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Abstract: The phase composition and microstructure of alkaline vanadium slag were characterized using scanning
electron microscopy and energy-dispersive X-ray spectroscopy (SEM—-EDS) and X-ray diffraction (XRD). A
crystallization model of spinel was established to calculate the effects of basicity (the mass ratio of CaO to SiO») and
P>Os on crystal growth rates and precipitation patterns. Based on the crystal size distribution (CSD) theory, the size
distribution and growth mechanisms of spinel crystals in alkaline vanadium slag at different temperatures were
investigated. The results revealed that, at a cooling rate of 5 K/min, the mean grain size of spinel increased from 12.77
to 21.52 pm as the temperature decreased from 1748 to 1598 K, with spinel growth being controlled by the interface. At
1548 K, the spinel particle size reached 31.04 pum, indicating a supply-controlled growth mechanism as the temperature
decreased from 1598 to 1548 K. Increased P,Os content hindered the crystal growth, while an increase in basicity
promoted nucleation and growth. Furthermore, MnCr,O4 preferentially crystallized and grew in alkaline vanadium slag.
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introduction of the calcification roasting-acid

1 Introduction

Vanadium (V), recognized as a strategic metal,
finds extensive applications in industries ranging
from steel production to high-temperature alloys,
hydrogen storage alloys, redox flow batteries, and
photocatalytic materials [1—4]. The primary source
for vanadium extraction is vanadium—titanium
magnetite, which undergoes a series of processes
[5—7]. Initially, it is smelted in a blast furnace to
yield vanadium-containing hot metal, subsequently
oxidized in a converter to produce vanadium slag
alongside semi-steel [8—10]. While semi-steel is
further refined to obtain molten steel, vanadium
slag is subjected to roasting and leaching
procedures to obtain vanadium products [11]. The

leaching process enables the incorporation of lime
into the vanadium extraction converter, resulting in
the production of alkaline vanadium slag. Unlike
conventional industrial vanadium slag, which
typically contains 1%—3% CaO with negligible
P.Os content, alkaline vanadium slag is
characterized by higher CaO levels and increased
P»Os content [12]. These compositional differences
lead to significant alteration in its physicochemical
properties.

In vanadium slag, vanadium element is
predominantly enriched in spinel phases, with a
smaller fraction distributed within silicate phases
[13]. The extraction efficiency of vanadium is
influenced by the composition of the physical
phases present in vanadium slag, spinel particle size,
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elemental distribution pattern, and subsequent
roasting—leaching processes. CHEN and YANG [14]
demonstrated the significant impact of spinel
particle size on the vanadium oxidation rate during
the roasting phase. Large spinel particle sizes are
found to be advantageous in reducing the
encapsulation of spinel by silicates, thereby
enhancing the vanadium oxidation rate during
roasting. The elevation in CaO and P,Os content in
alkaline vanadium slag inevitably induces alteration
in the optimal thermodynamic conditions and
kinetic laws governing the precipitation and growth
of spinel phases. Consequently, it becomes
imperative to monitor the variations in CaO and
P,0s content concerning the crystallization behavior
of different phases during the condensation process
of alkaline vanadium slag, particularly focusing on
the crystallization process of spinel crystals.

In this work, the phase composition and
distribution of spinel crystal sizes in alkaline
vanadium slag were studied. Through the
development of a mathematical model and
crystallization kinetic experiments, the growth
mechanism of the spinel phase in alkaline vanadium
slag was elucidated. Additionally, the influence of
CaO and P,Os on spinel growth was examined,
offering valuable insights for optimizing subsequent
vanadium extraction processes.

2 Experimental

2.1 Materials

The composition of industrial vanadium slag
was adjusted to design five groups of vanadium
slags with varying CaO contents (R1—R5) and five
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groups with different P,Os contents (P1—P5). The
specific compositions of the samples are listed in
Table 1. Notably, R1 represents the industrial
vanadium slag, while vanadium slag P5 was
prepared for high-temperature melt calcination.
Prior to weighing, the CaO reagent underwent
calcination in a MoSi, furnace at 1273 K for 12 h to
decompose all carbonate impurities. Vanadium slag
PS5 was prepared by combining (40+0.01) g of
industrial slag with additional Ca3(POs), (99 wt.%)
and CaO (99 wt.%) based on the vanadium slag
compositions listed in Table 1.

2.2 Experimental procedure

Vanadium slag PS5 from Table 1 was
thoroughly mixed and melted in a MoSi, furnace, as
depicted in Fig. 1. The experimental setup included
the following steps: The raw materials were mixed
and dried in a drying oven for 12h at 378 K.
Subsequently, the dried samples were loaded into a
pure iron crucible and then placed in a corundum
crucible. Upon reaching the target temperature,
argon was introduced to purge the air from the
furnace, and the crucible was inserted into the
MoSi, furnace. The experiments were conducted
under an argon atmosphere, with the temperature
gradually increasing to 1748 K and maintained for
30 min before being cooled at a rate of 5 K/min.
At temperatures of 1748, 1698, 1648, 1598 and
1548 K, the slag samples in the crucible were glued
with Mo rods and swiftly immersed in water to
facilitate rapid cooling, thereby preserving the
high-temperature structure. The water-quenched
slags were initially embedded in organic resin,
followed by successive abrasion of the specimen

Table 1 Chemical compositions of different vanadium slags (wt.%)

No. MgO  Fe03 V203  MnO TiO, SiO, P20s CaO Cr,0;  AlO3;  Other R

R1 212 34.57 1418  7.27 13.73  13.96 0.08 2.47 6.92 3.40 1.30  0.18
R2 197 32.16 13.19  6.76 12.77  12.99 1.14 8.21 6.44 3.16 1.21  0.63
R3 1.84 30.06 1233 6.32 11.94 12.14 2.06 13.20 6.02 2.96 1.13 1.09
R4 1.70 27.66 11.34  5.82 1098  11.17 2.81 19.23 5.54 2.72 1.04 1.72
RS 1.54 25.14 10.31 5.29 9.99 10.15 3.39 25.74 5.03 2.47 095 254
P1 1.79 29.17 1197 6.14 11.59  11.78 0.07 17.70 5.84 2.87 1.10  1.50
P2 1.76 28.63 11.74  6.02 11.37  11.56 1.96 17.33 5.73 2.82 1.08 1.50
P3 1.69 27.49 11.28  5.78 1092  11.10 5.80 16.70 5.50 2.70 1.03 1.50
P4  1.63 26.59 1091 5.59 10.56 10.74 8.87 16.17 5.32 2.62 1.00 1.50
P5 1.58 25.80 10.58  5.43 1025 1042 11.68 15.59 5.16 2.54 0.97 1.50

R: Basicity
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Fig. 1 Schematic diagram of experimental apparatus

surfaces using SiC sandpaper with mesh sizes
ranging from 200 to 2000. Post-abrasion, the
surfaces of the slag samples were cleaned by
agitation in an ultrasonic cleaner filled with alcohol
for 15 min. Subsequently, the slag samples were
removed, dried, and examined using scanning
electron microscopy (SEM, Thermo Fisher
Scientific, USA) with energy-dispersive spectroscopy
(EDS).

During SEM observation, five random fields
of view were selected for each specimen to capture
microscopic images of the slag samples. The
morphology and distribution of spinel in the slag
were documented and utilized for subsequent
statistical analysis. The SEM images obtained under
various experimental conditions were utilized to
measure the grain size and area of spinel in
different fields of view.

2.3 Theoretical calculation

According to the classic crystallization kinetic
model reported by TURNBULL [15], the nucleation
rate (/) can be expressed as

_ 3
I va3T exp 167 ﬁ2 (1)
3ma’n | 3T,(AT,)

where k is the Boltzmann’s constant, 7 is the
temperature, a is the lattice parameter of the crystal,
N, is the number of molecules (or atoms) per
unit volume, # is the viscosity, a is the reduced
crystal/liquid interfacial tension, f is the reduced
molar heat of fusion (values of o and g are
referenced from Ref. [15], in which good
accordance with experimental results was achieved,
i.e., the value of a is 1/3 and f is 1), T; denotes
temperature, and A7; denotes subcooling.

The viscosity of vanadium slag was obtained
by the Urbain viscosity model [16], which is a

two-parameter expression for viscosity and can be
expressed as follows:

n=ATexp(1000B/T) ©)

where 4 is a modified pre-exponential parameter,
and B is a parameter related to network forming
agents, network modifier and amphoteric in this
system.

The model classifies the components in the
slag into three categories: network forming agents,
network modifier and amphoteric. In this work, the
sum of the mole fractions of the different types of
slag components was calculated and classified
according to the composition of the slag system.
Network forming agents include SiO, and P»Os,
network modifier includes MnO, MgO, CaO, TiOs,
and V,0;, and amphoteric includes Al,Os, Fe;Os,
and Cr0s.

The relation between A and B can be
calculated by

~In 4=0.2693B+11.6725 (3)
B=B,+B, X;+B, X2 +B, X} (4)

where By, Bi, B> and B; are all related to Xa and
Xu [16], and X, Xm and X are the mole fractions
of the network forming agents, network modifier
oxides and amphoteric oxides, respectively.

However, the molten vanadium slag at 1623—
1773 K belongs to non-Newtonian fluids, and the
description of the viscosity of non-Newtonian fluids
is in accordance with the Einstein—Roscoe equation
as [17,18]

n=m(1-m'g,)" (5)

where # and 7o represent the viscosity of the
non-homogeneous fluid and residual liquid in the
absence of solid particles, respectively; m* and n
are empirical parameters, and the values of m* and
n are 1 and 2.5, respectively; ¢ is the volume
fraction of solid particles, and it can be obtained
from Eq. (6) [19]:

1% m'S mD
A VAN N R LL
vy ;-’ M.t Z M, ©)

J i

¢S:

where Vs and V1 represent the volumes of the solid
and residual liquid phases, respectively, and the
compositional contents of the residual liquid phase
and solid particles in the slag were obtained by
the Equilib module of the thermodynamic software
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FactSage 8.1, with the reaction databases FactPS
and FToxid selected; m, v and M represent the mass,
partial molar volume, and relative molecular mass
of the liquid phase component 7 or the solid phase
component j, respectively. Due to the lack of partial
molar volume values for the components, the value
of m was replaced using the average molar volume
value, which was calculated by FactSage 8.1. The
results are listed in Table 2.

Table 2 Average molar volume of components

(cm*mol™)

AlLOs  SiO; CaO FeO Fe:03  MgO
25.68  22.68 16.76 12.25 3026 11.25
MnO CrO Cr203 Ti,03 TiO; Mny0s3
13.02  19.19 29.17 31.25 18.81 35.08
FesO4 Ca3(POs), FeCr,O4 MgCr04 CaTiOs

44.52  98.78 45.04 41.80  33.16

The growth rate, denoted as U, is determined
in a similar fashion [20].

_ S [ ZBATL
U 3na277|:1 exp[ T ]:I @)

T

1, AH_ <2RT,
S —{ )

~ |0.2AT,, AH_, > 4RT,

where AH, is the molar heat of fusion, R is the
molar gas constant, 7, is the melting point of
crystal, and f'is the fraction of acceptor sites on the
crystal surface.

3 Results and discussion

3.1 Morphological changes of alkaline vanadium
slag during cooling and crystallization

Figure 2 displays the XRD pattern of PS5
vanadium slag, revealing the predominant phases as
the spinel phase and silicate phase. Additionally,
Fig. 3 shows the SEM morphology of P5 vanadium
slag at temperatures ranging from 1748 to 1548 K,
with a cooling rate of 5 K/min. The results were
further analyzed by EDS point scanning at various
locations, as detailed in Table 3. As the temperature
decreases from 1748 to 1548 K, a notable growth
and aggregation process is observed in the
morphological features of spinel. Initially, at
1748 K, the spinel exhibits small size and relatively

scattered distribution, indicating a low nucleation
and growth rate. However, as the temperature
decreases further, the smaller spinels collide and
merge to form larger aggregates, either by direct
annexation to existing large spinel particles or
through independent nucleation and growth processes.
Furthermore, the EDS analysis presented in Table 3
highlights the concentration of V, phosphorus (P),
and titanium (Ti) primarily within the white spinel
phase, while silicon (Si) and calcium (Ca) are
predominantly concentrated in the dark grey silicate
phase. Additionally, iron (Fe) and magnesium (Mg)
are found to be distributed in both phases.

° (Mg’Fe)(FesV9Mg)204:
MnCr,0,

v Ca(Mg,Fe)(Si,Al),O4

+ (Fe,Mg),TiO,

o0

[ 24

10 2IO 3‘O 4I0 SIO 6IO 7b 8I0 90
20(°)
Fig. 2 XRD pattern of P5 vanadium slag

Figure 4 illustrates the mean particle size of
spinel from samples rapidly cooled. At a cooling
rate of 5 K/min, there is a noticeable growth trend
of spinel as the temperature decreases from 1748 to
1598 K, with the mean particle size increasing from
12.77 to 21.52 pm. Further decrease in temperature
results in accelerated spinel growth, with the grain
size reaching 31.04 um at 1548 K. The average
spinel size of the alkaline vanadium slag studied in
this study was 30.00 um when continuously cooled
from 1748 to 1548 K at 5 K/min. In contrast, the
mean spinel size of industrial vanadium slag,
cooled from 1673 to 1523 K at the same rate, was
only 23.50 um [21]. This discrepancy suggests
that the high CaO content in the vanadium slag
favors spinel growth. Moreover, another alkaline
vanadium slag with slightly different composition
content, cooled from 1723 to 1523 K at 5 K/min,
exhibited a mean spinel particle size of
36.44 um [22]. This further supports the notion that
high CaO content promotes spinel growth within a
variation range of up to 17.52 wt.%.
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Fig. 3 SEM images of PS5 vanadium slag at 1748 K (a), 1698 K (b), 1648 K (c), 1598 K (d), and 1548 K (e)
Table 3 EDS results of P5 vanadium slag showing different areas in Fig. 3 (at.%)

Area  Phase o Fe v P Cr Ti Si Ca Mn Al Mg
Al Spinel  41.07  25.29 11.58 - 6.25 5.24 0.54 0.92 4.10 3.91 1.08
A2 Silicate  57.18 7.62 0.34 - - 2.55 1254 1531 1.67 1.84 0.95
Bl Spinel  65.65 11.11 7.26 - 470 2.53 0.35 0.49 1.31 3.93 2.67
B2 Silicate  69.65 3.60 0.07 - 032 0.55 1320 9.57 0.51 2.11 0.42
Cl Spinel  70.06 11.88 2.31 - 0.64 5.36 1.95 1.23 1.55 2.80 2.24
2 Silicate  71.46 2.33 0.47 - - 099 1273 932 0.48 1.49 0.71
D1 Spinel ~ 38.05  23.54 1340 - 9.15 6.12 0.44 0.70 3.21 3.06 2.31
D2 Silicate 58.69 9.90 - - - 1.48 13.74 1195 1.76 1.71 0.79
El Spinel ~ 42.99 19.15 12.08 - 7.53 4.51 - 0.15 3.53 6.60 3.46
E2 Silicate  53.39 8.94 0.24 - - 1.62 16.03 1568 1.62 1.40 1.08

3.2 Non-isothermal crystallization Kkinetics of

spinel crystals

The crystal size distribution (CSD) theory was
used to analyze the growth mechanism and limiting
links of spinel in alkaline vanadium slag [23,24].
The lognormal distribution function of the CSD
curve for the lognormal distribution type is Eq. (9),
which is used to describe the distribution of crystal
size.

1

_ 2 2
s mexp{ (InD-a)*/(2p%)]

/(D)= )

where D represents the grain size of the crystal;
f(D) represents the frequency of occurrence when
the grain size of the crystal is D; o and 2 represent
the mean and variance of the lognormal distribution
function, respectively.

Figure 5 depicts the CSD curve of spinel in P5
vanadium slag at a cooling rate of 5 K/min. In the
temperature range of 1598—1748 K, the CSD curve
exhibits an approximately normal distribution
shape, suggesting that spinel growth is primarily
controlled by the interface. During this temperature
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range, the vanadium slag exists in a molten state
with sufficient mobility, and there is significant
subcooling, leading to a crystal growth process
primarily characterized by the adsorption of new
atoms at the solid—liquid phase interface. As the
temperature decreases from 1598 to 1548 K, the
CSD curve transitions to an Ostwald ripening type,
indicating that the spinel growth mechanism shifts
to supply-controlled. This shift is attributed to the
increase in slag viscosity with decreasing
temperature, which restricts the mass transfer
and diffusion of liquid-phase components. The
crystallization  kinetics of  crystals  during
crystallization can be inferred from the relationship
between o and > when the CSD curve follows a
lognormal distribution. As shown in Fig. 6, for
alkaline vanadium slag at a cooling rate of 5 K/min,
B exhibits a linear increase with a, indicating that
spinel growth is governed by interfacial growth.

Similarly, for industrial vanadium slag [21], where
the cooling rate is 5 K/min, spinel growth is also
controlled by the interface due to the prolonged
residence time in the high-temperature section
facilitating diffusion.

8
e Industrial vanadium
1598 K slag [21]
6L Leas KA/// 4 Present work
1698K ,
P a=YInDxf(D)
L A
SN I P=3(InD-aP*f(D)

2+ 1523 K

153K __ - --®

o3k MOBK_ oo
e -0

0 L

2.0 2.5 3.0 35 4.0 4.5
a

Fig. 6 Relationship between o and f? at different
temperatures for P5 slag samples at cooling rate of
5 K/min

3.3 Effect of CaO content on crystal crystallization

According to the XRD pattern of Fig. 2, the
main crystals of P5 vanadium slag are FeV,Os,
MszO4, FezTiO4, MngiO4, MnCI'204, CaMgSi206,
and CaFeSi,Os, and the structural parameters and
melting point of these crystals are shown in Table 4.

Table 4 Parameters of crystals used in calculation

Crystal alA Ny/m™ Tw/K
FeV:0s  8.543[25]  1.604x1027 2023 [26]
MgV,04 8.432 [27] 1.675x10727 2293 [28]
FexTiO4 8.529 [29] 1.612x10727 1668 [30]
Mg,TiO4 8.472 [29] 1.645x10727 2029 [31]
MnCr:Os  8437[32] 1.665x102 2970 [28]
CaFeSix0s  10.089[33] 9.738x1028 1423 [28]
CaMgSix0s  7.598 [34]  2.280x1027 1664 [28]

Figure 7 illustrates the variations in nucleation
rate (/) and growth rate (u#) of crystals with
increasing temperature at different levels of basicity.
The temperatures corresponding to the peaks of the
nucleation and growth rate curves signify the
optimal nucleation and growth temperatures,
collectively constituting the optimal temperature
range for crystalline growth. It is observed that the

optimal nucleation temperatures of each crystal are
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Fig. 7 Relationship between temperature and nucleation rate and growth rate of different crystals at different basicities

lower than the optimal growth temperatures. This is
attributed to the fact that the driving force for
nucleation mainly arises from the degree of
subcooling. As the subcooling degree increases, the
nucleation rate gradually rises, facilitating the
generation of a larger number of smaller-sized
crystal particles. Conversely, lower subcooling
degrees are conducive to enhanced mass transfer

and diffusion of liquid-phase components, resulting
in higher growth rates and favoring crystal growth.
As the CaO content increases from 2.47 to
25.74 wt.% (basicity increasing from 0.18 to 2.54),
the nucleation and growth rates of the crystals
exhibit an upward trend. This indicates that higher
basicity levels are advantageous for nucleation and
crystal growth, with the nucleation rate significantly
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surpassing the growth rate. Furthermore, the
nucleation and growth rates of MnCr,QO; are notably
higher than those of other crystals, suggesting that
MnCr;04 will preferentially crystallize and grow in
alkaline vanadium slag.

Table 5 presents the nucleation and growth
temperature ranges for each crystal of R series slags.
The close agreement between the nucleation and
growth temperature intervals of FeV.Os and
Mg,TiO4 can be attributed to their similar melting
points, 2023 and 2029 K, respectively. Similarly,
the proximity in the nucleation and growth
temperature intervals of Fe,TiO4 and CaMgSi»Os is
due to their close melting points, 1668 and 1664 K.
In contrast, CaFeSi,Os exhibits the lowest melting
point among the crystals, at 1423 K, resulting in the
smallest values for both endpoints of the nucleation
and growth temperature intervals. Conversely,
MnCr;O4 possesses the highest melting point,
nearing 3000 K. Not only does it have the largest
values for both endpoints of the nucleation and
growth temperature intervals, but it also spans a
wider range.

Table 5 Temperature range for each crystal of R series

slags
Nucleation Growth temogg$?; for

Crystal temperature/ temperature/ p .
K K crystalline
growth/K
FeV,04  800-1545 1000—2020 1255-1720
Fe,TiOs  720—1300  900—1660 1065-1450
MgV,0s  890-1780  1090-2290 1405—-1915
Mg,TiOs  850-1590  1000—-2020 1260—1720
MnCr,Os 1050-2250 1200—-3000 1750-2390
CaFeSiOs 640-1130  820—1420 925-1260
CaMgSi,0Os 710—1300  900—1660 1065-1450

The total crystallization rate 7 can be expressed
as [35]

r=§IU3 (10)

The total crystallization rate for all crystals is
shown in Eq. (11):
Fiota = 2 Wi} (11)

where 7; is the crystallization rate of a given crystal,
and w; is its mass fraction.

Figures 8(a—e) depict the variation of the
integrated crystallization rate of each crystal with
increasing temperature at different levels of basicity.
As the basicity increases from 0.18 to 2.54, the
integrated crystallization rate exhibits a significant
increase across all crystals. Specifically, the
integrated crystallization rate escalates by three
orders of magnitude for CaFeSi»O4, two orders of
magnitude for FeV,0s4, Fe,TiOs, Mg,TiOs, and
CaMgSi,O4, and one order of magnitude for
MgV,04 and MnCr,Os. At each level of basicity,
MnCr;04 crystals consistently exhibit the largest
integrated crystallization rate, while CaFeSi>Os
crystals display the smallest one. In Fig. 8(f), the
integrated crystallization rate of total crystals versus
temperature at different basicities is illustrated.
With an increase in basicity, there is a noticeable
shift of the integrated crystallization rate of each
crystal and the peak temperature of the integrated
crystallization rate of total crystals towards
lower temperatures. Consequently, the optimal
crystallization temperature of the total crystals
decreases from 2045 to 2000 K, indicating that
higher basicity levels promote crystal growth. This
phenomenon can be attributed to the reduction in
slag viscosity and increase in the diffusion rate of
liquid-phase components in the slag as basicity
increases. Furthermore, the escalation in subcooling
enhances the diffusion rate of liquid-phase
components and improves the crystallization
kinetics of crystals in alkaline vanadium slag. The
peak temperatures of the total crystals and MnCr,O4
coincide, indicating that the optimal crystallization
temperature of total crystals in alkaline vanadium
slag is dependent on the crystal with the highest
melting point, MnCr,Os4.

3.4 Effect of P,Os content on crystal crystallization

Figure 9 illustrates the variations in nucleation
and growth rates of crystals with increasing
temperature at different P.Os contents. It is
observed that the optimal nucleation temperatures
of the crystals are lower than their optimal growth
temperatures, and the nucleation rates significantly
exceed the growth rates. As the P,Os content
increases from 0.06 to 11.68 wt.%, the nucleation
and growth rates of the crystals exhibit a decline.
This trend suggests that higher P,Os content
is not conducive to crystal growth in vanadium slag.



Can-can YU, et al/Trans. Nonferrous Met. Soc. China 35(2025) 2061-2073

—
(=}

(a) R=0.18 2040K*"\ x10%, FeV,0,
10", Fe,TiO,
+ 8F 1460 K —> *10'%, MgV,0,
o x10%, Mg,TiO,
ﬂ_.c-; x10'%, MnCr,0,
; 6t x10°¢, CaFeSi,0,
= x10', CaMgSi,0,
§ 1070k 1230K \
S 4T \
> \
@] \
21 \
\
0 L 1 \M L
800 1200 1600 2000 2400 2800
Temperature/K
10
(c) R=1.09 —— x107, FeV,0,
102, Fe,TiO,
v 8r x101, MgV,0,
2 1060 K *10', Mg, TiO,
= —— 106, MnCr,0,
= 6fF —— 1075, CaFeSi,0,
2 102, CaMgSi,0,
<
N
S 4
w
[
&)
2 L
/ N 2020 K
0 ! X —— < I \\ I
800 1200 1600 2000 2400
Temperature/K
2
! (e) R=2.54
x10%, FeV,0,
10| 1210K x10%, Fe,TiO,
T, x10", MgV,0,
© <102, Mg, TiO,
s 8r %1016, MnCr,0,
g x1073, CaFeSi,0,
§ 6L x10%, CaMgSi,0,
?3 1050 K 2000 K
&4 / \
© \
2t \
0 I 1 1
800 1200 1600 2000 2400
Temperature/K

2069
10Ty R=0.63
107, FeV,0,
~1485K 10!, Fe,TiO,
T, 8r x10'°, MgV,0,
° x10°, Mg,TiO,
s x10'6, MnCr,0,
£ 61 x1075, CaFeSi,0,
'g %102, CaMgSi,0,
= 1230K
T 4
7]
o
@]
2 L1070 K—>
/\2030K
0 L —
800 1200 1600 2000
Temperature/K
12
(d) R=1.72
108, FeV,0,
10 - 102, Fe,TiO,
1 1220 K X101, MgV,0,
) p 102, Mg,TiO,
g °or *10'6, MnCr,0,
g %1073, CaFeSi,0,
E 6F x10°, CaMgSi,0,
&
E’, 4r < 2015K
O K /N
1615K/ \
2 1060K / \\
0 . XN
800 1200 1600 2000 2400
Temperature/K
50
® 2000 K
/V\ ——RI
T L / —R
2 . / 2010 K - R3
= \ — R4
230} TR
s
=
.S
s 20
g _2025K
3 2030 K
é‘ 10+ 2045 K
@]
0 I 1 1
1200 1600 2000 2400 2800
Temperature/K

Fig. 8 Relationship between total crystallization rate and temperature at different basicities

Furthermore, the nucleation and growth rates of
MnCr,0;4 surpass those of other crystals, indicating
its preferential crystallization and growth in
alkaline vanadium slag with increased P,Os content.

Table 6 displays the range of nucleation and
growth temperatures for each crystal of P series
slags. The nucleation and growth temperature
ranges of each crystal closely mirror those observed
with changes in basicity. This suggests that
alterations in composition have minimal impact on

the nucleation and growth temperature ranges of the
crystals. Instead, the melting point of the crystals
emerges as the decisive factor influencing the
nucleation and growth temperature ranges.

Figures 10(a—e) depict the wvariation of
crystallization rate with increasing temperature for
each crystal at different P,Os contents. As the P,Os
content increases from 0.06 to 11.68 wt.%, there is
a notable decrease in the integrated crystallization
rate of CaFeSi,0O¢ by three orders of magnitude,
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Fig. 9 Relationship between temperature and nucleation rate and growth rate of different crystals at different P,Os

contents

while that of F6V204, FezTiO4, MszO4, MngiO4,
and CaMgSi,Os decreases by two orders of
magnitude, and that of MnCr,O4 decreases by one
order of magnitude. In Fig. 10(f), the integrated
crystallization rate of total crystals in vanadium slag

is plotted as a function of temperature for different
P>Os contents. It is observed that both the peak
temperature of the integrated crystallization rate
of each crystal and the integrated crystallization rate
of total crystals shift to higher temperatures with
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Table 6 Temperature range for each crystal of P series
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slags
Optimal
Nucleation Growth pHma
temperature for
Crystal temperature/ temperature/ .
crystalline
K K
growth/K
FeV,04  830-1580 1000—2010 1265—-1725
Fe,TiOs  735-1315  900-1665 1070—1460
MgV,04  900-1770  1090—2290 1410—1935
Mg,TiOs  820-1590 1000—2020 1270-1730
MnCr,O4 1000—-2300 12002960 1760—-2400
CaFeSirOs 655-1130  820—1420 935-1260
CaMgSirOs 745—1300  900—1660 1065—-1460
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increasing P»>Os content. Specifically, the peak
temperature increases from 2010 to 2030 K. This

phenomenon is attributed

to the

increase

in

viscosity of the vanadium slag with higher P,Os
content, which hampers mass transfer and diffusion
during the crystallization process. Remarkably, the
optimum crystallization temperature of the total
crystals aligns closely with that of MnCr,0O4, and
the total crystallization rate of MnCr,O4 remains the
highest at each P,Os content. This suggests that the
total crystallization rate of all crystals in the
vanadium slag is primarily determined by the
highest melting point of MnCr;Os.

10

o]
T

(o)
T

I

Crystallization rate/s™

)
>
<
~

< 2010K

e\

%107, FeV,0,
%10!, Fe,TiO,
101, MgV,0,
100, Mg,TiO,
x10'%, MnCr,0,
x107%, CaFeSi,0,
%102, CaMgSi,0,

2000

2400 2800

1200 1600
Temperature/K
10
(d) P4 .
*10', Fe,TiO,
T 8T x101°, MgV,0,
3 100, Mg,TiO,
% x10'%, MnCr,0,
g 6T %1073, CaFeSi,0,
% 1220K arsg 10 CaMeSi0,
2020 K
= 4 ook / ~
Z \
E‘ 1620 K/ \
O 2T 12 \
0 1 L 1 | )
900 1200 1500 1800 2100 2400
Temperature/K
50
- ® 2010 K o
2 40 P2
S —— 3
> —— P4
230} o
= 2025K
.2
§ 20 2030 K
E
=10+
@]
0 . , .
1600 2000 2400 2800
Temperature/K

Fig. 10 Relationship between total crystallization rate and temperature at different P,Os contents
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4 Conclusions

(1) The primary phases present in alkaline
vanadium slag are spinel and silicate phases. Upon
decreasing temperature from 1748 to 1548 K, there
is notable growth and aggregation observed in the
morphological features of spinel. V, P, and Ti are
predominantly concentrated in the spinel phase,
while Si and Ca are primarily found in the silicate
phase. Fe and Mg are distributed in both phases.

(2) At a cooling rate of 5 K/min, the mean
particle size of spinel increases from 12.77 to
21.52 um as the temperature decreases from 1748
to 1598 K. Further temperature reduction leads to
accelerated spinel growth, with the grain size
reaching up to 31.04 um at 1548 K. The presence of
high CaO content in vanadium slag favors spinel
growth. Moreover, higher CaO content enhances
spinel growth within a variation range of not
exceeding 17.52 wt.%.

(3) Within the temperature range of 1598-
1748 K and 1548-1598 K, spinel growth is
governed by the interface and supply, respectively.
At a cooling rate of 5 K/min, interfacial growth
governs spinel growth in both alkaline and
industrial vanadium slags.

(4) As the CaO content increases from 2.47 to
25.74 wt.% (basicity from 0.18 to 2.54), the
nucleation rate and growth rate of crystals escalate.
Simultaneously, the peak temperature of both the
integrated crystallization rate of each crystal and the
integrated crystallization rate of total crystals tend
to shift to lower temperatures. Heightened basicity
fosters crystal growth, while increasing the P,Os
content (from 0.06 to 11.68 wt.%) has the opposite
effect. The optimum temperature of all crystals in
alkaline vanadium slag hinges on the crystal with
the highest melting point, MnCr,Os4.
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