JOM, Vol. 75, No. 9, 2023
https://doi.org/10.1007/s11837-023-05929-w
© 2023 The Minerals, Metals & Materials Society

o)

Check for
updates

PYROMETALLURGICAL TECHNIQUES DRIVING RECYCLING AND THE CIRCULAR ECONOMY

Preparation of Wq 4Mog O3 from Secondary Resources
by a Simple Heat-Treatment Process and Discussion of lIts
Superior Selective Adsorption Properties

YANAN LIU,! YANGSI LIU,»® LIWEN MA,23 XIAOLI XI ®»,1%4
and ZUOREN NIE}23

1.—Collaborative Innovation Center of Capital Resource-Recycling Material Technology, Beijing
University of Technology, Beijing 100124, China. 2.—Key Laboratory of Advanced Functional
Materials, Ministry of Education, Faculty of Materials and Manufacturing, Beijing University of
Technology, Beijing 100124, China. 3.—National Engineering Laboratory for Industrial Big-Data
Application Technology, Beijing University of Technology, Beijing 100124, China.
4.—e-mail: xixiaoli@bjut.edu.cn

Tungsten molybdenum oxide (W 4Mog ¢03) was prepared by a simple heat-
treatment process using ion exchange resins as the template. The morphology
and crystallinity of the product can be controlled by varying the calcination
temperature. The products show excellent selective adsorption properties for
methylene blue (MB) and rhodamine B model dyes with different molecular
sizes and charges, especially for MB. The kinetic data show that the product
accords with the pseudo-second-order kinetic model, and the adsorption iso-
therm can be described by the Langmuir adsorption isotherm. When the
concentration of MB was 100 mg/L, the adsorption capacity of the product
calcined at 300°C and the primary W/Mo molar ratio of 1:1 can be 833.43 mg/g,
which is higher than that reported in the literature. Electrostatic adsorption
was found to be the main adsorption mechanism. This article presents a heat
treatment method to obtain tungsten molybdenum oxide from W-Mo alloy
scrap, showing an easy method for the utilization of secondary sources for

environmental remediation.

INTRODUCTION

Tungsten (W) and molybdenum (Mo) are both
refractory rare metal elements. W is used widely in
metallurgy,’ the chemical industry,*® medicine,’
electronics,® etc. Mo and its alloys also have a wide
range of applications and good prospects in impor-
tant sectors such as metallur;%gr,g agriculture,®
electrical,’! chemical industry,'?® and aerospace,
etc. Due to the wide application of W and Mo as
structural materials, the demand for W and Mo
resources is increasing worldwide, and the amount
of W and Mo waste also continues to rise. In 2020,
the global recovery of Mo resources was 110,000
tons, accounting for ~ 27% of the total Mo supply,
while the global average recovery rate of W

(Received October 21, 2022; accepted May 22, 2023;
published online June 16, 2023)

accounted for only 35% of the supply.'®'® Compared
with the total supply, the recovery of W and Mo is
much lower.

The recovery and reuse of W and Mo from waste
resources have become a research hotspot in recent
years. W and Mo belong to the same subgroup, and
due to the effect of “lanthanide shrinkage”, the
atomic radius and chemical properties of the two
elements are very similar, and they often exist
together in the form of tungstate and molybdate in
minerals and are difficult to separate.’® Most of the
wastes containing both W and Mo are separated by
wet chemical methods, such as the extraction
method,'” ion exchange method,'® precipitation
method,’® and so on. Most separation methods
change the existing state of W and Mo ions in the
solution by adjusting the pH value. They can also be
separated by introducing some element or sub-
stance to expand the gap between them. However,
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no matter which method is adopted, the separation
and extraction process of W and Mo into isolated
metals is relatively long and consumes humanpower
and material resources.

The preparation of functional materials without
the separation procedure can be another way to
recover these two valuable metals, which undoubt-
edly greatly shortens the time and realizes the
circular development of resources. In recent years,
many studies have prepared functional materials
through a relatively short process of extracting and
utilizing metal elements simultaneously. Yakun
Zhang et al.?° proposed an effective method to
prepare two useful alloys, TisSiz and TisSis-TiAls,
from three kinds of waste. Using aluminum alloy
waste as a reducing agent, Ti and Si were extracted
from waste SCR catalyst and titanium-bearing blast
furnace slag, and Ti-Si-Al alloy was prepared at the
same time. Liang et al.?! did not extract Li and Co
from waste electrode materials respectively but
repaired LiCoOs materials directly, and the proper-
ties of the repaired LiCoOs were greatly improved.
Deng et al.?” did not separate the metal elements in
scrapped lithium batteries, but directly recovered
the degraded ternary cathode materials in the
presence of acetylene black, so that the degraded
LiNig 5C09.oMng 30, particles could directly restore
the original «-NaFeOy structure and be reused.
However, the above studies are all about anode
materials in waste Dbatteries; the research on
directly using W and Mo in waste without separa-
tion and to make them into functional materials has
not been reported.

In this article, W and Mo were extracted indis-
criminately with D201 resin from the simulated
waste, and tungsten molybdenum oxide was pre-
pared by a heat-treatment process. A series of
characterizations were carried out on the prepared
samples, and it was found that the product had
superior adsorption to methylene blue (MB), which
shows great environmental function, and provides a
new clue for resource recycling.

EXPERIMENTAL
Synthesis

Sodium tungstate, sodium molybdate, ion
exchange resin (D201), methylene blue, and
hydrochloric acid (37%) were of analytical grade
and used without further purification.

The solution containing tungsten and molybde-
num ions is used to simulate the treated solution of
tungsten and molybdenum waste. Sodium tungstate
and sodium molybdate with a W/Mo molar ratio of
1:1 were dissolved in 50 mL deionized water, and
hydrochloric acid was added to adjust pH to 3.5. The
prepared solution was placed for 2 h to ensure that
the polymerized state of the tungstate and molyb-
date no longer changed. After that, the pretreated
ion exchange resin was added and stirred, and
adsorbed for 4 h. The adsorbed resin was calcined in
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an autoclave at 232°C for 1 h, and then washed with
deionized water several times and dried. The dried
resin was calcined in air at 300°C, 350°C, 400°C,
500°C, and 600°C, respectively, and then tungsten
molybdenum oxide was obtained. The tungsten
molybdenum oxide products are named after the
calcination temperature, such as TMO300,
TMO350, TMO400, TMO500, and TMO600.

Characterization

The X-ray diffraction patterns of all samples were
measured by using an X-ray diffractometer with
monochromatic Cu Ko (1= 1.5406 yum, working
voltage 40 kV, current density 30 mA). The mor-
phology and microstructure of the samples were
studied by Hitachi SU9000 field emission scanning
electron microscope (FESEM) under the working
voltage of 10 kV. The high-resolution morphologies
of the samples were studied by transmission elec-
tron microscopy (JEM-2100F, JEOL, Japan) under
200 kV acceleration voltage. The zeta potential of
the sample was recorded by Zeta Potential Analyzer
(Nano-ZS, Malvern, UK). X-ray photoelectron spec-
troscopy was identified by Escalab 250Xi electron
spectrometer (Thermo Fisher Science, USA) and Al
Ka X-ray source. Fourier transform infrared spec-
trometer (FTIR-650, Guangdong FTIR-650) was
used to analyze the samples in mid-infrared mode.
The ultraviolet—visible light (UV-Vis) absorption
spectrum was recorded by an ultraviolet—visible
spectrometer (TU-1901, Purkinje, China).

Adsorption Experiments

To evaluate the adsorption capacity of samples,
MB solution was used as the wastewater model;
10 mg of tungsten molybdenum oxide was added to
100 mL of MB solution (10 mg/L) and stirred in the
dark. At regular intervals, 5 mL suspension was
taken out and separated by centrifuge. The super-
natant was taken and the absorbance was measured
by UV-Vis spectrophotometer. The MB adsorption
capacity in different periods was calculated accord-
ing to Eq. 1, and the MB removal rate in different
periods was calculated according to Eq. 27

g (Co=CoxV O

m

Co — Cy) x 100%
r- tc)o ° (2)

In formula (1) and (2), q; (mg/g) is the adsorption
amount of MB in different periods, Cy (mg/L) is the
initial concentration of MB, C, (mg/L) is the con-
centration of MB at the time ¢ (min), V (L) is the
solution volume, and m (g) is the mass of tungsten
molybdenum oxide. R is the removal rate of MB at
different times.
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To evaluate the equilibrium adsorption capacity
of the sample, 10 mg of tungsten molybdenum oxide
obtained was added to the 100 mL MB solution (10—
300 mg/L) and stirred in the dark until the sample
reached the adsorption equilibrium. Samples were
taken at regular intervals for dynamic analysis. The
equilibrium adsorption capacity of different MB
concentrations was calculated according to Eq. 3.2°

ge = (CO Ce) xV (3)
m

In this formula, q. (mg/L) is the equilibrium
adsorption capacity of MB, and C. (mg/L) is the
equilibrium concentration of MB.

The selective adsorption properties of the prod-
ucts were tested with methyl orange (MO), rho-
damine B (RhB), and MB. The dye selectivity
experiment was carried out by adding 10 mg of
samples to the mixed dye solution of 100 mL. The
selective adsorption experiments of single dye solu-
tion and mixed dye solution were carried out at
pH = 7.0 and room temperature.

To investigate the reusability of adsorbents on
MB, adsorption-analytical cycle experiments were
carried out. The adsorbent (30 mg) was added to MB
solution (50 mL, 50 mg/L) and stirred at 25°C for
2 h. Then, the adsorbent was collected by centrifu-
gation and dried in an oven at 60°C. After that, the
adsorbent was calcined in the air at 300°C for
30 min to eliminate adsorbates. The calcined adsor-
bent could then be used in the next cycle of the
experiment.

RESULTS AND DISCUSSION
Morphology and Microstructure

Figure 1a, b, ¢, d, and e shows the SEM diagrams
of products prepared at different calcination tem-
peratures. Figure 1a, b, and ¢ shows that when the
calcination temperature is < 400°C, the size of the
sample is uneven. The morphology is an irregular
flake with a certain degree of clusters. Samples are
prepared with the resin as the template,?® which is
calcined after adsorbing tungsten and molybdenum
ions, so the original porous sphere of the resin will
be decomposed into flakes during the calcination.
When the calcination temperature is raised to 500°C
and 600°C, the size of the samples increases grad-
ually, and the morphology of TMO500 and TMO600
is different from others. The calcination tempera-
ture not only plays an important role in the shape
and the size of samples, but, as Fig. 1a, b, ¢, d, and e
shows, the sample size increases gradually with the
increase of calcination temperature.

Figure 1f shows the XRD spectra of products
prepared at different calcination temperatures. The
crystallinity of TMO300 and TM O350 is poor, so it is
difficult to attribute it to a certain phase. However,
there are strong peaks in TM0400, TMO500, and
TMO600 at 23.1°, 24.7°, 26.3°, 33.5°, and 34.1°,

which are consistent with the orthorhombic phase
Wo.4Mog 03 (JCPDS mno. 76-1280)*"*® and their
strong peaks corresponding to crystal planes (110),
(002), (111), (200), (112), respectively. Figure le
shows that the increase in calcination temperature
is beneficial to the crystallization of products.

TMO300, TMO350, and TMO400 were character-
ized by TEM and HRTEM as shown in Fig. 2.
Figure 2a, b, and ¢ shows that TM0O300, TM O350,
and TMO400 are flaky and uneven with some
agglomeration, which is consistent with the results
of SEM. Analyzing the HRTEM images of Fig. 3d, e,
and f shows that the crystal plane spacing of
TMO400 is about 0.383 nm. This is consistent with
the crystal plane spacing corresponding to the (110)
plane of the orthorhombic phase of Wy 4MoggOs.
However, the crystal structure cannot be distin-
guished from HRTEM images of TMO300 and
TMO350, indicating the amorphous phase. This is
also consistent with the results of XRD.

Comparison of Adsorption Properties

The adsorption properties of samples prepared at
different calcination temperatures can be evaluated
by adsorption capacity and adsorption equilibrium
time, as shown in supplementary Fig. S1 (refer to
online supplementary material). TMO300 has the
best adsorption rate of MB at 96.83%, while the
adsorption rate of TMO600 for MB is only 15.7%.
The adsorption efficiency of TMO350 for MB is
almost the same as that of TMO300, which is
95.41%. The adsorption rate of MB by TM 0400 and
TMO500 is 85.01% and 50%, respectively. The
adsorption capacity of MB by TMO300 is
94.82 mg/g for 30 min, and the adsorption capacity
can be 96.83 mg/g for 300 min, while it is only
15.7 mg/g for TMO600 after 300 min.

The adsorption process can be divided into the
fast (first) adsorption stage and the slow (second)
adsorption stage,”® and the adsorption rate is
mainly controlled by the external diffusion (film
diffusion) rate and internal diffusion rate of the
adsorbate molecules. In the process of fast adsorp-
tion, MB can be adsorbed quickly as there are a
large number of adsorption sites and pores on the
initial adsorbent. As time goes on, since the
adsorbed MB has filled the adsorption sites and
agglomerated on the sample surface, the steric
hindrance increases; therefore, external MB mole-
cules will no longer diffuse to the adsorbent, which
makes the adsorption process slow.

It is found that the adsorption capacity is not only
related to the properties of adsorbents and adsor-
bates but also the degree of shortcuts on the solid
surface,”®*3° that is to say, the state of substances
on the solid surface will change the adsorption
capacity. With the increase of calcination tempera-
ture, the products change from an amorphous state
to a crystalline state, so that the existing state of the
products’ surface substances will be different, and
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Fig. 3. Equilibrium adsorption capacity of TMO300 at different
concentrations of MB.

then the adsorption capacity of the product to MB
will be different. With the increase in temperature,
the adsorption capacity of the products for MB
gradually decreases.

Effects of Initial Concentration

To further probe the adsorption process, the
influence of initial MB concentration (10-300 mg/
L) on the adsorption performance of TMO300 was
investigated. As shown in Fig. 3, the equilibrium
adsorption capacity of TMO300 increases linearly
when the initial concentration of MB is < 100 mg/L.
When the initial concentration of MB is > 100 mg/
L, the adsorption capacity of TMO300 does not
change much and gradually tends to be stable. The
initial concentration of dye is an important driving
force to overcome the mass transfer resistance of
dye molecules between the solid and aqueous
phase.?32 When the concentration of MB is low,
the number of active sites in TMO300 is larger than
that of MB molecules, and the number of active sites
plays a decisive role in the adsorption capacity. At
higher dye concentrations, the concentration gradi-
ent increases with increasing dye concentration. In
other words, the higher the dye concentration is, the
greater the mass transfer driving force, resulting in
a higher adsorption capacity of the adsorbent. When
the dye concentration increases to a certain value,
the number of MB molecules is larger than the
number of active sites of TM 0300, which makes the
adsorption of TMO300 saturated, resulting in a
stable adsorption curve. Therefore, the adsorbed
dye mainly depends on the initial concentration.

Adsorption Kinetics

The adsorption kinetics of solutes in solution by
solid adsorbents can be described by the pseudo-
first-order kinetic model, pseudo-second-order
kinetic model, Weber’s intraparticle diffusion

model, or Evolich adsorption kinetic model.?* The
adsorption kinetics can reflect the physicochemical
characteristics of the adsorbent, such as the adsorp-
tion rate and diffusion process. For the details of the
model, see supplementary data file S1. Figure 4
shows the adsorption kinetics with the initial
concentration of 100 mg/L, and for the relevant
parameters fitted by the kinetic model, see supple-
mentary Table S1.

Comparing the fitting results of the pseudo-first-
order kinetic model, pseudo-second-order kinetic
model, and Elovich model, the R? of the pseudo-
second-order kinetic model is 0.98548, which is
higher than that of others indicating that the
adsorption process of TMO300 is more in line with
the pseudo-second-order kinetic model. This shows
that the adsorption process of TMO300 is a combi-
nation of multiple adsorption mechanisms.?® From
Weber’s intraparticle diffusion model fitting results
of Fig. 4d, the adsorption process can be divided into
two stages: film diffusion and pore diffusion. In the
process of film diffusion (the first stage), MB
molecules will spread to the outer surface of
TMO300. Then, they will enter the pores and bind
to the active sites in the process of pore diffusion
(the second stage). The observed multilinearity and
the fitted line do not go through the origin, indicat-
ing that the intramolecular diffusion of MB is not
controlled by a single rate, and boundary layer
diffusion also controls the adsorption to some
extent. The slope (Kjq) of the film diffusion stage
process is greater than that of the pore diffusion
stage, implying that the diffusion process is grad-
ual. It is also found that the intraparticle diffusion
of MB plays a larger role in the rate-limiting step
since the pore diffusion intercept (C;) is larger than
the film diffusion intercept (Cy).>3

Adsorption Isotherms

The adsorption equilibrium data are the basis to
design the adsorption system to remove organic
pollutants. Many isothermal models, including
Langmuir, Freundlich, and Temkin,?* can not only
describe the equilibrium relationship between
adsorbates and adsorbents but also provide valuable
information for studying the surface properties and
adsorption mechanism of adsorbents. For the details
of the model, see supplementary data file S2. For
the isotherm model fitting diagram, see supplemen-
tary Fig. S3, and for the relevant parameters of
isothermal model fitting, see supplementary
Table S2 and Fig. S3.

In the ﬁttin§ process of three different isothermal
models, the R“ of the Langmuir model is the largest
(0.9807), indicating that the model can accord with
the adsorption process of MB by TMO300 and the
adsorption process is surface-controlled monolayer
adsorption. The simulated maximum adsorption
capacity calculated by the Langmuir model is
823.33 mg/g, slightly smaller than the maximum
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Fig. 4. The adsorption of MB by TMO300 is based on the pseudo-first-order kinetic model (a), pseudo-second-order kinetic model (b), Elovich
model (c), and Weber’s intraparticle diffusion model (d) fitting diagram.

Table I. Comparison of adsorption properties of different adsorbents for MB

Absorbent pH T®X) ComgL™) m/V@mgmL?' g¢g,@mgg?"h Refs.
Flower-like WOz H,0 7 288 100 20/20 117.8 35
Urchin-like WO3:0.33H,0 7 288 100 20/20 247.3 35

2D MoS; nanosheets 7 298 20 10/200 272.0 36
Layered porous MoS, 7 298 200 100/100 499.0 37
MoO3; nanorods and nanoplates 11 298 250 100/25 152.2 14
Wo.4Mog 603 7 298 100 10/100 833.43 This work

adsorption capacity (833.43 mg/g) obtained by our
experiment, which demonstrates that there are not
only uniform adsorption sites but also non-uniform
adsorption sites in the samples. Table I lists the
reported maximum adsorption capacities of some
adsorbents containing tungsten or molybdenum.
The adsorption property of tungsten molybdenum

oxides prepared in this study is better than in many
literature reports.

Adsorption Mechanism

TMO300-TMO500 are electronegative in an aque-
ous solution (see supplementary Table S3), which
enables them to adsorb cationic dyes MB or RhB
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through electrostatic interactions. With the
increase of the calcination temperature, the zeta
potential value of the product became larger and
larger, so the ability to adsorb MB gradually
decreased. Among them, the zeta potential of
TMO300 is the lowest ({ = — 53.1 mV), so TMO300
has the best adsorption performance for MB.

To further study the adsorption mechanism of MB
dyes on TMO300, the MB adsorbed on TMO300 was
characterized by FTIR. In the FTIR spectrum of MB
(Fig. 5), the peak at 1586 cm ™! corresponds to the
vibration of the aromatic ring, the stretching vibra-
tion peaks of C-N are located at 1484 cm ' and
1380 cm !, and the peak at 1311 cm ! corresponds
to the vibration of the CH; group.?”?® In addition,
after TMO300 adsorbed MB, characteristic peaks
related to MB appeared in the range of 1300-
1600 cm !, of which the peak at 1600 cm ! corre-
sponds to the vibration peak of the aromatic ring,
and the peaks at 1487 cm ™! and 1384 cm™! corre-
spond to the stretching vibration of C-N, the peak
at 1324 cm ™! correspond to the vibration peak of
CHj; group, indicating that TMO300 achieves effec-
tive adsorption of MB. After TMO300 adsorbed MBi
the (W-0) peak of TMO300 moved from 586 cm™
to 593 cm ™!, the v(Mo—O) peak moved from
970 cm™ ! to 1018 em™!, and the characteristic
peaks related to MB also showed a degree shift,
indicating that the adsorption of MB on TMO300 is
due to the electrostatic interaction between MB and
TMO0300.%°

XPS was used to analyze element species and
element valence before and after TMO300 adsorbed
MB. For the full XPS spectrum of TMO300 with
signal peaks related to W, Mo, C, and O, see
supplementary Fig. S4a. For the full XPS spectrum
of MB adsorption onto TMO300, see supplementary
Fig. S4b, and a new N1s signal peak at 400 eV is
found, indicating that TMO300 effectively adsorbs

MB. Before the adsorption of MB, the W4f and W5p
of TMO300 can be fitted with three curves (see
supplementary Fig. S4c), with peaks at 35.49 eV,
37.34 eV, and 41.03 eV, corresponding to W4f7/2,
W4/5/2, and Whp3/2, respectively, indicating that W
atoms exist in the form of + 6 valence. The Mo3d
high-resolution energy spectrum of TMOS300 (see
supplementary Fig. S4e) consists of two spin—orbit
splitting peaks at 232.79 eV and 235.97 eV, corre-
sponding to Mo3d5/2 and Mo3d3/2, respectively,
indicating that Mo atoms exist in the form of + 6
valence. The Ols characteristic peak at 530.7 eV is
attributed to lattice oxygen (W—O-Mo), and the
peak at 532.2 eV is related to adsorbed water (H50)
(see supplementary Fig. S4g). After TMO300
adsorbed MB, the signal peaks of Ols, W4f, W5p,
and Mo3d change to different degrees in the direc-
tion of low binding energy, indicating the existence
of electrostatic interaction.

In general, the above synergistic effect of the
above aspects makes TMO300 have a high adsorp-
tion capacity for cationic dyes.

Selective Adsorption Performances

The selective adsorption behavior of the best
adsorbent TMO300 was explored. The preferential
adsorption and separation of specific dyes in mixed
dyes are more attractive to the adsorption proper-
ties. MB, RhB, and MO are selected to prove the
adsorption priority of dyes because they have dif-
ferent molecular radii, surface charges, and func-
tional groups.®® TMO300 exhibits electronegativity
({ = — 53.1 mV) in a neutral aqueous solution, while
MB and RhB have positive charges on the surface.
Due to electrostatic adsorption, it is judged that
TMO300 has a good adsorption capacity for MB and
RhB.

As displayed in Fig. 6a, within 120 min, the
adsorption rate of TMO300 for MB was up to
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Fig. 5. (a) FTIR spectra of MB and TMO300 before and after adsorption of MB; (b) enlarged image of the zone marked in (a).
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Fig. 6. The time-dependent curve of the adsorption efficiency of MB, MO, and RhB by TMO300 (a) and the UV-Vis absorption spectra of the
mixture solution under different time intervals: (b) RhB and MO; (c) MB and MO; (d) MB and RhB.

95.6%, and the adsorption equilibrium could be
reached in about 30 min. The adsorption rate of
RhB was 93.5%, and the adsorption equilibrium was
reached in about 120 min. The adsorption rate of
MO was the worst; only 8.53% can be adsorbed.
Compared with the anionic dye MO, TMO300 has a
good adsorption capacity for cationic dyes such as
MB and RhB. As for the adsorption equilibrium
time, the adsorption capacity of TMO300 for MB is
better than RhB.

Figure 6b, ¢, and d shows the selective adsorption
properties of TMO300 for a mixed solution of two
dyes. Figure 6b and ¢ shows that the adsorption rate
of TMO300 for MB and RhB is much higher than
that for MO. In Fig. 6d, the adsorption rates of
TMO300 for MB and RhB in 60 min are 91.4% and
84.4%, respectively. It is further shown that among
the mixed dyes, TMO300 has the better adsorption
property for cationic dyes. However, among mixed
dyes, the adsorption rate of TMO300 to various dyes
is generally lower than that in the single dye

solution; this is because the active sites in
TMO300 are limited, and the active sites are shared
by different dyes, resulting in a lower absorption
rate than that for a single dye. In the case of double
cationic dyes, the adsorption rate of TMO300 for MB
is higher than that for RhB. This is because the
molecular size of RhB is larger than MB,*° so there
is a larger steric hindrance, which reduces the
adsorption capacity of RhB.

Reusability of TMO300

A sustainable adsorption material not only has
considerable selective adsorption and adsorption
capacity but also shows good reusability. To inves-
tigate the reuse of TMO300 on MB, six adsorption—
desorption cycles were carried out. After the adsorp-
tion of MB, TMO300-MB was calcined at 300°C for
30 min to decompose the adsorbed MB, while
TMO300 was stable at this temperature. The FTIR
test (Fig. 7a) showed that the characteristic peaks
associated with MB disappeared after calcination,
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Fig. 7. (a) FTIR spectra of different samples. (b) Reusability of TMO300 for adsorption of MB.

implying the adsorbate has been decomposed. As
shown in Fig. 7b, in the previous five cycles, the
adsorption rate of TMO300 to MB was 96.3%,
96.3%, 95.45%, 93.67%, 91.66%, and 90.63%, respec-
tively. In the last cycle experiment, the adsorption
rate of TMO300 to MB can reach 89.22%. After each
cycle experiment, the adsorption rate of TMO300 to
MB decreased a little, which was due to the small
loss of the adsorbent in the recovery process. The
above results show that most of the adsorbed MB
can be desorbed, and TMO300 has good cycling
ability, which can be used as a potential renewable
adsorbent to remove cationic water pollutants.

Adsorption Properties of Products
with Different W/ Mo Molar Ratios

Among all the products with a primary W/Mo
molar ratio of 1:1, the one produced at 300°C
(TMO300) shows better adsorption performance
than those calcined at different temperatures. To
investigate the adsorption performance of TMOs
with different primary W/Mo molar ratios, products
were calcined at 300°C with the primary W/Mo
molar ratio of 0.5:1, 1.5:1, 1.75:1, and 2:1, respec-
tively. The preparation method of tungsten molyb-
denum oxide was the same as the preparation
method in “Synthesis” section. These products are
named after the ratio, such as TMOO0.5, TMO1.5,
TMO1.175, and TMO2.

TMOO0.5, TMO1.5, TMO1.175, and TMO2 of
10 mg were respectively added to 10 mg/L. 100 mL
MB solution to test the adsorption performance.
Figure 8 shows the comparison of the adsorption
performance for MB of TMOO0.5, TMO1.5,
TMO1.175, TMOZ2, and TMO300 (= TMO1). It can
be seen that TMOS300 has the highest adsorption
rate for MB within 300 min, which is 96.83%, so it

1.0
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Fig. 8. Time-dependent curve of MB concentration in different
samples.

can be inferred that the adsorption performance is
optimal when the primary W/Mo molar ratio is 1:1.

Recovery of W-Mo Alloy Scrap
Recovery Process

The W-Mo alloy scrap was placed in a crucible
with a certain amount of NaOH and calcined at
600°C for 2 h. After that, 40 mL of deionized water
was added to the crucible, and the mixture was
stirred in a 60°C water bath for 2 h to get the
leaching solution. Then, insoluble impurities from
the W-Mo alloy scrap in the leaching solution were
removed by centrifugation, and the existing state of
W and Mo in the solution was the same as that of
the simulated leaching solution mentioned in “Syn-
thesis” section. Then, the preparation method of



3464

tungsten molybdenum oxide was the same as that
for the simulated W and Mo ion solution. These
tungsten molybdenum oxide products were named
after the calcination temperature, such as TMO*300
and TMO*600.

Structure, Morphology, and Performance

Comparing Fig. 9a and b shows that the mor-
phology of the W-Mo alloy scrap is both spherical
and flake-like before recycling, but the flake diam-
eter is < 500 nm. The morphology of TMO*300 is
flaky and uneven, and there is a certain degree of
agglomeration, which is very similar to TMO300.

The XRD pattern and elemental compositions of
W-Mo alloy scraps can see supplementary Fig. S2
and Table S4. It can be seen that the proportion of
W and Mo in the alloy scrap is relatively high.
Figure 9c¢ shows the XRD diagram of TMO*300 and
TMO*600. It can be seen that TMO*300 has poor
crystallinity and is an amorphous phase. There are
strong peaks in TMO*600 spectra at 23.09°, 23.58°,
24.30°, 33.50°, and 34.53°, which are consistent with

Yanan Liu, Yangsi Liu, Ma, Xi, and Nie

the orthorhombic phase Wy 4Mog 03 (JCPDS no.
76-1280), and their strong peaks corresponding to
crystal planes are (110), (002), (111), (200), and
(112), respectively. Among them, the corresponding
peaks of (002) and (111) shift to the left because of
the lattice distortion caused by the macroscopic
residual stress in the sample.

TMO*300 of 10 mg was added to a 100 mL MB
solution of 10 mg/L, and the adsorption perfor-
mance was tested. The comparison of the adsorption
performance to MB between TMO*300 and TMO300
is displayed in Fig. 9d. The adsorption equilibrium
time of TMO*300 and TMO300 to MB is almost the
same as 30 min. At 60 min, the adsorption rate of
TMO*300 for MB was not much different from that
of TMO300, which was 94%.

The structural, morphology, and performance
characterization show that the method of recovering
W-Mo alloy waste is feasible, and the prepared
tungsten molybdenum oxide has good selective
adsorption properties for cationic dyes and has
great potential in environmental remediation.
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Fig. 9. (a) SEM image of W-Mo alloy scrap and (b) TMO*300; XRD diagram (c) and (d) adsorption properties of TMO*300 and TMO300.
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Formation Mechanism of Wy Mo, 03

To explain the formation mechanism of the sam-
ple, different samples tested by FTIR are shown in
Fig. 10. The pristine resin, the pristine resin that
has been calcined once, and the pristine resin that
has been calcined once after adsorption of molybde-
num and tungsten ions are named PR, PR-cal, and
PR-WMo-cal, respectively.

The FTIR spectra of the PR and PR-cal (Fig. 10a)
show that the intensity of the peak of hydroxiyl
(3420 cm™ 1), quaternary amino group (974 cm ™),
—CHy— (2942 cm™1), -CH3— (3028 cm™1), benzene
ring (1640 cm ' 1484 cm ™), and C-N (1219 cm ™)
decreases slightly after calcination, and the content
of H and O reduces obviously. Comparing the PR-
WDMo-cal with the PR shows that the characteristic
peak of CHy—, -CH3—, —C—N-—, and benzene ring still
exists, but the peak area is reduced, indicating that
its content is reduced, which shows that the original
components of the pristine resin cannot be removed
totally by calcination for one time. Figure 10a also
shows that the quaternary amine groups of PR-cal
and PR appear at 974.1 cm !, but the quaternary
amine groups of PR-WMo-cal and TMO300 appear
at 881.7 cm !, producing a red shift. This red shift
is attributed to the formation of tungsten-molybde-
num heteropolyacids, in which the oxygen atom
combines with more electronegative nitrogen atoms
to obtain a higher electron density.

The peaks in the range of 500-1000 cm ' corre-
spond to the stretching and bending vibrations of
the W-0O and the Mo-0O, as shown in Fig. 10b. PR-
WDMo-cal has characteristic peaks at 584 cm ! and
660 cm !, which are the stretching vibration of W—
0. A peak is also found at about 610 cm !, which is
the stretching vibration peak of Mo—O. Therefore, it
can be inferred that both W and Mo are successfully
adsorbed on the resin and turned into W 4JMo( 03
through calcination.

CONCLUSION

The similar nature of W and Mo makes the
separation and recovery of W and Mo scrap difficult.
W and Mo ions in the leaching solution of W-Mo
alloy scrap can be captured by ion-exchange resin
without separation, and Wgy4MoggOs can be
obtained by the simple heat-treatment process of
the adsorbed resin. The calcination temperature has
an important effect on the crystallinity and mor-
phology of the products. The adsorption process of
the sample calcined at 300°C with the W/Mo ratio of
1:1 (TMO300) to MB fits well with the Langmuir
model and the pseudo-second-order model, which is
surface-controlled monolayer adsorption. TMO300
shows superior selective adsorption capacity of MB,
which can reach 833.43 mg/g in a neutral condition
with excellent reusability, and the adsorption rate
for MB can still be maintained at 89.22% in the
sixth cycle experiment. Wy 4Mog O3 with similar
adsorption properties can be prepared from W-Mo
alloy scrap by the same method.

This work not only provides a new and promising
adsorbent for the adsorption and removal of
wastewater but also realizes a short process method
from metal waste to functional products, which not
only opens up a new way for the recovery and reuse
of secondary resources but also develop new mate-
rial for removing organic pollutants.
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