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Abstract: A commercial process was developed to treat a Ca-based Mo—V residue generated in Mo processing plant. Vanadium was
selectively leached using acetic acid and recovered as iron vanadate by hydro process. Process conditions for selective V leaching
and iron vanadate precipitation were investigated. V recovery efficiency of 90.3% was achieved with a V content of 26.5% and an Fe
content of 29% in the iron vanadate cake suitable for ferrovanadium industry. The overall Mo recovery in the whole process was
98.6%. The obtained leach residue containing 14.3% Mo with negligible impurities can be used as a feed material for the Mo
production process or ferromolybdenum industry. This simple and economical process generates two product streams from a single
operation and has the potential to solve a long standing problem of handling such a mixed Mo—V residue.

Key words: iron vanadate; leaching; acetic acid; precipitation; ferrovanadium

1 Introduction

Vanadium is mainly used as an alloying element in
the steel industry as ferrovanadium, accounting for about
85% of the total V production. Other major applications
are in nonferrous alloys, mostly V-containing titanium
alloys and Ni-based super-alloys for aerospace industry,
as catalyst in the manufacture of sulphuric acid by the
contact process, ceramics and batteries [1,2].

The major secondary sources of V are sludges
generated during processing of bauxite ore by alumina
industry, waste catalyst of H,SO, manufacturing
industry, steel making slag, oil and coal residues, spent
catalysts, and uranium co-products. In addition to these,
V is also present in deposits of heavy crude oil produced
in countries like Canada, Venezuela, USA and its content
varies widely from 1 to 1500 mg (V)/kg (crude) [3.,4].
Hydro-treating of heavy crude oil using molybdenum-
based catalyst for the removal of impurities such as V,
Ni, Fe, S and N compounds by the oil producing
industries worldwide, generates waste catalyst materials
after prolonged usage. Such waste catalyst materials
generally contain 8%—12% Mo, 0.5%—3% V, 1%—3%
Ni/Co, 4%—8% S, 25%-30% Al,O; and rest
hydrocarbons depending on the crude oil origin and are

considered to be hazardous due to the presence of toxic
elements. At the same time, these are considered as
valuable sources due to the presence of Mo, V and Ni/Co
metal ions in high concentrations. These waste catalysts
are commercially used by different industries to recover
Mo as catalyst/chemical grade molybdenum compounds,
sulphur as sodium sulphate and finally alumina to
cement industry application. Various methods such as
leaching, precipitation, ion exchange and solvent
extraction (SX) are reported for the treatment of such
waste catalysts [5—9], in which two solutions are
generated: one is V-free but Mo-rich solution for further
processing to Mo compounds and the other is the
solution containing V and Mo.

Further treatment of the above Mo and V solution
with lime generates mixed cake containing 2%—5% V,
10%—15% Mo, 12%—17% Ca and other impurities such
as As, Co, Ni, P, SiO,, Al and Pb in variable quantities.
At present, this type of residue is not saleable due to the
presence of V as impurity for certain molybdenum
applications. So, this type of material is stockpiled in the
plant, thereby increasing the inventory cost. Processing
of such a source of V is of considerable interest in the
catalyst recycling industry to produce high-valued V
and Mo products. However, due to unpredictable
composition of such materials, technology and cost
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involved to treat such secondary resources are not well
defined in the literatures [8,10].

The most conventional method to treat vanadium-
bearing raw materials is the roasting at elevated
temperature in the presence of alkali metal salts (usually
NaCl, Na,CO; and Na,SO4) followed by water
leaching, purification and enrichment of leaching
solutions and finally recovery of vanadium as the desired
product [11—-13]. However, the conventional process
could be non-economical for low V content materials
since it is fuel-intensive and requires high temperature.
Also during water leaching, V and other elements such as
Mo and W were leached into the aqueous medium,
making the separation process complicated and less
effective. Considering iron vanadate synthesis by wet
chemistry processes, little information is reported and
even then it is conflicting.

Hence, the objective of the present study is to
develop an economical and commercially viable process
to treat a Ca-rich Mo—V residue to make both the
products saleable. In the first step, attempts were made to
treat such a material by selectively separating the V
value to the aqueous phase and transforming the residual
Mo cake to a saleable product. In the second step, the
V-rich leach liquor was treated to synthesize iron
vanadate for its further utilization in the making of
ferrovanadium [10]. In the present study, acetic acid and
ferric sulphate were used for selective V leaching and to
synthesize iron vanadate, respectively. Different process
parameters such as pH, temperature, time, pulp density
(PD) and reagent concentration were studied for selective
V leaching and iron vanadate precipitation. Product
quality with respect to impurities, V content, process
feasibility and applicability for ferrovanadium making
were discussed. The whole process was piloted in 1 kg
scale and finally, a flow sheet of the complete process
along with material balance was presented.

2 Aqueous chemistry of vanadium

The precipitation of inorganic V compounds is
considered to be difficult because V exhibits a complex
variety of speciation and oxidation states in aqueous
solution. Vanadium dissolved in aqueous solution mainly
exists in three different oxidation states i.e. +3, +4 and
+5 depending on solution pH, ¢ (potential) and V
concentration [14]. In solutions containing millimolar
and higher V°* concentration, the major species in
solution are various oligomers such as VO3, V,03,
V,0}5 , VsO5, V,,05% and VO} . Under acidic
condition with pH values ranging from 3 to 6, the
predominant oligomer is decavanadate, V,,0%5 having
a yellow-orange color; whereas below pH 3 the cationic
monomer, VO3, is the major species. From pH 6 to 10,

the major oligomeric species include V,03", V,0/;
and V,07; which are all colorless. Above pH 10, the
anionic monomer, VO?{ , is the favoured species [15].

3 Experimental

The raw material (Mo—V residue) used for this
work was collected from a plant site situated in the
western part of India. The chemical composition of the
Mo—V residue was analyzed to be 11.6% Mo, 3.2% V,
15.3% Ca along with impurities such as SiO,, P, Al, As
and Co (Table 1). Parts of Ca exist as free Ca(OH), and
CaSO,. This material was used as such for all further
experiments.

Table 1 Chemical composition of Mo—V residue (mass
fraction, %)

A\ Mo Ca SiO, P
32 11.6 15.3 0.32 0.26
As Al Co SOy~ Others

0.06 0.07 0.02 3.7 Bal.

All leaching and precipitation experiments were
performed in a glass reactor (1 L) covered with a lid
having three necks. The central neck was used to connect
a condenser with continuous water flow to avoid
evaporation loss. The other two necks were used for
reagent addition, pH and temperature measurement when
required. A magnetic stirrer fitted with a temperature
controlling thermostat maintained at an accuracy of
+1 °C, was employed for the stirring of solutions in
bench scale. For each run, 0.5 L leachant having
pre-determined concentration was charged into the
reaction flask and heated to the required temperature.
The residue was added to the flask after the attainment of
desired temperature. The contents were stirred at
300 r/min and the reaction time was counted after
addition of the solid. Except the temperature variation
experiments, all other experiments were carried out at
room temperature of (27+1) °C.

Vanadium precipitation experiments were carried
out by adding equal molar Fe'" concentration with
respect to vanadium present in the solution. The Fe®"
solution was added slowly through a burette. The pH of
the suspension was maintained at a desired value by
adding dilute H,SO,/NaOH. After complete addition of
Fe’" solution, the suspension solution was allowed for
different time intervals to determine the iron vanadate
conversion. All chemicals used were of analytical grade
supplied by BDH/Merck, India.

Metal concentration in the aqueous phase was
determined by ICP-OES (Spectro, Spectro Arcos) after
suitable dilution. The iron vanadate precipitate was
washed with deionized water to remove any residual
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sulphate and analyzed for its purity by dissolving in
suitable aqueous solution followed by ICP-OES
measurement.

4 Results and discussion

4.1 Leaching of Mo—V residue

Considering the unpredictable composition of the
raw material with respect to Mo, V and impurity
concentrations, the selective leaching of vanadium is one
of the critical and challenging step in this process.
Typically, such residue contains 2%—5% V and 10%—
15% Mo. Based on our preliminary tests and literatures
available [16,17], water soluble organic acid, i.e., acetic
acid was selected for the selective leaching of V. The
chemical reaction for vanadium leaching can be
expressed by the following equation:

Ca(V03),+2CH;COOH=2HVO;+Ca(CH;CO0), (1)

As per the above equation, stoichimetrically 1 mol
of acetic acid is required for 1 mole of V for quantitative
leaching. So, 1 g of V needs 1.17 g of acetic acid as per
the above mechanism.

The effect of pH in the range of 3.0—7.0 on V and
Mo leaching was studied keeping other experimental
parameters constant such as stoichiometric acetic acid,
temperature (27+1) °C, time 2 h and PD 20%. As shown
in Fig. 1, V and Mo leaching efficiencies increased
gradually from 76.6% to 95.3% and 0.9% to 7.3%,
respectively with decrease in pH from 7.0 to 3.0. Any
amount of Mo transferred to the V leach liquor is
considered as a loss and should be minimized.
Considering the fact that the Mo-rich residue is a sellable
product, special attention was paid to its purity and
composition. Taking into consideration Mo cake
composition, purity and V selective leachability, pH 6.0
was considered as ideal for V leaching. At this pH,
90.6% V was leached with a loss of 1.3% Mo.
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Fig. 1 Effect of pH on V and Mo leaching efficiencies (time 2 h,
temperature 27 °C, PD 20%, stoichiometric acetic acid
against V)

Table 2 shows the effects of time, temperature and
PD on leaching efficiencies of V and Mo. Considering
temperature effect on the V leaching efficiency, it was
observed that, V leaching efficiency increased marginally
from 90.6% to 93.8% by increasing leaching temperature
from 27 to 80 °C, whereas Mo loss increased from
1.29% to 4.74%. Considering the fact that, any amount
of Mo leached will increase impurity in V leach solution
coupled with operational simplicity and energy
efficiency, it was concluded that operating the leaching
process at room temperature (27+1) °C is the ideal option.
The effect of leaching time of 1-5 h on the V recovery
and Mo loss showed that leaching efficiency of V was
82.8% at 1 h, and it increased up to 90.6% at 2 h. Further
increase in reaction time up to 5 h resulted in
insignificant increase in V leaching efficiency up to
92.2% along with increased Mo loss from 0.86% to
3.45%. PD is an important parameter in the leaching
process that has significant impact on process economy.
Results presented in Table 2 show that there is hardly any
significant difference in leaching efficiencies of V and
Mo within a PD range of 20%—40% keeping other
parameters constant.

Table 2 Effects of temperature, time and PD on leaching
efficiencies of V and Mo at pH 6 and stoichiometric acetic acid

Leaching efficiency/%

Temperature/°C Time/h  PD/%

Mo
27 2 20 90.6 1.29
50 2 20 93.8 3.02
80 2 20 93.8 4.74
27 1 20 82.8 0.86
27 2 20 90.6 1.29
27 3 20 92.2 1.72
27 4 20 922 2.59
27 5 20 922 3.45
27 2 10 93.8 1.21
27 2 20 90.6 1.29
27 2 30 91.7 1.29
27 2 40 90.6 1.36

Considering process requirements and engineering
aspects, the optimum V leaching conditions derived from
the above experimental results were summarized as
follows: leaching temperature RT (27+1 °C), pH 6.0,
stoichiometric acetic acid against V, leaching time 2 h,
PD 30%. Under the above optimum leaching conditions,
the V leaching efficiency reached 91.7%, at the same
time Mo loss was 1.29%. The leaching behavior of
impurities such as As, P, SiO, and Co followed a pattern
similar to that of V. With the above condition, 84.6% P,
86.1% As, 89.6% SiO, and 80% Co were leached out to



P. C. ROUT, et al/Trans. Nonferrous Met. Soc. China 28(2018) 2368-2374 2371

the aqueous medium, giving a relatively clean solid
residue rich in Mo. The chemical analysis of a typical
Mo-cake is presented in Table 3. The Mo content in the
cake is 14.3% which has multiple applications including
as a feed material for the Mo processing plant.
Alternatively, this type of cake can be used as a Mo
source in ferromolybdenum production process.

Table 3 Chemical analysis of leach residue after V leaching

(mass fraction, %)
\' Mo Ca SiO, P As Al Co
033 143 188 0.04 0.05 0.01 0.08 0.005

The chemical analysis of the V-rich leach liquor is
shown in Table 4. As shown in Table 4, the concentration
of V in the leach liquor is 8.8 g/L having considerable
level of impurities such as 0.45 g/L. Mo, 0.86 g/L SiO,,
0.66 g/L P, 0.16 g/L As and 0.05 g/L Co. The solution
was further purified before vanadium recovery stage in
which the impurities such as SiO,, P, As and Co were
removed from the leach liquor by the standard procedure
reported in Ref. [18]. During this purification process, V
loss was negligible and most of Mo transferred to the V
leach liquor. The purified leach liquor concentration is
presented in Table 4. Considering the yellow-orange
color of the leach liquor, pH 6.0, and ¢ of 0.5 V, it was
assumed that V exists as pentavalent (V°") state in the
leach liquor [14].

Table 4 Vanadium leach liquor composition before and after
impurity removal ( g/L)
V. Mo SiO, P As Al Co

Condition

Before impurity
88 045 086 0.66 0.16 0.009 0.05
removal

After impurity
8.75 0.45 0.003 0.013 0.006 0.004 0.002
removal

4.2 Vanadium precipitation as iron vanadate

The recovery of V from the leached solution can be
done in a variety of ways. The choice of processing route
is based upon the form in which V is intended to be
recovered considering commercial aspects. Industrially,
ferrovanadium is produced by smelting a mixture of
vanadium oxide, aluminium, iron/iron oxide and lime.
The compound iron vanadate simply represents a joint
carrier of oxides of iron and vanadium (Fe,O3-V,0s) [13].
From this viewpoint, it appears that it will be an
attractive  proposition to produce such specific
compounds directly from the leach liquor that is suitable
for ferrovanadium preparation. As the synthesis of iron
vanadate was carried out by hydro-thermal process, the
content of V and the impurity profile in the cake are
more important than its chemical phase. However,

precipitation of V in the form of iron ortho-vanadate
(FeVO,) is preferred since this intermediate represents
essentially the career of more V compared with other
precipitated compounds.

4.2.1 Initial experiments on iron vanadate precipitation

Initial experiments for iron vanadate precipitation
were carried out by adding calculated quantity of ferric
salt as slurry into the V-rich leach liquor followed by pH
control by adding H,SO,4 or NaOH. The slurry was added
in a single lot. Under the best possible condition, the
precipitation efficiency of V reached only 78.5% with a
V content of 16.8% in the iron vanadate cake even
though 100% excess ferric salt was added for V
precipitation. Theoretically, V content in anhydrous
FeVO, is 29.8% having an Fe/V molar ratio of 1:1. The
reason for this low efficiency and lower V content in the
iron vanadate cake was probably due to the hydrolysis of
ferric salt as Fe(OH)s, thereby making Fe®" unavailable
for V precipitation.

Considering the above inefficiencies in the process,
experiments were designed to get an iron vanadate
having V content as close as to the theoretical figure by
modifying the reagent addition patterns such as Fe’" in
solution form, Fe*" concentration, addition time and pH
control.

4.2.2 Optimization of iron vanadate precipitation

Considering the solubility minimum of Fe’" and V°*
ions in the aqueous medium, a pH range of 1.0 to 5.5 was
chosen for iron vanadate precipitation keeping other
parameters constant such as, Fe/V molar ratio 1:1,
reaction temperature 50 °C and reaction time 3 h. The
precipitation efficiencies of Fe and V against pH are
presented in Fig. 2. Over all, V precipitation efficiency
reached the maximum at pH 2.0, below and above that
pH the efficiency decreased. However, Fe precipitation
efficiency increased up to pH 3.0, with insignificant
improvement up to pH 5.5. At pH 1.0, the efficiencies of
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Fig. 2 Effect of pH on precipitation efficiency of iron vanadate
(Fe/V molar ratio 1:1, temperature 50 °C, time 3 h)
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Fe and V precipitated were 16.3% and 68.8%,
respectively. This corresponds to absolute 1.5 g Fe and
5.9 g V going to the precipitate with an Fe/V molar ratio
of 0.24:1. This was closely matched with the chemical
analysis of the cake that contained 32.5% V and 8.3% Fe
representing an Fe/V mole ratio of 0.23:1. Since the Fe/V
molar ratio is less than that at pH 1.0, this implied the
precipitation of some other V compounds other than
iron vanadate and there may be the existence of
more than one species of V in the precipitate. Insoluble
V  compounds such as sodium polyvanadate
(xNa,O-yV,05-nH,0), Fe,V40;;3 and V,05-H,O would
be the possible V compounds precipitated at pH 1.0 [19].

Between pH 2.0 and 5.5, the V and Fe precipitation
mechanism looks different as compared to that at pH 1.0.
Considering the filtrate analysis, 98.2% V and 97.4% Fe
were precipitated at pH 2.0. V precipitation efficiency
decreased steadily when pH increased from 2.0 to 5.5
and reached 90.2% at pH 5.5, whereas Fe precipitation
efficiency was more than 99.8% in the pH range of
3.0-5.5. This corresponds to an Fe/V molar ratio of
0.99:1 at pH 2.0 and further increased up to 1.11:1 at pH
5.5. Considering the content of V in the cake and the
molar ratio of Fe/V, pH 2.0 was found to be ideal for iron
vanadate precipitation. The precipitation of Fe’ as
Fe(OH); when it comes in contact with the leach liquor
in the favorable pH region could be the reason for the
decreased V precipitation efficiency at higher pH.
Therefore, less amount of Fe®' is available in the solution
to make complex with V, thereby decreasing the V
precipitation efficiency. Other possible mechanism could
be that the precipitate formed at lower pH is gradually
transformed into iron oxide/hydroxide with the increase
of pH, as a result releasing V back into the solution.

The effects of time on iron vanadate precipitation at
pH 2.0 and 5.5 are presented in Figs. 3(a) and (b),
respectively, keeping other parameters constant such as
Fe/V molar ratio of 1:1 and temperature of 50 °C. When
vanadium precipitation was carried out at pH 2.0, both
Fe and V followed identical reaction kinetics with similar
precipitation efficiency throughout the studied time
period. For example, after 0.5 h of reaction 75.3% V and
79.6% Fe were precipitated, and they increased up to
93.4% for V and 95.5% for Fe after 1 h of reaction. The
kinetics slowed down afterwards and reached
precipitation efficiencies of 98.2% for V and 97.4% for
Fe after 3 h of reaction time. The results showed that V
was precipitated as an equimolar compound with iron.
This was further validated by the chemical analysis of
the cake that showed 26.5% V and 29.1% Fe, suggesting
an Fe/V molar ratio close to 1:1, confirming an iron
ortho-vanadate species.

When V precipitation was carried out at pH 5.5,
the results showed different precipitation mechanisms
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Fig. 3 Effect of time on precipitation of iron vanadate at
Fe/V molar ratio of 1:1, 50 °C and different pH: (a) pH 2.0;
(b)pH 5.5

compared to precipitation at pH 2.0. After reaction time
of 0.5 h, 99.6% Fe was precipitated against a V
precipitation efficiency of only 77.9%. Considering the
absolute V precipitated, the theoretical quantity of Fe to
be precipitated to produce iron ortho-vanadate precipitate
should be less than that of the Fe precipitated in this
condition. So, it was confirmed that some part of Fe
might be precipitated as iron hydroxide along with iron
vanadate. Between 0.5 and 3 h, there was hardly any Fe
available for V precipitation since more than 99.6% Fe
had already been precipitated within 0.5 h. On the other
hand, V precipitation continued slowly but steadily from
77.9% to 84% between 0.5 and 3 h. This phenomenon
can be best explained by the fact that freshly prepared
iron hydroxide is a good adsorbent for many metals. This
is supported by reported literature that V can be removed
from solution by iron hydroxide adsorbents by
inner-sphere surface complexation mechanism [20].
Overall, V precipitation in the presence of Fe followed
two different mechanisms. At lower pH, V was
precipitated by a chemical reaction with Fe; whereas at
higher pH, V precipitation followed both chemical and
surface adsorption mechanisms.

The effect of reaction temperature from 27 to 80 °C
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on V precipitation was studied at Fe/V molar ratio 1:1,
time 3 h and pH 2.0. The precipitation efficiencies of Fe
and V against temperature are presented in Fig. 4.
According to the results, V precipitation efficiency
almost remained constant at about 98% irrespective of
precipitation temperature. However, Fe precipitation
efficiency was 97.0% at 27 °C, 97.4% at 50 °C and
83.9% at 80 °C. The decrease in Fe precipitation
efficiency at 80 °C is probably due to the higher
solubility of iron vanadate at higher temperature. Soluble
V could be re-precipitated as V,0;s leaving behind Fe in
the solution due to its favorable pH and temperature
conditions [21].

100
X 96t
2
=]
i)
Q L
s 92
[}
=)
g
g 88 |
&
8
£ 84t
80 - - - -
0 20 40 60 80 100

Temperature/°C

Fig. 4 Effect of temperature on precipitation of iron vanadate at
Fe/V molar ratio 1:1, pH 2.0 and 3 h

Under optimum process conditions, substantial
quantity of iron vanadate cake was generated. The cake
contained 26.5% V and 29% Fe with negligible amount
of impurities which have application for ferrovanadium
production. A process flow diagram along with mass

:—@ching
|§|—» Mo-cake (800 g)

Acetic acid

Ferric
sulphate Iron vanadate
—| precipitation
Effluent treatment 1

2373

balance for Mo and V is presented in Fig. 5. On an input
of 1 kg raw material basis that contained absolute 32 g V
and 116 g Mo, the amount of Mo remaining in Mo-cake
was 114.4 g representing 98.6% Mo recovery. After
leaching and impurity removal, 3.3 L leach liquor was
obtained bearing 8.9 g/l V (Abs V: 29.4 g) which was
subjected to iron vanadate precipitation. To this leach
liquor, 177.5 g ferric sulphate containing 32.2 g Fe (Fe/V
molar ratio 1:1) was added according to the
pre-discussed pattern. The quantity of iron vanadate cake
obtained was 109 g having 26.5% V and 29% Fe. The
absolute amount of V transferred to iron vanadate cake
was 28.9 g, indicating an overall recovery of 90.3%.
Considering the value rendered from Mo and V by
processing such a residue, it was concluded that the
process is commercially feasible and economically
viable.

5 Conclusions

1) Vanadium was selectively leached leaving 98.7%
of Mo in the cake, which can be further utilized as a raw
material for Mo production process or direct sale to
Fe—Mo producing companies.

2) Precipitation efficiency of V was improved from
78.5% to 98.2% by modifying the reagent addition
pattern which is the key step during precipitation. As a
result, purity of V in iron vanadate was increased from
16.8% to 26.5% suitable for ferrovanadium applications
with an overall V recovery of 90.3%.

3) Mo recovery was 98.6% in the leach residue
which contained 14.3% Mo with negligible quantity of
impurities having multiple applications.

4) The novelty of the present process is the handling
of Mo—V residue generated from the post processing of

V:3.2%, Mo: 11.6% (1000 g raw material)
Abs V: 32 g (100%), Mo: 116 g (100%)

V: 0.33%, Mo: 14.3%
Abs V: 2.6 g (8.3%), Mo 114.4 g (98.6%)

plant (ETP) —@—» Iron vanadate cake (109 g)
Filtrate

Abs V: 0.5 g (1.5%)

V: 26.5%, Fe: 29%
Abs V: 28.9 g (90.3%)

Fig. 5 Process flow diagram for recovery of V and Mo from Mo—V residue
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high V-bearing waste catalyst to produce iron ortho-
vanadate and at the same time generating a saleable Mo
by-product, thereby making the process cost effective.

5) A flow diagram on 1 kg input basis with mass
balance for the above process was suggested.
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