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Abstract: A novel process of composite roasting with CaO/MgO and subsequent acid leaching was proposed to
improve the recovery rate of vanadium from Linz—Donawiz (LD) converter vanadium slag. The effects of the
MgO/(CaO+MgO) molar ratio and the roasting and leaching parameters on the recovery of vanadium were studied. The
results showed that the leaching efficiency of vanadium decreased from 88% to 81% when CaO was replaced
completely by MgO; however, it could be improved by roasting with the composite of CaO/MgO. The maximum
vanadium leaching efficiency of 94% was achieved under the optimum MgO/(CaO+MgO) mole ratio of 0.5:1. The
results from X-ray diffractometry (XRD) and scanning electron microscopy with energy-dispersive X-ray spectroscopy
(SEM-EDS) confirm that the formation rate of acid-soluble vanadates can be enhanced during roasting with the
composite of CaO/MgO and that the leaching kinetics can be accelerated owing to the suppression of calcium sulfate

precipitation.
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1 Introduction

Vanadium is widely used in various industries,
including steel, chemistry, aerospace, and medicine,
due to its excellent physicochemical properties [1,2].
Vanadium and its compounds originate mostly from
primary such as ore feedstock and
concentrates [3], secondary sources such as
metallurgical slags, and petroleum residues [4].
Among these, vanadium-bearing slag is the most
important source for vanadium, especially in China,
where it accounts for approximately 85% of the
vanadium production [5,6].

sources

The steps in the process of extracting
vanadium from vanadium slag include roasting,
leaching, purification of the aqueous solution, and
precipitation [7,8], of which roasting plays the most
crucial role in the whole process chain. The
objective of roasting is to convert the insoluble
vanadium oxide into water-soluble sodium vanadate
salts [9]. The primary and commercial approaches
that are currently used to extract vanadium from
vanadium slag are sodium salt roasting—water
leaching [10,11] and calcification roasting—acid
leaching [12]. Although sodium salt roasting is
a mature process and a vanadium recovery rate of
approximately 90% can be achieved [13], problems
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such as large-scale emission of corrosive gases
(HCl, Cl,, SO,, and SOs) [14], easy slag fusion
and agglomeration, and poor adaptability of raw
materials still exist [15]. As opposed to sodium salt
roasting, there are no hazardous gases and toxic
tailings discharged during the calcification roasting
process [16]. It shows obvious advantages in terms
of energy, environments, and mineral resource
utilization efficiency [17—19]. Several studies were
conducted based on the calcification roasting
process, including the effects of roasting
additives [20], roasting parameters [21], leaching
parameters [22], and the recovery efficiency of the
vanadium [23]. Unfortunately, the recovery rate of
vanadium components in the calcification roasting
process was apparently lower than that of the
sodium salt roasting process. In recent decades,
many new processes have been performed to
recover vanadium from vanadium-bearing converter
slag, such as manganese salt roasting—acid
leaching [24], microwave roasting [12], acid
leaching by electro-oxidation [14], and liquid-
oxidation [25]. However, only a few of these
processes are applied to industrial production owing
to economic reasons.

Roasting is a vital step in the vanadium
recovery process. Magnesium and calcium are
alkaline earth metals in the element periodic table,
and follow similar rules in the phase transition
during the high-temperature calcination process
MgO-V,05s and the CaO—V,O:s
systems. The reactions between CaO, MgO, and
V,0s in the process of oxidation roasting are
thermodynamically feasible, but the thermodynamic
advantage of MgO with V,0s is slightly weaker
than that of CaO with V,05 [26]. In the process of
roasting, the formation of vanadate depends on the
diffusion of ions in the solid phase. The radius of
the magnesium ion is smaller than that of the
calcium ion, resulting in a faster diffusion rate;
therefore, the kinetics of the roasting process can be
improved by adding MgO. As a result, the
conversion efficiency of vanadium is potentially
higher under the same roasting condition. In
addition, for the leaching process, based on the
characteristic that the solubility of magnesium
sulfate is much higher than that of calcium sulfate,
the precipitation of superfine calcium sulfate
around the roasted product can be partially avoided

between the

in the leaching process. Therefore, a novel process
to recover vanadium from vanadium slag, which
included the composite roasting with CaO/MgO,
and acid leaching, was proposed in the present
study.

2 Experimental

2.1 Materials

Vanadium slag provided by Panzhihua Iron
and Steel Group Corp (China) was used in this
study. Chemical composition of the vanadium slag
is mainly 15.29 wt.% V,0s, 14.38 wt.% TiO,, and
the main phases are Fe,TiO4, (Mn,Fe)(V,Cr),0y,
and Fe,SiO4 [27]. The samples were crushed,
ground, and sieved (with particle sizes <75 pm).
The CaO and MgO were analytically pure, with
purity greater than 99.9%. Deionized water was
used in the experiment. The commercial sulfuric
acid used was reagent grade with a concentration of
98% H,SO, (Chongqing Chuandong Chemical Co.,
Ltd.). All the other reagents and chemicals used
were of analytical reagent grade.

2.2 Procedure

A given amount of vanadium slag (20 g), and a
certain amount of CaO and MgO powders were first
mixed in a planetary ball mill (Retsch PM 100,
Germany) with a rotation speed of 200 r/min. The
milling was conducted in the air with a ball/mixture
mass ratio of 10:1. The total operation time was
5 min, with a 1 min break after every 2 min of
running.

In the roasting experiment, the milled samples
were placed in alumina crucibles and roasted in a
muftle furnace at 750—950 °C for 0.5—4.0 h under
the oxidation atmosphere. The roasted compounds
were characterized by X-ray diffractometry (XRD)
and scanning electron microscopy (SEM) after
cooling down to room temperature.

The leaching experiments were performed at
atmospheric pressure. A 500 mL three-necked
round-bottomed Pyrex flask equipped with a
thermometer, a mechanical stirrer, and a reflux
condenser was used as the batch reactor. The flask
was heated by a thermostatically controlled water
bath to reach and maintain the desired temperature
within +1 °C. A stirring speed of 200 r/min was
adopted to keep the slurry suspended during the
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leaching experiment. After a reaction time of
60 min, the slurry was filtrated to obtain the
leaching liquor and solid residues. The leaching
liquor was diluted to 500 mL in a volumetric flask
and chemically analyzed. The leaching residue was
filtered and dried in an oven at 105 °C for 24 h. The
leaching efficiency of vanadium was calculated by
the following equation:

n = 2PL00% (1)
myWo

where # represents the leaching efficiency of
vanadium (%), m is the mass of roasted slag (g), wo
is the mass fraction of vanadium in the roasted slag
(%), V1 is the volume of leaching liquor (L), and p,
is the mass concentration of vanadium in the
leaching liquor (g/L).

2.3 Characterization

The mineralogical compositions of vanadium
slag and leaching residue were characterized by a
powder X-ray diffractometer (PANalytical X’Pert
Powder, PANalytical B. V.).
concentration of the solutions was analyzed by
inductively coupled plasma optical emission
spectrometry (ICP—OES) (ICAP 6000, Thermo
Fisher Scientific, USA). An X-ray fluorescence
(XRF) spectrometer (Swiss ARL Advant’ XP"—405)
was employed to analyze the chemical composition
of leaching residue. The SEM observation with the
energy-dispersive  X-ray  spectroscopy (EDS)
analysis of samples was performed by using the
SEM (VEGA 3 LMH; TESCAN) equipped with an
Oxford EDS.

The vanadium

3 Results and discussion

3.1 Roasting
3.1.1 MgO/(CaO+MgO) molar ratio

According to our experiments, the maximum
vanadium recovery can be achieved by adding CaO
or MgO with CaO/V,05 or MgO/V,0s5 in a molar
ratio of 1.5:1. Therefore, the (CaO+MgO)/V,0s
molar ratio was maintained at 1.5:1 in all the
experiments. The effect of MgO/(CaO+MgO) molar
ratio was investigated with the ratio varying from 0
to 1:1 at a roasting temperature of 850 °C for 2 h.
After roasting, the samples were ground into
powders with the particle sizes <75 pm and then

leached in sulfuric acid with a constant pH of 2.5 at
leaching temperature of 50 °C, liquid/solid ratio of
20:1 (mL/g), and reaction time of 60 min.

Figure 1 shows the effect of MgO/(CaO+MgO)
molar ratio on the leaching efficiency of vanadium.
As evident from the results in Fig. 1, the leaching
efficiency of vanadium increased from 87.85% to
93.80% as the molar ratios of MgO/(CaO+MgO)
increased to 0.5:1, then sharply decreased to
approximately 81% as MgO/(CaO+MgO) molar
ratio continued to increase to 1:1. When only MgO
was added to the slag, thermodynamic conditions
were poor during roasting. When a composite of
CaO and MgO was wused instead, the
thermodynamic and the kinetic conditions of the
roasting process were improved. Based on these
results, subsequent experiments were conducted
with a MgO/(CaO+ MgO) molar ratio of 0.5:1.

100
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801 Roasting: 850 °C, 2 h;

Leaching: pH=2.5, L/S=20:1 (mL/g)
75+ <75 pm, 50 °C, 60 min

Leaching efficiency of V/%

70

0 0.'2:1 0.4I1:1 0.I6:1 O.é:l 1:1
Molar ratio of MgO/(CaO+MgO)

Fig. 1 Effect of MgO/(CaO+MgO) molar ratio on

leaching efficiency of vanadium

3.1.2 Roasting temperature

The effect of roasting temperature on the
leaching of vanadium slag was investigated in the
temperature range of 750 to 950 °C at a MgO/
(CaO+MgO) molar ratio of 0.5:1 and a fixed
roasting time of 2 h. As shown in Fig. 2, it is
clear that the leaching efficiency of vanadium
significantly increased with increasing temperature,
reached a maximum at 850°C, and then
dramatically decreased with the further increase in
temperature. The roasting temperature is a key
parameter for the extraction of vanadium. When the

roasting temperature is lower than 850 °C,
oxidation and conversion of vanadium become
insufficient. Conversely, when the roasting
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temperature is too high, vanadium would be
partially wrapped by glass phases that cannot be
effectively leached in the sulfuric acid solution [27].
Therefore, the optimal roasting temperature was
selected as 850 °C.
3.1.3 Roasting time

Roasting time is another important factor
that influences vanadium leaching. Low-valent
vanadium (V*" and V*) may not be completely
oxidized to V" in a short roasting time. The effect
of roasting time was be studied at 850 °C using five
different roasting times (0.5, 1, 2, 3, and 4 h).

As shown in Fig. 3, the leaching efficiency of
vanadium is greatly affected when the roasting time
is less than 2h. The leaching efficiency of
vanadium reaches 54.36%, 70.72%, and 93.80%
when roasted at 850°C for 0.5, 1, and 2 h,
respectively. However, no significant effect on the
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Roasting temperature/°C
Fig. 2 Effect of roasting temperature on leaching
efficiency of vanadium
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Fig. 3 Effect of roasting time on leaching efficiency of
vanadium

leaching efficiency of vanadium is observed with
additional roasting time. Instead, the leaching
efficiency of vanadium slightly decreases from
93.80% to 92.36% with an increase in the roasting
time from 2 to 4h. Generally speaking, long
roasting time is beneficial to the solid-state reaction
but leads to the fusion agglomeration of the samples.
As a result, the formation of vanadate would be
significantly controlled by the diffusion through the
solid layer. Furthermore, the leaching of the
vanadium can also be affected, because part of the
vanadate is surrounded by the low-melting phase.
For this reason, the subsequent experiments were
conducted at 850 °C for 2 h.

3.2 Leaching
3.2.1 Leaching temperature

As mentioned above, the optimal roasting
conditions occur at MgO/(CaO+MgO) molar ratio
of 0.5:1, roasting temperature of 850 °C, and time
of 2 h. The effect of leaching temperature on the
leaching efficiency of vanadium was tested in
the temperature range of 30 to 70 °C using a
liquid/solid ratio of 20:1 (mL/g), and the results are
shown in Fig. 4.
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5 Leaching: pH=2.5, L/S=20:1 (mL/g)
<75 pm, 60 min
70 . ' .
30 40 50 60 70

Leaching temperature/°C

Leaching efficiency of V/%

Fig. 4 Effect of leaching temperature on leaching
efficiency of vanadium

As shown in Fig. 4, the leaching efficiency of
vanadium is significantly affected by the leaching
temperature, clearly increasing as the temperature is
increased, reaching a maximum value of 93.80% at
50 °C, and then dramatically decreasing with the
further increase in temperature. The high leaching
temperature has a pronounced retarding effect on
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the reaction due to the hydrolysis of vanadium and
difficulties in internal diffusion. Calcium has been
reported to mainly precipitate as calcium sulfate
and exist in the residue [28]. The production of
CaSO, could prevent vanadate from dissolving,
resulting in a decline of the leaching efficiency of
vanadium [29]. In fact, the ion diffusion resistance
increases due to the encapsulation of calcium
sulfate during leaching, resulting in internal
diffusion-controlled leaching. Thus, a leaching
temperature of 50 °C was selected as optimum
temperature, and applied in the
experiments.
3.2.2 Liquid/solid ratio

The effect of the liquid/solid ratio on the
leaching of vanadium slag was examined using
four liquid/solid ratios of 5:1, 10:1, 15:1, and
20:1 (mL/g), while other conditions were kept the
same, as mentioned above. As expected, the results
shown in Fig. 5 affirm that the leaching efficiency
of vanadium is proportional to the liquid/solid ratio.
As the liquid/solid ratio increases from 5:1 to 20:1
(mL/g), the leaching efficiency of vanadium rapidly
increases from 73.63% to approximately 94%. As
the amount of solution per unit mass of vanadium
slag increases, the volume of filtrate increases,
leading to a high leaching efficiency of vanadium.
On the other hand, the kinetic rate of the multiphase
reaction depends on the concentration difference of
the reactants on both sides of the diffusion layer.
The greater the concentration difference is, the
faster the reaction rate is, and vice versa. Hence, as
the liquid/solid ratio increases, the concentration
difference increases, resulting in a better kinetic

subsequent

100

951

90 r

851

80+

Leaching efficiency of V/%

75+t Roasting: MgO/(CaO+MgO)

molar ratio 0.5:1, 850 °C, 2 h;

70 Leaching: pH=2.5, 50 °C, <75 um, 60 min
5:1 10:1 15:1 20:1 25:1

Liquid/solid ratio/(mL-g™")

Fig. 5§ Effect of liquid/solid ratio on leaching efficiency
of vanadium

condition of ion diffusion. In addition, the leaching
efficiency remains constant as the liquid/solid ratio
increases from 20:1 to 25:1 (mL/g), so continuing
to increase the liquid/solid ratio has little effect on
the improvement of leaching efficiency. Therefore,
the optimal liquid/solid ratio of 20:1 (mL/g) was
selected.
3.2.3 Particle size

The effect of particle size on the leaching of
vanadium slag was studied with the following four
ranges: 150—-300, 75—150, 50—75 and <50 pum, by
using the optimum conditions mentioned above.
The results given in Fig. 6 reveal that the leaching
efficiency of vanadium is inversely proportional to
the average initial diameter of the particles.
Approximately 81.81% and 93.80% leaching
efficiencies are achieved for the particle sizes of
150300 pm and <50 pm, respectively. The
specific surface area increases with the decrease in
particle size, resulting in an increase of the reactant
specific surface area between the slag particles and
the H,SO, solution, thus improving the reaction
efficiency. Hence, the optimal particle size of
<75 um was selected taken into account economy
and efficiency.
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molar ratio 0.5:1, 850 °C, 2 h;
75 Leaching: pH=2.5, L/S=20:1 (mL/g)
50 °C, 60 min

Leaching efficiency of V/%

75-150 50-75 <50
Particle size/um

70—
150-300

Fig. 6 Effect of particle size on leaching efficiency of
vanadium

3.2.4 Acidity

The effect of acidity on the leaching of
vanadium slag was performed using H,SO,, with
the pH varying from 2.0 to 4.0, at a leaching
temperature of 50 °C, liquid/solid ratio of
20:1 (mL/g), time of 60 min, and particle size
smaller than 75 um. The effect of acidity on the
leaching behavior of vanadium is shown in Fig. 7.
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Fig. 7 Effect of acidity on leaching efficiency of
vanadium

As shown in Fig. 7, the leaching efficiency of
vanadium is significantly increased from 36.95% at
a pH of 2.0 to 93.80% at a pH of 2.5, then slightly
decreased to 82.36% at a pH of 3.5, and finally
markedly decreased to 62.81% at a pH of 4.0. The
leaching efficiency of vanadium decreased with the
increase in pH, which can be attributed to the low
solubility of vanadium ions in a solution with low
acidity [30], and the formation of a crystal nucleus
of calcium sulfate [20]. Furthermore, the hydrolysis
of vanadium occurred more easily when the pH was
lower than 2.0, resulting in decreased leaching
efficiency of vanadium at a pH of 2.0 [31]. In view
of the above discussion, a moderate pH of 2.5 was
chosen as the optimum leaching acidity in the
current study.

3.3 Characterization of products

The XRD patterns of the vanadium slag
roasted with different MgO/(CaO+MgO) molar
ratios are shown in Fig. 8. The hematite (Fe,O3) and
pseudobrookite (Fe,TiOs) are the major phases after
roasting with different molar ratios of MgO/(CaO+
MgO). With the increase of MgO/(CaO+MgO)
molar ratio to 1:1, the diffraction peaks of Ca,V,0,
gradually decreased, while those of Mg,V,0;
increased. However, the diffraction peaks of
Mn,V,0; slightly increased with increasing
MgO/(CaO+MgO) molar ratios from zero to
0.5:1 and then decreased with higher MgO/
(CaO+MgO) molar ratios.
phase CasMg, V0,4 is found in the roasted sample

Furthermore, a new
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Fig. 8 XRD patterns of vanadium slag roasted
with different MgO/(CaO+MgO) molar ratios: (a) 0;
(b) 0.17:1; (¢) 0.33:1; (d) 0.5:1; (e) 0.67:1; (f) 0.83:1;
(g) 1:1

when the MgO/(CaO+MgO) molar ratio lies in the
range of 0.17:1 to 0.5:1. Other vanadates, such as
CaV,06, MgV,0¢, Ca3V,0sg, and Mg;V,0g, are not
found due to their low contents or poor crystallinity.

The XRD patterns of the leaching residue are
shown in Fig. 9. The major diffraction peaks
of the leaching residue are still hematite (Fe,O;)
and pseudobrookite (Fe,TiOs). However, the
diffraction peaks of vanadates (Ca,V,07;, Mg,V,0;
CasMg, V0,4, and Mn,V,07) are not observed for
the following reactions [19,24]:

C3.2V207+3H2804:

(VOZ)ZSO4+2CaSO4+3 Hzo (2)
Mg2V207+3stO4:

(VOQ)QSO4+2MgSO4+3H20 (3)
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Fig. 9 XRD patterns of leaching residues: (a) Single CaO;
(b) Single MgO; (c) MgO/(CaO+MgO) molar ratio of
0.5:1

CagMg4V6024+12HZSO4=
3(V0,),S0,4+5CaS0,+4MeSO,+12H,0  (4)
Mn2V207+2HQSO4=H4V207+2MnSO4 (5 )

The diffraction peaks of hydrated calcium
sulfate (CaS040.5H,0) are found in the leaching
residue of vanadium slag with the addition of single
CaO (as shown in Fig. 9(a). Both CaSO,40.5H,0
and CaSO42H,0O are detected in the leaching
residue of vanadium slag with the addition of CaO
and MgO (as shown in Fig. 9(c)). However, no
diffraction peak of hydrated calcium sulfate is
found in the leaching residue of vanadium slag with
full MgO, as shown in Fig. 9(b).

The chemical compositions of the represented
leaching residue are shown in Table 1. After
leaching, the content of V,0s in the leaching
residue significantly decreased to 2.25%, 3.35%,
and 0.52% for the samples roasted with CaO, MgO,
and the composite with MgO/(CaO+MgO) molar

Table 1 Chemical compositions of leaching residue (wt.%)
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ratio of 0.5:1, respectively. The content of S in the
leaching residue significantly decreased from
3.64% to 0.06% for the sample roasted with MgO.
This is attributed to the decrease in the formation of
hydrated calcium sulfate. However, no obvious
difference is observed in other components with
different additives.

Further evidence of the mechanism involved
during leaching of vanadium slag can be seen in
Fig. 10 and Table 2, which depict SEM images and
EDS analysis results, respectively, of the residue
obtained after 60 min leaching under the optimum
conditions mentioned above.

Different features are observed in the leaching
residue with different additives.
Figs. 10(a) and (b), there is a large number of
rod-shaped and spherical particles produced in the
leaching residue after adding single CaO. These
particles can be identified as calcium sulfate,
derived as an enrichment of O, Ca, and S at
Positions 3, 4, 5, and 15 (as presented in Table 2).
However, calcium sulfate is hardly produced when
only MgO is added, as shown in Figs. 10(c) and (d).
Small numbers sulfate particles
(Position 15) can also be found in the leaching
residue when adding the same molecular mass of
CaO and MgO, as shown in Figs. 10(e) and 10(f).
The main elements at Position 1 are Fe and O,
indicating that Fe,O; is the main phase in this

As shown in

of calcium

position. The iron enrichment accompanied by Si
and O at Positions 2, 7, 9, 11 and 14 can be
identified as fayalite.
Positions 6, 10, and 12 are O, Fe, and Ti, which can
be identified as pseudobrookite (Fe,TiOs). The
main elements at Positions 8 and 13 are O and Si,
thus revealing that the major phase is silica (SiO,).
It is known that the calcium sulfate formed during
the leaching process would be absorbed on the
surface of vanadium slag and block the pore
channel in the particles, which has a negative effect
on the leaching process. However, the leaching
efficiency of vanadium in vanadium slag with

The main elements at

Additive V,0s5 Fe,04 SiO, TiO, MgO CaO Al,O4 MnO Cr,03 S
CaO 2.25 40.03 19.54 14.05 2.14 8.12 3.03 5.12 1.51 3.64
MgO 3.35 41.72 20.92 15.35 7.83 1.07 3.84 3.53 1.76 0.06

MgO+CaO* 0.52 42.47 21.26 14.84 5.67 3.83 4.03 3.77 1.61 1.57

* Molar ratio of MgO/(CaO+MgO) is 0.5:1
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Fig. 10 SEM images of leaching residu
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with MgO/(CaO+MgO) molar ratio of 0.5:1

Table 2 EDS analysis results of leaching residue
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Position Element content/wt.% Phase

in Fig. 10 0O Si S Ca Ti Fe Mn
1 41.32 5.45 44.85 8.38 Hematite
2 15.82 15.7 5.52 62.95 Fayalite
3 61.75 11.96 13.99 12.3 Calcium sulfate
4 58.64 19.55 21.81 Calcium sulfate
5 65.22 14.89 19.89 Calcium sulfate
6 27.98 15.84 56.18 Pseudobrookite
7 61.94 29.34 8.73 Fayalite
8 50.29 49.71 Silica
9 8.66 9.4 81.94 Fayalite
10 49.39 2.81 16.73 31.07 Pseudobrookite
11 31.46 3.27 65.27 Fayalite
12 47.53 8.81 5.94 7.09 11.78 18.85 Pseudobrookite
13 58.14 41.86 Silica
14 33.39 5.2 61.41 Fayalite
15 58.22 6.36 15.65 19.78 Calcium sulfate
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single MgO addition is much lower than that with
single CaO. Therefore, there is strong evidence of
the benefits of calcium—magnesium salt for the
synergistic extraction of vanadium from the
vanadium slag.

4 Conclusions

(1) Full MgO roasting does not improve but
worsens the recovery of vanadium. However, the
leaching efficiency of vanadium increases with the
addition of MgO to a composite of CaO and MgO,
reaching a maximum at a MgO/(CaO+MgO) molar
ratio of 0.5:1, then dramatically decreases with
further addition of MgO.

(2) Both the roasting and leaching conditions
have a significant influence on the leaching of
vanadium slag. The leaching efficiency of
vanadium can reach approximately 94% under the
optimum roasting conditions of 850°C, 2h,
MgO/(CaO+Mg0O) molar ratio of 0.5:1;
leaching conditions of 50 °C, liquid/solid ratio 20:1
(mL/g), particle size <75 um, and a pH of 2.5.

(3) The XRD and SEM-EDS results
confirmed that the formation rate of acid-soluble
vanadates can be enhanced during roasting with the
composite of CaO/MgO and that the leaching
kinetics can be accelerated due to the suppression of
calcium sulfate precipitation.

and
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