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With the development of economy, the problem of heavy metal pollution in water
environment is becoming more and more serious, so it is urgent to find a kind of
efficient water purification material. The current work aimed to investigate the
potential power of sodium vanadate nanowire arrays (Na5V12O32) to remove
cadmium (Cd2+) and chromium (Cr3+) from simulated aqueous solutions. The
adsorption effects of Na5V12O32 on Cd2+ and Cr3+ under different adsorption
conditions were analyzed. The products before and after adsorption were
compared by XRD, SEM, TEM, FTIR and XPS. The results showed that the
irregular grass-like structure of Na5V12O32 nanowire arrays provided more
active sites for the ion exchange reaction, and the maximum adsorption
capacity of Cd2+ and Cr3+ was 541.2 and 251.8 mg·g-1, respectively. The
pseudo-second-order kinetic model was more suitable to describe the
adsorption behavior by kinetic study. The research demonstrated that
Na5V12O32 nanowire arrays exhibited excellent adsorption performance, which
provided an effective parameter basis for the future adsorption of heavy metal
ions.

KEYWORDS

Na5V12O32, nanowire array, adsorption, heavy metal ions, kinetic study

1 Introduction

With the rapid economic developments, the ecological environment we live in is
gradually being destroyed, and heavy metal pollution in water from metallurgy, mining,
and other industries has aroused wide concern all over the world (Bensalah et al., 2023; Jebli
et al., 2023; Lebkiri et al., 2023). Cadmium (Cd2+) and chromium (Cr3+) are common toxic
heavy metals and have been identified as harmful to the human body (Elfeghe et al., 2022;
Kocaoba et al., 2022). Studies have shown that small amounts of chromium and cadmium
can have a significant toxic effect on humans (El Gaayda et al., 2023). In addition, chromium
and cadmium can cause more serious health problems and even death after accumulation
because the human body finds them difficult to discharge (Makarenko et al., 2019; Shahryari
et al., 2019). Therefore, how to remove these heavy metal ions becomes extremely urgent.

Recently, a variety of effective methods have been developed to remove heavymetal ions from
water, such as chemical precipitation (Wu, 2019), electrochemical treatment (Liu et al., 2019a),
solvent extraction (Ishfaq et al., 2019), membrane separation (Song et al., 2022), and ion exchange
(Rengaraj et al., 2002; Bentouami and Oulai, 2006; Elkady et al., 2011; Arim et al., 2018; Liu et al.,
2019b; Priastomo et al., 2020). In the above methods, the ion exchange technique is the most
widely used method in removing heavy metal ions because it is environmentally friendly,
economically applicable, renewable, and highly efficient. Elkady et al. (Elkady et al., 2011)
prepared nano-poly (glycidyl methacrylate) cation exchange resin to remove Cd2+ and the
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adsorption capacity could reach 90%. The results showed that initial
cadmium concentration, pH value, and resin dosage had a great
influence on adsorption. Bentouami et al. (Bentouami and Oulai,
2006) modified the bentonite and prepared bentonite-oxine complex
for cadmium removal. After the batch test, the maximum adsorption
capacity reached 61.35 mg·g-1. Liu et al. (Liu et al., 2019b) synthesized an
eco-friendly gamma-cyclodextrin metal-organic framework (MOF)-
based nanoporous carbon material to remove Cd2+ from the solution,
and used the Langmuir model to calculate the maximum adsorption
capacity which was 140.85 mg·g-1. Ion exchange technology can also be
used to remove chromium ions. Rengaraj et al. (Rengaraj et al., 2002)
studied the adsorption of Cr3+ by IRN77 cation-exchange resin, and it
was found that the adsorption efficiency could exceed 95% under the
best reaction conditions. Arim et al. (Arim et al., 2018) found that
chemically modified pine bark had a good adsorption effect on
chromium. Under the action of ion exchange, the maximum

adsorption capacity was 31.40 mg·g-1 when pH was 5. Jumina et al.
(Priastomo et al., 2020) successfully prepared a simple adsorbent named
C-Phenylcalix (Elfeghe et al., 2022) pyrogallolarene, and evaluated for the
simultaneous adsorption of Cr3+ in acidic media. The results indicated
that the adsorption capacity of Cr3+ was found to be 14.31 mg·g-1.
However, there are still some problems regarding the aforementioned
adsorbent materials, which have complex preparation and relatively low
adsorption capacity (Kadiri et al., 2021; El amri et al., 2023). Therefore,
adsorbent materials with low cost, high performance, and simple
preparation are highly required.

In the present study, sodium vanadate (Na5V12O32) nanowire
arrays were fabricated by means of a hydrothermal method. The
samples were characterized by using scanning electron microscopy,
Fourier transform infrared spectrum, and X-ray diffraction. Different
methods were used to characterize the Na5V12O32 nanowire arrays
before and after the adsorption of Cd2+ and Cr3+. By examining the

FIGURE 1
Preparation process diagram of Na5V12O32 nanowire arrays.

FIGURE 2
XRD patterns of products before and after adsorption: (A) Na5V12O32, (B) Na5V12O32-Cd-500°C, (C) Na5V12O32-Cd and Na5V12O32-Cr at different
temperatures, (D) Na5V12O32-Cr-500°C.
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effects of adsorbent dosage and adsorption time during the adsorption
experiments to confirm the advantage of Na5V12O32 nanowire arrays.

2 Materials and methods

2.1 Materials

Ammonium metavanadate (NH4VO3, ≥99.9%), sodium chloride
(NaCl,≥99.9%), oxalic acid (H₂C₂O₄,≥99.9%), hexamethylene tetramine
(C6H12N4, HMTA, ≥99.7%), cadmium nitrate (CdN2O6, ≥99.9%), and
chromium trichloride (CrCl3, ≥99.9%) were all purchased from the

Sinopharm. Co. Ltd. All chemicals were used as received. Deionized
water was prepared in the laboratory. The simulated wastewater
containing Cd2+ and Cr3+ was prepared by dissolving amounts of
CdN2O6 and CrCl3 in deionized water, respectively.

2.2 Preparation of Na5V12O32 nanowire
arrays

As shown in Figure 1, Na5V12O32 nanowire arrays were
prepared by a hydrothermal method (Cao et al., 2015).
Ammonium metavanadate, sodium chloride, oxalic acid, and
HMTA in a molar ratio of 1:6:2:0.2 were mixed in proportion

FIGURE 3
SEM images of (A)Na5V12O32, (B)Na5V12O32-Cd, (C)Na5V12O32-Cr, (D) and (E) are the elementmapping images of Na5V12O32-Cd andNa5V12O32-Cr,
respectively.

FIGURE 4
FTIR of Na5V12O32 nanowire arrays before and after adsorption.

FIGURE 5
Effect of adsorbent dosage on the removal.
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with deionized water and stirred for 6 h to obtain the precursor
solution. Then the precursor solution was added into a 25 mL
polytetrafluoroethylene stainless steel autoclave (adding Ti foils),
and heated 150°C for 1 h to synthesize Na5V12O32 nanowire arrays
on Ti foil. After the reaction, the Ti foils were taken out when the
temperature cooled down to room temperature, and the samples
were washed and dried to obtain Na5V12O32 nanowire arrays.

2.3 Characterization methods

X-ray diffraction (XRD, BrukerD8) was applied to check the
possible composition of the samples before and after use. A scanning
electron microscope (SEM, Hitachi) with an energy dispersive
spectrometer (EDS) was used to analyze surface morphology and

chemical elements composition. The structure of the products was
characterized by transmission electron microscopy (TEM, Tecnai
G2 F30S-TWIN). The chemical compositions of the samples were
analyzed by X-ray photoelectron spectroscopy (XPS, KAlpha 1063).
Fourier transform infrared spectroscopy (FTIR, ALPHA) was
employed to investigate the functional groups of the sample. The
concentration of metal ions in the solution was acquired by
inductively coupled plasma optical emission spectroscopy (ICP-
OES, 7400).

2.4 Adsorption experiments

Stock solution A containing 1000 mg·L-1 Cd2+ was prepared
by dissolving CdN2O6 in distilled water. Similarly, stock solution
B containing 1000 mg·L-1 Cr3+ was obtained by adding CrCl3.
Then, the desired solutions were prepared by dilution of the
stock solution.

A series of adsorption experiments of Na5V12O32 nanowire
arrays on the desired solutions were conducted, and the samples
after adsorption were named Na5V12O32-Cd and Na5V12O32-Cr.
The adsorption capacity of sodium vanadate was evaluated by the
adsorbent dose and adsorption time. All experiments were
performed at room temperature. After the reaction, the
supernatant was collected for characterization and analysis, and
the amount of adsorption was determined by ICP.

2.5 Kinetic study of adsorption

Sodium vanadate was used to adsorb heavy metal ions (Cd2+ and
Cr3+) to determine the adsorption equilibrium time. At the stirring
speed of 150 rpm, 0.1 g of Na5V12O32 was added to a solution
of heavy metal ions with a concentration of 4,000 mg·L-1.
The equilibrium adsorption capacity was calculated by the
following equation (Eq. 1):

FIGURE 6
Influence of contact time on adsorption capacity.

TABLE 1 Comparison of the maximum adsorption capacity for Cd2+ and Cr3+.

Adsorbent Ion type Qmax (mg·g-1) Source

Na5V12O32 Cd2+ 541.2 This work

Bentonite Cd2+ 61.4 Bentouami and Oulai (2006)

Nanoporous carbon Cd2+ 140.9 Liu et al. (2019b)

Magnetic hydrogel Cd2+ 308.8 Zhu et al. (2016)

PAM hydrogel Cd2+ 216.2 Lebkiri et al. (2022)

Waste bovine bone Cd2+ 79.0 Wang et al. (2023)

Na5V12O32 Cr3+ 251.8 This work

Modified pine bark Cr3+ 31.4 Arim et al. (2018)

Active carbon Cr3+ 14.3 Priastomo et al. (2020)

Polyamide nanofibers Cr3+ 79.5 Zhang et al. (2020)

Modified sodium alginate Cr3+ 157.6 Wen et al. (2022)

rGO-Mn3O4 Cr3+ 138.5 Lingamdinne et al. (2022)
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qe � C0 − C( ) × V

W
(1)

where, qe (mg·g-1) is the amount of heavy metals adsorbed in
equilibrium, w (g) is the amount of adsorbent, c0 and c (mg·L-1)
are the initial and equilibrium concentrations of heavy metal ions,
and v (L) is the volume of the heavy metal ion solution.

3 Results and discussion

3.1 Characterization of the adsorbent

The Na5V12O32 nanowire arrays of 0.1 g which reacted with the
desired solution (the concentration of Cd2+ or Cr3+ was 4,000 mg·L-1)
under stirring at 25°C were tested. The X-ray diffraction spectrum of the
products before and after adsorption is shown in Figure 2. In Figure 2A,
the prepared Na5V12O32 nanowire arrays had low crystallinity at room
temperature, and the peaks near 15.2°, 22.8°, 29.8°, 38.8°, and 50.3°

correspond to (200), (300), (−211), (−303), and (020) crystal faces of
Na5V12O32 (JCPDS No.24-1156), respectively. In order to analyze the
structure and composition of the adsorbed productsmore accurately, the
adsorbed products were heated at different temperatures, and named
Na5V12O32-Cd-300°C, Na5V12O32-Cd-500°C, Na5V12O32-Cr-300°C,
and Na5V12O32-Cr-500°C, respectively, and are shown in Figure 2B.
With the increase in temperature, the crystallinity of Na5V12O32-Cd and
Na5V12O32-Cr improved, the diffraction peak became more acute, and
the signals of many other peaks were displayed. In Figure 2C, the peaks
of the sample belong to CdV2O6 (JCPDS No.73-0187), V2O5(JCPDS
No.73-0187), and Na0.76V6O15 (JCPDS No.75-1653) which showed that
an ion exchange reaction occurred between Cd2+ and Na5V12O32 to
produce CdV2O6. Furthermore, the incompleteness of the chemical
reaction was confirmed by the appearance of V2O5 and Na0.76V6O15.
Similar results can be seen in Figure 2D as CrCl3 was converted to
Cr2V4O13 due to ion exchange. The peaks of the sample belong to
V2O5(JCPDS No.73-0187) and Na0.76V6O15 (JCPDS No.75-1653),
which could also be ascribed to an incomplete ion exchange.

FIGURE 7
Kinetic simulation of Na5V12O32 adsorption: Pseudo first order kinetic diagram of Cd2+ (A) and (B)Cr3+ adsorbed onNa5V12O32; Pseudo second order
kinetic diagram of (C) Cd2+ and (D) Cr3+ adsorbed on Na5V12O32; Elovich kinetics diagram of (E) Cd2+ and (F) Cr3+ adsorbed on Na5V12O32.
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The surface morphology of the samples was further studied
using an SEM and the results are shown in Figure 3. As can be seen
from Figure 3A, the surface of Na5V12O32 nanowire arrays was
relatively smooth and showed an irregular grass-like structure
which could increase the number of active sites, and the assays
achieved efficient adsorption of Cd2+ and Cr3+ through ion
exchange reaction. Supplementary Figure S1 shows the prepared
Na5V12O32 nanowire arrays on a nanometer scale and the diameter
was 157 nm.

The SEM images of the adsorbed product are shown in Figures
3B, C. The results showed that the structure of the Na5V12O32

nanowire arrays was stable, and there was no obvious change
before and after adsorption. The volume of sodium vanadate after
adsorption was slightly larger, and a small number of particles were
attached to the surface. The element mapping images of
Na5V12O32-Cd and Na5V12O32-Cr are shown in Figures 3D, E.
The appearance of Cd and Cr proved the successful adsorption of
Na5V12O32, and the sodium element indicated that the ion
exchange reaction was incomplete, which was consistent with
the results shown in Supplementary Figure S2.

In order to further verify the adsorption mechanism, the FTIR
of Na5V12O32, Na5V12O32-Cd, and Na5V12O32-Cr were
investigated and compared, and are shown in Figure 4. The
characteristic adsorption peaks of the Na5V12O32 nanowire
arrays (Vatanpour et al., 2021) were located at 1635.41 cm-1 and
1400.56 cm-1 (V-OH symmetrical tensile vibration and anti-
symmetrical tensile vibration), 988.12 cm-1 (V=O tensile
vibration), and 534.15 cm-1 (V-O-V symmetrical tensile
vibration). After Cr3+ adsorption, the peaks mainly existed at
1629.68, 1393.39, 989.12, and 529.86 cm-1, and after Cd2+

adsorption, the peaks mainly existed at 1625.39, 1383.37,
992.42, and 532.73 cm-1. This indicated that before and after
adsorption, the peaks had a small shift, which could be
attributed to the stability of the vanadate structure and no
change of functional group in the reaction. The characteristic
sorption peaks at 1635.41 cm-1 were strong after the adsorption.
This could be explained by the fact that V-OH vibration
was strengthened after the ion exchange of Na+ to Cd2+ and
Cr3+, making the corresponding bands strong (Harbi et al.,
2016). The change in the peak at 1383.37 cm-1 was more
obvious than that at 1393.39 cm-1, which could be due to the
higher adsorption capacity. During the ion exchange process
(Fang et al., 2021), the reaction equation (Eqs 2, 3) could be
described as follows:

Na5V12O32+Cd2++y/2H2O → Na5-xCdxV12O32+y/2+yH+

+xNa+ y < x( ) (2)
Na5V12O32+Cr3++yH2O → Na5-xCrxV12O32+y+2yH+

+xNa+ 2y < x( ) (3)

3.2 Adsorption test

3.2.1 Effect of adsorbent dose
In order to explore the effect of adsorbent on the experiment, a series

of adsorption experiments were conducted with different adsorbents
with mass and an initial concentration of 100mg·L-1. Figure 5 shows the
effect of adsorbent dosage on the removal of Cd2+ and Cr3+. The results
showed that with the increase in the dosage of Na5V12O32, the removal
rate of Cd2+ and Cr3+ also increased, but the adsorption rate gradually
slowed down.When the amount of adsorbent was 0.1 g, the removal rate
of Cd2+ was increased by 90.1%, and when the amount of adsorbent was
increased to 0.3 g, the removal rate of Cd2+ was 99.1%,whichwas only an
increase of 9 percentage points. The same situation could also be found
in the removal of Cr3+, as when the amount of adsorbent was 0.1 g, the
removal rate of Cr3+ was increased by 70.4%, and when the amount of
adsorbent increased to 0.3 g, the removal rate was 82.6%, whichwas only
an increase of 12.6 percentage points. Therefore, 0.1 g was the best
amount of adsorbent.

3.2.2 Effect of adsorption time
In order to explore the effect of adsorption time on the experiment,

a series of adsorption experiments were conducted with different
contact times and an initial concentration of 4,000 mg·L-1.

Figure 6 shows the influence of contact time on adsorption
capacity. It indicates that the adsorption capacity of Na5V12O32 on
Cd2+ and Cr3+ increased rapidly with the increase of contact time,
and then tended to be stable. When the contact time was 36 h, the
maximum adsorption capacity was 541.2 and 251.8 mg·g-1,
respectively. This can be attributed to the gradual reduction of
the ion exchange site of Na5V12O32 with the progress of the reaction,
whichmakes the adsorption rate gradually decrease and finally tends
to the adsorption equilibrium.

At the same time, the adsorption capacity of sodium vanadate was
compared and is shown in Table 1. Compared with other adsorbents,
the Na5V12O32 nanowire arrays in this study had a higher maximum
adsorption capacity and were adsorbent with excellent adsorption
performance to remove heavy metal ions from aqueous solution.

3.3 Adsorption kinetics

The analysis of adsorption kinetics was used to determine the
adsorption rate and the equilibrium time during ion exchange. The
adsorption of Cd2+ andCr3+ byNa5V12O32 is a complex process, and the
main behavior and mechanism of the adsorption process can be
analyzed by certain models. In this experiment, a pseudo-first-order
dynamic model (Dao et al., 2022), pseudo-second-order dynamic
model (Khamizov, 2020), and Elovich dynamic model (Kaki et al.,
2019) were established to find the most suitable model for the

TABLE 2 Kinetic parameters of the adsorption of Na5V12O32 to Cd2+ and Cr3+.

Pseudo-first-order dynamic Pseudo-second-order dynamic Elovich dynamic

k1 R2 k2 R2 α β R2

Cd2+ 0.18781 0.9833 5.789 × 10−4 0.9945 311.991 7.583 × 10−3 0.9541

Cr3+ 0.18191 0.9792 3.795 × 10−4 0.9949 114.878 1.561 × 10−3 0.9776

Frontiers in Materials frontiersin.org06

Peng et al. 10.3389/fmats.2023.1302072

https://www.frontiersin.org/journals/materials
https://www.frontiersin.org
https://doi.org/10.3389/fmats.2023.1302072


experimental data, and the results are shown in Figure 7. The kinetic
parameters and correlation coefficients are shown in Table 2. The
results show that the R2 values of the pseudo-second-order kinetic
model are 0.9945 and 0.9949, respectively, which are much higher than
those of the pseudo-first-order kineticmodel and Elovich kineticmodel.
Therefore, the pseudo-second-order kinetic model is more suitable to
describe the adsorption behavior of Cd2+ and Cr3+ by Na5V12O32.

4 Conclusion

In this experiment, sodium vanadate nanowire arrays (Na5V12O32)
were synthesized by a simple hydrothermal method and used as an
adsorbent to remove Cd2+ and Cr3+ from the simulated solution. The
adsorption experiment results showed that the Na5V12O32 nanowire
arrays had great adsorption potential, and the maximum adsorption
capacity of Cd2+ and Cr3+ was 541.2 and 251.8 mg·g-1, respectively. The
adsorption behavior was more consistent with the pseudo-second-order
kinetic model. In summary, Na5V12O32 nanowire arrays are a promising
candidate for heavy metal ion wastewater treatment, and the high
adsorption performance is worthy of further exploration and research.
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