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Abstract: The adsorption behavior of ion exchange resin D301 in the extraction of hexavalent molybdenum from high acidic leach
solution was investigated. SEM, EDS and Raman spectra analyses were applied to studying the adsorption capacity, reaction kinetics
and possible adsorption mechanism in detail. Results showed that the adsorption capacity of D301 resin for molybdenum from high
acidic leach solution was up to 463.63 mg/g. Results of the kinetic analysis indicated that the adsorption process was controlled by
the particle diffusion with the activation energy 25.47 kJ/mol (0.9—1.2 mm) and 20.38 kJ/mol (0.6—0.9 mm). Furthermore, the
molybdenum loaded on the resin could be eluted by using 2 mol/L ammonia hydroxide solution. Besides, dynamic continuous
column experiments verified direct extraction of molybdenum from acidic leach solutions by ion exchange resin D301 and the

upstream flow improved dynamic continuous absorption.

Key words: molybdenum; acidic leach solution; ion exchange resin; kinetics; continuous column adsorption

1 Introduction

In industry, molybdenite concentrate (MoS,) is the
main mineral (approximately 85%) of
molybdenum deposit for manufacturing molybdenum
downstream products, so it is widely used in the
commercial metallurgical processes [1—4]. In traditional
treatment of molybdenite, oxidation roasting followed
by ammonia leaching is employed to recover
molybdenum  [4-6]. limited by the
characteristics of mineral and process themselves, there
are still many unavoidable problems: volatilization loss
of MoQO;, low concentration of SO, and generation of
insoluble molybdate [7,8].

Aqueous pressure leaching of molybdenite con-
centrate with oxygen in neutral water and recovery of
dissolved molybdenum by ion exchange resin have
therefore become important in recent years as a
promising industrial process. This method is
characterized as simple medium, environment-friendly,

sources

However,

high recovery of molybdenum and technical feasibility.
In the leaching process, solid leaching residue and
residual acid solution are obtained. From the solid
residue, molybdenum can be easily separated by
subsequently leaching with ammonia solution and
precipitating as ammonium molybdate of commercial
grade. The residual acid solution produced in leaching
process dissolves valuable molybdenum and other non-
valuable metals [9—11].

So far, many methods have been developed for the
extraction of molybdenum from acidic solution, such as
chemical precipitation [12], solvent extraction [13—16]
and ion exchange [17-21]. Precipitating molybdenum
from acidic solution requires a large amount of alkali to
neutralize the acid in solution, which costs much and
may introduce other impurity ions. The operation of
solvent extraction is inconvenient in the commercial run.
During the past decade, the extraction of molybdenum
from solution by various ion exchange resins has also
been reported and the feasibility of extracting
molybdenum from solution has already been confirmed.
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NGUYEN and LEE [17] found that the best condition to
separate molybdenum and vanadium from sulfuric acid
solution was at pH lower than 1.2 and the loading of
molybdenum by AG1-x8 resin was nearly 0 at pH lower
than —1. According to Ref. [19], the adsorption of
molybdenum at pH 7.25 was nearly 200 mg/g by D301
resin. ZHANG et al [20] revealed that the loaded
molybdenum on resin could be displaced by tungstate
when the molybdenum and tungsten coexisted in the
solution at pH 7.25. However, many problems still
remain to limit the use of ion exchange resin. The study
of molybdenum extraction by various ion exchange
resins mainly focused on the pH value from 2 to 7
because molybdenum in this pH scope existed as
negative ion with multiple charge [19,20,22]. Although
PENG et al [23] proposed that at pH 0.68, molybdenum
could combine with SOi_ to form heteropoly acid
anion in acidic sulfate solution and therefore in this pH
range the molybdenum in solution could be recovered by
anion resin. But, the actual leach solution of aqueous
pressure leaching of molybdenite concentrate with
oxygen in neutral water was highly acidic and few
studies were conducted on the molybdenum extraction
by ion exchange resin in this pH range in actual leach
solution. Therefore, it is interesting and practical to study
the direct extraction of molybdenum from acidic leach
solution of molybdenite ore by ion exchange resin.

In this work, the separation of molybdenum and
other metals (Cu, Fe, Al and Mg) from the leach residual
solution was concerned. The objectives of this research
were to 1) find the optimum condition to extract
molybdenum from acidic solution in batch experiments;
2) study the adsorption kinetics of extraction of
molybdenum from acidic solution; 3) investigate the
desorption of molybdenum from the resin; and 4)
investigate the adsorption of molybdenum in column
experiments.

2 Experimental

2.1 Chemicals and ion exchange resin

The weak basic anion exchanger D301 (Tianjin
Nankai HECHENG S&T Co., Ltd., Tianjin, China) with
tertiary ammonium functional groups was used. The
physicochemical properties of resin are listed in Table 1.
Before use, the resin was first soaked in deionized water
for 24 h, and then treated with NaOH and HCI,
alternately, and rinsed with deionized water until the
eluate was at pH=7, finally the resin was dehydrated at
50 °C.

The actual leach solution of aqueous pressure
leaching with oxygen of molybdenum ore was used as
the feed solution, which mainly contained Mo, Fe, Mg,
Al and Cu. In addition to these metal elements, a large

number of non-metallic ions, H and SO2~, were also in
the solution. The concentrations of these components in
solution are shown in Table 2. The high acidic leach
solution was used without further treatment. All the
chemicals used in this study were of analytical reagent
grade.

Table 1 Properties of D301 resin

Property Detail
Structure Macroporous
Functional group —N(CHj),

Physical form White or light yellow spherical grain

Particle size (wet)/mm 0.315-1.25

Table 2 Concentrations of acidic leach solution of molybdenum
ore (g/L)

Mo Fe Mg Al Cu so¥ H"

1235 3.34 0.89 0.82 0.65 6237 145

* mol/L

2.2 Batch adsorption experiments

Batch experiments were carried out to study the
effect of liquor-to-resin ratio, grain size and temperature
on the adsorption of molybdenum. For each experimental
run, the leach solution was used as feed solution with
known doses of resin in a water-bath shaker at a constant
temperature. After the desired adsorption time, filtration
was conducted to separate the resin from solution. The
concentrations of molybdenum in the feed solution and
adsorbed solution were analyzed.

2.3 Kinetic experiments

For each kinetic experiment, 0.1 g of pretreated
resin was stirred in 60 mL of leach solution at a certain
temperature. The liquor-to-solid ratio was so large that
the molybdenum concentration in the solution could be
regarded as constant during adsorption to ensure the
infinite solution volume kinetic condition. After the
desired adsorption time, filtration was conducted to
separate the resin from the solution. Then, the resin was
rinsed to remove the ions on the resin surface. The
adsorbed molybdenum ions could be completely
desorbed by using 2.5 mol/L NaOH solution at 45 °C.
Therefore, such solution was used as desorption agent to
recovery Mo on the spent resin, and the concentration of
molybdenum in desorption solution was analyzed.

2.4 Column experiments

In column experiments, a glass column (d1.5 cm x
45 c¢cm) was used. 30 mL (1 bed volume) of the pretreated
resin was wet-packed into the glass column. The trials
were carried out at 25 °C with a constant flow rate of
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30 mL/h. The flow rate of the solution was controlled by
a pump. The effluent from the column was collected
periodically and the concentration of molybdenum was
analyzed.

2.5 Analysis and characterization

The concentration of molybdenum in the solution
was analyzed by using inductively coupled plasma-
optical emission spectrometer (PE Optima 5300DV,
PerkinElmer), and the extraction rate of molybdenum,
adsorption rate of molybdenum at a certain time in batch
experiments and kinetic experiments could be calculated
according to the following equations:

n=(Co—C,)/Cp*100% 1
q=(Co—C,)V/m (for batch experiments) 2)
q=C4Vy/m (for kinetic experiments) 3)

where # is the extraction rate of molybdenum, %; ¢ is the
amount of molybdenum adsorbed by the resin (mg/g); C
is the initial concentration of molybdenum (mg/mL); C,
is the concentration of molybdenum at time ¢ (mg/mL);
C. is the concentration of molybdenum at equilibrium
(mg/mL); V is the initial volume of molybdenum
solution (mL); Cy is the concentration of the desorption
solution; Vg is the volume of desorption solution (mL);
and m is the mass of the resin (g).

In order to explore the process of adsorption, the
adsorbed resin particles were dried at 65 °C, and then cut

from the middle to achieve symmetrical flat cross surface.

The morphology of cross surface and the distribution of
molybdenum along the diameter direction were analyzed
by a scanning electron microscopy (JSM—7610F) and an
X-ray electron dispersive spectroscopy (EDS).

3 Results and discussion

3.1 Selectivity of adsorption

Figure 1 presents the relationship between
adsorption amount of metal elements and the adsorption
time. From Fig. 1, it could be seen that the molybdenum
adsorption increased with the increase of the adsorption
time to near 463 mg/g. While the adsorption capacities of
Fe, Cu, Al and Mg were as low as 5 mg/g. Besides, the
adsorption capacities of Fe, Cu, Al and Mg did not
increase with the increase of time. Therefore, results
indicated that the resin could be used to recover
molybdenum from highly acidic leach solution.

3.2 Batch adsorption

Figure 2 shows the effect of liquor-to-resin ratio on
molybdenum extraction rate and adsorption amount of
resin. From Fig. 2(a), it was found that the absorption of
molybdenum increased with the increase of contact time.
In the initial 60 min, molybdenum extraction rate
increased sharply because of the large number of blank

adsorption sites on resin, after that the extraction rate
increased slowly, and became constant after 10 h.
Molybdenum extraction rate varied from 67.4% to 97.5%
with the increase of liquor-to-resin from 0.6/30 to 1.6/30.
Whilst Fig. 2(b) showed that in a certain amount of feed
solution, the adsorption amount of resin decreased from
416.25 to 225.72 mg/g with the increase of resin dosage,
resulting in the wastage of the resin.
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Fig. 1 Relationship between adsorption amount of metal
elements and adsorption time (Adsorption condition: feed
solution 30 mL, resin mass 0.1 g, grain size 0.9 to 1.2 mm,
55 °C and shaking rate 300 r/min)
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Fig. 2 Effect of liquor-to-resin ratio on molybdenum extraction

rate (a) and adsorption amount of resin (b) (Adsorption

condition: solution 30 mL, grain size 0.9—1.2 mm, 25 °C and
270 r/min)
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Figure 3 shows the effect of grain size of the resin
on molybdenum extraction rate and adsorption amount of
resin. As shown in Fig. 3(a), the grain size of the resin
significantly influenced the adsorption of molybdenum.
It was found that compared to the particle size of resin
between 0.9 to 1.2 mm, the molybdenum extraction rate
at particle size of resin between 0.6 to 0.9 mm after 10 h
adsorption increased from 77.04% to 84.78% when 0.8 g
resin was used for 30 mL feed solution. And with the
amount of smaller resin for 30 mL solution increasing to
1.2 g, the molybdenum extraction rate could reach
95.76%. Figure 3(b) shows that the adsorption amount
of resin was obviously improved by using smaller grain
size. It increased from 356.77 to 392.63 mg/g when 0.8 g
was used for 30 mL solution.
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Fig. 3 Effect of grain size of resin on molybdenum extraction

rate (a) and adsorption amount of resin (b) (Adsorption

condition: solution 30 mL, 25 °C and 270 r/min)

Figure 4 reveals the influence of temperature on
molybdenum adsorption rate and adsorption amount of
resin. The results demonstrated that an increase in
temperature both increased molybdenum extraction rate
and the adsorption amount of resin, and the significant
influence was mainly behaved on these two indexes in
the initial 3 h. After 10 h, the molybdenum extraction
rate and adsorption amount of resin at 25, 35 and 45 °C
were 95.76%, 97.47% and 99.3% and 295.66 mg/g,

300.95 mg/g and 306.6 mg/g, respectively. From the data,
we could find that the molybdenum extraction rate and
adsorption amount of resin at different temperatures did
not vary much. Besides, high temperature was not
economic to apply in industry. Therefore, room
temperature was chosen reasonably for adsorption
experiments.
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Fig. 4 Effect of temperature on molybdenum extraction rate (a)
and adsorption amount of resin (b) (Adsorption condition:
solution 30 mL, resin 1.2 g, grain size 0.6-0.9 mm and
270 r/min)

3.3 Adsorption Kinetics

Interruption experiment was carried out under
conditions of feed solution 40 mL, resin 0.5 g, 35 °C,
shaking rate 270 r/min and grain size of resin between
0.9 to 1.2 mm. After adsorption for a time, resins were
rapidly separated from the feed solution for a few
minutes. Then, the resins were reloaded in the solution
and the adsorption was resumed. Figure 5 shows the
variation on adsorption rate of molybdenum with time
during the interruption experiment. As shown in Fig. 5,
the slope of the adsorption curve after interruption was
much larger than that before interruption, suggesting that
the adsorption rate was faster after interruption. Such a
variation in adsorption rate could be attributed to the
slow diffusion rate in the resin particle. During the long
interruption, the molybdenum in particle diffusion layer
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gradually further diffused to the new adsorption surface
with the slow rate which increased the molybdenum
concentration gradient between the surface and the
internal of the resin. The acceleration of molybdenum
adsorption rate was caused by this increased
concentration gradient. Meanwhile, based on this slow
diffusion rate, we deduced that the rate-controlling step
of the adsorption process was particle diffusion.
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Adsorption time/min
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Fig. 5 Adsorption curve of resin in interruption experiment
(Adsorption condition: solution 40 mL, resin 0.5 g, 35 °C,
270 r/min and grain size of resin 0.9 to 1.2 mm)

It was a well-established fact that this kind of ionic
adsorption in aqueous system was a heterogeneous
process, and the adsorption occurred on the active
adsorption sites of the resin particles. In addition, the
shape of resin particles was supposed to be spherical
without volume variation. Hence, in the present study, a
shrinking particle model can be used to describe the
adsorption process. In shrinking particle model, there
were three simplified kinetic equations shown as below
when the rate-determining steps were different [24-26].

x=kit (Liquid boundary layer diffusion control) 4)
1-3(1—x)"*+2(1—x)=kpt (Particle diffusion control) (5)
1—(1—x)"=kgt (Surface reaction control) (6)

where x is the adsorption rate of molybdenum; £ is the
adsorption rate constant; and ¢ is the adsorption time.
Figure 6 presents adsorption curves of the resin with
the particles size of 0.9-1.2 mm and 0.6-0.9 mm,
respectively. According to Figs. 6(a) and (b), the increase
of temperature and the decrease of the resin particle size
were conducive to molybdenum adsorption. And to
understand the rate-determining steps of the
molybdenum adsorption process, the adsorption rates of
molybdenum at temperature from 25 to 55 °C were fitted
into the kinetic equation, with the results presented in
Figs. 6(c), (d) and Table 3. It was found that the data

obtained from the experiments fitted Eq. (5) perfectly
when the resin particle sizes were 0.9—1.2 mm and
0.6—0.9 mm, respectively. This result indicated that the
extraction rate of molybdenum in acidic leach solution
by resin was particle diffusion controlled. From Table 3,
it could be seen that the reaction rate constant & increased
from 0.00147 to 0.00386 min ', as the temperature
increased from 25 to 55 °C. Furthermore, with resin
particle size decreasing from 0.9—1.2 to 0.6—0.9 mm,
there was an obvious increment of the reaction rate
constant k. These kinetic results were consistent with
previous batch experimental results. The apparent
activation energy was calculated by using Eq. (7), and
the results were presented in Figs. 6(e) and (f).

In k = In A-E/(RT) @)

where k is the reaction rate constant; E, is the apparent
activation energy; A is the pre-exponential factor; R is
the molar gas constant; and 7 is the temperature.

The apparent activation energy values for the
extraction rate of molybdenum in acidic leach solution
by resin were calculated to be 25.47 and 20.38 kJ/mol,
when the resin particles sizes were 0.9-1.2 and
0.6-0.9 mm, respectively, indicating that reducing the
resin particle sizes could lower the activation energy
remarkably.

In order to understand the adsorption process of
molybdenum in acidic leach solution by resin intuitively,
the mineralogy and component analyses of the resin
particles in kinetics experiments were carried out by
using SEM and EDS as presented in Fig. 7. It was
observed that there were clear boundaries in the regions
of loaded, loading and unloaded molybdenum ions. As
the adsorption proceeded, the molybdenum ions in
solution gradually diffused into the resin particles
resulting in that the loaded and loading regions
broadened, and the unloaded region diminished. When
adsorption was completed, the resin particles were fully
loaded by molybdenum ions. Integrating the previous
adsorption kinetics study, the SEM and EDS analyses
were regarded as an important proof that the adsorption
process was particle diffusion controlled.

3.4 Adsorption mechanisms

Previous researches revealed that in strongly
acidic solution, molybdenum was in the form of
cationic species including MoO3", H¢Mo,0z" and
H;Mo00; [23,27], while impurity metal elements also
existed as cation, such as Fe'', Mg*, AI'" and Cu®,
indicating that molybdenum and other metal elements
could not be separated in strongly acidic solution by
cation exchanger. Figure 8 shows the Raman spectrum of
leach liquor, suggesting that absorption peaks emerged at
915-923, 953-956, 983—985 and 1054 cm ! confirmed
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Fig. 6 Adsorption curves of resin with particle sizes of 0.9—1.2 mm (a) and 0.6—0.9 mm (b) at different temperatures, plot of
1-3(1-x)**+2(1-x) vs time at various temperatures for molybdenum adsorption of resin with particle sizes of 0.9—1.2 mm (c) and
0.6—0.9 mm (d), and Arrhenius plots for molybdenum adsorption of resin with particle size 0.9—1.2 mm (e) and 0.6—0.9 mm (f)

Table 3 Kinetic parameters of molybdenum extraction

Resin size/mm Temperature/°C k/min”" R’ Rate-determining step

25 0.00147 0.995
35 0.00217 0.999

0.9-1.2 Particle diffusion
45 0.00275 0.998
55 0.00386 0.995
25 0.00201 0.997
35 0.00261 0.996 . o

0.6-0.9 Particle diffusion
45 0.00336 0.996
55 0.00413 0.996
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Fig. 7 SEM images (a, ¢, ¢) and EDS analyses (b, d, ) of adsorbed D301 particles at different contact time: (a, b) 30 min;

(c, d) 100 min; (e, f) 600 min

the existence of MoO3" , Mo 0%, , SO2~ and
HSO,, respectively [28—32]. However, the above batch
adsorption experiments showed that molybdenum ions
could be completely adsorbed by anion exchanger in
acidic solutions, suggesting that molybdenum ions
existed in an anionic form. Figure 9 presents the SEM
and EDS analyses of adsorbed D301 particles at
600 min. It could be seen that besides the molybdenum
ions the sulfur was also adsorbed. Therefore, it was
reasonable to deduce that the adsorption of MoO3" was

due to the generation of Mo00,(SO,);” for the
combination with SOZ_ [23].

3.5 Resin desorption

Generally, it was known that ammonium molybdate
was one of the most important molybdenum chemical
products. Thus, ammonia hydroxide was chosen as the
eluant for molybdenum from the loaded resin. The
concentration of ammonia hydroxide was varied to 2, 3,
4, 5 and 6 mol/L and the mass ratio of the loaded resin to
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ammonia hydroxide solution was kept at 2:3.15. The

083-985 temperature was kept at 30 °C. Figure 10 showed that the
1054 .

desorption rate of molybdenum reached 96% as the
concentration of ammonia hydroxide varied from 2 to
6 mol/L. By combining the SEM images of resin before
(Figs. 7(e) and (f)) and after (Fig. 11) elution, it could be
915-923 concluded that it was easy to elute from the resin with
ammonia hydroxide.
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Fig. 10 Desorption curve of loaded resin
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Fig. 9 SEM image (a) and EDS analyses (b, c¢) of adsorbed Fig. 11 SEM image (a) and EDS analysis (b) of resin after
D301 particles at 600 min elution
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3.6 Column adsorption experiments

Continuous column experiments were carried out
with the acidic leach solution. Figure 12 shows the
variation in the concentrations of metals with time. From
Fig. 12(a) it could be seen that in downstream
experiment, Fe, Mg, Al and Cu were detected in the
effluent after 1 bed volume, the concentrations of Fe, Mg,
Al and Cu increased speedily in the effluent and this was
soon the same as that in the feed solution, indicating that
the loading of Fe, Mg, Al and Cu was nearly zero and
these metals would remain in the effluent. While, the
breakthrough point for molybdenum occurred at 3 bed
volumes, which indicated that molybdenum could
separate from other metals in the solution by using this
ion exchange method. And according to this curve, the
loading capacity of the resin for molybdenum in this
condition was 142.83 mg/g. This value was much lower
than that of the batch experiment due to the short
residence time between the resin and the feed solution.
Therefore, upstream flow was employed to prolong the
residence time of the feed solution in the column. From
Fig. 12(b), it could be seen that the variation in the
concentrations of Fe, Mg, Al and Cu in the effluent was
the same as that of the downstream experiment,
suggesting that the resin did not adsorb Fe, Mg, Al and
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Fig. 12 Column adsorption curves in downstream (a) and
upstream (b) experiments of resin for Mo, Fe, Mg, Al and Cu

Cu. Moreover, the load of molybdenum was improved
dramatically. The breakthrough point occurred after 6
bed volumes of feed solution, and the loading capacity of
the resin for molybdenum in this condition was
285.66 mg/g.

4 Conclusions

1) The loading capacity of D301 resin for
molybdenum from high acidic leach solution was up to
463.63 mg/g.

2) The adsorption process was controlled by the
particle diffusion, and the activation energy decreased
from 25.47 to 20.38 kJ/mol, with the resin particle sizes
reducing from 0.9-1.2 mm to 0.6—0.9 mm.

3) The molybdenum in the loaded resin could be
eluted by the use of ammonia solution.

4) Continuous column experiments verified direct
extraction of molybdenum from acidic leach solutions by
ion exchange resin D301 and the upstream flow was
improved absorption.
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