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Abstract

The fundamental understanding of vanadium hydrometallurgy was developed in three
phases: vanadium (V) leaching, vanadium (III) oxidative leaching, and solvent extraction

of vanadium (V&IV).

In the first section, V,0s leaching was studied in three steps. First, vanadium leaching
and solubility of VO," at different pH’s and temperatures were investigated in sulfuric
acid. Secondly, the kinetics of vanadium leaching in pH 5 and pH 8 solutions, and the
reductive leaching of vanadium pentoxide using sodium sulfite were studied. It was
shown that the kinetics of acid leaching is rapid but suffers from low solubility of VO,"
in solution. Thirdly, the shrinking sphere model was employed to analyze the kinetics of

reductive leaching.

In the second step, V,0; oxidative leaching was studied from 30°C to 90°C in sulfuric
acid. This study has also been done in three different sections. First, the kinetics of
oxidative leaching using oxygen was investigated. It was shown that this oxidative
leaching is chemical reaction rate controlled with an activation energy of 69 kJ/mol. In
the next step, it was shown that the presence of ferric enhanced kinetics significantly.
Finally, oxidative leaching using a constant ferric-ferrous ratio from 1 to 300 was studied.
The addition of KMnQOy solution to the leach reactor was found to be a suitable oxidant
for controlling solution potential. The oxidation rate using the constant ferric-ferrous ratio
was very sensitive to temperature, with a large activation energy (38 kJ/mol) and the rate

was proportional to the Fe(IlT)/Fe(Il) concentration to the power of 0.47.
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In the third part, purification of synthetic vanadium-containing solutions using the solvent
extraction technique was investigated. Various solvent extractants have been tested for
vanadium recovery from acid leachates. One of the biggest problems for purification of
the vanadium solution is iron separation. Therefore, this research assesses selectivity of
vanadium over iron. The extraction of vanadium (V&IV), iron (III&I) with phosphinic
acid (CYANEX 272), phosphonic acid (IONQUEST 801), phosphoric acid (D2EHPA)
and phosphine oxide (CYANEX 923) extractants is reported. In addition, the extraction
reactions for vanadium (V) and (IV) extraction using CYANEX 923 and D2EHPA were

also studied.
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1 Introduction



1.1 History

In 1801, Manuel Del Rio discovered vanadium in a Mexican lead vanadate ore.
Vanadium metal was first produced in powder form by Roscoe in 1867-1869 by
reduction of vanadium dichloride with hydrogen. The first major application of vanadium
was in 1905 by Henry Ford who recognized the advantages of vanadium steel and

promoted its use in automobile construction (Habashi, 1998).

The beneficial addition of vanadium to iron and steel has maintained vanadium as an
industrially-important metal. Another major and important metallurgical application of
vanadium was developed in the 1950s and that was vanadium becoming the vital
constituent of the multi-component titanium alloys for aerospace applications. Other
applications such as catalysts, photo catalysts, biological applications and fuel cells have

increased the importance of vanadium recently (Radosevich, 2007)
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Figure 1.1. Consumption of vanadium in various end use categories (Habashi, 1998)



1.2 Properties of vanadium

Vanadium belongs to the group VB in the periodic table and is a body centered cubic

(bce) metal. Table 1.1 shows some important physical properties of vanadium.

Table 1.1. Physical properties of vanadium (Habashi, 1998)

Atomic number 23
Atomic weight 50.94
Density (g/cm’) 6.11
Melting point (°C) 1910
Boiling point (°C) 3409
Latent heat of fusion (KJ/mol) 16.74
Entropy (J/mol.K) 28.95

1.3 Primary and secondary sources and vanadium products

Vanadium is present in over 50 different minerals and is the 22" most abundant element
in the Earth’s crust (Moskalyk and Alfantazi, 2003). Vanadium is used in metal alloys
with iron to produce high-strength steels which have a wide range of uses, including
structural applications such as reinforcing bars in building and construction, gas and oil
pipelines, tool steel, the manufacturing of axles and crankshafts for the motor vehicle
industry, and in jet engines for the aircraft industry. Non-steel uses include welding and
alloys in nuclear engineering and superconductors. Other applications such as catalysts,
biological applications and fuel cells have increased the importance of vanadium
recently. To summarize, vanadium is known as an important element and it can be
anticipated that its importance will be expanded in the future because:

I- It is extremely important in the use of high-strength steel. High-strength, low-


http://www.wikinvest.com/industry/Construction

alloy steel uses very small amounts of vanadium. About 0.5% of vanadium
content approximately doubles the strength of steel and therefore could lead to
less use or weight of steel for sensitive applications. Therefore, the amount of iron
ore and energy consumption needed for the manufacturing of steel decreases as

well.

2- Besides all of its non-steel uses, vanadium may be used for mass storage redox
batteries. The only really good long-term, cost-effective solution for mass storage
energy is vanadium mass-storage batteries. The vanadium redox flow battery is a
type of rechargeable flow battery that employs vanadium ions in different
oxidation states to store chemical potential energy. The vanadium redox battery
exploits the ability of vanadium to exist in solution in four different oxidation
states and uses this property to make a battery that has just one electroactive
element instead of two. The main advantages of the vanadium redox battery are
that it can offer almost unlimited capacity simply by using larger storage tanks. It
can be left completely discharged for long periods with no ill effects, it can be
recharged simply by replacing the electrolyte if no power source is available to
charge it, and if the electrolytes are accidentally mixed, the battery suffers no
permanent damage. The main disadvantages with vanadium redox technology are
a relatively poor energy-to-volume ratio and the system complexity in comparison

with standard storage batteries.

As shown in Table 1.2, about 74 thousand tonnes per annum of vanadium are produced in

the world by different countries (http://minerals.usgs.gov).


http://en.wikipedia.org/wiki/Flow_battery
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Table 1.2. Vanadium world annual production by country (http://minerals.usgs.gov)

Country 2008 2009 2010 2011 2012
China (thousand tonnes) 26 29 32 36 39
United States (tonnes) 520 230 1060 590 272
Russia (thousand tonnes) 14.5 14.5 15 15 15
South Africa (thousand tonnes) 23.3 22.6 23.7 23.5 20
Total (thousand tonnes) 61.1 58 71 74 74

Japan, petroleum residues, ash

spent catalysts (tonne) 560 560 560 560 560

Grand total

(thousand tonnes) 62 59 72 74 74

Vanadium is a relatively abundant trace element and occurs in a large number of minerals
and deposits. Vanadium is not only produced from primary resources, but is also obtained
from secondary production, or processing of steelmaking slag, oil and coal residues,
spent catalysts and uranium co-products. Characteristics of vanadium in secondary
resources are completely different and depend on the sources (Das et al., 2007); the

average concentration of vanadium varies in different sources.

In addition of source variety, vanadium usage has been expanding to different industries,
such as the battery industry. This requires better understanding of the hydrometallurgy of
vanadium to overcome complexities involved in its recovery process. Therefore, building
a fundamental understanding for vanadium leaching and solvent extraction can help us to

plan for increased vanadium production from new and varied sources.



2 Literature review



2.1 Aqueous chemistry

The chemistry of vanadium in aqueous solutions is complex. The most common
oxidation states for vanadium are +2, +3, +4, and +5. In an aqueous system, the oxidation
state of vanadium can be +3, +4, and +5. The vanadium (II) oxidation state is not stable
in aqueous solutions. The redox potential of vanadium (II)q) is such that hydrogen ions

will be reduced to hydrogen (gas) and vanadium (III)(q) forms.

Since most of the vanadium products have been produced as vanadium (V), the most
important cation in the chemistry of vanadium production is VO,". Moreover, aqueous
vanadium (IV) exists in various ionic states depending on the pH including VO(H,0)s ™,
VO(OH)(H,0)", and the dimer, (VOOH),(H,0), . In this cationic form, which occurs
under acidic conditions, V (IV) is highly water-soluble. However, under mildly acidic
conditions, about pH 4, where it is largely non-ionic, it forms a hydrous oxide VO,.nH,O
(Ksp~107%), thus limiting the solution concentration to low values. Under basic
conditions, the oxide can be redissolved to form the anionic species (Tracey and Crans,

1998; Tracey et al., 2007).

Figure 2.1 is a diagram showing the equilibrium Eh-pH diagram for the vanadium-water
system. In this figure, five solid substances are considered (V, V,0,, V,03, V,04 and
V,0s). A total of 10 aqueous species appear on the diagram at the concentration level of
around 1 g/L vanadium species (V+2, v , V(OH)+2, VO+2, V409'2,V02+, H2V10028'4,

HV00257,V4012, V2077 (Pourbaix, 1949).



Eh.VOLTS

Figure 2.1. Stability relationships of vanadium ions and the compounds in aqueous media

at 25°C (Pourbaix, 1949)

Table 2.1 summarizes a variety of complex speciation and oxidation states in aqueous
solutions. Vanadium (V) exists in a series of polyanions such as decavanadate Vo0,
or metavanadate V4O,,", that are partially protonated according to the pH value.
Vanadium speciation in solution depends on its concentration and the pH value of

solution (Zeng and Yong Cheng, 2009).



Table 2.1. Characteristics of some vanadium species in aqueous solutions (Zeng and

Yong Cheng, 2009)

Oxidative state Species Medium Colour
v{n [V(H,0)] Acidic Purple
V(1) [V(H,0)e] Acidic Green
V({V) (O Acidic Blue

vo,* Acidic

V(V) vo,? pH>12.6 Achromaticity

V5,0, pH=9.6-10 Achromaticity
VO; pH=7-7.5

V;0,° pH=7-7.5 Achromaticity

V0" pH=7-7.5

V100ss”° pH=2-6.5 Orange-Red
VO, pH=1-2 Yellow

Olazabal et al (1992) presented the distribution diagram (Figure 2.2) of vanadium (V)
species in water as a function of the pH by computer simulation based on the ISP
software package. This program (made at the Royal Institute of Technology in Sweden)
solves the mass balance equations of the different components of a chemical system in
terms of equilibrium and stoichiometric formation constants. The cationic vanadium (V)

species is predominant at pH<2. Polynuclear anionic species are predominant in the range

2<pH<9, while mononuclear anionic species are the most important at pH>9.
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Figure 2.2. Vanadium speciation in water

concentration of 14.3 mM

pPH

as a function of pH with a total VO**

(Olazabal et al., 1992)

It is apparent from the account given above that vanadium has many chemical forms in

solution. The controlling of vanadium speciation by changing the pH is essential in the

processing of vanadium, especially in the purification and precipitation recovery steps.

Table 2.2 shows some available thermodynamic data of the aqueous species of vanadium

(V), (IV), and (III).
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Table 2.2. Thermodynamic data for aqueous vanadium species at standard state (Barner

and Scheueman, 1978; Evans and Garrels, 1958; Wanty and Goldhaber, 1992)

Formula AHs AG% >
(kJ/mol) (kJ/mol) (kJ/mol.K)
V (V)
VO, -649.8 -587 423
VO3 -888.3 -783.7 50
vO,> - -899.1 -
HVO,? 1159 -974.9 17
H,VO0,> -1174 1020.9 121
H;VO, - -1040.3 -
V,0;* - 1720 -
HV,0,? - -1792 -
H5;V,07 - -1864 .
V3047 - -2356 -
V40,7 - 23202 -
V10058 - -7675 -
HV 100~ -8694 -7708 1544
H,V 10025~ - -7729 -
VO,.H,0," - -746.4 -
VO.H,0," - -523.4 -
vV 1V)
VO™ -486.6 -446.4 -133.9
VOOH" - -657 -
(VOOH), ™ -1331 -
V404 - 22784 -
V (11D
v 259 2513 2230
vVO© - -451.8 -
VOH" - -471.9 -
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2.2 Leaching and metallurgical processes

There are many processes to treat vanadium raw materials. Figure 2.3 illustrates many of

the processes which have been used for the recovery of vanadium.

Source

V-containing product

Further treatment

Vanadium

_— ) Reduction Vanadium product
of the initial process process oxides
Uranium-vanadium
ore
> Add
—3 leaching —3  Alumino- Vanadium-
Arkansas ore I 1 > thermic » aluminum master
l process alloy
|daho phosphate V-containing [—
rock ferrophosphor Vanadium chemical |
products - Yilla t/ Ferrovanadium with
Spent catalysts y np  high vanadium
Electroalumino- content
N  thermic process —
Bawite Vanadium salt from ‘
dilute liquor Ly N
—] . ’_’ “»|Ferrovanadium with
I L» o dit
Titanomagnetite e _| Sodium salt —> wo::rt\:mmm
concentrate " roasting and
melting Reduction with
process > carbon in the
| solidstate |
| V-Containing fly ash ——
T Vanadium carbide,
N Vanadium
L A4 | carbonitride
Fueloil ———7~7—»  Boiler residues A
_— Vanadium chemical
Titanium- products Ly Direct electro-
contalning — e M » sill;omermlc
magnetite residues or cake e Vanadium-silicon-
iron alloy
N——
—>| V-containing slag P~
| -
Lt Nonmetallic
applications:
Direct Catalysts Salts
Pb-Zn-Cu Descloizite
vanadete ore: — i ——>  V-containing slag _,ielemoaluminn- —
L thermic process |

Figure 2.3. Treatment of vanadium raw materials (Habashi, 1998)

On the left side of this figure, the processes for primary vanadium recovery are shown.

Pyrometallurgy, hydrometallurgy, and pyro-hydro metallurgy methods have been used

for the recovery of vanadium. Since vanadium has a high melting point (1910°C),
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pyrometallurgy methods are not feasible to reduce vanadium oxide to elemental
vanadium. Hydrometallurgy and pyro-hydrometallurgy processes are popular methods to
extract vanadium from different resources. Either direct leaching as a hydrometallurgy
method or salt roasting and leaching together as a pyro-hydrometallurgy method has been
used for vanadium recovery. Salt roasting of vanadium oxides, which have low solubility,
make metavanadate phases, which have more solubility. All of the conditions for roasting
and acidic or basic leaching of different vanadium resources, as illustrated in Figure 2.3

will be discussed in this chapter.

2.2.1 Roasting
Salt-roasting changes the mineral of vanadium to an oxide anion in its maximum valence
state. Vanadium in the feed materials converts on roasting with a source of sodium under

oxidizing conditions to form soluble sodium salts (Gupta, 1992; Zhang et al., 2012):

2NaCl + O, + H,0 + V,03 = 2NaVO; + 2HCl (2.1)
Or
2NaCl + V,0s5 + H,O = 2NaVOs; + 2HCI (2.2)
Or
2NaCl + V,03+ 3/2 O, =2NaVOs; + Cl, (2.3)

The formation of sodium metavanadate by reaction 2.3 is slow; so, in practical
conditions, reaction 2.1 for the lower valent vanadium and reaction 2.2 for the

pentavalent vanadium oxide occur predominantly.
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Some other sources of sodium for salt roasting have been used such as sodium carbonate
and sodium sulfate (Gupta, 1992; Geyrhofer et al., 2003; Hukkanen and Walden, 1985;

Rohrmann, 1985):
Na2CO3 + V205 = 2NaVO3 + C02 (24)
Na2804 + V205 = 2NaV03 + SO3 (25)

In general, it can be mentioned that the temperature of salt roasting of vanadium due to
vanadium characteristics and additive reagent can be varied between 700°C and 1200°C.

Roasting can be done in a rotary kiln or multiple hearth furnace (Geyrhofer et al., 2003)

The role of roasting on the increasing of vanadium leaching efficiency from different
sources of vanadium has been shown in various reports. This happens because of

changing vanadium composition to the more soluble vanadium component.

Holloway and Etsell (2004) reported that the optimum roasting conditions for processing
"carbon-free'" ash from oil sands were determined to be 2 to 3 hours of roasting at 850°C
to 900°C with NaCl additions of 20 to 30%. This condition resulted in vanadium
extractions of 75 to 85% for all of the tested samples from Suncor's oil sands which
contained 2.86 to 3% V, Al, Ca, Fe, Mo, Ni, Si, Ti and different amount of carbon and
sulfur. Moreover, Li and Xie (2012) reported that increasing temperature from 500°C to
850°C increases vanadium recovery by leaching; however, it was revealed that increasing
the temperature to more than 850°C can decrease vanadium recovery because of

sintering.

'~ Carbon (and sulfur) were removed from the fly ash samples prior to salt roasting by heating as-received
fly ash at 500°C to constant weight in a muffle furnace
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However, Shelwit and Alibrahim (2006) reported more than 90%wt of sulfur and 60%wt
of vanadium could be extracted by the salt-roasting treatment using about 25%wt of NaCl
or Na,COs at a temperature of 400°C for 1 hour followed by Na,CO; leaching at a
temperature of 70-80°C. They used a low range of temperature for removing vanadium
from petroleum coke. This low range of temperature is generally not a suitable range for

vanadium roasting.

It was shown that increasing the temperature in the roasting of spent catalysts from
450°C to 800°C could lead to an increase of vanadium leaching from 45% to about 85%
(Chen et al., 2006). In addition, Tavakoli et al (2010) confirmed the significant effect of
temperature in the roasting of bottom ashes; moreover, they studied the effect of adding
sodium carbonate and sodium chloride as an additive for roasting and reported sodium

carbonate can increase vanadium recovery more than sodium chloride.

Table 2.3 shows the summary of the roasting conditions for vanadium recovery.

Table 2.3. Roasting condition for vanadium recovery

Additive Temperature Roasting
Material Additive amount (IZ, Q) Time References
(Y%owt) (Hours)

(Biswas et al., 1985; Chen

Vanadium Nljag 8 Bueno et al., 1981;
T 25-40 70 - 1100 1-3 Holloway and Etsell,
content Na,SOq4 .
| 2004; Tavakoli et al.,
(Rarely")

2009)

1 . . .
- Because of the cost of sodium sulfate and higher temperature needed for roasting compared other
additives
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2.2.2 Leaching

The methods of vanadium dissolution used in vanadium source processing include:

1- Water leaching of the salt-roasted vanadium source

2- Acid leaching of the salt-roasted vanadium source

3- Basic leaching of the salt-roasted vanadium source

4- Direct acid pressure or atmospheric leaching

5- Direct basic pressure or atmospheric leaching

Roasting of vanadium sources is an effective method for vanadium extraction; however,
roasting needs a high temperature and a lot of additives to make sodium metavanadate.

Therefore, there is a rational interest to dissolve vanadium directly.

The past reports for vanadium leaching and solvent extraction were studied carefully and

are summarized below.

2.2.2.1 Oil and combustion ashes

Fuel oil and petroleum coke burned in power stations produce two types of waste ash:
bottom ash and fly ash. The characteristics of ash depend on the type and origin of the
fuel used as well as the boiler conditions. Fly ash consists of inorganic, incombustible
matter and during combustion some of the components partially transform into a glassy,
amorphous structure. Fly and coal ashes damage the environment and cause some serious
human health problems. Some research (Cenni et al., 1998; Fernandez et al., 2003; Gavett
et al., 1997; Pritchard, 1996; Veranth et al., 2000) showed that inhaling fly ashes by mice

resulted in lung damage. On the other hand, fly ashes can be a good secondary resource
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for vanadium and nickel. As an example, it was reported that more than 420 tonnes of fly
ash that contains vanadium, nickel and magnesium is produced by Jordan power stations
every year (Abdel-latif, 2002; Al-Ghouti et al., 2011). The gross reserve of vanadium in
stone coal is 118 million tonnes in terms of V,0s in China, which accounts for more than

87% of the domestic reserve of vanadium (Lan Yao-Zhong, 2005; Zhu et al., 2010).

Okuwaki et al (1988) investigated vanadium recovery from electrostatic precipitator ash.
The vanadium extraction was 88% or greater with 0.5M H,SO4 at 60-90°C, with an

extraction time of 45 minutes and H,SOs as a reducing agent.

Akita et al (1995) reported that 22.7% of vanadium from oil fly ash was extracted by 2M
HCI at 50°C. The vanadium leaching efficiency was low in this case but Ni, Fe, Al and
Mg were also co-extracted. The reagents Na,COj;, (NH4),CO; and NH4Cl were then
tested for vanadium leaching. It was shown that 2M Na,CO; dissolves 60% of the
vanadium at 70°C after 7 hours while the leaching of other metals is suppressed. NH4Cl
leached nickel and magnesium preferentially and about 20% of vanadium was leached as
well. In the case of leaching by (NH4),COs; leaching, vanadium was not leached at all. It
seems that ammonium solutions cannot leach vanadium but alkaline solutions can leach

vanadium selectively.

Tsai and Tsai (1998) showed that the extraction of vanadium from fly ash in ammonia
water (around 40%) appears to be less than that of leaching in either 2M sulfuric acid or
2M sodium hydroxide (more than 90% at room temperature for 2 hours). They suggested

the two-stage leaching method for nickel and vanadium: in the first stage, the soluble
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nickel compounds are leached in an ammoniacal solution; in the second stage the residue

left from the extraction of nickel is leached in an alkaline solution to recover vanadium.

Figure 2.4 shows four kinds of fly ash (Table 2.4) leached in different concentrations of
sulfuric acid by Vitolo et al (2000). They showed that the yield of extraction increased
with the acidity of the leaching solution but it had a higher effect on samples B and C
than on A. In addition, the effect of liquid to solid ratio was studied. Generally, an
increase in the L/S ratio led to an increase in the extraction yield, however, different
behavior was observed in different samples. An increase in L/S from 2 to 3 mL/g had no
effect on the extraction yield of sample A, whilst an increase in the yield of 5% and
15.5% was observed for samples B and C respectively. This result may be related to the
wettability of the fly ashes, which decreases with carbonaceous fraction. This means that
a higher L/S ratio is necessary for ashes with a high carbonaceous fraction to ensure an
adequate contact between the solid and the liquid phases. They reported different
behaviours of vanadium leaching in different types of ashes in other research as well

(Vitolo et al., 2001; Vitolo et al., 2000).
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Table 2.4. The analysis of the used ashes (Vitolo et al., 2000)

Main constituents of the fly ashes (%wt)

Oil fly ashes
Orimulsion fly ashes
A B C
Moisture 1.9 09 1.5 52
C 33.1 39.6 79.1 7.1
Vv 2.6 33 1.3 11.7
Fe 35 39 4 0.6
Na 2.3 2.4 0.2 1.1
K 0.2 0.2 0.1 not revealed
Ni 1.3 1.2 0.7 2.5
Si 2.5 0.7 0.8 not revealed
Al 2.1 0.4 0.6 32
Ti 0.1 Traces Traces 0.1
12.6 11.3 11.6 13.2
P 0.1 0.1 0.1 traces
g 10 :
5 80 L] . . b
> w0 * . . .
S ] =] [e] ] ™ o] . o
.‘3 70 L ] Q °
o
£ e
B 4o/ heavyoil heavy oil heavy oil Orimulsion
= fly ash A fiyashB| | fiyashc| | ° fly ash
> 00 05 10 15 20 00 05 10 15 20 00 05 10 15 20 0.0 05 10 15 20 25 3.0

H,S0, (molarity)

Figure 2.4. Extraction yield of vanadium versus the molarity of the H,SO4 leaching
solution at room (white circles) and boiling temperature (black circles) with a liquid/solid

ratio of 3 mL/g (Vitolo et al., 2000)
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In other research, the mobility of water-soluble major and trace elements in six fly ashes
was studied at 90°C. They reported that the leaching rate of the different trace impurities
in the six different fly ashes can be sorted, in decreasing order, B > Mo = Se > Li >
Sr>2Cr>2As=Ba=Cd=V>Sn>Rb=Zn>Cu=Ni>Pb>U>C(Co>

Mn (Querol et al., 2001). It was shown by Choi et al (2002) that chemical composition of
the fly ashes is size-dependent for most elements. Some of the elements are associated
with the surfaces of particles and some others are incorporated in the glassy form.
Generally, the fractions incorporated in the glass matrix might be dissolved more slowly

compared with readily-leachable elements associated with surfaces.

Extraction of Egyptian boiler ash containing 20% vanadium was also considered by
pressure leaching and leaching following roasting. Amer (2002) compared pressure
leaching and pyro-hydrometallurgical treatment for extraction of vanadium. He claimed
consumption of sulfuric acid (10%) is cheaper than the amount of soda required for alkali
roasting (50%). In addition, the selectivity of the processing is achieved where both
vanadium and nickel are leached as sulfates while the other impurities which are mainly
represented by iron are precipitated as jarosite. However, leaching of vanadium after the
alkali roasting forms soluble sodium vanadate while the precipitate contains both the
nickel and iron which needs further techniques for nickel removal. So, the pyro-
hydrometallurgical approach is technically feasible, but it is not cost effective in
comparison to the pressure leaching because of the salt consumption, energy demanded,

and selectivity.

Guibal et al (2003) reported that both acidic and alkali leaching are effective for the
leaching of vanadium from fly ash. They reported almost the same recovery for high L/S
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ratios, while Navarro et al (2007) reported that extraction efficiency with the alkaline
procedure is lower than that reported with an acidic treatment. However, the alkaline
process is significantly better in terms of selective recovery of vanadium. Direct acid
leaching of vanadium from heavy oil and combustion ashes was studied. The researchers

investigated direct acid leaching and leached more than 75% of vanadium.

There is a wide range of contradictory results for the effect of additives on vanadium
leaching. It is claimed that both reductive and oxidative agents can increase leaching. Li
et al (2009) reported that more than 90% of vanadium from black shale was leached by
350 g/L sulfuric acid at 180°C with a liquid/solid ratio of 1.2 mL/g for 3 hours.
Moreover, the effect of FeSO4 as an additive was studied as a reducing agent and no
significant effect on vanadium leaching was reported while they reported that adding
FeSO, increased vanadium recovery by about 7.7% in another study (Li et al., 2010c).
However, NaClO as an oxidative agent on vanadium leaching in their paper in 2010 (Li
et al., 2010) was studied and it was shown that the recovery of vanadium increased from
80% to 85.1% by adding 1 g/L NaClO at 95°C, 87.5 g/L H,SO4, 15 g/L HF and a
liquid/solid ratio of 4 mL/g for 6 hours. Moreover, Chen et al (2010) studied the effect of
an additive reagent on vanadium ore (V,0s: 1.09%). They suggested MnO, and H,O;

could increase vanadium recovery by about 5% while FeSO4 decreased it by about 2%.

2.2.2.2 Spent catalysts

The petroleum refining industry and sulfuric acid plants are using some special catalysts
containing vanadium and molybdenum. These catalysts have limited life cycles, and after
utilization, are generated as spent catalysts (Kar et al., 2005). This kind of spent catalyst

forms an important secondary source of many valuable metals. A spent hydro-refining

21



catalyst mainly consists of 10-30% Mo, 0—-12% V,0s, 0.5-6% NiO, 6—8% CaO, 8-12%
S, 10-12% carbon and the balance is Al,O; (Marafi and Stanislaus, 2003; Sun et al.,

1998; Sun et al., 2001).

There are two main routes to process spent catalysts in the acid stage. One is direct acid
leaching under pressure or high temperature; the other one is roasting around a
temperature of 500-700°C followed by acid leaching with or without pressure and high
temperature. Pre-treatments of the recovery processes such as roasting and washing the
catalysts have been used to remove sulfur and carbon from the catalysts and increase the
recovery. In direct leaching, sulfuric, hydrochloric, and nitric acids and some organic
acids such as oxalic and citric acids are used for leaching-spent catalysts. Some solvents
such as oxalic and citric acid were used as a complexing agent to selectively extract
vanadium from the spent catalyst (Lee et al., 1992). The same amount of vanadium
extraction for both oxalic and citric leaching was reported, however, it was revealed that
citric acid is not as selective as oxalic acid for vanadium over molybdenum and nickel.
Dilute sulfuric acid leaching usually gave low recoveries of metal values of spent
catalysts. Biswas et al (1985) investigated the effects of the temperature and the flowing
gas on the leaching of spent catalysts in water after salt roasting at 850°C. Table 2.5

shows that more than 80% of vanadium was leached at 100°C.
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Table 2.5. Percentage of materials dissolved on water leaching of roasted catalysts
(Leaching time lhour; roasting temperature 850°C; gas flow rate during 1 I L/minute;

water vapour pressure 0.253 bar; S/L ratio 1/10.66 g/mL) (Biswas et al., 1985)

Flow Leaching Percentage of material dissolved
Temperature
gas ©C) % Mo Al Co Ni
N, 100 81.85 81.78 0.25 0.05 0.31
N» 80 78.52 73.9 0.25 0.04 0.18
N» 52 76.54 65.1 0.22 0.09 0.12
N» 35 69.2 58.05 0.22 0.08 0.1
Air 100 70.32 65.7 0.42 0.13 3.33
H, 100 14.95 63.66 1.47 0.15 1.8

Figure 2.5 summarized all of the processes which have been used for acidic vanadium

leaching from spent catalysts.

Spent HDS catalysts
Bulk Leaching

Roasting/Leaching ¢ H
Roasting ; :
Direct leaching Retorting Leaching
— - e
Under steam Oxalic acid
1 Roasting
Leaching Leaching !
O Dilute H,SO,4/Pressure ; H
Concentrated H,SO, i 580, : : Leaching

Leaching Leaching Gitric acid

Leaching Leaching Concentrated HCI Dilute H,SO4/H,0 »

™ Dilute H:SO/H,0, ’ Ehlite Has0uf Resid i Residue &
R Temperature esicue =
Roasting  ToNi/Cov s ToNi/Co
Leaching Leaching DD Caustic recovery To V recovery
HCI Concentrated H,S0, l recovery
i Leaching oMY
- : 0 Mo/V recovery
Leaching Leaching
H,504, Al(SOy4); Hot concentrated HCI

To Mo recovery

Figure 2.5. Metallurgical processes for spent HDS catalysts involving acid leaching
(Zeng and Cheng, 2009)
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Figure 2.6 illustrates the processes for spent HDS catalysts (Hydrodesulfurization)
involving caustic leaching. Alkali leaching can be used for HDS catalysts. It also
dissolves some aluminum but leaves nickel, cobalt, and iron in the residue to some

degree.

Spent HDS catalysts

v

Roasting/Leaching Direct Leaching

L

8 To Mo/V recovery

l
! v v
Leaching Leaching Leaching

; Leaching Dilute caustic Concentrated caustic NaOH/NaAlO,
Smelting

NH,),CO
| (NHCO; g . l

To Mo/V recovery

4
To Mo/V recovery

Acid Leaching Acid Leaching

To Ni/Co recovery

To Ni/Co recovery To Al recovery

Figure 2.6. Metallurgical processes for spent HDS catalysts involving caustic leaching

(Zeng and Cheng, 2009)

In the case of roasting/leaching, Villareal et al (1999) used the spent petroleum catalyst
containing 27.28% V,0s and 1.92% MoOs to recover vanadium and molybdenum. After
some pre-treatment procedures such as washing by ethanol and heating for 24 hours at
450°C to remove carbon and sulfur, vanadium and molybdenum leaching was tested by
NaOH and NH;. It was shown that both solvents can leach vanadium more than 90% at
temperatures around 95°C. In addition, they concluded that an NHj3 solution is more
useful for the selective extraction of vanadium than NaOH. Moreover, Chen et al (2006)
reported that more than 90% of vanadium and molybdenum could be extracted by

roasting with sodium carbonate at 750°C followed by caustic leaching at a pH of 10.5.
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The main routes for direct leaching, which are dilute, or concentrated atmospheric or
pressure leaching were studied as well. Yasuhara (1982) could leach over 95% of
vanadium with a 4% caustic solution in an autoclave while Grzechowiak et al (1987)
used a high sulfuric acid concentration and high temperature (around 180°C) to leach that

amount of vanadium.

In the case of NaOH/NaAlQ,, leaching was performed at high temperature in the range of
150-250°C and sodium aluminate was used to convert molybdenum and vanadium to

sodium molybdate and sodium vanadate (Wiewiorowski et al., 1986).

Mishra et al (2010) tried to compare alkali leaching using (NH4),CO3 and acidic leaching
by H,SO4. They reported that 20 g/L. of (NH4),COj3 can leach 34% of vanadium while 20
g/L of sulfuric acid can extract 60% of vanadium at a temperature of 30°C, pulp density
10% (w/v) for 1 hour. They also observed that the kinetics of dissolution of vanadium
increased by increasing the pulp density from 10 to 40% but they did not mention any

reason for this result.

Moreover, there are many other resources for vanadium production from primary
vanadium ores (Gupta and Krishanmurphy, 1992). A similar technique for vanadium
production has been applied for these different resources. As an example, carnotite
(K2(UO2)2(VO4)2:3H,0) can be considered for vanadium and uranium production. This
ore is mostly found in United States, Australia, Congo and Kazakhstan
(www.wikipedia.org). Both roasting-leaching and direct leaching using caustic or acidic
solution have been tried for leaching of this kind of ore. It seems that high recovery of

uranium and vanadium in leaching was obtained using different methods; however, the
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problem is separation of uranium and vanadium in the solution (Fischer, 1942). Different
methods such ion exchange for removing uranium (Bibler, 1990), selective loading using
different extractants such as amines and D2EHPA (El-Enein et. al., 2014) or selective
stripping after loading by D2EHPA (Crouse and Brown, 1959) have been offered to

complete the flowsheet.

2.2.2.3 Kinetic studies

Few researches have been reported to investigate the kinetics of vanadium leaching.
Aarabi et al (2010) studied the kinetics of vanadium leaching from an LD (Linz—
Donawitz) converter slag of a steelmaking plant. Based on their kinetic results, two
leaching stages for vanadium leaching were reported. During stage one (the first 15
minutes), a sharp increase in the amount of vanadium extracted was observed (fast
leaching rate) and during stage two (more than 30 minutes), a slower leaching rate was
encountered. The rate of leaching of vanadium is controlled by chemical reaction at low
temperature whereas it is controlled by diffusion through the solid product layer at higher
temperature. Amer (1994) showed that the most favorable conditions for the extraction of
95% of the vanadium present as vanadium trioxide in the black shale are: temperature
180°C, acid concentration 10% by weight, grain size 61-88 um and leaching time 40
minutes. It was indicated that the kinetics of vanadium dissolution is under mixed control
and the overall activation energy of the reaction was reported around 30 kJ/mol. Li et al
(2012) observed that oxidative conditions can increase leaching efficiency from black
shale containing a mixture of vanadium (V) and (III) oxides. The activation energy for
the kinetics study was reported to be 40.1 kJ/mol. Pressure oxidation of pure vanadium

trioxide in sulfuric acid was studied (Zhou et. al., 2012). It was shown that vanadium
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trioxide can be completely leached in about 20 minutes by 1M sulfuric acid, oxygen
partial pressure 1MPa, and 140°C. A reaction control mechanism was reported with an
activation energy of 43.46 kJ/mol. However, a shrinking core model was used for pure
vanadium trioxide while no ash layer was reported. Qiu et al (2011) investigated the
pressure oxidative leaching of vanadium trioxide using sodium hydroxide. They found
that about 90% of vanadium can be dissolved in 2M sodium hydroxide, oxygen partial
pressure 500 kPa, and 130°C in about 40 minutes. They offered two stage kinetic models
for the leaching: the chemical control regime for the initial step and the diffusion
mechanism for the later stage. Unfortunately, they also applied the shrinking core model
for starting pure materials without mentioning any ash layer or showing the constant
particle size through the leaching. Wang-Xing et al (2010) studied the kinetics of calcium
vanadate containing 65.5% vanadium by Na,COs leaching. They claimed that the reaction
rate constant increases with increasing pH and stirring speed and an activation energy of

38.98 kJ/mol was obtained.

2.2.3 Summary

From the literature review, the important parameters for leaching are temperature, solvent
concentration, S/L ratio, time of leaching and additive reagents. Table 2.6 summarizes all
of the important reports about vanadium leaching but, as it was shown, there is a wide
range of contradictory results for the impact of different parameters in vanadium

leaching.

In most of the reports, temperature and solvent concentration have a prominent effect on
the recovery of vanadium in leaching. However, Li et al (2010) reported the optimum

concentration for sulfuric acid for vanadium leaching. In some other parameters such as
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S/L ratio or additive reagents, a wide range of contradictory results have been reported.
For instance, some other researchers (Li et al., 2011; Navarro et al., 2007; Vitolo et al.,
2001; Vitolo et al., 2000) suggested that by decreasing the S/L ratio, the efficiency of
leaching decreases. However, Li et al (2009) and Arabi et al (2010) without clarifying
with any proper reason, reported the optimum condition for solid to liquid ratio to obtain
maximum vanadium recovery in leaching. Mishra et al (2010) observed the kinetic of
dissolution of vanadium increased by increasing the pulp density from 10 to 40%.
Generally, increasing the S/L ratio would increase the extraction of vanadium, and this is

limited by the concentration of protons available in the solution.

In addition, there is a similar story for the effect of oxidizers and reducers on vanadium
leaching in literature. Li et al (2009) and Chen et al (2010) investigated NaClO and
MnO,, respectively, as oxidizers to increase the vanadium recovery in leaching; while
Okuwaki (1988) and Li et al (2010) studied H,SO3; and FeSOy, respectively, as reductive
agents to increase the leaching recovery. Moreover, Li et al (2009) showed that FeSO,4
has no effect on vanadium leaching while Chen et al (2010) reported FeSO4 decreases

vanadium recovery.
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Table 2.6. Summary of vanadium leaching studies

Vanadium Extraction Solvent Temp. S/L ratio

No Source Ctzon/Snt %) Solvent Cone. (°C) (g/L)

Time

(min) Ref.

2 EP ash _13'9336 95 LSO, 70 0.125 45 (Okuwaki et al., 1988)

2M
10 NH,CI 25 0.2 420 (Akita et al., 1995b)

4 Fly ash 041 & 191 95 H,SO, 30 0.2 120 (Tsai and Tsai, 1998)

48 NH,OH 30 0.2 120 (Tsai and Tsai, 1998)

90 NaOH 95 100 1440 (Villarreal et al., 1999)

7 Fly ash 3.8 (19wt% after burning) 97 H,SO, Boiling 142.85 60 (Vitolo et al., 2001)
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9 Fly ash 0.93 80 NaOH 100 5760 (Guibal et al., 2003)

Spent

10 Catalyst

0.42 90.1 Water 80-90 0.5 15 (Chen et al., 2006)

2M
56 NaOH Ambient 250 1440 (Navarro et al., 2007)

2M
Black 3.26 .
12 Shale mine (V109) 75 H,SO, 180 833.34 240 (Li et al., 2009)

1M
14 Stone coal 1.09 85 H,S0,4 95 333.34 120 (Chen et al., 2010)

LD convertor 1.97
Slag (V205)

90 H,SO04 70 0.067 140 (Aarabi-Karasgani et al., 2010)

65.5 12M

18 Calcium vanadate (V205) 95 Na,COs 80 40 60 (Wang-xing et al., 2010)
20s

03M
20 Stone coal 1.82 91 H,SO0, 150 0.833 240 (Deng et al., 2010)
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2.3 Separation and purification: solvent extraction

2.3.1 Solvent extraction of vanadium in industry
Liquid-liquid extraction (solvent extraction) refers to the distribution of a solute between two
immiscible liquid phases in contact with each other. The whole process essentially consists of

three steps: extraction, scrubbing and stripping.

Because of different kinds of species of vanadium in solution, different solvent extractants have
been used to extract vanadium. Solutions containing vanadium in the feed solution to solvent
extraction may be neutral, basic, or acidic. Acid or alkali leaching solutions can contain
impurities such as iron, chromium, and molybdenum, in addition to vanadium, depending upon

the vanadium source treated.

Many extractants have been used for vanadium solution purification. Among these, Di-2-ethyl-
hexyl phosphoric acid (D2EHPA) and amines have been used in plant operations while the

others have been essentially confined to laboratory or pilot scale studies.

2.3.2 Recent researches
Since vanadium solution in different concentration and pH’s make different species (Figure 2.2),
different kinds of solvents have been used for solvent extraction under different conditions. In

the sections below, some recent studies for solvent extractions of vanadium will be considered.

2.3.2.1 Solvent extraction using cation extractants

Inoue and Zhang (1995) studied liquid-liquid extraction of vanadium (V) in sulfuric acid using
some commercial acidic organophosphorus reagents such as TR-83, PC-88A, PIA-8, and
CYANEX 272 (Figure 2.7). Figure 2.8 to Figure 2.11 show the experimental results for

vanadium recovery at different pH values.
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Figure 2.7. Chemical structures and pKa values of the commercial extractants (Zhang et al.,

1995)
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Figure 2.8. Percentage of extraction of metals from sulfate solutions as a function of equilibrium

pH with 20% CYANEX 272 dissolved in Exxsol D80 (Zhang et al., 1995)
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Figure 2.9. Percentage of extraction of metals from sulfate solutions as a function of equilibrium

pH with 20% PIA-8 dissolved in Exxsol D80 (Zhang et al., 1995)
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Figure 2.10. Percentage of extraction of metals from sulfate solutions as a function of

equilibrium pH with 20% PC-88A dissolved in Exxsol D80 (Zhang et al., 1995)
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Figure 2.11. Percentage of extraction of metals from sulfate solutions as a function of

equilibrium pH with 20% TR-83 dissolved in EXXSOL D80 (Zhang et al., 1995)
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They concluded that CYANEX 272 and PIA-8 are likely to be suitable extractants for the
selective separation and recovery of molybdenum and vanadium from aluminum, cobalt, and
nickel from sulfuric acid media at low pH. However, vanadium, iron, and small amount of
aluminum co-extracted together with molybdenum into the solvent phase. Since Mo cannot strip
by sulfuric acid, they tried to use sulfuric acid for scrubbing the solution. Table 2.7 shows the

result of scrubbing tests.

Table 2.7. Scrub of V, Fe, and Al from the loaded solvent

(The organic solvent was 40% CYANEX 272 and the metal loading was (ppm): 2870 Mo, 760
V, 35 Fe, 40 Al) (Zhang et al., 1995)

scrub reagent % scrub of metals

(2804, M) Mo v Fe Al
2.75 0.1 68.3 100 100
2.15 0.07 62.1 100 100
1.45 0 54.5 74.3 100

Stripping of molybdenum from the loaded solvent is a key problem in the recovery of
molybdenum by extraction with acidic organophosphorus compounds. Because molybdenum
gives rise to anionic species with an acidic organophosphorus extractant in alkaline solutions and
it is a requirement to recover it as ammonium molybdate for its reuse, aqueous ammonia was
chosen as the strip reagent and its optimum concentration for stripping was determined. As
Table 2.8 shows, the strip performance of molybdenum is largely dependent upon the content of
ammonia. On the other hand, when the content of ammonia solutions was greater than 7%, the
formation of a second organic phase was observed and the viscosity in both phases increased,
making phase separation difficult. It was observed that good phase separation was obtained in

the range of 5-7% ammonia (Table 2.8).
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Table 2.8. Strip of Mo from the scrubbed solvent (CYANEX272) (Zhang et al., 1995)

NH40H strip solution (ppm) % strip

phase separation

(v/v, %) pH Mo \Y of Mo

2 - - - - aq white turbid

4 - - - - aq white turbid

5 8.21 2590 80 90.2 clear, good
5.5 8.27 2580 86 89.9 clear, good

6 8.3 2590 94 90.2 clear, good

7 8.43 2640 110 92 clear, good

8 - - - - third phase, viscous
10 - third phase, viscous
15 - - - - third phase, viscous
20 - - - - third phase, viscous

Vanadium can then be further recovered from the scrub solution containing iron and aluminum
with 40% CYANEX 272 in Exxol D80 and the pH was adjusted to around 1.5 by adding calcium
hydroxide powder. Therefore, 92% of vanadium and nearly 100% of iron were extracted while
aluminum was not extracted at all under the selected conditions. They tried to separate iron and
vanadium by using NH4OH as a stripping agent. Table 2.9 shows that stripping with 2.75 molar
in H,SOy4 solution recovered only 82.7% of the vanadium and most of the co-extracted iron.
However, 92.6% stripping of vanadium could be achieved with 6% aqueous ammonia solution

and, in addition, the small amount of co-extracted iron was not stripped at all.
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Table 2.9. Strip of vanadium from loaded solvent (CYANEX272) (Zhang et al., 1995)

strip solution (ppm)

strip agent V strip, %
Mo \Y Fe
2.75 M H,S04 0 330 24 82.7
6% NH4OH 2.0 384 0 96.2

(Solvent loading (ppm): 2 Mo, 399 V, 29 Fe)

Giavarini (1982) showed that a D2EHPA-TBP mixture is less effective than D2EHPA under
similar conditions to extract vanadium from fly ash leach liquor. Extraction of vanadium by tri-
n-octylamine (TOA) and tri-n-octylmethylammonium chloride (TOMAC) is shown in
Figure 2.12 and stripping results are shown in Table 2.10. Alkaline solutions provide favorable
characteristics for the stripping: NaOH is more effective compared with Na,CO; and NH4CI
whereas aqueous solutions of salt (NaCl) and acid (HCI) were not suitable for the stripping

(Akita et al., 1995).
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% extraction

Figure 2.12. Effect of the solution pH on the percent extraction of vanadium from Na,COs-
synthesized solution; TOA (tri-n-octylamine: white circles), TOMAC (tri-n-
octylmethylammonium chloride: dark circles) (Akita et al., 1995)

Table 2.10. Stripping of vanadium from TOMAC and TOA solutions with various aqueous

media (Akita et al., 1995)

% stripping
NaOH Na,CO; NH4Cl + NH4,OH NaCl HCl
M M 3M (pH 9.8) IM M
TOMAC  87.6 85.1 68.3 27.9 -
TOA 98.5 86.4 63.4 28.4 17.3

V=20 cm®, V=20 cm’, [V]=179 ppm, 4 hours

The kinetics of solvent extraction was studied by some researchers and they claimed that the

kinetics of extraction of V (IV) by D2EHPA 1is in the chemical reaction rate control regime

(Hughes and Biswas, 1991; Ipinmoroti and Hughes, 1990). Ipinmoroti and Hughes (1990)

reported a rate constant of 2.8x107 mol"/S for the extraction of vanadium (IV) by D2EHPA at

28°C.
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However, the kinetics of extraction of the forward extraction of VO*' from the sulfate-acetate
medium by D2EHPA in toluene was studied and it was found that the reaction VO?* + A~ -
VOA™ (A is anion of monomeric D2EHPA) occurred at the aqueous film of the interface or in the
bulk aqueous phase as the rate-determining step. It was shown that at higher temperature, E,<20
kJ/mol and so the process becomes diffusion-controlled (diffusion of A" to the bulk aqueous
phase or to the aqueous film of the interface becomes slow). However, at lower temperature,
E,>50 kJ/mol indicating the process is chemical reaction rate controlled (Biswas and Mondal,

2003).

Furthermore, Deng et al (2010) also used Na,SOj; to reduce ferric to ferrous in a solution
containing iron and vanadium. Using 10% P204 (di(2-ethylhexyl) phosphoric acid), 5% TBP,
and 85% kerosene, the authors extracted 94% vanadium and 4.91% iron at pH 2.3, A/O=2 and

contact time 10 minutes.

The extraction of various elements using LIX 63 has been reported by Zhang et al (1996).
Figure 2.13 shows that an increase in pH enhanced the extraction of vanadium (IV) and
percentage extraction reached almost 100% when the pH rose to approximately 2, whereas
aluminum (III), cobalt (II), and nickel (II) were still not extracted. The extraction of iron (III)
was also negligible while molybdenum (VI) and vanadium (IV) can be accomplished by
simultaneous extraction. A pure vanadium (IV) product can be recovered as a sulfate by
selectively stripping vanadium (IV) from the loaded solvent by 2 M sulfuric acid solution (Zhang

et al., 1996).
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Figure 2.13. pH dependence on the extraction of individual metal ions from sulfuric acid

solutions by 20 vol% LIX63 dissolved in Exxsol 80 (Zhang et al., 1996)

Furthermore, solvent extraction of molybdenum and vanadium from sulfuric acid solution of
spent catalysts was investigated. Both molybdenum (VI) and vanadium (V) can be selectively
extracted over iron (III), aluminum (III), nickel (II), and cobalt (II) from the catalysts using 0.4
M LIX63 in the pH range of 1-2. Over 99.9% of Mo (VI) and V (V) were extracted in a single
contact with only 28 mg/L. Al being extracted. The extraction pH isotherm of vanadium (IV) in
Figure 2.13 was quite different from V (V) in Figure 2.14. At pH 1, over 50% of vanadium (IV)

was extracted, while over 97%V was extracted for V (V) (Zeng and Cheng, 2010).
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Figure 2.14. Effect of pH on the extraction of metal values with 0.5M LIX63 in Shellsol D70 at

an A/O ratio of 1:1 and 40°C (Zeng and Cheng, 2010)

Mishra et al (2010) also studied the recovery of metal values from spent catalysts. They observed
that after the extraction of Mo by LIX-841 (10%), vanadium could be extracted to greater than

80% at an A/O ratio of 1/5 in 2 stages.

2.3.2.2 Solvent extraction using anion extractants

Vanadium (V) can form the anion species in the mildly acidic and basic range of pH; therefore,
anion extractant solvents are popular in this range. Much research has been done using anion
extractants for vanadium solvent extraction (Meawad et al., 2010). Amines being cations in
character extract vanadium from solution as an anionic complex. As only pentavalent vanadium
forms anionic complexes, it is necessary to oxidize all the vanadium in the solution to the
pentavalent state prior to solvent extraction by amines. The oxidation of V (IV) to V (V) can be

accomplished by oxidants such as H,O, and the reaction can be written as:

2VO™ +H,0,=2V0, +2H" (2.1
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The VO, formed is solvated according to the reaction:
2 VO, +3H,0=H;V,0; +3H" (2.2)

and extracted by amine. Except in strongly acidic solutions, anionic vanadium complexes exist
over a wide pH range. So it is important to include many results published in the field of the
extraction of vanadium by amines. Secondary, tertiary, and quaternary amines have been used
for vanadium extraction. Tertiary amines (Alamine 336) extract better than the quaternary amine
(Aliquat 336) in the mild acidic pH around 2 to 3. In this section, some of the recent publications

about vanadium extraction using amines will be studied.

Olazabal et al (1992) reported a quantitative extraction of vanadium using different amine
extractants dissolved in Toluene. Vanadium (V) can be extracted by Alamine 336/Toluene in a
wide pH range where mono and polynuclear species of vanadium are present. In addition,
Aliquat 336/Toluene quantitatively extracted vanadium in the range 3.5<pH<9. The extraction
with quaternary ammonium salt is favoured in the region where aqueous polynuclear species are

predominant.

Moreover, Nekovar and Schrotterova (2000) claimed vanadium (V) polymerized at low pH
(within the approximate pH range 2-6) to form polyanions V¢Oss., (OH),*™ (n=0, 1, 2) and

Primene JMT can extract vanadium in this range effectively.

Figure 2.15 illustrates the percentage of vanadium extracted from leach solutions (3.88 g/L V
(V)) with organic phase made up of amine (5% v/v), isodecanol (5% v/v) as a modifier, and
kerosene using O/A ratio of 1. It can be seen that Primene 81R allows a broad pH range for the
extraction of V (V). However, Alamine 336 is restricted to pH values below 4. pH50 values for
Alamine 336 and Primene 81R were obtained as 4.67 and 7.98, respectively. The authors
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postulated that the extracted species for vanadium at pH 4.5 is (Hz_leoOzg)X'6 with x=0, 1, 2
while at pH 8, they suggested the extracted vanadium anion species consist of several vanadates:
(V4012)", (V207)*, and (VO4)*. Extraction isotherms showed that the loading capacity for the
primary amine is six times greater than for the tertiary amine and the primary amine can be used

in the broad pH range (Lozano and Godinez, 2003).
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Figure 2.15. Effect of pH on the solvent extraction of V(V) (Lozano and Godinez, 2003)

Bal et al (2004) showed that V (V) in the acidic range as decavanadate species is rapidly
extracted by Aliquat 336 in kerosene modified by n-decanol according to a mechanism of anion
exchange, but the reddish extracted species turns olive green within a few days at room
temperature while a black-greenish solid precipitated. This solid third phase is composed of
mixed-valence  decavanadate compounds such as (R3R’N)4(HV3NV7VOZ6) and/or
(R:R’N)4(HV,VV3Y0,4) and when cyclohexanol and ethyl-4-phenol were used as phase
modifiers instead of n-decanol, the precipitation of mixed-valance decavanadates is no longer

observed.
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Figure 2.16 shows the effect of pH for vanadium extraction using a primary amine (Primene
JMT), a secondary amine (Amberlite LA-2), a tertiary amine (Alamine 304, Alamine 336), and
quaternary ammonium salt (Aliquat 336). Aliquat 336 showed increasing vanadate recovery
efficiency with increasing pH while the other extractants showed a sharp optimum pH.
Moreover, it was shown that 20 mM of Aliquat 336, Primine JMT, Alamine 336, Amberlite LA2
and Alamine 304 could extract about 100, 75, 85, 95, and 70% of vanadium, respectively. So

they concluded Aliquat 336 is more appropriate for vanadium extraction (Navarro et al., 2007).
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Figure 2.16. pH influence of vanadium extraction for different extractants (Navarro et al., 2007)

Table 2.11 compares the stripping efficiency of different chemical agents for vanadium recovery
from the loaded organic phase. In the case of Amberlite LA-2, vanadium recovery was readily
achieved using alkaline media (NaOH, ammonia) and mixed media (ammonia and ammonium
salt) with quantitative recovery of the metal. In the case of Aliquat 336, the stripping was much
more difficult and a severe selection of the stripping agent was required. The quantitative
recovery of vanadium was only achieved using a concentrated mixed solution of ammonia and

ammonium salt (1.5M NH; + 1.5M NH4NO;3 or NH4Cl). However, Al was simultaneously and

44



partially extracted with V and the difficulty in stripping V and Al from the loaded organic phase
strongly limits the possibility of the using amine extractants for the treatment of alkaline and

acidic leachates (Navarro et al., 2007).

Table 2.11. Influence of stripping agent and concentration on vanadium stripping from loaded

organic phase (Navarro et al., 2007)

Stripping efficiency (%)

Stripping agent

Aliquat 336 Amberlite LA-2

NH4CI/NH; (1.5 M each) 100 94
NH4CI/NH; (1 M each) 50 Not determined

NH4NO3/NH; (1.5 M each) 94 100
NH4NO3/NH; (1 M each) 48 Not determined

NaOH (1 M) 28 98

NH; (0.5 M) Not determined 98

NH; (1 M) 3 100

NH; 2 M) Not determined 100

H,SO4 (1 M) 2 5

In another research (El-Nadi et al., 2009), a comparative study of the solvent extraction of
vanadium (V) of spent catalysts from hydrochloric acid and sodium hydroxide media
(Table 2.12) was separately carried out using an Aliquat-336 extractant dissolved in kerosene
containing 10% n-octanol as a phase modifier. The results indicated that the extraction from the
sodium hydroxide solution is better than from the hydrochloric acid media. However, the acidic
route of leaching and extraction avoids the complication of molybdenum being present in most

of the spent catalysts as an interfering metal.
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Table 2.12. Extraction of V (V) 1 g/L from alkaline NaOH solution (pH 12.8) using various

extractants (EI-Nadi et al., 2009)

Extractant Concentration, M Extraction (%)
Cupferron 0.1 14
8-Hydroxyquinoline 0.1 24
Thenoyltrifluoroacetone 0.1 54
Aliquat-336 0.1 45.6
CYANEX 301 0.1 0
CYANEX 302 0.1 0

It was shown in Figure 2.17 that the slope of the log-log linear relationship between Aliquat 336
concentrations with the corresponding distribution ratios is around four, which indicates the

participation of four molecules of the extractant in the extracted V (V) species in the investigated

system.
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Figure 2.17. Effect of Aliquat-336 concentration on the extraction of Vanadium (1 g/L) from 3

M HCI solution at 25°C and phase ratio O/A=1(El-Nadi et al., 2009)
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2.3.2.2.1 Problems with using amines

Pentavalent vanadium species can oxidize amines easily. This limits the use of amines for V (V).
Amines extract rapidly but phase separation is slow. As compared to D2EHPA, the time required
for the amine phase disengagement is large. Stripping of vanadium from amines has to be
controlled as well. Vanadium is stripped from the amine solvents using ammonium solutions.
Stripping with an ammonium salt converts the extracted decavanadate into a metavanadate
species. The low aqueous solubility of ammonium metavanadate (NH4VO;) may results in

crystallization in the aqueous strip liquor (Gupta, 1992).

2.4 Summary

Since vanadium forms different species at different pH, different extractants have been used for
its solvent extraction. Vanadium forms anionic species in a broad range of pH from mildly acidic
to basic; therefore, anionic extractants are popular for vanadium purification. However, amines
have some problems as well. On the other hand, some other cationic extractants showed poor
selectivity, especially with respect to iron, aluminum, and molybdenum. It seems that
understanding the behavior of different vanadium valences (V and [V) and extractants along with
studying the extraction chemistry of iron can make a key contribution to the solvent extraction

processes of vanadium.
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2.5 Objectives

Considering the literature review, this research has been based on two categories: leaching and

solvent extraction.

Due to the lack of consistent results for vanadium leaching and the lack of deep understanding in
previous research, the goal of the leaching work was identified. It was planned to investigate the
chemistry and kinetics of vanadium leaching over a range of pH values using pure vanadium
oxides as starting material. To reach the goals, the following investigations have been carried

out:

e Studying vanadium (V,0s) atmospheric leaching at different pHs to understand the
leaching efficiency in different media as well as the kinetics of leaching

e Investigating the impact of reductive agents on vanadium (V,0Os) leaching kinetics at
acidic pH

e Studying vanadium (V,03) oxidative leaching in sulfuric acid using different additives

The goals of the solvent extraction work are elaborated as follows:

e Study of the extraction chemistry of V (V) and V (IV) and different acid and solvating
extractants

e Investigation of separation factors for V (V) and V (IV) over Fe (III) and Fe (II) under a
range of extraction conditions.

e Study of extraction stoichiometry of V (V) and V (IV) in the acidic pH range

e Study of stripping of metals from loaded solvent.
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3 Experimental
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3.1 Leaching

Considering the literature review and the lack of consistent results for vanadium leaching in
various reports, chemical grades of vanadium oxides have been selected to study the behavior of
vanadium leaching by aiming to understand its fundamental hydrometallurgy. Vanadium
pentoxide and vanadium trioxide are the most known and available sources of vanadium oxide.
Therefore, investigating the effect of different parameters on leaching efficiency as well as the

kinetics of leaching could possibly lead to better processes.

3.1.1 Vanadium (V)

3.1.1.1 Material

Chemical grade vanadium pentoxide (V,0s) from Fisher Scientific was used for leaching
experiments. The purity of vanadium pentoxide was greater than 99.6% with low levels of iron
(0.01% max), aluminum (0.03% max), silicon dioxide (0.01% max), sulfur (0.01% max), and
phosphorus (0.01% max). The effect of impurities was not considered in our experiments.
Chemical grade sodium sulfite was used for reductive leaching. The vanadium pentoxide was
screened to various particle size fractions for the study. The -106+75 um fraction was used for

leaching and solubility studies.

3.1.1.2 Experimental procedure

The experiments to measure leaching rates and vanadium solubility were performed in a Pyrex
reactor equipped with a magnetic stirrer and a reflux condenser. A water bath was used for
controlling the temperature. The final solution was filtered using ashless syringe filter paper and
analyzed for vanadium content with Inductively Coupled Plasma spectroscopy (ICP,

PerkinElmer model Optima 7300). The pH was controlled and recorded via a data acquisition
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system connected to a computer. The pH was kept constant (£0.01) during the leaching process
by the addition of concentrated sulfuric acid from an acid stock tank on a digital scale connected
to an accurate pump and controller. The vanadium extraction was confirmed using mass balance
by weighing the remaining solid after each test and calculating the extent of leaching. Solubility
of vanadium in different solvents at pH 1 and 30°C was studied. Vanadium species was also
investigated by Raman spectroscopy. The final vanadium solution after leaching pure vanadium
pentoxide in HCI, H,SO4, and H,SO4 with 0.55 Na,SO4 at pH 1 and 30°C was analyzed by
Raman spectroscopy. Raman spectra of each sample using a Raman micro-spectrometer that
fibre-couples an IPS 300 mW, 785 nm diode laser to an Olympus BX-51 microscope. This
system collects backscattered light with a six-around-one fibre bundle. The bundle exit, arranged
as a vertical fibre stack, forms a 100 micrometer slit at the entrance of an Acton 300 mm
monochromator coupled to a Princeton instruments PIXIS back-illuminated CCD detector. A
laboratory computer reads the CCD, and bins the pixels in each column, t, from 1 to 1400 to
form a spectrum of scattered-light intensity versus Raman shifted wavelength. Samples were
prepared for analysis by filling a 100 microliter aluminum well plate. Spectral acquisitions

combine the signals recorded from five accumulations using a 5 s exposure time for each.

In the second phase, the kinetics of vanadium pentoxide leaching by weak acid solution (pH 5)
and dilute sodium hydroxide solution (pH 8) was studied. In these tests, pH was kept constant by
adding sodium hydroxide during the experiment. Vanadium (V) concentration was also analyzed
by ICP. It should be clarified that in all of the experiments, kinetics of the overall reaction was
investigated and mechanism of the reaction was not considered.

In the last step, the kinetics of the reductive leaching of vanadium (V) using sodium sulfite was

investigated. The effects of pH, temperature, and sulfite concentration on the kinetics were
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studied. For this part of the project, UV-spectroscopy (PerkinElmer model Lambda 35) was
applied to analyze vanadium (IV) concentration in the leach solution samples (Kanamori et al.,
1999; Yang and Gould, 2003). UV spectroscopy showed a suitable accuracy for vanadium (IV)

standard solutions in sulfuric acid.

3.1.2  Vanadium (IIT)

3.1.2.1 Material

Chemical grade vanadium trioxide (V,03), iron (III) sulfate pentahydrate and iron (II) sulfate
heptahydrate made by Fisher Scientific were used for experiments. The vanadium trioxide was
screened to various particle size fractions for the study. The -106+75 pum fraction was used for

leaching studies.

3.1.2.2 Experimental procedure

The procedure involved leaching vanadium trioxide in 0.5 L sulfuric acid solution in a 1 L Pyrex
reactor equipped with a magnetic stirrer for agitation and a reflux condenser to prevent water
loss. The pH was also controlled in these experiments. The pH was monitored using a glassy pH
electrode from Applisens (model: Z001023551) connected to the controller. The pH was
calibrated using standard buffer of 1.68, 4 and 7 with temperature adjustment. At 30°C, 94 g/L of
sulfuric acid made a solution of pH 0. For experiments at higher temperature, higher sulfuric acid
concentrations were added to keep an initial pH of 0. The reactor was immersed in a water bath
to control the temperature. Samples of solution were withdrawn with time to follow the kinetics
of leaching. The final slurry was filtered using ashless syringe filter paper and analyzed for
vanadium content with ICP or UV spectroscopy (Kanamori et al., 1999; Yang and Gould, 2003).

The leaching kinetics were investigated in three steps. First, the acid oxidation leaching of
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vanadium trioxide using oxygen was studied. A flow of 480 mL/min of oxygen with a purity of
more than 99.5% was injected into the solution containing 1 g/L of V,0; in sulfuric acid. The
effects of temperature, pH, particle size, and stirring speed on the leaching of vanadium were
studied. Secondly, a mixture of ferric and oxygen as oxidative agents was used for oxidative
leaching of vanadium. For these experiments, 180 mL/min of oxygen was applied during these
experiments, again at 1 g/L of vanadium trioxide. The effects of the initial ferric concentration,
temperature, and pH were then studied. Finally, in the third step, a constant potential (Bouffard
et al., 2006) was applied to study the kinetics of vanadium oxidative leaching. This technique
involves adding a solution of potassium permanganate to maintain a constant ferric/ferrous ratio
in leaching. For these experiments, 1 g/L of vanadium trioxide was leached in sulfuric acid
solution at pH 0. Leaching tests were performed under constant potential conditions which
involved the control of every relevant variable during leaching. The addition of 0.5 M potassium
permanganate solution was controlled to a constant potential (ferric/ferrous ratio) set point using
a controller connected to ORP electrode. The ORP electrode was a single junction platinum
electrode with an Ag/KCl internal reference electrode which was made by Analytical Sensors &
Instruments as a special electrode for UBC (Model: RODM-0006). Since the ferric-ferrous redox
reaction is reversible on the platinum surface, it can be assumed that potential is controlled by
that ratio. Hence by maintaining constant potential, the ferric/ferrous ratio was maintained
constant. The mass of the oxidant solution was continually monitored via a digital scale
connected to a computer for continuous data capture. Potassium permanganate is highly soluble
in acidic media and rapidly re-oxidizes the ferrous ion to ferric ion. Permanganate has simple
aqueous chemistry in pH < 2 solutions and generates five electron-moles of oxidation per mole of

reduced permanganate. The use of permanganate for constant potential leaching tests has been
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demonstrated by a number of researchers (Bouffard et al., 2006; Kametani and Aoki, 1985;
Zheng et al., 1986). During the experiments reported in this work, the potassium permanganate
was consumed rapidly and was able to keep the potential constant through the process. The
potential varied by no more than =3 mV from the initial value in all the tests. The vanadium
concentration for each sample was adjusted to account for the volume of the added sodium
permanganate solution to the reactor and the withdrawal of samples during the test. The
vanadium concentration change in solution was also confirmed with reference to the amount of

potassium permanganate added.

3.2 Solvent extraction

3.2.1 Materials
Aqueous solutions were prepared using chemical grade materials. Table 3.1 shows the starting
materials used for the solvent extraction tests. Vanadium and iron concentrations in the solution

were about 1 g/L in all feed solutions.

Table 3.1. Chemicals used and composition of the synthetic feed solution

Metal Concentration

Element Chemical
(g/L)
Vanadium (V) V,0s 1
Vanadium (IV) VOSO4.nH,0 1
Iron (III) Fe»(S04);3.5H,0 1
Iron (II) Fe(SO,4).7H,O 1
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All of the extractants (CYANEX 272, IONQUEST 801, D2EHPA, and CYANEX 923) were
used as-received without any further purification. ORFOM SX-12 supplied by Chevron Phillips

was used as a diluent of the organic phase in the experimental program.

3.2.2 Experimental procedure

Extraction studies were carried out by mechanical stirring of the aqueous and organic solutions
in a glass reactor at 30°C with a stirring speed of 900 rpm for 20 minutes (Figure 3.1). The pH
was stable after the first few minutes for all cases. All of the reported points for the extraction
were obtained by running a single batch-single element experiment. The pH was kept constant
by adding 2M sulfuric acid or 4M sodium hydroxide. After extraction, phase separation was
performed using separatory funnels at room temperature. The aqueous solutions were then
filtered through Whatman 3 filter paper and analyzed by Inductively Coupled Plasma (ICP) or
Atomic Absorption Spectroscopy (AAS). The organic phase was filtered through Whatman 1PS
filter paper for stripping tests. Only the metal concentrations in aqueous samples were analyzed
and the extraction was calculated from the initial and final aqueous solution concentrations. For
each test, 100 mL of organic and 100 mL of aqueous solution were mixed together. Nitrogen was
injected into the ferrous solution before the solvent extraction to remove oxygen from the
solution. Since precipitation of ferric occurred above pH 2, solvent extraction tests were

conducted below pH 2.
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Figure 3.1. The experimental set up for solvent extraction tests

3.3 Magnitude of errors in the experiments

Error was minimized in the experimental work because pure materials were used for this project,
and the experimental conditions were carefully controlled.. However, the following errors should

be considered:

1- 1- All of the results were reported using analytical techniques such as ICP, AA and UV-
spectroscopy. For these techniques, it is expected that an error of = 3-5% in analysis can
take place. This typically means that leach extractions and solvent extraction recovery
values are accurate within the same range of values. There are some error involved in pH
measurement for strong acidic solution in high temperature. However, it was attempted to
minimize this error by calibration using acidic buffer solutions at different temperatures.

A range of error of + 0.1 pH units might be expected for the experiments completed.
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2- Particle size of the starting materials was obtained using different mesh sizes. The
analyses were reported for an average particle size in a round shape. This error should not

have any significant contribution on the total error.

Repeat analyses of solutions and measurements of vanadium extraction showed errors in the

ranges cited above.
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4 Vanadium (V) leaching
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4.1 Thermodynamics of the vanadium —water system

Vanadium has a wide range of stable oxidation states with the most common states being +2, +3,
+4, and +5. Vanadium can form a variety of complex species and oxidation states in aqueous

solutions (Barner and Scheueman, 1978; Gupta, 1992; Tracy et al., 2007).

In order to understand vanadium leaching, it is important to examine vanadium chemistry.
Vanadium (V) species versus pH was depicted in Figure 4.1 using Medusa software
(Puigdomenech, 2004). It can be seen below that vanadium (V) ion has a very complex
chemistry in aqueous solution. A pentavanadyl cation VO, forms at low pH, and, at higher pH

values a variety of anions are present.

+ —
[VO, l,5r = 110.00 mM

1.0 VO,* V20s5(c)

V100270OHS5-

VO;0OH2-

Fraction

Figure 4.1. Speciation of vanadium (V) in aqueous media at 25°C
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4.2  Solubility

The kinetics of V,0s leaching at different solid to liquid ratios was studied. As Figure 4.2 shows,
the kinetics of vanadium (V) leaching is rapid at 90°C. However, at a high solid to liquid ratio,
the leaching halted abruptly after a short time, apparently because the vanadium solution had
reached its solubility limit. In fact, the solution has been saturated by vanadium to the same
concentration for the experiments performed at 5 and 10 g/L solid to liquid ratio. This means that
when there is enough sulfuric acid in the solution, the leaching can be completed quickly.
However, acid concentration must be kept high through the leaching process. This suggests that
the final leach solution will have significant amounts of sulfuric acid which should be neutralized

by sodium hydroxide before the purification step.

The solubility of VO, was studied at different pHs from 0.3 to 1.4 and at varying temperatures.
Figure 4.3 through Figure 4.6 illustrate vanadium extraction versus time at different pH’s at 30,
50, 70, and 90°C. The limiting concentration reached in each experiment represents the solubility

of pentavalent vanadium in each leach solution at the temperature used for leaching.
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Figure 4.2. The effect of solid to liquid ratio on V,0s leaching; (a) vanadium extraction, (b)

vanadium molarity (60g/L H,SO4, 90 °C, 90 um, and 600 rpm)
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Figure 4.3. The effect of pH on vanadium leaching at 30°C
(at 10 g/L V1,05, 90 um, and 600 rpm)
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Figure 4.4. The effect of pH on vanadium leaching at 50°C

(at 10 g/L V;,0s, 90 pm, and 600 rpm)
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Figure 4.5. The effect of pH on Vanadium leaching at 70°C
(at 10 g/ V5,05, 90 um, and 600 rpm)
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Figure 4.6. The effect of pH on vanadium leaching at 90°C

(at 10 g/L V5,05, 90 um, and 600 rpm)
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The results show that the vanadium leaching to VO," is rapid but this species suffers from low
solubility. Thermodynamic data were studied for comparison with the experimental results and
clarification. Table 4.1 shows the thermodynamic data for the following reaction, which can be
expected to occur in acidic media. It should be mentioned that for solubility calculations, the
activity coefficients for the aqueous species of vanadium was assumed to be 1.

V,05+2H" =2VO0," + H,0 4.1)

Table 4.1. Thermodynamic data for equation 4.1 (Barner and Scheueman, 1978; Evans and

Garrels, 1958; Wanty and Goldhaber, 1992)

Temperature ~ AH° AS° AG® Calculated Vanadium Solubility (mM)
O 0K & TR0 pHos pH1 pi L4
30 -35.18 14773 9.60  221x107  74.57 37.37 14.87 5.92
50 -38.06 -156.95 12.65 9.01x10°  47.56 23.83 9.49 3.77
70 -40.70 -164.89 15.87 3.83x10°  31.03 15.55 6.19 2.46
90 4334 -172.35 19.24  1.70x10°  20.68 10.36 4.13 1.64

As shown, the solubility of this cation is affected significantly by temperature and pH.
Considering thermodynamic data and Le Chatelier’s principle, it would be expected that, by
decreasing pH and temperature, the solubility of VO, increases. However, the experimental data
reported higher values for solubility than that presented in Table 4.1. This can be explained with
reference to the complexation of vanadium in sulfate media. In a solution containing
sulfate/bisulfate anions, a mono sulfate or mono bisulfate complex may be formed according to

the following reactions:
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R - VO0,S0y
VO, + 80,7 = V0,80, Bi = Ki = norizecs (42)
2 4
- VO,HSO
VO," + HSO4 = VO,HSO, B, = K1 = Gofime; (43)
2

The equilibrium constant (Log ;) for reaction 4.2 has been reported as 0.98 (Ivakin, 1966), 1.3
(Rakib and Durand, 1996), and 1.72 (Puigdomenech, 2004). Besides, the equilibrium constant

(Log B:) for reaction 4.3 was also reported -0.136 (Ivakin, 1966). In fact, in non-complexing

aqueous acidic solution, the pentavanadyl ion (VO:) is the only dominant cation in the solution.

However, the formation of the vanadium sulfate complex can increase solubility of vanadium in
sulfuric acid media. To investigate in more detail, the solubility of vanadium in different acid
media and the effect of ionic strength and complexation have been studied. Figure 4.7 shows
vanadium solubility in sulfuric acid, nitric acid, and hydrochloric acid. The results after 2 hours
leaching were depicted because vanadium had reached its solubility limit in all the experiments.
Moreover, each test was continued for 8 hours to make sure that the solubility number did not
change significantly. It can be seen that the solubility of vanadium in nitric and hydrochloric acid
is almost the same at pH 1 and 30°C. However, the solubility of vanadium in sulfuric acid is
greater. To investigate the effect of added salt on vanadium solubility considering ionic strength
and complexation (Butler, 1998), the solubility of vanadium in hydrochloric acid was studied by
adding 0.33 and 1.65 molar sodium chloride and 0.11 and 0.55 molar sodium sulfate separately.
The results shown in Figure 4.7 confirm that by increasing the sulfate concentration in solution,
the solubility of vanadium increases. This is believed to be due to the complexation of the

vanadyl ion by sulfate.
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Figure 4.7. The effect of different solvent and adding different salts on vanadium solubility
(at 10 g/L V105, 90 um 30°C, pH 1, and 600 rpm)
Some techniques have been developed to study speciation in solution. Raman spectroscopy is
one of the well-known methods for this purpose. This technique has been used to detect different
cations in vanadium solutions formed with various acids and complexing salt additions (Bal et
al., 2004; Chagnes et al., 2010; Hurley et al., 2011; Tomikawa and Kanno, 1998; Tracy et al.,
2007). The final solutions after leaching at pH 1 by hydrochloric acid with no salt and 0.55 M
sodium sulfate as well as sulfuric acid with no additives were characterized by Raman
spectroscopy. As Figure 4.8 shows, when the matrix is hydrochloric acid, soluble vanadium only
appears as one cation, VO,". However, when sulfate is available in the solution, vanadium has
been confirmed to complex as VO,SO, . Lastly, with the addition of sodium sulfate to the

hydrochloric acid solution, the formation of VO,SO} appears on the Raman spectra.
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Figure 4.8. Raman spectra for vanadium solution to confirm vanadium complexation in the

presence of sulfate

As discussed above, acid leaching of vanadium pentoxide suffers from the low solubility of
vanadium. However, it was shown that by increasing the sulfate concentration in the system, the
vanadium solubility will increase due to complexation. Two alternate strategies for overcoming
the low solubility of vanadium have been investigated. Leaching at higher pH and reductive
leaching have been applied to change the vanadium species in solution in an attempt at

increasing solubility.
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4.3 Leaching of vanadium in pH 5-8 solution

The kinetics of vanadium leaching using mildly acidic or mild basic solution was investigated.
According to Figure 4.1, vanadium (V) can form decavanadate anion in solution at pH 5. The

formation of decavanadate can proceed by the following reaction:

5V205 +50H = HVlOOQg-S + 2H20 AG0298K= -648.02 kJ/mol (44)

This reaction is highly favorable. The decavanadate species has a high solubility in water.
Therefore, solubility limits should not impede leaching of vanadium under conditions designed
to form decavanadate. During the leaching process, the pH was kept constant by adding sodium
hydroxide to the solution. Figure 4.9 shows the effect of temperature on vanadium leaching.
Temperature has a significant effect on vanadium leaching. Vanadium pentoxide was nearly
completely leached in 90 minutes at 90°C. However, less than 40% of the vanadium was leached

in that same time at 30°C.
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Figure 4.9. The effect of temperature on vanadium leaching

(at pH 5, 10 g/L, 90 pm, and 600 rpm)
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Moreover, leaching at higher pH has also been studied. Reactions 4.5 and 4.6 show the
chemical reactions that form the two anion species that dominate at pH 8 (Pourbaix,

1949; Puigdomenech, 2004):
3V,0s5 + 60H = 2V304™ + 3H,0 AG p98x= -221.9 kJ/mol (4.5)
2V,0s + 40H = V4,0, + 2H,0 AG 298x= -208.6 kJ/mol (4.6)

According to the thermodynamic data, all of these anion species in the solution have high
solubility. Therefore, the effect of temperature on the kinetics of vanadium leaching in mildly
basic media was investigated. Figure 4.10 represents the effect of temperature on vanadium
leaching. It was observed that the temperature has a significant effect on vanadium leaching in
mildly basic media. Moreover, the molar ratio of sodium hydroxide consumption to vanadium
pentoxide was determined to be 2.09 for leaching at pH 8 and 90°C. This value is very close to
the ratio from reactions 4.5 and 4.6. In addition, it was shown that by increasing the pH from 5 to
8, the kinetics of vanadium leaching improved drastically. For instance, at 90°C, the leaching
was completed in one hour at pH 8; while it required 2 hours at pH 5. At other temperatures, the

time to obtain similar recovery for vanadium was almost double at pH 5 compared with pH 8.
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Figure 4.10. The effect of temperature on vanadium leaching
(at pH 8, 10 g/L, 90 um, and 600 rpm)

4.4 Reductive leaching

Since vanadium (IV) has higher solubility than vanadium (V) in acidic media (Puigdomenech,
2004), reductive leaching can be applied to increase vanadium extraction at a modest pH and
hence decrease acid consumption in the leaching and vanadium recovery process. The kinetics of
reductive vanadium pentoxide leaching using sodium sulfite was investigated. The effects of
varying temperature, particle size, stirring speed, pH, and sodium sulfite concentration were
studied. For the kinetic study, since pure vanadium pentoxide was used and all spherical particles
were shrunk through the leaching process (without formation of an “ash layer”), the shrinking
sphere model was applied to describe the reductive leaching of vanadium. For the reaction of this

kind, the following three steps occurring in succession:
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Stepl. Diffusion of the reactant from the bulk solution through the film layer to the surface of the

solid
Step2. Reaction on the surface between reactant and solid

Step3. Diffusion of the reaction products from the surface of the solid through the film layer

back to the bulk solution

The leach model has been defined by evaluating the thermal function k(T), the chemical function
f(C) surrounding sulfite concentration, and the topological function g(1-X) indicating the
changing vanadium pentoxide grain topology in the following generalized topological leach

model and X is fraction of unreacted solid:

= =k(1).£(C).g(1 — X) (4.7)

For the kinetic study, when the chemical reaction is the rate-controlling step, the rate is
proportional to the available surface of unreacted core. Thus, the fraction of vanadium reacted at
any time can be predicted by (Levenspiel, 1999):

t 1

Loi—a-xy  and =R (4.8)
T bk,C

where R. is the average initial radius of the spherical particles, p is the molar density of the

sample, b is the stoichiometric coefficient of the reaction, kg is the rate constant for surface

reaction, and C is representative as a concentration function.

Film resistance at the surface of a particle is dependent on numerous factors, such as the relative

velocity between particle and fluid, size of particle, and fluid properties. By assuming round
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particles in the same size, R., equations 4.9 can be obtained. This equation represents the fraction
of vanadium reacted at any time when the resistance to diffusion through the hydrodynamic film
controls the rate of the reaction (Levenspiel, 1999):

2 2

2 R
L _a-x) and 7=
T 2bD,C

(4.9)

where p, R., b, and C are defined as equation 4.9 and D, is the diffusion coefficient.

4.4.1 Effect of temperature
Figure 4.11 illustrates the effect of temperature on vanadium extraction. It shows that by

increasing the temperature, the rate of the reaction also increases.
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Figure 4.11. The effect of temperature on vanadium reductive leaching
(at 10 g/L V,0s, 10.39 g/L Na;S0O3, 90 um, pH 1, and 600 rpm)
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Figure 4.12 was obtained for experiments with constant pH and sodium sulfite concentration
using equations 4.8 and 4.9. The model showed a suitable fit based on chemical control
compared to diffusion control. The data fit the required linear relationship with extrapolation
through the origin. Therefore, it can be concluded that the reductive leaching of vanadium using

sulfite is controlled by the reaction at the surface of the particle.

Using the data obtained at the various temperatures, the apparent activation energy of the
reaction using an Arrhenius relationship has been obtained. Using the slope of the Arrhenius

curve in Figure 4.13, an activation energy of 33 kJ/mol is calculated.
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Figure 4.12. (a) Plot of (1-(1-x)*) versus time for various temperature test; (b) Plot of (1- - x)3)

versus time for various temperature test (at 10 g/L V,0s, 10.39 g/ Na;SOs, 90 um, pH 1, and

600 rpm)
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Figure 4.13. Arrhenius plot for activation energy calculation for reductive leaching

The particles were studied during leaching by taking intermediate samples and observing using
SEM (Hitachi model S-3000N). Figure 4.14 shows SEM pictures for particle shape after 20
minutes of leaching at pH 1 at temperatures of 30 and 90°C. It was shown that the particles are

roughly round. As the leaching rate increases with temperature, the particles shrink and the

porosity on the surface increases.
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Figure 4.14. SEM image for (a) the initial particle; (b) after 20 minutes of leaching at 30°C; (c)
after 20 minutes of leaching at 90°C (at 10 g/L V,0s, 10.39 g/L Na,S0O3, 90 um, pH 1, and 600

rpm; white right corner rectangle shows the scale bar for 50 um)

4.4.2 Effect of particle size
The fraction reacted versus time plots are shown in Figure 4.15 in different particles sizes. As
shown, the kinetics of the leaching reaction increased with decreasing particle size. A shrinking

sphere model was used to analyze the experimental data.

Figure 4.16 shows the linear relation between the reaction rate and 1/d and confirms the reaction

control mechanism for reductive leaching (equation 4.8).
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Figure 4.15. The effect of particle size on vanadium reductive leaching

(at 70°C, 10 g/L V,0s, 10.39 g/L Na,SO3, pH 1, and 600 rpm)

4.4.3 Effect of stirring speed

In order to rule out mass transfer as a possible rate control mechanism, the effect of stirring
speed variation on vanadium reductive leaching was investigated at 500, 600, and 700 rpm.
Figure 4.17 represents that stirring speed has no significant effect on the kinetics of leaching.
Therefore, considering the obtained results for activation energy, particle size, and stirring speed,
it can be positively claimed that the kinetics of leaching is controlled by chemical reaction rate,

not mass transfer.

77



1.0

(a) ®  38-75um (55um)
v 75-106 pm (90pm)
08 4 @  106-150 um (128pm)
Y=1.91x107X
R?=0.99
w 06 ™ 15
= v Y=1.26x10"X
X R*=0.98
il
~ ]
04 A
Y=7.95x10™*
Ri=0.97
0.2 -
0.0 . :
0 10 20 30 40 50 60 70
Time (min)
25
(b)
20 A
E R%=0.98
£
[32]
S 15 A
E v
w
3 10
[&]
o
©
X
5 .
0 T T T
0 5 10 15 20

Inverse initial particle diameter (cm'1)
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Figure 4.17. The effect of stirring speed on vanadium reductive leaching

(at 10 g/L V,0s, 10.39 g/L Na;S0O3, 90 um, pH 1)

4.4.4 Effect of sodium sulfite concentration

To investigate the effect that reductive additive concentration had on leaching efficiency, 10 g/L
of V,0s5 was leached using different amounts of sodium sulfite. The temperature was set at 70°C,
pH 1, and the stirring speed was adjusted to 600 rpm. As shown in Figure 4.18, by increasing the

amount of sulfite, the leaching rate also increased.
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Figure 4.18. The effect of sulfite concentration on vanadium reductive leaching

(at 70°C, 10 g/L V;,0s, 90 pm, pH 1, and 600 rpm)

The concentration of sodium sulfite has been changed significantly through the leaching
processes due to its consumption. It can be concluded that sodium sulfite concentration dropped
specifically in the low concentration tests and the reductive leaching rate was then decreased
after 45 minutes because of the lack of sodium sulfite in the tank. Therefore, the order of
dependence of rate on the initial sodium sulfite concentration has been investigated by plotting
Log k (Figure 4.19) versus Log [SOx]initial in the first 45 minutes. As shown in Figure 4.20, the
slope obtained was 0.57, which shows the approximate order of dependence of reductive agent

on the kinetics of the reaction.
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4.4.5 Effect of pH

The effect of pH on leaching is seen in Figure 4.21 which indicates that pH has a significant
effect on vanadium reductive leaching rates. The leaching process was completed in less than 30
minutes at pH 0.5 and about 1 hour at pH 1; however, less than 70% of vanadium was dissolved

at pH 1.5 after one hour.
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Figure 4.21. The effect of pH on vanadium reductive leaching
(at 70°C, 10 g/L V,0s, 10.39 g/L Na,S03,90 um, and 600 rpm)
Since pH can affect the leaching reaction and can change sulfite species as a reductive additive in
the solution, it can be considered as an independent parameter. Therefore, to investigate the
effect pH has on the kinetics of vanadium leaching, both chemistry and electrochemistry have

been considered for vanadium reductive leaching.
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4.4.6 Chemistry and electrochemistry of the reaction

The reduction of V,0s by sodium sulfite in aqueous solutions can be considered as an
electrochemical reaction. Sodium sulfite can form sulfur dioxide (SO»,q) and bisulfite in solution
(HSO3). These species are oxidized to sulfate (SO4~) and bisulfate (HSO4) by vanadium. The
overall reaction can be represented by two half-cell reactions. The cathodic half-cell would be

the dissolution of V,0s:
V505 + 6H + 2¢ =2VO™ + 3H,0 (4.10)

While the anodic half-cell may be presented as sodium sulfite oxidation in solution as per any of

the following four reactions:

SO,(aq) + 2H,0 = SO, + 4H" + 2¢” (4.11)
SO,(aq) + 2H,0 = HSO, + 3H" + 2¢ (4.12)
HSO5'(aq) + HoO =SO42 + 3H" + 2¢° (4.13)
HSO;(aq) + HyO = HSO4 +2H" +2¢” (4.14)

In the simplest form, the overall reaction at low pH can be presented by:
V505 + SOy + 3H" =2V0™ + HSO, +H,0 Keqaosoc = 9.47x10%° (4.15)

The Butler-Volmer equation (Bard and Faulkner, 2000) for reactions 4.10 and 4.12 can be

written in the following form:

a,Z FE
RT

i =nFk[VO™]exp( (4.16)

i o U020

RT

&3



i, =0, P [SO.), exp(“0L ) - n P, [HSOJ]em[

—(1- aa)ZaFEj @17

RT

—_ —  —

where n., n, are total charge transfer, k. , k., k, ,and k, are the rate constant for forward and

c c

reverse reactions for the cathodic and anodic, respectively. Z, and Z, are the number of electrons
transferred in the charge transfer process. It was assumed that Z. and Z, are one. o, and o, are the
transfer coefficients for equations 4.16 and 4.17 that represent the symmetry of the activation

barrier for the cathodic and anodic charge-transfer reaction.

It was assumed that the potential difference is large enough that backward reactions kinetics are

slow and can be neglected. Therefore, cathodic and anodic reactions can be rewritten as below:

. e -(l-a,)Z FE
i, =—2Fk[H ]e — 4.18
‘ L] XP( RT (4.18)
- al FE
i,=2Fk[SO,], exp(—*+— 4.19
[SO; 1, exp( RT ) (4.19)
The net current density is zero at the mixed potential:
i(E,)=0—">-i(E,)=i,E,) (4.20)
Then, the exchange current density can be derived by the following relationship:
) — . —-(1-a)Z FE — a l FE
i.=2Fk[H" ]e c—c—m I\ =2Fk [SO,], exp(———2=
c[ ] Xp( RT a[ Z]aq Xp( RT ) (421)
k,[S0,]1,, eXpL(ac ~a, ~1)FE j
T = 4.22

c
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It is common to assume symmetric electron transfer in the Butler Volmer equation and this often
agrees well with experimental Tafel plots. This assumption is also mathematically convenient.

Therefore, by assuming o..=a,=0.5:

Ka[SO2laq ~FEm
Tmt exp (1) (4.23)

Considering Faraday’s law, the rate of the overall electrochemical reaction can be obtained as:

ngzos _ dnSOZaq _ Acic 4 24
dt dt n.F (4-24)

)= 4 E[H+](MJ - KTH S0, (4.25)
KIH]

dn, , — - FE
——2==Ak[H ]e n
. k.[H " Jexp( SRT

On the other hand, SO, can be considered as a weak acid in the solution that dissociates as

follows:
SOs(aq + H2O = H' + HSO5” , K, = w (4.26)
[SOZ ]a.q
And the total concentration of SO, would be:
[SO2]total = [HSO37] + [SO2]aq 4.27)
Combining equations (4.26) and (4.27):
(0,1, = = 2w (4.28)
=
[H7]

Considering equations (4.24) and (4.28), the rate of vanadium pentoxide dissolution would be:
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0.5

d : . '
_ o popppeps| 0o | e THT g0 s (4.29)
i LK (K, +[H'])
[H"]

The above equation predicts the rate of the overall reaction in terms of concentration of total SO,
and H" in aqueous solution due to electrochemical analysis. It can be seen that the
electrochemical analysis reports one-half-order dependence on SO, concentration which is

consistent with the experimental results.

Based on the electrochemical analysis, the following equation shows the rate dependence of
vanadium leaching on pH. This equation was used to compare experimental with predicted

theoretical results considering the effect of pH.

Rate of the reaction = f( e ) (4.30)

The reaction constant for dissociation of SO,, K., using thermodynamic data and the Criss-

Cobble technique generated a value of 4.37x107 at 70°C. Then, the reaction rate ratio can be

derived from the following equations:

107"
R -1 -34,0.5
pHI _ (10 +4.3770A>5<10 ) ~053 (4_31)
RpHO.S 10
(107" +4.37x107%)%
107"
R -1 -3,0.5
pHI _ 1o +4.3771;<10 ) _544 (4.32)
Rons 10

(107 +4.37x107)*
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Considering Figure 4.22, the rate of the reaction in different pH tests was obtained. R,,, /R

pHO.5

and R, /R, s are found to be 0.51 and 2.57, respectively. The predicted ratios in

electrochemical analysis are consistent with the experimental results.
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Figure 4.22. Plot of (1 — (1 — x)3)versus time for various pH

(at 70°C, 10 g/L V,0s, 10.39 g/L Na;S03,90 um, and 600 rpm)
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S Vanadium (III) leaching
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5.1 V,0; leaching using oxygen

In this section, a model for the kinetics of vanadium leaching with oxygen is developed. The

effects of varying parameters on the leaching rate are also studied. The leaching of vanadium

trioxide using oxygen is thermodynamically favorable and exothermic as summarized in

Table 5.1.

2V,0; + Oy + 8H = 4VO ™ + 4H,0

(5.1)

Table 5.1. Thermodynamic data for reaction 5.1 (HSC)

Temperature AH° AS° AG® Lo K
©C) (KJ/mol)  (K/molk)  (k/mol) %

20 65320 -640.18  459.13  79.12

50 642.52  -606.03  -446.68 7221

70 63322 -578.08  -434.85  66.20

90 62518 -55531 42352 60.92

Figure 5.1 illustrates the effect of temperature on vanadium extraction. Note that by increasing

temperature from 50°C to 70°C, the rate of the reaction increases dramatically.
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Figure 5.1. The effect of temperature on vanadium leaching

(at 1 g/L V,03, 480 mL Oy/min, 90 pm, pH 0, and 600 rpm)

Temperature has an effect on the solubility of oxygen, the diffusion of oxygen in the solution,
and the chemical reaction rate. The solubility of oxygen in a solution at different temperatures

can be expressed by equations 5.2 (Tromans, 1998; Tromans, 2001):

1 n
(Co)s —{m} F, f(T) (5.2)

Where

0.046T* +203.35T m(z—;) —(299.378 + 0.092T)(T — 298) — 20.591x10°

J(D)=exp 83147
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Where (Caq)1 1s the molal solubility of oxygen and the coefficient k and the exponents y and n are
solute-specific parameters (2.02, 1.25, and 0.17, respectively for sulfuric acid solution). As
shown in equation 5.2, the solubility of oxygen is a temperature function which has a minimum
of around 95°C. This means that oxygen solubility decreases by increasing temperature in the
range of 30°C < T <90°C. Moreover, it can be seen from equation 5.2 that increasing acid
concentration as well as decreasing the partial pressure of oxygen has a negative effect on the
concentration of dissolved oxygen in the solution. However, by increasing temperature from
30°C to 90°C, water steam pressure increases significantly from around 0.041 to 0.69 atm
(Hammett and Chapman, 1934; Romanov, 2009; Wexler, 1976). Thus, since total pressure above
the solution is 1 atm at sea level in Vancouver, increasing temperature will lead to decreased

partial pressure of oxygen, which means decreasing solubility of oxygen in the solution.

Therefore, for a solution of 0.85m H,SO,, the dissolved oxygen concentration was calculated at
about 9.75x107, 7.08x107, 4.09x107, and 2.1x10” m for temperatures of 30, 50, 70, and 90°C,

respectively.

Likewise, it should be considered that by increasing temperature, the diffusion coefficient of
oxygen in the solution increases about three times from 30°C to 90°C (Tromans, 2001).
However, since the solubility of dissolved oxygen decreases by a factor of nearly five when
increasing temperature from 30°C to 90°C, it can be assumed that the mass transfer rate for
oxygen is not increasing fast enough to produce the rapid increase in vanadium leaching kinetics,
shown in Figure 5.1. On the other hand, temperature also plays a significant role in the kinetics
of the oxidative reaction on the surface. It is obvious that increasing temperature has led to

increased kinetics of vanadium oxidative leaching.
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Since pure vanadium trioxide has been used in this study, particles have decreased in size
through the leaching process. There is no ash layer formed during leaching and all of the
particles are fully depleted at the end of the process. Similar to acid leaching of vanadium
pentoxide, the shrinking sphere model for small particles has then been chosen as a possible

model for describing the kinetics of oxidative vanadium trioxide leaching.

As shown in Figure 5.2, comparing diffusion and reaction control models, there is an appropriate
conformity of the derived reaction control model and experimental results. Therefore, the

chemical control model based on shrinking spheres can be applied for the leaching kinetics.

Using equation 4.8, the rate constant for the surface oxidation reaction was obtained by factoring
out the changing dissolved oxygen concentration with temperature (from equation 5.2). The
activation energy of the reaction using an Arrhenius relationship has been then calculated to be
69 kJ/mol for the reaction as shown in Figure 5.3. This high value of activation energy supports

the postulate that the kinetic of the leaching is reaction controlled (Levenspiel, 1999).
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Figure 5.2. (a) Plot of (1 — (1 — X)3) versus time for various temperature test; (b) Plot of

2
(1 — (1 — X)3) versus time for various temperature test (at 1 g/L V,03, 480 mL/min, 90 um,
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Figure 5.3. Arrhenius plot for activation energy calculation for oxidative leaching using oxygen

5.1.1 Effect of particle size

The fraction reacted versus time plot is shown in Figure 5.4 for different initial particles sizes. As
shown, the kinetics of the leaching reaction increased with decreasing particle size. Considering
equation 4.8, the rate constant of the reaction versus 1/d was investigated. Figure 5.4 shows the

linear relation between the reaction rate and 1/d, which this confirms the reaction control

mechanism for oxidative leaching.
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Figure 5.4. The effect of particle size on the rate of vanadium oxidative leaching

(at 70°C, 1 g/L V,03, 480 mL/min oxygen, pH 0, and 600 rpm)

5.1.2 Effect of stirring speed

In order to rule out mass transfer as a possible rate control mechanism, the effect of stirring

speed variation on vanadium oxidative leaching was investigated at 500, 600 and 700 rpm.

Figure 5.6 represents that stirring speed has no significant effect on the kinetics of leaching. This

data further confirms that the kinetics of leaching is controlled by the chemical reaction rate, not

mass transfer.
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Figure 5.5. (a) Plot of (1 — (1 — X)3) versus time for various particle sizes (b) The effect of
particle size on the rate of dissolution of vanadium (at 70°C, 1 g/LL V,03, 480 mL/min oxygen,

pH 0, and 600 rpm)
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Figure 5.6. The effect of stirring speed on vanadium oxidative leaching

(at 70°C, 1 g/L V,03, 480 mL/min oxygen, 90 um, and pH 0)

5.1.3 Effect of sulfuric acid concentration

Vanadium trioxide has been leached at different pHs. Temperature, stirring speed, and average
particle size were constant at 70°C, 600 rpm, and 90 pum, respectively. The results are given in
Figure 5.7, which illustrates that sulfuric acid concentration does not have a significant influence
on vanadium leaching. Figure 5.8 shows the order of the reaction which is 0.14 for the sulfuric
acid concentration. To investigate the effect of pH in more detail, direct leaching of vanadium
trioxide in the presence of nitrogen in the same conditions was also studied. As shown in
Figure 5.7, the kinetics of direct vanadium trioxide in non-oxidative conditions is slow and

decreasing the pH promoted the leaching rate slightly. Therefore, it is possible, based on these
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results, that the non-oxidative leaching of V (III) followed by homogeneous oxidation of V (III)

with oxygen may make a small contribution to the overall reaction rate.
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Figure 5.7. The effect of sulfuric acid concentration on vanadium oxidative and non oxidative

leaching (at 70°C, 1 g/L V,03, 480 mL/min oxygen, 90 um, and 600 rpm)
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Figure 5.8. (a) Plot of (1 — (1 — X)3) versus time for various particle sizes; (b) The effect of
particle size on the rate of dissolution of vanadium (at 70°C, 1 g/L V,03, 480 mL/min oxygen,

pH 0, and 600 rpm)
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5.2 V,0; leaching using oxygen and ferric

It was found that leaching of vanadium trioxide using oxygen is slow; therefore, a mixture of

oxygen and ferric has been studied for vanadium leaching. Table 5.2 shows the thermodynamic

data for vanadium trioxide leaching using ferric. It can be seen that the oxidative vanadium (III)

leaching using ferric is thermodynamically favorable.

V,03 + 2Fe™ + 2H = 2VO™? + H,0 + 2Fe "™

Table 5.2. Thermodynamic data for reaction 5.3 (HSC)

Temperature AH° AS° AG® Log K
(°C) (kJ/mol)  (kJ/molk)  (kJ/mol)
30 -125.99 56.06 -142.99  24.64
50 -120.16 74.70 -14430  23.33
70 -114.94 90.37 -145.95  22.22
90 -110.15 103.96 -147.90  21.28

In addition, oxygen can oxidize ferrous in the solution:

4Fe?+ Oyt 4H = 4Fe” + 2H,0

(5.3)

(5.4)

This means that at least five different oxidation reactions can occur in the system concurrently,

that of oxidation of V,0s, Fe (II), and V (III) by oxygen, and the oxidation of V,0O3and V (III)

by Fe (IIT). All these oxidation reactions are thermodynamically “favorable (HSC). However, the

relative kinetics of these reactions will control the overall rate process.
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5.2.1 Effect of initial ferric concentration

The effect of the initial concentration of ferric has been studied. It can be seen in Figure 5.9 that
by increasing the initial ferric concentration, the kinetics of leaching is also increased. Compared
to the results for the oxidation of vanadium (III) using oxygen, oxidation of vanadium (III) in the
presence of ferric is very rapid. This means that ferric plays a key role in the system for the

oxidation of vanadium (III).
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Figure 5.9. The effect of initial ferric concentration on the kinetics of vanadium oxidative

leaching (at 70°C, 1 g/L V,03, 180 mL/min oxygen, 90 um, pH 0, and 600 rpm)

5.2.2 Effect of temperature
Figure 5.10 illustrates the effect of temperature on vanadium leaching in the presence of ferric

and oxygen and it can be seen that vanadium leaching is strongly dependent on temperature. It
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was shown that the leaching would be finished in about 20 minutes at 90°C, while less than 80%

of vanadium has been leached in an hour at 30°C.
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Figure 5.10. The effect of temperature on vanadium oxidative leaching (at 1 g/L V,03, 1.5 g/L
ferric, 180 mL/min oxygen, 90 pm, pH 0, and 600 rpm)

5.2.3 Effect of pH

The effect of pH on vanadium leaching has been investigated through the leaching of 1 g/L of
vanadium trioxide with 1.5 g/L of ferric and 180 mL/min of oxygen at temperature 70°C and 600
rpm at pHs of 0, 0.3, 0.6, and 0.9. Leaching of vanadium using ferric was not studied beyond pH
0.9 because precipitation was observed in the solution in higher pHs. The results showed that pH
does not have any significant effect on vanadium leaching. Morgan and Lahav (2007) claimed
that the oxidation of ferrous by oxygen in aqueous solution is independent of pH in the acidic
range of pH (below pH 4). Therefore, since the leaching has been controlled by the oxidation of
ferrous to ferric and oxidation of ferrous is independent of pH, it could be expected that
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vanadium leaching using ferric and oxygen is not affected by changing pH. Moreover, it was
shown in non-oxidative leaching of vanadium trioxide that decreasing pH can promote direct
leaching of vanadium; however, since kinetics of direct leaching is so slow compared to leaching
using mixture of ferric and oxygen, the direct leaching process can be assumed to have minimal

contribution to the overall leach kinetics.

5.3 Vanadium trioxide leaching using ferric-ferrous solutions

The kinetics of the oxidative leaching of V,0; by ferric-ferrous was studied using constant
ferric/ferrous ratio. In this technique, it was tried to keep the potential constant through the
leaching process. The effects of ferric-ferrous ratio, temperature, pH, and stirring speed were all
studied. The leaching was then modeled using the shrinking sphere model.

The oxidative leaching of vanadium trioxide can be considered as an electrochemical reaction.
This electrochemical reaction can be represented by two half-cell reactions:

V,0; + 2H =2V0™ + H,0 + 2¢” (5.5)
Fe™ + ¢ =Fe™ (5.6)
And the overall reaction is represented as reaction 5.3.

Considering the kinetics of half-cell electrochemical reactions, oxidative leaching using ferric-
ferrous can be considered as having three different types of reaction rate control. In Type I, ferric
reduction is slow and, therefore, far from equilibrium. In this type, the reverse cathodic reaction
may be neglected. The exchange current densities of the two half-cell reactions (ferric reduction

and mineral oxidation) are similar in magnitude, and the rate is proportional to the square root of

the ferric concentration and independent of ferrous concentration. (Type I: j, oc (Cp, ,,,))O'5 ).
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In Type II, ferric reduction is fast and, therefore, essentially at equilibrium. In this case, the
exchange current density of the oxidizing couple is higher than that of the dissolution reaction by
several orders of magnitude and the mixed potential thus corresponds to the reversible potential

of the oxidizing (potential determining) couple. In this type, the leaching rate is proportional to

. o CFe(III) 05
the square root of the Fe(IlI)/Fe(1l) ratio (Type II: j, oc (—————)™").

Fe(Il)
In some systems, there is a third type where the leaching reaction is particularly fast and the
leaching rate is limited by mass transfer of the oxidant to the mineral surface. In this situation,
the leaching reaction will proceed at the limiting current density of the oxidant and the leaching

rate is proportional to the oxidant concentration (Type IIL: j, oc (Cp,y)) -

5.3.1 Effect of temperature

The effect of temperature on vanadium (III) leaching was investigated by the leaching of 1 g/L of
V,0s3 in sulfuric acid at pH 0 and temperatures of 30, 50, 70, and 90°C. In all experiments, the
initial ferric concentration was 0.1 molar and the ferric-ferrous ratio was kept constant at 10 by
using potassium permanganate. ORP was reported 496, 532, 563 and 611 mV for 30, 50, 70, and
90°C respectively. Figure 5.11 shows the effect of temperature on vanadium leaching. It can be
seen that by increasing temperature, the rate of leaching increases. It was shown that at the
higher temperature, vanadium was completely leached in about 20 minutes, however, it took

about 3 hours to leach around 90% of vanadium in the lowest temperature.
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Figure 5.11. The effect of temperature on vanadium oxidative leaching

(at 1 g/L V,03, [Fe"™]/[Fe™]=10, 90 um, pH 0, and 600 rpm)

The shrinking sphere model was applied to formulate the kinetics of leaching. Similar to oxygen
leaching (section 5.1), the kinetics model using equations 4.8 and 4.9 was investigated. As can be
seen in Figure 5.12, the shrinking sphere model based on chemical reaction control showed a
suitable agreement with the experimental data. Activation energy of the reaction was then

calculated as 38 kJ/mol using the Arrhenius equation in Figure 5.13.
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Figure 5.12. (a) Plot of (1 — (1 — X)3) versus time for various temperature tests; (b) Plot of

2
(1 — (1 —X)3) versus time for various temperature test (at 70°C, 1 g/L V,0s, [Fe"]/[Fe"]=10,

90 um, pH 0, and 600 rpm)
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Figure 5.13. Arrhenius plot for activation energy calculation for oxidative leaching using a

constant ferric-ferrous ratio

5.3.2 Effect of particle size

The effect of particle size on the vanadium trioxide oxidative leaching kinetics was studied using
different initial particle sizes (Figure 5.14). Figure 5.15 represents the linear relation between the

reaction rate and 1/d and provides support for the reaction control mechanism for the leaching.
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Figure 5.14. The effect of particle size on the rate of vanadium oxidative leaching

(at 1 g/L V,0s, [Fe™]/[Fe™]=10, 90 um, pH 0, and 600 rpm)
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5.3.3 Effect of ferric-ferrous ratio

To study the effect of the ferric-ferrous ratio on the kinetics of leaching, 1 g/L of V,0s3 in sulfuric
acid at pH 0 and 70°C was leached by ratio of Fe(IlI)/Fe(II) of 1, 10, 50, 100 and 300. About 0.1
g/LL of ferric was added to the leaching tank and the target ferric/ferrous ratio was adjusted by
adding the required ferrous using ferrous sulfate heptahydrate. The potential was recorded at
values of 495, 563, 608, 631 and 669 mV versus Ag/AgCl electrode for ratio of 1, 10, 50, 100
and 300 ferric/ferrous respectively. The potential for each test was then controlled using an ORP
electrode connected to the computer. Figure 5.15 represents the effect of the ferric-ferrous ratio
on vanadium trioxide leaching. It was shown that by increasing the Fe(Ill)/Fe(Il) ratio, the

leaching kinetics increases significantly.
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Figure 5.15. (a) Plot of (1 — (1 — X)3) versus time for various particle sizes; (b) The effect of

particle size on the rate of dissolution of vanadium (at at 1 g/L V,0;, [Fe+3]/ [Fe+2]=10, 90 pum,

pH 0, and 600 rpm)
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Figure 5.16. The effect of ferric/ferrous ratio on vanadium oxidative leaching

(at 70°C, 1 g/L V;,03, 90 um, pH 0, and 600 rpm)
The shrinking rate of vanadium trioxide particles versus the ferric-ferrous ratio is depicted in
Figure 5.17. The slope was regression fitted to a value of 0.47. This means that the oxidative

leaching is of Type II, in which the shrinking rate is proportional to the square root of the

Fe(IIT)/Fe(II) ratio in the solution.
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Figure 5.17. (a) Plot of (1 — (1 — X)3) versus time for various particle; (b) The
vanadium dissolution rate dependence of ferric/ferrous ratio (at 70°C, 1 g/ V,03, 90 pm,

pH 0, and 600 rpm)
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In addition, as shown in Figure 5.18, the effect of stirring speed on vanadium leaching was
studied using 1 g/L of V,0; in sulfuric acid at pH 0, 70°C, [Fe™)/[Fe"™]=10 and a stirring speed
of 500 to 700 rpm. Moreover, the effect of pH was investigated in Figure 5.19 by changing the
pH from 0 to 1 at 70°C, [Fe"]/[Fe**]=10, 600 rpm and the same solid to liquid ratio. The
leaching kinetics was shown to be independent of both stirring speed and the pH of the solution.
This confirms that the oxidative leaching is under the chemical reaction rate control with an
activation energy of about 38 kJ/mol. The oxidation of vanadium trioxide using ferric ions

conforms to a Type II mechanism.
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Figure 5.18. The effect of stirring speed on vanadium oxidative leaching (at 70°C, 1 g/L

V;,03, 90 um, and pH 0)
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Figure 5.19. Effect of pH on vanadium oxidative leaching (at 70°C, 1 g/L V,03, 90 um, and
600 rpm)

Therefore, based on the obtained data, the rate constant for the reaction can be calculated as

below:
C
M _ 12088 x exp(— 2y S your (5.7)
ot Croy

Finally, the following kinetic equation was obtained for oxidative leaching of vanadium trioxide

using the ferric-ferrous couple:

3

12 4571 Cp,
088te (- 57 X F(111))(),47

1-X(t,d.)=|1-
d, T CFe(II) (5.8)
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6 Solvent extraction
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6.1 Extraction of vanadium (V) in the presence of iron (I1I)

6.1.1 Effect of pH value on selectivity

The extraction yield of vanadium (V) and iron (III) from the solution with phosphoric acid
(D2EHPA), phosphonic acid (IONQUEST 801), phosphinic acid (CYANEX 272) and phosphine
oxide extractant (CYANEX 923) (5% extractant (v/v) in SX-ORFOM 12) are shown in
Figure 6.1 to Figure 6.2 respectively. All loading results were obtained after mixing aqueous and

organic solution using a mechanical stirrer for 20 minute.
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Figure 6.1. Extraction of V (V) and Fe (III) from sulfate solution as a function of equilibrium pH

with 5% D2EHPA & IONQUEST 801 dissolved in SX-ORFOM12
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Figure 6.2. Percentage of extraction of V (V) and Fe (III) from sulfate solution as a function of

equilibrium pH with 5% CYANEX 272 & CYANEX 923 dissolved in SX-ORFOM12

It can be seen that acidic phosphorus extractants had poor selectivity for V (V) over Fe (III).
However, as was shown in Figure 6.2, CYANEX 923 may be a suitable extractant candidate for
separation of vanadium from iron because CYANEX 923 cannot extract iron (III) from a sulfate
solution. Since the extraction of Fe (III) by CYANEX 923 was very low based on aqueous

solution analysis as a check, the loaded organic solution was also analyzed for mass balance

confirmation.

6.1.2 Effect of contact time
The kinetics of vanadium extraction with CYANEX 923 was investigated by studying vanadium
extraction versus time (Figure 6.3). The organic phase (40%, v/v) was made using CYANEX

923 and SX-ORFOM 12. The extraction was complete in approximately 10 minutes.
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Figure 6.3. Effect of mixing time on the extraction yield of vanadium with 40% CYANEX 923

in SX-ORFOM 12 at pH 2
6.1.3  Vanadium (V) extraction mechanism using CYANEX 923

Considering the selectivity of CYANEX 923 compared with acidic phosphorus extractants, the
effect of CYANEX 923 concentration on vanadium (V) extraction using 5%, 10%, 20%, and
40% of CYANEX 923 in SX-ORFOM12 was investigated. By assuming the average molecular
weight of CYANEX 923 is 348 g/mol and the density is 880 kg/m’, the graph of log D versus log
(TRPO') is depicted in Figure 6.4. The results show a linear slope and indicate the ratio of the
extractant to the metal species at this pH value. At pH 0-2, one molecule of vanadium is

extracted by approximately one molecule of CYANEX 923.

! [trialkylphosphine oxide (TRPO)] is used to represent the CY ANEX 923 concentration. This is a simplification but
is appropriate to test the mechanism of extraction.
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Figure 6.4. Effect of CYANEX 923 concentration on vanadium extraction

In non-complexing acidic media (less than pH 2), the major species in aqueous solution of

vanadium (V) is VO,  (Olazabal et al., 1992; Pourbaix, 1949). Moreover, vanadium

(concentration > 10~ molar) can form a complex (VO,SOy) in sulfate media in the low pH range
(Ivakin, 1966; Puigdomenech, 2004; Rakib and Durand, 1996). It was shown that vanadium can
form VO,S0O4 and VO,HSO4 thermodynamically (Ivakin, 1966; Puigdomenech, 2004; Rakib
and Durand, 1996). The equilibrium constant (Log ;) for VO,SO4 has been reported to be 0.97
(Ivakin, 1966) , 1.3 (Rakib and Durand, 1996), and 1.72 (Puigdomenech, 2004) in different
reports and the equilibrium constant (Log ;) of -0.136 was obtained for reaction VO,HSO4
(Ivakin, 1966). This means that the formation of VO,SO, is much stronger than VO,HSO, in the
solution. In addition, Rakib and Durand (Rakib and Durand, 1996) claimed that the assumed
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species VO,HSOy is totally dissociated behaving as a strong acid. Therefore, in a solution
containing sulfate/bisulfate anions, a mono sulfate complex VO,SO4 is a dominant complex in
the approximate range of 1 <pH<3. Moreover, the peak position of this complex in Raman
spectroscopy was specified in the solubility test (Figure 4.8). Therefore, considering the results
in Figure 6.4 and the vanadium species, the extraction equilibrium of vanadium (V) with
CYANEX 923 (TRPO: [trialkylphosphine oxide]) which is used as a candidate for CYANEX

923) is given by the following expressions, which may occur separately or simultaneously:

2V0;5 + SO,” +2TRPO — (VO, ), SO, (TRPO), (6.1)
Or
VO; + HSO, +TRPO — (VO,)HSO,(TRPO) (6.2)
Or
VO,SO, + H* + TRPO — VO, HSO,(TRPO) (6.3)
Or
2V0,SO; +2TRPO — (VO,), SO,(TRPO), + SO,’ (6.4)

The extraction equilibrium constant Ky is expressed respectively as follows:

_ [(v0,), SO,(TRPO), ]

= Sl (6.5)
[VO; 1*[SO;* I[TRPOY

ext

Or
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[VO, HSO,TRPO] (6.6)

Kext = ——
[V0; 1 HSO, [TRPO)
Or
e [VO, HSO,TRPO] _ 67
[V0,S0; 11H " )[TRPO]
Or
VO,SO,\TRPO) 1[SO,
_1V0,50,(TRPO) 1150, ] 63)

! [V0,S0, 1'[TRPOT?

To investigate the extraction mechanism, the effect of adding sodium sulfate on the extraction of
vanadium with 5% CYANEX 923 was studied. Different solutions contained 1 g/L. vanadium
and 0.5, 1, and 2 molar sulfate concentrations at pH 1.5 were prepared. Vanadium extractions of
19.12, 8.35, and 1.78% were obtained respectively for 0.5, 1, and 2 molar sulfate in the solution.
It is obvious that the extraction of vanadium decreases significantly by adding sodium sulfate in

the solution.

It was shown that the extraction efficiency of vanadium using CYANEX 923 increases by
increasing the pH while at the same time the amount of bisulfate in the solution decreases. It can
then be concluded that reaction 6.2 cannot be correct for the system. Furthermore, it was
revealed that by increasing the sulfate concentration, vanadium extraction decreases. Therefore,
reaction 6.3 can also be excluded based on this observation. Hence, considering the suggested
mechanisms, only reactions 6.1 and 6.4 can be considered. However, since the dominant species
at pH 1.5 or 2 is a vanadium mono sulfate complex, as it was explained above, it can be said that

reaction 6.4 is the most likely reaction in the system. Moreover, it can be seen from the reaction

120



6.4 that since sulfate is in the right side of the reaction, adding the sulfate in the system can shift
the reaction to the left, which means the vanadium extraction should be decreased, consistent

with the experimental results.

In order to confirm the extracted species, the ratio of vanadium to sulfur in the organic solution
was analyzed after extraction. However, since CYANEX 923 tends to extract sulfuric acid in the
solution as well (Wisniewski et al., 1996), a blank test with only sulfuric acid extraction at pH
1.5 by CYANEX 923 was first performed. Vanadium solution was then extracted in a second test
by CYANEX 923 at pH 1.5. Both organic solutions were then stripped with 2M sodium
hydroxide. Vanadium and sulfur concentration in the strip solution was analyzed by ICP and the
ratio of vanadium to sulfur after correction for the blank was calculated at 2.38. Although this
value is a little above the ideal value of 2, this analysis can be taken as evidence to confirm that

vanadium is extracted by reaction 6.4.

6.1.4 Stripping vanadium from CYANEX 923

The degree to which vanadium can be stripped from CYANEX 923 was studied using distilled
water and sodium hydroxide solution. After the loading of vanadium by CYANEX 923 at pH 2,
organic and aqueous solutions (A/O ratio of 1/1) have been shaken with a mechanical shaker for
20 minutes. This was found to be sufficient for equilibrium to be achieved. The aqueous phase
was filtered for ICP analysis and the organic phase was filtered using the 1PS phase separation
filter paper and advanced to the next batch stripping stage. The organic phase was stripped 5
times using fresh deionized water, 0.1 and 1N NaOH solution to make sure that all of the
vanadium has been removed from the organic (Table 6.1). The results confirm that a range of
dilute to concentrated solution of sodium hydroxide can be used effectively for the stripping of

vanadium from CYANEX 923. Iron will form Fe(OH); as a solid precipitate under high pH
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conditions. In addition, VO, has low solubility in the mildly acidic pH region. However, mildly
basic or highly basic strip solutions can change the cation to an anion such as decavandate
(V10025 °OH"), metavanadate (V30o~), and (VO;0H,) at pH 5, 8, and more than 11,
respectively. These anions have high solubility. As the following reactions illustrate, changing
the pentavanadyl cation (VO,") to anion species in the solution will release protons in the

solution and hence decrease pH (Pourbaix, 1949; Puigdomenech, 2004):

10 VO, + 8H,0 — V,40,;0H+ 15H" (6.9)
3 VO,™+ 3H,0 — V304°+ 6H" (6.10)
VO, +2H,0 — VO;0H,+ 2H" (6.11)

CYANEX 923 can extract sulfuric acid as well and sulfuric acid can also be stripped with
sodium hydroxide solution (Wisniewski et al., 1996). Therefore, the pH of the solution after
water stripping decreases because of the changing vanadium species and sulfuric acid stripping.
As shown in Table 6.1, water can also be applied to remove vanadium (V) from CYANEX 923
with less efficiency than sodium hydroxide solution. For water stripping, the pH was 2.85, 3.27,
3.68, 3.93, and 4.07, respectively for each stage of stripping at room temperature. It should be

mentioned that for each stage of stripping, fresh water or sodium hydroxide solution was used.
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Table 6.1. Strip of vanadium (V) from the loaded solvent®

Strip solution/Stripping Stage 1 2 3 4 5 Total (%)
Water 59.62 25.08 7.86 4.66 3.14 100.36
NaOH (0.1N) 79.65 10.11 6.52 2.35 2.11 100.74
NaOH (IN) 82.35 12.43 4.23 1.25 0.23 100.49

* The organic solvent was 40% CYANEX 923 in SX-ORFOM 12 at pH 2

6.1.5 Role of sulfate on vanadium (V) solvent extraction

As shown, sulfate has a significant effect on the extraction of vanadium (V) using CYANEX
923. It was shown that increasing sulfate increases the concentration of vanadium mono sulfate
complex in the system which leads to increases in the vanadium species that tend to extract by
CYANEX 923. However, since extraction of vanadium (V) using CYANEX 923 releases sulfate
on the right side of the reaction, the extraction of vanadium (V) by the organic solvent is reduced
by the increasing sulfate concentration due to Le Chatelier’s principle. This means that sulfate
concentration, on one hand, can increase loading because of promoting vanadium mono sulfate
complex in the system; however, on the other hand, it can suppress the loading reaction due to

the presence of sulfate on the right side of the reaction.

In addition, the effect of adding sulfate on vanadium (V) extraction using D2EHPA was studied
as well. Different solutions contained 1 g/ vanadium and 0.5, 1, and 2 molar sulfate
concentrations at pH 1.5 were prepared. Vanadium extraction was reported 79.45, 65.56 and
27.18%, respectively for 0.5, 1, and 2 molar sulfate in the solution. In fact, D2ZEHPA tends to
extract VO, from the solution; however, adding sulfate decreases the free cation concentration
in the solution and increases the VO,SO4 complex that leads to a decrease of the vanadium (V)

extraction in the solution.
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6.2 Extraction of vanadium (IV) in the presence of iron (III)

6.2.1 Effect of pH on selectivity

The effect of pH on selectivity of V (IV) over Fe (Ill) is illustrated in Figure 6.5 and Figure 6.6.
As can be seen, none of the chosen extractants are selective for the extraction of V (IV) in the
presence of Fe (III). CYANEX 923 is not able to extract V (IV) from a weakly-acidic sulfate

solution.

6.3 Extraction of vanadium (IV) in the presence of iron (II)

6.3.1 Effect of pH on selectivity
Figure 6.7. Percentage of extraction of V (IV) and Fe (II) from sulfate solution as a function of

equilibrium pH with 5% D2EHPA & IONQUEST 801 dissolved in SX-ORFOM12

and Figure 6.8 illustrate selectivity of V (IV) over Fe (II) using different extractants. It can be
seen that CYANEX 272 and D2EHPA can extract vanadium (IV) over ferrous reliably.
Moreover, it was shown that the distribution ratio (D) for D2EHPA is around 10.59 at pH 1.5
and 89.4% of vanadium was extracted by the solvent, while D was reported around 5.7 at pH 2

for CYANEX 272 where 78.9% of vanadium was extracted.
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Figure 6.5. Percentage of extraction of V (IV) and Fe (III) from sulfate solution as a function of

equilibrium pH with 5% D2EHPA & IONQUEST 801 dissolved in SX-ORFOM12
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Figure 6.6. Percentage of extraction of V (IV) and Fe (III) from sulfate solution as a function of

equilibrium pH with 5% CYANEX 272 & CYANEX 923 dissolved in SX-ORFOM12
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Figure 6.8. Percentage of extraction of V (IV) and Fe (II) from sulfate solution as a function of

equilibrium pH with 5% CYANEX 272 & CYANEX 923 dissolved in SX-ORFOMI12
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6.3.2 Vanadium (IV) extraction mechanism using D2EHPA
Considering the selectivity of D2ZEHPA compared to other extractants, the stoichiometry of the

extraction of vanadium (IV) using D2EHPA was studied. Generally, VO, is extracted by an

organic acid HR according to a cationic exchange:

M*" +(m+n)H,R, - MR,,(HR),, +2nH" (6.12)
— [MRZn (HR)Zm ][H+ ]2"
“ MTIHLRI 6.13)

in which the upper lined species are organic species.

Writing the apparent equilibrium constant K¢, under the logarithmic form and introducing the

distribution coefficient D defined as:

[V] _[VOR,,(HR),,]

D=—= 6.14
V] V0] ©19

Then:

Log D = Log Keq + (n +m) Log [ H,R, ] +2n pH (6.15)

where m and n are constant and can be determined by slope analysis.

As shown in Figure 6.9, a straight line with a slope of 2 for Log D versus pH confirms the
extraction of VO, in acidic media. The effect of D2EHPA concentration on vanadium (IV)
extraction using 5%, 10%, 20% and 40% of D2EHPA in SX-ORFOMI12 was also investigated.

The molecular weight of D2EHPA is 322.48 g/mol, the density is 970 kg/m’® and the purity of
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D2EHPA has been reported to be more than 96%. The graph of log D versus Log [D2EHPA] is
demonstrated in Figure 6.10. The slope is 2 in equation 4.54 indicating m+n is 2 (Biswas and

Mondal, 2003; Grosber-Manon, 2011).

Therefore, the equation 6.15 can be written as below:

VO™ +2H,R, —VOR,(HR), +2H" (6.16)
and the extraction equilibrium constant K.y is expressed as:

_[VOR,(HR), ][H T’
[V +2 ]2[H2R2 ]2

(6.17)
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Figure 6.9. Effect of pH on distribution coefficient (D2EHPA and vanadium (IV))
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Figure 6.10. Effect of D2EHPA concentration on vanadium (IV) extraction

Moreover, the stripping of vanadium (IV) from D2EHPA using sulfuric acid was investigated.
The procedure was the same as that used for the stripping from CYANEX 923. A fresh sulfuric

acid strip solution was used for each contact stage. As Table 6.2 shows, sulfuric acid can strip

vanadium (IV) effectively from D2EHPA.

Table 6.2. Strip of Vanadium (IV) from the loaded solvent®

Total
Strip Solution/ Stripping Stage 1 2 3 ((0)/2)1
0
H,SO4 (0.5M) 72.35 24.99 1.86 99.2
H,SO4 (1M) 92.12 6.53 1.53 100.18
H,SO4 (2M) 95.63 3.34 0.84 99.81

* The organic solvent was 40% D2EHPA in SX-ORFOM 12 at pH 1.5
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7 Conclusions

and

recommendations for future work
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7.1 Conclusions

As explained carefully, this research has been done to develop an understanding of vanadium
behavior in leaching and solvent extractions. To cover that interest, this study has been
completed in three different but relevant sections which are vanadium (V) and (III) leaching and

vanadium (V) and (IV) solvent extraction:

1. Vanadium (V) leaching: This study has been done in three steps. First, it was found that

V,0s5 can be leached quickly in sulfuric acid. However, the pentavanadyl cation (VO,") suffers
from low solubility in solution. On the other hand, it was reported that the solubility can be

raised by increasing the sulfate concentration in the solution.

Secondly, it was shown that V,0s can be leached in water and mild sodium hydroxide solutions
at a constant pH. At 90°C and pH 5, approximately all of V,0s can be leached in less than 2
hours as a decavanadate. Whereas for pH 8 and maintained at the same temperature, 90°C,
vanadium can be leached completely as a metavanadate after about an hour. It was found that

temperature can significantly affect both the water and mild basic leaching.

Thirdly, it was observed that using reductive agents in an acidic pH range can increase leaching
efficiency significantly. The kinetics of reductive leaching of vanadium pentoxide using sodium
sulfite was then studied using a shrinking sphere model. It was shown that the reductive leaching
is in a chemically-controlled regime with an activation energy of 33 kJ/mol. Finally, the

following rate equation has been offered to predict the rate of vanadium reductive leaching:
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0.5

d * * *
anos :k [H+]0.5 [SOZ ]total — k [H ]+ — [S02 ]?0.;71
dt 1 K (K, +[H"])
[H"]

2. Vanadium (III) leaching: In this section, the kinetics of atmospheric oxidative leaching of

vanadium trioxide were investigated in three steps. It was reported that leaching of V,03 using
oxygen is very slow and more than 90% of the vanadium was dissolved at pH 0, 90°C, and 10
hours by pumping 480 mL/min through the leaching process. It was claimed that the kinetics of
vanadium (III) oxidative leaching using oxygen is chemically-controlled by the activation
reaction of 69 kJ/mol. The effect of adding ferric on the leaching in the presence of oxygen was
then studied. It was revealed that ferric can increase the rate of the leaching significantly so
much so that vanadium is almost leached in 20 minutes at pH 0, 90°C, and 1.5 g/L ferric.

Finally, the kinetics of vanadium (III) leaching using constant ferric/ferrous ratio was
investigated. It was observed that both temperature and ferric-ferrous ratio has a considerable
effect on vanadium leaching. The kinetics study using mixed model revealed that the leaching
rate is controlled by the reaction on the surface. An activation energy of 38 kJ/mol was reported
for the reaction. The exponent of the Fe(Ill)/Fe(Il) ratio was reported as 0.47 which is slightly
less than the 0.5 that confirms Type II for the leaching.

3. Vanadium solvent extraction: In this part, it was shown that the phosphorus based

extractants can be used to separate vanadium over iron selectively. The best separation of
vanadium and iron using selected extractants were achieved when vanadium and iron species

were either both reduced (vanadium (IV) and iron (II)) or both oxidized (vanadium (V) and iron

(11I)).
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For vanadium (V), it was shown that acid extractants had poor selectivity for vanadium (V) over
iron (III), however, CYANEX 923 as a solvating extractant showed an acceptable selectivity for
vanadium (V) over iron (III). The molar ratio of CYANEX 923 and vanadium (V) in the
extracted species was found to be approximately 1, which indicates the participation of one
molecule of CYANEX 923 per molecule of vanadium (V) in the extracted species. In addition, it
was shown that the stripping of vanadium (V) from CYANEX 923 can be accomplished by
water, dilute or concentrate sodium hydroxide. Using sodium hydroxide as a stripping solution
not only can increase selectivity of vanadium over iron but can also increase vanadium solubility

in strip liquor.

For vanadium (IV), it was found that among selected organophosphorus reagents, D2EHPA
showed a better selectivity for vanadium (IV) over iron (II). Stripping with sulfuric acid was
effective. It was also found that two moles of D2ZEHPA were required per mole of the extracted

vanadium (IV) species.
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7.2 Recommendations for future work

This work formed a fundamental understanding for hydrometallurgy of vanadium. However,
more studies have to be considered as a future research to complete this understanding and make
it adopted into now progressing recovery of vanadium from various resources. To this end, the

following investigations are recommended:

» Leaching:

e The experiment can be extended to study vanadium leaching from different resources
contained in non-oxide vanadium materials. However, most of the resources can be fairly
divided to vanadium (V) and vanadium (III) materials. Therefore, similar techniques
from this study can be applied to investigate for a leaching study.

e This work may be extended to study the kinetics of atmospheric leaching of vanadium
trioxide in basic pHs

e Oxidative leaching of vanadium (III) to form vanadium (V) species in the solution in
different pHs can be considered as a potential future work

e This report may be completed by a kinetics study of vanadium (IV) oxidation to
vanadium (V) using oxygen in an aqueous phase. This study not only can be used as a
supportive research for direct leaching of vanadium (II) to get vanadium (V) species in
the solution, but also may be applicable for a vanadium purification step when only
vanadium (V) species are needed in the solution. Oxidation using other oxidizers such as

H,O; can also be investigated for the purification step
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» Solvent Extraction:

e Using a mixture of different extractants as a synergic study can be considered for solvent
extraction of vanadium by aiming to obtain higher selectivity of vanadium over some
elements such as iron in acidic pHs

¢ Jon exchange technique can also be investigated as a potential future work for vanadium
(IV) and vanadium (V). The extraction of different vanadium species using this technique
is poorly studied. Therefore, this research may show other possible options for vanadium

purification

This research has been focused on leaching and solvent extraction of vanadium and suggestions
are then proposed around these two steps of the process. However, other parts of the process
such as vanadium pentoxide precipitation or vanadium electrolyte production can be potentially
considered as a future work. Deep understanding about each part of the vanadium process can
help us to bring a more practical and feasible procedure to get the aimed vanadium product for

any resource.
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