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To enhance the recovery rate of vanadium from vanadium-titanium magnetite concentrate, we investigated a series of oxida-
tion roasting reactions involving vanadium-titanium magnetite concentrate and magnesium oxide using non-isothermal kinetics.
We employed four different model-free methods to calculate the apparent activation energy of the reactions over a temperature range
0f396.2 to 836.6°C. Among these, the KAS method showed the best fitting accuracy, yielding an activation energy of 225.97 kJ/mol.
This method was utilized to derive a stage reaction model and describe the kinetic mechanism. Our analysis confirmed that the
A2 and A8 nucleation models were the dominant mechanisms throughout the entire reaction stage. Based on the derived kinetic
mechanism, we propose strategies for enhancing reactivity through material pretreatment in the early reaction stage and employing
a gradient temperature roasting strategy to increase the reaction temperature.

Keywords: Vanadium-titanium magnetite concentrate; MgO); oxidation roasting; dynamics

1. Introduction Notably, in the growing sector of energy storage, vanadium redox
flow batteries stand out as a new type of high-efficiency power
Vanadium is an important rare metal that is widely used in ~ conversion and energy storage device. They have significant

various applications, including steel production, alloy materials,  potential in the vanadium market thanks to their safety, high
batteries, pigments, the chemical industry, and medicine [1-7].  charge and discharge efficiency, and environmental benefits
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[8-12]. Around 85% of vanadium is used in steel production
to enhance the strength and toughness of steel, which limits
its application in other fields [13-14]. To foster the develop-
ment of vanadium in new energy storage and other sectors,
further research is needed on efficient recovery methods
for vanadium.

Currently, two primary methods exist for recovering vana-
dium from vanadium-titanium magnetite concentrate. The first
method involves extracting vanadium from vanadium-rich steel
slag, while the second method entails direct chemical extraction
from the concentrate itself. Vanadium-rich steel slag is a valu-
able secondary mineral resource generated during the steelmak-
ing process using vanadium-titanium magnetite concentrate.
In industrial applications, vanadium is mainly extracted through
secondary smelting of this steel slag. However, the production
capacity of vanadium is closely tied to the capacity of steel
production and its associated CO, emissions, which limits its
application primarily to the steel industry [15]. Additionally, the
vanadium recovered from steel slag has limited flexibility and
is heavily reliant on the blast furnace converter process [16-18].
To diversify vanadium production sources and enhance the
growth of the all-vanadium flow battery industry, it is essential
to conduct in-depth research on the direct vanadium extraction
process from vanadium-titanium magnetite concentrate. This
process involves breaking down the phase structure of the con-
centrate by adding additives and conducting an oxidizing roast.
During this step, low-valent vanadium in the ore is converted into
high-valent vanadate. Subsequently, a vanadium-rich solution
is obtained through leaching and filtration, and the vanadium
is then precipitated and calcined to produce high-grade V,Os.
This direct extraction method has gained attention due to its low
energy consumption, short processing time, and high recovery
rate. The process is divided into four main stages: oxidation
roasting, leaching, vanadium precipitation, and calcination. The
efficiency of vanadium recovery is significantly influenced by the
amount of soluble vanadate produced at the end of the oxidation
roasting phase. As such, oxidation roasting is a crucial step in
the entire direct vanadium extraction process.

Luo studied the oxidation roasting performance of sodium
salt in vanadium-titanium magnetite concentrate. It was found
that sodium metavanadate soluble in water was formed under
the conditions of Na,COj; addition of 7.5%, heating rate of
10°C/min, roasting temperature of 850°C and roasting time of 4h,
and its roasting conversion rate (oxidation degree) was as high
as 92% [19]. It is proved that the roasting additive has a gain
effect on the oxidation roasting, but the sodium salt consumption
is too large, which cannot be recycled in the whole vanadium
extraction process and hinders the subsequent recovery of other
precious metals [20-23]. Calcification roasting also has a similar

effect, but some problems cannot be recycled. However, it will
produce acid-soluble calcium ferrite, resulting in a higher iron
loss rate, and the residual sulfur ions cause pollution to the envi-
ronment [24-27]. In terms of roasting conversion efficiency, the
addition of magnesium salts (MgO, MgCO;, Mg (OH),) to the
vanadium-titanium magnetite concentrate can also effectively
destroy the mineral phase structure after oxidation roasting, op-
timize the roasting effect, and react to form magnesium vanadate
and magnesium metavanadate that are soluble in acid. However,
unlike sodium salt additives, magnesium salts can be recycled
in the process of vanadium precipitation, In the whole process
of vanadium extraction, selective recovery can be achieved,
and the subsequent recovery of elements such as Ti, Al and Fe
in vanadium-titanium magnetite concentrate can be achieved to
achieve comprehensive utilization of resources and enhances
overall process efficiency [28-30]. so that the whole vanadium
extraction process can achieve green closed-loop, energy sav-
ing and emission reduction, which is of great significance to the
development of vanadium extraction technology.

In this work, the non-isothermal kinetics analysis of the
magnesium salt roasting process of vanadium-titanium magnetite
concentrate was carried out to determine the rate control steps
and reveal the reaction mechanism, which provided theoretical
guidance for the direct extraction of vanadium from vanadium-
titanium magnetite concentrate by magnesium salt roasting.

2. Experimental
2.1. Sample

The Vanadium Titanomagnetite Concentrate (VIMC) used
in this study was from LB Sichuan Mining and Metallurgy Co.,
Ltd., with magnesium oxide (analytically pure).

The chemical composition analysis of VTMC is shown in
TABLE 1 (with the mass fraction of Fe;04 and V,0j5 as the calcu-
lated value). Iron oxide and titanium oxide account for about 85%
of its content, and contain silicon oxide and magnesium oxide,
as well as trace impurity elements such as S, Ca, Cr, and Mn.

The XRD spectrum and SEM images of vanadium-titanium
magnetite concentrate are shown in Fig. 1. TABLE 2 shows the
atomic ratio and mass ratio of Fe, Ti, O, and V in this region.
As shown in Fig. 1(a), it can be seen that the phase is mainly
composed of Fe;0, and FeTiOs, corresponding to the analysis
of the composition content in TABLE 1. As shown in Fig. 1(b-f)
and TABLE 2, The overall appearance of the area is a grid-like
structure, and the Fe element content is high and evenly distrib-
uted on the ore surface. Among them, the Ti element is unevenly
distributed in strips; the content of V element is less.

TABLE 1
Analysis of the chemical composition of VTMC
Ore TFe FC304 FeO T102 MgO SIOZ A1203 CaO V205 Cr203 NiS MnO
wt.% 55.37 68.27 8.4 9.34 3.27 3.88 2.46 0.85 0.58 0.64 0.12 0.26
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(a)

Intensity(a.u.)

Fig. 1. XRD patterns (a), SEM and EDS of VTMC (b-f)

TABLE 2
Atomic ratio and mass ratio of Fe, Ti, O, and V
Element Fe Ti O \"
wt.% 66.27 9.61 14.56 0.52
Atomic% 51.15 8.09 36.18 0.41

2.2. Experimental method

Firstly, the Vanadium Titanomagnetite Concentrate
(VTMC: MgO, 100:6) was weighed in proportion to MgO. After

Mixture of VTC and MgO

Furnace

uniform mixing, the mixture was placed in a tube furnace and
oxidized, and calcined in an air atmosphere for 2 h. The calcina-
tion temperature range was from room temperature to 1100°C.
Finally, the calcined product was obtained by natural cooling to
room temperature in air atmosphere. The experimental process
is shown in Fig. 2.

2.3. Thermogravimetric experiments

Thermogravimetric experiments were performed by TGA
(Netzsch STA 449 F3) to obtain TG and DTG curves for kinetic

Fig. 2. Roasting flow chart. (1 — Drying air, 2 — Flowmeter (air flow rate 60 mL/min), 3 — Rubber hoses, 4 — Tubular muftle furnaces, 5 — Meng’s
washing bottles (anti-backflow suction), 6 — Meng’s washing bottles (water), 7 — Tail gas (discharged into the air)
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analysis. The temperature and sensitivity were calibrated us-
ing calcium oxalate monohydrate (dehydration step at 120°C,
decomposition at 550°C). The balance sensitivity was +0.2 ug,
and buoyancy effects were corrected via baseline subtrac-
tion under identical experimental conditions. DSC measure-
ments used a TA Instruments Q200, calibrated with indium
(AHfus = 28.4 J/g £ 0.5 J/g) and sapphire for heat capacity.
A homogeneous mixture of vanadium-titanium magnetite con-
centrate and magnesium oxide (VTMC: MgO, 100:6) was used
as a raw material. Each group of samples was weighed 8 mg
and heated from room temperature to 1100°C at 5,10, and 15°C
/ min, respectively. The airflow rate was 60 mL/min.

2.4. Apparent activation energy

The model-free method is considered to be a reliable method
to obtain the apparent activation energy £, [31-35] of complex
and multi-reaction processes without knowing the expression
of the relevant reaction mechanism function g(a). he calcula-
tion process is described in detail in [36]. The four model-free
methods listed in TABLE 3 are all iso conversional methods,
and the apparent activation energy E,, is calculated based on the
TG / DTG data at different heating rates (three) in the reaction
temperature range.

TABLE 3
Common model-free methods and the corresponding
equations
Method Equation Ref.
Flynn Wall AE,
1 - -
Ozawa (FWO) | M= {R (a) [38-41]
. Ell
Starink ( ) Const.—1 .0008[ ] [35]
RT
da E,
Fried — In| 4 42
riedman { H [ f TRT [42]
Ea
KAS - f [35.38]
RTpeak

2.5. Dominant mechanism function

The conversion rate o in the oxidation roasting process can
be derived from the TG data by Eq. (2).

my —m,

[29]1 (1)

a=
my —m,

o0

In Eq. (1), the initial mass of the sample at the beginning
of the reaction interval corresponding to the TG curve is my,
the final mass of the sample at the end of the reaction interval
is m,,, and the mass of the remaining sample at t in the reaction
process is m,.

Combining the model-free method with the Z(a) rincipal
function method, the dominant mechanism function of the
oxidation roasting process can be determined. Using the model
fitting method, the range of possible g(a) listed in TABLE 4
is reduced by selecting g(a) with R* close to 1. The A and E,
[39-41] of each g(a) were calculated by linear fitting using the
Coats-Redfern equation [37-38].

tn| &) || AR |_E,

7’ BE,| RT

By comparing the theoretical — Z(a) function value and

the experimental — Z(a) function value with the change trend

of a under different heating rates of each g(a), the dominant
mechanism function is further determined.

(291 (2)

Z(a) =f(@) g () [29] (3)
d
(%
Za)=——5—— =7r(u)[ﬁjT [29] 4)

3 2
u” +18u” +86u +96
m(u)= 5
() u* +20u° +120u +240u +120 )

E
u=—"= 6
RT (6)

Eq. (3) is the theoretical calculation expression of Z(«),
and Eq. (4) is the experimental calculation expression of Z(a).
The £, in Eq. (6) is calculated by the model-free method.

2.6. Material characterization

EDS Sample Preparation Method: The samples were pre-
pared by mixing epoxy resin and its curing agent at a mass ratio
of 2:1. The mixture was stirred uniformly in the same direction
for 2-3 min until fully homogenized. Subsequently, it was poured
into a cold-mounted mold containing the pre-loaded sample.
The curing process was conducted at 25°C for 6-10 h. After
demolding, the sample was polished to a smooth and flat mirror
for subsequent analysis. EDS analysis was conducted using an
Oxford Instruments X-MaxN 80 detector coupled to a ZEISS
Sigma 300 scanning electron microscope, the EDS system was
calibrated using NIST-certified reference materials (Cu, Fe, Al)
before measurement.

The phase of vanadium-titanium magnetite concentrate
was detected by X-ray diffraction analysis (XRD dynamic 500,
Cu Ka radiation at 40 kV and 40 mA)with a step size of 0.02°
20 and a counting time of 2 s/step. The instrumental broadening
was calibrated using a LaB6 standard (NIST SRM 660a). The
surface morphology and element distribution of vanadium-
titanium magnetite concentrate and magnesium oxide before and
after roasting were observed by scanning electron microscope
(ZEISS Sigma 300).
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TABLE 4
Kinetic models commonly used in oxidation roasting
Mot?el Symbol Differential form f(«) Integral form g (a)
Accelerating type
Exponential law El o Ina
Nucleation models
Avarami-Erofe’ev A2 2(1 - a)[-In(1 — a)]"? [~In(1 — a)]"?
Avarami-Erofe’ev A3 31 — a)[-In(1 — a)]?? [~In(1 — )]"3
Avarami-Erofe’ev A4 4(1 — a)[-In(1 — a)]?* [~In(1 — a)]"*
Avarami-Erofe’ev A5 2/3(1 — a)[-In(1 — )] "2 [~In(1 — o)]*?
Avarami-Erofe’ev A6 12(1 = a)[-In(1 — )] [In(1 - )]
Avarami-Erofe’ev A7 1/3(1 = a)[-In(1 — )] [-In(1 - )]
Avarami-Erofe’ev A8 1/4(1 = o)[-In(1 — )] [-In(1 — )]*
Decelerating type
Geometrical contraction models
Contracting area R2 2(1 — o) 1(1-a)”?
Contracting volume R3 3(1 - a)?? 1(1-a)?
Diffusion models
Parabolic law, one-dimensional diffusion D1 12a o’
Valesitwo-dimensional diffusion D2 [In(1 — a)]" (1-a)ln(l-a)+a
Jander, three-dimensional diffusion D3 BR2)1—a)?P[1 -1 -a)?! [1—(1—a)?P?
Ginstling-Brounshtein, three-dimensional diffusion D4 G -a)y'?—17" 1-2a/3-(1-a)*?
Z-L-T equation, three-dimensional diffusion D5 321 -a)* [ )P - 17" [(1—a)—17?
Reaction-order models
First order F1 l-a —In(1-a)
Second order F2 (1—a) (1—ay'-1
Third order F3 2(1 - a)® [(1-a)?—-1]/2

3. Results and discussion
3.1. Thermodynamics calculation

In the process of magnesium salt roasting reaction, the main
phase in the vanadium-titanium magnetite concentrate reacts
with the roasting additive MgO as shown in Egs. (7)-(9). When
there are Siand V oxides, the chemical reactions that may occur
are shown in Egs. (10)-(12). In essence, the oxidation roast-
ing reaction is the oxidation reaction of the main phase in the
vanadium-titanium magnetite concentrate. The most important

thing is to first destroy the silicate phase on the surface of the
vanadium-titanium magnetite concentrate so that the vanadium-
iron spinel is oxidized by air and converted into vanadate which
is soluble in acid. This process involves the diffusion of Mg?*
and O?, and the reaction produces vanadate and hematite-based
solid products and a small amount of SO, gas (Eq. (13)). The
thermodynamic data calculated based on HSC 6 software are
shown in Fig. 3. According to Fig 3, AG of formula 8 is less
than 0, indicating that magnetite in vanadium-titanium magnetite
concentrate will be converted into hematite during oxidation.
The main reaction AG and AH of the whole roasting process

0
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=250 | -(12)f
o —
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Fig. 3. AG — Temperature curves (a) and AH — Temperature curves (b) of reactions related to the VIMC and MgO
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are less than 0, and the reaction is exothermic. The increase in
temperature is not conducive to the reaction.

4Fe;0, + O, = 6Fe,0; [29] (7)
[29] (8)

)
(10)

4Fe;0, + 6MgO + O, = 6MgFe,0,

4FeTiO; + 6MgO + O, = 4MgTiO; + 2MgFe,0,
2Fe,Si04 + 2MgO + O, = 2Fe,05 + 2MgSiO;

0.8FeV,04 + 1.6MgO + O, = 0.8Mg,V,0; + 0.4Fe,05 (11)

0.8FeV,04 + 0.8MgO + O, = 0.8MgV,04 + 0.4Fe,0; (12)

NiS + O, = NiO + SO, (13)

3.2. Thermogravimetric results

The TG and DTG curves of the calcined products at dif-
ferent heating rates are shown in Fig. 4(a) and Fig. 4(b), respec-
tively. As the temperature increases from room temperature to
1100°C, the whole roasting process can be divided into four
stages. Combined with the composition and thermodynamic
data of vanadium-titanium magnetite concentrate; The first stage
(30-396°C) corresponds to the removal weight loss of free water
and crystal water; The second stage (396.2-836.6°C) corresponds

102

to the weight gain of the oxidation reaction process; The third
stage of weight loss may be related to the formation of SOy gas
and the vaporization removal of ionic state V [43], the vapori-
zation removal of ionic state V means that a part of the V mass
loss will be caused during the roasting process. The quality of
the fourth stage (temperature range) remains unchanged, and the
oxidation reaction in the roasting process ends.

3.3. Apparent activation energy E, calculation
by model-free method

The results of the conversion rate and activation energy cal-
culated by four model-free methods are shown in Fig. 5. Fig. 5(a)
is the change trend of conversion rate o with temperature 7. It can
be seen from Fig. 5(a) that the conversion rate increases with
the increase of temperature at different heating rates. However,
at the same temperature, the conversion rate decreases with the
increase of heating rate. At a fixed temperature, the activation
energy can be calculated by the model-free method. The calcu-
lation results of FWO model-free method [34-36] at different
conversion rates are shown in Fig. 5(b), and the negative slope
is the apparent activation energy E,. It can be found that with the
increase of conversion rate, £, increases from 82.44 kJ-mol™!
to 580.34 kJ-mol ™.

0.010
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Fig. 5. The growth trend of conversion rate at different heating rates (a).

by FWO model-free method (b)

Liner fitting calculation of activation energy at different conversions



The apparent activation energy E, calculated by the four
model-free methods based on TABLE 3 is shown in Fig. 6. The
fitting results obtained by the four model-free methods are all
good. The E, values calculated by FWO, Starink, Friedman and
KAS are not much different, all fluctuate around the average
value and show an upward trend. In fact, the activation energy
calculated by the Friedman method (592.63 kJ - mol ) is slightly
higher than the other three calculations. In the calculation pro-
cess of the Friedman method, the da/dT data calculated by the
DTG curve is used, while the results of the other three methods
are obtained by using the temperature power index data and the
adjustment coefficient. TABLE 5 shows the activation energy
values and adjusted coefficient of determination (adjusted R?)
calculated by the four model-free methods. Considering that the
adjusted R? of KAS is closer to 1 and the fitting effect is better,
the £,-KAS method (225.97 kJ/mol) is used as the intermediate
parameter to derive the kinetic reaction mechanism.

800

Friedman
FWO
KAS
Starink

f=)
8
T
4ponm

Eg, (kJ/moL)
s

[
=3
S

0.0 0.2 0.4 0.6 0.8 1.0
Conversion

Fig. 6. E,, calculated by model-free methods listed in TABLE 3

3.4. Dominant function determination
by Model-fitting method

The kinetic models commonly used in the oxidation roasting
process are shown in TABLE 4. The fitting results of the heating
rate of 5°C / min are shown in Fig. 7. From Fig. 7, it can be seen
that the A8, A7, A6, AS, and D5 models have better fitting ef-
fects, and Adj-R? is greater than 0.97. Table 6 shows the specific
parameter values of the fitting results. By comparing the activa-
tion energy values of E£,-KAS and E,-model methods, a model
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with better fitting effect can be determined. The two models of
A8 and A7 are close to the values of £,-KAS (225.97 kJ/mol),
and the deviations from E,-KAS are 14.32% and —15.81%, re-
spectively. The scope of application of the reaction model can
be reduced by comparing the fitting results of the model method.
Z(0) master-plot method will further confirm the exact mecha-
nism of the reaction process through the relevant kinetic model.

sl Temperature: 396.2 - 833.5 °C
’ ’ Coats-Redfern Equation:
a AR | E
a0k tn[9(2)|=m _]__ﬂ
T BE,.| RT
415 = __';:-.‘:;_““:;__
= T S
E Ryy>0.9 R3;<0.97 k“h z -.2“::,
= A8 — A2 D2 e e
25t ol —a D3 NG
26 A4 —D4 e
——R2 —F1 B
——AS
30 D5 R3 —F2
D1 :
‘3 S L 1 L
0.00012 0.00015 0.00018
I/RT

Fig. 7. Model fitting results of heating rates (5°C - min™")

3.5. Mechanism analysis by Z(a) master-plot method

The curves in Fig. 8 are the Z(a)-model and Z(a)-experiment.
Fig. 8(a) shows the fitting results of all models, and Fig. 8(b)
shows the best-fitting model. The point values of Z(«a)-experiment
at three different heating rates have almost the same trend with
the conversion rate, but the trend does not conform to the curve
drawn by a single model. As the reaction proceeds, the dominant
model changes. When the conversion rate is lower than 10%,
the experimental data is close to the A2 model. When the con-
version rate increases to 20%, it gradually transitions to the A8
model curve. This is because the magnesium oxide reacts with
the material surface in a multi-point form, destroying the crystal
structure of the material surface. As the conversion rate increases,
the reaction core grows and gradually diffuses around, forming
a phase boundary with other reaction points, blocking the diffu-
sion channel of oxygen until the end of the reaction. The whole

TABLE 5
Calculated activation energy at different conversions by the model-free methods
. Friedman FWO KAS Starink
Conversion = i mol™) | Adj. K. | E, (Jmol) | Adj. B | E,(Jmol) | Ad. R | E, (ki-mol) | Adj. B
0.1 126.13 0.91 85.95 0.91 75.93 0.99 74.63 0.93
0.2 235.94 1.00 176.11 0.95 172.36 0.95 172.74 0.95
0.3 281.67 0.96 249.42 0.99 248.89 0.99 249.24 0.99
0.4 270.59 0.99 271.22 0.98 271.33 0.98 271.68 0.98
0.5 242.35 0.97 258.89 1.00 257.87 1.00 258.24 1.00
0.6 241.86 0.92 245.35 0.97 243.10 0.97 243.51 0.97
0.7 273.44 0.92 254.89 0.94 242.61 0.93 253.03 0.93
0.8 332.97 0.92 296.47 0.92 295.70 0.91 296.11 0.91
Average 250.62 0.949 229.79 0.957 225.97 0.965 227.39 0.957
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TABLE 6
Kinetic parameters obtained by different reaction models
Model Variable 5°C-min™! 10°C - min™! 15°C - min™! Average

InA(min ™) 1.90 0.93 0.24 1.02

A2 E,(kJ-mol™) 18.10 19.98 21.95 20.01
Adj. R? 0.96 0.94 0.93 0.94
InA(min ") 4.20 3.26 261 3.36
A3 E,(kJ-mol™") 7.50 8.64 9.84 8.66
Adj. R 0.87 0.86 0.85 0.86
InA(min™") 6.14 5.07 4.35 5.19
A4 E,(kJ-mol™) 2.20 2.98 3.79 2.99
Adj. R 0.46 0.53 0.56 0.52
InA(min ") 0.93 2.03 2.84 1.93

R2 E,(kJ-mol ™) 40.74 44.08 47.50 44.11
Adj. R? 0.94 0.93 0.91 0.93
InA(min ") 1.07 2.19 3.03 2.10

R3 E,(kJ-mol™") 43.55 47.11 50.80 47.15
Adj. R 0.95 0.95 0.93 0.94
InA(min ") 6.87 8.21 9.24 8.11

DI E,(kJ-mol ™) 80.93 86.83 92.67 86.81
Adj. R 0.91 0.89 0.87 0.89
InA(min ") 7.72 9.13 10.25 9.03

D2 E,(kJ-mol™) 89.40 95.95 102.59 95.98
Adj. R 0.94 0.93 0.91 0.93
InA(min™") 8.25 9.75 11.00 9.67

D3 E,(kI-mol™) 100.80 108.24 115.98 108.34
Adj. R? 0.97 0.96 0.95 0.96
InA(min") 6.88 8.32 9.48 8.23

D4 E,(kJ-mol™) 93.11 99.95 106.94 100.00
Adj. R? 0.95 0.94 0.93 0.94
InA(min") 3.36 4.53 5.45 4.45

Fl E,(kJ-mol™) 49.91 53.97 58.28 54.05
Adj. R? 0.95 0.97 0.97 0.96

InA(min") 13.37 15.01 16.56 14.98

F3 E,(kJ-mol™) 106.21 114.71 124.66 115.19
Adj. R? 0.88 0.88 0.90 0.89

InA(min") 30.44 32.93 35.28 32.88

A8 E,(kJ-mol™) 240.77 257.96 276.27 258.33
Adj. R? 0.99 0.98 0.98 0.98

InA(min™") 21.63 23.68 25.55 23.62

A7 E,(kJ-mol™) 177.15 189.96 203.61 190.24
Adj. R? 0.99 0.98 0.98 0.98

InA(min ™) 12.68 14.29 15.68 14.22

A6 E,(kJ-mol™) 113.53 121.97 130.95 122.15
Adj. R? 0.99 0.98 0.97 0.98
InA(min™") 8.11 9.50 10.65 9.42

A5 E,(kJ-mol™) 81.72 87.97 94.62 88.10
Adj. R? 0.98 0.98 0.97 0.98

InA(min ™) 13.06 14.79 16.34 14.73

D5 E,(kJ-mol™) 128.31 137.91 148.35 138.19
Adj. R? 0.99 0.99 0.98 0.99
InA(min ™) 7.88 9.26 10.46 9.20

F2 E,(kJ-mol™") 74.88 80.91 87.70 81.16
Adj. R? 0.95 0.95 0.96 0.95

reaction process is dominated by a two-stage gas-solid nucleation
diffusion mechanism. When the conversion rate is less than 10%,
for different heating rate curves, the temperature corresponding

to the conversion rate of 10% is 435.9-478.6°C. The reaction rate
is slow, and the process is mainly controlled by the nucleation
model (A2). With the increase of temperature, the conversion rate
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Fig. 8. Comparison of the experimental curves with theoretical curves at different heating rates (a), models with better fitting effects (b)

(>20%) increases. Due to the destruction of the lattice structure
of the material, the exposed ferrovanadium spinel reacts with
magnesium oxide to form soluble magnesium vanadate. The
reaction process is controlled by the nucleation model (A8). From
the above analysis process, it can be concluded that the dominant
model of the oxidation roasting process is two nucleation models
(A2, A8). Therefore, the pretreatment of the materials before
the reaction, such as mechanical activation and increasing the
specific surface area of the materials, can enhance the reactivity
and improve the early multinuclear reaction process. In the later
stage of the reaction, the reaction temperature control strategy
will be more effective for the dominant A8 model. To maintain
the nucleation strength and grain size during the roasting pro-
cess, the stepped temperature roasting should be adopted. The
oxidation reaction rate of the whole roasting reaction is faster
between 400°C and 800°C, and the number of nucleation of the

multi-point reaction can be increased by roasting at 400°C for
10 min. Roasting at 600°C for 10 minutes can promote the growth
of core reaction sites and improve the strength of high-valence
iron oxides. Roasting at 1100°C for 10 minutes at the endpoint
of the reaction can further promote the roasting reaction and
improve the oxidation degree of the roasted material by allowing
oxygen to penetrate from the pores between the reaction points.

3.6. Morphology analysis after oxidation roasting

Fig. 9 presents SEM images of calcined products at different
heating rates. As shown in Fig. 9(a), distinct phase boundaries
are formed between granular Fe,O; particles, indicating that
oxidative roasting promotes the growth of multi-nucleation
site reactions. After the reaction, most reactive sites remain

Fig. 9. SEM micrograph of calcined products at different heating rates, 5°C/min (a), 10°C/min (b), 15°C/min (c), 10°C/min (d), EDS-10°C/min (e-i)
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unclosed, generating cracks or pores at the phase boundaries.
These structural features significantly enhance the specific
surface area of the roasted products, facilitating the adsorption
of additional O, molecules within the interfacial gap channels
or pores. In Fig. 9(b), irregular angular morphology and frag-
mented features are observed in the granular structures. The
collapse of phase boundaries likely obstructs the interfacial gap
channels, resulting in reduced structural continuity, as illustrated
in Fig. 9(c), the growth of multi-nucleation sites in granular
Fe,05 is not confined to planar orientations. Instead, reactive
sites develop into an irregular three-dimensional framework
with abundant porosity. This phenomenon arises from the limited
growth time of reactive sites under accelerated heating rates,
which restricts particle size evolution. Consequently, the interfa-
cial gap channels between phase boundaries expand, ultimately
forming a disordered porous architecture. The SEM images and
corresponding EDS elemental mapping results of the polished
sample was shown in Fig 9(d-i). The distributions of V and Mg
are highly consistent, indicating their association in the same
phase. Notably, localized Mg enrichment is observed, likely
caused by the grinding process disrupting the original mineral
phase structure and exposing unreacted regions. In contrast,
Ti exhibits an inhomogeneous, striated distribution pattern.

3.7. Process flow

Fig. 10 is the optimized process step diagram. Firstly, the
mixture of MgO and VITMC was dried and put into planetary
ball mill. Then the stepped temperature roasting is used to
promote the full oxidation of the mixture; finally, after a series
of processes such as acid leaching and vanadium extraction,
the finished product V,05 can be obtained. By optimizing the
two stage process steps, the roasting oxidation effect can be ef-

fectively improved. Before the roasting reaction, the mixture of
vanadium-titanium magnetite concentrate and magnesium oxide
can be ball milled to reduce its particle size, increase its specific
surface area and enhance its reactivity. Gradient temperature
oxidation roasting was used during roasting, and the strength of
the reaction product was improved by holding at 400°C, 600°C
and 1100°C for 10 min, respectively.

4. Conclusion

In this study, non-isothermal roasting kinetics was used to
study the roasting kinetics of the mixture of vanadium-titanium
magnetite concentrate and magnesium oxide. The results indi-
cate that two distinct mass loss stages occurred during the entire
roasting process. The first stage corresponds to the removal of
free water and water of crystallization, with a temperature range
of 30-396.2°C.The second weight loss may be caused by the
formation of SOy gas and the vaporization of ionic state V, and
the temperature range is 833.5-945.2°C. Four model-free meth-
ods were used to calculate the activation energy of the process,
among which E,-KAS (225.97kJ / mol) had the best fitting ac-
curacy. Therefore, the £,-KAS method is used as an intermediate
parameter to derive the kinetic reaction mechanism. The results
show that the experimental data are close to the A2 model when
the conversion rate is less than 10%. When the conversion rate
increases to 20%, it gradually transitions to the A8 model curve.
The whole reaction process is dominated by the two-stage gas-
solid nucleation diffusion mechanism, which is controlled by
the two-stage nucleation model. Based on the previous kinetic
analysis, the pretreatment of the material before the roasting stage
and a certain degree of ball milling to change the particle size
can improve the multi-core point reaction process dominated by
A2 in the early stage of the reaction. The control of the reaction
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Fig. 10. Process flow diagram (a), Rotary kiln model (b), Temperature gradient oxidation roasting (c)



temperature can improve the nucleation process dominated by
A8 in the later stage of the reaction. The number of nucleation
of the multi-point reaction can be increased by roasting at 400°C
for 10 min; Roasting at 600°C for 10 minutes can promote the
growth of core reaction sites and improve the strength of high-
valence iron oxides; Roasting at 1100°C for 10 minutes at the
endpoint of the reaction can further promote the roasting reaction
and improve the oxidation degree of the roasted material by al-
lowing oxygen to penetrate from the pores between the points.
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