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Abstract

A new metallurgical process via aeration for the decomposition of vanadium slag in
concentrated NaOH solutionwas proposed. The improvement of oxygen mass transfer
coefficient when using aeration at different NaOH concentration was studied and the effects
of critical reaction parameters on vanadium extraction were systematically investigated. The
optimal condition was determined to be: alkali concentration of 60%, reaction temperature
of 130 °C, alkali-to-ore mass ratio of 6:1, stirring speed of 500 rpm. The yield of vanadium
could reach to 97.41% after reacting for 6 h under this reaction condition. The reaction
temperature in this new method is 50-270 °C lower than the current liquid oxidation methods
reported in the literatures, and the medium alkaline concentration declined from 85% to 60%,
exhibiting significant advantages in energy consumption as well as reactor design. Kinetics
study indicated that the extraction of vanadium was governed by internal diffusion, and the
apparent activation energy was calculated to be 17.57 kd/mol.

1. Introduction

Vanadium and its compounds are widely used in many metallurgical industries (B. Liu et al.,
2013, H.-B. Liu et al., 2013). There are about 65 types of vanadium-containing minerals in
the world and the main raw material for vanadium extraction is titanomagnetite, accounting
for about 88% of vanadium production (Qiu et al., 2011). During steelmaking process using
titanomagnetite ores vanadium slag is formed and it is the direct source of vanadium
extraction (Wang et al., 2015). The vanadium slag is roasted with NaCl, Na2CO3, or
Na2S04 at 750-850 °C under an oxidation environment in a rotary kiln or a multiple hearth
furnace during the traditional vanadium production process (Voglauer et al., 2004). In order
to improve the low vanadium conversion rate of single roasting, multiple roasting processes
are applied, leading to the extensive consumption of energy. Furthermore, the sodium salts
are decomposed at the high temperature, emitting significant amount of exhausted gases to
the environment (B. Liu et al., 2013, H.-B. Liu et al., 2013; Wang et al., 2015). Many
improved roasting methods have been developed to improve the vanadium yield and reduce
the hazardous residue production by using calcium oxides to replace sodium salts as
additives (Li et al., 2011; Li et al., 2016; Yang et al., 2014; Zhang et al., 2015). But the
problems such as the low overall resource utilization efficiency, the high-energy
consumption and the severe environment pollution remain unsolved.



Recently, liquid-phase oxidation technologies have been developed to improve the
vanadium recovery and ease the environment pollution (B. Liu et al., 2013, H.-B. Liu et al.,
2013; Sun et al., 2009; Wang et al., 2015; Zhang et al., 2010). In the new processes, the
vanadium slag was treated in either the molten NaOH-NaNO3 medium or the highly
concentrated alkali metal hydroxide solution (known as the sub-moltenslat medium, SMS)
under oxidative conditions. Compared with the roasting method, the liquid-phase oxidation
occurred in a pseudo homogeneous media and the mass transfer efficiency is much higher
(Wang et al., 2014; Wang et al., 2015). Moreover, fundamental study showed that reactive
oxygen species (ROS) generated in the strong alkali liquid media due to the pyrolysis of
hydroxyl ions or nitrate ions (Sun et al., 2009; Zhang et al., 2010). The ROS could facilitate
the destruction of the mineral structure and intensify the oxidation of the low valence metal
oxides in the mineral (Sun et al., 2009; Wang et al., 2015). In the liquid-phase oxidation
methods, the vanadium slag can be decomposed at temperatures of 200—400 °C and the
vanadium extraction rate can reach 95% after reacting for 6 h. Further, no exhausted gas or
toxic tailings were discharged during the entire process. However, the high causticity of the
reaction medium (above 70% by weight of NaOH or KOH solutions) and high temperature
operation condition (above 200 °C) caused equipment corrosion and energy consumption
(Wang et al., 2015). Therefore, it is of great importance to develop new methods to decrease
the reaction temperature and alkali concentration so that the cost for vanadium production
using this new process can be lower down.

Oxygen is the main oxidant in liquid oxidation methods, and the increase in oxygen solubility
as well as mass transport in the reaction media is therefore critical for the improvement of
the reaction efficiency. An improved metallurgical process for chromium extraction was
proposed combing the SMS and pressurized leaching (Chen et al.,2013), and it was
discovered that under high pressure, the solubility of oxygen in sub-molten solution
increased, and consequently the chromium extraction rate.

Aeration is a well-established method to treat wastewater containing organics (Agarwal et
al., 2011; Loubiére et al., 2004). It was reported that aeration could promote the oxygen
dissolution, leading to a significant increase in the air bubble interfacial area and the mass
transfer co-efficient (Chern et al., 2001; Terasaka et al., 2011). Aeration can usually be
achieved by using rigid nozzles to form a large amount of small bubbles (micro bubbles),
and micro bubbles have extremely long stagnation time due to the much decreased
buoyancy. Because the bubble surface tension and further the bubble internal pressure,
which is the driving force for the oxygen dissolution, the oxygen in micro bubbles usually
dissolves fast into the media (Takahashi et al., 2003; Tsang et al., 2004). Most reported
applications of micro bubbles for wastewater treatment has been focused on the
improvement of gas-liquid mass transfer and contaminant removal effect. It was
demonstrated that free radicals generated through collapse of air micro bubbles in the
presence of a strong acid (Takahashi et al., 2007). Liu et al. discovered micro bubbles
enhanced oxygen transfer rate and contaminant removal in a coagulation floatation process
of dyeing wastewater (Liu et al., 2010). Chu et al. discovered that the micro bubbles
promoted the ozone mass transfer efficiency and further enhanced the soluble contaminant
removal of simulated dyestuff wastewater and practical textile wastewater (Chu et al., 2008).
Furthermore, a large number of researchers concluded that micro bubbles could accelerate
the formation of the free radicals during the ozonation process (Chu et al., 2007; Li et al.,
2009; Takahashi et al., 2007). However, micro bubbles used in hydrometallurgy have rarely
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been reported, especially in the high temperature and strong alkaline solutions like SMS. As
in the high alkaline solutions, the traditional micro bubble generator can't resist the corrosion,
the applications of the micro bubbles are only limited in the water purification. The goal of
this work was therefore to use a pure titanium microporous filter to study the effect of air
sparging on the vanadium extraction from vanadium slag. The intensification effects of
oxygen mass transfer due to aeration have been discussed, and the ef-fects of various
reaction parameters on the vanadium extraction were systematically investigated with
reaction kinetics being analyzed. The application of this microporous filter generating
microbubbles can also be used in other corrosion solutions both in acid and alkaline
solutions.

2. Materials and method

2.1. Minerals

The vanadium slag samples were obtained from Chengde Iron and Steel Group Co. Ltd.,
Hebei, China. Prior to the experiments, the sample was treated with ball-milling and dry-
sieved to the diameters between 38 pym to 45 ym. The chemical analysis of a typical sample
by ICP-OES was given in Table 1. The reagent sodium hydroxide employed in this work was
of analytical grade and purchased from Xilong Chemical Co. Ltd., Commercial pure oxygen
produced by Millennium Beijing gas scales center (Beijing) and ultra-pure water obtained
from Millipore were used in all experiments.

2.2. Experimental apparatus and procedure

All experiments were performed in a 500-mL stainless steel reactor of cylindrical shape
under atmospheric pressure with a stainless-steel cover, as illustrated schematically in Fig.
1. The system was equipped with a temperature controller (CKW-2200) with precision of +2
°C, a magnetic driven agitator (D-8401WZ) was applied to make the slurry suspended during
the experiments. To make up for the loss of water due to evaporation a peristaltic pump
(YZ1515X) was used to pump water into the reactor. The oxygen was introduced into the
system through a metal microporous filter connected with a gas cylinder, and the oxygen
flow rate was controlled by a flow meter.

Before each experiment, the microporous filter was washed with dilute hydrochloric acid and
deionized water sequentially to remove the impurities. A predetermined amount of NaOH
and deionized water was added to the reactor under constant stirring and homogeneous
medium was formed. The medium was heated to the predetermined temperature and the
vanadium slag was added to the reactor, meanwhile the oxygen was continuously
introduced using microporous filter. After certain reaction time, about 2 g of the reacting
slurry sample was taken out and diluted using 80 mL of deionized water, followed by filtration
and washing to obtain the residues for further analysis. After the reaction, the slurry was



diluted with deionized water and then filtered to obtain the leaching solution and leaching
cake for further analysis.

The vanadium extraction efficiency from vanadium slag was calculated using the following
equation:

X= (1—[C]r/[C]0) x 100% (1)
where [C]r and [C]O were the contents of vanadium in the residues obtained from the

reaction stage and that in the original vanadium slag, respectively.

Table 1. The chemical compositions of vanadium slag.

Component V505 (Cr,0; FeO MgO AlLO; SiO, MnO, TiO, CaO
Content, wt.% 102 415 4901 160 242 2021 522 1103 1.22
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Fig. 1. Schematic diagram of the experimental apparatus in this work. 1. Oxygen cylinder,
2. Oxygen pressure relief valve, 3. Flow meter, 4. Stand, 5. Oxygen introduction pipe with a
microporous filter, 6. Stirrer controller, 7. Peristaltic pump, 8. Thermocouple, 9. Cover, 10.
Reactor, 11. Push type impeller, 12. Temperature controller, 13. Furnace.



2.3. Analysis instruments

The composition of vanadium slag and residues were analyzed by ICP-OES (PE Optima
6300DV, PerkinElmer). The mineralogical phases of vanadium slag and residues were
examined with X-ray diffraction (Empyrean, PANalytical B.V). The SEM-EDS images of the
vanadium slag and the residues were obtained with SEM (JSM-7001F +INCA, JEOL)
equipment.

3. Results and discussion
3.1. Oxygen mass transfer coefficient in concentrated NaOH

In the concentrated NaOH solution, the vanadium slag can be oxidized to produce water
soluble sodium vanadate in the presence of oxygen, as shown below.

2

4oﬁ1Fe203 + 3H,0 + 2Na;VO, 2)

FeO - V,03 + 6NaOH + 5

From the above equation, it is indicated that the improvement of oxygen dissolution can
accelerate the vanadium extraction. To investigate the oxygen mass transfer under aeration
condition, the classic model for the analysis of surface aerators using the standard unsteady
state aeration test was selected, and described as follows (Chern et al., 2001):

dc K |
o = Kia(G—Go) (3)

where C is the dissolved oxygen concentration at time t, C'r is the saturated oxygen
concentration and KLa the volumetric mass-transfer coefficient for oxygen. Eq. (3) can be
readily integrated to yield the following expression for C as a function of time as shown in
Eq. (4) (ASCE,1997).

C=C—(C—Cy) exp(—Kyat) (4)

where Co is the original dissolved oxygen concentration at t = 0. The nonlinear regression
analysis based on the Gauss-Newton method is recommended by ASCE to fit equation to
the experimental data to calculate the KLa.



The concentration of dissolved oxygen in the solution was determined by an oxygen
solubility detector made by Hanna Instrument (HI98186), and the oxygen flow was
determined by the flow meter.

The KLa as a function of the alkali concentration was studied at the temperature of 30 °C
with the oxygen flow rate of 1 L/min, and the results were shown in Table 2. It was observed
from Table 2 that with the increase in alkali concentration, the oxygen mass transfer
coefficient decreased, which is due to the significant increase in the solution viscosity
increased with alkali concentration. Also, the microporous filter used can improve the oxygen
mass transfer coefficient. From 0 to 20%, the oxygen mass transfer with microporous filter
is three times compared with the oxygen mass transfer with regular tube. While from 30%—
35%, the oxygen mass transfer is almost 4 times.

Oxygen transfer is a critical part of wastewater treatment process and accounts of as much
as 60% of energy consumption in the activated sludge process (Bangalore and Bellmer,
2006). The improvement in oxygen transfer process can decrease the electrical energy in
the treatment process and save a significant capital cost. The effects of impurities in
wastewater on the oxygen transfer rate have been studied. Koide et al. (Koide et al., 1976)
reported that the volumetric mass-transfer coefficient decreased in the presence of
surfactants in water. Gurol and Nekouinaini (Gurol and Nekouinaini, 1985) found that the
volumetric mass-transfer coefficient decrease with the surface-active compound and
increase with the alcohol and carboxylic acid. Chern et al. (Chern et al., 2001) reported that
the addition of the impurities can reduce the oxygen transfer rate in the gas bubble zone
while surfactant and diatomaceous earth enhance the oxygen transfer rate in surface
reaeration zone. All the studies in the literatures used the ASCE oxygen mass transfer model
to evaluate the effect of impurities on the volumetric mass-transfer coefficient. In this study,
based on the ASCE analysis,we can draw the conclusion that the microporous filter used in
the system can greatly improve the oxygen mass transfer, especially in the high alkaline
concentration solution.

Table 2 Effect of the NaOH concentration on oxygen mass transfer.

NaOH concentration (%) Oxygen mass transfer (h~ ')

0 20 30 35
With regular tube 89.64 54.79 14.58 8.31
With microporous filter 212.04 165.02 70.74 38.12

3.2. Decomposition of vanadium slag with aeration under different conditions

3.2.1. Effect of microporous filter on vanadium extraction

The influence of aeration on the extraction process was first examined under the following
conditions: NaOH solution concentration 60 wt%, reaction temperature 130 °C, alkali to ore
mass ratio of 6:1, oxygen flow rate of 1.0 L/min, stirring speed of 500 rpm, ore particle size



is between 38 um to 45 uym, and the reaction time of 6 h. The extraction of vanadium using
microporous filter with different pore size from 20 to 100 um and regular tuber (diameter 6
mm) was summarized in Fig. 2.
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Fig. 2. Effect of the different microporous filter on the extraction of vanadium after 6 h.

As shown in Fig. 2, the extraction percentage of vanadium increased significantly when the
microporous filter was used, moreover, the vanadium extraction percentage increased when
the pore size of the microporous filter is decreased from 100 ym to 50 um, this is due to the
reason that the micro bubbles generated by the microporous is smaller with the 50 um
microfilter.(Burns et al., 1997) However, when the pore size of the microporous filter is 20
pMm, the vanadium extraction is lower, this is caused by the vanadium slag particles (38-45
pum) that can block the pore, which decrease the oxygen dissolution. Thus, the pore size of
50 um microporous filter was selected.

Enhanced by the self-compression and shrinking of bubbles, the oxygen micro bubbles
diffuse into reaction solutions through the interface. As the inside of the gas pressure is
increased with the decreased of the bubbles (AP = 40 / d, AP is the different pressure
between the inside and outside of a bubble, ois the surface tension, d is the spherical bubble
diameter), the oxygen mass transfer is much quicker (Takahashi et al., 2003; Tsang et al.,
2004). Moreover, the micro bubbles are proved to have large interfacial area concentration
per unit gas volume and low relative velocity between the bubbles and liquid phase (Maeda
et al., 2015), which therefore improve the efficiency of the vanadium oxidation.



3.2.2. Effect of alkali concentration

The influence of alkali concentration on the extraction process in aeration system was
studied under the following conditions: reaction temperature 130 °C, alkali to ore mass ratio
of 6:1, oxygen flow rate of 1.0 L/min, stirring speed of 500 rpm, ore particle size between 38
um to 45 ym, and the reaction time of 6 h. The extraction of vanadium over alkali
concentrations with time were summarized in Fig. 3.
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Fig. 3. Effect of the alkali concentration on the extraction of vanadium after 6 h.

From the results shown in Fig. 3, it is observed that when the alkali concentration increased
from 40 wt% to 60 wt% the extraction percentage of vanadium significant increased. The
reason for this is that the reaction activity of dissolved oxygen and the hydroxide ions
increases with alkali concentration goes up and thus the leaching speed is accelerated
(Pitzer, 1973). However, when the alkali concentration further increased from 60 wt% to 70
wt%, the extraction of vanadium decreased, this is due to the dramatic decrease in mass
transfer efficiency and the oxygen solubility when the alkaline concentration is too high at
low temperature (Mishima et al., 1996; Mishima et al., 1997), which is proved by our oxygen
transfer efficiency study. Thus, the alkali concentration of 60 wt% was selected.



3.2.3. Effect of reaction temperature

The effect of reaction temperature on the vanadium extraction process in aeration system
was studied in 60 wt% NaOH solution with an alkali to ore mass ratio of 6:1, an oxygen flow
rate of 1.0 L/min, a stirring speed of 500 rpm, an ore particle size between 38 ym to 45 uym,
and the reaction time to be 6 h. The results were presented in Fig. 4.
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Fig. 4. Effect of the reaction temperature on the extraction of vanadium after 6 h.

From Fig. 4 it can be shown that the extraction of vanadium increased as the temperature
increased from 100 °C to 130 °C, the reason for this is that higher temperature speeded up
the oxygen mass transfer for the decrease in medium viscosity. The boiling point of the 60
wt% alkaline solution is about 140 °C and it is not safe to operate at the boiling point
condition in industry process. As a result, the temperature of 130 °C was chosen for further
experiments.

3.2.4. Effect of alkali to ore mass ratio

The influence of alkali to ore mass ratio on the extraction rate of vanadium was investigated
at temperature of 130 °C under the conditions of alkali concentration 60 wt%, oxygen flow
1.0 L/min, stirring speed 500 rpm, and the ore particle size between 38 um to 45 pm. The
results were presented in Fig. 5.
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Fig. 5. Effect of alkali to ore mass ratio on the extraction of vanadium after 6 h.

As shown from Fig. 5, the extraction of vanadium increased dramatically with the alkali to
ore mass ratio increased from 3:1 to 6:1, which is due to the mass transfer efficiency
improvement and the minerals effectively mixed with the reaction medium with less
vanadium slag. Thus, an alkali to ore mass ratio of 6:1 was selected.

3.2.5. Effect of agitation

The impact of agitation was studied in 60 wt% NaOH solutions at 130 °C with an alkali to
ore ratio of 6:1, oxygen flow rate of 1 L/min, and the ore particle size between 38 ym to 45
pMm, and reaction time of 6 h. The results were presented in Fig. 6. When the stirring speed
was low, the mineral particles could not be sufficient for the mix of the oxygen and the
solution, and the increase in agitation could promote the extraction speed. However, as the
agitation was enough to overcome the mass transfer barrier for the reaction, further increase
in the stirring speed is not necessary. Thus, a stirring speed of 500 rpm was selected.

3.2.6. Summary

The extraction of vanadium showed an analogously parabolic characteristic with the alkali
concentration and reaction temperature increased, and the increase in the alkali to ore mass
ratio and stirring speed promoted the extraction process. The optimal reaction conditions
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was determined to be alkali concentration of 60 wt%, reaction temperature of 130 °C, alkali
to ore mass ratio of 6:1, stirring speed of 500 rpm, and the extraction percentages of
vanadium can reach 97.41% after reacting for 6 h.

Table 3 summarized the comparison of the aeration method with liquid-phase oxidation
methods reported in the literatures. We can see that the reaction medium concentration and
temperature in this new method were much better than those of reported in the literatures.

The process we presented here would be much easier to operate in practical application
with lower temperature and alkali concentration, and the equipment corrosion problem could
also be significantly alleviated.
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Fig. 6. Effect of stirring speed on the extraction of vanadium after 6 h.
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Table 3. Parameter comparison of typical liquid phase oxidation methods.

Media® T°(°C) ¢ ATOY Time (min) X° (%)
NaOH-NaNO; MS (Liu et al,, 2012) 400 100 2:1 360 93.7
NaOH SMS (Wang Dawei) 210 80 4:1 360 95
KOH SMS (H.-B. Liu et al., 2013) 180 75 41 300 95
This work 130 60 6:1 360 97

* MS and SMS represent molten salt and sub-molten salt, respectively.
b T represents temperature.

C represents the medium concentration.

ATO represents the alkali to ore mass ratio.

X represents the extraction of vanadium.

c
d

e

3.3. Kinetics analysis

The apparent activation energy and the reaction rate constant can be calculated with the
influence of temperature on vanadium slag decomposition. It is useful for reactor scale-up
and project exercise to know the apparent activation energy and the reaction rate constant.
Moreover, the decomposition mechanisms can be proposed according to this calculation.

In order to understand the micro-structure of the reacted vanadium slag, the polished
surface of the leaching residue was prepared and examined. The back scattered electron
image and the related EDS results of the residue's cross-section were given in Fig. 7 and
Table 4. The EDS results showed that the central part of the particle mainly consisted of Cr,
V, Fe, Mg and O, while in the outer-ring B the percentage of vanadium was 0.38%, which
was the reacted vanadium slag. At point C, the chromium remained to be 1.31%, suggesting
that the chromium in the surface layer of the vanadium slag was not reacted thoroughly. The
compositional change of the cross-section indicted that the solid product formed an ash
layer and became thicker leaching process proceeded.

The existence of the product layer had a strong effect on the reaction process, and it was
proposed that the vanadium dissolution process should be controlled by diffusion in the
reaction product layer(Sun et al., 2009).

Based on the former studies and the above analysis, we can draw the conclusion that the
alkaline leaching process of vanadium ore mostly followed the shrinking core model (B. Liu
etal., 2013; Wang et al., 2015). The reaction rate can be generally controlled by the following
step: diffusion of reactants through the medium (external diffusion) diffusion of reactants
through the ash layer (internal diffusion), or chemical reaction at the surface of the core of
un-reacted materials (surface reaction).

If the vanadium ore particles have a spherical geometry and the process is controlled by
external diffusion, the shrinking core model can be described as follows:
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x = kt (2)

When the surface reaction is the controlling step, the kinetics of the process is simplified as
follows:

1—(1—x)"/5 = ket (6)

If the internal diffusion is the controlling step, the kinetics of the process should be calculated
by the following equation:

1+2(1—x)—3(1—x)"/s = k4t (7)

Fig. 7. The back scattered electron image of the residue after reacting for 6 h
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Table 4. The compositions of the results determined on the cross-section of the residue.

Element percentage (%)

Element A B C

0 25.04 32.09 31.55
Na —~ 1.96 1.65
Mg 1.04 3.58 217
Al 1.56 0.68 3.56
Si 0.51 10.33 7.35
Ca —~ 1.42 1.8
Ti 114 418 7.41
\Y% 15.8 0.38 0.18
Cr 461 - 1.31
Mn 3.49 8.71 474
Fe 40.84 36.66 38.29

The experimental data were put into the above integral rate equations to evaluate the rate-
controlling step in the leaching process. The left equations were plotted with the leaching
time, and the dependency of these models on the kinetic data was evaluated using
correlation co-efficient values. The slopes of these plots were the apparent rate constants
(kr and ka).

3.3.1. Kinetics analysis of vanadium extraction

The rate-determining step of the extraction of vanadium from the vanadium slag was
studied, and the vanadium extraction rate at the temperature of 130 °C was fitted into the
above equations, and the results were shown in Fig. 8. From Fig. 8, Eq. (7) fitted the
experiment data perfectly with the R square correlation of 0.9956, thus the kinetics of the
vanadium extraction process was controlled by internal diffusion. The fitting of vanadium
extraction rates over time at various temperatures were also performed, and the results were
shown in Fig. 9 and Table 5.
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Fig. 8. Vanadium extraction kinetics with microporous filter at 130 °C.
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Fig. 9. Vanadium extraction kinetics with microporous filter at different temperatures.
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Table 5. Vanadium extraction kinetic parameters at different temperature.

Temperature/°C k R square correlation Rate-determining step
100 0.00202 0.9920 Internal diffusion
110 0.00214 0.9910 Internal diffusion
120 0.00270 0.9870 Internal diffusion
130 0.00299 0.9956 Internal diffusion

It can be seen from the Table 5 that the reaction rate constant k increases with an increase
in the reaction temperature, and the vanadium extraction process was governed by internal
diffusion at various temperatures, and therefore the vanadium extraction process could be
further optimized by adjusting the mass transfer. The oxygen mass transfer improvement
can apparently promote the vanadium extraction with the microporous filter application.

The apparent activation energy for vanadium extraction from the vanadium efficiency slag
can be calculated using the Arrhenius equation based on the analysis, and the result was
summarized in Fig. 10

B _Ea 1
Ink = InA X7 (8)

where k, Ea, A, R, and T are respectively the kinetics constant, the apparent activation
energy, the pre-exponential factor, the molar gas constant, and the Kelvin temperature.

From Fig. 10, the apparent activation energy for vanadium extraction from the vanadium
slag was determined to be 17.57 kd/mol, and the vanadium extraction kinetics equation
could be obtained by combing Eq. 7 and 8, as expressed by Eq. (9).

1+2(1—x)—3(1—x)"/s = exp(—0.567—2113.49/T) x t (9)
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Fig. 10. Arrhenius plot for the leaching process of vanadium slag with microporous filter.

4. Conclusion

A microporous filter introduced aeration system was applied in processing the vanadium
slag in concentrated NaOH solution. The oxygen mass transfer in alkaline concentration
was studied, and it was discovered that the oxygen mass transfer coefficient was decreased
with the alkaline concentration increased. Meanwhile, the microporous filter applied can
improve the oxygen mass transfer coefficient greatly, especially in the high alkaline
concentration. The reason for this is that the microporous filter can generate microbubbles,
and the oxygen mass transfer of microbubbles are enhanced by the self-compression and
shrinking.

To determine the best reaction conditions, various reaction parameters such as pore size of
the microporous filter, alkali concentration, reaction temperature, the alkali to ore mass ratio
and the stirring speed were studied, and it was discovered that under the best reaction
conditions of alkali concentration of 60 wt%, reaction temperature of 130 °C, alkali to ore
mass ratio of 6:1, stirring speed of 500 rpm, the extraction rate of vanadium could reach
97.41% after reacting for 6 h. It was further observed that the extraction rates of vanadium
showed an analogously parabolic characteristic with the increase in alkali concentration and
the temperature, and increased with the alkali to ore mass ratio and stirring speed.

The SEM results indicated that the leaching process followed a shrinking core model.
Kinetics calculation was studied. For the vanadium extraction process, the rate determining
step could be controlled by internal diffusion and the apparent activation was calculated to
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be 17.57 kJ/mol, which was much lower than the previous reports in the literatures. The
application of microporous filter for aeration in sub-molten solution could clearly improve the
oxygen mass transfer and increase the vanadium extraction efficiency based on our work.
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