocatalytic degradation of acid blue 25 [24]. Besides,
another research group [25] used waste mussel shells to
develop HA as a greener and renewable photocatalyst for
the degradation of methylene blue (MB) [25]. Although
the photocatalytic capacity of HA is not higher than those
of metal-oxide photocatalysts, cost beneﬁts, ecofriendliness, simple preparation, and reusability are
huge advantages of this material. Especially, the structure
of HA can be modiﬁed because its cations Ca2+ and
functional groups of PO4 3− and OH− are easily replaced by
other ions, and therefore, its photocatalytic potential can
be intervened. For example, Fe3O4-hydroxyapatite
modiﬁed by Mn, Fe, Co, Ni, Cu, and Zn as reported in [26]
exhibited very high photocatalytic capability towards dyes
in water under UV irradiation. However, there have been
several drawbacks that are needed to overcome. Firstly,
the Fe3O4 and hydroxyapatite components were physically linked to each other, leading to the low stability of
material structure during a long-term treatment process.
Secondly, the used metals were distributed mainly inside
Fe3O4-hydroxyapatite structure, but not on its surface due
to the substitution of Ca2+ by metals ions took place
mainly at lattice points [26, 27]. As a result, Fe3O4-hydroxyapatite could not be able to exhibit its full photocatalytic potential.
Based on the above arguments, this study is devoted to
using chemical precipitation method to develop a singlephase Zn-HA as a heterogenous photo-Fenton-like catalyst for MB degradation. For this material, Zn is integrated into HA via anion substitution of PO4 3− by
Zn(OH)4 2− . Crystalline structure, morphology, features of
functional groups, and element analysis of Zn-HA were
carefully characterized using XRD, SEM, TEM, FTIR, and
EDX techniques. Besides, the optimal conditions for
degradation of MB were also determined. Finally, the
reusability was also evaluated for the long-term of the
catalyst.

2. Materials and Methods
2.1. Reagents and Materials. Calcium hydroxide (Ca(OH)2,
≥96%), phosphoric acid (H3PO4, 85%), sodium hydroxide
(NaOH, 99%), zinc oxide (ZnO, 99%), MB (C16H18ClN3S,
≥82%), hydrogen peroxide (H2O2, 30%), and ammonium
hydroxide (NH4OH, 30%) were reagent-grade, supplied by
Merck chemical company (Germany), and used without
further puriﬁcation. Distilled water was used to prepare all
necessary solutions for the synthesis of Zn-HA.
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2.2. Preparation of Zn-HA Catalyst. The Zn-HA samples
were synthesized by the chemical precipitation method from
solutions of Na2Zn(OH)4, Ca(OH)2, and H3PO4. The solution
of Na2Zn(OH)4 was prepared by adding gradually 0.2 M
NaOH solution into a suspension of 0.05 M ZnO until a clear
solution was obtained. The solutions of 0.02 M Ca(OH)2 and
H3PO4 10% were prepared from pure solid of Ca(OH)2 and
concentrated solution of H3PO4 85%, respectively. For the
synthesis of Zn-HA, the solution of H3PO4 10% was slowly
added drop by drop into a reactor containing Na2Zn(OH)4
and Ca(OH)2 with vigorous stirring for 1 h. The solutions
were taken out at diﬀerent Ca : P : Zn ratios of 9 : 6 : 0; 9 : 5.9 :
0.1; 9 : 5.75 : 0.25; 9 : 5.6 : 0.4; 9 : 5.4 : 0.55; and 9 : 5.3 : 0.65
named as HA, Zn-HA-0.1, Zn-HA-0.25, Zn-HA-0.4, Zn-HA0.55, and Zn-HA-0.65, respectively. The pH of obtained solutions was kept at pH ≥ 10 using NH4OH. After the reactions
ﬁnished, the mixtures were left for aging at room temperature
for 24 h and then ﬁltered, washed, dried, crushed, and pulverized through a 100-mesh sieve.
2.3. Characterization of Catalysts. X-ray powder diﬀraction
(XRD) on a Shimadzu 6100 diﬀractometer (Japan) with Cu
target (λ �1.5406 Å), accelerating voltage of 40 kV, and
current stream of 30 mA in a scanning range from 5 to 90° at
a speed of 0.05°/s with a step size of 0.02° was used to explore
structural properties of materials. The features of functional
groups were analyzed by Fourier transform infrared spectroscopy (FTIR) technique on a Tensor 27 spectrophotometer
(Germany) in a scanning range from 500–4000 cm−1 using
KBr pellet method. The morphology of materials was tested by
the methods of scanning electron microscopy (SEM) and
transmission electron microscopy (TEM) on Jeol JSM-6480
LV and Jeol 1400 (Japan) microscopes, respectively. Finally,
energy-dispersive X-ray (EDX) and element mapping techniques were utilized on a Horiba 7593 dispersive X-ray
microanalyzer (Japan) to analyze the chemical elemental
characteristics of the obtained materials.
2.4. Experiments for MB Degradation. The photo-Fenton
catalytic potential of the as-prepared Zn-HA composite
was evaluated through the degradation of MB as a model azo
dye. A certain amount of catalyst was dispersed into 100 mL
of MB solution (20, 30, 50, 80, 100 mg/L) and stirred in the
dark for 30 min to reach adsorption-desorption equilibrium
between MB and catalyst. Then, a calculated amount of H2O2
was added into the suspension to initiate the reaction under
light irradiation turned on at the same time from 250 W
halogen lamp (HLX 64653; Osram, Germany, wavelength
range of 300–800 nm) equipped with a 420 nm cut-oﬀ ﬁlter.
Besides, a thermostatic water-bath was employed to keep the
reaction temperature at a desired value. In addition, the
initial pH of MB solutions was adjusted to a desired value
using 0.1 M NaOH or 0.1 M HCl solutions. After each 10minute contact time, 2 mL of the mixture was taken out, the
catalyst was then eliminated by centrifugation, and the
remaining MB concentration was analyzed using an Evolution 600 UV-visible spectrophotometer at λmax � 664 nm.
The inﬂuence of factors as initial pH, catalyst dosage, initial
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where Re (%) is the removal eﬃciency and C0 (mg/L) and
Cf (mg/L) are the initial and ﬁnal concentrations of MB
solution before and after degradation, respectively.
Photocatalytic stability and reusability of the catalysts
were evaluated by testing the photocatalytic degradation
eﬃciency of MB in ﬁve consecutive cycles, each cycle lasted
60 min. After each cycle, the photocatalyst was centrifuged
and then added again into fresh MB solution (100 mL,
50 mg/L, pH of 10, H2O2 dosage of 0.05 M) for the next
round.

3. Results and Discussion
3.1. Characterization of the Catalyst. The results for study on
crystalline structures of HA and Zn-HA with diﬀerent Zn
content are shown in Figure 1.
It is obviously seen that the XRD patterns of Zn-HA
samples contain all characteristic peaks for HA at 2θ of 10.8,
25.7, 28.2, 29.1, 31.7, 32.8, 39.7, 46.9, 48, 49.5, and 53.1° (ICD
PDF 00-024-0033). In other words, the zinc doping did not
aﬀect crystalline structure of HA. Similar results were also
reported in previous studies [28–30]. However, as compared
to the HA, the peaks obtained for Zn-HA are broadened. This
might be due to the decrease in the crystallinity and particle
size of the Zn-HA sample [30]. Besides, the XRD patterns also
indicated that there were additional phases of Ca(OH)2 and
CaCO3 detected in Zn-HA samples at a zinc substitution
degree higher than 0.4 (Figure 1). This anomaly can be
explained as follows. The increase in the amount of
Zn(OH)4 2− (which was made by the dissolution of ZnO in
NaOH as described above) in the reaction mixture of
Ca(OH)2 and H3PO4 led to the shortage of H3PO4 due to its
neutralization by NaOH and therefore resulting in the superabundance of Ca(OH)2. At the same time, a part of extra
Ca(OH)2 could react with CO2 in atmosphere to form CaCO3.
The morphology of HA and Zn-HA at Zn-substitution
degree of 0.4 is presented in Figure 2. It can be seen that the
crystals of HA were grown in needle shape with 150–200 nm
length and 30–50 nm width (Figure 2(a)) while Zn-HA
crystals have a spherical shape with a diameter of about
20 nm (Figure 2(b)). The diﬀerence of size and shape between HA and Zn-HA might be associated with the increased number of crystallization centers when Zn(OH)4 2−
was added into the reaction mixture of Ca(OH)2 and H3PO4.
Consequently, more crystals might be formed, leading to the
decrease in their size. This is also in good agreement with the
above XRD patterns. It should be noticed that the smaller the
size of crystals, the larger the speciﬁc surface area obtained.
This feature is an advantage of Zn-HA over HA towards
photocatalytic ability. On a larger-scale view as shown in
SEM images (Figures 2(c) and 2(d)), both HA and Zn-HA
show a similar morphology.

Zn-HA-0.65

Intensity (a.u)

hydrogen peroxide dosage, MB concentration, and zinc
content on the MB degradation was carefully examined. The
eﬃciency for degradation of MB using Zn-HA is calculated
by the following formula:
C − Cf
Re � 0
· 100,
(1)
C0

3

Zn-HA-0.55
Zn-HA-0.40
Zn-HA-0.25
Zn-HA-0.1
HA
20

40

60

80

2θ (°)

Figure 1: XRD patterns of HA and Zn-HA samples with diﬀerent
Zn content.

The doping of Zn into HA was also conﬁrmed by EDX
spectra and element mapping as shown in Figure 3.
According to the EDX spectrum for Zn-HA (Figure 3(b)),
along with the main elements characteristic for HA such as
Ca, P, and O (Figure 3(a)), Zn was detected. Besides, the
contents of Ca, P, and O elements in HA and Zn-HA are
diﬀerent. Comparing with HA, the content of P and O in ZnHA was found to decrease from 13.77 to 2.41 w% and 59.97
to 50.01 w%, respectively. Meanwhile, the Ca content increased from 23.81 to 44% equal to the Ca content in
stoichiometric HA. It obviously indicated that PO4 3− groups
in HA were partially replaced by Zn(OH)4 2− . Moreover, the
element mapping shows also the appearance of 4 elements of
Ca, Zn, O and P on Zn-HA (Figures 3(c)–3(f )). In addition,
the even distribution of Zn ions on Zn-HA surface
(Figure 3(d)) is expected to improve photocatalytic activity
of the synthesized catalyst as compared to those of HA.
The results for study on features of functional groups for
HA and Zn-HA with diﬀerent Zn content are shown in
Figure 4. It is obviously seen that FTIR spectra obtained for
HA and Zn-HA have a similar shape and most of characteristic peaks as 1030, 1085, 956, and 874 cm−1 referred to
OH− were detected at the same positions. Besides, the
presence of CO3 2− as mentioned above was also detected at
1650 and 1423 cm−1. However, a diﬀerence of intensity
between some peaks in HA and Zn-HA was observed.
Speciﬁcally, for Zn-HA samples, the intensity of a peak at
3640 cm−1 (OH− groups) was found to be increased and at
1030 cm−1 (PO4 3− groups) decreased in comparison with
those for HA, conﬁrming the successful integration of
Zn(OH)4 2− into HA structure.
3.2. Photo-Fenton Catalytic Activity of the Catalysts. In order
to evaluate the photocatalytic advantage of Zn-HA over HA,
a comparative study was conducted under the same experimental conditions of light irradiation, pH � 10, and
catalyst loading of 0.1 g added into 100 mL of 50 mg·L−1 MB
solution at room temperature. The Fenton-photocatalytic
activity of catalysts was tested by adding 0.05 M H2O2 into

4
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(a)

(b)

(c)

(d)

Figure 2: TEM and SEM images for HA (a, c) and Zn-HA (b, d).

the MB solution. As seen in Figure 5, when H2O2 was absent,
the removal eﬃciencies obtained for both Zn-HA and HA
were quite low as compared to those with the participation of
H2O2. Besides, the maximum degradation eﬃciency of ZnHA was much higher than that of HA for both cases with
presence of H2O2 and absence of H2O2 (Figure 5). Obviously, the removal process in the absence of H2O2 was
controlled mainly by adsorption mechanism, and therefore,
the smaller size of Zn-HA helps it to take advantage over
HA. In the presence of H2O2, along with adsorption
mechanism, the Fenton-photocatalytic reactions could be
activated and improved the degradation process. In this
regard, the higher degradation eﬃciency of Zn-HA than that
of HA indicated its stronger Fenton-photocatalytic potential. In other words, the presence of Zn could signiﬁcantly
improve the Fenton-photocatalytic ability of HA.
The photodegradation mechanism can be formulated as
follows. Under visible light irradiation, electron/hole pairs
were photogenerated in the catalyst (equation (2)). Then,
photogenerated electrons could be trapped by H2O2, leading
to the formation of · OH (equation (3)) [31]. At the same time,
Zn2+ ions after occupying electrons (equations (4)) were
transformed into Zn which reacted with H2O2 to form ZnO, a
strong photocatalyst (equation (5)) [32]. During light irradiation, ZnO was capable of creating more electrons and holes
(equation (6)), and therefore, the decomposition process of
H2O2 to release · OH will be accelerated due to the support of
electrons (equation (8)). In addition, the generated electrons

could also stimulate the formation of superoxide radicals
through reactions with dissolved oxygen in the solution
(equation (7)). Meanwhile, the holes could also contribute to
the formation of · OH when reacting with H2O and OH−
(equations (8) and (9)). Finally, · OH and · O2 − will degrade
MB molecules according to equations (10) and (11) [33].
Zn − HA + h] ⟶ Zn − HA + e− + h+

(2)

H2 O2 + e− ⟶ · OH + OH−

(3)

Zn2+ + 2e− ⟶ Zn

(4)

Zn + H2 O2 ⟶ ZnO + H2 O

(5)

·

·

ZnO + h] ⟶ e− + h+

(6)

e− + O2 ⟶ · O2 −

(7)

h+ + H2 O ⟶ H+ + · OH

(8)

h+ + OH− ⟶ · OH

(9)

OH + MB ⟶ degradation products

(10)

O2 − + MB ⟶ degradation products

(11)
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Figure 3: EDX patterns of HA (a) and Zn-HA (b), and element distribution on Zn-HA surface for calcium (c), zinc (d), oxygen (e), and
phosphorus (f ).

Although the above results indicated the advantage of
Zn in enhancing Fenton-photocatalytic activity of Zn-HA
over HA, the optimum content of Zn is needed to be
determined. For this purpose, a comparative study on
catalytic activity of Zn-HA samples with diﬀerent zinc
substitution degrees under the same degradation conditions as mentioned. The results showed that the zinc
substitution degree of 0.4 gave the highest degradation
eﬃciency of 95% after a contact time of 30 min as shown in
Figure 6. In this regard, the obtained value of 0.4 is reasonable and was chosen for further experiments.
3.3. Inﬂuence of Experimental Conditions on MB Degradation
3.3.1. Eﬀect of pH. Eﬀect of pH on degradation eﬃciency of
Zn-HA was studied in pH range from 4 to 10 using 0.1 g of
Zn-HA added into 100 mL solution of 50 mg/L MB and

0.05 M H2O2. The obtained results are presented in
Figure 7(a). It is obviously seen that the degradation eﬃciency signiﬁcantly increased with increasing solution pH.
This can be explained by the increased amount of OH−
groups, leading to rise in the amount of · OH radicals
generated through Fenton-oxidation mechanism, and
therefore the degradation process was improved [13]. The
fact that increasing pH greater than 10 does not make sense
for practical applications since there is no economic beneﬁt
and the secondary pollutants could be generated at high pH.
In this regard, pH � 10 was chosen as an optimal pH for all
catalytic experiments in this work.
3.3.2. Eﬀect of Initial MB Concentrations. Diﬀerent initial
MB concentrations of 20, 30, 50, 80, and 100 mg/L were
used to evaluate their eﬀect on degradation eﬃciency of ZnHA catalyst under pH of 10, catalyst dosage of 0.1 g, and
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Figure 4: FTIR spectra for HA and Zn-HA samples with diﬀerent
Zn content.
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Figure 5: Comparative study on catalytic activity of the HA and
Zn-HA for degradation of MB.

H2O2 dosage of 0.05 M at room temperature. Based on the
obtained results, the optimal initial MB concentration was
determined as 30 mg/L (Figure 7(b)). At concentrations
higher than 30 mg/L, the reduction of degradation eﬃciency was observed. The anomaly could be related to the
formation of a layer of MB molecules accumulated on ZnHA surface at high MB concentrations, inhibiting light
from entering Zn sites and therefore holding back the
decolorization process [34].
3.3.3. Eﬀect of H2O2 Concentration. The study was carried
out using diﬀerent initial H2O2 concentrations of 0.01,
0.03, 0.05, and 0.10 M under the established above optimal conditions. According to the results shown in
Figure 7(c), the initial H2O2 concentration of 0.05 M is
optimal for degradation of MB using Zn-HA. The deviation of initial H2O2 concentration from 0.05 M did not
improve degradation process. It is obviously seen that at
H2O2 concentrations lower 0.05 M, the reduction of

40
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100
Time (min)

0.10

0.55

0.25

0.65

120

140

0.40

Figure 6: Comparative study on catalytic activity of Zn-HA
samples with diﬀerent zinc substitution degrees.

degradation eﬃciency could be associated with the decrease in the number of generated · OH radicals. Meanwhile, at H2O2 concentrations greater than 0.05 M, the
degradation eﬃciency did not increase (Figure 7(c)),
probably, due to the generation of perhydroxyl radicals
caused by the combination of extra H2O2 dosage with
hydroxyl radicals [35].
3.4. Stability and Reusability of Catalyst. The stability and
reusability of a catalyst are essential for its practical applications. For Zn-HA catalyst, the recycling tests were
carried out under optimal conditions in ﬁve continuous
cycles. The results shown in Figure 8(a) indicated that the
catalytic potential of Zn-HA towards MB was well maintained with a slight reduction of degradation eﬃciency
from 100% to 96.5% after ﬁve continuous cycles. Besides,
the XRD pattern of Zn-HA after the ﬁfth degradation cycle
contained almost all characteristic peaks (Figure 8(b)),
demonstrating high stability of composite structure during
degradation process.

4. Conclusions
In this study, the nanosized Zn-HA was successfully synthesized and applied as a heterogeneous photo-Fenton-like
catalyst for MB degradation under optimal conditions of
pH � 10, H2O2 dosage of 0.05 M, and MB concentration of
30 mg/L for a contact time of 120 min. Besides, the zinc
substitution degree of 0.4 is optimal to improve the photocatalytic activity of the catalyst. The recycling study
demonstrated a good maintenance of degradation ability
and high stability of catalyst structure in a long-term degradation process. Overall, the positive results suggested that
the synthesized catalyst can be expected as a promising
heterogeneous photocatalyst for degradation of MB in industrial wastewater.
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Platinum nanoparticles were synthesized using the gamma-ray irradiation as a reducing factor and chitosan as a stabilizer. The
prepared platinum nanoparticles were characterized using ultraviolet-visible spectroscopy (UV-Vis), transmission electron
microscopy (TEM), and Fourier-transform infrared spectroscopy (FT-IR). The saturated conversion dose to reduce the Pt4+ to Pt0
was found to be about 14 kGy for initial Pt4+ concentration of 1 mM. The size of the platinum nanoparticles (1.4–1.6 nm) did
almost not change with the increase of chitosan concentration from 0.5 to 2.0%. Thus, gamma Co-60 ray irradiation method is
favorable for synthesizing PtNPs with the small sizes.

1. Introduction
Platinum nanoparticles (PtNPs) have attracted great attention in many ﬁelds due to their applications in catalysis
[1–7], such as in fuel cell technology [1], exhaust puriﬁcation
[2], automobile [3], and energy storage and sensors [8].
However, the possible applications are related to the size and
morphology of PtNPs [1, 3, 8, 9]. PtNPs with small sizes
possess a large number of surface atoms that aﬀect its surface
activity [8]. So, it is essential to prepare small size of PtNPs.
The synthesis of PtNPs has already been studied using
diﬀerent methods such as chemical reduction [8–13],
electrochemical deposition [1, 8], hydrothermal reduction
[1, 3], biological synthesis [14], gamma Co-60 ray irradiation
[4, 6], and polyol method [1]. In comparison with other
methods, the gamma Co-60 ray irradiation is considered as
an eﬀective method for the synthesis of metal nanoparticles
due to several advantages such as (1) the reduction reaction
of metal ions performed at ambient condition; (2) the rate of

reduction reaction can be properly controlled; (3) the reducing agents uniformly distributed in the solution; and (4)
large-scale production can be favorably set up and satisﬁed
with requirements of the clean production process [6].
Stabilizers, such as dextran [3], polyvinyalcohol, polyacrylic
acid, and polyacrylate [4], and chitosan [5], and others must
be used for the protection of PtNPs from agglomeration.
Among stabilizers studied, chitosan (CTS) is widely used in
the synthesis of metallic nanoparticles such as gold, platinum, silver, and palladium [10]. The CTS is one of the
environmentally friendly polymers that is particularly interesting in the synthesis of metal nanoparticles due to its
interactions with metal nanoparticles through both steric
and electrostatic eﬀect. The polymer molecules bind with the
nanoparticles to prevent leaching from the catalysts. These
characteristics make CTS an ideal material as catalystic
support [1, 5, 11]. To the best of our knowledge, there has
been no research on the synthesis of PtNPs with small size
(1-2 nm) and narrow particle size distribution by the
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radiolytic method. In this study, the synthesis of PtNPs by
the gamma Co-60 ray irradiation using CTS as a stabilizer
was carried out, and the eﬀect of CTS concentration on the
size of PtNPs was also investigated.

2.1. Materials and Chemicals. Potassium hexachloroplatinate
(IV) (K2PtCl6) was purchased from Merck. CTS with the
molecular weight of ∼95,000 g/mol and deacetylation degree
of ∼90% were supplied by a factory in Vung Tau Province,
Vietnam. Lactic acid was purchased from Shanghai
Chemical Reagent Co., China. Distilled water was used in
all experiments.
4+

2.2. Preparation of Pt /CTS Solution and Gamma-Ray
Irradiation. Three-gram CTS was dissolved in 100 ml lactic acid 1.5% (v/v) to prepare a 3% (w/v) CTS solution.
K2PtCl6 was then dissolved in CTS solutions to prepare Pt4+/
CTS solutions with 1 mM Pt4+ and diﬀerent CTS concentrations of 0.5, 1.0, and 2.0% (w/v). Then, the solutions of
Pt4+/CTS were poured into glass bottles with caper and
irradiated on the gamma Co-60 irradiator, STSV Co-60/B
(Hungary), at VINAGAMMA Center, Ho Chi Minh City,
with doses up to 17.5 kGy (dose rate of 1.25 kGy/h) measured by the dichromate dosimetry system [15].
2.3. Characterization of Colloidal PtNPs/CTS Solution.
The UV-Vis absorption spectra of PtNPs/CTS solutions
were measured on a UV-Vis spectrophotometer model
Jasco-V630, Japan. The size and size distribution of the
PtNPs were determined from TEM images on a transmission
electron microscope model JEM 1010, JEOL, Japan, operating at 80 kV and statistically calculated using Photoshop
software [16]. The FT-IR spectra of samples were measured
on a FT-IR spectrometer 8400S, Shimadzu, Japan. For FT-IR
measurement, the PtNPs/CTS solutions were dried at 60°C
in a forced air oven. The dried PtNPs/CTS samples were
ground into ﬁne powder. After that, the powder samples of
PtNPs/CTS were mixed with KBr and compressed into
pellets with a thickness of 0.5 mm.

3. Results and Discussion
The 1 mM Pt4+/1% CTS solution was irradiated with the
diﬀerent doses of 3.5, 7.0, 10.5, 14.0, and 17.5 kGy did almost
not have clearly maximum absorption peak (λmax) in the
wavelength range of the measured UV-Vis spectrum, but the
absorbance was increased with the increase of dose up to
14 kGy (Figure 1). After irradiation, the color of the initial
colorless Pt4+/CTS solutions was converted to brown color,
and the higher the absorption dose, the darker the color of
PtNPs/CTS solutions obtained. The same pattern of UV-Vis
spectrum of PtNPs with no λmax was also reported by Yang
et al. [3] using the chemical reduction, and by Remita et al.
[4] and Choi et al. [6] using the gamma Co-60 ray irradiation
method. However, Gharibshahi et al. [17] recently have
reported that the PtNPs (2.8–4.4 nm) synthesized by the
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Figure 1: UV-Vis spectra of CTS and Pt4+/CTS solutions irradiated
with diﬀerent doses.

gamma-ray irradiation of 3.4 mM Pt4+ solution appeared
two λmax in the UV-Vis spectrum, particularly the ﬁrst peak
in the range of 209–214 nm and the second one in the range
of 257–262 nm. Furthermore, Cele et al. [18] reported that
the PtNPs solutions prepared by the gamma-ray radiolytic
method with the concentrations from 1 to 10 mM also had
two λmax as in the study of Gharibshahi et al. [17] except for
the sample of 1 mM PtNPs without λmax in the UV region
due to less Pt atoms interacting with the light.
Figure 1 shows that the CTS solution has a weak peak at
∼300 nm. All spectra of PtNPs/CTS solutions also manifested a weak peak at 260–300 nm with increased absorbance corresponding to the increase of the absorbed dose.
This may be due to the formation of carbonyl groups from
CTS by chain scission during irradiation [19]. Besides, the
absorbance was increased with the increase of dose and
reached a stable level at 14 kGy. So, it could be inferred that
the absorbed dose of 14 kGy could be selected as the saturated conversion dose to completely reduce Pt4+ with the
concentration of 1 mM to Pt0. The mechanism of PtNPs
formation from Pt4+ ion solution by the gamma Co-60 ray
irradiation was described in detail by Choi et al. [6] and Cele
et al. [18]. Brieﬂy, Pt4+ ions were reduced to Pt0 mainly by
hydrated electrons (e−aq), hydrogen radicals (H_), and hydroxyl radicals (_OH). For _OH radicals, they were converted
into secondary radicals by hydrogen abstraction from free
radical scavengers (alcohol, polysaccharides, etc.) for reducing Pt4+ ions.
The eﬀect of CTS concentration was studied for the
initial Pt4+ concentration of 1 mM. Figure 2 indicates that
there was almost no diﬀerence among UV-Vis spectra of
PtNPs/CTS samples with diﬀerent CTS concentrations. In
addition, the size of the radiolytic synthesized PtNPs in
Figure 3 was virtually not aﬀected by the CTS concentrations
from 0.5 to 2.0%.
The synthesized PtNPs have a rather small size and
narrow size distribution in the range of 1.4–1.6 nm (Figure 3). The size of resultant PtNPs with the concentration of
1 mM in this study was smaller than the size of 4.4 and
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Figure 3: TEM images and size distribution of PtNPs from 1 mM PtNPs in 0.5% CTS (a), 1.0% CTS (b), and 2.0% CTS (c).

7.4 nm for the PtNPs concentrations of 3.4 and 10 mM,
respectively [17, 18]. Furthermore, the size of the synthesized PtNPs (1.4–1.6 nm) was also smaller than that of
the PtNPs (3.4 nm) that were synthesized by the chemical
method using NaBH4 as a reducing agent with the same
initial concentration of 1 mM Pt4+ and 1% CTS as a stabilizer [5]. Moreover, the study on the synthesis of Ag and
Au nanoparticles by the gamma Co-60 ray irradiation
method using CTS as a stabilizer revealed that the size of Ag
and Au nanoparticles was 4.6 and 9.8 nm for 1 mM Ag+ and
Au3+ ions, respectively [16, 20]. Thus, it is obvious that the

size of PtNPs synthesized by the gamma Co-60 ray irradiation method is smaller than that of Ag and Au nanoparticles at the same initial concentration of metal ions. The
reason for this phenomenon is still not clear. Furthermore,
it is interesting to note that, according to Choi et al. [6], the
size of PtNPs which was synthesized by the gamma Co-60
ray irradiation using polyvinyl pyrrolidone as a stabilizer
and the Pt4+ ions concentration of 0.2 mM could not be
predicted from TEM images due to the morphology of
particles was not clear. Therefore, further study of the eﬀect
of stabilizers on the morphology and size of PtNPs
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synthesized by the gamma-ray irradiation method should
be carried out.
The FT-IR spectra of CTS and PtNPs/CTS are shown in
Figure 4. The FT-IR spectrum of the CTS possesses the main
characteristic peaks that appear at 3448 cm−1 for O-H and
N-H stretch; 2937 cm−1 and 2981 cm−1 for C-H stretch [21];
1641 cm−1 for C�O stretching vibration in amide I;
1591 cm−1 for N-H deformation vibration in amide II;
1413 cm−1 and 1380 cm−1 for acetamide stretching and
C-CH3 deformation vibration of amide groups; 1126 cm−1
for antisymmetric stretch C-O-C and C-N stretch; and
1089 cm−1 and 1031 cm−1 for skeletal vibration of C-O
stretch [21, 22]. The FT-IR spectra of PtNPs/CTS samples
with diﬀerent concentrations of CTS in Figure 4 are almost
similar to that of CTS. However, the main diﬀerence was that
the peak at 3448 cm−1 of CTS shifted to lower wavenumbers,
particularly at 3382, 3269, and 3236 cm−1 for PtNPs/CTS
samples with CTS concentration of 2.0, 1.0, and 0.5%, respectively. Thus, on the basis of the FT-IR spectra of PtNPs/
CTS in Figure 4, it presumed that the interaction between
CTS molecules and PtNPs has occurred. The obtained FT-IR
spectra in this study were also consistent with that in the
study of Geng et al. [21] using chitosan as a stabilizer for the
synthesis of Fe nanoparticles.
Chitosan, hyaluronan, and alginate with oxygen-rich
structures lead to binding them to metal nanoparticles
tightly via steric and electrostatic interactions [23]. On the
basis of the stabilizing interaction of polysaccharides to
metal nanoparticles, a schematic diagram of chitosan capped
PtNPs which were synthesized using the gamma Co-60 ray

irradiation was proposed as in Figure 5. Furthermore, the
spherical PtNPs with the small size (1-2 nm) were favorably
synthesized using the gamma Co-60 ray irradiation. And this
method has been considered as a green production method
with favorable large-scale production [24, 25].

4. Conclusions
The gamma Co-60 ray irradiation has been as an eﬀective
method for synthesizing PtNPs dispersed in the CTS solution. The saturated conversion dose (Pt4+ ⟶ Pt0) for the
initial Pt4+ concentration of 1 mM was found out to be
∼14 kGy. The resultant PtNPs with the small size (1.4–
1.6 nm) could be potentially applied in catalyst materials and
other purposes of applications as well.
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The simultaneous electrochemical determination of Zn(II), Cd(II), Pb(II), and Cu(II) in the aqueous solution has been
developed on the basis of the bismuth ﬁlm glassy carbon electrode (GCE) using diﬀerential pulse anodic stripping voltammetry (DP-ASV). The bismuth ﬁlm electrode (BiFE) was prepared by adding 500 ppb bismuth(III) directly to the sample
solution and simultaneously depositing bismuth and the metal analytes on GCE. The optimal operational parameters,
namely, accumulation potential (–1.6 V), accumulation time (110 s), pulsed amplitude (0.07 V), and scan rate (0.021 V·s−1),
were found using a Box–Behnken design. Under the optimum conditions, a linear relationship exists between the current
and the concentration of Zn(II), Cd(II), Pb(II), and Cu(II) in the range between 5.0 ppb and 110.0 ppb with the detection
limits of 1.07 for Zn(II), 0.93 ppb for Cd(II), 0.65 ppb for Pb(II), and 0.94 ppb for Cu(II) calculated on the basis of a signalto-noise ratio equal to 3 (S/N � 3). The interference experiments show that Co(II), Ni(II), and Fe(III) have a little inﬂuence
on the DP-ASV signals of Zn(II), Cd(II), Pb(II), and Cu(II). In addition, a high reproducibility was indicated from small
relative standard deviations (1.03%, 1.74%, 1.32%, and 4.74%) for 25 repeated measurements of 15 ppb copper, lead,
cadmium, and zinc solutions. BiFE was successfully applied to determine Zn(II), Cd(II), Pb(II), and Cu(II) in river samples,
and the results are in a good agreement with those determined with graphite furnace atomic absorption spectrometry (GFAAS).

1. Introduction
Heavy metal pollution (Hg(II), Pb(II), Cd(II), and Ni(II))
has become one of the most critical environmental problems
today. Unlike organic pollutants, heavy metals are nonbiodegradable. They are found in industrial wastewater, and
their discharge to the environment is alarming owing to
their acute toxicity to aquatic and terrestrial life, including
humans [1]. Of these, excessive intake of copper (over
1.0 mg·L−1 in drinking water) accumulates in the livers of
humans and animals, which causes hemochromatosis and

gastrointestinal catarrh diseases [1]. Lead is a highly toxic
and cumulative poison and accumulates mainly in the bones,
brain, kidneys, and muscles. Lead poisoning in humans
causes severe damage to the kidneys, nervous and reproductive systems, liver, and brain [2, 3]. Cadmium (Cd) is
one of the most toxic pollutants in aquatic systems. It cannot
be removed easily from water systems by self-puriﬁcation
and could pose a serious threat to the environment and
human health [4]. The longtime accumulation (30 years) of
Cd through the food chain can lead to serious osteoporosislike bone diseases [5]. Zinc, an important element for living

2
organisms, when exceeding the speciﬁc limits, accumulates
in nature as it cannot be biodegraded. Zinc is associated with
short-term “metal-fume fever,” nausea, diarrhea, depression,
lethargy, and neurological signs, such as seizures and ataxia
[6, 7]. Therefore, the determination of heavy metals in the
human environment is very necessary and important. There
are several methods to determine heavy metals in water. The
most widely used methods for heavy metal determination
include atomic absorption spectrometry (AAS) [8], ﬂame
atomic absorption spectrometry (FAAS) [9], inductivelycoupled plasma mass spectroscopy (ICP-MS) [10], graphite
furnace atomic absorption spectroscopy (GF-AAS), and
X-ray ﬂuorescence [11], and they are employed currently for
trace analysis of heavy metals. Among these methods, anodic
stripping voltammetry approaches are an emerging and
attractive method because the main advantages of this
technique can be ordered as high selectivity, sensitivity, in
situ operation, and low cost.
In 2000, a new type of electrode, the bismuth ﬁlmmodiﬁed electrode (denoted as BiFE), was found as an alternative to mercury ﬁlm electrodes (MFEs) [12], which are
highly toxic. The signiﬁcant advantage of BiFEs is that they
are environmentally friendly since the toxicity of bismuth
and its salts is negligible. However, the advantageous analytical properties of BiFEs in the voltammetric analysis,
roughly comparable to those of MFEs, are assigned to the
property of bismuth to form “fused alloys” with heavy
metals, which is analogous to the amalgams that mercury
form [13]. Wang et al. [12] reported that bismuth-coated
carbon electrodes display an attractive stripping voltammetric performance that is similar to that of common
mercury ﬁlm electrodes and could be utilized to simultaneously determine Cu(II), Cd(II), and Pb(II) in aqueous
solutions. Wu et al. [14] reported the simultaneous determination of Pb, Cd, and Zn using DP-ASV at a bismuth/
poly(p-aminobenzene sulfonic acid) ﬁlm electrode. Lead and
cadmium in rice samples are determined by means of ASV
using a bismuth ﬁlm/crown ether/Naﬁon-modiﬁed screenprinted carbon electrode [15]. Li et al. [16] reported the
simultaneous detection of ultratrace lead and cadmium by
square wave stripping voltammetry with in situ depositing
bismuth at the Naﬁon-medical stone-doped disposable
electrode, and the assay results of heavy metals in wastewater
with the proposed method were in a good agreement with
the atomic absorption spectroscopy method. To the best of
our knowledge, a few articles have attempted to study the
simultaneous determination of Zn(II), Cd(II), Pb(II), and
Cu(II) by BiFE.
This article demonstrates the attractive stripping voltammetric behavior of BiFE. BiFE was prepared by simultaneously accumulating bismuth and the target heavy metals
(Cu, Pb, Cd, and Zn). The Box–Behnken design was conducted to optimise the operational parameters. BiFE displays
well-deﬁned, sharp, and highly reproducible stripping peaks
for low (ppb) concentrations of copper, lead, cadmium, and
zinc over a low background current. The simultaneous
determination of copper, lead, cadmium, and zinc in real
samples was also addressed.
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2. Experimental
2.1. Materials. All solutions were prepared using doubledistilled water. The zinc, cadmium, lead, copper, and bismuth standard stock solutions (1000 ppm Zn, Cd, Pb, and
Cu or 5 (Bi) wt.% nitric acid) were obtained from Aldrich
and diluted as required. An acetate buﬀer solution (0.10 M,
pH 4.5) served as the supporting electrolyte.
2.2. Apparatus. Stripping voltammetry was performed with
a CPA-HH5 Computerized Polarography Analyzer (Vietnam). A glassy carbon electrode (GCE) (3 mm diameter,
BAS) served as a working electrode, with Ag/AgCl (3 M KCl)
and platinum wire acting as the reference and counter
electrodes, respectively. Graphite furnace atomic absorption
spectroscopy (GF-AAS) was performed in ZEEnit 700P
(Analytik Jena, Germany) as a reference method.
2.3. Procedure. The glassy carbon electrode was polished
using 1.0 μm Al2O3 slurry, rinsed with ethanol/water and
dried. The analytes (Zn, Cd, Pb, and Cu) were accumulated
on the surface of GCE at a potential of –1.4 V (Eacc) for 120 s
of accumulation (tacc). During this step, the electrode was
rotated at a constant rate of 1000 rpm. After that, the
electrode rotation was ceased; then, cyclic voltammograms
(CVs) were recorded from –1.5 V to +0.1 V (forward potential scan) and then from +0.1 V to –1.5 V (reverse potential scan) at a scan rate of 0.2 V·s−1.
Stripping voltammetric measurements were conducted
with an in situ accumulation of the bismuth ﬁlm and target
metals (Zn, Cd, Pb, and Cu). The three electrodes were
immersed in a 10 mL electrochemical cell containing 0.1 M
acetate buﬀer (pH 4.5) and an appropriate amount of bismuth. The accumulation potential at –1.4 V was applied to
the carbon working electrode under stirring. After the accumulation step (120 s), stirring was stopped, and after 10 s,
the voltammogram was recorded by applying a positivegoing diﬀerential pulse voltammetric potential scan (with an
amplitude of 50 mV and a potential step of 6 mV). The scan
was terminated at 0.1 V. All experiments were carried out at
room temperature.
2.4. Operational Parameters of Box–Behnken Central Design
(BBD). The operational parameters were optimised by using
BBD. The eﬀect of accumulation potential (x1), accumulation time (x2), pulse amplitude (x3), and scan rate (x4) on the
peak current of BiEF was studied. The number of experiments (N) required for the performance of this design is
deﬁned as N � 2k · (k − 1) + C0, where k is the number of
factors (k � 4) and C0 is the number of replicates at the center
point [17]. Thus, a total of 27 experiments were carried out
for optimising these four variables. Each independent variable is considered at three levels: low, medium, and high,
coded as –1, 0, and +1, respectively (Table 1). The center
points were used to determine the error. On the basis of the
experimental data, a second-order polynomial model is
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Table 1: Factors in BBD and their levels.∗
Level
High level (+1)
Central level (0)
Low level (–1)
∗

Accumulation potential (x1, V)
–1.0
–1.5
–2.0

Accumulation time (x2, s)
20
100
180

Pulse amplitude (x3, V)
0.01
0.05
0.09

Scan rate (x4, V·s−1)
0.01
0.02
0.03

15 ppb concentration of Zn, Cd, Pb, and Cu in 500 ppb Bi and 0.1 M acetate buﬀer (pH 5).

obtained. The relationship between the response and the
variables could be presented as follows:
y � b0 + b1 · x1 + b2 · x2 + b3 · x3 + b4 · x4 + b11 · x12
+ b22 · x22 + b33 · x32 + b44 · x42 + b12 · x1 · x2
+ b13 · x1 · x3 + b14 · x1 · x4 + b23 · x2 · x3 + b24 · x2 · x4
+ b34 · x3 · x4 ,

similar trend is observed for Pb below 600 ppb, and the
anodic peak of lead ﬂuctuates slightly after this concentration. The copper and zinc peaks increase signiﬁcantly with
the bismuth concentration up to 500 ppb, and the rise becomes slight afterwards. The results suggest that the appropriate combination of sensitivity, peak sharpness, and
background current (especially close to the Zn peak) was
performed for Bi(III) concentration of 500 ppb.

(1)
where y is the predicted response value (anodic peak current,
Ipa); x1, x2, x3, and x4 are the independent variables; b0 is the
intercept term (the mean value of response at the center
points); b1, b2, b3, and b4 are the linear coeﬃcients; b12, b13,
and b14 and b23, b24, and b34 are the cross-product coeﬃcients; and b11, b22, b33, and b44 are the quadratic-term
coeﬃcients. The design and analysis of the experiment were
carried out using Minitab version 16. The deﬁnition of the
factors and their level values are shown in Table 1.
2.5. Sample Preparation. One milliliter of the sample solution was adjusted to pH 5 with NaOH or HCl and diluted to
5 mL with a 0.1 M acetate buﬀer (pH 5), and then it was
placed in the cell without deaeration. Stripping voltammetric
measurements were performed with an in situ accumulation
of bismuth and the target metals (Zn, Cd, Pb, and Cu), and
the accumulation was carried out for 110 s at –1.6 V, while
the solution was stirred. After the solution was kept standstill
for 10 s, DP-ASV was recorded. The metal analytes in the
river water were determined by means of GF-AAS for the
sake of comparison.

3. Results and Discussion
3.1. Eﬀect of Bismuth Concentration. The inﬂuence of the
bismuth ion concentration on the anodic current peak (Ipa)
of the metals was studied in the range 0–1000 ppb for a
solution containing 15 ppm Zn(II), Cd(II), Pb(II), and
Cu(II) in a 0.1 M acetate buﬀer (pH 4.5) at bare GCE. Very
small and distorted stripping peaks of the metal analytes are
observed at bare GCE, and the signal of Zn is not obtained
(Figure 1(a)). When bismuth (500 ppb) was added to the
sample, distinct and undistorted stripping peaks for the
analytes are achieved, indicating that bismuth is responsible
for the attractive electrochemistry behavior. It is supposed
that the amount of the Bi(III) ion decides the thickness of the
Bi ﬁlm, whereas the ﬁlm thickness does not inﬂuence the
peak position of any metals. Figure 1(b) presents the eﬀect of
Bi concentration on the anodic peak current. The anodic
peak of cadmium increases signiﬁcantly with the bismuth
concentration from 0 to 400 ppb and then levels oﬀ. A

3.2. Eﬀect of pH. The eﬀect of pH on the stripping peak
current of Zn(II), Cd(II), Pb(II), and Cu(II) at BiFE was
studied (Figure 2(a)). The optimal pH ranges are 5.0–6.0 for
Zn(II) and Cd(II) and 4.0–6.0 for Pb(II) and Cu(II)
(Figure 2(b)). If the acidity is higher or lower than the
optimum ranges, the responses of Zn(II) and Cd(II) decrease. For Pb(II) and Cu(II) peak currents, Ipa decreases
slightly in pH from 4.0 to 6.0 and declines signiﬁcantly with
the further increasing pH. The best compromise of Ipa could
be obtained at pH 5.0–6.0. In the present study, we choose
pH of 5.0 for the next experiments.
Figure 2(c) provides the linear plots of pH dependence of
peak potential (Ep). The linear equations are expressed as
follows:
Ep,Zn � (–0.87 ± 0.05) + (–0.059 ± 0.007) · pH,
R2 � 0.941, p < 0.001,
Ep,Cd � (–0.62 ± 0.02) +(–0.052 ± 0.003) · pH,
R2 � 0.984, p < 0.001,
Ep,Pb � (–0.31 ± 0.02) +(–0.060 ± 0.003) · pH,

(2)

R2 � 0.990, p < 0.001,
Ep,Cu � (0.20 ± 0.03) +(–0.054 ± 0.004) · pH,
R2 � 0.977, p < 0.001.
The linear relationship of Ep vs. pH exhibits a high
statistical signiﬁcance with high determination coeﬃcients
(0.941–0.990, p < 0.05). The slopes of the lines are very close
to the theoretical value of 0.059 for the Nerstian equation,
indicating that the redoxidation involves the equal number
of protons and electrons.
3.3. Eﬀect of CV Scan Rate. The relationship between the
peak current and the scan rate could provide important
information about the electrochemical mechanism. Therefore, the eﬀect of scan rate on the peak potential (Ep) and
peak current (Ip) was investigated using CV, as shown in
Figure 3(a). If the electrooxidation reaction is reversible, Ep
is independent on v, and vice versa. As can be seen from
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Figure 1: (a) Diﬀerential pulse stripping voltammograms of 15 ppm Zn(II), Cd(II), Pb(II), and Cu(II) at GCE without and with 500 ppb
Bi(II) in 0.1 M acetate buﬀer (pH 4.5); (b) the inﬂuence of the bismuth ion concentration on anodic current peaks (Ipa) (accumulation for
120 s at –1.4 V).
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Figure 2: (a) CV curves of Zn, Cd, Pb, and Cu at diﬀerent pH values (15 ppm Zn(II), Cd(II), and Pb(II), 500 ppb Bi(II) in 0.1 M acetate
buﬀer, and accumulation for 120 s at –1.4 V); (b) pH dependence of Ip; (c) pH dependence of Ep.
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Figure 3: (a) CVs of analytes (Zn, Cd, Pb, and Cu) with increasing scan rate (v); (b) plot of Ipa vs. scan rate (v); (c) plot of Ep vs. ln v; (d) plot
of Ipa vs. v1/2 (conditions: 15 ppm Zn(II), Cd(II), Pb(II), and Cu(II) in 0.1 M acetate buﬀer (pH 5), 500 ppb Bi, and accumulation for 120 s at
–1.4 V).

Figure 3(a), the anodic peak potential (Ep) shifts to a higher
potential with the increase in the scan rate, and then it is
suggested that the electron transfer in analyte electrooxidation is irreversible. The anodic peak current (Ipa) increases with the increase in the scan rate from 0.2 to
0.6 V·s−1, as shown in Figure 3(b), suggesting that the
electron transfer reaction involves a surface-conﬁned
process.
The relationship between the peak potential (Epc) and the
natural logarithm of the scan rates is described by Laviron’s
equation [18]:
RT αnFks RT
EP � E +
ln
ln ],
+
RT
αnF
αnF
O

(3)

where α is the charge transfer coeﬃcient, ks is the heterogeneous electron transfer rate constant of the surface-

conﬁned redox couple, n is the number of electrons
transferred, v is the scan rate (V·s−1), and E0 is the formal
redox potential, T � 298 K, R � 8.314 J·mol·K−1, and
F � 96480 C·mol−1.
The plots of Epa of the analytes versus ln v are shown in
Figure 3(c). The linear regression equations are as follows:
Epa,Zn � (–1.069 ± 0.002) +(0.023 ± 0.002) · ln ],
R2 � 0.986,
Epa,Cd � (–0.761 ± 0.002) +(0.025 ± 0.002) · ln ],
R2 � 0.988,
Epa,Pb � (–0.475 ± 0.001) +(0.023 ± 0.001) · ln ],
R2 � 0.995,

(4)

(5)

(6)
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Epa,Cu � (–0.0210 ± 0.0001) +(0.024 ± 0.001) · ln ],
R2 � 0.997.
(7)

The value of α·n in equation (3) for Zn, Cd, Pb, and Cu
can be derived from the slope of regression equations
(4)–(7), and they are 1.11, 1.02, 1.11, and 1.05, respectively.

The value of α is assumed to be equal to 0.5 for an irreversible
system [19]. Therefore, the number of electrons transferred
(n) in the electrooxidation of Zn, Cd, Pb, and Cu is 2.23,
2.05, 2.23, and 2.10, respectively. Consequently, with n � 2,
the oxidation mechanism for Zn, Cd, Pb, and Cu could
involve two electrons and two protons at pH 5. The reactions
at the electrode are as follows:

Bi(III) + 3e ⟶ Bi/GCE(BiFE)
M(II) + BiFE + 2e ⟶ M −(BiFE)(M : Cu, Pb, Cd and Zn)
Zn − Cd − Pb − Cu − BiFE + 2CH3 COOH ⟶ Zn CH3 COO2 + Cd − Pb − Cu − BiFE + 2e + 2H+
Cd − Pb − Cu − BiFE + 2CH3 COOH ⟶ Cd CH3 COO2 + Pb − Cu − BiFE + 2e + 2H+
Pb − Cu − BiFE + 2CH3 COOH ⟶ Pb CH3 COO2 + Cu − BiFE + 2e + 2H

(8)

+

Cu − BiFE + 3CH3 COOH ⟶ Bi CH3 COO3 + Cu − GCE + 3e + 3H+
Cu − BiFE + 2CH3 COOH ⟶ Cu CH3 COO2 + BiFE + 2e + 2H+
In order to decide whether the electrooxidation reaction
is controlled by adsorption or diﬀusion, the plots of peak
current (Ip) against v1/2 are drawn (Figure 3(d)). If the linear
plot of Ip vs. v1/2 crosses the origin, the process is controlled
by diﬀusion [20]. In the range 0.2 to 0.6 V·s−1, the linear
regression equations of Ipa for Zn, Cd, Pb, and Cu oxidation
versus v1/2 are as follows:
Ipa,Cu � (1.37 ± 0.07) +(1.10 ± 0.10) · v(1/2) ,
R2 � 0.958,
Ipa,Pb � (2.26 ± 0.02) +(0.19 ± 0.04) · v(1/2) ,
2

(9)

2

(10)

R2 � 0.981.

+ 0.03 · x1 · x2 + 0.01 · x1 · x3 + 0.02 · x1 · x4
− 0.01 · x2 · x3 − 0.02 · x2 · x4 + 0.02 · x3 · x4 ,
R2 � 0.999,
Ip,Cd � 2.02 − 0.16 · x1 + 0.08 · x2 + 0.17 · x3 + 0.09
· x4 − 0.33 · x21 − 0.24 · x22 − 0.16 · x23 − 0.26 · x24 − 0.03
· x2 · x3 − 0.03 · x2 · x4 + 0.05 · x3 · x4 ,
R2 � 0.998,
Ip,Pb � 3.34 − 0.25 · x1 + 0.15 · x2 + 0.25 · x3 + 0.11

(11)

R � 0.980,
Ipa,Zn � (1.14 ± 0.04) +(0.91 ± 0.06) · v(1/2) ,

+ 0.06 · x4 − 0.30 · x21 − 0.24 · x22 − 0.15 · x23 − 0.22 · x24

· x1 · x2 − 0.02 · x1 · x3 − 0.00 · x1 · x4 − 0.01

R � 0.867,
Ipa,Cd � (1.35 ± 0.03) +(0.63 ± 0.04) · v(1/2) ,

Ip,Zn � 1.53 − 0.14 · x1 + 0.07 · x2 + 0.14 · x3

· x4 − 0.51 · x21 − 0.42 · x22 − 0.24 · x23 − 0.40 · x24 + 0.01
· x1 · x2 + 0.02 · x1 · x3 + 0.01 · x1 · x4
+ 0.02 · x2 · x3 + 0.02 · x2 · x4 − 0.01 · x3 · x4 ,

(12)

Although the plots of Ip versus v1/2 are linear with high
determination coeﬃcients (0.958–0.981, p ≥ 0.001), the intercepts do not cross the origin because the 95% conﬁdence
intervals for the intercepts do not contain zero (see the intercepts
of equations (9)–(12)). This means that the electrode process of
analyte electrooxidation is not controlled by diﬀusion.

R2 � 0.999,
Ip,Cu � 3.33 − 0.27 · x1 + 0.13 · x2 + 0.26 · x3 + 0.13
· x4 − 0.53 · x21 − 0.41 · x22 − 0.26 · x23 − 0.40 · x24
+ 0.01 · x1 · x2 − 0.02 · x1 · x3 − 0.00 · x1 · x4
+ 0.01 · x2 · x3 + 0.01 · x2 · x4 − 0.00 · x3 · x4 ,
R2 � 0.998.

(13)
3.4. Optimising the Operational Parameters Using BBD. A
total of 27 experiments consisting of 24 standard cube points
and 3 center points in the cube were carried out. The design
of experiments and response values (Ip: anodic stripping
current) of Cu, Pb, Cd, and Zn corresponding to each run is
listed in Table 2.
The analysis of the data using Minitab 16 gives the
following regression equations for Ip:

The values of the coeﬃcient of determination are 0.999,
0.998, 0.999, and 0.998 for Zn, Cd, Pb, and Cu, respectively,
indicating an excellent agreement between experimental and
predicted values. The positive and negative signs in each
equation imply the synergistic and antagonistic eﬀect of the
variables. Although the magnitude of the coeﬃcients in the
equations varies, their sign is the same, indicating that the
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Table 2: Design matrix and responses for full factorial design.
Run
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27

Coded variable levels
x1
0
+1
–1
0
+1
0
–1
0
+1
0
+1
+1
0
–1
–1
0
0
+1
0
0
0
0
–1
0
0
–1
0

x2
–1
0
–1
–1
0
0
0
0
0
+1
–1
+1
0
+1
0
–1
+1
0
+1
–1
0
0
0
0
+1
0
0

x3
0
–1
0
–1
+1
–1
–1
–1
0
–1
0
0
0
0
0
0
0
0
+1
+1
+1
0
0
+1
0
+1
0

x4
–1
0
0
0
0
–1
0
+1
–1
0
0
0
0
0
+1
+1
–1
+1
0
0
–1
0
–1
+1
+1
0
0

Anodic peak current, Ipa (µA)
Cu
2.291
2.053
2.543
2.297
2.513
2.254
2.524
2.532
1.991
2.554
1.988
2.250
3.302
2.773
2.831
2.509
2.516
2.259
3.077
2.766
2.811
3.358
2.554
3.082
2.783
3.046
3.342

Pb
2.294
2.079
2.531
2.305
2.596
2.317
2.612
2.562
2.066
2.560
1.999
2.307
3.359
2.806
2.804
2.451
2.556
2.312
3.101
2.781
2.862
3.332
2.587
3.057
2.775
3.064
3.338

Cd
1.332
1.233
1.510
1.336
1.531
1.401
1.483
1.488
1.181
1.577
1.241
1.326
2.022
1.719
1.699
1.533
1.567
1.377
1.863
1.748
1.624
2.022
1.485
1.893
1.667
1.871
2.032

Zn
0.918
0.789
1.104
0.909
1.101
0.980
1.076
1.059
0.788
1.090
0.770
0.959
1.532
1.185
1.189
1.073
1.105
0.966
1.357
1.226
1.230
1.537
1.099
1.407
1.179
1.356
1.530

impact of each variable on the intensity of the peak current
has the same tendency. The tests for the signiﬁcance of the
regression model for the response of analytes were adjusted,
and the ANOVA tests are presented in Table 3. The nonsigniﬁcant lack-of-ﬁt (0.654 for Cu, 0.541 for Pb, 0.086 for
Cd, and 0.132 for Zn) conﬁrms the validity of these quadratic
models in the present study. From the statistical point of
view, the coeﬃcient with the p value > 0.05 is insigniﬁcant.
This means that their contribution to the peak currents is
negligible, and these eﬀects should be discarded from the
model. Thus, the predictive models become as follows:
Ip,Zn � 1.53 − 0.14 · x1 + 0.07 · x2 + 0.14 · x3
+ 0.06 · x4 − 0.30 · x21 − 0.24 · x22 − 0.15 · x23 − 0.22 · x24
+ 0.03 · x1 · x2 + 0.02 · x1 · x4 − 0.01 · x2 · x3 − 0.02
Ip,Cd

· x2 · x4 + 0.02 · x3 · x4 , R2 � 0.999,
� 2.02 − 0.16 · x1 + 0.08 · x2 + 0.17 · x3
+ 0.09 · x4 − 0.33 · x21 − 0.24 · x22 − 0.16 · x23 − 0.26 · x24
− 0.03 · x1 · x2 − 0.02 · x1 · x3 − 0.01 · x2 · x3 − 0.03

Ip,Pb

· x2 · x4 + 0.05 · x3 · x4 , R2 � 0.998,
� 3.34 − 0.25 · x1 + 0.15 · x2 + 0.25 · x3
+ 0.11 · x4 − 0.51 · x21 − 0.42 · x22 − 0.24 · x23 − 0.40 · x24 ,

Ip,Cu

R2 � 0.999,
� 3.33 − 0.27 · x1 + 0.13 · x2 + 0.26 · x3 + 0.13
· x4 − 0.53 · x21 − 0.41 · x22 − 0.26 · x23 − 0.40 · x24 ,
R2 � 0.998.

(14)

For the sake of simplicity, the Ip signal of Zn was used to
optimise the experimental conditions because it is the lowest
of those of the four metals at the same concentration. The
proﬁle for predicted values in Minitab 16 was performed for
the optimisation process. The optimisation design matrix
(Figure 4) represents the maximal Ipa,Zn (1.59 μA) at the
optimal conditions: accumulation potential –1.6 V, accumulation time 110 s, pulse amplitude 0.07 V, and scan rate
0.021 V·s−1. To evaluate the repeatability of the model, the
experiment under optimal conditions was repeated three
times, and the obtained Ipa,Zn is 1.55, 1.57, and 1.60 μA. The
one-sample t-test proves that there is no statistical diﬀerence
among these values (t(2) � 1.147, p � 0.37 > 0.05). These
optimal operational parameters were utilized for further
experiments.
3.5. Interference Study. The interference study was performed by adding various foreign substances to a standard
solution containing 15 ppb of Zn(II), Cd(II), Pb(II), and
Cu(II) and 500 ppb Bi(III) in the 0.1 M acetate buﬀer (pH 5)
at the accumulation potential of −1.6 V and accumulation
time of 110 s. The ratios of interference to Zn(II), Cd(II),
Pb(II), and Cu(II) for the ±5.0% signal change are 15 for
Co(II), 15 for Ni(II), and 45 for Fe(III) (Tables S1–S3).
3.6. Precision and Limit of Detection (LOD). An appropriate
precision is another attractive feature of bismuth electrodes.
A series of 25 repetitive measurements of a solution containing 15 ppb zinc, cadmium, lead, and copper results in
highly reproducible stripping peaks with a relative standard
deviation of 1.74%, 1.29%, 1.07%, and 0.76%, respectively,
less than 1/2 RDSH (Table S4). Such a good precision is
attributed to the reproducible ﬁlm renewal accrued from the
in situ bismuth ﬁlm. Compared with the “stabilization”
period required for in situ plating of mercury-ﬁlm electrodes
[21], BiFE displays a highly stable response starting with the
ﬁrst run.
To verify the practicality of BiFE for the simultaneous
determination of Zn(II), Cd(II), Pb(II), and Cu(II), the
stripping process of these four metal ions in the mixture was
also investigated (Figure 5). In each measurement, the
concentration of one species changes while keeping that of
the others constant. It can be seen from Figure 5(a) that the
peak current of Cu(II) is positively proportional to its
concentration from 5 to 110 ppb when keeping the concentration of Zn(II), Cd(II), and Pb(II) constant; meanwhile,
the response of Zn(II), Cd(II), and Pb(II) is practically
unaltered with the increasing Cu(II) content (a slight increase in the peak heights of lead and cadmium with increasing zinc concentration is merely due to the additive
signal contribution of the slightly overlapping copper peak).
A similar situation is observed with Zn(II), Cd(II), and
Pb(II) (Figures 5(b)–5(d)). No interference can be detected
for the determination of Zn(II), Cd(II), Pb(II), or Cd(II) by
the coexistence of the other three species. Therefore, it can be
concluded that, in the quaternary mixtures containing
Zn(II), Cd(II), Pb(II), and Cu(II), the stripping peaks of the
four analytes are clearly separated from each other.
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Table 3: Analysis of variance (ANOVA) for BBD.

Terms
Coeﬃcient Ipa,Cu
Constant
3.33
–0.27
x1
x2
0.13
0.26
x3
x4
0.13
–0.53
x21
x22
–0.41
–0.26
x23
x24
–0.40
0.01
x1·x2
x1·x3
–0.02
0.00
x1·x4
x2·x3
0.01
0.01
x2·x4
x3·x4
0.00
Lack-of-ﬁt
Regression

Optimal
D High
Cur.
0.31868 Low

x1
–1.0
(–1.6061)
–2.0

p value
≤0.001
≤0.001
≤0.001
≤0.001
≤0.001
≤0.001
≤0.001
≤0.001
≤0.001
0.556
0.270
0.857
0.335
0.381
0.900
0.654
≤0.001

x2
180.0
(110.2004)
20.0

Coeﬃcient Ipa,Pb
3.34
–0.25
0.15
0.25
0.11
–0.51
–0.42
–0.24
–0.40
0.556
0.270
0.857
0.335
0.381
0.900

x3
0.090
(0.0698)
0.010

p value
≤0.001
≤0.001
≤0.001
≤0.001
≤0.001
≤0.001
≤0.001
≤0.001
≤0.001
0.313
0.056
0.347
0.055
0.063
0.131
0.541
≤0.001

Coeﬃcient Ipa,Cd
2.03
–0.16
0.08
0.17
0.09
–0.33
–0.24
–0.16
–0.26
–0.03
–0.02
0.00
–0.03
–0.03
0.05

p value
≤0.001
≤0.001
≤0.001
≤0.001
≤0.001
≤0.001
≤0.001
≤0.001
≤0.001
0.005
0.032
0.634
0.005
0.017
≤0.001
0.086
≤0.001

Coeﬃcient Ipa,Zn
1.53
–0.14
0.07
0.15
0.06
–0.30
–0.24
–0.15
–0.22
0.03
0.01
0.02
–0.01
–0.02
0.02

p value
≤0.001
≤0.001
≤0.001
≤0.001
≤0.001
≤0.001
≤0.001
≤0.001
≤0.001
≤0.001
0.129
0.001
0.026
0.002
≤0.001
0.132
≤0.001

7.0

x4
0.030
(0.0215)
0.010

Pb

Cu

6.5
6.0
Zn

5.5

Composite
desirability
0.31868

Cd

Ip (μA)

5.0
4.5
4.0

Bi

3.5

Zn
Target: 5.0
y = 1.5934
d = 0.31868

3.0
2.5
2.0
–1.4

(a)

–1.2

–1.0

–0.8

–0.6
E (V)

–0.4

–0.2

0.0

0.2

(b)

Figure 4: (a) Proﬁles for predicated values; (b) reliability function for peak current of Zn.

The linear calibration graphs for Zn(II), Cd(II), Pb(II),
and Cu(II) are as follows:
Ip,Zn � (0.58 ± 0.03) +(0.091 ± 0.001) · CZn ,
Ip,Cd � (–0.57 ± 0.05) +(0.251 ± 0.001) · CCd ,

R2 � 0.998,
R2 � 0.999,

Figure 6 shows the DP-ASV curves obtained for the solutions containing an equal concentration of Zn, Cd, Pb, and
Cu in the range from 5 to 110 ppb. The linear regression
equations between Ipa and corresponding concentration are
as follows:

Ip,Pb � (0.12 ± 0.03) +(0.278 ± 0.001) · CPb ,

R2 � 0.999,

Ip,Zn � (0.6 ± 0.1) +(0.093 ± 0.001) · CZn ,

Ip,Cu � (–0.6 ± 0.6) +(0.439 ± 0.009) · CCu ,

R2 � 0.996.

Ip,Cd � (0.01 ± 0.29) +(0.260 ± 0.009) · CCd ,

(15)
The detection limits are 1.07, 0.93, 0.65, and 0.94 ppb for
Zn, Cd, Pb, and Cu, respectively (3σ/b).
The simultaneous determination of Zn, Cd, Pb, and Cu
was also performed using the DP-ASV method. The electrochemical signals of Zn, Cd, Pb, and Cu were recorded
simultaneously when increasing the concentration of the
analytes in the 0.1 acetate buﬀer solution with pH � 5.

Ip,Pb � (3.2 ± 0.2) +(0.232 ± 0.005) · CPb ,
Ip,Cu � (–1.3 ± 0.2) +(0.456 ± 0.005) · CCu ,

R2 � 0.999,
R2 � 0.989,
R2 � 0.996,
R2 � 0.999.

(16)
In the range of 5 to 110 ppb, the values of LOD are 2.95,
1.84, 1.29, and 1.11 ppb for Zn, Cd, Pb, and Cu, respectively.
It is worth noting that the values of LOD of Cu, Pb, Cd, and
Zn in the simultaneous and individual determination are
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Figure 5: (a) DP-ASVs of Zn(II), Cd(II), Pb(II), and Cu(II) oxidation with diﬀerent concentrations in acetate buﬀer (pH 5) at BiFE. (a)
Zn(II), Cd(II), and Pb(II) ﬁxed at 15 ppb; Cu(II) (from 5.0 to 110.0 ppb): 5.0, 10.0, 15.0, 20.0, 30.0, 40.0, 50.0, 70.0, 90.0, and 110.0 ppb; inset:
the calibration curves of Cu(II); (b) Zn(II), Cd(II), and Cu(II) ﬁxed at 15 ppb; inset: the calibration curves of Pb(II) (from 5.0 to 110.0 ppb);
(c) Zn(II), Pb(II), and Cu(II) ﬁxed at 15 ppb; inset: the calibration curve of Cd(II) (from 5.0 to 110.0 ppb); (d) Cd(II), Pb(II), and Cu(II) ﬁxed
at 15 ppb; inset: the calibration curve of Zn(II) (from 5.0 to 110.0 ppb). Acetate buﬀer: pH 5; Bi(III): 500 ppb; accumulation potential –1.6 V;
accumulation time 110 s; accumulation potential –1.6 V; accumulation time 110 s; pulsed amplitude 0.07 V; scan rate 0.021 V·s−1.

very close to each other. This suggests that the simultaneous
voltammetric determination of Cu, Pb, Cd, and Zn is
possible at BiFE in the mixed samples without any cross
interference. This linearity is also relevant for the determination of Zn, Cd, Pb, and Cu in water.
A comparison of the developed method with other
voltammetric methods for Zn, Cd, Pb, and Cu determination
is listed in Table 4. It could be noticed that LOD of Zn, Cd,
Pb, and Cu from this method is lower or comparable with
that obtained on the basis of modiﬁed electrodes in the
literature. Overall, BiFE proves to be an eﬀective electrode
for the simultaneous determination of Zn, Cd, Pb, and Cu.

using these two methods. The paired t-test was used to
compare the data. With the signiﬁcant level α � 0.05, the data
show that the amounts of Zn, Cd, Pb, and Cu determined
with the proposed method are not statistically diﬀerent from
those determined with GF-AAS (Cu: t(4) � 0.291; p � 0.785;
Pb: t(4) � 0.347; p � 0.746; Cd: t(4) � 0.975; p � 0.385; Zn:
t(4) � 1.545; p � 0.197). The recovery measurements were
also performed to evaluate the accuracy of the method. The
data provide good average recoveries, ranging from 92% to
105% for Cu, 91% to 102% for Pb, 96% to 108% for Cd, and
92% to 106% for Zn, suggesting that the developed method
does not suﬀer from any signiﬁcant eﬀects of matrix
interference.

3.7. Practical Application. Water samples taken randomly
from ﬁve rivers in Quang Binh province, Vietnam, namely,
Cau Rao, Kien Giang, Nhat Le, and Son and Gianh river
were used to determine the concentration of copper, lead,
cadmium, and zinc using the proposed method (DP-ASV)
and GF-AAS for the sake of comparison. Table 5 lists the
content of Zn, Cd, Pb, and Cu in the samples determined by

4. Conclusion
In this article, the diﬀerential pulse anodic stripping voltammetry was used to determine Zn, Cd, Pb, and Cu in the
rivers at a bismuth ﬁlm-modiﬁed electrode. Simultaneous
determination of Zn, Cd, Pb, and Cu using DP-ASV on BiFE
displayed low detection limit, excellent long-time stability,
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Figure 6: (a) DP-ASVs curves obtained for the oxidation of Zn(II), Cd(II), Pb(II), and Cu(II) at equal concentrations in the 0.1 acetate buﬀer
solution (pH � 5): 5.0, 10.0, 15.0, 20.0, 30.0, 40.0, 50.0, 70.0, 90.0, and 110.0 ppb; (b) linear plots of Ipa,Cu, Ipa,Pb, Ipa,Cd, and Ipa,Zn with their
concentration (acetate buﬀer: pH 5; Bi(III): 500 ppb; accumulation potential –1.6 V; accumulation time 110 s; accumulation potential –1.6 V;
accumulation time 110 s; pulsed amplitude 0.07 V; scan rate 0.021 V·s−1).
Table 4: Comparison of some ﬁgures of merit related to diﬀerent electrodes for the determination of analytes.
Electrode

Method

G/PANI/SPE
GCE
Hg-Bi/SWNTs/GCE
Glassy carbon mercury ﬁlm
BiFE
BiFE
BiFE
—

SqWASV
DP-ASV
SqWASV
LSV
DPV
SWV
SqWASV
SqWASV
DP-ASV

Cu(II)
N/A
39
N/A
1.50
1.11
0.55
N/A
N/A
0.94

LOD (ppb)
Pb(II)
Cd(II)
0.1
0.1
16.6
9.6
1.3
0.98
4.04
2.91
1.54
2.21
1.70
1.09
1.64
0.82
0.41
0.49
0.65
0.93

Zn(II)
1.0
14.7
2
1.68
1.29
0.52
0.08
—
1.07

Reference
[22]
[23]
[24]
[25]
[26]
[27]
The present work

and N/A: not applicable.

Table 5: Concentration of Cu, Pb, Cd, and Zn determined using DP-ASV and GF-AAS for the water samples taken from the rivers.
River
Cau Rao river
Kien Giang river
Nhat Le river
Gianh river
Son river

Cu
9.1 ± 2.5
7.2 ± 3.9
8.6 ± 3.1
5.5 ± 1.8
4.6 ± 2.1

DP-ASV
Pb
13.3 ± 1.4
17.2 ± 7.3
22.5 ± 3.6
11.2 ± 4.4
7.3 ± 2.1

(ppb)
Cd
2.9 ± 0.7
3.1 ± 0.9
3.1 ± 0.4
3.1 ± 1.6
2.9 ± 0.9

Zn
12.5 ± 0.5
7.8 ± 2.8
6.2 ± 2.6
7.9 ± 1.7
5.5 ± 1.4

Cu
8.7 ± 1.5
6.5 ± 2.1
9.4 ± 1.2
5.8 ± 0.9
4.2 ± 0.3

GF-AAS
Pb
14.5 ± 3.6
18.8 ± 4.2
21.8 ± 3.1
10.2 ± 2.7
7.1 ± 1.2

(ppb)
Cd
3.2 ± 0.5
2.5 ± 0.6
3.5 ± 0.7
2.6 ± 0.5
2.1 ± 0.6

Zn
13.7 ± 2.8
7.3 ± 1.8
6.9 ± 1.5
8.7 ± 1.6
5.6 ± 1.4

Number of experiments n � 3.

and high reproducibility. The limits of detection were found
to be 1.07, 0.93, 0.65, and 0.94 ppb for Zn, Cd, Pb, and Cu,
respectively. The proposed method was successfully
employed for the determination of Zn, Cd, Pb, and Cu in
river water in an agreement with GF-AAS analysis.
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In the present study, the zeolitic imidazolate framework-8 (ZIF-8) was synthesized at both room temperature and high temperatures. The eﬀects of solvents, molar ratios of precursors, reaction time, and temperature on the structural properties of the asprepared materials were investigated. Moreover, the surface morphologies of the obtained specimens were characterized using
X-ray diﬀraction, scanning electron microscopy, Fourier-transform infrared spectroscopy, and nitrogen adsorption methods. The
results show that ZIF-8 was formed in methanol and water at room temperature and in dimethylformamide (DMF) at high
temperatures. Further, in methanol, the molar ratios of precursors and reaction time have negligible eﬀects on the morphologies
and structures of ZIF-8; however, in DMF, the reaction temperature has a signiﬁcant inﬂuence on the microstructures of ZIF-8.
The catalytic activities of the obtained materials were evaluated using the Knoevenagel condensation reaction, and ZIF-8 proves to
be an excellent solid base catalyst.

1. Introduction
Zeolitic imidazolate frameworks (ZIFs) belong to the family
of metal-organic frameworks (MOFs) and possess unique
properties (uniform small pores and high surface area) of
both zeolites and MOFs [1, 2]. In ZIFs, divalent metal cations
are found to be tetrahedrally coordinated with the imidazolate anions [2, 3]. In recent years, ZIFs have attracted
signiﬁcant attention in gas storage and separation applications [4, 5], catalytic reactions [6], chemical processes [7, 8],
and drug delivery systems [9]. ZIF-8 is one of the most
studied zeolitic imidazolate frameworks due to its high
chemical and thermal stabilities. In addition, ZIF-8 has a
large surface area (SBET �1630 m2·g−1) and high porosity
(0.636 cm3·g−1) [2]. In previous studies, ZIF-8 is synthesized
in DMF at high temperature and pressure [2, 3]. ZIF-8 can
also be synthesized in methanol at room temperature under
normal pressure [2, 10–14]. In these two approaches, the

solvents and temperature/pressure have a critical role in the
formation of ZIF-8. However, there have not been any
studies dealing with this issue.
The Knoevenagel condensation is an important reaction
for the formation of carbon-carbon double bonds. The reaction is traditionally catalyzed by conventional bases such
as KOH, NaOH, or amine compounds [15]. Today, many
researchers have conducted this reaction with diﬀerent
precursors by using solid base catalysts to expand their
applicability in the organic synthesis industry [16–18]. Recently, Tran et al. [19] have studied the catalytic activity of
ZIF-8 by the Knoevenagel condensation reaction and advocated its feasibility as a catalyst.
In the present work, ZIF-8 was synthesized in two
diﬀerent routes. The eﬀects of solvents, molar ratios of
precursors, reaction time, and temperature on the structural
properties of the as-prepared materials were investigated. In
addition, the catalytic activities of the fabricated materials
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were evaluated using the Knoevenagel condensation
reaction.

2. Experimental
2.1. Synthesis and Characterization of ZIF-8. ZIF-8 was
synthesized via two diﬀerent routes using zinc nitrate hexahydrate (Zn(NO3)2·6H2O, Fisher) and 2-methylimidazole
(C4H6N2, 99%, Acros) (denoted as meIm) precursors.
(i) Process A was performed according to Zhu et al.
[20]. In a typical process, 8 mmol Zn(NO3)2·6H2O
was dissolved in 1.4 mol methanol (CH3OH, 99.9%,
Fisher) (denoted as MeOH) (solution 1) and
64.4 mmol meIm was dissolved in 1.4 mol MeOH
(solution 2). Solution 2 was then added to solution 1,
and the as-prepared mixture was stirred for 8 h.
Finally, the obtained ZIF-8 powder (denoted as
Z-A(MeOH)) was collected using centrifugation at
3000 rpm, washed three times with MeOH, and
dried overnight at 100°C.
(ii) Process B was carried out according to Bushell et al.
[21]. In a typical process, 7.20 g Zn(NO3)2·6H2O
and 4.48 g meIm were ﬁrst dissolved in 90 mL
dimethylformamide (C3H7NO, ≥99.5%, Fisher)
(denoted as DMF) and the prepared solution was
then heated in a Teﬂon-lined steel autoclave (volume of 200 mL) for three days at 100°C. The asproduced white solid material was collected using
ﬁltration, washed in a Soxhlet apparatus for two
days with MeOH, and dried at 100°C to obtain ZIF8 (denoted Z-B(DMF)).
The eﬀects of solvents, molar ratios of Zn(NO3)2·6H2O
and meIm, reaction time, and temperature on the structural
properties of the as-prepared ZIF-8 samples were further
studied.
Characterization. X-ray diﬀraction (XRD) patterns were
recorded on a VNU-D8 Advance Instrument (Bruker,
Germany) under-Cu Kα radiation (λ � 1.5418 Å). The N2
adsorption/desorption isotherm measurement test was
performed at 77 K in a Tristar 3000 analyzer, and before
setting the dry mass, the samples were degassed at 250°C
with N2 for 5 h. Scanning electron microscopy (SEM) images
were obtained using an SEM JMS-5300LV (Japan), and
infrared spectra (IR) were recorded in a Jasco FT/IR-4600
spectrometer (Japan) in the range of 4000–400 cm−1.
2.2. Knoevenagel Reaction. The Knoevenagel condensation
reaction between benzaldehyde and ethyl cyanoacetate was
carried out according to Martins et al. [18]. In the reaction,
1.07 g (10 mmol) benzaldehyde (C6H5CHO, 98%, Acros),
1.04 g (10 mmol) ethyl cyanoacetate (NCCH2CO2C2H5,
98%, Acros), and 15.42 g toluene (C6H5CH3, 99.9%, Duksan)
were added to a glass reactor and stirred at 30°C. When the
temperature became stable, 0.1 g of ZIF-8 was added. After
6 h of reaction, the solution was centrifuged to remove the
catalyst. The compositional analysis of the reactants and

products in the liquid sample was executed using a GC-MS
chromatograph (Agilent GC-MS 7890).
The conversion and the selectivity were calculated
according to the following equations:
conversion (%) �
selectivity (%) �

moles of reacted benzaldehyde
× 100,
moles of initial benzaldehyde
%product of ethyl-2-cyano-3-phenylacrylate
%total products
× 100.

(1)

3. Results and Discussion
3.1. Structural Properties of Z-A(MeOH) and Z-B(DMF).
Figure 1(a) exhibits the XRD patterns of ZIF-8 synthesized
with process A and process B. The diﬀraction peak (011) at
2θ � 7.2° is observed in both samples, indicating their high
crystallinities [2, 10, 12, 20, 22]. However, the intensity of
diﬀraction peaks in Z-B(DMF) is higher than that in
Z-A(MeOH), and this means that Z-B(DMF) has higher
symmetric planes.
The FT-IR spectra of both Z-A(MeOH) and Z-B(DMF)
are displayed in Figure 1(b), and the ﬁndings are consistent
with earlier reported results [19, 23, 24]. The bands at
3122 cm−1 and 2920 cm−1 are associated with the aromatic
and the aliphatic C-H asymmetric stretching vibrations, respectively. The band at 1668 cm−1 is attributed to the C�C
stretching mode, and the band at 1574 cm−1 is assigned to the
C�N stretching mode. The bands at 1300–1460 cm−1 are
associated with the entire ring stretching, whereas the band at
1140 cm−1 is formed from the aromatic C-N stretching mode.
Similarly, the bands at 991 cm−1 and 748 cm−1 could be
assigned to the C-N bending vibration mode and to the C-H
bending mode, respectively. Moreover, the band at 690 cm−1
is developed due to the ring out-of-plane bending vibration of
imidazolate. The sharp band at 416 cm−1 formed due to Zn-N
stretching indicates that zinc atoms are connected to the
nitrogen atoms in the 2-methylimidazolate linkers.
The surface morphologies of the materials synthesized
with the two approaches are totally diﬀerent. Z-A(MeOH)
comprises cubic crystals, hexagonal-faceted crystals, and
rhombic dodecahedrons (with an edge of ∼100 nm)
(Figures 2(a) and 2(b)). In contrast, Z-B(DMF) has truncated rhombic dodecahedrons with varying particle sizes of
3–20 μm (Figures 2(c) and 2(d)) [19, 22, 25]. Hence, compared with Z-A(MeOH), Z-B(DMF) yields high and sharp
diﬀraction peaks due to its clear crystal planes and large
crystal size.
In process A, the formation path of ZIF-8 depends on the
reaction time [10, 11]. However, in process B, ZIF-8 was
prepared in DMF at 100°C in three days; hence, a fully
crystalline ZIF-8 phase was obtained.
Figure 3 displays the nitrogen adsorption/desorption
isotherms of Z-A(MeOH) sample and Z-B(DMF) sample
at 77 K. According to the classiﬁcation of IUPAC, the isotherm curves belong to type-I, indicating that Z-A(MeOH)
and Z-B(DMF) are microporous materials. The speciﬁc
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Figure 1: (a) XRD patterns and (b) FT-IR spectra of Z-A(MeOH) and Z-B(DMF) samples.
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Figure 2: SEM images of Z-A(MeOH) (a, b) and Z-B(DMF) (c, d).

surface area of Z-A(MeOH) and Z-B(DMF) is 1279 m2·g−1
and 1415 m2·g−1, respectively (Table 1). These values are higher
than those of ZIF-8 synthesized with other routes [23, 26].
3.2. Eﬀects of Solvents. Solvents play an important role in the
ZIF-8 synthesis. Earlier studies reported that ZIF-8 can be
formed in diﬀerent solvents: DMF [19, 21], methanol
[2, 10–14], and water [25]. Therefore, in our experiment, the
eﬀects of diﬀerent solvents (methanol, DMF, water, and
toluene) on the ZIF-8 formation were investigated in detail.

Table 2 describes the characteristics of ZIF-8 obtained from
process A and process B with diﬀerent solvents.
It is clear that toluene is an unsuitable solvent for the
ZIF-8 synthesis. This can be attributed to the very small
dipole moment of toluene (0.36 D) compared with that of
methanol (1.69 D), water (1.85 D), and DMF (3.86 D), and
the deprotonation of a meIm compound cannot occur to
form a meIm− ion.
Figure 4 shows that the synthesized samples in water
have characteristic diﬀraction peaks (at 2θ < 30°) and

4

Advances in Materials Science and Engineering
430
Volume adsorbed (cm3/g, STP)

Volume adsorbed (cm3/g, STP)

440
420
400
380
360
340

425
420
415
410
405
400
395

320
0.0

0.2

0.4
0.6
0.8
Relative pressure (P/Po)

0.0

1.0

0.2

0.4
0.6
0.8
Relative pressure (P/Po)

1.0

Adsorption
Desorption

Adsorption
Desorption
(a)

(b)

Figure 3: Nitrogen adsorption/desorption isotherms of Z-A(MeOH) sample (a) and Z-B(DMF) sample (b).
Table 1: Porous properties of ZIF-8 samples.
BET surface area
(m2·g−1)
1279
1415

Sample
Z-A(MeOH)
Z-B(DMF)

t-plot micropore
area (m2·g−1)
1237
1412

Table 2: Characteristics of ZIF-8 obtained in diﬀerent solvents.
Product (state, color, and abundance ratio)
Process A
Process B
Methanol Solid, white, medium∗ Solid, milk white, very small
DMF
Gel, white
Solid, white, medium∗∗
Water
Solid, white, large
Solid, white, large
Toluene
Solid, gray, very small
Gel, white
Solvent

∗

Z-A(MeOH) sample;

∗∗

Z-B(DMF) sample.

characteristic vibration bands. However, in process B, the
diﬀraction peaks at 2θ � 31.73°, 34.4°, 36.23°, and 47.48° and
the band at 492 cm−1 indicate the existence of ZnO oxides
and Zn-O bonds in ZIF-8 [26]. This can be ascribed to the
hydrolysis of Zn2+ ions in water at high temperatures.
The morphologies of the synthesized samples in water
are displayed in Figure 5. In process A, the surface morphologies of ZIF-8 are indeterminate (Figures 5(a) and 5(b)).
On the contrary, the microstructures of ZIF-8 synthesized in
process B consist of hexagonal cylinders and cubic crystals
(Figures 5(c) and 5(d)).
The results in Table 2 indicate that the solvent exchange
between the two processes did not lead to the formation of
ZIF-8. This is due to large diﬀerences in the boiling temperature and dipole moment of the solvents, indicating that
solvents play an important role in the synthesis of ZIF-8.
3.3. Eﬀects of Synthesis Time and meIm/Zn Molar Ratios.
Figure 6 displays the SEM images of the synthesized ZIF-8
samples at two diﬀerent stirring intervals—two days and ﬁve

t-plot external surface
area (m2·g−1)
42
3

t-plot micropore
volume (cm3·g−1)
0.604
0.642

days. Both samples have mainly hexagonal and rhombic
dodecahedron crystals of a diameter of ∼100 nm. Further,
their very sharp diﬀraction peaks appear at 2θ below 10°,
indicating the formation of highly crystalline materials
(Figure 7(a)).
The XRD patterns of the samples synthesized at diﬀerent
meIm/Zn molar ratios are presented in Figure 7(b). In all
cases, the amounts of Zn(NO3)2·6H2O and methanol were
kept constant. No conspicuous diﬀerence was noticed in the
XRD peaks of the samples; however, their relative crystallinities slightly decrease as the meIm/Zn molar ratio increases from 64.4/8 to 100/8. These ﬁndings are well
consistent with those reported by Zhang et al. [24].

3.4. Eﬀects of Synthesis Temperature. The eﬀects of reaction
temperature on ZIF-8 synthesized with the process B are
depicted in Figure 8. Noticeably, better cohesion of particles
in the sample synthesized at 200°C reduces the intensities of
diﬀraction peaks at larger angles. However, as the reaction
temperature increases, the intensities of diﬀraction peaks at
angles less than 10° become higher, indicating the formation
of ZIF-8 with higher crystallinities.
In conclusion, the meIm/Zn molar ratios, reaction time,
and temperature have an impact on the crystallinity of ZIF-8
but do not aﬀect its crystalline structure.
3.5. Catalytic Test. The Knoevenagel condensation reaction
between benzaldehyde and ethyl cyanoacetate to form ethyl-
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Figure 4: (a) XRD patterns and (b) FT-IR spectra of ZIF-8 synthesized in water.
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Figure 5: SEM of ZIF-8 synthesized in water: process A (a, b); process B (c, d).

2-cyano-3-phenylacrylate (Scheme 1) was used to test the
catalytic activities of the synthesized ZIF-8 samples.
The eﬀect of diﬀerent ZIF-8 samples on the Knoevenagel
condensation reaction is illustrated in Figure 9. Evidently, all
synthesized samples exhibit excellent catalytic activities in
the Knoevenagel condensation reaction (the benzaldehyde
conversion in the catalytic reactions is considerably higher
than that in the reactions without catalysts). Figure 9(a)
shows that the conversion of benzaldehyde depends on the
crystallinity of ZIF-8. The conversion is greater when the

intensity of diﬀraction peaks at 2θ < 10° is higher
(Figures 1(a), 7(a), and 8(b)). Speciﬁcally, ZIF-8 synthesized
with process B at 200°C has the highest yield. In addition, the
selectivity of ethyl-2-cyano-3-phenylacrylate always remains
close to 100% (Figure 9(b)), indicating that the formation of
benzoic acid during the catalytic reaction is negligible.
The Knoevenagel condensation reaction is commonly
catalyzed by liquid or solid bases. ZIF-8 is a bifunctional
catalyst composed of both acidic (Lewis acid Zn2+ ions) and
basic sites (imidazole groups) [20]. It was noticed that the
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Figure 6: SEM images of ZIF-8 crystals synthesized with process A as a function of synthesis time: (a) two days; (b) ﬁve days.
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Figure 7: XRD patterns of ZIF-8 crystals synthesized with process A: (a) diﬀerent synthesis times; (b) diﬀerent meIm/Zn molar ratios.
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Figure 8: SEM image (a) and XRD patterns (b) of ZIF-8 samples synthesized with process B at diﬀerent temperatures.

catalytic activities of ZIF-8 are governed by the basic sites of
imidazoles. To evaluate the durability of ZIF-8 catalyst for
the Knoevenagel reaction, Tran et al. also test the leaching of

the 2-methylimidazole linker [19]. They conclude that the
ZIF-8 solid catalysts remain stable, and no contribution of
homogeneous catalysis due to active acid species leaching
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Scheme 1: Knoevenagel condensation reaction between benzaldehyde and ethyl cyanoacetate.
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Figure 9: Eﬀect of various ZIF-8 samples on the Knoevenagel condensation reaction: (a) benzaldehyde conversion (%); (b) ethyl-2-cyano-3phenylacrylate selectivity ((1) without a catalyst; (2) Z-A(MeOH); (3) Z-B(DMF); (4) ZIF-8 sample synthesized with process A for ﬁve days;
and (5) ZIF-8 sample synthesized with process B at 200°C).

Table 3: Eﬀect of the diﬀerent catalysts on Knoevenagel condensation.
Catalyst

Precursors

ZIF-8∗

Benzaldehyde (10 mmol) and
ethyl cyanoacetate (10 mmol)
Benzaldehyde (1.9 mmol) and
malononitrile (1.9 mmol)
Benzaldehyde (10 mmol) and
diethyl malonate (10 mmol)
Benzaldehyde (10 mmol) and
diethyl malonate (10 mmol)
Benzaldehyde (4.8 mmol) and
ethyl cyanoacetate (4.8 mmol)

ZIF-8
MCM-41
Amine-MCM-41
+

[CTA ]-SiMCM-41
∗

Reaction condition

Benzaldehyde
conversion (%)

References

30°C, 6 h, 0.1 g of the catalyst

76.5

The present work

51

[19]

56–70

[16]

78–92

[16]

57.2

[17]

Room temperature, 6 h, 0.02 g of the
catalyst
Room temperature, 24 h, 0.025 g of the
catalyst
Room temperature, 24 h, 0.025 g of the
catalyst
30°C, 3 h, 20 mg of the catalyst

ZIF-8 sample synthesized with process B at 200°C.

into the reaction solution is found. Thus, in the ZIF-8 sample
synthesized with process B at 200°C, the Lewis acid Zn2+ sites
may become saturated; hence, the decrease in densities of the
Lewis acid sites results in more base sites from the imidazole
linkers.
A comparison of the benzaldehyde conversion of the
Knoevenagel condensation with diﬀerent catalysts is shown
in Table 3. Although the reaction conditions are diﬀerent,
the benzaldehyde conversion of this study is higher (76.5%
compared with 51–70%) or consistent with that of previous
studies (78–92%).

4. Conclusions
ZIF-8 was formed in methanol and water at room temperature and in DMF at high temperatures (100–200°C). In
methanol, the reaction time and meIm/Zn molar ratio have
small eﬀects on the microstructures (uniform particles of
∼100 nm diameter) of ZIF-8; however, the diﬀraction peaks
at the angles smaller than 10° had slight variations. In
contrast, ZIF-8 synthesized in DMF manifests full crystallinity with varying particle sizes (3∼20 μm) with the better
cohesion of particles observed at 200°C. All ZIF-8 samples

8
exhibit excellent catalytic activities in the Knoevenagel condensation reaction because of the base sites of imidazoles.
When ZIF-8 are highly crystalline (samples synthesized in
MeOH for ﬁve days and in DMF at 200°C), the activities of the
base sites of imidazole prevail those of the Lewis acid sites of
Zn2+, resulting in a higher conversion of benzaldehyde.
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In this study, pillared layered clays were prepared by modifying Vietnamese bentonite with polymeric Al and Fe. The obtained
materials were characteristic of X-ray diﬀraction analysis, thermal analysis, and nitrogen adsorption/desorption isotherms. The
results indicated that hydroxy-aluminum ([Al13O4(OH)24(H2O)12]7+) and poly-hydroxyl-Fe or polyoxo-Fe cations were intercalated
into layers of clay, resulting in an increase of d001 values and of the speciﬁc surface areas compared with those of initial bentonite.
Modiﬁed bentonites were employed to adsorb As(V) from aqueous solution. The adsorption of As(V) was strongly dependent on
solution pH, and the maximum adsorption of modiﬁed bentonites was obtained in the pH 3.0 for Fe-bentonite and the pH 4.0 for Albentonite. The equilibrium adsorption study showed that the data were well ﬁt by the Langmuir isotherm model. The maximum
monolayer adsorption capacity of As(V) at 30°C derived from the Langmuir equation was 35.71 mg/g for Al-bentonite and 18.98 mg/
g for Fe-bentonite. Adsorption kinetics, thermodynamics, and reusability of modiﬁed bentonites have been addressed.

1. Introduction
Arsenic is a potentially toxic metal that is said to be one of
the most concerned contaminants in aquatic sources. Many
approaches have been reported for the removal of arsenic
including membrane dialysis, oxidation/reduction,
precipitation/coprecipitation, ﬁltration and adsorption,
and ion exchange [1]. Among them, adsorption is recognized as one of the most promising method due to high
eﬃciency and low cost. Various materials such as dolomite
[2], chitosan [3], zeolites [4], organic clays [1], pillared
interlayered clay [5, 6], activated carbon [7], metal oxides
[8], and reduced metals [9] have been applied as adsorbents
to eliminate arsenic from aqueous solutions. Many reports
demonstrate that clays and modiﬁed clays have great potential to adsorb arsenic from contaminated water. Among
the modiﬁed clays, pillared interlayered clays (PILCs) by
means of the replacement of the exchangeable interlayer
cations with Al13, Fe13 Keggin ions have attracted extensive

attention [10–12]. The surface area and pore volume of these
PILCs are greatly enhanced so that they are used as eﬀective
adsorbents for arsenate removal. Ramesh et al. [5] reported
that the maximum arsenate adsorption of Al/Fe-modiﬁed
montmorillonite was about 21.23 mg/g (pH 3.0–6.0). Luengo
et al. [6] studied the arsenate adsorption on a Fe(III)modiﬁed montmorillonite. The authors concluded that
both monomeric/polymeric Fe(III) species in the interlayer
and on the external surface were responsible for arsenate
adsorption. Zhao et al. [10] have proven that the adsorption
capacity of the montmorillonites for As(V) was signiﬁcantly
promoted with increasing Al13 content. The experimental
results showed the important role of the high positive charge
of Al13 in the improvement of adsorption capacity of the
modiﬁed montmorillonites. However, up to now, less eﬀorts
have been paid on both mechanism, kinetics, and thermodynamics of arsenate adsorption onto inorganic clay.
In the present article, the preparation of pillared layered
clays by modiﬁcation of bentonite with polymeric Al and Fe

2
and the removal of As(V) from aqueous solution were
demonstrated.

2. Experimental
2.1. Materials. Bentonite was obtained from Vietnamese
mining company and puriﬁed by the sedimentation combined with sonication and centrifugation. Aluminum
chloride (AlCl3·6H2O, 99%), ferric nitrate nonahydrate
(Fe(NO3)3·9H2O, 99%), silver nitrate (AgNO3, 98%), and
sodium hydroxide (NaOH, 98%) were obtained from
Guangzhou company, China. Stock solution of H3AsO4
100 mg/L was purchased from Merck. Chemical composition in mass analyzed by EDX of SiO2; Al2O3; Fe2O3; TiO2;
MgO; CaO; K2O; and Na2O in mass is 69.1; 18.7; 4.4; 0.37;
4.19; 2.93; 0.25; and 0.07, respectively. The cation exchange
capacity (CEC) was found to be 0.75 mmol/g.
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The obtained polymeric Al-modiﬁed bentonite was denoted
as Al-B.
2.4. Adsorption Studies. Batch adsorption experiments were
performed in 100 mL ﬂask. 0.05 g of modiﬁed bentonite was
added into the 100 mL ﬂasks containing 50 mL solution with
various concentrations of As(V). The pH solution was adjusted to the desired value by adding amounts of 0.01 M
NaOH or 0.01 M HCl, and the bottles were shaken by
magnetic stirrer for 4 h to attain equilibrium. The adsorbent
was separated by centrifugation. Then, the concentration of
As(V) was analyzed by the AAS method. Blank control tests
were carried out for the sake of comparison.
The adsorption capacity of arsenate was calculated by
using the following equation:
C − Ct
(1)
qt � o
· V,
m

2.2. Characterization. X-ray diﬀraction (XRD) patterns were
obtained on D8-Advance Brucker, Germany with CuKα
radiation. Thermogravimetric (TG) analysis was recorded on
DTG-60H (Shimadzu) from 25 to 1000°C at a heating rate of
10°C/min under air atmosphere. Fourier transform infrared
spectra (FTIR) were carried out on SHIMADZU FT-IR
8010M. Nitrogen adsorption/desorption isotherms were
performed on Tri Star 3000. Before adsorption measurements,
the specimen of 1.25 gram was outgassed for 5 h at 250°C. BET
speciﬁc surface area was calculated from the nitrogen adsorption data with the relative pressure ranged from 0.04 to
0.25. Scanning electron microscopy (Hitachi, S-4500) was
used to analyze the morphology of the obtained samples. A
pH meter (Horiba, F-52) was employed for pH measurements. The point of zero charge (pHPZC) of bentonite and
polymeric Al/Fe-modiﬁed bentonite was calculated by the pH
drift method. Arsenate was analyzed by means of atomic
absorption spectroscopy (AAS, SHIMADZU-6800).

where qt is the adsorption capacity of arsenate at time t, Co
(mg/L) is the initial arsenate concentration, Ct (mg/L) is the
concentration of arsenate at time t, V (L) is the volume of
arsenate solution used, and m (g) is the mass of the adsorbent used.
The eﬀect of pH on arsenic adsorption was investigated
in the pH ranges from 2 to 9 at ambient temperature.
For kinetic experiments, 0.2 g of adsorbent was added to
250 mL of known initial concentration in the pH � 3.0 (for
the Fe-B sample) or pH � 4.0 (for the Al-B sample), and the
mixture was stirred at an identical stirring speed of 600 rpm.
At given time intervals, about 5 mL of solution was withdrawn and then centrifuged, and the equilibrium concentrations of the adsorbate were analyzed by the AAS method.
The adsorption kinetics experiments were conducted at
10°C, 20°C, 30°C, and 40°C.

2.3. Preparation of Fe-Bentonite and Al-Bentonite. The puriﬁed bentonite was noted as B. The Fe pillaring solution,
prepared from Fe(NO3)·9H2O and NaOH with OH−/Fe3+
molar ratio of 0.3 was stirred for 2 h and then aged in 24 h at
ambient temperature. The mixture of B (1.0 g) and 100 mL of
deionized water was vigorously stirred for 1 h. After that, the
Fe pillaring solution was added slowly into the suspension
containing the bentonite (the ratio of 10 mmol Fe/g dry
bentonite); the mixture was stirred for 24 h at room temperature. The solid was separated by centrifugation and
dried at 100°C for 10 h. The obtained polymeric Fe-modiﬁed
bentonite was denoted as Fe-B. The Al pillaring solution was
prepared by adding 0.1 M NaOH to 0.1 M AlCl3 solution
with vigorous stirring to obtain the [OH−]/[Al3+] molar ratio
of 2.4. Then, the pillaring solution was vigorously stirred for
7 h at 70°C and aged for 24 h at ambient temperature. After
the aging process, the solution was slowly dropped under
vigorous stirring to bentonite suspension for 24 h (24 mmol
Al/g of dry bentonite). The ﬁnal solid was obtained by ﬁltration and washed with distilled water until free of chlorides
(using the AgNO3 test). The solid was dried at 100°C for 10 h.

3.1. Characterization of the Adsorbents. The XRD patterns of
B, Fe-B, and Al-B samples are shown in Figure 1.
The XRD patterns of B, Fe-B, and Al-B samples are shown
in Figure 1. The basal spacing (d001) of B is 1.44 nm while the
recorded basal spacings were 1.48 nm for the Fe-B and
1.78 nm for the Al-B. Changes in the basal spacing depended
on the charge, size, and hydration behavior of the ion or
molecule that was located in the interlayer and on interactions
between it and the phyllosilicate layers [12]. For the Fe-B
sample, a slight increase in d001 has contributed to the
presence of polymeric species of iron within the interlayer. In
addition, from Figure 1, there was no characteristics reﬂections peaks of phases α, β–FeOOH, Fe2O3, and Fe3O4,
showing that the iron oxides and hydroxides were not formed
in Fe-bentonite sample. It was possible that iron oxides and
hydroxides were forming very ﬁne particles absorbed onto
bentonite that could not be detected by XRD to destroy a part
of crystal structure of bentonite, which was reﬂected in the
decrease of intensity of d001 peak. The interlayer spacing
distance of Al-B was 1.74 nm; this was a proof for the successful intercalation of hydroxyaluminum polycation into the

3. Results and Discussion
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Figure 1: XRD patterns of B, Fe-B, and Al-B.

bentonite layers. According to Hao et al. [13], the size of
hydroxyaluminum polycation ([AlO4Al12(OH)24(OH2)12]7+)
was of about 0.9 nm, and the basal spacing (d001) of bentonite
was 0.96 nm, so if there was an intercalation of ion Keggin
Al13 into the interlayer space of bentonite, the basal spacing
(d001) of bentonite would be about of 1.86 nm. Other authors
[14, 15] have observed that Al13 pillared bentonite gave basal
spacings between 17 and 18 Å. This was explained by Qin et al.
[11] that the value of d001 could not attain 1.86 nm probably
due to the delamination of bentonite.
The FTIR spectra of the samples are depicted in Figure 2.
The peak at 3549 cm−1 of B sample was assigned to AlFe-OH vibration [16], the peak at 3414 cm−1 contributed to
Fe-Fe-OH vibration [16] and HO-H vibration of the
adsorbed water, and the peak at 1638 cm−1 was due to the
deformation band (δ(O-H)) of physically adsorbed water.
The peak at 1111 cm−1 was assigned to Si-O vibration in
tetrahedral. If the amount of iron (Fe) in clays was high, this
peak would shift to the higher position. According to other
reports [1, 11, 17], this peak was in the range of
1033–1041 cm−1, indicating that bentonite was iron-rich
clay. The peak at 964 cm−1 was corresponded to Si-OH
vibration [18], the peak at 816 cm−1 was because of the
deformation vibration of Fe-Fe-OH [16], and the peak at
675 cm−1 was attributed to Al-Fe-OH vibration [19].
FT-IR spectra of the Fe-B and Al-B show that some
characteristic bands of the initial bentonite were changed.
Peak related to the δ(O-H) deformation shifted from
1638 cm−1 (B) to 1630 cm−1 (Fe-B) and to 1636 cm−1 (Al-B)
with lower intensity. This could be due to the decrease of the
H2O content with replacing of the intercalated Fe/Al polycations. For Al-B, the peak at 3441 cm−1 and the intensity
was higher than that of B (3414 cm−1). The former was
contributed to the O-H stretching vibration in hydroxyl-Al
cations while the latter was corresponded to the hydroxyl
groups in water-water hydrogen bands [17]. The band of SiO vibration shifted from 1111 to 1026 cm−1 attributing to the
strong interactions of the hydroxyl Al and bentonite layers.
The FTIR results were in accordance with those of XRD.

1394
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Figure 2: FTIR spectra of B, Fe-B, and Al-B.

TG and DTA curves of B, Fe-B, and Al-B samples are
presented in Figure 3.
TG and DTA curves of B, Fe-B, and Al-B samples are
presented in Figure 3. There were three main mass losses in
the TG curve for the sample without modiﬁcation. The ﬁrst
one below 200°C was due to physical water adsorption. The
second mass loss being broadened from 200 to 600°C could
be assigned to the interlayer water in bentonite structure.
The third mass loss in the range of the temperatures over
600°C corresponding to the DTA peak 778°C was contributed to the dehydroxylation of bentonite layers. The TG
curves of Fe-B and Al-B samples were similar than that of B
sample. The mass loss in the range of 20–200°C (Loss 1) was
assigned to physically adsorbed water. This period of the AlB sample corresponding to the DTA endothermic peak 75°C
was also attributed to the dehydration of oligomer Al cations
[20], and the value was 14.1% which was higher than that of
the unmodiﬁed one (3.5%). The mass loss in the range of
200–400°C (Loss 2) was contributed to the dehydration of
bentonite layers and the decomposition of hydroxyl groups
in polymeric Fe/Al cations. The second mass loss of Fe-B and
Al-B samples at 200–400°C was 11.2% and 9.9%, respectively, which was higher than that of the B sample
(8.1%). The mass loss above 600°C (Loss 3) was due to the
decomposition of hydroxyl groups in the octahedron layer of
bentonite.
The nitrogen adsorption and desorption isotherms of B,
Fe-B, and Al-B materials are shown in Figure 4.
The nitrogen adsorption/desorption isotherms of the
samples were all of type III according to IUPAC classiﬁcation which indicated that the samples possessed mesoporous structure. The shape of hysteresis loops around from
0.4 to 0.9 of relative pressure was attributed to the slit-shaped
pores, and their sizes are not well proportioned [4]. Table 1
lists the textural properties of all the samples. The BET
surface area of pure bentonite was 114.44 m2/g, but it increased to 146.07 m2/g (Fe-B) and 170.13 m2/g (Al-B) after
modiﬁcation. This is probably due to the increase of micropore volume (0.057 cm3/g) and micropore surface area

4
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Figure 3: TG and DTA curves of B (a), Fe-B (b), and Al-B (c).

Table 1: Textural parameters of B, Fe-B, and Al-B samples.

Volume adsorbed (cm3·g–1, SPT)
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Figure 4: N2 adsorption/desorption isotherms of B, Fe-B, and Al-B.

SBET
(m2/g)
114.44
146.07
170.13

Smicro
(m2/g)
44.72
41.03
119.61

Sext
(m2/g)
69.72
105.04
50.52

Vmicro
(cm3/g)
0.020
0.018
0.057

Vtotal
(cm3/g)
0.187
0.159
0.111

(119.61 m2/g) in the interlayer spaces of the modiﬁed bentonite. This result was similar to the report of Ramesh et al.
[5]. Before inserting polymeric Al into interlayer spaces of
bentonite, these spaces were full of hydrated cations. The
arrangement of these cations created the spaces between
them, favoring the absorption of nitrogen. When intercalating polymeric Al into the bentonite, there were more
pores in the interlayer space of bentonite favoring the absorption of nitrogen, so the micropore surface area of Al-B
sample increased. According to the other authors [21, 22],
the cation charge in the spaces of bentonite strongly aﬀected
the absorption of nitrogen. The decrease of external areas of
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Al-B sample was explained by the increase of the number of
micropores.

16

3.2. Adsorption Studies

Fe-OH(surface) + H3 AsO4(solution) ⇄ Fe-HAsO4 − + H(solution) +
+ H2 O

(2)
The liberation of H+ ions decreased pH of the solution.
The pH increased after the As(V) absorption onto Al-B
sample due to the following reaction:
(Fe/Al) − OH(surface) + H2 AsO4(solution) −
⇄ (Fe/Al) − H2 AsO4(surface) + OH(solution) −

(3)

The liberation of OH− ions increased pH of the solution.
So, in this pH range, the main adsorption mechanisms
could be considered as the electrostatic interactions and ion
exchange.
FTIR spectra of Fe-B before and after the As(V) absorption are depicted in Figure 7.
Figure 7 shows a band in the range of 3500–3700 cm−1,
related to the stretching vibration of the structural hydroxyls
group (AlAlOH, AlMgOH) [5]; a strong band at 3563 cm−1
related to the O-H stretching vibration of the silanol (Si-OH)
groups and HO-H vibration of the water adsorbed silica
surface [5]. The adsorption band at 1635 cm−1 was due to the

14
qe (mg·g–1)

3.2.1. Eﬀect of pH. The pH eﬀect on the arsenate adsorption
capacity of polymeric Al/Fe-modiﬁed bentonite is shown in
Figure 5.
It was found that the best adsorption of As(V) onto
modiﬁed bentonite was in the range of pH 2.0–4.0. When
increasing pH from 4.0 to 9.0, the amount of arsenate
adsorbed (qe) decreased. The point of zero charge (pHPZC) of
Fe-B and Al-B samples was, respectively, found to be 3.1 and
4.8 (Figure 6). At pH < pHPZC, the modiﬁed bentonite surface
was positively charged, so it favored for the adsorption of
arsenic species in the form of H2AsO4− anions by electrostatic
interaction. However, at a pH > pHPZC, the modiﬁed surface
was negatively charged, causing a repulsion force between the
As(V) anions and bentonite surface. In addition, the hydroxyl
ions and arsenate species could compete for adsorption at
high pH causing a reduction in As(V) adsorption. Experimental results showed that As(V) had a maximum adsorption
at pH 3.0 for Fe-B sample and pH 4.0 for the Al-B sample.
Therefore, pH 3.0 and pH 4.0 were selected for further experiments, respectively, for Fe-B and Al-B samples.
In order to get more understanding of mechanism for
arsenate absorption onto modiﬁed bentonite, the As(V)
absorption at diﬀerent pH was carried out. The pH values
before and after the absorption are shown in Table 2.
From Table 2, it can be observed that the values of the pH
for all of cases in the adsorption experiment changed. The
pH values decreased after the arsenate absorption onto Fe-B.
This could be explained by the reaction between the absorption sites Fe-OH(surface) and H3AsO4(solution), creating
the surface complexes such as the following:

12
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Figure 5: Eﬀect of pH on the adsorption capacity of As(V) onto
Fe-B sample (Co(As) � 12.98 mg/L) and Al-B sample (Co(As) �
16.84 mg/L) (T � 303 K, m � 0.05 g, t � 4 h).

deformation band (δ(O-H)) of physisorbed water [17]. After
As(V) adsorption, these peaks were also observed with decreased intensity. This should be assigned to the direct interactions between arsenate anions and Fe-OH and Al-OH
groups at corners of bentonite layers to create Fe-O-As(V) or
Al-O-As(V) bonds which decreased intensity of these peaks.
In addition, a new peak with low intensity was observed at
879 cm−1 corresponding to As-O vibration in HAsO42− anion,
indicating that there was the As(V) adsorption onto Fe-B.
The SEM images of Fe-B, Fe-B after the As(V) adsorption, Al-B, and Al-B after the As(V) adsorption are
shown in Figure 8.
The morphology of modiﬁed bentonite changed clearly
by the As(V) adsorption. The morphology of Fe-B included
plates with diameter of several μm, around of which particles
of small sizes were located. This morphology might facilitate
for As(V) to adsorb onto modiﬁed bentonite. After As(V)
adsorption, the lamellar structure of the Fe-B was left and a
large number of ﬂakes appeared. This indicated that there
was a change in distance between the clay particles after
arsenate adsorption. In addition, the small-size particles
around the clay plates disappeared, suggesting that small
clusters of Fe(III) oxides and hydroxides were also adsorption sites on surfaces. The morphology of Al-B sample
consisted of the aggregate of smectites with irregular shape
and partly a mass of ﬂake shape. After arsenate adsorption,
the modiﬁed clay surface was changed to an aggregated
morphology, and there were several clusters around the clay
plates. This indicated that the As(V) adsorption had a strong
inﬂuence on the structure and morphology of modiﬁed
bentonites.
3.2.2. Adsorption Kinetics. Experimental kinetic data were
evaluated by using pseudo-ﬁrst-order and pseudo-secondorder kinetic models. The pseudo-ﬁrst-order kinetic model
in linear form is presented in the following equation:
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Table 2: pH of As(V) solution before and after the arsenate absorption onto Fe-B (Co(As) � 12.98 mg/L) and Al-B (Co(As) �
16.84 mg/L) (T � 303 K, m � 0.05 g).

t
1
1
�
+ · t,
qt k2 q2e qe

pH before the arsenate
2.0 3.0 4.0 5.0 6.0 7.0 8.0 9.0
absorption
pH after the arsenate
2.0 2.9 3.3 — 4.0 4.8 7.0 7.2
absorption onto Fe-B
pH after the arsenate
2.7 3.7 5.4 5.8 6.4 7.9 8.1 9.4
absorption onto Al-B

where k2 is the equilibrium rate constant of pseudo-secondorder kinetic model (g/mol·min).
The goodness of ﬁt for the compatible model is assessed
based on determination coeﬃcient R2 for the regression
equation.
The plots of pseudo-ﬁrst-order and pseudo-second-order
kinetic models are illustrated in Figures 9 and 10, respectively.
Their parameters are summarized in Table 3. The high determination coeﬃcients (>0.92) as well as the calculated qe
values close to the experimental ones indicated that pseudosecond-order kinetic model was more suitable for the description of the adsorption kinetics of arsenate on modiﬁed
bentonite (Table 3). This implied that the adsorption process
could be chemisorption [23, 24]. The values of qe at diﬀerent
temperatures for Al-B were greater than those for Fe-B, indicating that the adsorption capacity of Al-B is larger than that
of Fe-B. The average diameter of H2AsO4− ions was about
3.5 Å, meanwhile the pore diameter of studied materials was
about 26–220 Å, so arsenate ions were easy to move inside the
mesopores of materials without being obstructed the geometry.
Table 3 shows that the value of k2 increased with increasing temperature for both two samples (Fe-B: 0.353.10−3–
7.301.10−3 g/mg·min; Al-B: 2.8.10−3–5.8.10−3 g/mg·min).
The activation energy can be computed by using the
Arrhenius equation:

100 %
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Figure 7: FT-IR spectra of Fe-B before and after the As(V)
adsorption.

ln qe − qt  � ln qe − k1 · t,

(4)

where qe and qt are the adsorption capacity at equilibrium
and at time t (mg/g) and k1 is the pseudo-ﬁrst-order rate
constant (min−1).
The pseudo-second-order kinetic model is given by
[23, 24]

ln k2 � −

Ea
+ ln A,
RT

(5)

(6)

where A is the Arrhenius constant (g/mg·min), Ea the activation energy of adsorption (kJ/mol), R is the gas constant
(8.314 J/mol·K), and T is the absolute temperature (K). The
activation energy (Ea) was obtained from the slope of the
linear plot of ln k2 versus 1/T (Figure 11(a)).
Besides calculating the activation energy, the Gibbs
energy ΔG#, enthalpy ΔH#, and entropy ΔS# of the activation
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Figure 8: SEM images of Fe-B (a), Fe-B after the As(V) adsorption (b), Al-B (c), and Al-B after the As(V) adsorption (d).
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Figure 9: The pseudo-ﬁrst-order kinetic model (a) and pseudo-second-order kinetic model (b) of As(V) adsorption by Fe-B at diﬀerent
temperatures.

for As(V) adsorption kinetics can be computed by using the
Eyring equation [25]:
ln

k2
k
ΔG#
ΔH# 1
k
ΔS#
� ln b  −
�−
· + ln b  +
,
T
h
h
R·T
R T
R
(7)

where kb (1.3807 × 10−23 J/K) is the Boltzmann constant, h
(6.621 × 10−34 J·s) is the Planck constant, ΔG# is the Gibbs

energy of activation, ΔH# is the activation enthalpy, and ΔS#
is the activation entropy.
The linear plot of ln(k/T) versus 1/T gives a straight line.
The activation parameters could be derived from the slope
and intercepts of these lines (Figure 11(b)).
The values of the activation energy were found to be
80.29 kJ/mol and 41.90 kJ/mol for the arsenate adsorption
onto Fe-B and Al-B, respectively (Table 4). The magnitude of
activation energy can give information on whether the

8

Advances in Materials Science and Engineering
2.5

12
t/qt (min·g·mg–1)

ln (qe – qt)

2.0
1.5
1.0
0.5
0.0
–0.5

9
6
3
0

0

30

60

90
120
Time (min)

283 K
293 K

150

0

180

50

100
150
Time (min)

283 K
293 K

303 K
313 K

200

250

303 K
313 K

(a)

(b)

Figure 10: The pseudo-ﬁrst-order kinetic model (a) and pseudo-second-order kinetic model (b) of As(V) adsorption by Al-B at diﬀerent
temperatures.

Table 3: Parameters of pseudo-ﬁrst-order and pseudo-second-order kinetic model of As(V) adsorption by Fe-B and Al-B at diﬀerent
temperatures.
Adsorbent

Fe-B

Al-B

T (K)

qe (experimental) (mg/g)

283
293
303
313
283
293
303
313

14.38
14.42
14.42
14.44
18.47
20.75
20.80
21.05

First-order kinetic model
k1 (min−1) qe (cal) (mg/g)
0.010
15.19
0.013
12.44
0.027
9.80
0.021
6.57
16.35
1.6 × 10−3
1.9 × 10−3
13.01
8.56
7.0 × 10−3
9.0 × 10−3
7.09

2

R
0.942
0.977
0.962
0.992
0.956
0.948
0.949
0.752

Second-order kinetic model
k2 (g/mg·min) qe (cal) (mg/g)
21.14
0.35 × 10−3
19.80
0.68 × 10−3
4.20 × 10−3
15.53
14.97
7.30 × 10−3
1.0 × 10−3
22.22
2.9 × 10−3
22.22
4.2 × 10−3
20.83
5.8 × 10−3
21.28

–10
–5
–11

ln k2

ln (k2/T)

–6

–12

–7
–13
–8
0.0032

0.0033

0.0034
1/T (K–1)

Fe–B R2 = 0.952
Al–B R2 = 0.924

0.0035

–14

0.0032

0.0033

0.0034
1/T (K–1)

Fe–B R2 = 0.946
Al–B R2 = 0.912
(a)

(b)

Figure 11: (a) Arrhenius plots and (b) Eyring plots of As(V) adsorption onto Fe-B and Al-B.

0.0035

R2
0.924
0.973
0.999
0.998
0.984
0.998
0.992
0.996
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Table 4: Activation energy and activation parameters of adsorption
process.
T (K) Ea (kJ/mol) ∆H# (kJ/mol) ΔS# (kJ/mol.K) ΔG# (kJ/mol)
Fe-B
283
80.29
77.82
−0.037
88.41
293
88.79
303
89.16
313
89.53
Al-B
41.90
39.32
−0.162
85.16
86.78
88.40
90.02

adsorption process is physical or chemical. Ramesh et al. [5]
reported that the activation energy of physisorption was
normally not more than 42 kJ/mol. Hence, the values of
activation energy were found in this study suggesting that
the adsorption of As(V) on Fe-B was a chemical adsorption.
The smaller Ea for the adsorption of As(V) on Al-B was due
to the formation of weak chemical bond between absorbent
and adsorbate. According to the literature, the rate constant
increased when decreasing the value of activation energy or
increasing the frequency factor A. The calculated A values
were found to be 1.8 × 10−11 and 80821 for the adsorption of
As(V) on Fe-B and on Al-B, respectively. These results were
interesting due to showing “the compensation eﬀect” in
heterogeneous adsorption.
The free energy of activation (ΔG#), activation enthalpy
(ΔH#), and activation entropy (ΔS#) are listed in Table 4. The
positive value of ΔH# for both samples conﬁrmed an endothermic process. The magnitude and sign of ∆S# can give
an indication of whether the adsorption reaction is an associative or dissociative mechanism [25]. The high negative
values of ΔS# manifested that the As(V) adsorption process
was an associative mechanism. This was additional evidence
for the analysis of adsorption mechanism as described in
Section 3.2.1. The large positive values of ΔG# inferred that
the adsorption reactions required energy to convert the
reactants into products [26].
3.2.3. Adsorption Isotherms. Equilibrium studies were carried out to obtain the adsorption capacity of modiﬁed
bentonite at diﬀerent temperatures. Two adsorption isotherms, namely, the Langmuir [23] and the Freundlich [23]
isotherms were employed to analyze the adsorption data.
The linear form of Langmuir isotherm is given by
Ce Ce
1
�
+
,
(8)
qe q m K L · q m
where qe is the equilibrium adsorption capacity (mg/g), Ce is
the equilibrium arsenate concentration in solution (mg/L),
qm is the monolayer adsorption capacity of the adsorbent
(mg/g), and KL is the Langmuir constant (L/mg) which is
related to the energy of adsorption, respectively. qm and KL
can be computed from the intercept and slope of the linear
plot, with Ce/qe versus Ce.
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In addition, a separation factor, RL (also equilibrium
parameter), is deﬁned by the following equation:
1
RL �
,
(9)
1 + KL Ci
where Ci (mg/L) is the initial dye concentration and KL
(L/mg) is the Langmuir constant. The value of RL indicates
the shape of the isotherms to be either unfavorable (RL > 1),
linear (RL � 1), favorable (0 < RL < 1), or irreversible (RL � 0).
The Freundlich isotherm was applied to the adsorption
on a heterogeneous surface with uniform energy. The linear
form of this model can be expressed as follows:
1
(10)
ln qe � ln KF + · ln Ce ,
n
where qe and Ce are the equilibrium adsorption capacity
(mg/g) and equilibrium concentration in liquid phases (mg/
L), respectively. KF and n are the Freundlich constants which
are related to adsorption capacity and intensity, respectively.
The linear plot with ln qe versus ln Ce can provide the values
of KF and n from the slope and intercepts.
The plots for he Langmuir and Freundlich isotherm
models are shown in Figures 12 and 13.
As seen from Table 5, the high values of R2 for the
Langmuir isotherm model (R2 > 0.920), as compared with
those for the Freundlich isotherm model (R2 < 0.875) and the
values of RL in the range 0 and 1 inferred that As(V) adsorption onto the modiﬁed bentonite was favorable for the
Langmuir model. Based on the maximum monolayer adsorption capacity of the adsorbent qm (mg/g), speciﬁc area of
modiﬁed bentonite can computed by the following expression:
S�

qAs
max
· NA · σ As ,
MAs

(11)

where qAs
max is the Langmuir monolayer adsorption capacity,
MAs is the molar masse of As, NA is Avogadro number, and
σ As is the surface area of AsO43− (σ As � π · r2 , r � 1.7 Å).
Speciﬁc surface area of modiﬁed bentonite was calculated at the temperature of 283 K as follows:
17.76
23
2
−10 2
S(Fe − B) � 
 × 6.03 × 10 × 3.14 ×(1.7) × 10 
75
� 12.96 m2 /g,
S(Al − B) � 

29.41
23
2
−10 2
 × 6.03 × 10 × 3.14 ×(1.7) × 10 
75

� 21.46 m2 /g.
(12)
The eﬀective surface area values of the studied samples
were less than SBET of Fe-B (146.07 m2/g) and Al-B
(170.13 m2/g), indicating that the As(V) absorption onto
studied materials only occurred at the outer surfaces and in
the large pores of bentonite particles.
The maximum As(V) adsorption capacities (qm)
computed from the Langmuir model at 303 K were
18.98 mg/g for Fe-B and 35.71 mg/g for Al-B. As can be seen
from Table 6, the adsorption capacity for arsenate
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Figure 12: Plots of Langmuir (a) and Freundlich (b) isotherms in linear form for the adsorption of As(V) onto Fe-B at several temperatures.
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Figure 13: Plots of Langmuir (a) and Freundlich (b) isotherms in linear form for the adsorption of As(V) onto Al-B at several temperatures.

Table 5: The parameters of isotherm models in linear form for the adsorption of As(V) onto modiﬁed bentonite.
T (K)
Fe-B
283
293
303
Al-B
283
293
303

qmax (mg/g)

Langmuir model
KL (L/mg)
R2

RL

Freundlich model
KF (mg/g)
n

R2

17.76
18.05
18.98

1.08
5.18
7.87

0.976
0.972
0.976

0.016–0.053
0.003–0.011
0.002–0.007

8.81
9.99
10.69

4.86
5.36
5.44

0.561
0.391
0.405

29.41
32.59
35.71

0.32
0.41
0.70

0.984
0.970
0.984

0.046–0.111
0.037–0.090
0.022–0.055

21.477
16.912
14.069

7.41
6.10
5.29

0.795
0.779
0.875
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Table 6: Comparison of adsorption capacity with other adsorbents.
13

References
[1]

12

11

adsorption onto studied materials was greater than those
for other adsorbents reported. Therefore, the modiﬁed
bentonite showed a good capability for eliminating arsenate from aqueous solution down to part per billion levels,
making the present modiﬁed bentonite to be used commercially in future for adsorbing arsenate from aquatic
sources contaminated with arsenic.

Table 7: Thermodynamic parameters for the As(V) adsorption
onto Fe-B and Al-B materials.

(13)

∆G° (kJ/mol)
283 K
293 K
303 K
−26.59 −31.35 −33.47
−23.76 −25.16 −27.38

Adsorbent

The values of ∆H° and ∆S° were computed from the slope
and intercept of the plot, with ln KL versus 1/T in Figure 14.
The thermodynamic parameters for the As(V) adsorption
are presented in Table 7.
For the both cases, the obtained ∆H° values were positive,
which manifested the endothermic nature of arsenate adsorption onto modiﬁed bentonite. The positive value of ∆S°
indicated the entropy of the system increased during the
adsorption. This result suggested that the arsenate adsorption onto modiﬁed bentonite was promoted by entropy than
by enthalpy. The mechanism of the As(V) adsorption onto
modiﬁed bentonites might be ion exchange, so the large
value of entropy was corresponded to greater randomness.
The values of ∆G° were negative for both samples indicating
the spontaneous adsorption in the investigated temperature
range, and the decrease of ∆G° values with increasing
temperature inferred that the adsorption became more favorable at higher temperature.
3.3. Reusability. In the reusability test, 0.5 g of used modiﬁed
bentonites saturated with As(V) (initial Al-B or initial Fe-B)
was added into thirty milliliters of 0.01 M HCl solution. The
mixture was shaken at a temperature of 30°C using a
magnetic stirrer for 24 h. The solids were centrifuged, rinsed
for several times with distilled water, dried at 100°C, and
investigated for As(V) adsorption capacity at the ﬁrst run.
Figure 15 represents the reusability of modiﬁed bentonite. The adsorption capacity of the adsorbents decreased
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∆H°
(kJ/mol)

∆S°
(kJ/mol.K)

71.23
27.34

0.347
0.180

20
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5

0
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(14)

0.0035

Figure 14: Plot ln KL versus 1/T for the determination of thermodynamic parameters.

Al-B 1st run

where KL is the Langmuir constant:
ΔG°
ΔH° ΔS°
�−
+
.
ln KL � −
RT
RT
R

0.0034
1/T (K–1)

Fe-B R2 = 0.911
Al-B R2 = 0.940

Adsorption capacity (mg/g)

ΔG° � −RT ln KL ,

0.0033

1

2

3

4
5
Sample

Fe-B 3rd run

3.2.4. Calculation of Thermodynamic Parameters. Gibb’s
free energy (∆G°), entropy change (∆S°), and enthalpy
change (∆H°) have been obtained from the following expressions [28]:
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Fe-B 2nd run

[10]
[27]
[27]
Present study
Present study

Fe-B 1st run

5.008
8.85
15.15
35.71
18.98

Initial Fe-B

[5]

Al-B 3rd run

21.233

Initial Al-B

SMB3
Polymeric Al/Fe-modiﬁed
montmorillonite
Al13-Mont
C-Fe-M
Fe-M
Al-B
Fe-B

Arsenate adsorption
capacity (mg/g)
0.288

ln KL

Adsorbent

6

7

8

Figure 15: The dependence of adsorption capacity through the
reuse of adsorbent (Co(As) � 24.66 mg/L, T � 303 K, m � 0.05 g,
t � 4 h).

gradually during the repeated absorption/desorption operations. The adsorption capacity of Al-B decreased from
21.05 mg/g for initial adsorbent to 14.66 mg/g for third
cycle. The adsorption capacity for Fe-B decreased from
14.44 mg/g for initial adsorbent to 9.98 mg/g for third cycle.
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The adsorption capacity was reduced by 30.4% for Al-B and
by 30.9% for Fe-B after four uses. The results showed that the
polymeric Al and polymeric Fe bentonite were good reusable
adsorbents in removal of arsenate ions from aqueous
solution.

4. Conclusions
In this study, the polymeric Al- and Fe-modiﬁed bentonites
were applied to remove arsenate ions from aqueous solution.
The pseudo-second-order kinetic model ﬁt well with the
arsenate adsorption kinetic data for the two modiﬁed
bentonites. The maximum monolayer adsorption capacities
of As(V) at 303 K derived from the Langmuir model were
35.71 mg/g for Al-bentonite and 18.98 mg/g for Febentonite, which were higher than that compared to other
adsorbents reported previously. The negative values of ∆G°
implied the spontaneity while the positive values of ∆H° and
∆S° indicated the endothermic nature and increase in randomness of the process taking place, respectively. The activation energies for the Fe-modiﬁed bentonite and Almodiﬁed bentonite were found to be 80.29 and 41.90 kJ/
mol, respectively. The modiﬁed bentonites can be regenerated and used eﬀectively after four uses for adsorbing
arsenate from aqueous solution.
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In this work, a new solution has been found for selecting the approximate initial value of concentration (by means of the classical
least squares) and variance (calculated by the Horwitz equation) for the Kalman ﬁlter algorithm. With this solution, the Kalman
method is less error-prone and has a better repeatability than the least squares method when using the full spectrum. A protocol
for simultaneous determination of amlodipine (AML), hydrochlorothiazide (HYD), and valsartan (VAL) in pharmaceutical
products was developed based on the spectrophotometry-chemometric method using full spectrum measurement in combination
with the Kalman ﬁlter algorithm written in Microsoft Excel 2016 and Visual Basic for Applications (VBA). The method was
validated on the Exforge HCT tablets with good repeatability (RSD) (varied from 2.2% to 2.3% (n � 3) for all the three studied
compounds) and good recovery (90.0%–94.0% for AML, 90.3%–94.5% for HYD, and 98.5%–103.1% for VAL (n � 3)). The results
were in good agreement with the measurements achieved from the high-performance liquid chromatography (HPLC) method.

1. Introduction
In the development history of analytical chemistry,
chemometrics has been used and applied successfully for
identiﬁcation and quantiﬁcation of a mixture in diﬀerent
matrices, particularly in pharmaceutical samples. The
commonly used chemometric methods could be named as
partial least squares (PLS), classical least squares (CLS),
principal component regression (PCR), artiﬁcial neural
networks (ANNs), derivative spectrum, and Kalman
ﬁlter.
Generally, each method has its own advantages and
disadvantages. CLS [1] uses all the spectrum data to form a
system of m equations and n unknowns (m > n), in which the
transformation matrix basing on least squares principle

yields acceptable results in terms of relative errors. However,
if the input data contain many noises (or errors) and/or
there are reactions between analytical compounds causing
photometric eﬀects to the absorbance, then this CLS method
fails to reduce the noises and consequently large number of
errors is expected. Meanwhile, the ANN method [1] requires
long time for network formation and a number of algorithms. Therefore, to build a suitable model, each potential
model developed needs to be tested until the optimal network structure is deﬁned.
The derivative spectrum method [1, 2], in the meantime,
is inapplicable when the sample contains components of
overlapping or similar absorbance spectrum since it is
diﬃcult to ﬁnd the suitable wavelength and their derivative
spectrum still has maximum absorbance overlapping.
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The Kalman ﬁlter method is able to remove maximally the
noise eﬀects, therefore, limiting the measurement errors. This
method in combination with spectrophotometry was applied
to analyze mixtures of metal ions and components in multicomponent pharmaceutical dosages [3, 4]. In the previous
works [5–8], equations for calculating employing Kalman ﬁlter
algorithm were given. However, the method for selection of
initial values including initial concentrations and initial variances for the Kalman ﬁlter still has not been dealt with. Based
on the pretests (data not shown), it could be addressed that the
calculated results strongly depend on the method to select the
initial guesses for the Kalman ﬁlter. If the selected initial
guesses of concentration (Cest(0)) and variance (Pest(0)) are not
suitable or selected concentration is too diﬀerent from the real
value, then it would cause divergent result or big errors. In
general, until now, there has not been a comprehensive solution for selection of initial guesses for the Kalman ﬁlter.
From the mentioned gaps above, the three main objectives of this study are (i) to ﬁnd a suitable method to
deﬁne the initial guesses for the Kalman ﬁlter algorithm, (ii)
to build a software based on the Kalman ﬁlter algorithm and
spectrophotometry (called the Kalman method from now
on) to determine simultaneously components in a mixture,
(iii) to apply the developed Kalman method for simultaneous determination of the compounds with overlapping
absorbance spectra in a multicomponent pharmaceutical
product, speciﬁcally in this study were amlodipine, hydrochlorothiazide, and valsartan in Exforge HCT tablet.

Accordingly, an average mass of one tablet was
M � 4.1252 g.
Mass of an individual compound in a tablet was calculated as follows:

2. Materials and Methods

where C(k) is a vector of state concentrations at point k
(which is the wavelength), w(k) is the vector of noise contribution to the system model at point k, A(k) is the measurement at point k, ε(k) is the state transition matrix, and v(k)
is the corresponding measurement noise.
The Kalman ﬁlter algorithm applied in this study for
multicomponent spectrophotometry analysis consists of the
following equations:

2.1. Chemicals and Reagents. All the three target compounds
AML (100.43%), VAL (98.38%), and HYD (99.55%) were
purchased from Vietnamese Drug Quality Control Center.
Stock solutions of 1000 µg/mL and working solutions of
50 µg/mL, 25 μg/mL, 10 µg/mL, and 5 µg/mL of each compound were prepared in methanol (Merck, USA).
The commercial pharmaceutical product Exforge HCT
tablet contains the labelled ingredients as follows: AML
10 mg, VAL 160 mg, and HYD 12.5 mg; batch number:
BK917; manufactured date: 09/2016; expired date: 08/2018;
registered number VN-19287-15; manufactured at Novartis
Farmaceutica S.A. Ronda Santa Maria 158, 08210 Barberà
del Vallès, Barcelona, Spain.

x�

C·V·K·M
(mg/tablet),
m · 1000

(1)

where M is the average mass of one tablet (g), m is the mass
of the weighted sample (g), C is the concentration of the
target compound (μg/mL), V is the initial volume (100 mL),
and K is the dilution factor (K � 100).
Accordingly, when m � M, we have
x � C · 10(mg/tablet).

(2)

2.3. Kalman Filter Method. The Kalman ﬁlter is a linear
parameter estimation technique. In analytical chemistry, it is
used to estimate the concentrations of components in a
mixture from the absorbance spectra. The initial state of
concentration (at the ﬁrst wavelength) is required. The next
concentration state will be estimated based on the initial one.
Basically, the model consists of two equations as follows:
The equation to describe the chemical system:
C(k) � C(k−1) + w(k) .

(3)

And the other to describe the measurement process:
A(k) � e(k) C(k) + ](k) ,

(4)

(i) State (concentration) estimate extrapolation:
Cpri(k) � Cest(k−1) .

(5)

(ii) Error covariance extrapolation:
Ppri(k) � Pest(k−1) .

(6)

(iii) Kalman gain:
2.2. Sample Preparation. The drug sample was prepared
following the method of Galande [9]: 20 tablets were balanced to calculate the average tablet weight (M), which were
then ﬁnely milled and homogenized. Take m grams, in
accordance with one tablet weight (theoretically, mass of
AML is 10 mg, of HYD is 12.5 mg, and of VAL is 160 mg),
into a 250 mL glass bottle with cap, 50 mL of methanol was
added, and the bottle was shaked well before applying ultrasonic extraction for 30 min. The solution was then ﬁltered
into a 100 mL volumetric ﬂask and ﬁlled up with methanol.
The obtained solution was diluted 100 times before measurement by using a V-630 UV/Vis Spectrometer JASCO
(Japan).

−1

K(k) � Ppri(k) eT(k) e(k) Ppri(k) eT(k) + R(k)  .

(7)

(iv) State estimate updation:
Cest(k) � Cpri(k) + K(k) A(k) − e(k) Cpri(k) .

(8)

(v) Error covariance updation:
Pest(k) � INV − ε(k) K(k) Ppri(k) .

(9)

The above calculation steps are performed from the ﬁrst
wavelength to the last wavelength. Finally, the calculation
program will produce the result: the concentration of each
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constituent in the system and the covariance of the error.
This variance is usually the smallest at the last wavelength
[5–8].
2.4. Method Validation
2.4.1. Relative Error (RE %). The relative error was calculated as follows [10, 11]:
C − C0
RE(%) �
· 100,
(10)
C0
where C is the measured concentration (µg/mL) and C0 is the
known concentration (standard solution) (µg/mL).
2.4.2. Repeatability. Repeatability was assessed via the relative standard deviation (RSD) value [10, 11]:
S · 100
(11)
RSD(%) �
,
x
where S is the standard deviation and is the mean concentration after n times of measurement (µg/mL).
For internal laboratory quality control, the method repeatability was approved if the obtained RSDs were lower
than a half of the RSD value calculated from the Horwitz
function [9–11]:
RSDHorwitz � 2(1−0.5·lgC) .

(12)

2.4.3. Method Recovery. Method recovery was calculated
based on the spiked samples as follows [10, 11]:
C − Ca
(13)
· 100,
Rev(%) � T
a
where a is the spike concentration (µg/mL), CT is the
measured concentration after spiking (µg/mL), and Ca is the
measured concentration before spiking (µg/mL).
2.5. Analytical Procedure. The analytical procedure is shown
in Figure 1.
The three main analytical steps are shown as follows:
Step 1. Prepare the standard solutions or samples
Step 2. Measure molecular absorbance spectra, data were
recorded as .txt or .dat ﬁles
Step 3. Extract the ﬁles to the computer and run the developed Kalman-Excel program to calculate the speciﬁc
concentration

3. Results
3.1. Absorbance Spectra of Standard Solutions. Absorbance
spectra of four solutions, namely, AML 5 μg/mL, HYD 5 μg/mL,
VAL 5 μg/mL, and mixture of AML 5 μg/mL, HYD 5 μg/mL,

and VAL 5 μg/mL in methanol at the wavelength range 230–
340 nm were scanned and are shown in Figure 2.
As shown in Figure 2, absorbance spectra of AML, HYD,
and VAL in ethanol overlapped between 230 nm and 340 nm
wavelength, causing diﬃculty in simultaneously determination of these compounds in mixture. This problem,
however, could be solved smoothly using a combination of
spectrophotometry and chemometrics.
Within the wavelengths from 230 nm to 340 nm at
0.5 nm intervals, the measured absorbance spectrum of the
standard mixture was almost ﬁt with the theory spectrum
(estimated from the additive property of absorbance);
therefore, absorbance of mixture containing AML, HYD,
and VAL had additive property. In other words, it was able
to use full spectrum for simultaneous determination of
AML, HYD, and VAL by using the combination of spectrophotometry and chemometric method.
3.2. Selection of Initial Guesses to Start the Kalman Filter.
As mentioned above, the main challenge to use the Kalman
ﬁlter is to choose a proper method to identify the initial
guesses. A wrong selection would cause an improper calculation. In a mixture containing diﬀerent substances, the
initial guesses are the estimated concentrations in accordance with speciﬁc variances of individual substances. Based
on the previous studies, there have been two solutions to
select the initial guesses:
Group 1. Random selection of initial guesses, which means the
values of concentration (C) could be randomly assigned, such
as 0 or 0.5 µg/mL; and of variance (P) could be 1, etc. [5, 8].
Group 2. Assumption of initial guesses, which means either
(i) C and P values are subjectively selected based on personal
experience and the properties of the samples, (ii) some
preliminary experiments are conducted to deﬁne the initial C
and P values [1, 5], or (iii) Beer–Lambert’s law is applied at
some selected wavelengths to calculate the initial C value (for
individual substances in the mixture) by solving linear
equation systems, while the variance P is calculated based on a
speciﬁc guideline for statistical errors in analytical chemistry
(i.e., applying Horwitz equation to calculate relative standard
deviation (RSD), accordingly the standard deviation and
variance at that concentration are deﬁned) [5, 7, 10, 12].
In general, so far there have been no comprehensive
method to select suitable initial guesses (C and P values) for
the Kalman ﬁlter algorithm, raising a challenge for the
analytical chemists who want to apply the Kalman ﬁlter in
their studies. In this study, we investigated three diﬀerent
methods to select the initial C and P values, speciﬁcally based
on the selection of group 1, group 2, and the proposed
selection method of this study.

3.3. Random Selection of Initial Guesses. In this method,
Cest(0) and Pest(0) values could be randomly selected [11];
therefore, this study chose 0.3 µg/mL for Cest(0) and 1 for
Pest(0). The Cest(0) value of 0.3 µg/mL was delivered from the
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Figure 1: Analytical scheme.
Table 1: Quantiﬁcation results of AML, HYD, and VAL in a
mixture using the Kalman ﬁlter with a random selection of initial
guesses method.

1.6
1.4
1.2
1.0

AML

A 0.8

e

d

HYD

0.6
a

b

0.4

VAL

c

0.2

Mixture
Co (µg/mL)
C (µg/mL)
RE (%)
Co (µg/mL)
C (µg/mL)
RE (%)
Co (µg/mL)
C (µg/mL)
RE (%)

H1
0.250
0.300
20
0.325
0.307
−6
4.000
0.301
−93

H2
0.500
0.300
−40
0.650
0.304
−53
8.000
0.300
−97

H3
1.000
0.300
−70
1.300
0.302
−77
16.000
0.300
−98

H4
5.000
0.304
−94
5.000
0,299
−94
5.000
0.299
−94

Co: concentration in the standard solution; C: calculated concentration.

0.0
240

260

280
300
Wavelength (nm)

320

340

(a) AML 5μg/mL
(b) HYD 5 μg/mL
(c) VAL 5μg/mL
(d) AML 5μg/mL, HYD 5μg/mL, and VAL 5 μg/mL
(e) AML 5 μg/mL, HYD 5 μg/mL, and VAL 5μg/mL (theory)

Figure 2: Measured absorbance spectra of the standards AML 5 µg/
mL (a), HYD 5 µg/mL (b), VAL 5 μg/mL (c), and mixture of AML
5 µg/mL, HYD 5 µg/mL, and VAL 5 μg/mL (d) in methanol. The
theory spectrum is demonstrated as (e).

common limit of detection (LOD) value of spectrophotometry of about 0.1 µg/mL, of which the limit of quantiﬁcation would be around 0.3 µg/mL.
Apply the Kalman method for monospectral data and a
mixture (AML, HYD, and VAL) of three substances (in the
range of 220 nm–340 nm), and the results are shown in Table 1.
The results in Table 1 demonstrated that, in the cases of
AML and HYD of mixture H1, when C0 was close to the
selected concentration (0.3 µg/mL), this method provided
acceptable relative error (RE) values (20% for AML and −6%

for HYD). Otherwise it brought big measurement errors
with RE values ﬂuctuated from 40% to 98% for all the target
compounds in all the rest investigated mixtures. The cause of
this result could be interpreted that the applied Kalman ﬁlter
considered the random selected concentration of 0.3 µg/mL
belonged to another distribution with a certain real value,
which was diﬀerent with this current distribution in accordance with the real values of the studied compounds (1.00
to 9.00 µg/mL). In other words, when the initial concentration is too diﬀerent from its real value, the Kalman ﬁlter
using the random selection method for initial guesses will
not result in convergence but divergence, causing unacceptable statistical errors.
In short, the initial guesses (Cest(0) and Pest(0)) selected in
random is not suitable if the selected concentration is too
diﬀerent from the real value, which would cause divergent
result or big errors.
3.4. Assumption of Initial Guesses. This assumption was
applied in some previous studies [5, 7], in which a series of
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preliminary experiments were conducted with diﬀerent
initial guesses (Cest(0) and Pest(0)) to identify the suitable
initial concentration and variance for the Kalman ﬁlter.
Moreover, there were studies suggested automatically
carrying out the preliminary experiments (employing
self-written computer programs); however, the calculation speed was generally slow, which required some repeated calculations to select proper Cest(0) and Pest(0)
values [1, 5].
In this study, two diﬀerent solutions were tested for an
assumption of Cest(0) and Pest(0) values (in mixtures containing 2 or 3 compounds):

Table 2: Quantiﬁcation results of AML, HYD, and VAL in a
mixture using the Kalman ﬁlter with the assumption of initial
guesses method (Solution 1).

Solution 1. Based on the equation systems of 2 (or 3)
unknowns (concentrations) at 2 (or 3) adjacent wavelengths (this is the equation showing the relationship between absorbance and concentration in a mixture with
absorption coeﬃcient (α) calculated from the individual
spectrum of the studied compound), concentration of each
compound will be calculated which then used as Cest(0) for
the Kalman ﬁlter. Meanwhile, the Pest(0) value was randomly selected, for instance by 1. The results are shown in
Table 2.

Co: concentration in the standard solution; C: calculated concentration.

Solution 2. Select 0.3 µg/mL as Cest(0) for each compound in
a mixture. The initial variance Pest(0) was calculated based on
the Horwitz equation, which resulted in a value of 0.003 in
accordance with a concentration C � 0.3 µg/mL � 3 · 10−7
[13]. The results are shown in Table 2.
Apply the Kalman method for monospectral data and a
mixture of two substances (in the range of 220 nm–340 nm),
and the results are shown in Tables 2 and 3.
Solution 1 provided big relative errors (RE % ﬂuctuating
from 14% to 82%, except for the case of AML in mixtures H2
and H4, Table 2). This Solution 1 required complicated steps
and depended on the two initial wavelengths selected to
solve the equation system, which helped us to deﬁne the
initial concentration. On the contrary, the application on
real samples was strongly aﬀected by the matrix, causing big
errors.
In Solution 2, although a diﬀerent approach was applied
to deﬁne the initial variance (employing the Horwitz
equation), the Kalman ﬁlter in this stage brought big errors
(RE % varying from 7% to 97%).
In short, the above two tested methods to identify
initial guesses by either random selection or assumption
failed to bring an acceptable result (judged via relative
errors). The only exception resulted when the initial
concentration selected was close to the real value of
concentration in the mixture. It was, therefore, necessary
to ﬁnd a new approach in identifying the initial concentration approximately to the actual value of the analyzed
compound in the mixture.

3.5. Selection of Approximate Initial Guesses. Based on the
literature review and laboratory experiments for a mixture

AML

HYD

VAL

Mixture
Co (µg/mL)
C (µg/mL)
RE (%)
Co (µg/mL)
C (µg/mL)
RE (%)
Co (µg/mL)
C (µg/mL)
RE (%)

H1
0.250
1.731
−30.8
0.325
2.794
−14.0
4.000
4.796
19.9

H2
0.500
0.478
−4.5
0.650
0.495
−23.8
8.000
11.053
38.2

H3
1.000
0.530
−47
1.300
1.610
23.85
16.000
29.067
81.7

H4
5.000
5.032
0.6
5.000
5.910
18.2
5.000
3.949
−21.03

Table 3: Quantiﬁcation results of AML, HYD, and VAL in a
mixture using the Kalman ﬁlter with the assumption of initial
guesses method (Solution 2).

AML

HYD

VAL

Mixture
Co (µg/mL)
C (µg/mL)
RE (%)
Co (µg/mL)
C (µg/mL)
RE (%)
Co (µg/mL)
C (µg/mL)
RE (%)

H1
0.250
0.300
20.0
0.325
0.301
−7.4
4.00
0.319
−92.0

H2
0.50
0.300
−40.0
0.650
0.304
−53.2
8.00
0.454
−94.3

H3
1.00
0.282
−71.8
1.300
0.368
−71.7
16.00
0.542
−96.6

H4
5.00
0.477
−90.5
5.000
0.443
−91.1
5.00
0.289
−94.2

Co: concentration in the standard solution; C: calculated concentration.

containing 3 substances, a new method to select initial
guesses was proposed, speciﬁcally:
(i) Apply the classical least squares method to solve the
system of m linear equations with n unknowns (in
which m was the number of wavelengths selected to
scan the absorption spectrum of the mixture and n
was the number of compounds in the mixture),
followed by the Gaussian elimination method to
solve a system of n linear equations with n unknowns
for concentrations of compounds in the mixture. The
resulting concentrations of the compounds in the
mixture were selected as initial concentrations.
(ii) Apply the Horwitz equation to estimate the variance
corresponding to the concentration of each compound in the mixture, which was considered as the
initial variance Pest(0). The calculation of initial
variance Pest(0) corresponding to the initial concentration Cest(0) was as follows:
From equation (11),
RSDHorwitz (%) �

⇒S �

S
· 100,
Cest(0)

(14)

RSDHorwitz · Cest(0) 
.
100

(15)
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In which RSDHorwitz was calculated as (12) and Cest(0)
represented by fractions.
RSDHorwitz (%) � 2(1−0.5lgCest(0) ) .

(16)

S2 � Pest(0) .

(17)

Finally,

Table 4: Quantiﬁcation results of AML, HYD, and VAL in a
mixture using the Kalman ﬁlter with the selection of the approximate initial guesses method.

AML

Noticeably, when conducting repeated measures in a
laboratory, if the repeatability (represented via RSD value)
smaller or equal to a half of the theory RSD value delivered
from the Horwitz equation (RSD ≤ 1/2 RSDHorwitz), then the
method repeatability is acceptable [10]. Accordingly, the
initial variance corresponding to the initial concentration
Cest(0) would be a quarter of the Pest(0) value calculated from
(13).
The overall experiment was conducted as follows: apply
the CLS method to deﬁne Cest(0) values of AML, HYD, and
VAL from the spectrum data—which were the absorbance
values of individual compound and mixture solutions
measured from 230 nm–340 nm wavelength. From the result
of Cest(0), calculate the speciﬁc Pest(0) values of AML, HYD,
and VAL. Finally, provide Cest(0) and Pest(0) to the designed
computer program using the Kalman ﬁlter to get the results,
as shown in Table 4.
The output data provided the concentrations close to the
actual values. In other words, this developed method showed
good results with small relative errors (RE ≤ 4 %), compared
to the two previous methods—using random selection and
assumption of initial guesses.
To ensure the applicability of the developed method
using selection of approximate initial guesses to identify the
initial guesses for the Kalman ﬁlter, it is necessary to validate
the method in both standard solutions and real samples
(pharmaceutical products).
3.6. Relative Errors of the Method. To check the performance
of the method, four diﬀerent mixtures (AML/HYD/VAL,
µg/mL) of the three target compounds were prepared,
including H1: 0.250/0.325/4.000; H2: 0.50/0.65/8.00; H3:
1.00/1.30/16.00; and H4: 5.00/5.00/5.00. The absorbance
spectrum of the prepared mixtures was scanned from
230 nm to 340 nm wavelength. The Kalman-Excel program
was then applied to calculate the concentration of each
compound in order to identify RE values. The results are
shown in Table 5.
Under diﬀerent mixtures, the obtained RE values of
AML measurements varied from 0.4 to 2.2%, of HYD from
−1.5 to 1.3%, and of VAL from −3.6 to 0.8% (Table 5). These
low RE values demonstrated the high similarity of the
standard concentrations and the measured concentrations of
the three studied compounds. In other words, the developed
method has good trueness.
3.7. Method Repeatability for Laboratory-Prepared Samples.
The similar experiment as described in Section 3.1 was
conducted, in which each mixture was prepared and
analyzed in triplicate. Method repeatability was assessed

HYD

VAL

Mixture
Co (µg/mL)
C (µg/mL)
RE (%)
Co (µg/mL)
C (µg/mL)
RE (%)
Co (µg/mL)
C (µg/mL)
RE (%)

H1
0.250
0.253
1.2
0.325
0.320
−1.5
4.000
3.99
−0.2

H2
0.500
0.511
2.2
0.650
0.646
−0.6
8.000
8.06
0.8

H3
1.000
1.016
1.6
1.300
1.290
−0.8
16.000
16.05
0.3

H4
5.000
4.981
0.4
5.000
5.064
1.3
5.000
4.821
−3.6

Co: concentration in the standard solution; C: calculated concentration.

based on the comparison between the calculated RSD
values and 1/2 RSDHorwitz. The results are shown in
Table 6.
The results in Table 6 show that the RSD value for both
AML and VAL measurements (n � 3) in 4 diﬀerent mixtures was 0.4%, for HYD ﬂuctuated from 0.3 to 0.5%. For
internal laboratory quality control, the method repeatability was approved if the obtained RSD was lower
than a half of the RSD value calculated from the Horwitz
function [10]. Accordingly, this developed method has
good repeatability.
3.8. Method Repeatability and Trueness for Pharmaceutical
Samples
3.8.1. Repeatability. The repeatability of the procedure to
simultaneously determine AML, HYD, and VAL in the
pharmaceutical sample (Exforge HCT tablets, n � 3) is described in Section 2.4.2. Accordingly, the ﬁnal masses of
AML, HYD, and VAL per tablet after preparation were
10.00 mg, 12.50 mg, and 160.00 mg, which were considered
as the expected contents. The developed Kalman-Excel
program was used for calculating the concentrations of
each target compounds. The results of content of target
substances and repeatability are shown in Table 7.
Average mass of AML per tablet was 9.61 mg with the
RSD value of 2.3% (the expected mass was 10 mg, RSDHorwitz
was 8%), of HYD was 11.63 mg with RSD value of 2.2% (the
expected mass was 12.50 mg, RSDHorwitz was 5.5%), and of
VAL was 169.17 mg with RSD value of 2.2% (the expected
mass was 160.00 mg, RSDHorwitz was 5.3%). Apparently, all
of the RSD values were lower then the corresponded
RSDHorwitz, implying that the developed method was successfully applied to analyze simultaneously AML, HYD, and
VAL in pharmaceutical product.

3.8.2. Trueness. To assess the trueness, in this study, two
diﬀerent approaches were considered, which were (i) deﬁne
method recovery and (ii) compare the results with the ones
analyzed by a validated method: high-performance liquid
chromatography (HPLC).

Advances in Materials Science and Engineering

7

Table 5: Measured concentrations of AML, HYD, and VAL in the standard mixtures with corresponding RE values.
Mixture C0,AML (µg/mL)
H1
H2
H3
H4

0.250
0.500
1.000
5.000

AML
HYD
VAL
C0,HYD (µg/mL)
C0,VAL (µg/mL)
CAML (µg/mL) RE (%)
CHYD (µg/mL) RE (%)
CVAL (µg/mL) RE (%)
0.253
1.2
0.325
0.320
−1.5
4.000
3.990
−0.2
0.511
2.2
0.650
0.646
−0.6
8.000
8.060
0.8
1.016
1.6
1.300
1.290
−0.8
16.000
16.050
0.3
4.981
0.4
5.000
5.064
1.3
5.000
4.8210
−3.6

Co: concentration in the standard solution; C: calculated concentration; RE: relative error (Section 2.1).

Table 6: Method repeatability.
Mixture

H1

H2

H3

H4

C (µg/mL)
Cmean (µg/mL)
RSDmea (%)
1/2 RSDHorwitz (%)
C (µg/mL)
Cmean (µg/mL)
RSDmea (%)
1/2 RSDHorwitz (%)
C (µg/mL)
Cmean (µg/mL)
RSDmea (%)
1/2 RSDHorwitz (%)
C (µg/mL)
Cmean (µg/mL)
RSDmea (%)
1/2 RSDHorwitz (%)

Rep 1
0.253

0.511

1.016

4.981

AML
Rep 2
0.252
0.253
0.4
9.9
0.510
0.5120
0.4
6.3
1.013
1.016
0.4
8.0
4.971
4.987
0.4
6.3

Rep 3
0.254

Rep 1
0.320

0.514

0.646

1.020

1.290

5.008

5.064

HYD
Rep 2
0.320
0.320
0.3
9.5
0.645
0.647
0.5
8.6
1.286
1.291
0.4
7.7
5.054
5.069
0.4
6.3

Rep 3
0.321

Rep 1
3.990

0.650

8.060

1.296

16.050

5.089

4.821

VAL
Rep 2
3.980
3.993
0.4
6.5
8.044
8.071
0.4
5.9
15.994
16.053
0.4
5.3
4.811
4.825
0.4
6.3

Rep 3
4.010

8.109

16.114

4.844

RSDmea: RSD calculated from standard mixture measurement.

Table 7: Measured concentrations of AML, HYD, and VAL in Exforge HCT tablets employing the developed Kalman-Excel program.
AML
HYD
VAL
CAML (mg/mL) Mass per tablet (mg) CHYD (mg/mL) Mass per tablet (mg) CVAL (mg/mL) Mass per tablet (mg)
B1
0.965
9.65
1.168
11.68
16.997
169.97
B2
0.980
9.80
1.186
11.86
17.249
172.49
B3
0.937
9.37
1.134
11.34
16.506
165.06
Cmean (mg/mL)
0.961
9.61
1.163
11.630
16.917
169.170
S
0.022
0.22
0.026
0.26
0.378
3.78
RSD %
2.3
2.3
2.2
2.2
2.2
2.2
8
5.5
5.3
1/2 RSDHorwitz (%)

Replicate samples

(1) Method Recovery. Three replicate samples (B1, B2, and
B3) were prepared from Exforge HCT tablets. Diﬀerent
spiked levels of AML, HYD, and VAL were added (Table 4).
The absorbance spectrum was scanned from 230 to 340 nm
wavelength (0.5 nm step), followed by data computing and
concentration calculating by the developed Kalman-Excel
program. The results of method recovery are shown in
Table 8.
The average recoveries of AML, HYD, and VAL were
92.9%, 93.3%, and 101.8%, respectively (Table 8). According to
AOAC, for the measured concentration from 1 ppm to
10 ppm, the required recovery should ﬂuctuate from 80% to
110% [1]. Based on this, the developed method performed
good trueness for all the analyzed substances, suggesting that
the excipients caused almost no eﬀects to the analytical results.

(2) Method Trueness Assessment Based on Comparison with
HPLC Analytical Measurement. Exforge HCT tablets were
sent to the Drug, Cosmetic and Food Quality control Center
of Thua Thien Hue Province for analysis using the HPLC
method. AML was analyzed following Vietnam Pharmacopoeia IV guideline, USP 38 was used for VAL and HYD
analysis.
Student’s t-test [13, 14] was used to compare the analytical results of the two methods. The result of comparing
mean values of two methods is shown in Table 9.
Table 9 shows that all the texp values were smaller than
the corresponding t (0.05; f ) of the three target compounds,
demonstrating that the analytical results obtained from the
developed Kalman–Excel method were in agreement with
the ones obtained from HPLC measurements.
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Table 8: Method recovery for Exforge HCT tablet samples.

Replicate
samples
B1

B2

B3

Cspike (µg/
mL)
0
0.25
0.50
0
0.25
0.50
0
0.25
0.50

REVmean (%)

AML
Cmea (µg/
mL)
0.965
1.200
1.415
0.980
1.214
1.450
0.937
1.171
1.397
92.9

REV
(%)
94.0
90.0
93.6
94.0
93.6
92.0

Cspike (µg/
mL)
0
0.30
0.60
0
0.30
0.60
0
0.30
0.60

HYD
Cmea (µg/
mL)
1.168
1.451
1.710
1.186
1.469
1.753
1.134
1.416
1.689
93.3

REV
(%)
94.3
90.3
94.3
94.5
94.0
92.5

Cspike (µg/
mL)
0
4.0
8.0
0
4.0
8.0
0
4.0
8.0

VAL
Cmea (µg/
mL)
16.997
21.112
24.876
17.249
21.363
25.497
16.506
20.603
24.567
101.8

REV
(%)
102.9
98.5
102.9
103.1
102.4
100.8

Table 9: Comparison of AML, HYD, and VAL contents in Exforge HCT tablet measured (n � 3) by using the developed method and HPLC
method.
AML
Xmean (mg/tablet, n � 3)
S (mg/tablet. n � 3)
Fexp/F(0.05; 2; 2)
Sp
texp/t(0.05; f )
P

Kalman
9.61
0.22
5.30/19
0.16
0.53/4.3
0.65

HYD
HPLC
9.51
0.09

Kalman
11.66
0.26
1.9/19
0.34
0.06/4.3
0.96

VAL
HPLC
11.63
0.19

Kalman
169.17
3.78
9.32/19
0.10
0.71/4.30
0.55

HPLC
167.66
1.24

Kalman: the Kalman-Excel program combined with spectrophotometry method; Fexp: the experimental variance of the corresponding method; F (0.05; 2; 2): F
distribution at alpha 0.05 and the respective degrees of freedom of numerator and denominator; Sp: pooled variance; texp: experimental t value; t(0.05; f � 4):
t value at alpha 0.05 and 4 degrees of freedom.

4. Conclusions
In this work, a new solution has been found for the ﬁrst
time, selecting the approximate initial value of the concentration (by means of the classical least squares) and
variance (calculated by using the Horwitz equation) for the
Kalman ﬁlter algorithm. This new solution allows convenient application of the chemometric-spectrophotometric
method using the Kalman ﬁlter algorithm (Kalman
method) to simultaneously determine two or three substances in their mixture with an UV-Vis absorption
spectrophotometer. The Kalman method is less error-prone
and has a better repeatability than the least squares method
when using the full spectrum.
A computer program that uses the Visual Basic for
Applications programming language written on the basis of
Microsoft software Excel 2016 based on the Kalman ﬁlter
algorithm has been written, which allows quick and convenient calculation when applied on practical testing of
pharmaceutical products in laboratories.
First, the process of simultaneous analysis of three active
ingredients, i.e., amlodipine, hydrochlorothiazide, and valsartan, was established in multicomponent pharmaceutical
formulation by the Kalman method using full spectrum
without any separation technique. The process exhibited
good repeatability and trueness for all the three analyzed
compounds with RSD <2.5% (n � 3), recovery varied from
93 to 102%, and the received analytical results were identical

with ones of HPLC method. The process was not only simple
to implement but also reduced the cost of analysis compared
to the standard method of high-performance liquid chromatography (HPLC).
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The data used to support the ﬁnding of this study are
available from the corresponding author upon request.
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The preparation of water-soluble chitosan (WSC) with various molecular weights by gamma Co-60 irradiation of chitosan
solution (5%) in the presence of hydrogen peroxide (1%) combined with acetylated reaction was carried out. The average
molecular weight (Mw) of chitosan was measured by gel permeation chromatography (GPC). The chemical structure and the
crystallinity of chitosan and WSC were characterized by Fourier-transform infrared (FT-IR) spectroscopy and X-ray diﬀraction
(XRD), respectively. The antioxidant activity of WSC and chitosan was investigated using the free radical 2,2′-azino-bis (3ethylbenzothiazoline-6-sulphonic acid) (ABTS•+). Obtained results showed that chitosan with Mw of 18–90 kDa could be efﬁciently prepared by this technique in the dose range from 10 to 24.5 kGy. After the acetylated process, the resulting WSC
possesses good solubility in a wide pH level of 2–12, and WSC with low molecular weight exhibited signiﬁcantly higher antioxidant activity than the one with high molecular weight. In detail, the antioxidant activity was 14.7%, 70.5%, 84.2%, 89.4%, and
97.5% for WSC samples prepared from chitosan with Mw of 140.2 kDa, 91.4 kDa, 51.2 kDa, 35.3 kDa, and 18.1 kDa, respectively, at
the same reaction time of 90 min. Moreover, the antioxidant activity of WSC was higher than that of chitosan. Thus, WSC
prepared by gamma Co-60 irradiation and acetylated process can be potentially applied as a natural antioxidant agent.

1. Introduction
Antioxidant is construed as any substance that inhibits
oxidation or reactions promoted by oxygen, peroxides, or
free radicals. Nowadays, synthetic antioxidants such as tbutylhydroquinone, propyl gallate, butylated hydroxytoluene and butylated hydroxyanisole have been diversely
utilized to counteract the deterioration of stored food and
preserve cosmetics [1]. However, the application of synthetic
antioxidants requites a strict adherence in utilized dose due
to its possibly harmful side eﬀects to the human health.
Hence, study on extraction and application of antioxidants
from natural origin to alternative to synthetic antioxidants
was very necessary [2–4].
Chitosan is a natural polymer which has structure of
polysaccharide consisting of N-glucosamine and N-acetylglucosamine units linked by β-1,4 glycoside. This polymer
has been widely applied in many ﬁelds owing to its unique

properties such as biocompatibility, biodegradability, nontoxicity, antibacterial, antifungal, and antitumor. Moreover,
chitosan also has the ability to stimulate disease resistance
and heal the wound quickly [5]. However, a signiﬁcant
drawback of chitosan is it is soluble only in diluted-acid
media. This cause restricted applications of chitosan, and
therefore, modiﬁcation of chitosan with the aim of enhancing its solubility has attracted a great deal of research
attention [3, 6]. Recently, studies on chitosan modiﬁed with
resultant products as natural antioxidants were carried out
[2, 7–9]. However, these studies have only focused on
preparation of low molecular weight chitosan or oligomers
due to their easy solubility in water and high antioxidant
activity [10]. In addition, the antioxidant activity of high
molecular weight chitosan [8] and chitosan derivatives [11]
has also been investigated. Generally, the lower the molecular weight of the chitosan, the higher the solubility
obtained [9]. This means that, chitosan with low molecular
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weight had a merit in applied ability due to soluble potency.
However, if molecular weight was too low, like chitosan
oligomer, it was also able to be a demerit in case of utilizing
as a stabilizer to prepare metal nanoparticles; then, a high
molecular weight of polymers had a better stability. Consequently, the preparation of water-soluble chitosan with
molecular weight that was higher than chitosan oligomers
for adding information and extending application was a
necessary study.
The chitosan with varying molecular weight could be
prepared from initial chitosan by a variety of techniques.
Among them, gamma irradiation and hydrogen peroxide
have some merits such as environment-friendly and being
suitable for production of high-purity products and industrial manufacturing [12]. Furthermore, the simultaneous
combination of gamma irradiation and hydrogen peroxide
could eﬃciently degrade chitosan and reduce required dose
owing to synergistic eﬀect [13].
In this study, chitosan with varying molecular weight
was prepared by hydrogen peroxide and gamma irradiation
of chitosan solution containing hydrogen peroxide. Then,
degraded chitosan has been acetylated by acetic anhydride to
prepare water-soluble chitosan. The structure and solubility
of resultant water-soluble chitosan have been investigated.
Moreover, the antioxidant activity of water-soluble chitosan
with varying molecular weight has also been evaluated.

2. Materials and Methods
2.1. Materials. Chitosan derived from shrimp shell with a
weight average molecular weight (Mw) of 140.1 kDa and
degree of deacetylation (DD%) of 91.3% was supplied by a
company in Vung Tau province, Vietnam. Hydrogen peroxide (30%) was purchased from Merck, Germany. 2,2′azino-bis (3-ethylbenzothiazoline-6-sulphonic acid) (ABTS)
was supplied by Biobasic, Canada. The other chemicals such
as NaOH, NH4OH (25%), lactic acid, and ethyl alcohol were
of reagent grade.
2.2. Preparation of Chitosan with Varying Molecular Weights.
In this study, the degradation of chitosan was carried out in
two steps. In the ﬁrst step, initial chitosan (CTS0) was degraded in the swollen state by using 1% hydrogen peroxide
with the ratio of chitosan/H2O2 of 1/10 (w/v) for 24 h. The
obtained product (CTS1) was washed by distilled water and
then dried naturally. In the second step, CTS1 was dissolved
in 3% lactic acid and stirred for 2 h. An amount of hydrogen
peroxide was added in the mixture to create solution with
concentration of chitosan, lactic acid, and H2O2 to be 5%,
2.5%, and 1% (w/v), respectively. Finally, this resulting
mixture was irradiated by gamma SVST Co-60/B source
with a dose rate of 1.33 kGy/h in the range of dose up to
24.5 kGy. The obtained chitosan at the diﬀerent doses of this
irradiated process, CTS2 (3.5 kGy), CTS3 (10.5 kGy), and
CTS4 (24.5 kGy), has been ﬁltered by a stainless steel mesh
and neutralized by 5% NH4OH (v/v). Ethyl alcohol was
added in solution during stirring to precipitate chitosan.
This precipitant was ﬁltered and washed several times with
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alcohol and then dried in a force air oven at 60°C. The
samples of dried chitosan were ground into powder for GPC
measurement and preparation of water-soluble chitosan.
2.3. Preparation of Water-Soluble Chitosan. The chitosan
samples from CTS0 to CTS4 were dissolved in lactic acid to
create 150 mL solution with chitosan concentration of 5%.
40.5 mL ethyl alcohol and 4.5 mL anhydride acetic were
added in solution. Then, the solution was stirred for 2 h and
kept at ambient temperature overnight for acetylated process. The solutions after reaction were ﬁltered, precipitated,
washed, and dried. The dried chitosan samples were also
ground into powder for FT-IR, XRD measurements, and
antioxidant activity investigations.
2.4. Characterization. The Mw of chitosan samples was
determined by using a GPC (LC-20AB Shimadzu, Japan)
using an ultra-hydrogel column model 250 of Waters (USA)
and detector RI-10A. The calibration of column was carried
out by using pullulan with Mw of 780–3,80,000 Da. The
mobile phase was buﬀer solution 0.25 M CH3COOH/0.25 M
CH3COONa with a ﬂow rate of 1 mL/min [14] and temperature at 30°C. The concentration of chitosan sample was
ca. 0.1% (w/v).
IR spectra were taken on an FT-IR 8400S spectrometer
(Shimadzu, Japan) using KBr pellets. The DD% was calculated based on FT-IR spectra according to the following
equation [15]:
DD% � 100 −

A1320 /A1420  − 0.3822
,
0.03133

(1)

where A1320 and A1420 are the absorbances of chitosan at
1320 and 1420 cm−1, respectively.
X-ray diﬀraction (XRD) measurements of WSC were
carried out on an X’Pert Pro X-ray diﬀractometer (PANalytical, Netherlands) and used a CuKα target at 45 kV40 mA with a scattering range (2θ) of 5°–40°.
The water solubility of WSC was estimated based on the
solution transmittance at 600 nm that was recorded on a
UV-vis spectrophotometer (V630, Jassco, Japan) against
0.5% WSC solution (w/v) using a quartz cell with an optimal
path length of 1 cm [16].
2.5. Antioxidant Assay. Antioxidant assay was carried out by
dissolving
2,2-azino-bis
(3-ethylbenzothiazoline-6sunphonic acid) (ATBS) in water to create the solution
with a concentration of 7.4 mM. Next, 2 mL ATBS solution
was mixed with 2 mL K2S2O8 with a concentration of
2.6 mM to obtain the free radical cation ATBS•+. This
ATBS•+ solution was kept in the dark for 24 h. Then, the
ATBS•+ solution was diluted by water to receive an optical
density (OD) of 1 ± 0.1 at a wavelength of 734 nm, after
which the solution was also diluted with water for the
control. For investigating antioxidant activity, the WSC
samples with concentration of 0.2% were mixed with 0.1%
acetic acid [9]. About 0.6 mL of solution sample was added
into the cuvette that contained 1 mL of ABTS•+ solution.
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Added otherwise by 0.6 mL distilled water into a cuvette that
contained 1 mL ABTS•+ solution, we could receive a control
sample. The OD of the samples was measured over time by
using a UV-vis spectrophotometer at a max absorbance
wavelength of 734 nm [17]. The eﬃciency of free radical
scavenging was calculated by the following equation:
OD − ODAS
Efficiency(%) � 100 ×  AC
,
ODAC

(2)

where ODAC is the OD of the control sample (ABTS•+ and
water without WSC) and ODAS is the OD of the solution
containing ABTS•+ and WSC [17, 18].
2.6. Determination of Reducing Power. In order to clarify the
rule of antioxidant activity in another way, the reducing
power of WSC was also determined based on the ferricyanide method [19]. The WSC sample was diluted to create
solution with 0.3% concentration (w/v). 1 mL of this solution
was added to 2.5 mL of phosphate buﬀer (200 mM, pH � 6.6)
and then 2.5 mL of potassium ferricyanide. This mixture was
incubated for 20 min at 50°C in a water bath. Next, 2.5 mL of
10% trichloroacetic acid was added and then centrifuged at
3000 rpm for 10 min. 5 mL of upper layer solution was mixed
with 1.0 mL of 0.1% ferric chloride and water. The obtained
solution was measured for absorbance at 700 nm. The higher
the absorbance, the stronger the reducing power obtained.

3. Results and Discussion
3.1. Preparation of Chitosan of Diﬀerent Molecular Weights.
According to the previous studies, the degradation of chitosan
in the heterogeneous state in the presence of hydrogen peroxide solution is quite eﬃcient [9, 20]. However, if the concentration of hydrogen peroxide was at the high level, the main
chain structure of chitosan may be changed [20]. The way
around this situation is the choice of 1% H2O2 [9, 13]. In
addition, the degradation of chitosan in the heterogeneous
state was almost supposed that it occurred in the amorphous
region, and as a result, the reduction of molar mass of chitosan
is only reached to a certain extent. Reasoning further along this
line, the degradation of chitosan at crystal regions regularly
occurs in the homogeneous state, i.e., in solution. For this
study, the degradation of chitosan in the heterogeneous state
and homogeneous state was performed in two steps in turn.
As shown in Table 1, the degradation of chitosan by 1%
hydrogen peroxide is fairly eﬃcient. Moreover, the DD of
chitosan was almost unchanged. According to Qin et al. [20],
the structure of the degraded chitosan with a Mw less than
50 kDa that was obtained by the high concentration of
hydrogen peroxide as well as the long degradation time had
been remarkably changed. Hence, the H2O2 concentration of
1% was chosen to prevent the change of the structure of
chitosan. Moreover, the obtained chitosan with a molecular
weight of 91 kDa was suitable for preparation of WSC with
varying molecular weight. Since Mw was lower than 10 kDa,
chitosan was in the form of an oligomer that may be soluble
in water [9]; then, the acetylation of chitosan for its improvement of solubility was unnecessary.

Table 1: Degradation of chitosan in the swollen state (ﬁrst step)
and in solution (second step).
First step
(1% H2O2)
Mw (kDa)
DD (%)

CTS0
140.1
91.1

CTS1
91.7
91.3

Second step
(1% H2O2 and c-ray)
3.5 kGy 10.5 kGy 24.5 kGy
CTS2
CTS3
CTS4
51.7
35.1
18.6
90.3
91.0
89.5

The further degradation of chitosan was carried out in
solution by combination of H2O2 and gamma irradiation.
The results showed that Mw of obtained chitosan at the
diﬀerent doses of 3.5 kGy, 10.5 kGy, and 24.5 kGy were
51.7 kDa, 35.1 kDa, and 18.6 kDa, respectively. Meanwhile,
the DD of resulting chitosan samples was hardly diﬀerent.
This outcome indicated that at only 1% concentration of
H2O2 combined with gamma ray, the reduction of molar
mass is very eﬃcient even when the applied dose is quite low,
less than 25 kGy. Nguyen et al. [9] and Nguyen et al. [13]
degraded chitosan by simultaneously combining H2O2 and
gamma ray; as a result, they obtained chitosan oligomers at
the low dose, about 12 kGy with 1% concentration of H2O2
used. Although these reductions were further than those in
our study, the degree of Mw degradation (%) is almost the
same owing to the fact that initial chitosan in those studies
has diﬀerent molecular weights as well as origin (i.e., crab
shell in their studies and shrimp shell in this study).
However, the degree of Mw reduction (%) in their studies
and in this study is almost the same owing to the fact that
initial chitosan in those studies was diﬀerent in molecular
weight as well as origin (from crab shell in their studies and
shrimp shell in this study). The phenomenon of the increase
in degraded eﬃciency with the presence of H2O2 was
suggested through synergistic eﬀect [13]. Accordingly, the
hydroxyl radicals formed through the radiolysis of water and
H2O2 are mainly responsible for degradation of chitosan:
h]
H2 , H2 O2 , eaq − , H• , • OH, H3 O+
H2 O ⟶
h]
H2 O2 ⟶
2• O H

(3)

Additionally formation of hydroxyl radicals, eaq − and H•
can react with H2O2 during irradiation:
h]
H2 O + • OH
H• + H2 O2 ⟶
h]
OH− + • OH
eaq − + H2 O2 ⟶

(4)

Hydroxyl radicals plays a signiﬁcant role as a powerful
oxidative agent, reacting with chitosan chain by abstraction
of hydrogen atoms linked with carbon to form carbohydrate
radicals (Figure 1) that can then cause the direct breakage of
the glycosidic linkage by rearrangement [21]. The obtained
chitosan samples with varying molecular weight and DD of
∼90% then were utilized for preparation of WSC through Nacetylation process.
3.2. Preparation of Water-Soluble Chitosan. The chitosan
samples with diﬀerent molar masses CTS0, CTS1, CTS2,
CTS3, and CTS4 were N-acetylated by acetic anhydride to
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Figure 1: The mechanism of abstraction of hydrogen by hydroxyl radical [21] in the degradation of chitosan.

create WSC samples denoted by WSC0, WSC1, WSC2,
WSC3, and WSC4, respectively. Unlike chitosan insoluble in
water before reaction, all WSC samples shown in Figure 2
had good solubility in water despite diﬀerent soluble time
periods (Table 2). The transmittance (T) of all WSC samples
was more than 98%. This means that water solubility of CTS
was remarkably improved by virtue of N-acetylated process.
Furthermore, these WSC samples also were soluble in the
slightly alkaline media (pH of 7–12) regardless of its diﬀerent
molecular weights (data not showed). According to the
results previously published by Lu et al. [6], the impact of
molecular weight of WSC on solubility in water and in alkali
media was ineﬀective and eﬀective, respectively. In terms of
the solubility in water, we have the similar result. For the
alkaline media, the higher molecular weight of WSC has the
lower solubility obtained [6]. However, all WSC samples in
our study were soluble in weakly alkaline media. It may be
due to the fact that the range of molecular weight in our
study is far lower compared to that of their study. The WSC
samples with Mw > 180 kDa in their study were slightly
soluble in pH > 9 media. In our study, all WSC samples were
prepared from chitosan with Mw less than 140 kDa, and
therefore, they accounted for good solubility in dilute alkaline media. Feng et al. [3] also studied solubility of Nacetylated chitosan with DD∼50%, prepared by acetylation of
chitosan degraded by cellulase enzyme. They reported that the
only N-acetylated chitosan with low Mw (<18 kDa) has a high
solubility and retained over a wide pH range. The solubility of
the others (Mw > 18 kDa) in the alkaline decreased with increasing Mw. Unlike the results of Feng et al., WSC prepared
in our study has a high solubility in over a wide pH range
despite the MW from 18 to 140 kDa. Apart from the molecular
weight, the solubility of chitosan depends on the other factors
such as intermolecular interactions (van der Walls forces),
intermolecular interaction forces, the degree of acetylation,
and initial soluble media [2, 3].

WSC0

WSC1

WSC2

WSC3

WSC4

Figure 2: WSC samples dissolved in water at 25°C with the
concentration 0.5% (w/v).
Table 2: DD and soluble time of WSC samples and CTS4.
Samples
WSC0
WSC1
WSC2
WSC3
WSC4

DD (%)
56.3
57.7
52.3
49.2
48.7

Soluble time at 25°C (h)
2.5
2.0
2.0
1.5
1.5

T (%)
99.93
99.95
99.97
99.98
99.98

The FT-IR spectra of the WSC samples as well as CTS0
(initial chitosan) and CTS1 (degraded by only H2O2) are
shown in Figure 3. The broad band around 3427 cm−1 is
assigned to O–H and N–H bond stretching. The band at
1159–895 cm−1 is assigned to the special absorption peaks of
β (1–4) glycoside bond, which is characteristic of polysaccharide structure of chitosan [22]. The peaks at 1072 and
1028 cm−1 are assigned to stretching vibration of C–O and
stretching of the C–O–C in the glucopyranose ring, respectively. Peaks at 1320 and 1420 cm−1 are assigned to the
absorbance of C–N of CH3CONH (amid III) and symmetrical deformation of CH2 as well as CH3. The peaks at
1650 cm−1 and 1597 cm−1 are, respectively, concerned to
stretching vibration of amide I and amide II groups [3]. The

Advances in Materials Science and Engineering
3427
2922

5

1650
15971321
1420

2876

20.86
WSC4

19.56
WSC4

Intensity

Absorbance

WSC3

19.53

WSC3
WSC2

WSC2

19.39
9.46

WSC1

8.51

WSC0

8.50

WSC1

20.30

WSC0

20.27

CTS1

CTS0

0

CTS0
4000

3500

3000

2500

2000

1500

1000

500

Wavenumber (cm−1)
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C–H stretching of methyl and methane were assigned at
2922 and 2876, respectively. In terms of mainly chemical
structure, CTS1 is hardly diﬀerent from CTS0. This accounts
for unchanged DD (Table 1). Compared to initial chitosan
(CTS0) and CTS1, the principle functional groups of WSC
were still present after N-acetylation. This implied that the
main polysaccharide chain structure remained after degradation and N-acetylation. However, there is change of
absorbance at some bands. Especially, the peaks at 1650 and
1597 cm−1 owing to –CONH2 stretching vibration were
signiﬁcantly enhanced. This revealed that the acetylated
reaction mainly occurred at the amino group of chitosan
[15]. On the contrary, the absorbance at 2922 and 2876 cm−1
due to C–H stretching of methyl and methane were quite
weakened. It indicated that N-acetylation reaction impacts
on inter-macromolecular hydrogen bonds and interchain
hydrogen bonds. This is due to of water solubility by virtue of
reduced crystallinity of chitosan [6].
The X-ray diﬀraction (XRD) patterns of WSC and initial
chitosan (CTS0) are shown in Figure 4. In the XRD pattern of
CTS0, a broad peak of 2θ around 20° and another peak
around 9° were assigned to the diﬀraction of the plane of the
crystal region in the chitosan structure. This pattern refers to
as the L-2 polymorph of chitosan [9, 23]. As can be seen in
Figure 4, the diﬀraction intensity of peaks in WSC patterns is
weaker than that of in CTS0—even disappearance at 2θ
around 9°. These results showed that N-acetylation and
degradation caused the destruction of the crystallinity of
chitosan. Consequently, the lower degree of crystallinity of
WSC obtained from these processes induced the higher
solubility attained in aqueous media. This is similar to the
previous reports [6, 13]. For the WSC1, the higher intensity
can be observed at 2θ around 20° compared to WSC0 and
CTS0. This result may be due to the fact that the ﬁrst step of
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Figure 4: XRD patterns of CTS0 and the WSC samples.

degradation by only H2O2 mainly occurs at the amorphous
region. Accordingly, the obtained chitosan has relatively
higher crystallinity similar to the outcome previously reported by Qin et al. [20].
3.3. Antioxidative Activity Assay. Free radicals containing
reactive oxygen species are unstable agents. They react
readily with other groups or substances in body, causing cell
damage. Thus, one of the most eﬀective defense mechanisms
of the body against diseases is removal of free radicals by
using antioxidants. In this study, the antioxidant activity of
WSC was investigated by free-radical scavenging of ABTS•+.
As can be seen in Figure 5, initial ABTS solution was
transparent, whereas the color of ABTS•+ solution was dark
green (Figure 5(a)). The color of ABTS•+ in aqueous solution
was green. When ABTS•+ solution was added into WSC
solution, a variation in color occurred. The color of ABTS•+
solution in the presence of WSC was decreased. Moreover,
the ABTS•+ samples in WSC3 and WSC4 were almost colorless (Figure 5(b)). It proved that WSC scavenged ABTS•+.
As a result, the green color of ABTS•+ solution in the
presence of WSC was weaker than that of ABTS•+ without
WSC. The higher the molecular weight of WSC was, the
lower the free-radical scavenging activity attained. The efﬁciency of antioxidant activity is one of the parameters using
to evaluate free-radical scavenging activity of WSC. In this
study, the eﬃciency of antioxidant activity was calculated by
equation (2) [9]. It was obvious that the eﬃciency of antioxidant activity of WSC samples increased in a timedependent manner, and this parameter also increased versus the decrease of molecular weight (Figure 6). In particular, the WSC4 sample with the lowest molecular weight
exhibited the highest eﬃciency of antioxidant activity,
attained 92% after only 10 min and 98% after 90 min
(Figure 6). Besides, the eﬃciency of antioxidant activity of
the WSC0 sample was entirely lower than that of CTS4
sample and the others. The reason may be due to the
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reaction time.

signiﬁcant diﬀerence of Mw. Feng et al. [3] also reported that
the antioxidant activity of WSC with Mw of 281.0 and
1.8 kDa was signiﬁcantly diﬀerent. The WSC with Mw of
281 kDa has a relatively low antioxidant activity. Whereas,
the other with Mw of 1.8 kD had a quite high antioxidant
activity approximated with α-tocopherol [3]. The antioxidant activity of a compound was also suggested in various
mechanisms such as prevention of chain initiation, decomposition of peroxides, biding of transition metal ion
catalysts, radical scavenging, and reductive capacity [3].
Nguyen et al. [9] reported the preparation of watersoluble oligochitosan and its antioxidant activity. Results
showed that water-soluble oligochitosan mainly prepared by
degradation of chitosan using hydrogen peroxide and
gamma irradiation at low dose <25 kGy. The obtained oligochitosan with Mw of 35.29 kDa, 7.03 kDa, and 4.07 kDa
had the scavenge percentage against ATBS•+ radical in
90 min of 69.6%, 84.5%, and 99.2%, respectively. In terms of
the rule of eﬃciency of antioxidant activity versus molecular
weight of chitosan, their study was consistent with our study.
However, the diﬀerence is that the Mw of oligochitosan in

their study was lower compared to that in our study despite
the same eﬃciency of antioxidant activity (more than 90%)
and good solubility. Chitosan with low molecular weight
such as oligochitosan (Mw less than 10 kDa) in studies reported by Je et al. [2], Feng et al. [3], and Nguyen et al. [9]
generally had a good antioxidant activity. However, its
antimicrobial property was less than that of chitosan with
medium molecular weight (Mw∼10–100 kDa). In addition,
in the case of chitosan using as a stabilizer for synthesis of
metal nanoparticles, a high Mw has a better stability. In our
study, WSC with a molecular weight of 18–90 kDa has good
solubility in water so that it has suitably potential to be used
as a stabilizer or an antioxidant substance. The other point is
the diﬀerence of the method for preparation of water-soluble
chitosan. In our method, apart from degradation by hydrogen peroxide and gamma Co-60 irradiation like the
method in Nguyen et al. [9], chitosan also was acetylated to
increase solubility and Mw was kept constant at medium
molecular weight. Therefore, in terms of this approach, the
obtained chitosan has good solubility and high antioxidant
activity at the relatively higher molecular weight.
In terms of reason for antioxidant activity, many authors
mentioned in their studies [3, 9, 24] that the hydroxyl and
amino groups in chitosan molecules play important roles in
free-radical scavenging activity. According to these authors,
the more activated the hydroxyl and amino group are, the
more the antioxidant activity. The hydroxyl and amino
group could be activated in case intramolecular hydrogen
bond and van der Waals forces reduced sharply. In our
study, acetylated process destroyed crystallinity of chitosan
as mentioned above. This may signiﬁcantly decline intramolecular hydrogen bond. As a result, hydroxyl and amino
groups could be more mobile. They facilitate eﬀective reactions with ABTS•+ radical [11]. In addition, the residual
hydroxyl groups in polysaccharides can react with radicals
via a H abstraction. In a similar way, the residual free amino
groups can absorb a hydrogen ion to form ammonium
groups, which in turn react with radicals through an addition reaction [25].
The reducing capacity of a substance may be construed
as a signiﬁcant indicator of its potential antioxidant activity
[26]. The substances with good reducing capacity are
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Table 3: OD of solution determined by reducing power of WSC
samples and CTS4.
Samples
OD

WSC0
0.03

WSC1
0.20

WSC2
0.36

WSC3
0.44

WSC4
0.47

CTS4
0.12

electron donors. They can easily react with free radicals to
convert them to more stable states and terminate radical chain
reactions [2]. As shown in Table 3, the reducing power of
WSC samples increased with the decrease of Mw. It is obvious
that reducing power of CST4 and WSC samples was in good
agreement with the eﬃciency of antioxidant activity. The
stronger the reducing power of WSC, the higher the eﬃciency
of antioxidant activity attained. Besides, reducing power of
CTS4 was also more than WSC0 but less than the others. It
implicated that WSC has generally given a higher reducing
power than chitosan. However, in this case, CTS4 having a
higher reducing power than WSC0 may be due to the limit of
Mw [8, 10, 27]. In WSC0 with the higher Mw, the structure
chain was twisted making a mobile degree of amino and
hydroxyl groups with decreasing vigour. It could be
accounted for a negligible reducing power of WSC0. Rao et al.
[26] studied irradiation of chitosan-glucose mixture and
antioxidant activity of the resultant Maillard products. They
reported that the mixture irradiated at high dose had a high
reducing power. They also suggested that the intermediate
reduction compounds of Maillard reaction products broke
the radical chain by donation of a hydrogen atom [26].

4. Conclusions
Water-soluble chitosan (WSC) with Mw in the range of
18–140 kDa was successfully prepared by combination of
degradation and acetylation in which the gamma Co-60
irradiation and hydrogen peroxide were used to adjust
the molecular weight. The solubility and antioxidant activity
of the obtained WSC were signiﬁcantly enhanced. All WSC
samples showed good solubility in water with the transmittance more than 98%. The WSC4 sample exhibited the
highest eﬃciency of antioxidant activity, attained 92% after
only 10 min and 98% after 90 min. Owing to the water
solubility and high eﬃciency of antioxidant activity, WSC
can be potentially used for various purposes of applications,
especially as an eﬀective antioxidant or a stabilizer in synthesizing metal nanoparticles.
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This paper shows a comparison of porous properties of aminopropyl-MCM-41 materials functionalised via the direct and indirect
methods. The obtained materials were characterised using X-ray powder diﬀraction (XRD), transmission electron microscopy
(TEM), thermogravimetric analysis-diﬀerential scanning calorimeter (TGA-DSC), adsorption/desorption isotherms of nitrogen,
and Fourier-transfer infrared (FT-IR) spectroscopy. The results showed that the direct method provided the aminopropyl-MCM41 material with well-ordered pores and high surface areas but with a lower quantity of grafted 3-aminopropyltriethoxysilane than
the indirect method. To remove the organic template in the indirect method, solvent extraction with HCl/C2H5OH and calcination at 500°C were used, and the former gave a higher quantity of grafted 3-aminopropyltriethoxysilane in the resulting
aminopropyl-MCM-41 materials. The experimental data were applied to the isotherm models of adsorption including Langmuir,
Freundlich, Redlich–Peterson, and Sips either in the linear or nonlinear form. In order to avoid the bias of the determination
coeﬃcient and the error function method, the paired-samples t-test as an alternative method was ﬁrst proposed to look for the
most appropriate adsorption isotherms. The maximum adsorption capacity of Cd(II) and Pb(II) was 14.08 mg·g−1 and
64.21 mg·g−1, respectively. The mechanism of complexation and isoelectric interaction was suggested to explain the adsorption of
Pb(II) and Cd(II) from aqueous solutions on aminopropyl functionalised MCM-41 in the range of pH from 2 to 9.

1. Introduction
Lead and cadmium are potentially toxic metals released to
the environment because of its wide use in many industrial
applications such as metallurgy, storage battery, printing,
pigments, electronics, photographic materials, and petroleum reﬁning industry [1]. Aquatic wastewater polluted with
lead and cadmium has endangered the environment and
human health. The adverse eﬀects of their toxicity include
impaired blood synthesis, hypertension, severe stomach
ache, brain functions and kidney damage [2], and serious
osteoporosis-like bone disease [3]. A great deal of interest in
the research of removing potentially toxic metals such as

lead, cadmium, nickel, and mercury from industrial eﬄuents
has focused on using the adsorption approach among different other conventional removal methods [4–6]. The adsorbents have widely used to be natural and synthesised
materials with large porosity and high adsorptive site density
and surface area. Among porous materials, MCM-41 (Mobil
Composition of Matter No. 41) is a mesoporous material
with a hierarchical structure from a family of silicate that was
ﬁrst developed by researchers at Mobil Oil Corporation [7],
and MCM-41 has received great interest because it possesses
a highly ordered hexagonal structure and large speciﬁc
surface area [8, 9]. Recently, the preparation of organicinorganic hybrid silicon materials has drawn many
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researchers’ attention [10–12]. Surface modiﬁcation by organic functional groups can improve the physical and
chemical properties of the silica surface of MCM-41 and
extends the practical applications of the material in catalysts
[13–17] and adsorption [18, 19]. Amino groups can be included by postsynthesis grafting or by co-condensation
during the synthesis [10, 11, 13–19]. In postsynthesis
grafting, a precalcined mesoporous silica, partially rehydrated to generate surface hydroxyls, reacts with an appropriate alkoxysiloxane, whereas cocondensation involves
the addition of both tetraethyl orthosilicate (TEOS) and a
functionalised siloxane (MeO)3-Si-X to the synthesis
mixture.
Several models including kinetics [20], isotherm [21–28],
and diﬀusion ones [20] have widely employed to interpret
the adsorption processes. The ﬁtting of the experimental data
to these models have been carried out by various error
functions such as the correlation coeﬃcient (r), coeﬃcient of
determination (r2), nonlinear Chi-square (χ 2) test analyses,
relative standard deviation [2, 24–29], Akaike’s information
criterion (AIC) [30], sum of the squares of errors (SSE),
hybrid fractional error function (HYBRID), Mardquardt’s
percent standard deviation (MPSD), average relative error
(ARE), and sum of the absolute errors (SAE) [31] to ﬁnd out
which one is the best ﬁt. There are two approaches to choose
the model: (i) compare the test value: the smaller the χ2 or
AIC value, the more compatible the model is or the more the
value of R or R2 goes to unite the best and (ii) address the
question statistically and get answer in terms of probabilities.
For the former, the question seems to be easy. However, the
problem is how to evaluate which model is compatible when
both test values are approximately the same, nor does it
mention how big or small the test value is to except. This
might lead to misunderstand the adsorption mechanism. For
the latter, the answer is based on the statistical hypothesis
testing. First, set the signiﬁcant level (alpha) and if p value is
less than this alpha, the alternative mode ﬁts the data signiﬁcantly better than the null hypothesis model. Otherwise,
accept the simpler (null) model. To the best of our
knowledge, very few studies use statistical evaluation to
consider the diﬀerences between the two models.
In this paper, 3-aminopropyltriethoxysilyl functionalised
MCM-41 materials (denoted as aminopropyl-MCM-41) were
prepared via direct and postsynthesis grafting. For the former
method, aminopropyl-MCM-41 was prepared by means of
direct co-condensation of 3-aminopropyltriethoxysilane and
tetraethyl orthosilicate. For the latter, the amino groups were
grafted to parent MCM-41 materials in which the template
was removed using acid/ethanol extraction or calcination.
The physical chemistry of the obtained materials was
discussed. The resultant 3-aminopropyltriethoxysilanemodiﬁed MCM-41 was used as an adsorbent to remove
ionic Pb(II) and Cd(II) from aqueous solutions. The isotherm models including Langmuir, Freundlich, Redlich–
Peterson, and Sips in the linear and nonlinear forms were
applied to describe the experimental data. In this paper, the
method of paired-samples t-test was proposed to assess the
compatibility of the adsorption isotherm models on the
statistical perspective.
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2. Experimental
2.1. Preparation of MCM-41 and Aminopropyl-MCM-41.
Tetraethyl orthosilicate (Si(OC2H5)4, TEOS, Merck), cetyltrimethylammonium bromide (C19H42BrN, CTAB, Merck),
and 3-aminopropyltriethoxysilane (H2N(CH2)3Si(OC2H5)3,
APTES, Merck) were used as a silica source, template, and
functionalizing agent, respectively. Aminopropyl-MCM41 was prepared via direct and postsynthesis grafting. For
the direct synthesis, 0.5 g of CTAB, 480 mL of distilled
water, and 7 mL of 2 M NaOH were mixed at 80°C for
30 minutes. Then, 9.4 g of TEOS was added to the resulting
mixture under strong stirring for 30 minutes. Next, APTES
with a molar ratio of TEOS/APTES � 5 was added under
vigorous stirring for 1.5 hours [17]. The obtained solids
were ﬁltered. A complete removal of the organic template
could be conducted in a solvent of acid/ethanol (a mixture
of ethanol (100 mL) and concentrated HCl (1 mL, 36% in
weight)) for 1 hour. The samples were denoted as directNH2-MCM-41.
In the postsynthesis, ﬁrst, the MCM-41 material was
synthesised as mentioned above but without APTES. The
CTAB template was removed from as-synthesised MCM-41
by calcination at 500°C for 6 hours to obtain a material
denoted as calcined MCM-41. The other way to remove
CTAB was the acid/ethanol extraction (1 gram of assynthesised MCM-41 was added to 200 mL of a mixture
HCl/C2H5OH (the ratio of 1 mL of HCl 36% in 100 mL of
C2H5OH) and stirred at room temperature for 5 minutes) to
obtain a material denoted as extracted MCM-41. Then,
0.78 mL of APTES was added to 1 gram of extracted MCM41 in 60 mL of toluene under magnetic stirring and reﬂuxing
for 8 hours at 110°C. The samples were washed many times
with distilled water (until the rinse reaches the neutral
medium) and denoted as post-NH2-extracted MCM-41. In a
similar manner, calcined MCM-41 was hydrated for 2 hours
in a desiccator containing a saturated NaCl solution at the
bottom before functionalisation. This sample was denoted as
post-NH2-calcined MCM-41.

2.2. Characterisation of Materials. X-ray diﬀraction (XRD)
patterns were recorded on VNU-D8 Advance Instrument
(Bruker, Germany) using Cu Kα radiation (λ �1.5418 Å).
The N2 adsorption/desorption isotherm measurements
were performed at 77 K using TriStar 3000 Micromeritics.
The samples were degassed at 200°C with N2 for 2 hours
before setting the dry mass and data collection. Speciﬁc
surface areas were calculated using the Brunauer–
Emmett–Teller (BET) model. Pore size distributions were
calculated using the BJH model on the desorption branch.
The thermal behaviour of the samples was conducted using
thermal analysis-diﬀerential scanning calorimeter (TGDSC) on Labsys TG/DSC SETARAM. The transmission
electron microscopy (TEM) micrographs were obtained
using JEOL JEM-2100 operating at 80 kV. Infrared spectra
(IR) were recorded on an FT-IR spectrometer using IRPrestige-21 (Shimadzu) in the KBr matrix in the range
4000–400 cm−1.
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2.3. Determination of the Point of Zero Charge. The point of
zero charge (pHPZC) of the aminopropyl functionalised
MCM-41 materials was determined by the solid addition
method [24, 32]. 25 mL of 0.1 M NaCl was added to a series
of 50 mL Erlenmeyer ﬂasks. The initial pH (pHi) of the
solution was adjusted, ranging from 2 to 12 by adding either
0.1 M HCl or 0.1 M NaOH solution. Then, 0.01 g of the postNH2-extracted MCM-41 sample was added to each ﬂask, and
the mixture was shaken for 48 hours. Then, the ﬁnal pH
(pHf ) of the solution was measured. The plot represents the
relation between the diﬀerence of the ﬁnal and initial pH
value (ΔpH � pHf − pHi), and pHi was drawn; the point of
intersection of the curve with the abscissa, at which ΔpH � 0,
provided pHPZC. This process is performed similarly for the
0.01 M NaCl, 0.1 M KCl, and 0.01 M KCl solutions.
2.4. Adsorption Experiments. The adsorption of Pb(II) and
Cd(II) ions on the aminopropyl functionalised MCM-41
material was performed in an Erlenmeyer ﬂask (volume
100 mL): 0.01 g synthetic materials were added to a 50 mL of
Pb(II) (or Cd(II)) solution, the pH value of which was adjusted with the 0.1 M HCl or 0.1 M NaOH solution; the
mixture was then shaken for 4 hours. Finally, the solution was
centrifuged to remove the adsorbent, and the concentration of
Pb(II) or Cd(II) was determined using atomic absorption
spectroscopy (AAS) by Shimadzu AA-6800 (Singapore). The
removal eﬃciency of Pb(II) and Cd(II) was accessed.
The adsorption isotherm of Pb(II) and Cd(II) in the
aqueous solution of aminopropyl-MCM-41 was studies at
room temperature (27 ± 2°C). 0.05 g of aminopropyl-MCM41 was added to the Erlenmeyer ﬂasks containing 50 mL of
the Pb(II) or Cd(II) ion of various concentrations, and the
mixture was shaken for 4 hours to reach equilibrium adsorption. Then, the liquid was used to determine the
remaining amount of Pb(II) or Cd(II) after removing the
solid by centrifuge.
The amount of the metal ion adsorbed at equilibrium
(qe) was calculated according to the following equation:
qe �

C0 − Ce  · V
−1
mg·g ,
m

(1)

−1

where C0 and Ce (mg·L ) are the Pb(II) or Cd(II) ion
concentrations at the initial and equilibrium time, respectively, and V (L) and m (g) are the volume of the Pb(II)
or Cd(II) solutions and the mass of aminopropyl-MCM-41
used, respectively.
The removal eﬃciency (H) of metal ions was calculated
according to the following equation:
C − Ce 
H� 0
(%).
C0

(2)

In this work, the two-parameter equations, namely,
Langmuir isotherm and Freundlich isotherm, and threeparameter equations, i.e., Redlich–Peterson isotherm and
Sips isotherm, were used to analyse the adsorption equilibrium data.
The Langmuir isotherm equation [20, 21, 23, 33] is as
follows:

q e � qm ·

KL · Ce
,
1 + KL · Ce

(3)

where qm is the maximum monolayer adsorption capacity of
adsorbent (mg·g−1) and KL is the Langmuir constant
(L·mg−1). The other parameters have been described before.
Diﬀerent linear forms of the Langmuir isotherm are
shown in Table 1.
The Freundlich isotherm is expressed by the following
empirical equation [20, 21, 23, 33]:
qe � KF · C1/n
e ,

(4)

where n is the heterogeneity factor and KF is the Freundlich
constant (mg(1−1/n)·L1/n·g−1). n and KF are dependent on
temperature: n indicates the extent of the adsorption, and KF
expresses the degree of nonlinearity between the solution
concentration and the adsorption. If n is greater than 1, the
adsorption process is favorable [20, 33].
The linear form of the Freundlich equation is
1
ln qe � ln KF + · ln Ce .
n

(5)

The Redlich–Peterson isotherm equation [22, 23, 33] is
as follows:
KR · Ce
qe �
,
(6)
1 + aR · CbeR
where KR (L·g−1) and aR (LbR ·mg(bR −1) ) are the Redlich–
Peterson isotherm constants and bR is the exponent with a
value between 0 and 1.
A linear form of the Redlich–Peterson equation is
lnKR ·

Ce
− 1 � bR · ln Ce + ln aR .
qe

(7)

According to the Freundlich model (equation (4)), the
adsorbed amount increases with the adsorbate concentration. This is the problem of the Freundlich model. Therefore,
Sips proposed an equation similar to the Freundlich
equation, but it has a ﬁnite limit when the concentration is
suﬃciently high [22, 33]:
qe � qmS ·

S
KS1 · C1/n
e
,
S
1 + KS1 · C1/n
e

(8)

where qmS is the Sips maximum adsorption capacity
(mg·g−1), KS1 is the Sips equilibrium constant
(L1/nS ·mg((1/nS )−1) ), and nS is a constant.
The Sips isotherm can be represented as
qe �

KS2 · Cbe S
,
1 + aS · Cbe S

(9)

where KS2 (mg(1−bS ) ·LbS ·g−1 ) and aS (LbS ·mg(bS −1) ) are the
Sips isotherm constants and bS is the Sips model exponent.
The linear form of Sips equation can be described as
1
1
1
a
�
· b + S.
(10)
S
qe KS2 Ce KS2
The Sips and Redlich–Peterson equations contain three
unknown parameters, and they are impossible to obtain
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Table 1: Linear form equations of the Langmuir isotherm model.

Isotherm
Langmuir
Langmuir
Langmuir
Langmuir
Langmuir

1
2
3
4
5

Linear form
1/qe � (1/(KL · qm )) · (1/Ce ) + (1/qm )
Ce /qe � (1/qm ) · Ce + (1/(KL · qm ))
qe � −(1/KL ) · (qe /Ce ) + qm
qe /Ce � −KL · qe + KL · qm
1/Ce � KL · qm · (1/qe ) − KL

simply by linearisation. Therefore, a minimisation procedure
using the Solver function of Microsoft Excel was carried out
to maximise the determination coeﬃcient of ln(KR ·
(Ce /qe ) − 1) vs. ln Ce and 1/qe vs. 1/Cbe S . After maximising
the R2 value, the isotherm parameters were determined
using the linear regression equation.

3. Results and Discussion
3.1. Characterisation of Aminopropyl Functionalised MCM41. Figure 1(a) presents the X-ray diﬀraction patterns of
MCM-41 and the aminopropyl-MCM-41. All the samples
had a single intensive reﬂection at the 2θ angle around 2° as is
the case for typical MCM-41 materials, and this reﬂection is
generally related to a regular pore size and an ordered pore
arrangement [34]. This suggests that the mesoporous
structure remained intact after amine modiﬁcation. However, the intensity of peak (100) characterised for the
mesostructure decreased as APTES was grafted to the silica
framework. The direct-NH2-MCM-41 sample still remained
a higher hexagonal mesoporous structure since the (100),
(110), and (200) reﬂections were still observed. The low
intensity of (100) reﬂection implied a poorly ordered
structure of the postsynthesis samples.
The eﬃciency of the incorporation of APTES into the
silica framework can be studied using TG-DSC
(Figure 1(b)). For the as-synthesised MCM-41 samples, a
large weight loss (16.3%) in several steps corresponding to
the exothermic peak in DSC at around 250°C before levelling
oﬀ at around 600°C was observed. Since DSC only had an
exothermic peak, the removal of the template appeared to
take place through oxidative decomposition rather than
evaporation (desorption). For aminopropyl-MCM-41, the
endothermic peak at around 100°C can be attributed to the
desorption of water from the channels of the material. The
second weight loss between 300 and 600°C, together with
exothermic peaks corresponds to the decomposition/
oxidation of aminopropyl residues. The third weight loss
around 600–800°C, which could be observed for all the
samples, should relate to the release of water formed during
condensation of silanols in the silica framework. It was
found that post-NH2-calcined MCM-41 and post-NH2extracted MCM-41 showed similar patterns of thermal
decomposition with sharp exothermic peaks while the direct-NH2-MCM-41 sample showed a relatively broaden
exothermic peak. This evidence suggested an inconsistent
incorporation of APTES into the silica framework in the
direct-NH2-MCM-41 material. It is assumed that the weight
loss over 250°C was attributed to aminopropyl loading. The
amine content of direct-NH2-MCM-41, post-NH2-calcined

Plot
(1/qe ) vs. (1/Ce )
(Ce /qe ) vs. Ce
qe vs. (qe /Ce )
(qe /Ce ) vs. qe
(1/Ce ) vs. (1/qe )

Reference
[21, 25–28, 33]
[20, 21, 25–28, 33]
[21, 25–28, 33]
[21, 25–28, 33]
[21]

MCM-41, and post-NH2-extracted MCM-41 are 10.5%,
12.8%, and 17.5%, respectively. Then, although the directNH2-MCM-41 sample possessed higher mesoporous ordering, it had lower aminopropyl loading in comparison
with those of postsynthesis. The highest aminopropyl
loading in post-NH2-extracted MCM-41 was possible because the surface of the silica framework in which the
template was removed by solvent extraction contains a
larger amount of silanol groups, as mentioned in a previous
paper [19].
The existence of the amino group is further conﬁrmed by
IR spectra. The FT-IR spectra of the MCM-41 and
aminopropyl-MCM-41 samples are shown in Figure 2. The
sharp absorption band at 3100–3600 cm−1 is attributed to the
stretching of O-H on the surface silanol groups with the
hydrogen bond and the remaining adsorbed water molecules. The absorption bands at 2920 cm−1 and 2850 cm−1 are
ascribed to the asymmetric stretching and symmetric
stretching of (–CH2–), respectively, while the absorption at
1460 cm−1 is attributed to the bending of the (–CH2–) group.
The absorption bands at 1051 cm−1 and 800 cm−1 are due to
Si-O-Si and Si-O stretching vibrations, respectively. The
band at 954 cm−1 is assigned to the Si-OH stretching. The
adsorption band at 1635 cm−1 is due to the deformation
vibrations of adsorbed water molecules (δH–O–H). The
presence of the N-H bending vibration at 690 cm−1 and –
NH2 symmetric bending vibration at 1532 cm−1, which are
absent in neat MCM-41, indicates the successful inclusion of
organic amine onto the silica surface [10, 17, 18].
Figure 3 shows the TEM observation of calcined MCM41, extracted MCM-41, and aminopropyl-MCM-41 grafted
via the direct and indirect process. It can be seen that the
calcined MCM-41 and extracted MCM-41 samples consist
of nanospherical particles of around two hundred nanometres. There are nanobubbles in the extracted MCM-41
sample. These bubbles inside the nanospherical particles
possibly formed during the extraction process. The acidic
solvent might corrode unstable silica inside the nanoparticles producing sub-nanobubbles. Grafting APTES
into the MCM-41 framework by the direct process provided the morphology with some inclusions that possibly
formed through the condensation of APTES outside the
MCM-41 nanoparticles, while no inclusions and smooth
surface were observed in the post-NH2-calcined MCM-41
or post-NH2-extracted MCM-41 samples. The inconsistent
condensation of 3-aminopropyltriethoxysilane including
self-condensation and condensation with the silanol group
of the silica framework in direct-NH2-MCM-41 explained
why the DSC proﬁle had a broad exothermic peak compared with that of postaminopropyl-MCM-41.
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Figure 1: (a) XRD patterns of MCM-41 and aminopropyl-MCM-41; (b) TG-DSC proﬁles of as-synthesised MCM-41 and aminopropylMCM-41.
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Figure 2: The FT-IR spectra: (a) calcined MCM-41; (b) extracted MCM-41; (c) direct-NH2-MCM-41; (d) post-NH2-calcined MCM-41; (e)
post-NH2-extracted MCM-41.

Figure 4 shows the nitrogen adsorption/desorption
isotherms of MCM-41 and aminopropyl-MCM-41. Calcined MCM-41 and extracted MCM-41 showed practically
the same porous properties. Direct-NH2-MCM-41 and
MCM-41 exhibited the sharp condensation capillaries
around a relative pressure of 0.35 and characteristic-type IV
isotherms. This shows that MCM-41 and direct-NH2-MCM41 had a hexagonal mesoporous structure with a narrow
pore size distribution (the inset of Figures 4(a)–4(c)). This
ﬁnding is consistent with that of the XRD study discussed in
Section 3.1. A hysteresis of the H3 type at P/Po > 0.9 was
observed for both samples prepared by postsynthesis
(Figures 4(d) and 4(e)). This is due to nitrogen condensation
and evaporation in the interparticle space. The distribution
of the functional group on the surface of the pore wall of the

materials prepared via postsynthesis was not uniform, and
the organic groups could block the mesopores leading to the
decrease of the surface area and broad pore distribution
(Table 2 and the inset of Figures 4(d) and 4(e)).
One of the most important properties of a solid material
is the point of zero charge (pHPZC). When a solid material is
in a solution with pH lower than pHPZC, the material surface
has a positive charge by adsorption of H+ ions from the
aqueous solution, leading to a positive variation of the solution pH (ΔpH > 0). On the contrary, if the solid material is
in a solution with pH greater than pHPZC, the material
surface has a negative charge by adsorption of OH− ions,
leading to a negative variation of the solution pH (ΔpH < 0).
Thus, the pH value, at which the material surface has a zero
charge, ΔpH � 0, is the point of zero charge. The point of
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Figure 3: TEM images of MCM-41 and aminopropyl functionalised MCM-41: (a) calcined MCM-41; (b) extracted MCM-41; (c) directNH2-MCM-41; (d) post-NH2-calcined MCM-41; (e) post-NH2-extracted MCM-41.

zero charge determination can be performed in a neutral
environment or a neutral electrolyte solution. In this study,
the NaCl and KCl solutions at two diﬀerent concentrations
(0.1 M and 0.01 M) were used.
The point of zero charge of the aminopropyl-MCM-41
material was 7.5 and 8.1 in the 0.1 M and 0.01 M NaCl
solution, respectively (Figure 5(a)). Similarly, for the 0.1 M
and 0.01 M KCl solution, the point of zero charge of the
aminopropyl-MCM-41 material was 7.6 and 7.7, respectively
(Figure 5(b)). It is evident that pHPZC of the aminopropylMCM-41 material was independent of the concentration of
the studied electrolytes. The average value of pHPZC of the
aminopropyl-MCM-41 material is 7.73 ± 0.11, which is
similar to the pHPZC of the base solid materials already
published [35]. Qin et al. [36] announced that the point of
zero charge of the aminopropyl-MCM-41 material was 9.5
measured using the zeta potential. This diﬀerence is probably
due to the nature of the two measurement methods and the
nature of the NH2-MCM-41 products.
3.2. Adsorption Studies
3.2.1. Choosing Adsorbent. The synthesised MCM-41 materials were used to adsorb Pb(II) and Cd(II) from aqueous
solutions. As can be seen from Figure 6, calcined MCM-41
and extracted MCM-41 had a very low removal eﬃciency for
Pb(II) (<20%) (Figure 6(a)) and for Cd(II) (around 7%)
(Figure 6(b)). When MCM-41 was functionalised with

3-aminopropyl, it had a signiﬁcantly higher removal eﬃciency, especially when the postsynthesis was used. For the
Pb(II) adsorption, post-NH2-extracted MCM-41 was more
eﬀective than post-NH2-calcined MCM-41 with more than
90% eﬃciency as opposed to around 70%, respectively. A
similar pattern of adsorption on post-NH2-extracted MCM41 and post-NH2-calcined MCM-41 is seen for Cd(II) but at
a much lower eﬃciency (20%) for both the materials. This
shows that the amino group was successfully grafted to the
silica wall of MCM-41. Based on these ﬁndings, post-NH2extracted MCM-41 was chosen to evaluate the adsorption
capacity of the material in the further study.
3.2.2. Eﬀect of pH. In order to ﬁnd the dependence of the
removal eﬃciency of the synthesised materials on the acidity
of the reaction mixture, a range of pH from 2 to 9 was
studied. It is clear that the removal eﬃciency tends to increase with the solution pH (Figure 7). At pH less than 3.5,
the removal eﬃciency of Pb(II) and Cd(II) on aminopropylMCM-41 was negligible; it increased signiﬁcantly in the next
range of pH from 3 to 4, followed by a relatively low rise.
Pb(II) was adsorbed more than Cd(II) at every pH. At pH 6,
the former attained an eﬃciency of 65% and the latter 40%.
Interestingly, Cd(II) exhibited an unusual pattern when pH
continued to rise: the eﬃciency stayed nearly stable until pH
7 and then increased slightly at pH 8 and surged abruptly,
reaching the value equal to that of Pb(II) at 65% at pH 9.
Here, the adsorption behaviour of Pb(II) and Cd(II) is
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Figure 4: Isotherms of nitrogen adsorption/desorption and pore distribution (inset) of MCM-41 and aminopropyl-MCM-41: (a) calcined
MCM-41; (b) extracted MCM-41; (c) direct-NH2-MCM-41; (d) post-NH2-calcined MCM-41; (e) post-NH2-extracted MCM-41.
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Table 2: Porous properties of MCM-41 and aminopropyl-MCM-41.

∗

√�
a0 � 2 · (d(100) / 3 );

∗∗

a0∗ (Å)
45.4
49.1
48.6
—
—

d(100) (Å)
39.3
42.5
42.1
—
—

Samples
Calcined MCM-41
Extracted MCM-41
Direct-NH2-MCM-41
Post-NH2-calcined MCM-41
Post-NH2-extracted MCM-41

SBET (m2·g−1)
564
538
427
97
137

tw∗∗ (Å)
18.4
21.2
21.6
—
—

dpore (Å)
27.0
27.9
27.0
—
—

Vpore (cm3·g−1)
1.53
1.76
0.77
1.54
1.01

tw � a0 − dpore ; — N/A.
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Figure 5: Point of zero charge of the aminopropyl-MCM-41 material in diﬀerent solutions: (a) NaCl; (b) KCl.
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Figure 6: Removal eﬃciency of heavy metal ions of MCM-41 and aminopropyl-MCM-41: (a) Pb(II); (b) Cd(II) (adsorption condition:
V � 50 mL, m � 0.05 g, room temperature).

Advances in Materials Science and Engineering

9
become negative, and ionic Cd(II) primarily exists in the
Cd(OH)+ form. Thus, the removal eﬃciency increases signiﬁcantly again.
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Figure 7: Removal eﬃciency of Pb(II) and Cd(II) ions on postNH2-extracted MCM-41 at various pH values (adsorption condition: V � 50 mL, m � 0.01 g, room temperature).

similar to that studied by Heidari et al. [18] on the eﬀect of
pH on the adsorption of Pb(II), Cd(II), and Ni(II) on
aminopropyl-MCM-41 in the pH range from 1.5 to 5. At pH
greater than 6, they proposed that Pb(II) ions precipitated
due to a large amount of OH− ions in the solution when the
concentration of the studied ions was very high (50 mg·L−1).
In our study, the highest pH was 6 for Pb(II) and 9 for Cd(II)
with a much lower concentration of metal ions (21.1 mg·L−1
for Pb(II) and 4.2 mg·L−1 for Cd(II)). In our studied pH
range, the metal ions did not precipitate.
The adsorption of Pb(II) and Cd(II) on aminopropylMCM-41 in the aqueous solution may occur with the coordination mechanism ([Me(NH2)2]2+ form, Me is the Pb or
Cd ion), as suggested by Benhamou et al. [37]. Besides, the
attraction mechanism of the opposite charge between the
metal ion and the material surface also takes place. At
pH < 5, Pb(II) and Cd(II) ions exist mainly in the Pb2+ and
Cd2+ form. In this pH range, the surface of the aminopropylMCM-41 material also has a positive charge (the point of
zero charge for the material is ∼7.73). At low pH (pH � 2–4),
the electrostatic repulsion between Pb2+ or Cd2+ and the
positively charged surface of the material dominates. The
adsorption occurs only due to complexation, and this
complexation cannot take place signiﬁcantly because there is
also a competition of the H+ ion in the acidic solution. As a
result, the removal eﬃciency is low. In the case of 4 < pH < 6,
both the complexation and attraction are dominant as the
medium is less acidic with a smaller amount of the H+ ion
and less positive material surface, and accordingly, the removal eﬃciency rises rapidly reaching a high stable value. At
pH from 6 to 8, the material surface becomes more or less
neutral, and therefore, the adsorption by attraction halts and
the eﬃciency stays practically constant. Further increase of
pH makes the surface of the aminopropyl-MCM-41 material

3.2.3. Adsorption Isotherms. To eliminate errors caused by
experimental point [30], typically 4 to 7 experimental points
are needed [18, 20, 25, 26, 30, 38, 39]. In this study, 27
experimental points were investigated. The results of the
linear regression of the isotherm models, namely, Langmuir,
Freundlich, Redlich–Peterson, and Sips, for Pb(II) and
Cd(II) adsorption on aminopropyl-MCM-41 are presented
in Figure 8 and Table 3.
As a rule, the more the R2 is closer to unity, the more is
the model compatible with the experimental data. It is clear
from Table 3 that the Langmuir 2 and Redlich–Peterson
isotherms ﬁt the experimental data of the adsorption of
Pb(II) and Cd(II) the most with R2 � 0.999.
However, the selection of model based on the value of R2
is also biased. For example, in the case of Langmuir 2 and
Freundlich equations, if only the linear form is concerned as
published in many papers [19, 25–28, 33], where the authors
concluded that the Langmuir 2 equation is more appropriate
than the Freundlich equation because of its high R2 value.
Meanwhile, the Redlich–Peterson equation also has a relatively high coeﬃcient R2.
Recently, many researchers have published their results
of nonlinear forms of isotherm equations [18, 21, 25–28]. In
this study, the nonlinear forms were also used to compare
with the linear forms.
The parameters of the isotherm equations determined
with the nonlinear regression method were calculated using
the Solver function in Microsoft Excel. In this method, an
error function is necessary to match the experimental data in
the form of nonlinear isotherm equations. The parameter
values are optimised based on the smallest value of this error
function. Various error functions have been proposed
[21, 23, 33]. In these studies, the error function in the following equation was used [40]:
������������������

1 n
2
(11)
RMSR �
·  q
−q  ,
N i�1 e,exp e,cal
where RMSR is the root mean squared residual, qe,exp
(mg·g−1) is the experimental equilibrium adsorption capacity, qe,cal (mg·g−1) is the calculated equilibrium adsorption capacity, and N is the number of experiments.
The experimental points and the nonlinear regression
lines of the adsorption of Pb(II) and Cd(II) ions on
aminopropyl-MCM-41 for the models to be compared are
shown in Figure 9. The parameters of the models are presented in Table 4.
Table 4 shows that the nonlinear isotherm equations of
Langmuir, Redlich–Peterson, and Sips both described quite
well the Pb(II) or Cd(II) adsorption on aminopropyl-MCM41 because the RMSR were small and approximately equal
together. Comparisons of R2 in Table 3 with the RMSR error
function in Table 4 also show an inconsistence. It is that the
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Figure 8: Plots of isotherm equations in a linear form for Pb(II) and Cd(II) adsorption on aminopropyl-MCM-41: (a, b) Freundlich;
(c) Langmuir 2; (d) Redlich–Peterson; (e, f ) Sips’s model (adsorption condition: V � 50 mL, m � 0.05 g, room temperature).

R2 value of the Sips equation was very low, while the RMSR
of the one in the nonlinear form was very small. This is also
evidence of a limitation using the value of error functions to
assess model compatibility.

The majority of works published on assessing the
compatibility of the model are based on the value of the error
function. If the error function value of the model is the
smallest, the model is the most compatible. It is also
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Table 3: Parameters of the isotherm equations determined by using the linear form of Pb(II) and Cd(II) adsorption on aminopropyl-MCM41.
Ion

Pb(II)

Cd(II)

qm (mg·g−1)
66.66
66.66
63.99
64.64
64.56
—
—
—
14.28
14.28
14.13
14.54
14.40
—
—
—

Isotherm (linear form)
Langmuir 1
Langmuir 2
Langmuir 3
Langmuir 4
Langmuir 5
Freundlich
Redlich–Peterson
Sips
Langmuir 1
Langmuir 2
Langmuir 3
Langmuir 4
Langmuir 5
Freundlich
Redlich–Peterson
Sips

KL, KF, KR, or KS2
5.00
7.50
4.67
2.57
2.64
59.73
341.86
500.00
0.21
0.22
0.22
0.18
0.19
7.58
2.96
3.27

65

aR or aS
—
—
—
—
—
—
5.39
7.50
—
—
—
—
—
—
0.20
0.22

n, bR, or bS
—
—
—
—
—
62.50
0.99
0.68
—
—
—
—
—
7.46
1.00
0.97

40 50 60
Ce (mg·L–1)

70

R2
0.574
0.999
0.552
0.552
0.574
0.523
0.999
0.583
0.888
0.991
0.815
0.815
0.888
0.828
0.996
0.888
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Figure 9: Adsorption isotherms determined using the nonlinear method for the adsorption of metal ions onto aminopropyl-MCM-41: (a)
Pb(II); (b) Cd(II) (adsorption condition: V � 50 mL, m � 0.05 g, room temperature).

unreasonable because the diﬀerence is probably due to
random errors. There have never been works that had made
a statistical error function to indicate a certain error value.
If the value of the error calculation results is larger or
smaller than this value, the model accepted to be compatible with experimental data. So, how to know which
models are described equally well with experimental data?
All proposed error functions [21, 23, 31, 33] do not solve
the problem because the error functions are not statistical
functions. Thus, it needs to seek an error function that has a
statistically normal distribution function to solve this
problem.

The general principles of the evaluation model can be
interpreted as follows: a set of adsorption capacity data from
experimental equilibrium (qe,exp) via a certain model will
change a set value qe,cal, as illustrated in Figure 10.
The model is the most appropriate if the diﬀerence
between qe,exp and qe,cal is smallest. All error functions are
based on this principle [21, 23, 31, 33]. On this basis, we
believe that the most appropriate model is the one to create
the qe,cal values that have the same sampling distribution as
the qe,exp values, or in the other words, the average capacity
calculated from the model is the closest to the average experimental capacity. We used the paired-samples t-test for
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Table 4: Regression parameters of the diﬀerent nonlinear isotherm models for the adsorption of Pb(II) and Cd(II) on aminopropyl-MCM41.
Ion
Pb(II)

Cd(II)

Isotherm (nonlinear form)
Langmuir
Freundlich
Redlich–Peterson
Sips
Langmuir
Freundlich
Redlich–Peterson
Sips

qm (mg·g−1)
64.00
—
—
—
14.17
—
—
—

KL, KF, KR, or KS2
4.59
59.82
322.15
499.98
0.21
7.71
3.37
3.94

aR or aS
—
—
5.06
7.71
—
—
0.25
0.27

n, bR, or bS
—
61.28
0.99
0.52
—
7.68
0.98
0.88

RMSR
0.877
0.924
0.876
0.876
0.440
0.490
0.440
0.439

Evaluation by error function:
average percentage error (APE);
sum of the absolute error (SAE);
sum of the squares of error (SSE);
chi-square (χ2); ...
Ce,exp(1)

qe,exp(1)

Ce,exp(2)

qe,exp(2)

Ce,exp(3)

qe,exp(3)

...

...

Ce,exp(n)

qe,exp(n)

(qe,cal(1), qe,cal(2), qe,cal(3), ... qe,cal(n))Model 1
Adsorption
isotherm model
(Langmuir, Freundlich,
Redlich–Peterson, Sips, ...)

(qe,cal(1), qe,cal(2), qe,cal(3), ... qe,cal(n))Model 2

(qe,cal(1), qe,cal(2), qe,cal(3), ... qe,cal(n))Model m
Evaluation by statistical method:
paired-samples t-test

Figure 10: Idea of the statistical evaluation of the adsorption isotherm model.

this assessment. The value of the statistical t-test is calculated
according to Field as follows [41]:
d
t � �������������������������,
2
2
N ·  d  −  d /(N − 1)

(12)

where d is the diﬀerence of the compared pairs
(d � qe,exp − qe,cal) and N is the total number of pairs.
To apply this comparison, the sequence of qe,cal and qe,exp
should meet the testing hypotheses: (i) dependent assumption: the values of qe,cal and qe,exp combine pairs together because they are calculated from starting values of
qe,exp, and this assumption is satisﬁed; (ii) normally distributed assumption, it mean diﬀerence scores are normally
distributed in the population, or there is a large sample size
(approximately 30): in this case, because of the large sample
size (N � 27), the condition is satisﬁed [41]; and (iii) dependent variable assumption is at least the variable interval:
this condition is also satisﬁed.
H0 hypothesis: the average value of qe,cal is not different from the average value of qe,exp. This means that the
model gives a goodness description of the experimental
data.
In software, such as Microsoft Excel or SPSS, the statistical values of t are transferred to corresponding probability values of p. p is the probability at which people can
trust that the H0 hypothesis is correct. For statistical

comparisons, the level of signiﬁcance α must be set ﬁrst. This
level is optional and often chosen at 0.05, 0.01, or 0.001 to
evaluate the diﬀerence between the two compared quantities. In this study, the comparative expectation of the two
number sequences is the same, so we selected α � 0.95. This
means that we are 95% conﬁdent that the H0 hypothesis is
true. If p > 0.95 then H0 is accepted, and therefore, the
average value of qe,cal is not diﬀerent from that of qe,exp at the
statistically signiﬁcant level α � 0.95, or the model is accepted. Conversely, if p < 0.95, then the H0 hypothesis is
rejected, and the model is not accepted.
The data are analysed with the paired-samples t-test at
α � 0.95 using the SPSS-17 software (Statistical Package for
the Social Sciences). For the adsorption of Pb(II), 6
equations had p < 0.95, indicating that there was a statistically signiﬁcant diﬀerence in the equilibrium adsorption
capacity values given by the equation and the experimental
data; 6 remaining equations, Langmuir 3, Langmuir 5,
Langmuir nonlinear, Freundlich nonlinear, Redlich–
Peterson nonlinear, and Sips nonlinear had p > 0.95
(Table 5) and should not have the statistically signiﬁcant
diﬀerences between the mean values of qe,cal and qe,exp.
Therefore, these 6 equations appropriately describe the
experimental data at α � 0.95.
Similarly, the results of the paired-samples t-test for
adsorption of Cd(II) showed that four equations in the
nonlinear forms, namely, Redlich–Peterson, Sips, Langmuir,
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Table 5: Results of the paired-samples t-test analysis of adsorption of Pb(II) and Cd(II) on aminopropyl-MCM-41.
For adsorption of Pb(II)
Isotherm
t
Langmuir (nonlinear)
0.001
Freundlich (nonlinear)
0.001
Redlich–Peterson (nonlinear)
−0.014
Sips (nonlinear)
−0.014
Langmuir 3
0.013
Langmuir 5
0.061
Langmuir 4
−0.139
Redlich–Peterson (linear)
−0.848
Freundlich (linear)
0.896
Langmuir 1
−15.632
Langmuir 2
−15.921
Sips (linear)
−13.671

p
1.000
1.000
0.989
0.989
0.989
0.952
0.891
0.404
0.379
<0.001
<0.001
<0.001

For adsorption of Cd(II)
Isotherm
t
Redlich–Peterson (nonlinear)
0.001
Sips (nonlinear)
0.001
Langmuir (nonlinear)
0.002
Freundlich (nonlinear)
−0.007
Langmuir 3
0.095
Redlich–Peterson (linear)
0.101
Langmuir 5
−0.221
Freundlich (linear)
0.299
Langmuir 4
−0.463
Sips (linear)
−0.781
Langmuir 1
−1.179
Langmuir 2
−1.641

p
1.000
1.000
0.999
0.994
0.925
0.920
0.827
0.767
0.647
0.442
0.249
0.113

Table 6: A comparison of Pb(II) and Cd(II) adsorption capacity of aminopropyl-MCM-41 with some other published adsorbents.
Adsorbent
Aminopropyl-MCM-41
NH2-MCM-41
Amino-modiﬁed silica aerogel
Amino-functionalized magnetite/kaolin clay
Silicalite-I-NH2
MCM-48-NH2
MCM-48-SH
Soil amendment
Dithizone-modiﬁed bagasse
Chromium-doped nickel nanometal oxide

Adsorption capacity (mg·g−1)
Pb(II)
Cd(II)
64.21
14.08
57.7
18.2
45.45
35.71
86.1
22.1
43.5
—
75.2
—
31.2
—
—
7.47–17.67
37.20
—
1.7914
5.243

and Freundlich, had p > 0.95, revealing that these models are
the appropriate description for the experimental data at
α � 0.95.
Hence, in terms of statistics, the four nonlinear models,
namely, Langmuir, Freundlich, Redlich–Peterson, and Sips,
most appropriately described the adsorption data of Pb(II)
and Cd(II) on aminopropyl-MCM-41. This also conﬁrms
that nonlinear equations have matched the results more than
linear equations in this study. This result is consistent with
that of other works [25–28].
The maximum adsorption capacity of the aminopropylMCM-41 material calculated from the various compatibility
equations (Langmuir 3, Langmuir 5, Langmuir model in the
nonlinear form, Freundlich in the nonlinear form, Redlich–
Peterson in the nonlinear form, and Sips in the nonlinear form
for the adsorption of Pb(II); and Langmuir in the nonlinear
form, Freundlich in the nonlinear form, Redlich–Peterson
nonlinear, and Sips in the nonlinear form for the adsorption of
Cd(II)) was 64.21 mg·g−1 (N � 5, SE � 0.21) for Pb(II) and
14.08 mg·g−1 (N � 3, SE � 0.33) for Cd(II). The small standard
error proves the correctness of the paired-samples t-test
method.
The adsorption capacity in this work was compared with
the results reported previously [18, 42–47]. A comparison
was listed in Table 6. It could be noticed that the adsorption
capacity was higher or comparable within previous papers.
The aminopropyl-MCM-41 exhibited better than some of
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the adsorbent based on MCM-48, silicalite-1, or chromiumdoped nickel nanometal oxide but failed to some others.

4. Conclusions
A comparison of physicochemical characteristics of
aminopropyl-MCM-41 prepared via direct and postsynthesis was performed. The aminopropyl-MCM-41 material
prepared by means of the direct process exhibits good
porous properties but low aminopropyl loading compared
with the samples prepared via postsynthesis. Parent MCM41 remarkably aﬀects the physicochemical properties of
resulting aminopropyl-MCM-41. The extracted MCM-41
material gave higher aminopropyl loading and better porous properties than the calcined MCM-41 counterpart, and
therefore, it provided a high adsorption capacity for Pb(II)
and Cd(II) at 64.21 mg·g−1 and 14.08 mg·g−1, respectively.
The paired-samples t-test could eliminate the part-sided
assessment based on the minimum value of the error
function. According to our knowledge, this is the ﬁrst study
applying the statistical test to assess the compatibility of the
isothermal models in terms of theory as well as practice.
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