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Abstract: Numerous studies have focused on the reduction thermodynamics of ordinary iron ore; by contrast, the literature contains few 
thermodynamic studies on the gas-based reduction of vanadium titano-magnetite (VTM) in mixed atmospheres of H2, CO, H2O, CO2, and N2. 
In this paper, thermodynamic studies on the reduction of oxidized VTM pellets were systematically conducted in an atmosphere of a C–H–O 
system as a reducing agent. The results indicate that VTM of an equivalent valence state is more difficult to reduce than ordinary iron ore. A 
reduction equilibrium diagram using the C–H–O system as a reducing agent was obtained; it clearly describes the reduction process. Experi-
ments were performed to investigate the effects of the reduction temperature, the gas composition, and two types of iron ores on the reduction 
of oxidized VTM pellets. The results show that the final reduction degree increases with increasing reduction temperature, increasing molar 
ratio of H2/(H2 + CO), and decreasing H2O, CO2, and N2 contents. In addition, the reduction processes under various conditions are discussed. 
All of the results of the reduction experiments are consistent with those of theoretical thermodynamic analysis. This study is expected to pro-
vide valuable thermodynamic theory on the industrial applications of VTM. 

Keywords: vanadium titano-magnetite; gas-based reduction; C–H–O system; thermodynamics 

 

 

 

1. Introduction 

Vanadium titano-magnetite (VTM) is a compound min-
eral that consists of titanium (Ti), iron (Fe), vanadium (V), 
and various rare metals [1–3]. VTM is attracting increasing 
attention because of its critical value to advanced technolo-
gies [4–5]. Analysis has shown that China possesses ap-
proximately 1 × 1010 t VTM. The key to utilizing VTM is 
separating Fe, V, and Ti efficiently. The technologies that 
utilize VTM can be classified into two types: blast furnace 
(BF) processes and non-BF processes [6]. Compared with 
the non-BF processes, BF technology has reached a more 
mature state because of its long history of development in 
China and Russia. However, there are still several problems 
inherent in the BF process. First, coke resources are very li-
mited, which restricts the development of BF technology. 
Second, the limestone added as a solvent in BFs hinders the 
recycling of Ti in VTM because of the reaction between 
TiO2 and limestone, which can produce perovskite [7–9]. 
Many studies have investigated the use of VTM in non-BF 
processes in addition to the development of some technolo-

gical processes for the utilization of VTM. A number of 
scholars have argued that the two most promising prospec-
tive processes are the pre-reduction electric furnace smelting 
process and the reduction roasting magnetic separation 
process because of their high recovery rates of valuable 
elements and their low processing costs [10]. 

Reduction is an essential procedure in both the 
pre-reduction electric furnace smelting process and the re-
duction roasting magnetic separation process. Hence, it is 
extremely important to investigate reduction thermodynam-
ics of VTM. Much research has been published on the re-
duction thermodynamics of ordinary iron ore [11–17]. 
However, the crystalline structure of VTM is compli-
cated because the Ti and Fe are symbiotically close to 
each other [10]. Thus, the reduction thermodynamics of 
VTM differs from that of ordinary iron ore. Only a few stu-
dies have investigated the thermodynamics of VTM during 
the gas-based reduction process. Furthermore, many of these 
studies used pure hydrogen or carbon monoxide as a reduc-
ing agent, which can cause erroneous results because a 
mixture of H2 and CO gases is often used as the reducing 
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agent in actual industrial processes. In addition, a large 
amount of nitrogen, carbon dioxide, and water vapor can 
exist in the system, which can weaken the reducing ability 
of the reducing agent. Thus, exploring the thermodynamic 
behavior of VTM in this complex atmosphere is important. 

This work presents thermodynamic studies on the gas-based 
reduction of oxidized VTM pellets, carried out in a syste-
matic fashion. Specifically, the influences of reduction tem-
perature, gas composition, and the specific type of iron ore 
used on the reduction thermodynamics were investigated on 
the basis of theoretical calculations and experimental results. 

2. Thermodynamic theory analysis 

We focus on the titanium-bearing phases because ther-
modynamic studies of vanadium-bearing phases have al-
ready been reported [18–21]. On the basis of previous re-
search, the reduction reactions in a CO or H2 atmosphere 
regarding ordinary iron ore are described by reactions (1)–(8) 
in Table 1. Similarly, the most likely reactions in oxidized 
VTM pellets in reducing atmospheres of CO or H2 are de-
scribed by reactions (1)–(18) in Table 1, where the corres-
ponding standard Gibbs free energy changes ( G −Δ  ) of all  

Table 1.  G −Δ  and K of the reduction reactions in oxidized VTM pellets [22–24] 

No. Reaction G −Δ 
 / (kJ⋅mol–1) lgK 

(1) 3Fe2O3 + CO = 2Fe3O4 + CO2 −7100 − 13.42T 
1552

2.93
T

+  

(2) 3Fe2O3 + H2 = 2Fe3O4 + H2O 160 − 19.98T 
35

4.37
T

− +  

(3) Fe3O4 + CO = 3FeO + CO2 7965 − 9.88T 
1741

2.16
T

− +  

(4) Fe3O4 + H2 = 3FeO + H2O 15110 − 16.4T 
3302

3.584
T

− +  

(5) 3 4 2

1 3
Fe O CO Fe CO

4 4
+ = +  −1580 + 1.45T 

345.3
0.317

T
−  

(6) 3 4 2 2

1 3
Fe O H Fe H O

4 4
+ = +  5560 − 5.08T 

1215
1.11

T
− +  

(7) FeO + CO = Fe + CO2 −4702 + 5.15T 
1028

1.126
T

−  

(8) FeO + H2 = Fe + H2O 2389 − 1.34T 
522.1

0.293
T

− +  

(9) Fe2TiO5 + CO = Fe2TiO4 + CO2 −9880 − 4.92T 
2159

1.075
T

+  

(10) Fe2TiO5 + H2 = Fe2TiO4 + H2O −2935 − 11.15T 
641.4

+2.437
T

 

(11) Fe2TiO4 + CO = FeTiO3 + Fe + CO2 −4603 + 6.52T 
1006

1.425
T

−  

(12) Fe2TiO4 + H2 = FeTiO3 + Fe + H2O 2488 + 0.16T 
543.8

0.035
T

− −  

(13) 2FeTiO3 + CO =FeTi2O5 + Fe + CO2 314 + 4.08T 
68.6

0.89
T

− −  

(14) 2FeTiO3 + H2 = FeTi2O5 + Fe + H2O 7380 − 2.33T 
1613

0.509
T

− +  

(15) FeTiO3 + CO = TiO2 + Fe + CO2 3340 + 2.2T 
730

0.48
T

− −  

(16) FeTiO3 + H2 = TiO2 + Fe + H2O 10400 − 4.26T 
2273

0.931
T

− +  

(17) 2 5 3 5 2

3 2 3
FeTi O CO Ti O Fe CO

5 5 5
+ = + +  10763 + 0.091T 

2352
0.02

T
− −  

(18) 2 5 2 3 5 2

3 2 3
FeTi O H Ti O Fe H O

5 5 5
+ = + +  17798 − 6.307T 

3890
1.378

T
− +  

Note: 
2CO CO/K P P= or

2 2H O H/P P ; 
2COP , PCO, 

2H OP , and
2HP are the equilibrium partial pressure of CO2, CO, H2O, and H2, respectively; T is 

the reaction temperature. 
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the reactions and the equilibrium constants (K) are also 
listed [22–24]. The reduction of VTM is more complicated 
than that of ordinary iron ore because the Ti and Fe are 
symbiotically similar to each. 

To investigate the discrepancies in the reduction thermo-
dynamics between VTM and ordinary iron ore with equiva-
lent valence states, the relationship between the G −Δ   and 
T values in Table 1 can be determined, as shown in Figs. 
1(a)–1(d). 

As evident from Fig. 1(a), the G −Δ  value of reaction (1) 
is smaller than that of reaction (9) in the temperature range 
from 400 to 1600 K. Therefore, Fe2TiO5 is more difficult to 
reduce than Fe2O3 in a CO atmosphere at 400–1600 K. Ac-
cording to Fig. 1(b), the G −Δ  value of reaction (7) is also 
clearly smaller than that of reactions (11), (13), (15), and (17) 

at 400–1600 K. Thus, Fe2TiO4, FeTiO3, and FeTi2O5 are all 
more difficult to reduce than FeO in a reducing atmosphere 
of CO at 400–1600 K. Figs. 1(c) and 1(d) show the same 
results as Figs. 1(a) and 1(b). Therefore, we concluded that 
VTM of an equivalent valence state is more difficult to re-
duce than ordinary iron ore. Interestingly, the G −Δ  values 
shown in Figs. 1(a) and 1(c) indicate that reducing Fe2TiO5 
to Fe2TiO4 in the oxidized VTM pellets is extremely favora-
ble from a free-energy perspective. 

G −Δ  2 2CO CO

CO COreality balance

ln
P P

RT
P P

    
 =    
     

 (19) 

G −Δ  2 2

2 2

H O H O

H Hreality balance

ln
P P

RT
P P

    
 =            

 (20) 

 
Fig. 1.  Relationship between G −Δ  of reduction reactions with the same valence state and T: (a) Fe3+ in a CO atmosphere; (b) Fe2+ 
in a CO atmosphere; (c) Fe3+ in an H2 atmosphere; (d) Fe2+ in an H2 atmosphere. 

On the basis of the isothermal Eqs. (19) and (20), we 
conclude that the K values presented in Table 1 determine 
whether iron and titanium minerals can be reduced at a certain 
temperature. For instance, when the reduction temperature is 
1273 K, the reduction conditions of FeO, Fe2TiO4, and  
FeTiO3 are

2CO CO/ 0.480K P P= < or 
2 2H O H/ 0.764K P P= < , 

2CO CO/ 0.232K P P= < or 
2 2H O H/ 0.345K P P= < , and K =  

2CO CO/ 0.0884P P < or 
2 2H O H/ 0.140K P P= < , respectively.  

These conditions are the necessary and basic conditions of 
the reducing-gas process design used in actual industrial 
production. In addition, the K values in Table 1 can charac-
terize the stability of oxidized VTM pellets. 

In actual production processes, a C–H–O system is used 
as the main reducing agent. Accordingly, the equilibrium 
composition of the gas-phase C–H–O–Fe–Ti system is de-
termined by reaction (21). Eq. (22) can be inferred from 
the G −Δ  of reaction (21):  
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CO + H2O = CO2 + H2, G −Δ  7050 6.41T= − +  (21) 

2

2

2

H
CO

H O CO

exp
P

K P
P P

G

RT

−− Δ 
= ⋅ =  ⋅  


 (22) 

From Eq. (22), the following relationship can be obtained: 

2

2 2

H CO

H O CO

1540
lg lg 1.401

P P

P P T
= + −  (23) 

According to the lg /K a T b= + expression derived from 
Table 1 and Eq. (23), an equilibrium diagram of oxidized 
VTM pellets reduced by the C–H–O system can be 
represented as Fig. 2. This diagram implies that the left side 
of data points “BAC” is a thermodynamically stable zone of 
Fe3O4, whereas the region below “BAD” is where FeO is 
stable. Fig. 2 also indicates that below EF is a thermody-
namically stable zone for Fe2TiO4, that the zone between EF, 
GH, and IJ is stable for FeTiO3, and that the zone between 
GH and MN is stable for FeTi2O5. Therefore, the reduction 
of Fe2TiO4 proceeds after all free FeO is reduced to Fe. Fig. 
3 provides a diagram of the reduction process for the reduc-
tion equilibrium for oxidized VTM pellets using the C–H–O 
system as the reducing agent. 

Fig. 2 also reveals that ordinary iron ore and VTM differ 
from each other in thermodynamics greatly, which affects the 
characteristics of actual industrial reduction. In addition, it  

shows that ( )
2 2H H O balance
/P P is lower than ( )

2CO CO balance
/P P  

for the reductions of FeO, Fe2TiO4, and FeTiO3 when the 
reduction temperature is greater than 1100 K, which sug-
gests that the reduction capacity of H2 is higher than that of 
CO at high temperatures. In actual production processes, H2 

is much better than CO in terms of kinetics. Moreover, some 
conclusions can be inferred from the trends seen from GH, 
EF, and AD in Fig. 2. When FeTiO3 is reduced by the 
H2–H2O or CO–CO2 gas mixtures, the reduction potential of 
the gas increases with increasing temperature. However, 
when FeO or Fe2TiO4 is reduced, the reduction potential of 
H2–H2O increases with rising temperatures, yet the reduc-
tion potential of CO–CO2 decreases with increasing temper-
atures. Accordingly, selecting the appropriate reduction 
temperature and suitable gas composition for different 
processes is important. 

 
Fig. 2.  Reduction equilibrium diagram of oxidized VTM pel-
lets using the C–H–O system as the reducing agent. AB⎯Fe3O4 
+ CO (H2) = 3FeO + CO2 (H2O); AC⎯1/4Fe3O4 + CO (H2) = 
3/4Fe + CO2 (H2O); AD⎯FeO + CO (H2) = Fe + CO2 (H2O); 
EF⎯Fe2TiO4 + CO (H2) = FeTiO3 + Fe + CO2 (H2O); 
GH⎯2FeTiO3 + CO (H2) = FeTi2O5 + Fe + CO2 (H2O); 
IJ⎯FeTiO3 + CO (H2) = TiO2 + Fe + CO2 (H2O); 
MN⎯3/5FeTi2O5 + CO (H2) = 2/5Ti3O5 + 3/5Fe + CO2 (H2O). 

 

Fig. 3.  Reduction process of oxidized pellets of VTM. 

3. Experimental 

3.1. Preparation of oxidized VTM pellets 

VTM samples from the Paixi Area of China were used in 
this work. The oxidized VTM pellets were prepared by the 
following steps. First, the VTM was fully mixed with 1wt% 
binder and 8.5wt% water and then pelletized to a 10–12 mm 
diameter in a disk pelletizer. Second, the VTM pellets were 
dried for 4 h in a quartz reactor at 110°C. Finally, the VTM 
pellets were calcined for 20 min at 1350°C in air. Table 2 
lists the main chemical compositions of the oxidized VTM 
pellets. TFe and TiO2 were the dominant components in the 
VTM pellets. X-ray diffraction (XRD) patterns of the oxi-

dized VTM pellets are shown in Fig. 4. The XRD results 
show that Fe2O3 and Fe2TiO5 were the main mineral phases 
of the oxidized VTM pellets. 

Table 2.  Main chemical compositions of the oxidized VTM 
pellets                                            wt% 

TFe FeO TiO2 SiO2 Al2O3 MgO CaO V2O5 MnO S 

46.70 0.56 13.20 8.32 6.54 3.28 1.40 0.54 0.42 0.035
 

3.2. Experimental methods 

Approximately 200 g of heated oxidized VTM pellets 
was directly reacted with reducing gas in a furnace at a reac-
tion pressure of 101325 Pa. The experimental equipment 
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used in this work is shown in Fig. 5. A tube furnace, a gas 
mixing chamber, an electronic balance, a high-temperature 
steel–alloy resistant reactor, and an alundum tube consti-
tuted the primary experimental equipment. In the heating 
course, the reactor was filled with N2 as protecting gas. Af-
ter the reaction temperature reached the designated value, 
the reactor was filled with reactant gas while the 
mass-change data were continuously recorded by an elec-
tronic balance. After the samples were reduced for 240 min, 
the VTM pellets were cooled to room temperature in a N2 
atmosphere. The cooled VTM pellets were then characte-
rized by XRD. 

 
Fig. 4.  XRD pattern of the oxidized VTM pellets. 

 

Fig. 5.  Schematic of the experimental apparatus. 1―Gas cylinder; 2⎯Gas mixing chamber; 3⎯Metering pump; 4⎯Steam gene-
rator; 5⎯Reactor; 6⎯Fever zone; 7⎯Alundum tube; 8⎯Corundum ball; 9⎯Oxidized concentrate; 10⎯Tube furnace; 
11⎯Electronic balance. 

The reduction degree of oxidized VTM pellets can be 
calculated by Eq. (24) [10]: 

( )
( )

( )
( ) ( )

1 2

0 1

O 0.11 FeO
100%

O 0.43 TFe 0.43 TFe

m w m m
R

m w m w

 −= = + ×  × 
(24) 

where R is the reduction degree of iron, m0(O) is the total 
mass of oxygen bonding with Fe from the oxidized VTM 
pellets, and m(O) represents the mass loss of oxygen that 
bonds with Fe during the reduction process. Parameters 
w(TFe) and w(FeO) are the mass fraction of TFe and FeO in 
oxidized VTM pellets, m1 is the mass of the VTM pellet be-
fore reduction, and m2 is the mass of the VTM pellet in the 
reduction process. The values 0.11 and 0.43 represent the 
oxygen demand conversion coefficient when converting 
FeO and Fe to Fe2O3, respectively. 

4. Results and discussion 

4.1. Effect of reduction temperature 

The reduction experiments were carried out in the tem-
perature range 673–1373 K at intervals of 100 K and with a 
gas flow of 5 L/min with 25mol% N2 and 75mol% H2 and 

CO. The molar ratio of H2 and CO is 1:1. Fig. 6 shows the 
final reduction degree and the main mineral phases of the 
reduction products after the pellets were reduced for 240 
min at various temperatures. The final reduction degree in-
creased with increasing temperature. The mineral phases of 
the reduction products also changed at different tempera-
tures. For example, the main mineral phases were Fe3O4 and 
Fe2TiO4 at low temperatures. With increasing temperature, 
the content of FeO increased, whereas that of Fe3O4 de-
creased. FeO and Fe2TiO4 could be further reduced to Fe 
and FeTiO3 with a further increase in temperature. When the 
temperature reached 1173 K, the FeTiO3 phase disappeared 
and the main mineral phases of the reduction products were 
Fe and FeTi2O5. The FeTi2O5 content gradually decreased 
with the continual rise of temperature. On the basis of 
these experimental results, we concluded that high temper-
atures promote the reduction of oxidized VTM pellets, 
consistent with the thermodynamic analysis results. Thus, 
the recommended reduction temperature for oxidized 
VTM pellets is approximately 1273–1373 K in actual in-
dustrial production. 
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Fig. 6.  Final reduction degree and main mineral phases after 
the pellets were reduced for 240 min at various temperatures. 

4.2. Effect of gas composition 

To investigate the effect of gas composition on the reduc-
tion of oxidized VTM pellets, experiments were carried out 
at 1273 K for 240 min with a gas flow of 5 L/min with dif-
ferent gas ratios of H2, CO, H2O, CO2, and N2. 
4.2.1. Effect of H2/(H2 + CO) 

To investigate the effect of H2/(H2 + CO) on the reduc-
tion of oxidized VTM pellets, experiments were performed 
with H2/(H2 + CO) molar ratios of 0, 25mol%, 33.3mol%, 
50mol%, 66.7mol%, 75mol%, and 100mol%. The final re-
duction degree of oxidized VTM pellets and the main min-
eral phases in the reduction products with different H2/(H2 + 
CO) molar ratios are displayed in Fig. 7. The reduction de-
gree of oxidized VTM pellets increased with increasing 
H2/(H2 + CO) molar ratio. When the molar ratio of H2/(H2 + 
CO) was between 0 and 50mol%, the main mineral phases 
of the reduction products were Fe and FeTiO3. As the 
H2/(H2 + CO) molar ratio increased, FeTiO3 disappeared, 
accompanied by the appearance of FeTi2O5. We concluded  

 

Fig. 7.  Final reduction degree and the main mineral phases of 
the pellets reduced for 240 min in atmospheres of different 
H2/(H2 + CO) molar ratios. 

that the reduction capacity of H2 is better than that of CO at 
high temperatures, which is in accordance with the thermo-
dynamic results. Because H2 has a smaller molecular di-
ameter than CO, it may experience less gas diffusion resis-
tance during the reduction process, resulting in superior 
reaction dynamics of H2 compared with those of CO. Thus, 
we concluded that hydrogen-rich reduction gas is beneficial 
to the reduction of oxidized VTM pellets in actual industrial 
production. 
4.2.2. Effect of CO/(CO + CO2) 

Experiments were carried out with CO/(CO + CO2) mo-
lar ratios of 10mol%, 30mol%, 50mol%, 70mol%, 80mol%, 
90mol%, and 95mol%. Fig. 8 displays the final reduction 
degree and the main mineral phases of the reduction prod-
ucts after the pellets were reduced for 240 min in atmos-
pheres of different CO/(CO + CO2) molar ratios. The molar 
ratio of CO/(CO+ CO2) strongly affected the reduction of 
the oxidized VTM pellets, with the reduction degree of 
VTM pellets increasing with increasing CO content. When 
the CO/(CO + CO2) molar ratio was no higher than 70mol%, 
there was almost no generation of metallic iron in the reduc-
tion product. With an increase in the molar ratio of CO/(CO 
+ CO2), metallic iron is generated. When the molar ratio of 
CO/(CO + CO2) was increased to 90mol%, Fe2TiO4 disap-
peared, accompanied by the appearance of FeTiO3. Howev-
er, with the continuous increase of the CO/(CO + CO2) mo-
lar ratio, Fe and FeTiO3 were still the main mineral phases. 
These experimental results are generally consistent with the 
theoretical thermodynamic results. In considering actual in-
dustrial production, the molar ratio of CO/(CO + CO2) 
should be greater than 90mol% for the efficient reduction of 
oxidized VTM pellets. 

 
Fig. 8.  Final reduction degree and the main mineral phases 
after the pellets were reduced for 240 min in atmospheres of 
different CO/(CO + CO2) molar ratios. 

4.2.3. Effect of H2/(H2 + H2O) 
Experiments were carried out with H2/(H2 + H2O) molar 
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ratios of 10mol%, 30mol%, 50mol%, 70mol%, 80mol%, 
90mol%, and 95mol%. Fig. 9 shows the final reduction de-
gree and the main mineral phases of the reduction products 
after the VTM pellets were reduced for 240 min in atmos-
pheres with different H2/(H2 + H2O) molar ratios. The re-
sults reveal that the reduction degree of VTM pellets in-
creased with increasing H2/(H2 + H2O) molar ratio. When 
the molar ratio of H2/(H2 + H2O) was no higher than 
50mol%, the main mineral phases in the reduction products 
were FeO and Fe2TiO4. As the molar ratio of H2/(H2 + H2O) 
was increased, metallic iron was generated. When the H2/(H2 
+ H2O) molar ratio was increased to 80mol%, Fe2TiO4 was 
reduced to FeTiO3. With increasing molar ratio of H2/(H2 + 
H2O), FeTiO3 disappeared, accompanied by the appearance 
of FeTi2O5. A comparison of the results in Fig. 9 with those 
in Fig. 8 leads to the conclusion that the effect of different 
H2/(H2 + H2O) molar ratios on the reduction of oxidized 
VTM pellets is similar to that of different CO/(CO + CO2) 
molar ratios, but the effect on the final reduction degree of 
the former is greater. Moreover, the main mineral phases in 
the reduction productions were Fe and FeTi2O5 when the mo-
lar ratio of H2/(H2 + H2O) was greater than 90mol%. There-
fore, H2O had less impact on the reduction thermodynamics 
compared with CO2 at high temperatures. Thus, the results 
imply that the molar proportion of H2/(H2 + H2O) is recom-
mended to be more than 90mol% for industrial production. 

 

Fig. 9.  Final reduction degree and the main mineral phases of 
the pellets reduced for 240 min in atmospheres with different 
H2/(H2 + H2O) molar ratios. 

4.2.4. Effect of N2 content 
Experiments were performed to investigate the effect of 

N2 content on the reduction thermodynamics for the VTM 
pellets. H2 and CO (the molar ratio of H2 and CO is 1:1) 
were used as reducing agents. The contents of N2 were 
5mol%, 25mol%, 50mol%, 75mol%, 90mol%, and 95mol%. 
The final reduction degree of oxidized VTM pellets and the 
main mineral phases of the reduction products with different 

contents of N2 are shown in Fig. 10. When the content of N2 
was greater than 95mol%, only trace amounts of metallic 
iron were produced. As the content of N2 was lowered, me-
tallic iron appeared gradually. When the content of N2 
reached 75mol%, the FeO phase disappeared completely 
and the main mineral phases were Fe and Fe2TiO4. With a 
further decrease of N2, Fe2TiO4 was reduced to FeTiO3. 
When the content of N2 ranged from 25mol% to 50mol%, 
the final reduction degree and the main mineral phases re-
mained constant. As the content of N2 was further decreased, 
the FeTiO3 phase disappeared, with an increased content of 
FeTi2O5 and an elevated reduction degree. From these re-
sults, the content of N2 had little impact on the reduction of 
oxidized VTM pellets. Nevertheless, on the basis of the re-
sults of these experiments, to ensure that the oxidized VTM 
pellets have a higher reduction degree, the content of N2 
should not be greater than 25mol% in actual production. 

 

Fig. 10.  Final reduction degree and the main mineral phases 
of the pellets reduced for 240 min with different contents of N2. 

4.3. Effect of iron ore 

Oxidized Australian ore (AO) pellets with particle sizes 
of 10–12 mm were prepared using the same method as that 
used to prepare the oxidized VTM pellets. The reduction 
results of oxidized AO pellets and oxidized VTM pellets in 
the temperature range 973–1373 K are compared in Fig. 11. 
Other specific experimental conditions were also controlled: 
the total gas flow was 5 L/min with 25mol% N2 and 75mol% 
H2 and CO, and the molar ratio of H2 and CO is 1:1. The re-
duction experiments were carried out in the temperature range 
673–1373 K at intervals of 100 K and with a gas flow of 5 
L/min. The final reduction degree of oxidized VTM pellets 
was clearly much lower than that of oxidized AO pellets 
when the temperature was less than 1273 K. A comparison 
of the main mineral phases of the two reduction products re-
veals that the reduction of Ti-containing iron minerals (such 
as Fe2TiO4, FeTiO3, and FeTi2O5) requires greater thermody-
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namic conditions than the reduction of FeO, which is consistent 
with the theoretical thermodynamic analysis results. Therefore, 
we concluded that the reduction degree can be limited by 
Ti-containing iron minerals in oxidized VTM pellets. 

 

Fig. 11.  Comparison of the final reduction degree and the 
main mineral phases between oxidized VTM pellets and oxi-
dized AO pellets reduced for 240 min. 

5. Conclusion 

Thermodynamic studies on the reduction of oxidized 
VTM pellets were systematically carried out in an atmos-
phere of the C–H–O system as a reducing agent. A reduction 
equilibrium diagram of oxidized VTM pellets using the 
C–H–O system as a reducing agent was obtained. The re-
sults indicate that the reduction of Fe2TiO5 to Fe2TiO4 is 
easy to achieve from a free-energy perspective, whereas 
Fe2TiO4 cannot be reduced until the free FeO is completely 
reduced to Fe. Additionally, the reduction process of oxi-
dized VTM pellets was clearly described, revealing that the 
thermodynamic behavior of ordinary iron ore is much dif-
ferent from that of VTM. We determined that Ti-containing 
iron minerals in oxidized VTM pellets can restrict the re-
duction degree of production. Experiments were performed 
to investigate the effects of the reduction temperature, gas 
composition, and two types of iron ore on the reduction of 
oxidized VTM pellets. We concluded that the final reduction 
degree increases with increasing reduction temperature, in-
creasing H2/(H2 + CO) molar ratio, and decreasing levels of 
H2O, CO2, and N2. In addition, according to the main mineral 
phases of the reduction products, the reduction processes of 
the oxidized VTM pellets were analyzed under different 
conditions. All of the results of the reduction experiments 
were consistent with those of thermodynamic analysis. 

Combining the theoretical thermodynamic analysis re-
sults and the experimental results, we deduced several sug-
gestions to obtain a higher reduction degree of oxidized 

VTM pellets in actual industrial production: the reduction 
temperature should be approximately 1273–1373 K, a hy-
drogen-rich reducing agent should be used if possible, the 
content of H2O or CO2 in the reducing agent should be less 
than 10mol%, and the content of N2 in the reducing agent 
should not be greater than 50mol%. 
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