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Abstract
A sample of vanadium ore has been characterized by X-ray diffractometry (XRD), scanning electron microscopy

coupled with dispersive energy spectrometry (SEM-EDS) and thermogravimetric analysis (TG). The mineral
composition was determined by the Rietveld method and the results showed that the major mineral constituents are
maghemite (52.32%) and magnetite (15.73%). The SEM-EDS images showed that the vanadium is diffused over the
crystal structure of almost all the minerals. Hydrogen reduction was assessed by thermogravimetry (TG), where three
thermal events has been identified in the TG curves. The first event was probably related to two chemical reactions: (i)
the oxidation of the mineral ulvospinel by different vanadium oxides, followed by the reduction of the products of this
redox reaction by the hydrogen, and (ii) the reduction of the mineral magnesioferrite by the hydrogen. The other two
events were attributed to the dehydroxylation of the phyllosilicates (greenalite, cronstedtite and sudoite) and the
reduction of maghemite, magnetite, titanium oxides and vanadium oxides. Finally, the integration isoconversional
method was used to determine the apparent activation energy (Ea), which ranged from 44.28kJ.mol to 82.47 kJ.mol*
for the Kissinger-Akahira-Sunose method (KAS), and from 33.44kJ.mol to 65.54kJ.mol for the Ozawa-Flynn-Wall
method (OFW). These values imply that the reduction is controlled by mixed process for low conversion values

(diffusion and chemical reaction are the controlling steps) and by chemical reaction for high conversion values.
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amounts of vanadium (0.05-0.2%) reduces the particle

1. Introduction grain size, increases hardenability, and improve the
The main application of vanadium is as an alloying overall wear resistance. In addition, this element is also
additive to the steel-making process and the an important stabilizer for titanium and other special
consumption of this element by this metallurgical sector alloys (Zhang et al., 2019; Gilligan and Nikoloski,
corresponds to 85% of the worldwide production 2020; Gasik, 2013).

(Zhang et al., 2019; Gilligan and Nikoloski, 2020; Vanadium is mostly commercially available as oxide (>
Gasik, 2013; Moskalyk and Alfantazi, 2003). Minor 98% V,0s) (Zhang et a., 2019) or in ferrovanadium
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alloys (40%, 60% or 80% of vanadium) (Moskalyk and
Alfantazi, 2003). The primary sources of vanadium
have a complex mineralogy (Liu et al., 2014; Sui et al.,
2017) and substantial amounts of other metallic
elements (e.g., Ti, Cr and Fe). It is worth to point out
that a high chromium content in the ore leads to
environmental and economical  disadvantages,
considering the fact that the presence of this element in
the metallurgical waste increases the cost and restricts
the possibilities of waste disposal (Peng, 2019; Wang et
al., 2017). On the other hand, chromium and titanium
can be recovered through the metallurgical process, to
be sold as a by-product (Wang et al., 2017). Therefore,
becomes imperative the development of alternatives for
the vanadium extraction process aimed at the recovery

of vanadium and other metallic elements.

Among many sources, it can be distinguished the
vanadium titanomagnetite (VTM) as the primary
source, metallurgical slags (containing 12-24 wt.% of
V,0s) (Xiang et al, 2018; Wang et al., 2018; Zhang et
al., 2019) and petroleum residues (Zhang et al., 2019;
Xioetal., 2010). Most of the vanadium is now produced
from the steel slag and many studies deals with the
extraction of this element using direct leaching
procedures, carbothermic reduction followed by
magnetic separation and pyrometallurgical operations
such as reduction, calcination and roasting followed by
leaching with different chemical solutions (Wang et al.,

2018).

Primary vanadium sources usually are submitted to a
pyrometallurgical reduction step. The reduction of
VTM concentrate is an essential step for the Blast
Furnace (BF) process, reduction roasting magnetic
separation and pre-reduction electric furnace melting
process (Liu et al., 2014; Sui et al., 2017). Thus, the

understanding of the reduction kinetics and reduction
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mechanisms of these ores is essential for developing
new processes and techniques that promote a better use
of these mineral resources.

In this research, the reduction of a vanadium ore sample
was performed under low temperature (< 950 °C) in
order to convert oxidized iron mineral phases into
elemental iron (Fe°), as a preparation for the subsequent
hydrometallurgical acid leaching procedure. It is well
known that the Fe® leaching is greatly faster and
involves less aggressive conditions than those used for

oxidized minerals iron phase.

2. Material And Methods

The vanadium ore sample has 100% particle size less
than 75um, and was oven dried for 24h at 105°C before
being submitted to the experimental procedures. The
sample was provided by the company Largo Resources
and was obtained from a Brazilian mine located in the

state of Bahia.

3. Chemical Composition

The major chemicals were determined on a solid blend
composed of 0.2 g of ore and 4.0g of a 1:1 mix of
sodium carbonate (FMaia — 99.5%) and sodium
tetraborate (Synth -99.5%). This mixture was then
homogenized and melted in platinum crucible at 950°C
for 30 minutes. After cooling in a desiccator, this
mixture was completely dissolved using hydrochloric
acid solution (=16%). The major chemicals of the ore
were then determined using inductively coupled
plasma-optical emission spectrometry (ICP-OES -

Varian 725-ES).

4. Mineral Composition

The mineral composition was determined using the x-
ray diffraction (XRD) D2 Phaser (Bruker). The XRD
patterns were compared with the ICSD standard

incorporated into the Diffract. EVA software. The
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Rietveld refinement method was carried out using the

software TOPAS 5.0. The

instrument  settings,

parameters, and references for the XRD analysis are

shown in tables 1, 2 and 3, respectively.

Table 1. Instrument settings for XRD.

Diffractometer Bruker D2 Phaser
Goniometer ©-20, radius 141.1
Source CuK, (L=1.54184 A)
Generator 30kV, 10mA
Sample

Surface diameter 25

(mm)

Spinning rate (rpm) 8

Preparation Block loading
Incident optics

Fixed divergence slit 0.6 mm
Receiving optics

Soller slit 2.5

Detector Lynxeye

Scan Info

Angular range (20) 15-70°

Step (20) 0.18189

Length linear detector 5.002106

(20)

Time per step (s) 1.000
Measurement time (s) 3299

Table 2. Parameters used for quantitative analyses

of XRD data.
Background
Chebychev 6
coefficients
1/x Fitted for all
Profile function Fundamental
parameters
Cell parameters Fitted for all phases

Crystallite size for
each phase
Number of fitted
parameters

Fitted the crystallite

~34

Table 3. References of the phase structures used for
Rietveld analysis.

Phases

COD -
ID

Ref.
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5000223 Horn et al.,
1972
Anatase Rezae et al.,
7206075 2011
. Redhammer et
Clinopyroxene | 9003349 al., 2004
. Hendricks
Cronstedtite 9000019 (1939)
Fayalite 9000559 | Hazen (1977)
. Shiruzu &
Greenalite 9000132 Bailey, (1965)
Hematite 641734 TSV (1988)

.. Newnhen &
Karelianite 9008083 Haan (1926)
Ilmenite 9008035 | Barth (1934)
Indialite 9006271 | Swartz (1994)
Iron 631734 Kim (1969)

Barth (1932);
Magnesioferrite } 8 } gjé Passereni,
(1930)

. Pecharroman
Maghemite 9006317 (1995)
Magnetite 65339 Fleet (1986)

. Konert &
Melanovanadite | 9010026 Evans (1987)
Ganguli &
Pyrope 9001527 Cheng, (1994)
. Meager &
Rutile 9004144 Lager, (1979)
. Princivalle et
Spinel 9015716 al., (2012)

. Eggleton &
Sudoite 9000151 Bailey (1967)
Ti7013 1008196 Page (1982)

. . Newnham,
Tistarite 9008082 (19820
Tricalcium
Silicate 9015421 GN (1975)
Ulvospinel 9013538 Bosi et al.,

P 9013536 (2009)

5. Thermogravimetric Analysis (Tg)

Approximately 75 mg of ore sample was submitted to
thermogravimetric (TG) analyses using a Mettler
Toledo apparatus (model Star System). High purity
hydrogen (99.9990%) was applied as the reducing gas
at a flow rate of 100 mL.min. These quantities were
chosen according to preliminary tests, which also
demonstrated that under the experimental conditions,
these variables have no influence on the TG curve

pattern. The TG heating rates were 2.5°C.min?,
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5°C.min%, 10°C.min%, 15°C.mint and 20°C.min*t in
the temperature range of 50°C to 950°C. All the gases
used in the TG determinations were supplied by White
Martins.

Scanning electron microscopy (sem) and energy
dispersive spectroscopy (eds).
Microscopy (SEM)
Spectroscopy (EDS) were performed using a Tescan
equipment, model VEGA 3 LMH, coupled to an EDS
INCA x-act, model 51-ADDO0007. All the ore samples

were embossed using a commercial polyester resin, to

Scanning Electron

including Energy Dispersive

be after polished using sandpaper of different grit sizes.
The polishing finishing was done using 1.0 um alumina
paste. Subsequently the samples were covered with gold
by sputtering techniques.

6. Reduction Tests

Reduction tests were performed on 5 g ore samples
using a rotary kiln (20 rpm). Tests conditions were
temperatures of 420°C, 520°C and 950°C; flow rate of
1 L.min’t for 1h. Hydrogen (99.9990%) was used as the
reducing gas where the flow rate was fixed using a mass
flowmeter. After the reduction tests, the samples were
naturally cooled in the oven using N2 (99.990%) at a
flow rate of = 1 L.min. After cooling, the sample was
kept in a desiccator for the subsequent XRD analysis.
All the gases used in the experiments were supplied by
White Martins.

7. lsoconversional Kinetics

The isoconversional method is widely applied for

understanding the decomposition, oxidation and
reduction reactions of many materials of technological
interest (Cheng et al., 2015; Zivkovic et al., 1998;
Guimarées et al., 2016; Olzak et al., 1999; Wang et al.,
2018; Pourghahramani, 2007; Tomic et al., 2012). It

allows the estimation of the activation energy of a
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thermal process without the prior knowledge of the
involved kinetic model (Chilgi et al., 2014). Its basis
relies on the kinetics as shown by the Equation (1)

(Vyazovkin et al., 1965):

o =2 ew () f(a) @)

Where A and E, are respectively the pre-exponential
factor and activation energy, R is the universal gas
constant, T is the absolute temperature, f{a) is the
conversion function, g is the heating rate and o is the
extent of the conversion of reactants to the products.
The isoconversional principle establishes that for a
constant extent of conversion (a), the reaction rate is
only a function of the temperature (T). The Equation (2)
is obtained by rearranging and taking the natural log of
both sides of the Equation (1). It is the basis of the
differential method of Friedman (Vyazovkin et al.,
1965).

da Eq

n(p%), =mAaf@) —z= @)

This method requires the differentiation of the curves a
versus T, and this procedure usually creates some
scattering on the E, values. Numerical differentiation
can be avoided by using integration methods. Equation

(3) is the result of the integration of Equation (1):
—_ A Ta _Ea _ A
gla) = Efo exp (?) dt = 5 I(E,T) (3)

The integral I(E, T) has no closed-form analytical
solution and it is solved by using numerical methods.
Two expressions are commonly used as approximate
solutions to the integral I(E,T): (i) the Ozawa-Flynn-
Wall Solution (OFW) (Equation 4) (Ozawa, 1965;
Flynn, 1966) and (ii) the Kissinger-Akahira-Sunose
Solution (KAS) (Equation 5) (Coats et al., 1964):
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In(8) = 1.0516 (E—) —A
®)

E, AR

R, T ( Eq ) ®

where A" and A" are constants.

Thermodynamic Data
All the thermodynamic data were obtained from HSC

Chemistry 6.0 software.

8. Results
8.1.Chemical / Mineral Composition

The element composition of the ore sample is shown on
Table 4 (weight %). The vanadium content is
considerably higher compared to other similar studies,
where the vanadium ore (VTM) and concentrates were
also submitted to reduction process (Li et al., 2019;
Zhao et al., 2019). It is noteworthy that a high vanadium
content implies less energy for heating and/or melting
the gangue, which corroborates the choice of
pyrometallurgical routes.

Table 4. Chemical composition of the vanadium ore
(weight %0).

Elements Content
Percentage(%)
Al 0.72
Ca 0.29
Fe 58.2
K 0.17
Mg 0.79
Mn 0.11
Si 1.47
Ti 4.33
\4 1.92

As Table 1 shows, the ore sample presents a high iron
content, which is a common feature for vanadium ores.
Additionally, the titanium content is relatively low, and
as will be discussed later, it was not found in the

crystalline network of the magnetite.

Finally, the absence of chromium, an element which is

also ordinary for vanadium ores, enables the choice of
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the reduction method for

production, since this element has deleterious effects on

ferrovanadium alloys

the blast furnace process (BF process) and “pre-
reduction roasting magnetic separation process” (Sui et
al., 2017). The x-ray patterns and interpretation for the
ore sample are shown on Table 5 and Figure 1,
respectively. The results reveal that the main mineral
constituents are maghemite (52.32%) and magnetite
(15.73%), and that most of the iron content (85.8%) is
found in these mineral phases. The total iron content
estimated from its proportions on the mineral phase is
57.6%, which is close to the elemental composition
presented on Table 4 (58.2%).

Table 5. Mineral composition of the vanadium ore

sample.
Mineral name Chemical structure Content
(%)
Tricalcium CasSiOs 1.85
silicate
Clinopyroxene | Ca.sMg16Si20O¢ 4.22
Cronstedtite Fe4SiOs(OH)4 0.75
Fayalite FezSiOy 1.8
Ulvospinel Fe;TiO4 5.93
Greenalite FeZ_BSiz_zos(OH)s,s 2.07
Iimenite FeTiOs 4.18
Indialite Mg2Al4SisO1s 1.12
Magnesioferrite | MgFe;04 5.12
Magnetite FesOs 15.73
Maghemite Y Fes04 52.32
Melanovanadite | CaVs010*5H.0 3.12
Sudoite Mg1.9F€03Al39Si3010(OH)79 | 1.81

Figure 1. XRD patterns and Rietveld refinement of the

vanadium ore sample. (Cr) cronstedtite; (C)
clinopyroxene; (F) fayalite; (U) ulvospinel; (Ca)
tricalcium silicate; (G) greenalite; (M) magnetite; (Mh)
maghemite; (1) llmenite; (In) Indialite; (V)

melanovanadite; (Mg) magnesioferrite and (S) sudoite.

Figures 2 and 3 show the scanning electron microscopy
(SEM) and EDS mapping images of the ore sample.
Both figures show that the vanadium element is diffused
all over the mineral phases, which leads to difficulties
on the vanadium concentration process by conventional
unit operation. Some minerals identified by the XRD

analysis were highlighted on Figure 3.
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As mentioned before, the EDS mapping do not show the ulvospinel (Fe;TiO4) and magnesioferrite (MgFe204).
While  this

thermodynamically favourable at 420°C under an inert

presence of titanium in the crystalline network of thermal  decomposition is  not

magnetite and maghemite.

A A T T atmosphere, as demonstrated by equations (6) and (7),
i M i i - - - - -
09]  Vanadium ore " e e 09 it is favourable for the magnesioferrite when using a
08-= Mh Lo0s8 i .
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Figure 2. SEM-EDS of the vanadium ore. Left hand ke
side secondary electrons image and right-hand side = L oos
backscattered electrons image. g 20'3
012
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Temperature (“C)
Figure 4. Hydrogen reduction of the ore sample (H:
= 100ml/min; heating rate = 10°C/min): (a) TG and
(b) DTG curves.

Figure 3. SEM-EDS of the sample. (1) lImenite; (CI)
Clinopyroxene and (M) magnetite or maghemite.

8.2. Hydrogen Reduction

The TG and DTG curves of the ore sample submitted to
hydrogen reduction are shown on Figure 4. Three
thermal events can be identified on these curves, named
here as A, B, and C for the TG curve, and A", B" and C”
for the DTG curve. After hydrogen reduction, the ore
samples were submitted to XRD (Figure 5, 6 and 7) and
mineral phases were quantified using the Rietveld
method (Table 6).

Figure 4 shows that the thermal event A take place from
350°C to 420°C, which may be related to the reduction

of the thermal decomposition products of the minerals
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Figure 5. XRD patterns and Rietveld refinement
method of the vanadium ore reduced at 420°C. (A)
anatase; (C) clinopyroxene; (Cr) cronstedtite; (F)

fayalite; (G) greenalite; (H) hematite; (K)
karelianite; (1) ilmenite; (M) magnetite; (Mh)

maghemite; (V) melanovanadite; (P) pyrope; (R)

rutilie; (S) spinel and (T) tristarite.
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Figure 6. XRD patterns and Rietveld refinement
method of the vanadium ore reduced at 520°C. (A)
anatase; (C) clinopyroxene; (Cr) cronstedtite; (F)

fayalite; (G) greenalite; (H) hematite; (K)
karelianite; (1) ilmenite; (Ir) iron; (M) magnetite;
(Mh) maghemite; (V) melanovanadite; (Sp) spinel;

(S) sudoite and (T) tristarite.
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Figure 7. XRD patterns and Rietveld refinement
method of the vanadium ore reduced at 950°C. (A)
anatase; (C) clinopyroxene; (K) karelianite; (I)
ilmenite; (Ir) Iron; (M) Magnetite; (R) Rutile; (To)
TizO13 and (T) tistarite.
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Table 6. Mineral composition of the vanadium ore

reduced at different temperatures.
Content (%)

Mineral Chemical
420° 520 950°
name Structure c oC C
Anatase TiO; 2.06 0.82 0.61
Clinopyr Cao.4Mgui.6Siz 125 30.5
3.22
oxene Os 1
tcit;"”“ed FesSiOs(OH)s 1.41 054
Fayalite Fe2SiO, 1.67 135 -
Greenalit Fe2sSiz205(0O 185 049
e H)ss
Hematite Fe;Os3 4.36 0.26 -
Kareliani 0, 217 2.86 1.03
IImenite FeTiOs3 4.69 4.21 7.47
Iron Fe - 1.99 42.26
2/Iagnet|t FeOs 25.8 16.6 15.34
Maghemi 56.2 38.8 -
te Y FesO. 2 4
Melanov  CaV4010*5H; -
anadite (e} 303 146
Pyrope MgsAlx(SiOs) 0.3 B -
3
Rutile TiO: 0.8 - 0.15
3+ -
Spinel '(\)"AQ(A"FG 2. 058 g3
: Mngls(Si3A| - -
Sudoite O10)(OH)s 6.16
- Ti7O13 - - 1.62
Tistarite  Ti,Os3 205 212 1.02

MgFe,O4 = Fe,03 + MgO

AG® = -0.0164T2 + 21.04T + 13,509 (J/mol) (473K < T
< 1273K) (6)

Fe,TiO, = 2FeO + TiO,
AG° = -2.85T + 38,065 (J/mol) (473K < T < 1273K)
(7)

3MgFe;04 + Ha(g) = 2Fes04+ 3MgO + H.0(g)

AG® = -116.24T + 74,562 (J/mol) (473K < T < 1273K)
(8)

It is believed that the thermal decomposition of the

ulvospinel occurs as one of the chemical reactions

presented from equations (9) through (19). They all

represent redox reactions where Fe?* is oxidized to Fe**

by different vanadium oxides.

Fe,TiO, + V705 = Fe,0O3 + TiO, + 2VO,

)
Fe,TiO4 + 2/3V20s5 = 2/3Fez04 + TiO, + 4/3V0,
(10)
Fe,TiOs + 1/3V,05 = 2/3Fes04 + TiO, + 1/3V,03
(11)
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Fe,TiO4 + 3/5V,05 = Fe,03 + TiO, + 2/5V305

Fe;TiO4 + 1/2V,05 = Fe,03 + Tio(213)1/2V203
Fe;TiOs + 3VO; = Fe;03 + TiO +( {205
Fe;TiO4 + 2VO; = Fe;03 + TiO2 *-({;12)03
Fe;TiOs + 2VO; = 2/3Fe304 + Ti(%5+) 2/3V40s
Fe;TiO4 + 4/3V0O, = 2/3Fe304 + T(ig?+ 2/3V20;
FexTiO4 + 4/3V30s = 2/3Fe304 + -l(-::.é)z +2V;0;
Fe;TiOs + 2V30s = Feo03 + TiO; E§§/203

Figure 8 presents the Ellingham Chart for the reactions
(9) through (19), that
thermodynamically favourable at the temperature of the

showing they are
thermal event A. These charts also show that for the
same oxidizing agent at the temperature of the event A,
with the exception of the oxidation reaction induced by
V305 (equations 18 and 19), the formation of hematite
is always more favourable than magnetite. The
formation of hematite, in turn, is due to solid reactions
among the ore minerals.
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Figure 8. Ellingham chart for decomposition
reaction of ulvospinel
The absence of the ulvospinel and magnesioferrite
minerals on Table 6 indicates their decomposition

induced by reduction, as described by the equations 6
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through 19. Consequently, there was an increase in the
maghemite content and the formation of hematite, as
shown on Table 6 (reduced at 420°C). Table 5 indicates
an initial magnesioferrite content of 5.12%, and
according to the Equation (8), the expected loss of mass
by reduction of this mineral is approximately 0.14%
(0.0267 x 5.12%). The mass loss associated with event
A is considerably greater than the calculated value and
this can be attributed to the partial reduction of the
hematite content formed after the decomposition of the
ulvospinel.

Finally, Table 6 shows the formation of Tistarite (Ti2O3)
due to reduction of FeTiOs or TiO2, which means that
for an atmosphere with pH.O/pH,=10" the reduction of
the minerals rutile, anatase and ilmenite is not
thermodynamically favourable when the activity of the
solid species is 1 (Figure 9). However, the formation of
Ti,03 suggests that some solid-state reaction is inducing
the reduction of TiO; or that the activity of this specie
is high enough for the reaction to be spontaneous under
the applied experimental conditions. The ilmenite
reduction reaction also contributes to the loss mass

associated with the event A.
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Figure 9. Diagram log(pH.O/pH.) vs Temperature
for the Fe-Ti-O-H system. The dashed red line
represents the experimental conditions of this study
Dehydroxilation of cronstedtite, sudoite and greenalite

phyllosilicates occurs in the temperature range of 550°C
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to 800°C (events B and C) (Dlugogorski et al., 2014).
These minerals are minor components of the ore and
undertake different thermal decomposition mechanisms
that can produce different mineral phases (Dlugogorski
et al., 2014). Therefore, the serpentine mineral will be
the

dehydroxilation reaction, as shown on Equation (20).

used as a reference phyllosilicate for
However, this equation cannot be used for the mass loss

calculations  associated  with  these  thermal

transformations.

Mgs(Siz05)(OH)s = Mg,SiOs + MgSiOs + 2H20(g)
AG? = -286T + 136890 (J/mol)  (20)

The XRD results (Table 6) are evidence that at the
temperatures of 520°C to 950°C these minerals are

dehydroxylated.

In addition to the thermal decomposition of the
phyllosilicates, events B and C are related to the
reduction of magnetite and maghemite, as demonstrated
by the Equation 21.

FesOs + 2H2(g) = 3Fe® + 4H,0(g) (21)

For a sample composed of 68.05% of magnetite +
maghemite, the theoretical mass loss associated with the
reduction of these minerals is 18.8% (0.2764 X
68.05%). As can be seen on Figure 4, the actual mass
loss was found to be 21.02%, which is a bit higher than

the theoretical estimation.

Notwithstanding, like the iron oxides, the vanadium and
titanium oxides will also be reduced by a reducing
atmosphere with log(pH.O/pH,) = -5 (Figures 10 and
11). The reduction of oxidized minerals phases of
vanadium, titanium and iron is confirmed by the results

shown on Table 6.
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Figure 10. Diagram log(pH2O/pH>) vs Temperature
for the Fe-O-H system. The dashed red line
represents the experimental conditions of this

study.

log(pH,O/pH,)

Figure 11. Diagram log(pH.O/pH2) vs Temperature
for the V-O-H system. The dashed red line
represents the experimental conditions of this

study.

Figure 12 shows an SEM-EDS image of the ore sample
reduced at the temperature of 950°C. It can be noticed
the high porosity of the solid particles, and these pores
were generated by the gaseous product of the reaction
(H20).
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Figure 12. SEM-EDS images of the ore sample
reduced at 950°C by hydrogen (1h — 1L/min).

8.3. Isoconversional Kinetics

As mentioned before, the integral isoconversional
method was used to evaluate the kinetics of the ore
sample reduction. Figure 13 shows the reduction curves

at different heating rates (/).
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Figure 13. TG curves for the ore sample under
different heating rates (5).

The extent of conversion («) was calculated using the

initial content of maghemite and magnetite (Po =

47

68.8%) in the ore sample, as shown on Equation (22). A
value of a1 indicates that 100% of these minerals have

been reduced to metallic iron.

a= (1 :
(22)

_3XMMIr>XP_0
Where MM;; and MMwgg are respectively the molar

MMmag) ™ 100

masses of iron and magnetite (or maghemite) and w is
the mass loss at a specific time.

Figure 14 depicts the plots of the integration methods
OFW (Equation 4) and KAS (Equation 5), using three
different « values. Table 7 shows the apparent
activation energy of these plots and the coefficient of

determination (R?) of the linear regression fit.
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Table 7. Apparent activation energy for different
conversion () values calculated using the OFW
and KAS integration methods.

Conver
-sion OFW KAS
(o)

Ea/kJ R? Ea/kJ R2

mol! mol-!
0.10 51.66 0.8857 40.56 0.8388
0.15 47.28 0.9015 35.97 0.8513
0.20 4479 0.9155 33.24 0.8648
0.25 4428 0.9328 32.44 0.8878
0.30 4521 0.9506 33.06 0.9152
0.35 46.89 0.9651 34.43 0.9393
0.40 48.86 0.9752 36.09 0.9565
0.45 50.86 0.9815 37.79 0.9674
0.50 52.78 0.9852 39.46 0.9741
0.55 54.70 0.9875 41.08 0.9782
0.6 56.50 0.9891 42.63 0.9811
0.65 58.26  0.9904 44.15 0.9835
0.70 60.03 0.9917 45.68 0.9858
0.75 61.86 0.9928 47.28 0.9878
0.80 63.79 0.9938 48.96 0.9894
0.85 65.75 0.9973 50.67 0.9908
0.90 67.75 0.9950 52.37 0.9916
0.95 70.36  0.9956 54.59 0.9927
1.0 82.47 0.9844 65.54 0.9781

Figure 15 presents a plot of the apparent activation
energy (Ea) as a function of the extent of conversion ().
The Ea ranged from 44.28kJ.mol* to
82.47kJ.mol* the OSW method and from
33.44kJ.mol™* to 65.54kJ.mol* when the KAS method

was applied. The Ea values suggest that the slow process

values

for

step is a mixed step for low conversion value and a

chemical step for high conversion values.
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Figure 15. Apparent activation energy (Ea,)
estimated by the OFW and KAS integration
methods.
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9. Conclusions

A sample of vanadium ore was extensively

characterized by x-ray diffraction, elemental analysis,
Electron

and Microscopy-Energy

Spectroscopy (SEM-EDS).

Dispersive

The major mineral phases were found to be maghemite
and magnetite. SEM-EDS showed that vanadium is
diffused through the crystalline network of almost all

minerals of the ore sample.

The ore reduction was assessed by hydrogen
thermogravimetry (TG). TG curves revealed that the
mineral magnesioferrite is decomposed at temperatures
close to 420°C, and its thermal decomposition products

are subsequently reduced by the hydrogen gas.

TG curves suggest also that the mineral ulvospinel is
decomposed by a redox reaction between this mineral
and the different vanadium oxides of the ore sample. In
addition, the products of this redox reaction are also
reduced by the hydrogen gas at temperatures close to
420°C. The mineral maghemite was reduced to metallic
iron and most of the mass loss of the ore as the result of
the hydrogen reduction process was related to this

reaction.

The use of the integral isoconversional methods KAS
and OFW resulted in good linear determination
coefficients (R?. The estimated apparent activation
energy (E.) values ranged from 44.28kJ.mol? to
82.47kJ.mol* when the KAS method was used and from
33.44kJ.mol™* to 65.54kJ.mol* for the OFW method.

These values imply a mixed controlled step for low
conversion values and chemical controlled step for high

conversion values.
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