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The separation of molybdenum (Mo) from tungstate solution is a bottleneck problem in tungsten (W)
metallurgy, and it hinders the development of high-purity tungsten materials. In this research, a modified
D301 resin was used to adsorb and separate molybdenum from tungstate solution. The maximum
sorption capacity (Q.) of modified D301 for MoS4>~ was found to be 428 mg g~ and the separation
coefficient (8) was 108.9 when the contact time was 4 h and the reaction temperature was 25 °C and
the pH value of the tungstate solution was 7.2. The sorption process conforms to Langmuir isotherm
models and the quasi-second-order kinetic model. The sorption mechanism was also discussed, which
was a single layered spontaneous sorption process. Theoretical calculations infer bonding behavior
between the N atom on the resin and the S atom on the MoS42~ molecule. The sorption energy is
—7.67 eV, which indicated that the sorption process is stable chemical sorption. The desorption
experiment showed that more than 90% molybdenum could be desorbed from the loaded resin when
the concentration of sodium hydroxide solution was 5 w%. Finally, after three-stage sorption—
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1. Introduction

In recent years, the increasing growth of industrial waste has
made the problem of environmental pollution more and more
significant. Therefore, cleaner production and recycling are
particularly important.* For refractory metal resources such as
tungsten and molybdenum contained in waste materials, the
realization of clean extraction and recycling is a hot research
topic.>® Tungsten, a national strategic resource, has a high
hardness, high density, great melting point, low coefficient of
thermal expansion, superb corrosion conflict, and safe pro-
cessing performance, which is broadly expounded in the
microelectronics, metallurgy, exosphere and other fields.**
With the increase in tungsten consumption, the number of
years of tungsten ore mining remaining is decreasing year by
year, so it is necessary to recover secondary resources of tung-
sten. The physicochemical properties (aqueous chemical
behaviors, ionic extent) of molybdenum are quite akin to those
of tungsten.>”” So, molybdenum and tungsten easily coexist.
However, the increasing needs aimed at high purity metallic
tungsten and its mid product have become a severe task faced
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by the metallurgical engineer.'**> Therefore, the separation of
tungsten and molybdenum is an urgent problem in the recovery
of tungsten secondary resources.

So far, many kinds of methods have been developed for the
separation of W and Mo, such as precipitation, solvent extrac-
tion”** and ion exchange.”” A large amount of alkali was
required to precipitate molybdenum from acidic solution to
repeal the acid in solution, which may not only introduce other
impurity ions but also costs much. Solvent extraction is incon-
venient in commercial production.'®® Trioctylamine (TOA)
shows excellent extraction ability for Mo, and the loaded
organic phase can be back-extracted with ammonium hydroxide
solution. However, the separation of aqueous and organic
phases is very difficult.”* During the past decade, various ion
exchange resins have been used for the extraction of molyb-
denum from solution, and the method has already been
confirmed the feasibility of extracting molybdenum.* Fu et al.
used D301 resin to directly extract Mo(v1) from the acid leaching
solution of molybdenite.”® D301 shows excellent sorption
capacity for Mo and Mo-loaded resin can be desorbed by
ammonia hydroxide solution.

The ion exchange method is one of the environmentally
friendly and easy to operate secondary resource recovery
methods of tungsten and molybdenum.** However, in existing
literature, the sorption performance of resin on tungsten and
molybdenum is almost the same. In order to develop new ion
exchange resins for the separation of tungsten and molyb-
denum, we summarized the existing kinds of typical ion
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exchange resins. Tungsten and molybdenum are mostly in the
form of anions in aqueous solutions, and anion exchange resins
are often used for the recovery and separation of tungsten and
molybdenum. This includes strong basic D201, which is the gel-
type resin, and the microporous structure will slow diffusion.
The other type is weak basic D301, which has a macroporous
structure, and the pore structure will facilitate diffusion.
Therefore, D301 is more suitable for recovery and separation of
tungsten and molybdenum in solution.

Unfortunately, the existing ion-exchange method has some
disadvantages, such as difficult desorption, low sorption
capacity, and weak service resistance.”***?¢ Development of the
new resins with high efficiency of selective sorption, desorption,
and regeneration is the core of future separation technology.””**
It is reported that some resin and extractant mixtures can
greatly improve the sorption capacity and the selectivity of the
resin.”® In addition, some heavy rare earth have been recovered
with P227-impregnated resins system,"” Cr(vi) have been
recovered with poly-epichlorohydrin-dimethylamine (EPIDMA)
modified D301 resin.*

Hence, in order to improve the sorption efficiency of D301
resin, a mixture of D301 resin and TOA was explored to separate
and recovery molybdenum from tungstate solution in the
present study. The sorption dynamics and sorption mechanism
were investigated. According to the quantum mechanical
module of Materials Studio software, the Mulliken population
was calculated, and the sorption mechanism by modified D301
was obtained. Besides, optimization of sorption process
conditions was studied. Furthermore, desorption experiments
were conducted to study the reusability of the modified D301
resin. Finally, separation and recovery of molybdenum from
tungstate solution were achieved.

2. Experimental section
2.1 Materials

D301 resin used in this study is a weakly basic anion-exchange
resin with tertiary ammonium as the fixed positive charge
purchased from Shanghai Kaiping Chemical Co., Ltd., China.
N,N-Dimethylformamide (DMF, purity = 99%) and trioctyl-
amine (TOA, purity = 95%) were kindly provided by Shanghai
Macklin Biochemistry Co., Ltd. The modified D301 resin can be
obtained by assembling D301 and TOA by the dipping method.
The specific process is shown in Scheme 1. At first, D301 resin
was washed with distilled water until reach to neutral pH value.
10 g of the D301 resin was swelled in 40 mL of DMF (purity =
99%) and aminated in 20 mL TOA at the reaction temperature of

++ * *
++ + * *
+ Swelling *
D301 ..
Amination
DMF

c A

Scheme 1 Flowcharts for the D301 resin modification reaction.
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65 °C to prepare the modified D301 resin, which was prepared
for the following experiments. After modification, the amina-
tion strength in modified D301 resin increases. The increase in
amine content can provide more sorption sites, thereby
improving the sorption performance of the resin to Mo. The
stock solution included tungsten molybdenum was prepared by
dissolving Na,WO; and Na,MoO; (both purity > 99.9%) in
deionized water. All other chemicals used in this study were
analytical grade.

2.2 Preparation of metal solutions

Three different concentrations of Na,WO,-H,O solution con-
taining molybdenum were dispensed (0.01 M W; 0.01 M Mo),
(0.1 M W; 0.01 M Mo), (0.2 M W; 0.01 M Mo). Then the solution
was vulcanized ([S]/[Mo] = 6). The vulcanization process of the
three kinds of solutions is the same. The pH value of the solu-
tion was pre-adjusted to 7.12 and reacted for 2.5 h at 72 °C.

2.3 Sorption and desorption experiments

Typically, in sorption experiments, the solid/liquid ratiowas 1 g
L™'. 10 mg adsorbent was added to 10 mL solution with
a certain concentration of Na,MoO,. In this study, all the
sorption experiments were operated by shaking 0.02 g modified
D301 with 20 mL the three different concentrations of mixed
solution for 4 h. After solid-liquid separating, the aqueous
phase was separated to wait for the determination of concen-
trations of metal elements. The effect of reaction conditions on
the sorption process was studied such as reaction time,
temperature and pH value. The desorption experiments were
conducted by shaking the loaded modified D301 resin and 5 mL
sodium hydroxide solution. And then the aqueous phase was
collected. The concentration of W, Mo in the solution was tested
using ICP-OES.

The removal of MoS,*>~ was monitored by periodically taking
aliquots of the solution and determining the Mo concentration
using inductively coupled plasma-atomic emission spectrom-
etry (ICP-AES; ICP-5110, Agilent, Americana). The sorption
capacity of modified D301 to MoS,>~ can be expressed by Q. (mg
g~ 1), which was calculated as

(Co—C)xV
m

Q. = 1)
where C, is the initial concentration of Mo in the solution (g
LY, and C. is the Mo concentration after modified D301
addition (g L™1).

The separation effect of tungsten and molybdenum can be
expressed by (3, was calculated as

DMO
=% 2
B o @
where Dy, and Dyy is the distribution ratio of molybdenum and
tungsten, was calculated as
Cy— C,

D= ()
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2.4 Sorption isotherm models

The sorption isotherm process was studied based on the
Langmuir and Freundlich isotherm models. These models are
listed in eqn (4) and (5). In order to obtain the correlation
coefficient R* and compare the data points obtained by experi-
ments more intuitively through the graphical, the relative
parameters were calculated by nonlinear fitting.
Langmuir model:
C G 1

0.7 0.1 h0s @

Freundlich model:
In Q. =In Kr + %ln Ce (5)

where C. is the Mo concentration after modified D301 addition
(g L™Y); Qe is the maximum quantities of Mo adsorbed (mg g™ %);
Qm is the quantities of Mo adsorbed at equilibrium (mg g™ %); b,
Kr and n are the corresponding constant parameters of these
models.

2.5 Sorption kinetics

The sorption kinetics were studied by nonlinear fitting, and two

isothermal sorption models were used to fit the experimental

data. These models are listed in eqn (6) and (7).
Lagergren-first-order model:

In(Qe — Q) =In Q. — Ki# (6)
Pseudo-second-order model:
t 1 t
R 4+ — 7
0 K07 O )

where Q. is the quantities of Mo adsorbed at equilibrium (mg
g7, Q, is the quantities of Mo adsorbed at time ¢, respectively
(mg g™ Y); Ky is the rate constants of Lagergren-first-order model,
K, is the rate constants of the second-order model.

2.6 Simulation analysis

Simulation analysis based on the density functional theory
(DFT) has been widely used to explain experimental
phenomena. In order to study the sorption mechanism, sorp-
tion energy and sorption configuration were calculated by
Materials Studio 2020 (BIOVIA, American). The exchange
correlation function of the calculation process selects the PBE
function under the generalized gradient approximation (GGA).

3. Results and discussion
3.1 Preparation of materials

Firstly, the FT-IR spectra was used to illustrate the structural
changes of D301 resin before and after modification. As shown
in Fig. 1, a new vibration peak appears at the position of
1667.73 cm™ ' after modification. And the vibration peak was
considered as the tertiary amine functional group provided by

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig.1 FT-IR spectra of D301 resin and modified D301 resin.

the aminating agent TOA, indicating that the modified D301
resin was prepared successfully.

In the aqueous system of W-Mo-H,0O, most tungsten and
molybdenum are exit in the form of polymeric anions, and the
two exist in very similar forms, which makes their separation
difficult. However, in the W-Mo-S-H,O aqueous system,
molybdenum will preferentially combine with sulfur to form
Mo-S polymer ions, and W will still exist in the form of W-O
anions. This makes the tungsten and molybdenum ions in the
solution form an ionic difference, which increases the possi-
bility of separation of tungsten and molybdenum ions in the
solution. Therefore, in order to better separate and recover the
tungsten and molybdenum solution, we first sulfide the tung-
sten and molybdenum solution. Fig. 2(a) showed the structures
of chemical structures of NawO,, NaMoO, and Na,S. The molar
ratio of NawO, and NaMoO, was 1:1, 10: 1, 20 : 1 and all of

@)

©) ; oH
Solution
W-Mo-H,0 W-Mo-S-H,0
W 0.01mol-L-!
Mo 0.01mol-L-! 7.78 12.67
W 0.1mol'L-!
Mo 0.01mol-L-! 8.80 12.19
W 0.2mol-L-!
Mo 0.01mol-L-! 912 7.69
Fig.2 (a) The molecular structure of used in this work, (b) photograph

of prepared solution, (c) pH of three solutions before and after
vulcanization treatment.

RSC Adv, 2021, 11, 29939-29947 | 29941
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(a) Before 1931 (b) [After
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o Mo 0.01 mol-L-! 1931
W 02molL!

Mo 0.01 mol-L~! 1

Mo 0.01 molL-! |
W 0.1 molL! i

W olmolL!
: | :
: Mo 0.01 mol-L'*‘ ¢ Mo 0.0l motL!
: W 0.01 mol-L” LW 0olmolL ! |
w
200 400 600 800 1000 200 400 600 800 1000

Raman shift (cm") Raman shift (cm'l)

Fig. 3 Raman spectra of prepared solution (a) before and (b) after
vulcanization.

the molar ratio of NaMoO, was 0.01 mol L™ ". The photographs
of these solution are shown in listed in Fig. 2(b). After vulca-
nization treatment, the colors of the solutions are obviously
different. MoO,>~ in the solution is colorless, and the MoS,*~ in
the solution is orange, combined with Fig. 2(b), we can find
that, after the vulcanization treatment, the color of the solution
has changed, which reflects MoO4>~ in the solution was
successfully converted into MoS,>~ through a thiolation reac-
tion. Among them, when the tungsten concentration is
0.2 mol L™, the solution color is lightest after vulcanization.
Besides, Fig. 2(c) shows the pH changes of the three solutions
before and after vulcanization treatment. It can be clearly seen
that the pH of the solution is very different when the concen-
tration of tungsten in the solution is different. As the molar
ratio of tungsten increased, the pH of the solution gradually
increased. The initial pH of the solution after vulcanization
treatment was 12.67, 12.19 and 7.69.

In order to further confirm the combination of molybdenum
and sulfur in the solution, Fig. 3 shows the Raman spectra of
the solution before and after vulcanization. It can be seen from
Fig. 3(a) that the Mo-O bond peak appears at 322 cm ' and
W-0 bond appears at 931 cm ™" for the three solutions before
vulcanization, and the peak intensity increases as the concen-
tration of tungsten in the solution increase. After vulcanization,
Mo-S bonds appear at the position of 473 cm™*, but there is no
W-S peak detected.

3.2 Sorption experiment

3.2.1 Effect of pH value. The main factor affecting Mo
removal performance is pH value, which normally affects the
characteristics of Mo in the solution.® To better improve the
feasibility of practical separation processes, the species change
of molybdenum and tungsten in the S-Mo-W-H,0 system at
PH 0-14 were investigated by thermodynamic analysis. Take the
total amount of molybdenum ¢(Mo) = 0.01 mol L™, the total
amount of tungsten ¢(W) = 0.01-0.2 mol L™, and the total
amount of sulphate ¢(S) = 0.06 mol L™", calculate the equilib-
rium concentration fraction of each ion for different pH values
to examine them. The ion distribution changes with pH, and
the results are shown in Fig. 4.

As shown in Fig. 4, as the pH value increases, the anions of
molybdenum and tungsten change in different forms. When
the pH value is more than 11, the tungsten ions in the solution
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Fig. 4 The species of Mo—W-S—H,O system ([Molr = 0.01 mol L™,
[Slt = 0.06 mol L™, (a) W (Wly = 0.01 mol L™); (b) W (Wl =
0.1 mol L™Y; (c) W (IWlr = 0.2 mol L™Y); (d) Mo species.

are almost all WO,>~ form exists, and in the solution of ¢(W) =
0.1 mol L', ¢(W) = 0.2 mol L™ !, WS>~ in the solution is almost
0. However, Mo will combine with S to form anionic species as
Mo-S compound. The distribution of Mo0O,*~, MoO;S*",
Mo0,S,>", M00;5*", MoS,>~ with the change of pH value in the
solution was shown in Fig. 4(d). When the pH value is less than
12, molybdenum mainly exists in the form of MoS,>". It is
found in Fig. 4 that in the weakly alkaline or weakly acidic
tungstate solution, controlling the initial pH of the solution and
increasing the W concentration can make Mo0O,%~ preferen-
tially vulcanized, but WO,>~ hardly vulcanized. The difference
in the affinity of tungsten and molybdenum for sulfur can
effectively separate tungsten and molybdenum. Therefore, the
range of pH value 4-12 was chosen as the research range to
conduct sorption optimization experiments.

The sorption performance of Mo with modified D301 at
different pH values was studied at 25 °C, the contact time is 4 h.
The influence of pH values on the Q and separation factor of

120 s 120
(@ Mo (b) Mo E
350 w 400 w 4
P N 100 ©-sF : 100
350
300 & =
= e’ - L] < 300 2 g
w250 : 2 e g Z
] £ 250
£ w0 ! £ “ g
& z & B £
& / - <200 2
150 - W 40z < - 0 =
B & 150 X 2
100 X d 100 - 2
50 3 b 50 o
sz 6z 72 s2 92 102 12 s2 62 72 82 92 102 m2
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5 120
(C) Mo -
400 w
-y 100
350
£ 30 - w5
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Fig. 5 Effect of different pH on Qum., Qw and separation factor ([Mol+
=0.01mol L™, (@ W (IW]+ = 0.01 mol L™Y; (o) W (IW]+ = 0.1 mol LY;
() W (IWlr = 0.2 mol L ™).
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modified D301 was investigated, the experimental data was
shown in Fig. 5, respectively. It could be found that the calcu-
lated value of Qp, Was increased firstly and then decreased with
the increase of pH value. When the pH value was 7.2, Qo =
428 mg g, the maximum separation factor § was 108.9. This is
mainly because Mo0,*~ will release OH™ during the vulcani-
zation process, which can be expressed as eqn (8)-(11). When
increasing the pH value of the solution will also introduce OH ",
which hinders the vulcanization of MoO4>~, thereby reducing
the separation factor. Then, if only the influence of OH™ is
considered, the overall separation coefficient should decrease
as the pH value increases. But under acidic conditions, low
concentrations of OH™ may no longer be the main influencing
factor. Because under acidic conditions, tungsten and molyb-
denum mostly exist in the form of heteropoly acid. The heter-
opoly acid is a macromolecular structure that will cause
considerable steric hindrance, thereby reducing the sorption
capacity and sorption selectivity of the resin. In summary, when
the pH value is 7.2, the modified resin has the largest sorption

capacity.

MoO,*~ + §*~ + H" = Mo05S*~ + OH™ (8)
MoO;S™ + 8?~ + H* = M00,S,>” + OH~ (9)
Mo0,S,>~ + $*~ + H" = Mo0,S;*>” + OH~ (10)
Mo0O;S;*~ + $*~ + H" = MoS,*~ + OH™ (11)

3.2.2 Effect of temperature. The molybdenum sorption
capacity of modified D301 with different temperatures under
sulfide solutions was tested, the results were shown in Fig. 6. As
shown in Fig. 6, with an exaltation temperature from 25 °C to
75 °C, both the sorption capacity and the separation factor of
modified D301 for Mo slowly decreased. It illustrated that the
sorption action of Mo is an exothermic process. The tempera-
ture of 25 °C was considered the most suitable. It can also be

120 s 120
(a) o (b) e o
400 w 400 w
- - g F100 - - g [100
350 o ) 350 :
0 w5 s a la fa faiwk
3 W z
w o B B £ kaso K
3 250 60 = ET o a
< - 2 Zawo z
:;,zun H o 0z
0 Z
150 g
150 £ 7
# 0
™ 0 100
5
50 ° bt o
0

25 35 45 556578
25 35 65 7 Temperature (°C)

45 58
Temperature (°C)

(c) 400 = - ‘\\\l"

Separation Factor

3 3 65 7

4588
Temperature (°C)

Fig. 6 Effect of different temperature on Qumo, Qw and separation
factor ([Molr = 0.01 mol L™3), (a) W (W]t = 0.01 mol L™Y); (b) W (W]t =
0.1 mol L™Y; () W (IWl+ = 0.2 mol L™ at pH 7.2, 240 min.
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Tablel Comparison of the sorption capacity of some typical sorbents

Some typical sorbents Q. (mgg™) Ref.
TVEX-TOPO resin 17.5 33

D290 resin 76.3 34

D201 resin 85 35
Montmorillonite resin 162 36

D301 resin 157 This work
Modified D301 resin 428 This work

seen from Fig. 6, with the increase in the amount of W associ-
ated with an increase in separation factor and sorption capacity.
The events explained the sorption capacity was significantly
elevated with the addition of tungsten percentage in the feed
solution. It is also reported in the literature that the percentage
of W can influence the sorption capacity of resin, with a higher
separation rate for higher W content in the solution.** Also, the
amount of W can influence its sorption capacity.** Furthermore,
the Q increases as the increase of the initial W concentration,
for the reason that towards a certain amount of adsorbent, the
higher the W percentage in the solution, the greater the
concentration slope, the easier the Mo to be adsorbed.

Finally, as shown in Table 1, we summarized some typical
molybdenum adsorbents.**~*¢ Obviously, compared with other
molybdenum adsorbents materials, the maximum sorption
capacity (Q.) of modified D301 have unique advantages. The
maximum sorption capacity of modified D301 for MoS,>~ was
found to be 428 mg g~ !, which is much higher than that of D301
resin. The sorption capacity increased by 2.7 times and it can
greatly improve the sorption efficiency when using the same
amount of resin.

3.3 Sorption models

Like other sorption reactions, the sorption equilibrium of
modified D301 was characterized by sorption models. With the
help of Langmuir model*”** and Freundlich model* the

3500
3000 =
Langmuir
2500 - Freundlich
—
'es 2000 4

Qe (mg
(=Y
n
S
(=)

1000 -
500 -
0 -
-500 T T : T v
0 1 2 3 4
Ce (gL

Fig.7 Langmuir modeland Freundlich model of Mo on modified D301
resin.
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Table 2 The model parameters for sorption at 25 °C
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Table 3 The linear regression data of different models at 25 °C

Component Equilibrium equation R?
Mo C.  Ce 0.987
0.~ 9440 + 0.0008

In Q. = 0.81In C, + 6.9 0.971

sorption process of molybdenum by modified D301 resin was
described. These two models can be expressed by eqn (4) and
(5). Fig. 7 shows the sorption isotherm of molybdenum, and the
correlation coefficient data is shown in Table 2. It can be seen
from Fig. 7 that when the equilibrium concentration of
molybdenum increases from 0 to 7.2 g L™', and the sorption
capacity can reach 2707 mg g ' at the highest. Then the
correlation coefficient R* were obtained by nonlinear fitting.
The correlation coefficient R* of the Langmuir model is 0.987
larger than that of the Freundlich model, these show that
sorption progress was fitted better with the Langmuir model. So
the sorption process of molybdenum is a single layered spon-
taneous sorption process.*

3.4 Sorption kinetics

To explore the sorption reaction, sorption kinetics was adopted.
Kinetic behavior of Mo sorption by modified D301 was evalu-
ated at two experiential kinetic models, the Lagergren-first-
order model (eqn (6)) and the pseudo-second-order model
(eqn (7)), to mathematically picture the intrinsic kinetic sorp-
tion constant.*** To investigate the sorption kinetics of Mo
with the modified D301, sorption experiments with different
contact time were conducted. The sorption capacity of modified
D301 was performed in Fig. 8. As shown in Fig. 8, the points in
the figure represent the experimental data before nonlinear
curve fitting, the solid line represents the pseudo-second-order

300

W 02 morr!
Mo 0.01 mot1.”!

~ = Lagergren-first-order
Pscudo-second-order

W 001 morr!
Mo 0.01 mol-L!

= = Lagergren-first-order
Pseudo-second-order

0 50 100 150 200 250 300 350 0
Contact time / min

50 100 150 200 250 300 350
Contact time / min

71w 0.01 mol-L"", Mo 0.01 mol-L"!
100,

W o1 morr!
Mo 0.01 mol- L

~ = Lagergren-first.order
—— Pscudo-second-order

0 50 100 150 200 250 300 350 0
Contact time / min

50 100 150 200 250 300 350
Contact time / min

Fig. 8 Effect of different contact time on Qumo and separation factor
(IMoly = 0.01 mol L™). (a) W (W]t = 0.01 mol L™%; (b) W (Wl =
0.1molL™; (c) W ([Wlt = 0.2 mol L™ at pH 7.2, 25 °C; (d) linearization
of the pseudo-second-order model.
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Solution (mol

LY Lagergren-first-order Pseudo-second-order ¢/Q; —t
W 0.01 0.992 0.998 0.983
Mo 0.01

Wo.1 0.992 0.998 0.994
Mo 0.01

W 0.2 0.992 0.998 0.996
Mo 0.01

kinetic model, and the dashed line represents the Lagergren-
first-order kinetic model. The Q of modified D301 to Mo
increased along with the increase of operational time, sug-
gesting a beneficial effect of the contact time on the sorption of
Mo. The process reached equilibrium at about 4 h. With the
accumulation of Mo, the sorption capacity increases slightly
until it inclines to equilibrium, respectively. With the reaction
proceeds, the molar ratio between modified D301 and Mo rise
obviously, the driving force for Mo transfer decreases, therefore,
a slowly increase in the sorption capacity, and then the sorption
equilibrium is bit by bit reached.

The linear regression curve of different models at 25 °C is
shown in Fig. 8(d). The calculated parameters are presented in
Table 3. R® figures of Lagergren-first-order kinetic model was
lower than that of the pseudo-second-order kinetic model.
Accordingly, the sorption kinetics were better referred to as the
pseudo-second-order model, illustrating that the procedure of
Mo taken up by modified D301 was chemical behavior.*

3.5 Sorption mechanism

In order to further clarify the sorption mechanism, a molecular
model of modified D301 and MoS,>~ was constructed by
Materials Studio software, and the sorption reaction was
simulated. As shown in Fig. 9, one MoS,>~ molecular close to
modified D301, and the other two move away. The S atom in
MoS,>~ and the N atom in the N-C bond of modified D301 are
close to each other. By measuring the distance between the
center radii of two atoms, d; = 168.2 pm < rg(1.02 pm) + ry(0.75

Fig. 9 The molecular models of modified D301 and MoS4>".

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 10 SEM images and EDS analyses of adsorbed resins in (a) ((Mol+
=0.01mol L%, [Wlr = 0.01 mol L™Y; (b) ([Moly = 0.0 mol L™, [W]; =
0.1 mol L™; (¢) (Mo}t = 0.01 mol L™, [Wlt = 0.2 mol L™Y) at pH 7.2,
240 min.

pm), d, = 4.055 pm > rg(1.02 pm) + (0.75 pm), d3 = 3.967 pm >
r5(1.02 pm) + ry(0.75 pm). Meanwhile, the sorption energy can
get is —7.67 eV, sorption energy is less than 0, which indicates
that the sorption process is stable chemical sorption. The
results of theoretical calculation can infer the bonding behavior
between the N atom on the resin and the S atom on the MoS,>~
molecule.

In order to understand the sorption process of Mo by
modified D301 resin, Fig. 10 shows the SEM images and EDS
analyses of adsorbed resins in different solutions at 240 min. It
can be seen that the spherical morphology of the resin has not
changed after sorption, indicating that the mechanical prop-
erties of the resin are good, which is conducive to the repeated
use of the resin. In order to present the element changes after
the sorption process, EDS tests were performed. EDS results
demonstrate that after sorption MoS,>”, Mo in the resin is
progressively appears. With the sorption proceeding, the
MoS,>~ ions are gradually distributed into the resin particles.
When sorption action was completed, the particles were all fil-
led with molybdenum ions, Zhao et al. in their study on the
separation of tungsten and molybdenum obtained the content
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=
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Fig. 11 (a) Desorption and (b) reusability of modified D301.
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of W adsorbed in the exterior is lower than that in the interior,
while for Mo, the result is the opposite.** Because Mo ions with
rapid spread rate are masterly adsorbed in the internal layer,
while W ions are adsorbed few in the external layer. It can also
be seen from EDS that the higher the tungsten concentration in
the solution, the larger the proportion of molybdenum adsor-
bed in the resin, which is consistent with the sorption experi-
mental data.

3.6 Desorption and reusability experiments

Desorption is a necessary factor to evaluate the ion exchange
system. Therefore, the desorption behavior of Mo from the
loaded resin by sodium hydroxide solution was investigated, the
results were shown in Fig. 11. In Fig. 11(a), different concen-
trations of sodium hydroxide solutions were used as eluent, and
the desorption rates are all above 90%. NaOH (1-5 w%) base
media was found successful reagent. Considering comprehen-
sively, we choose 5 w% concentration of sodium hydroxide
solution as the eluent. As shown in Fig. 11(b), in the 1st to 5th
cycles of the sorption-desorption process, the sorption capacity
of Mo with modified D301 was maintained to be high. These
results indicated that the desorption capacity of sodium
hydroxide solutions was high, and modified D301 could
repeatedly be used for the sorption-desorption process.

3.7 Proposed flow sheet of separating W and Mo

On the basis of the above experimental results, a flow sheet of
separating W and Mo from the tungstate solution was proposed
as shown in Fig. 12. In this process, molybdate was vulcanized
and separated from tungstate solution by modified D301.
Moreover, modified D301 was regenerated by sodium hydroxide
solutions for cycling sorption. The concentrations of three feed
solution are different (0.01 M W; 0.01 M Mo), (0.1 M W; 0.01 M
Mo), (0.2 M W; 0.01 M Mo). After three-stage sorption-desorp-
tion, almost all Mo in the solution can be removed. And the
tungsten loss is less than 2%. The molybdenum-loaded resin
was desorbed by 5 w% sodium hydroxide solution. The
molybdenum in the desorption solution and tungsten in the
effluent can be used as a raw material for molybdenum deep-
processing products.

|

Vulcanization
[S)/[Mo]=6

|

Adsorption experiment
resin=0.02 g, L=20ml;

|

Adsorption experiment
Swt% NaOH (5 ml)

e —

Modified D301 Molybdenum solution

Modified D301 —

Recycling

Fig. 12 Flowchart of separating W and Mo by modified D301.
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4. Conclusions

This study proposed a sorption system of modified D301 resin,
for separation and recovery of molybdenum from tungstate
solution. In brief, modified D301 resin had high sorption effi-
ciency of MoS,>” and the separation factors. In sulfur medium,
when the pH value is less than 10, molybdenum mainly exists in
the form of MoS,>”, tungsten mainly exists in the form of
WO,>". The maximum sorption capacity of modified D301 for
MosS,>~ was found to be 428 mg g~ and the separation coeffi-
cient (8) is 108.9 when the reaction time was 4 h and reaction
temperature was 25 °C and the pH value of tungstate solution
was 7.2. The sorption process conforms to the quasi-second-
order kinetic model.

The sorption mechanism was speculated by simulation
analysis, the N atom in the resin and the S atom of MoS,>” can
form an N-S bond during the sorption process. Besides, the
desorption characteristic of MoS,>~ with sodium hydroxide
solution was investigated. When sodium hydroxide solution
concentration was 5 w%, the desorption efficiency is 98.3%.
After three-stage sorption-desorption, almost all molybdenum
in the solution was adsorbed, achieving better separation of
tungsten and molybdenum.
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