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Abstract: To achieve high efficiency utilization of Panzhihua vanadium titano-magnetite, a new process of metalizing reduction and mag-
netic separation based on hot briquetting is proposed, and factors that affect the cold strength of the hot-briquetting products and the effi-
ciency of reduction and magnetic separation are successively investigated through laboratory experiments. The relevant mechanisms are elu-
cidated on the basis of microstructural observations. Experimental results show that the optimal process parameters for hot briquetting in-
clude a hot briquetting temperature of 475°C, a carbon ratio of 1.2, ore and coal particle sizes of less than 74 um. Additionally, with respect
to metalizing reduction and magnetic separation, the rational parameters include a magnetic field intensity of 50 mT, a reduction temperature
of 1350°C, a reduction time of 60 min, and a carbon ratio of 1.2. Under these above conditions, the crushing strength of the hot-briquetting
agglomerates is 1480 N, and the recovery ratios of iron, vanadium, and titanium are as high as 91.19%, 61.82%, and 85.31%, respectively.
The new process of metalizing reduction and magnetic separation based on hot briquetting demonstrates the evident technological advan-

tages of high efficiency separation of iron from other valuable elements in the vanadium titano-magnetite.
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1. Introduction

Vanadium titano-magnetite (VTM) owes its extremely
high comprehensive utilization value due to abundantly as-
sociating valuable elements (i.e., iron, vanadium, and tita-
nium). The reserve of VTM resources is greater than 10 bil-
lion tons in the Panzhihua and Xichang regions of China,
where the amounts of titanium and vanadium account for
93% and 63%, respectively, of the national total reserves
[1-2].

Because of its drawbacks, which include its poor grade,
fine mineral crystal size, complicated phase structure, and
numerous mineral components [3], VTM is classified as a
typical polymetallic paragenic resource that is difficult to
treat and utilize [4]. Currently, the mainstream route of the
comprehensive utilization of VTM is blast furnace (BF)
ironmaking — basic oxygen furnace (BOF) vanadium ex-
traction — semisteel smelting. However, the critical short-
coming of the BF-BOF process is its lower utilization of re-
sources. For example, the recovery ratios of iron, vanadium,
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and titanium are just 70%, 47%, and 25%, respectively. In
addition, 70 million tons of titanium-containing BF slag is
discarded and deposited onto the riversides of the Jinsha
River, resulting in severe environmental pollution and a
waste of resources [5-6]. Thus, a great number of new
comprehensive utilization processes have been proposed
and studied, including chemical extraction, direct reduction
(e.g., via a fluidized bed, rotary Kiln, rotary hearth furnace),
and EAF smelting [7-12]. Although some of these proc-
esses have been extensively studied and some have even
been verified through semi-industrialization tests, none have
been successfully put into industrial use. The key problem is
that the selective separation and comprehensive utilization
of valuable elements have not been achieved in an eco-
nomical and efficient way [7-12]. Therefore, high efficiency
and clean utilization of VTM has become the subject of im-
portant national projects and is important to the sustainable
development of the metallurgy industry [13-14].

On the basis of the previously discussed background, a
new comprehensive utilization process for VTM (i.e.,
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metalizing reduction and magnetic separation based on hot
briquetting) is put forth in this study. Fig. 1 shows a flow-
chart of the new process, in which hot briquetting agglom-
erates of the VTM with sufficiently high strength are first
produced and subjected to carbothermal reduction under ap-
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Fig. 1.

The previous research based on fine powders of VTM
and coal has revealed that the method of metalizing reduc-
tion and magnetic separation is effective in achieving an
efficient separation of iron from other elements in VTM
[15]; however, this method is not feasible on an industrial
scale because of low ore-treating capacity and the diffi-
culty involved in selecting appropriate reactor equipment.
Given the high strength and fast reduction speed of
hot-briquetting agglomerates [16], a process based on hot
briquetting would successfully resolve the shortcomings of
the process based on fine powders. Therefore, in this paper,
we focus on our investigation of the effects of major proc-
ess parameters on hot briquetting, metalizing reduction,
and magnetic separation, thereby elucidating the relevant
mechanism of separation of valuable elements. We also
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propriate conditions. The iron components in the reduction
products are subsequently separated from the vana-
dium-titanium-bearing slag using a magnetic dressing ma-
chine. Finally, the slag can be further treated via hydro-
metallurgy.

Magnetic substance — Iron

Magnetic separation

Non-magnetic substance —, High titanium slag

Flowchart of the new process proposed in this study.

explore the feasibility of this innovative process of metal-
izing reduction and magnetic separation based on hot
briquetting, which may establish a solid foundation for
the high efficiency and comprehensive utilization of
VTM.

2. Experimental
2.1. Raw materials

The chemical compositions of the VTM ore and coal
used in this study are listed in Table 1. The VTM from
Panzhihua region contains 53.91wt% Fe, 13.03wt% TiO,,
and 0.52wt% V,0s. The coal used for hot briquetting is a
kind of bitumite with a certain thermal plasticity and a fixed
carbon content of 50.94wt%.

Table 1. Chemical composition of VTM and coal used in this study wit%
VTM Coal
TFe FeO V,05 Tio, Ca0  Sio, MgO AlLO; Ay Vit Myg Su FC
53.91 31.13 0.52 13.03 0.68 3.20 271 3.82 14.00 33.70 1.36 0.02 50.94

Note: A,y — ash content on air dry basis; Vg — Vvolatile matter content on dry ash free basis; Mg — moisture on air dry basis; Si; — total

sulfur content on dry basis; FC — fixed carbon content.

The X-ray diffraction pattern of the VTM is shown in Fig.
2. The VTM mainly consists of magnetite (Fe;O,), titano-
magnetite (FesTis O,), ilmenite (FeTiO3), and vanadium
spinel (FeO-V,03).

2.2. Experimental procedure

Fig. 3 shows a schematic diagram of the experimental
procedure and equipment.

The first step is the preparation of hot briquetting ag-
glomerates and testing of their cold strength according to
national standards (GB/T14201-93) [17-18]. During the
tests, the process parameters of hot briquetting, specifically,
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XRD pattern of the VTM used in this study.
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Fig. 3. Schematic diagram of the experiment procedure and equipment.

the carbon ratio, the hot briquetting temperature, and the
VTM and coal particle sizes, are changed within preset
ranges, and the optimal parameters are determined on the
basis of orthogonal experiment method. The second step
involves carbothermal reduction experiments of hot briquet-
ting agglomerates, where the agglomerates are added into a
graphite crucible, placed in a high-temperature furnace, and
reduced at the preset temperature for the preset time. The
third step involves magnetic dressing experiments of cooled
reduction products. During the study, the effects of major
process parameters, including the magnetic field intensity,
the reduction time, the reduction temperature, and the car-
bon ratio, on the dressing efficiency were successively ana-
lyzed. We conducted elemental analysis and XRD and SEM
measurement for the magnetic substance and nonmagnetic
substance obtained after dressing to calculate the reduction
and dressing process index and to elucidate the relevant
mechanisms.

3. Results and discussion

3.1. Preparation and strength of hot-briquetting ag-
glomerates

During preliminary experiments of hot briquetting, the
hydraulic cylinder pressure was varied from 30 MPa to 40

MPa to 50 MPa. After taking the agglomerate strength and
process flexibility into account, we determined that the
pressure of 40 MPa was best suited for the subsequent ex-
periments. Notably, we conducted orthogonal tests to ex-
plore the effects of several key factors on the cold strength
of the hot-briquetting products. The scheme of the orthogo-
nal experiments is detailed in Table 2. Four key process
factors and four varying levels were used, including a car-
bon ratio of 0.8-1.4, a hot-briquetting temperature of
400-475°C, a VTM particle size range of —150 um (less
than 150 pm, —100 mesh) to —74 um (less than 74 um, —200
mesh), and a coal particle size range from —150 pm to —74
um. The results of each orthogonal experiment are also
listed in Table 2.

Table 3 gives the results of the orthogonal range analysis
for the data listed in Table 2. These results quantitatively in-
dicate the significance of each key process factor on the cold
strength of hot-briquetting agglomerates and the optimal
value of each factor. According to Table 3, the hot-briquet-
ting temperature most strongly affects the cold strength of
the hot-briquetting products, followed successively by the
carbon ratio, the coal particle size, and the VTM particle
size. The optimal hot-briquetting process parameters include
a hot-briquetting temperature of 475°C, a carbon ratio of 1.4,
and VTM and coal particles sizes of less than 74 um.

Table 2. Scheme and results of orthogonal experiments

No. A B/°C C/ym D/pm Cold strength / N No. A B/°C C/um D/pm Cold strength / N
1 0.8 400 -106 74 643.3 9 12 400 74 -150 818.9
2 0.8 425 -150 -80 7455 10 12 425 -106 -106 821.0
3 0.8 450 -80 -150 11733 11 12 450 -150 —74 1324.4
4 0.8 475 —74 -106 1092.9 12 12 475 -106 —80 1463.4
5 10 400 80 —-80 633.0 13 14 400 -150 —-150 971.8
6 10 425 74 74 1017.7 14 14 425 -106 -150 950.4
7 10 450 -106 -106 816.3 15 14 450 74 —-80 1529.4
8 1.0 475 -150 -150 993.8 16 14 475 -80 —74 1387.9

Note: A— Carbon ratio; B— Hot-briquetting temperature; C— VTM size; D — Coal size.

In addition, because an excessive carbon ratio will di-
minish the strength of hot-briquetting agglomerates, the
carbon ratio should be maintained at approximately 1.2 [18].

Thus, the rational hot-briquetting process parameters ob-
tained in this study include a hot-briquetting temperature of
475°C, a carbon ratio of 1.2, and VTM and coal particle
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sizes of less than 74 um. Under these conditions, the cold
strength of the hot-briquetting agglomerates was 1480 N,
which is evidently higher than that of common cold-bonded
agglomerates and should satisfy the technological require-
ments of reduction equipment, such as a coal-based shaft
furnace, for future industrial applications.

Table 3. Range analysis of the orthogonal experimental results

Factor A B Cc D

Ky 9138 766.8 1008.9 984.1

ko 865.2 883.7 968.4 925.5

ks 1106.9 1210.9 1003.8 1092.8

Ky 1209.9 12345 1114.7 1093.3

R 344.7 467.7 146.3 167.8

Significance Re>Ra>Rp>Rc

Optimum Ay B, Cy Dy

Note: A — Carbon ratio; B — Hot-briquetting temperature; C —
VTM size; D— Coal size.

3.2. Effects of magnetic field intensity

To determine the optimum magnetic field intensity, we
separated the reduction product using a DTCXG-ZN50
magnetic tube under a magnetic field intensity between 25
and 125 mT while keeping the other process parameters
constant (i.e., a reduction temperature of 1350°C, a reduc-
tion time of 60 min, and a carbon ratio of 1.2).

The chemical compositions and metallization rate of the
reduction product under the previously described conditions
are listed in Table 4, and the effects of the magnetic field
intensity on the separation of the valuable elements are de-
scribed in Fig. 4. After magnetic separation, iron enters a
magnetic phase, whereas vanadium and titanium form a
nonmagnetic substance. As shown in Fig. 4, the vanadium
content (W(V,0s)), the recovery ratio of vanadium (3(V,0s)),
the titanium content (W(TiO,)), and the recovery ratio of ti-
tanium (#(TiO,)) in the nonmagnetic substance evidently
increase as the magnetic field intensity is increased from 25
mT to 50 mT but decrease when the magnetic field intensity
is greater than 50 mT. In addition, the total iron content
(TFe) in the magnetic substance also exhibits a similar ten-
dency. Thus, the optimal magnetic field intensity was de-
termined to be approximately 50 mT for the subsequent ex-
periments.

Table 4. Chemical composition and metallization rate of the
reduction product wt%

Metallization rate
93.62

TiO,
13.67

TFe MFe
65.22 61.06

V205
0.676
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Fig. 4. Effects of magnetic field intensity on the separation of
valuable elements.

The relevant mechanisms were analyzed on the basis of
SEM and EDS measurements of the previously described
reduction product, as shown in Fig. 5. Figs. 5(a) and 5(b)
show that the dispersed iron particles (white phase “A”) are
formed and integrate with each other due to metallization
reduction and carburization. Figs. 5(a) and 5(c) show that
nonmagnetic high-titanium slag (gray phase "B") moved to
the surface of the magnetic iron phase and attached to tiny
iron particles, which deleteriously affected the magnetic
separation of the iron phase from the other phases. When the
magnetic field intensity was increased beyond a certain
value, more high-titanium slag was entrained and wrapped
into the magnetic substance because of the excessive mag-
netic force, which led to the diminished recovery of vana-
dium and titanium.

3.3. Effects of reduction temperature

To optimize the reduction temperature, we performed a
series of reduction and magnetic dressing tests at various
reduction temperatures, including 1275°C, 1300°C, 1325°C,
and 1350°C. The other parameters were kept constant as fol-
lows: a reduction time of 60 min, a carbon ratio of 1.2, and a
magnetic field intensity of 50 mT.

Under these conditions, the effects of the reduction tem-
perature on the metallization rate of the reduction product
are shown in Fig. 6. The metallization rate of the reduction
products increased gradually with increasing reduction tem-
perature. When the reduction temperature was 1350°C, the
metallization rate reached 93.62wt%.
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The effects of the reduction temperature on the separation

of the valuable elements are described in Fig. 7. The total

iron content and recovery ratio of iron in the magnetic phase
significantly increased after the magnetic dressing process.
In addition, the titanium content, the recovery ratio of tita-
nium, the vanadium content, and the recovery ratio of vana-
dium in the nonmagnetic substance also improved with in-
creasing temperature. Corresponding to reduction tempera-
tures of 1275, 1300, 1325, and 1350°C, the n(Fe) was
89.20%, 89.25%, 90.17%, and 91.19%, the n(V,0s) was
36.25%, 50.59%, 56.41%, and 61.41%, and the »(TiO,) was
48.99%, 75.43%, 83.95%, and 84.74%, respectively. Syn-

(b) thetically, given the heating capacity of industrial reduction
equipment and the high recovery of iron, vanadium, and ti-
) Fe tanium, we determined that the reduction temperature
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= should be no lower than 1350°C in the subsequent experi-
2 ments.
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Fig. 5. SEM image and EDS spectra of the reduction products: of the valuable elements.
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SEM photos of the four kinds of reduction products are

100

shown in Fig. 8. With an increase in the reduction tempera-

R ture, the thermodynamic and kinetic conditions of the reduc-

g 90 oo e ER e tion of the iron-bearing phase should be remarkably im-

5 proved. The nucleation, aggregation, and growth of the re-

E duced iron particles are further facilitated and much larger

g 80F iron bead is formed at 1350°C. Thus, the effect of separat-

= ing the iron phases from the other phases will be much more
obvious at higher reduction temperatures.

‘}0 | |

| 1
1275 1300 1325 1350 3.4. Effects of reduction time
Temperature / °C
Fig. 6. Effects of reduction temperature on the metallization
rate of the reduction products.

According to the method that is similar to the experi-
ments related to the reduction temperature, a series of reduc-
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tion and magnetic dressing tests were performed using
various reduction times, including 10 min, 20 min, 30 min,
40 min, 50 min, and 60 min, while the other parameters

Int. J. Miner. Metall. Mater., Vol. 21, No. 3, Mar. 2014

were kept constant as follows: a reduction temperature of
1350°C, a carbon ratio of 1.2, and a magnetic field intensity
of 50 mT.

50 um

Fig. 8. SEM images of reduction products obtained at different reduction temperatures: (a) 1275°C; (b) 1300°C; (c) 1325°C; (d)

1350°C.

The effects of reduction time on the metallization rate of
the reduction products are shown in Fig 9. Within the ex-
perimental range, the metallization rate of the reduction
products showed an increase tendency with increasing re-
duction time and reached a rate of 92.33% at a reduction
time of 60 min.

100
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g 9% i ———
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g 80
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Time / min
Fig. 9. Effect of reduction time on the metallization rate of the

reduction products.

The effects of reduction time on the separation of the
valuable elements are described in Fig. 10. The total iron

content of iron phase in the magnetic substance signifi-
cantly increased with increasing reduction time, and the
iron recovery ratios were all greater than 90%. In general,
the titanium content, the recovery ratio of titanium, the
vanadium content, and the recovery ratio of vanadium in
the nonmagnetic substance all improved with increasing
reduction time. Corresponding to reduction times of 10
min, 40 min, 50 min, and 60 min, the recovery of iron was
90.09%, 94.53%, 92.54%, and 91.19%, the recovery of
vanadium was 33.50%, 35.98%, 44.92%, and 61.82%, and
the recovery of titanium was 51.09%, 76.73%, 75.47%,
and 85.31%, respectively. Given the industrial production
efficiency and the high recovery of iron, vanadium, and ti-
tanium, we determined that the rational reduction time
should be no shorter than 60 min for the subsequent ex-
periments. The relevant mechanisms are similar to those
responsible for the effects of the reduction temperature.
When the reduction time is prolonged, nucleation, aggre-
gation, and growth of reduced iron particles are fully
developed, which contributes to the formation of a larger
iron bead and results in improved separation of iron phase
from the other phases.
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covery ratio of titanium in the nonmagnetic substance in-
creased from 84.26% to 85.90%, from 1.04% to 1.40%,
from 38.75% to 61.82%, from 38.11% to 39.12%, and from
73.90% to 85.31%, respectively. When the carbon ratio was
further increased to 1.4, the values of indexes all tended to

A w(V20s); B: 10 x w(V;05); C: 5(V205); D: W(TiO,); E: 5(TiOy); F: TFe;
G: n(Fe)

Fig. 10. Effects of reduction time on the separation of the
valuable elements.

3.5. Effects of carbon ratio

The last set of experiments was conducted to investigate
the effects of the carbon ratio. During the study, the carbon
ratio of the hot-briquetting agglomerates were varied from
0.8 to 1.0, 1.2, and 1.4, in conjunction with a reduction
temperature of 1350°C, a reduction time 60 min, and mag-
netic field intensity 50 mT.

The effects of the carbon ratio on the metallization rate of
the reduction products are shown in Fig. 11. The carbon ra-
tio had no remarkable effects on the metallization rate,
which fluctuated at approximately 94.00%.
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Fig. 11. Effect of carbon ratio on the metallization rate of the

reduction products.

The effects of the carbon ratio on the separation of the
valuable elements are shown in Fig. 12. When the carbon
ratio was increased from 0.8 to 1.2, the total iron content in
the magnetic substance and the vanadium content, the re-
covery ratio of vanadium, the titanium content, and the re-

decrease. As a result, the optimal carbon ratio for the VTM
hot-briquetting agglomerates should be maintained at ap-

proximately 1.2.

ratio / 9,

A: w(V20s); B: 10 x wW(V,05s); C: (V,0s); D: W(TiO,); E: 5(TiO,); F: TFe;
G: n(Fe)

Fig. 12. Effects of carbon ratio on the separation of the valu-
able elements.

Fig. 13 shows SEM photos of the reduction products ob-
tained with different carbon ratios, where the white particles
represent for iron-containing phases. The results show that,
when the carbon ratio was increased from 0.8 to 1.2, iron
particles formed, aggregated, and grew much larger due to
the supply of sufficient carbon for both direct reduction and
carburization, as shown in Figs. 13(a)-13(c). However,
when the carbon ratio was further increased to 1.4, the car-
bon supply became excessive and much more graphitized
carbon was formed; this graphitized carbon prevented the
aggregation of reduced iron particles and resulted in the
formation of only relatively smaller iron particles, which ul-

timately led to poor separation of Fe-containing phases from

the other phases, as shown in Fig. 13(d).

4. Conclusions

(1) Via the orthogonal analysis of hot-briquetting experi-
ments, the rational process parameters were obtained as fol-
lows: a hot briquetting temperature of 475°C, a carbon ratio of
1.2, VTM and coal particle sizes less than 74 pm, and a cold
strength of the hot-briquetting products as high as 1480 N.
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Fig. 13. SEM images of the reduction products with different carbon ratios: (a) 0.8; (b) 1.0; (c) 1.2; (d) 1.4.

(2) The rational process conditions for the metalizing re-
duction and magnetic separation include a carbon ratio of
1.2, a reduction temperature of 1350°C, a reduction time of
60 min, and a magnetic field intensity of 50 mT.

(3) The new process of metalizing reduction, and mag-
netic separation of vanadium titano-magnetite based on hot
briquetting should enable the high efficiency separation of
iron from vanadium and titanium. Under the previously de-
scribed rational process conditions, the recovery ratio of iron
in the magnetic substance is 91.19%, and the recovery ratios
of vanadium and titanium in the nonmagnetic substance are
61.82% and 85.31%, respectively.
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