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a b s t r a c t
In this work, the adsorption characteristics and mechanisms of Zn(II) and Cd(II) on V, Ti-bearing 
magnetite-humic acid (VTM-HA) were deeply investigated. Several adsorption kinetics and 
isothermal models were introduced to describe the adsorption characteristics in single and 
binary ions systems. The results indicated that Zn(II) and Cd(II) adsorption both obey the 
pseudo- second-order kinetic model. Langmuir and extended Langmuir model could describe 
the adsorbing the details of single ion adsorption and binary ions competitive adsorption, 
respectively. The Zn(II) adsorption is dominant in the bi-component ion solution. Besides, the 
regenerative ability of the VTM-HA adsorbent is excellent. The adsorption capacity of Zn(II) and 
Cd(II) both remain more than 90% after five adsorption–desorption cycles. The Fourier trans-
form infrared and X-ray photoelectron spectroscopy tests manifested that the hydroxyl and 
carboxyl groups of VTM-HA were the main active groups that participated in the adsorption 
reaction of Zn(II) and Cd(II). The density functional theory (DFT) calculation verified that Zn(II) 
ions have a more reliable combining ability with carboxyl and hydroxyl groups than Cd(II). 
That is why the Zn(II) has an advantage in competitive adsorption.
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1. Introduction

With the development of industry, the emissions of 
wastewater contained heavy metal has been an enormous 
menace to human health as well as all kinds of aquatic 
organisms [1,2]. Zn(II) and Cd(II) ions are severe environ-
mental pollutants, which are the main toxic ingredients 
of industrial wastewater from mining, metallurgy, and 
chemical industry, etc. [3]. The environmental pollutions 
caused by Zn(II) and Cd(II) have been widely reported [4]. 

The adsorption process is the most generally used technol-
ogy to treat heavy metals pollution because of its highly 
effective [5,6], economical and straightforward operation 
[7–9]. The recently published literature revealed that mag-
netic particles are the most widely used adsorbents due to 
the easy recycling by magnetic separation [10,11]. Aim to 
improve the adsorption capacity of the magnetic adsor-
bent and enhance the adsorption efficiency. Some novel 
adsorbents are developed by coating the organic matters 
on the surface of the magnetic adsorbent [12–14]. However, 
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the most researched magnetic adsorbents are Fe3O4 and 
MFe2O4 (M = Co, Mn, Ni, Zn, Ca, etc.) spinel nano-particles 
[15]. These nano-particles are mostly prepared using the 
hydration synthesis method or co-precipitation method, 
which has many disadvantages such as difficulty in prepa-
ration, high cost, and low production efficiency [16]. These 
deficiencies limit the large-scale industrial application of 
these nano-adsorbents. Based on the above reasons, some 
researchers had paid their attention to the natural mag-
netic minerals [17]. A number of studies had verified that 
some natural minerals have an excellent adsorption capac-
ity for heavy metal ions after fine grinding and surface 
modification [18]. The V, Ti-bearing magnetite-humic acid 
(VTM-HA) is a novel magnetic adsorbent developed by the 
authors’ group [19]. The VTM-HA adsorbent is prepared 
by modifying natural V, Ti-bearing magnetite (VTM) par-
ticles with humic acid (HA) coating. The VTM is formed 
by replacing some Fe atoms in ordinary magnetite with 
Ti and V atoms. The Fe3O4 and Fe2TiO4 in the VTM make 
VTM-HA adsorbent have good magnetism and easy to 
be recovered by magnetic separation. What is more, our 
previous research had verified that the Ti atoms in VTM 
have a stronger adsorption capacity for HA compared 
to the Fe atoms in the ordinary magnetite (Fe3O4) [20]. 
Therefore, more HA could be adsorbed on the VTM sur-
face, thereby providing more adsorption sites for Zn(II) 
and Cd(II). Humic substance is a kind of natural organic 
matter (NOM) [21]. Much literature verified that there 
is strong complexation between oxygen-bearing func-
tional groups of HA, especially hydroxyl and carboxyl 
groups and metal cations on mineral surfaces [22–24].

Many published studies had reported that when in an 
aqueous system with several kinds of heavy metal ions, 
there is competitive adsorption between different heavy 
metal ions [25–27]. Fan et al. [28] prepared an adsorbent, 
tetraethylenepentamine (TEPA) modified chitosan/CoFe2O4 
particles for the removal of Pb(II) and Cu(II). This research 
indicated that the TEPA modified chitosan/CoFe2O4 adsor-
bent showed high magnetization and efficient adsorption 
performance on Pb(II) and Cu(II), the adsorption experi-
ments manifesting that maximum adsorption capacity of 
Pb(II) and Cu(II) in the binary system were less than that 
in the single system. This was because the active adsorbing 
sites on the adsorbent surface are limited. There was com-
petition adsorption between Cu(II) and Pb(II) ions. An ear-
lier article compared the binding ability of Cu(II), Cd(II), 
and Pb(II) with pure HA by adopting a modeling method. 
Among these three metal ions, the sequence of binding 
strength with HA was Pb(II) > Cu(II) > Cd(II) [29]. Numerous 
researchers have researched the interaction between metal 
ions and HA [30,31]. In the past years, most studies deemed 
carboxylic and hydroxy as the essential functional adsorp-
tion sites for heavy metal ions, and each heavy metal ion 
has its specific adsorption site [32,33]. However, there was 
a lack of a comprehensive experimental study and detailed 
discussions about heavy metals adsorption onto pure 
HA or HA composite adsorbents in the published literature.

The highlights of this study were to contrast the 
adsorption characteristics of the Zn(II) and Cd(II) on the 
VTM-HA adsorbent in single and binary ions systems 
and introduce three models to describe the competitive 

adsorption characteristics. Also, the regenerating ability 
of the VTM-HA adsorbent was verified by adsorption–
desorption experiments. The Fourier transform infrared 
(FTIR), X-ray photoelectron spectroscopy (XPS) anal-
yses, and density-functional theory (DFT) calculations 
were performed to explore the reasons for the differences 
between these two ions in competitive adsorption.

2. Materials and methods

2.1. Materials

The novel adsorbent named VTM-HA was produced 
via modifying the original VTM particles. The naked VTM 
particles were firstly ground to nano-size (d0.5 = 201 nm, 
specific surface area = 104.99 m2/g). Subsequently, the 
nano-VTM particles were added into the HA solution and 
stirred to prepare the VTM-HA adsorbent. The VTM-HA 
adsorbent preparation details were described in the pre-
vious paper of the authors’ group [19]. In this research, the 
simulated heavy metal ions solutions were used to replace 
real wastewater. The simulated heavy metal ion-containing 
solutions were prepared from ZnCl2 and CdCl2.

2.2. Adsorption experiments

In each experiment, 50 mL Zn(II) and Cd(II)-containing 
solution was used and added into an Erlenmeyer flask. 
Then, 20 mg of VTM-HA adsorbent was added into the 
simulated heavy metal ions solution. 0.1 mol/L NaOH 
and HCl solutions were used to adjust the pH value of the 
Zn(II) and Cd(II)-containing solution. The initial pH val-
ues changed from 3 to 8. Finally, the mixed liquors under 
different experimental conditions were oscillated for 24 h 
at 298 K to achieve adsorption equilibrium. After oscil-
lating, the suspensions were subjected to a solid–liquid 
separation operation by a centrifuge. The obtained super-
natants were analyzed by inductively coupled plasma 
mass spectrometry (ICP-MS) technology. The results were 
considered as Zn(II)/Cd(II) concentration after adsorption.

The adsorption kinetics study was performed under 
various contact times. The contact time was designed from 
10 to 1,440 min. The initial metal ions concentrations and 
pH values of Zn(II) and Cd(II) solutions were controlled at 
10 mg/L and 7, respectively. The Erlenmeyer flasks oscil-
lated at 298 K.

The adsorption equilibrium fitting experiments were 
carried out under different initial concentrations of Zn(II) 
and Cd(II) from 5 to 40 mg/L. The adsorption equilibrium 
fitting experiments were both conducted in single and 
binary metal ions solution. The temperature and pH value 
of Zn(II) and Cd(II)-containing solutions were kept at 
298 K and 7, respectively.

In binary adsorption experiments, the Zn(II)/Cd(II) 
binary solution was used to conduct the adsorption equi-
librium fitting experiments. The concentration ratio of 
Zn(II) and Cd(II) was variable depends on the experimen-
tal conditions. In this study, the concentration ratio of tar-
get ion and competing ion was set at 1:0.5, 1:1, and 1:2 in 
order to investigate the effects of competing ion concentra-
tion changes on the adsorption of target ion. When Zn(II) 
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was considered the target ion, the Zn(II) concentration was 
controlled from 5 to 40 mg/L. The competing ion Cd(II) 
concentration was set at 2.5–20, 5–40, and 10–80 mg/L, 
respectively, and vice versa.

The amount of Zn(II) and Cd(II) adsorbed on VTM-HA 
adsorbent was suggested to be calculated by the fol-
lowing equation:

q
C C V
me

e=
−( )0  (1)

where qe is the amount of Zn(II) and Cd(II) adsorbed on 
VTM-HA adsorbent (mg/g); C0 and Ce are the initial and 
equilibrium concentrations of Zn(II) and Cd(II) (mg/L), 
respectively; V is the volume of Zn(II) and Cd(II) simulated 
solution (L); m is the VTM-HA adsorbent mass (g).

2.3. Characterization

High-resolution transmission electron microscopy 
(HRTEM) was conducted using a JEOL 2100 F transmis-
sion electron microscopy (TEM) at an accelerating volt-
age of 200 kV. The FTIR analysis was performed using a 
FTIR spectrometer (USA Thermo Nicolet Nexus 670 FTIR 
spectrometer). 1 mg samples were blended with 100 mg 
IR-grade KBr powder and then analyzed. A wide range of 
500–4,000 cm–1 was adopted in FTIR analysis. The hysteresis 
loops were measured using a vibrating sample magnetome-
ter (LDJ 9600, USA).

The binding energy of the atomic orbital of VTM-HA 
adsorbents before and after adsorbing Zn(II)/Cd(II) was 
studied through XPS analysis. The XPS testing condition in 
this research is Mono 650 μm, 200 W, Al Kα, and pass energy 
20 eV. The energy step of full-scanning spectra is 1.0 eV, 
while the energy step of high-resolution scanning is 0.1 eV.

Considering the heterogeneity of HA molecular, two 
basic active functional groups involved in the Zn(II)/Cd(II) 
adsorption, acetic acid, and ethyl alcohol were chosen to 
carry out DFT calculation. The DFT calculations were con-
ducted with Gaussian 09 package. The 6–311 ++ G (d, p) and 
LANL2DZ basis sets were adopted for DFT calculations at 
the B3LYP level [34].

3. Results and discussion

3.1. Characterization of VTM-HA adsorbent

The VTM-HA adsorbent is constituted basically by nat-
ural V, Ti-bearing magnetite and humic acid. The surface 
area and total pore volume for VTM and VTM-HA were 
117.84 m2/g, 0.398 cm3/g, and 92.57 m2/g, 0.2809 cm3/g, 
respectively. It could be seen that the surface area and total 
pore volume for VTM-HA were both lower than those of 
VTM. This was because the HA existed on the VTM surface, 
covering some cracks of VTM particles.

The FTIR spectra of VTM displayed in Fig. 1 show that 
the FTIR peaks of VTM mainly belonged to the two ingredi-
ents, inorganic iron oxide and adsorbed water. The typical 
broad and intense band centered at 3,401 cm–1 was attributed 
to the associated O–H stretching vibrations. The peaks at 
1,639 and 1,523 cm–1 were generally considered as the sign 

of the O–H adsorption peak. These peaks of hydroxyl were 
produced by the water adsorbed on the VTM surface [35]. 
On the other hand, the peak at 913 cm–1 was derived from 
the hydroxylation of the VTM surface. This result mani-
fested that the VTM surface contains abundant adsorption 
sites for HA. The peaks at 573 and 433 cm–1 were generally 
considered to belong to the Fe–O and Ti–O bonds of VTM 
[36,37]. After adsorbing HA, the peaks of hydroxylation, 
Fe–O and Ti–O bonds did not change, indicating that the 
adsorption of HA could not influence the surface structure 
of VTM. Besides, two new peaks at 1,544 and 1,384 cm–1 
attached to the COO– group emerged [38]. It was obvious 
evidence which suggested that there are some complexation 
reactions between HA and VTM particles.

The TEM images displayed in Fig. 2 indicate that the 
HA adsorption reduced the agglomeration degree of VTM 
particles. The primary reason is that the strong electroneg-
ativity of HA adsorbed on the VTM surface, enhancing the 
electrostatic repulsion between VTM-HA particles. The 
excellent dispersion of VTM-HA adsorbent is conducive 
for adsorbing the Zn(II) and Cd(II) ions.

As a magnetic adsorbent, the magnetic property of 
VTM-HA is essential for magnetic separation recovery. 
Fig. 3 illustrates the hysteresis loops in the field cycling 
between ±30 KOe. The magnetization curves for the VTM 
and VTM-HA showed hysteresis with good symmetry and 
weak magnetization. The saturation magnetization (Ms) 
values of VTM and VTM-HA were 23.61 and 21.42 emu/g, 
respectively. The magnetization of VTM-HA was slightly 
lower than the VTM possibly due to the presence of the 
HA layer. Some studies indicated that the carbon-based 
material could be a diamagnetic material over the mag-
netic phase attenuating saturation of magnetization [39]. 
The hysteresis of the VTM and VTM-HA revealed small 
coercivities at about 102 Oe. This result showed that the 
VTM-HA adsorbent could be classified as a superparamag-
netic nanomaterial. The narrow hysteresis manifested that 
the VTM-HA is easy to magnetize and showed low coerciv-
ity. The above magnetic properties analyses reflected that 

 Fig. 1. FTIR spectra of VTM and VTM-HA.
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the VTM-HA adsorbent is an excellent magnetic material 
that can be recycled rapidly by magnetic separation.

3.2. Effect of pH

pH value is an important factor of the solution chemical 
environment. For Zn(II) and Cd(II) ions, their forms would 
change in the various pH solutions. Besides, the pH val-
ues could also affected the chemical state of the VTM-HA 
adsorbent in the solutions. The adsorption characteris-
tics of Zn(II) and Cd(II) under the pH range of 3–8 were 
investigated in the single and binary ions solution.

As shown in Fig. 4, the adsorption of Zn(II) and Cd(II) 
rose rapidly with the growth of pH value from 3 to 6. 
Then, the growth of adsorption of Zn(II)/Cd(II) almost 
stopped at the pH range of 7–8, manifesting that the 
adsorption of Zn(II)/Cd(II) on the VTM-HA adsorbent 
had achieved equilibration.

Fig. 5 depicts that the competitive effect between Zn(II) 
and Cd(II) in the binary system made the adsorption 
capacity of VTM-HA for these two ions decline compared 

 
Fig. 2. TEM images of VTM (a and b) and VTM-HA (c and d).

 Fig. 3. Magnetization hysteresis loops of the VTM and VTM-HA 
adsorbent.
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to the single system. The main reason is that the there was 
a competition between Zn(II) and Cd(II) to occupy the 
adsorbing sites on the VTM-HA adsorbent. In an acidic 
solution, the H+ ions would occupy the active sites of the 
VTM-HA adsorbent, which would make the Zn(II) and 
Cd(II) releasing from the VTM-HA adsorbent. In addition, 
the HA molecular would become curly in acidic solution 
[40]. The number of active sites of VTM-HA decreased 
because of the crispation of HA, which reduced the adsorp-
tion capacity of Zn(II) and Cd(II) on the VTM-HA adsor-
bent. Based on the above research, the recommended 
adsorption pH condition ranges from 7 to 8.

3.3. Adsorption kinetics

In this part, two kinetic models, the pseudo-first-order 
and pseudo-second-order models were used to describe 
the adsorption kinetic characteristics of Zn(II) and Cd(II). 
As shown in Fig. 4, the adsorption of Zn(II) and Cd(II) 
rose rapidly with a pH value of 3–6. Then, the growth 
of adsorption of Zn(II)/Cd(II) almost stopped at the pH 
range of 7–8, manifesting that the adsorption of Zn(II)/
Cd(II) onto the VTM-HA adsorbent had achieved equil-
ibration. So, the adsorption kinetics experiments were 
conducted under pH = 7. The linear form of the equation 
representing this model are as follows [41,42]:

ln lnq q q k te t e−( ) = − 1  (2)

t
q k q q

t
t e e

= +










1 1

2
2  (3)

where qe and qt (mg/g) are the adsorption amount of Zn(II)/
Cd(II) at equilibrium and at a certain time t, respectively. 
k1 (min–1) is the rate constant of pseudo-first-order adsorp-
tion, and k2 (g/mg·min) is the pseudo-second-order rate 
constant of adsorption.

The curves displayed in Fig. 6a demonstrate the 
adsorption capacities of Zn(II) and Cd(II) on the VTM-HA 
increased rapidly with the increase of adsorption time. 
The adsorption of Zn(II) and Cd(II) on the VTM-HA could 
achieve equilibrium within 100 min. Extending the adsorp-
tion time could hardly increase the adsorbing capacity of 
Zn(II) and Cd(II) on the VTM-HA adsorbent.

The data exhibited in Figs. 6b and c and Table 1 for each 
metal ions show a good correspondence with the pseudo- 
second-order kinetic model, the correlation coefficient 
R2 were both higher than 0.99. Therefore, the adsorption 
of Zn(II) and Cd(II) belonged to chemisorption [43].

3.4. Isothermal adsorption models

3.4.1. Single ion system

Next, the isothermal adsorption method was used to 
investigate the competitive adsorption between Zn(II) 
and Cd(II). The isothermal adsorption experiments were, 
respectively, conducted in a single and binary ions sys-
tem. In competitive adsorption experiments, the target 
ion (Zn(II) or Cd(II)) concentrations were controlled at 
5–40 mg/L. Meanwhile, the concentration ratio of the tar-
get ion to the competing ion was set as 1:0.5, 1:1, and 1:2. 
The adsorption tests data were analyzed by the Langmuir 
and Freundlich model listing below [44]:

C
q

C
q k q

e

e

e

m L m

= + ( )
1  (4)

log log logq k
n

Ce F e= +










1  (5)

where Ce (mg/L) is the equilibrium concentration of Zn(II) 
and Cd(II), qe (mg/g) is the equilibrium adsorption capacity, 

 Fig. 4. Effect of pH on the adsorption of Zn(II) and Cd(II) 
onto VTM-HA in the single ion solution (initial concentration 
10 mg/L; VTM-HA 0.4 g/L; contact time 24 h; adsorption tem-
perature 298 K).

 Fig. 5. Effect of pH on the adsorption of Zn(II) and Cd(II) 
onto VTM-HA in the binary ions solution (initial concentra-
tion 10 mg/L; VTM-HA 0.4 g/L; contact time 24 h; adsorption 
temperature 298 K).
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qm (mg/g) is the maximal adsorption capacity, kL (L/mg) and 
kF (mg1–n Ln/g) are constants.

Fig. 7 is the linear fitting of the Langmuir and Freundlich 
model in the single ion system. The fitting data shown in 
Table 2 revealed that the adsorption quantity of Zn(II) on 
VTM-HA is more than that of Cd(II). The results could spec-
ulate that the adsorbing sites on the VTM-HA for Zn(II) 
are more than that for Cd(II). The fitting data of Table 2 
demonstrate that the correlation coefficients (R2) of the 
Langmuir model are higher than that of the Freundlich 
model, the adsorption of Zn(II) and Cd(II) was more 
suitable to be described as monolayer adsorption [45].

3.4.2. Binary ions system

Next, the adsorption equilibrium studies were con-
ducted in a binary ions system to investigate the competitive 

adsorption. Compared to the single system, the adsorp-
tion capacity of VTM-HA adsorbent for one ion (Zn(II) or 
Cd(II)) in binary solution was obviously suppressed in the 
presence of the competing ion. The curves of Figs. 8a and b 
indicate that the adsorption capacity (qm) of Zn(II) declined 
with the growth of Cd(II) addition. Similarly, Zn(II) also 
brought negative effects on the Cd(II) adsorption. There are 
interference and competition between Zn(II) and Cd(II) for 
the active adsorption sites in the binary system. The cor-
relation coefficient (R2) of isothermal models indicated that 
the adsorption process of Zn(II) and Cd(II) in the binary 
system both conformed to the Langmuir model, manifest-
ing that the adsorption of Zn(II) and Cd(II) in the binary 
system also belongs to the chemical adsorption. In addi-
tion, the results shown in Table 3 indicate that the addition 
of Zn(II) has a greater negative effect on Cd(II) adsorption 
than that of the Cd(II) on Zn(II) adsorption. This result 

 

 
Fig. 6. Adsorbing kinetics fitting of Zn(II)/Cd(II) on the VTM-HA adsorbents. Adsorption amount of Zn(II)/Cd(II) at various 
time (a), fitting line of the pseudo-first-order model (b), and fitting line of the pseudo-second-order model (c).

Table 1
Parameters of the pseudo-first-order and pseudo-second-order fitting models

Adsorbate qe (mg/g)

First-order equation Pseudo-second-order equation

qe,c (mg/g) k1 (min–1) R2 qe,c (mg/g) k2 (g/mg min) R2

Zn(II) 23.775 3.3519 0.00242 0.7194 23.7142 0.004878 0.9999
Cd(II) 23.275 4.1716 0.00262 0.8115 23.2342 0.003875 0.9998
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Fig. 7. Langmuir (a) and Freundlich (b) fitting lines for the Zn(II)/Cd(II) adsorption in single solution.

Table 2
Parameters of Langmuir and Freundlich models for Zn(II)/Cd(II) adsorption

Metal ions Langmuir Freundlich

qm (mg/g) kL (L/mg) R2 kF (mg1–n·Ln/g) 1/n R2

Zn(II) 44.2870 1.1031 0.9998 20.3643 0.2912 0.8553
Cd(II) 40.8664 1.1526 0.9979 19.1818 0.2858 0.6562

Fig. 8. Langmuir (a and c) and Freundlich (b and d) fitting lines for the Zn(II)/Cd(II) adsorption in various concentration ratio binary 
solution.
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manifested that the Zn(II) ion was dominant in competitive  
adsorption.

3.4.3. Competitive adsorption model

The above investigation mainly focused on the adsorb-
ing characteristics of a single ion (Zn(II) or Cd(II)) in sin-
gle or binary ion systems. As we knew, there would be 
competitive adsorption in a multi-ion system. In order to 
further research the competitive adsorption character-
istics of Zn(II) and Cd(II), the non-modified Langmuir, 
modified Langmuir, and extended Langmuir models 
[46,47] were introduced in this study. The model equations 
could be expressed as follows:

Non-modified Langmuir:

q
q K C

K C
i

i i

j j
j

n=
+

=
∑
im

1
1

 (6)

Modified Langmuir model:

q
q K C

K C
i

i i ii

j j
j

n

ij

=
( )

+
=
∑

im ρ

ρ1
1

 (7)

where qim (mg/g) is the maximum adsorbing capacity 
of i ion in single ion system; Ki (L/mg) is the constant of i 
ion in Langmuir model; Ci (mg/L) is the equilibrium con-
centration of i ion in multi-ion system; ρi is the interaction 
factor of i ion in the multi-ion system.

Extended Langmuir model:

q
Q K C

K C
i

i i

j j
j

n=
+

=
∑
im EL

EL1
1

 (8)

where Qim (mg/g) is the maximum adsorbing capacity of 
i ion in the multi-ion system; KELi (L/mg) is the interaction 
parameter of i ion obtained by extended Langmuir model 
fitting; Ci (mg/L) is the equilibrium concentration of i ion in 
the multi-ion system.

Next, the adsorption data of the Zn–Cd binary ion sys-
tem were analyzed by the mentioned three models using 

the least square method and to find which model is the 
best to describe the competitive adsorption characteristics 
of Zn(II) and Cd(II). The concentration range of the target 
ion was controlled from 5 to 40 mg/L, the concentration 
of the competing ion was set to 10, 20, 30, and 40 mg/L. 
The fitting parameters are posted in Table 4. The fitting 
surfaces are displayed in Fig. 9.

It can be seen from Table 4 that the model of extended 
Langmuir is the most suitable to describe the competitive 
adsorption between Zn(II) and Cd(II) among these three 
models. The competition factor ρi represents the mutual 
inhibition of each metal ion in the competitive adsorp-
tion process. The larger the competition factor, the more 
dominant the ion in the competitive adsorption process. 
It can be seen from Table 4 that the competition factor of 
Zn(II)ρZn is 0.701 and the competition factor of Cd(II)ρCd 
is 0.542, indicating in the Zn(II)/Cd(II) binary system, the 
adsorption of Zn(II) on the VTM-HA surface is more dom-
inant. The presence of Zn(II) in the solution has a strong 
inhibitory effect on the adsorption of Cd(II).

3.5. Regenerative ability of VTM-HA

3.5.1. Effect of pH

The previous research indicated that the H+ ions would 
occupy the adsorbing sites of VTM-HA adsorbent, replac-
ing the Zn(II) and Cd(II) ions [48]. That’s why the concen-
tration of H+ would significantly influence the desorption 
process of Zn(II) and Cd(II) from the VTM-HA-Zn(II)/Cd(II) 
complex. The effects of pH value on desorption of Zn(II) 
and Cd(II) are displayed in Fig. 10.

Table 3
Parameters of Langmuir and Freundlich models for Zn(II)/Cd(II) adsorption

Metal ions proportion Langmuir Freundlich

qm (mg/g) kL (L/mg) R2 kF (mg1–n·Ln/g) 1/n R2

Zn:Cd = 1:0.5 42.43 0.8688 0.9992 18.1681 0.3080 0.7831
Zn:Cd = 1:1 39.37 0.7259 0.9987 16.5894 0.2958 0.8237
Zn:Cd = 1:2 35.88 0.7292 0.9979 16.0159 0.2657 0.9116
Cd:Zn = 1:0.5 39.70 0.7934 0.9979 16.5730 0.3159 0.7151
Cd:Zn = 1:1 36.04 0.5786 0.9998 13.9219 0.3157 0.8818
Cd:Zn = 1:2 30.02 0.5401 0.9991 12.2574 0.2814 0.9317

Table 4
Fitting parameters of competitive adsorption of Zn(II) and Cd(II)

Isothermal models Parameters R2

Non-modified Langmuir / 0.0235/0.0417
Modified Langmuir ρZn = 0.701 0.973

ρCd = 0.542 0.954
Extended Langmuir qm-Zn = 41.502 mg/g 0.759

KEL-Zn = 8.48
qm-Cd = 37.862 mg/g 0.658
KEL-Cd = 2.494
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As displayed in Fig. 10, the desorption of Zn(II) 
and Cd(II) maintained at a high level of about 99.6% 
at pH 1–3. Then the desorption of Zn(II) and Cd(II) 
sharply declined with the continuous increase of pH 
value. The main reason is that when the H+ concentra-
tion of solutions drops to a low level, the amount of H+ 
ions is not enough to replace the Zn(II) and Cd(II) ions. 
This result indicated that the Zn(II) and Cd(II) would be 
adsorbed firmly on the VTM-HA adsorbent in a weakly 
acidic or neutral solution. The pH range of 1–3 would 
be suggested to the Zn(II) and Cd(II) desorption process.

3.5.2. Eluent dosage

The eluent dosage is an important influence factor to 
desorption operation. In this research, the effects of elu-
ent dosage on Zn(II) and Cd(II) desorption by changing 

the solid-to-liquid ratio (S/L), which came from the ratio 
of VTM-HA-Zn(II)/Cd(II) complex amount (g) to the elu-
tion solution (L). The volume of the eluant (0.01 M HCl, 
pH = 2) was controlled at 50 mL. The S/L value was changed 
from 0.2 to 4.0 g/L.

As shown in Fig. 11, under the various experimental 
conditions, more than 99.0% of Zn(II) could be desorbed 
from the VTM-HA-Zn(II)/Cd(II) complex. The desorb-
ing efficiency of Cd(II) was slightly lower than that of 
Zn(II). Under the condition of S/L = 4.0 g/L, the desorp-
tion of Cd(II) also could maintain at about 95%. The 
results showed that the value of S/L could hardly affect the 
desorbing efficiency of Zn(II) and Cd(II). Within the exper-
imentally designed S/L range, the desorbing efficiency 
of Zn(II) and Cd(II) was always maintained at a high 
level. This result manifested that in desorbing process, 
the consumption of eluent will be very small.

3.5.3. Regenerative ability

For a novel adsorbent, the regenerative ability should 
be prioritized. In this research part, the new VTM-HA 
adsorbent would first be used to adsorb the Zn(II) and 
Cd(II). Subsequently, the VTM-HA-Zn(II)/Cd(II) complex 
was put into the eluent with pH = 2. After the desorbing 
process, the VTM-HA with Zn(II) and Cd(II) dislodged 
was used again to adsorb the Zn(II) and Cd(II). In order 
to verify the regenerative ability of VTM-HA adsorbent, 
five adsorption–desorption recycles were conducted.

Fig. 12 demonstrates that the adsorbing ability of 
regenerated VTM-HA to Zn(II) and Cd(II) declined about 
5% after five adsorption–desorption cycles. The above 
research results manifested that the VTM-HA adsor-
bent could still maintain a good adsorbing capacity after 
many times using. Table 5 lists the regenerative ability 
of some other adsorbents reported in previously pub-
lished papers. From the data given in Table 5, we can see 
that the VTM-HA adsorbent has an excellent regenerative 
ability comparing with other adsorbents.

Fig. 9. Fitting surface of Zn(II) and Cd(II) adsorption in the binary system.

 Fig. 10. Desorbing capacity of Zn(II) and Cd(II) at various pH.
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3.6. Zn(II) and Cd(II) adsorption mechanisms

3.6.1. FTIR spectra analyses

The main active component of the VTM-HA is the 
HA, and the pure HA was used for infrared spectroscopy 
tests to analyze the functional groups of HA, HA-Zn(II) 
and HA-Cd(II). The FTIR spectra of HA, HA-Zn(II), and 
HA-Cd(II) complexes (pH = 7) are displayed in Fig. 13.

The FTIR spectra shown in Fig. 13 reveal that the char-
acteristic peaks of HA after adsorbing Zn(II) and Cd(II) 
were mainly at 3,000–4,000 cm–1 and 1,000–2,000 cm–1, 
which belonged to the fingerprint region of hydroxyl and 
carboxyl [48]. In the original HA spectrum, the peaks at 
1,710 and 1,594 cm–1 belonged to the stretching vibration of 
C=O. The peak at 1,240 cm–1 mainly attached to the stretch-
ing vibration of C–O. The signal peak of O–H in carboxyl is 
at 2,594 cm–1. The peaks at 3,577 and 3,399 cm–1 belonged to 
O–H of intermolecular hydrogen bonding. After adsorbing 
metal ions, some FTIR peaks of HA-Zn(II) and HA-Cd(II) 
complex changed. The dual peaks at 1,568 and 1,370 cm–1 
attributed to carboxylate appeared. The peak at 3,073 cm–1 
belonged to the intramolecular hydrogen bond of chelate 
emerged after the Zn(II)/Cd(II) adsorption [53]. It could 
be speculated that there are some complexation reactions 

between Zn(II)/Cd(II) ions and VTM-HA adsorbent from 
the FTIR spectra.

3.6.2. XPS analyses

XPS test is a powerful tool to further explore the chemical 
state of the VTM-HA-Zn(II) and VTM-HA-Cd(II) complexes. 
The full-scanning XPS spectra are exhibited in Fig. 14a. 
The narrow-scanning XPS spectra were also conducted 
to further investigate the chemical state changing of each 
element during the adsorbing process. The XPS analyses 
of O1s, Zn2p, and Cd3d are posted in Figs. 14b and c.

As shown in Fig. 14b, the peak of O1s can be 
divided into five individual peaks: C–O (533 eV), C=O 
(531.2 eV), O–H (532.1 eV), Fe–O (529.8 eV), and Zn/
Cd-O (529.9/529.1 eV) [54]. The intensity of peaks shown 
in Fig. 14b manifest that the C–O and C=O groups were 
dominant in the O1s orbit of VTM-HA. The results of 
Fig. 14c exhibit that the XPS peaks of Zn2p and Cd3d 
can be divided into two individual peaks: the groups 
of Zn-O/Cd-O (Zn/Cd-OOC, Zn/Cd-O-C) and Zn/
Cd-OH+ [55,56]. The Zn2p and Cd3d high-resolution 
spectra indicated that the Zn(II) and Cd(II) ions were 
adsorbed by the VTM-HA mainly in the forms of the Zn/

 Fig. 11. Desorbing capacity of Zn(II) and Cd(II) under different 
eluent dosage.  Fig. 12. Adsorbing capacity of the VTM-HA in each regenerative 

cycle.

Table 5
Comparison of the regenerative capacity of other adsorbents

Adsorbents Metal ions Eluent Cycles Retained adsorption capacity (%) Ref.

VTM-HA Zn(II)/Cd(II) 0.01 M HCl 5 94.40/94.32 This study
Fe3O4@SiO2–NH2 Zn(II) 1 M HCl 5 83.3 [49]
MNPs-L Zn(II)/Cd(II) 6 M HCl 5 86 [50]
CSTU Zn(II)/Cd(II) EDTA 5 88.6/85.8 [3]
POPDA/HZO Cd(II) 0.2 M NaOH 10 95.23 [51]
MWCNTs Cd(II) 0.1 M HCl 3 92 [52]
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Cd-HA complex. A small part of Zn and Cd hydrolyzed 
in the water, forming Zn/Cd-OH+ under the pH = 7.

3.6.3. DFT calculation

In this section, the DFT calculations were used to 
investigate the binding energy between HA and Zn(II)/
Cd(II). However, the structure of the HA is uncertain due 
to the complexity of HA molecule. Based on the above 
research results, the primary adsorbing sites in the HA for 
the heavy metal ions were suggested to be the carboxyl 
and hydroxyl groups. So, the acetic acid and ethyl alcohol 
were chosen as the basic ligands to conduct the DFT cal-
culations. As we knew, the frontier molecular orbital the-
ory is the normal method estimating the reaction capacity 
between two reactors. In this study, the energy gap (ΔE) 
between the energy of high occupied molecular orbital 
(EHOMO) and lowest unoccupied molecular orbital (ELUMO) 
represented the stability of the complex, forming from 
ligands and Zn(II), Cd(II). The higher the ΔE is, the more 
stable the molecules are. According to the frontier molec-
ular orbital theory, the DFT calculation gave the ΔE of the 
complex products formed from acetic acid/ethyl alcohol 
and Zn(II)/Cd(II). The calculation results are shown in Table 6.

It can be seen from Table 6 that the ΔE of the complex 
product of acetic acid/ethyl alcohol and Zn(II) is higher 
than that of the complex product of acetic acid/ethyl alco-
hol and Cd(II). The results manifest that Zn(II) is more 
natural to combine with ligands of the HA on the surface 
of the VTM-HA compared with Cd(II). Also, our previous 
research results showed that the ΔE between hydrogen ion 
and hydroxyl/carboxyl is much higher than that between 
Zn(II)/Cd(II) and hydroxyl/carboxyl [19]. This result man-
ifested that when in the acidic solution, the hydroxyl 
and carboxyl groups of HA would preferentially bond 
with hydrogen ions, thus releasing the Zn(II)/Cd(II) ions. 

 Fig. 13. FTIR spectra of HA-Zn and HA-Cd complex.

 

 
Fig. 14. XPS spectra of VTM-Zn and VTM-Cd (a), the O1s 
(b), and Zn2p/Cd3d (c) decomposition spectra of VTM-
HA-Zn and VTM-HA-Cd complex.
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This is the primary reason that the Zn(II) and Cd(II) adsorbed 
on the VTM-HA surface could be eluted in the acidic solution.

4. Conclusions

The adsorption experiments showed that the VTM-HA 
adsorbent is a potential adsorbent for Zn(II) and Cd(II) 
adsorption. The adsorption kinetics tests indicated that 
the Zn(II) and Cd(II) adsorption both obey to the pseudo- 
second-order kinetic model. In the single metal ion system, 
the maximal adsorbing capacity of Zn(II) and Cd(II) on 
the VTM-HA adsorbent was 44.29 and 40.87 mg/L, respec-
tively. When in the binary ions solution, the competitive 
adsorption made the adsorption capacity of VTM-HA for 
Zn(II) and Cd(II) decline 17.22% and 26.43%, respectively. 
The competitive adsorption between Zn(II) and Cd(II) 
could be well-described by the extended Langmuir model. 
The fitting results demonstrated that the Zn(II) adsorption 
was dominant in competitive adsorption. The regenera-
tion experiments showed that after five times adsorption–
desorption cycles, the VTM-HA still could maintain more 
than 90% adsorption ability for Zn(II) and Cd(II).

The FTIR and XPS results demonstrated that the 
Zn(II) and Cd(II) adsorption on the VTM-HA mainly via 
forming some complexes with the carboxyl and hydroxyl 

groups of the HA. The DFT calculation results showed that 
the ΔE of the complex products of acetic acid/ethyl alcohol 
and Zn(II) is 3.6459 and 3.0992 eV, respectively, higher than 
that of the complex products of acetic acid/ethyl alcohol and 
Cd(II). This manifested that Zn(II) had a higher combining 
capacity with carboxyl and hydroxyl groups than Cd(II). That 
is why Zn(II) has an advantage in the competitive adsorption.
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