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Abstract: The removal of tungsten (W) and vanadium (V) from molybdate solutions was studied using the poly hydroxyl chelating
resin D403 in batch and column experiments. The batch experiments indicated that tungsten and vanadium could be preferentially
adsorbed by the D403 resin for 4 h in molybdate solution at a pH of approximately 9.25. Separation factors, 051\\//10 and a&’o , were
above 45 and 18, respectively, when the molar ratios of Mo/V and Mo/W in the solution exceeded 40. Elution tests illustrated that
vanadium and tungsten could be easily eluted from the resin with 1 mol/L sodium hydroxide solution in only 1 h. To further explore
the sorption mechanism of the resin, the experimental equilibrium isotherm data of the three metals fitted well with the Freundlich
model. The column experiments confirmed the adaptability of the D403 resin in the production of sodium molybdate with a removal

rate of tungsten surpassing 90% and that of vanadium of 99.4%.
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1 Introduction

Molybdenum  has  strategic and industrial

importance with extensive applications in many fields [1].

Due to the rapid consumption of conventional
molybdenum sources, the recovery of molybdenum from
low-grade and complex ores has become increasingly
essential. Raw molybdenum resources, such as Ni—Mo
ore from Lower Cambrian Shale, contain molybdenum
and a certain amount of valuable metals, such as tungsten
and vanadium [2,3]. The recovery of these valuable
metals from secondary sources has become increasingly
more desirable. These sources, for example, spent
residue catalysts, alloys or steel scraps [4,5], usually
contain certain amounts of vanadium, tungsten and
molybdenum. However, impurities in molybdate extracts
must be strictly restricted [6]. Hence, it is extremely
important to separate tungsten and vanadium from
molybdate solutions so that these molybdenum resources
can be effectively utilized.

Due to their similar chemical properties in solution,
it is difficult to isolate tungsten, vanadium and
molybdenum from each other [7,8]. Many researchers
have proposed various methods for the separation of

vanadium and molybdenum in aqueous solution, such as
precipitation [9], adsorption with activated carbon [10],
ion exchange [11,12] and solvent extraction [13—15]. In
terms of separation of tungsten from molybdate solution,
methods like extraction [8] and ion exchange [16,17]
have also been carried out. However, few studies have
considered the simultaneous removal of vanadium and
tungsten from molybdate aqueous solutions.

In previous studies, a poly-hydroxyl chelating resin,
D403, containing a meglumine function group (i.e.,
— CH,N(CH3)CH,(CHOH),CH,0OH, which contains a
ternary amino group and a poly hydroxyl group) has
been found to selectively remove tungsten from
molybdate systems  [16].
Furthermore, because vanadium predominantly occurs as
polymeric ions (H2V3037) [18] in weak basic aqueous
solutions (approximately pH 9.0) and because
molybdenum exists as monomeric ions due to its lower
polymerizing tendency [19], poly-vanadiate ions have
higher electrovalence than monomeric molybdenum ions.
Thus, vanadium is preferentially adsorbed and removed
from weak alkaline molybdate aqueous solutions with
certain adsorbents, i.e., those that contain amine
functional groups, such as AGI-X8 [20], D296 [18]
(quaternary amino group), and D314 [21] (tertiary amino

solutions in alkaline
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group). Thus, the D403 resin, which contains a ternary
amino group, could be utilized to remove vanadium from
molybdate solutions. Compared with the other separation
methods mentioned, use of D403 resin could
simultaneously remove tungsten and vanadium from
molybdate solutions without using other chemical
reagents.

In this work, a poly-hydroxyl chelating resin is used
to remove tungsten and vanadium in molybdate aqueous
solutions. Batch experiments and column experiments
were carried out to investigate the adsorption and elution
behaviors of tungsten and vanadium and to further
understand the sorption mechanism on the resin.
Equilibrium isotherm experiments were also explored.

2 Experimental

2.1 Materials

A macro poly-hydroxyl D403 chelating resin,
purchased from Jiangsu Suqing Industrial Co., Ltd., was
used in this study. Prior to experiments, the resin was
alternately pre-treated with 5% NaOH and 5% HCI
aqueous solutions, and washed to near-neutral pH. All
chemicals used in this work were of analytical grade, and
all concentrations of tungsten (W), vanadium (V) and
molybdenum (Mo) were detected using an inductively
coupled plasma-atomic emission spectrometer (ICP-AES,
Thermo Electron Corporation, USA).

2.2 Batch experiments

The experiments were carried out by varying
adsorption conditions, such as pH value, contact time
and Mo/V or Mo/W molar ratios. The ternary mixed
solution was prepared in the laboratory. For each
experiment, the testing solution was adjusted to a
specific pH value with hydrochloride acid before the
adsorption process. These solutions were set to stand for
1 h. Then, 10 mL D403 resin and 50 mL prepared
solution were mixed. Samples were agitated for 4 h at
ambient temperature (stirring speed of 300 r/min), and
the loaded resin was separated by filtration at the end of
sorption.

The effects of the eluent concentration and contact
time were investigated in desorption experiments, which
were conducted by mixing 10 mL loaded resin and
60 mL eluent solutions in a water bath for certain
duration. The prepared saturated loading resin was
washed with distilled water before desorption.

2.3 Column experiments

For the column-loading experiments, prepared
solutions were directly passed through glass column
(13 mm in diameter and 1010 mm in height) at a flow
rate of approximately 48 mL/h (0.7V5 h™"). The bed

volume (V) of the resin was 66.5 mL. An auto sampler
was used to collect a number of 20 mL effluent samples,
which were subsequently analyzed. After the adsorption
process, the saturated loading resin was drip washed with
distilled water until tungsten was not detected in the
effluent. Subsequently, the eluent was analyzed. First, the
effluent was obtained at a flow rate of approximately
93 mL/h (1.4Vgh™"), and an auto sampler was used to
collect a number of 25 mL effluent samples.

2.4 Adsorption isotherm experiments

In the adsorption isotherm experiments, 10 mL
D403 wet resin was mixed with a series of volume
solutions containing different concentrated compounds in
a water-bath shaker for 4 h at room temperature. The pH
values of all the solutions were adjusted to be 9.25 with
hydrochloric acid.

Like other chemical processes, the ion exchange
equilibrium was characterized by corresponding
equilibrium isotherms. In this case, the adsorption
equilibrium between W, Mo and V is simulated with
Henry model [22], Langmuir model [23] and Freundlich
model [24]. These three models are as follows:

Henry model
Qe:KH Ce ( 1 )
Freundlich model
InQ, =In Ky +llnCe 2)
n
Langmuir model
(3 - Ce + 1 (3)
Q. On 00O,

where Q. is the equilibrium adsorption capacity of the
wet resin (mg/mL); C, is concentration of the
equilibrium solution after the exchange process (g/L); On
is the maximum adsorption capacity of the resin
(mg/mL); Ky, Kr, b and n are the corresponding constant
parameters of these models.

The adsorption ratio (¢, %), the separation factor for
W over Mo (am ), the separation factor for V over Mo
(0(1\\,/lo ), the capacity of the resin (0., mg/mL), the elution
ratio (¢ %) and the removal ratio in each column
experiment (w, %) are calculated as follows:
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b= quVd x100% (8)
R”"R
a):(l—&JxlOO% 9)
1

where Cyand C are the initial and final concentrations of
the metal in solution, g/L; Cy is the concentration of
metals in the eluent, g/L; V, I7R and Vj are the volumes
of the feeds, resin and eluents, respectively, mL;
X Mo X W X v and Xy, Xy, Xy are the molar fractions
of Mo, W and V in the resin phase and in aqueous phase,
respectively; Ry and R; are the molar ratios in the initial
solution to those in the total eluents in the column-
loading tests.

3 Results and discussion

3.1 Batch sorption experiments
3.1.1 Effect of pH value

To investigate the influence of pH value on the
separation of Mo, W and V, experiments were conducted
using a ternary mixed solution at various pH values. The
results are presented in Fig. 1.
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Fig. 1 Effect of pH values on removal of W and V in molybdate
solutions (C(WO;)=10.00 g/L, C(V,05)=7.85 g/L, C(Mo)=
30.00 g/L and reaction time 4 h)

The adsorption rates for Mo decreased from 63% to
13% as the pH increased from 5.25 to 9.25 and
subsequently, remained steady at lower adsorption rates.
Comparatively, both W and V followed nearly opposite
to Mo. The rate for W approached 74.4% when the pH
was approximately 8.25. The rate for V reached 71.2%
when the pH value was approximately 9.2, whereas that
of Mo was below approximately 30%. Overall, W, V and
Mo were adsorbed on the resin when the solution pH was
less than 6.5; however, when the pH exceeded 8.5, the
resin showed preferential adsorption for W and V, which
indicated that the sorption rates were correlated with the
existing ion forms.

The monomeric ions of tungsten and molybdenum,
ie, WO; and MoOﬁ_, respectively, begin to
transform into polymeric ions at pH level below 7.5 and
6.5, respectively [25]. Comparatively, vanadium has a
stronger tendency for polymerization, especially because
the primary form of vanadium is polymeric ion at pH
level below 9.0 [18,19,26]. Because of the greater ionic
radius and higher electrovalence, polymeric vanadium
ions show a better affinity toward anion exchange resins,
which typically contain amino functional groups, such as
AG1-X8 [20], D296 [18] (quaternary amino group), and
D314 [21] (tertiary amino group), and chelating resins,
such as DDAS, CUW and CW-2 [27]. Hence, vanadium
can easily be removed from molybdate solutions by
controlling the dominant forms of metal ions.

When the pH value surpassed 7.0, W and Mo
existed as monomeric ions in aqueous solution. However,
the resin showed a higher affinity toward W than Mo, as
indicated in Fig. 1. The D403 resin contained poly-
hydroxyl and tertiary amino groups. In previous studies,
D403 resins preferentially adsorbed WOff over
MoOff under weakly basic conditions (pH>8). Given
their similar properties, and given the results of
comparative experiments with D301 resins (having only
tertiary amino groups), the selectivity for WOff in
D403 could be due to the presence of hydroxyl
groups [16].

As a result, the separation factors for W and V over
Mo were similar and remained low at approximately 0.5
under pH 6.5. As the solution acidity decreased, these
values rapidly increased, and reached a maximum as the
pH approached 9.25. The separation factor of W over Mo
reached 12.27 and that of V over Mo approached 15.48.
Under these conditions, the simultaneous removal of W
and V from alkaline molybdate solutions is feasible. The
optimal pH value for the separation of W and V from
molybdate solutions is approximately 9.25.

3.1.2 Effect of contact time

The influence of the contact time on the removal of
W and V from the molybdate solutions was explored.
The results shown in Fig. 2 indicated that the adsorption
of Mo rapidly reached equilibrium within 1 h at which
the adsorption ratio was stable at approximately 27%.
The adsorption of W and V slowly increased over time.
Consequently, the separation factors continuously
increased with increasing contact time and finally
reached a maximum of 43 for aly,lo and 15 for a&o
after 4 h. However, ah\,llo continued to increase at a
significantly faster rate than al\v,}lo . An appropriate
contact time of 4 h was used for subsequent experiments.
3.1.3 Effects of Mo/W and Mo/V molar ratios

To investigate the influence of the Mo/W (and
Mo/V) molar ratios on the removal of W and V from the
molybdate solutions, a series of mixed solutions (50 mL)
containing 30 g/ Mo and various concentrations of W
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and V were prepared, with the W/V molar ratio keeping
constant at 1:1. The results shown in Fig. 3 indicated that
the adsorption rate of W and V obviously increased
whereas that of Mo remained approximately invariant
with increasing Mo/V (and Mo/W) molar ratios. In each
experiment, the volume of the resin was invariant
(10 mL). The adsorption rates of W and V decreased
with increasing concentrations, and the adsorption rate of
Mo showed a decreasing tendency due to the competitive
sorption of W and V.
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Fig. 2 Effect of contact time on co-removal of W and V from

molybdate solutions (C(WO;)=10.00 g/L, C(V,05)=7.85 g/L,
C(Mo0)=30.00 g/L and pH 9.25)
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Fig. 3 Effects of Mo/W and Mo/V molar ratios on removal of
W and V from molybdate solutions (C(Mo0)=30.00 g/L, reaction
time 4 h and pH=9.25)

The adsorption rates of W and V approached 84%
and 94% as the Mo/W and Mo/V molar ratios exceeded
40, respectively. The separation factors also increased to
high levels: 0‘1\\/]10 to approximately 45 and alm to
approximately 18. Thus, this macro chelating resin could
be utilized to effectively separate tungsten and vanadium
from high Mo/W or Mo/V molar ratio solutions.

3.2 Batch elution experiments
Elution experiments were conducted using mixed

saturated loading resins and eluents at ambient
temperature over various durations. The results showed
that tungsten and vanadium can be desorbed from the
resin using a 1 mol/L NaOH solution over 1 h period.

The desorption rates approached 99%.

3.3 Equilibrium adsorption isotherms

The experimental data from the equilibrium
adsorption isotherms are shown in Fig. 4. The
equilibrium adsorption capacities of W, V and Mo
increased with increasing metal concentrations. The
adsorption isotherm value for W and V was obviously
higher than that for Mo, which indicated a stronger
affinity of D403 toward W and V over Mo.
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Fig. 4 Ternary-component equilibrium adsorption of W, V and
Mo with D403 resin at pH 9.25 and 25 °C

To better understand the adsorption of these metals
in solution, Henry, Freundlich and Langmuir models
were used to fit the isotherm data. All three metals
followed the Freundlich model well (Fig. 5). And the
equilibrium equations are described in Table 1.
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Fig. 5 Freundlich isotherm plot of W, V and Mo on D403 resin

oF

The corresponding isotherm constants Kr and n
represent the sorption capacity and sorption intensity,
respectively [25], i.e., higher values of Ky and » indicate



Xian-zheng ZHU, et al/Trans. Nonferrous Met. Soc. China 27(2017) 2727-2732 2731

stronger D403 resin affinity. The D403 resin showed the
highest adsorption capacity for tungsten at Ky of 11.894
and the strongest affinity toward vanadium at »n value of
1.678.

Table 1 Fitted results of isotherm data

Component Equilibrium equation Ky n R’
Mo In 0=2.617In C-5.426  0.004  0.382 0.974
w In 0=0.729In C+2.476 11.894 1372 0.996
v In 0=0.596In C+2.258 9.564  1.678 0.986

3.4 Column experiments
3.4.1 Loading profiles in sodium molybdate system
Loading tests with sodium molybdate system were
conducted. The results are shown in Fig. 6. The resin
D403 showed greater affinities toward tungsten and
vanadium than molybdenum. As shown in the loading
profiles, the breakthrough volume of molybdenum was
80 mL. The adsorption of molybdenum quickly
approached equilibrium at approximately 180 mL and
was saturated when the C/C, ratio reached 1. Effluents
with residual traces of tungsten and vanadium were
obtained in solutions with Mo/W and Mo/V molar ratios
of 912 and 16500, respectively. The corresponding
removal ratios of tungsten and vanadium were 90% and
99.4%, respectively. Therefore, the D403 resin could be
utilized to effectively and simultaneously remove
tungsten and vanadium from molybdate solutions.
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Fig. 6 Loading profiles for sodium molybdate solutions (at
Mo/V and Mo/W molar ratios of 100)

3.4.2 Elution profiles in sodium system

The elution-column experiments were investigated
using 1 mol/L sodium hydroxide solutions. The results
are shown in Fig. 7. The elution tendency of these metals
was similar in solutions, and the concentrations of
tungsten, vanadium and molybdenum in effluents
reached peaks at approximately 60—80 mL. The average
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Fig. 7 Elution profiles for sodium molybdate solutions (at
Mo/V and Mo/W molar ratios of 100:1)

molar ratios in the effluent of W/Mo and V/Mo
approached 0.152 and 0.136, respectively, compared
with initial ratios of 0.01.

For the effluent solutions, amino anion exchangers
could be utilized to separate vanadium at pH level below
approximately 9.0 [18]. Then, the adsorption of tungsten
using a weakly basic anion exchange resin (D301) at
pH 7-7.5 could be performed [25]. Through this method,
a pure molybdate solution was obtained. Tungsten and
vanadium could then be obtained by resin elution.

4 Conclusions

1) A poly-hydroxyl chelating resin containing
meglumine groups was tested. The results showed that
vanadium and tungsten could be simultaneously and
effectively removed from molybdate solutions.

2) A series of batch experiments showed that the
D403 resin performed well in alkaline solutions at pH of
approximately 9.25. When the molar ratios of Mo/V and
Mo/W in the solutions exceeded 40, the separation
factors, al\\,llo and a&’o, exceeded 45 and 18,
respectively. This implied that the D403 resin had a
better affinity for vanadium and tungsten than
molybdenum. The desorption tests illustrated that
vanadium and tungsten were easily eluted from the resin
using 1 mol/L sodium hydroxide solution over 1 h.

3) The isotherm simulation results showed that all
three metals fitted well with the Freundlich model. The
sorption quantity Krof W was the highest at 11.894, and
the sorption intensity n of V was the highest at 1.678.
This further conformed that the D403 resin had the
strongest affinity towards V in alkaline solutions.

4) The column experiments further confirmed the
separation ability of the D403 resin in a sodium
molybdate system with the removal ratio of tungsten
surpassing 90% and that of vanadium of 99.4%.
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