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Abstract: A simplified CaO−V2O5−MnO2 system was established to qualitatively and quantitatively investigate the 
transformation behavior of vanadates. The results demonstrated dynamic transformations between calcium vanadate and 
manganese vanadate as n(CaO)/n(V2O5)/n(MnO2) ratios and roasting temperatures varied. When MnO2 was 
incrementally added with n(CaO)/n(V2O5) of 2, some Ca2V2O7 converted to Mn2V2O7. The mass of vanadium as 
calcium vanadate consistently exceeded that as manganese vanadate. Conversely, when CaO was gradually added with 
n(MnO2)/n(V2O5) of 2, Mn2V2O7 tended to transform into Ca2V2O7 and Ca3V2O8. The affinity of vanadium for calcium 
was higher compared that of vanadium for manganese. The specific type of calcium vanadate formed depended on both 
n(CaO)/n(V2O5)/n(MnO2) values and roasting temperatures, while manganese vanadate remained predominantly as 
Mn2V2O7. The influence of roasting temperature on the conversion between calcium vanadate and manganese vanadate 
was minimal. At n(CaO)/n(V2O5)/n(MnO2) of 2/1/2 and temperatures ranging from 650 to 850 °C, the mass ratio of 
vanadium present as calcium vanadate to manganese vanadate stabilized at approximately 2. 
Key words: transformation behavior; CaO−V2O5−MnO2; calcium vanadate; manganese vanadate; vanadium slag; 
calcification roasting 
                                                                                                             

 
 
1 Introduction 
 

Vanadium and its compounds are extensively 
utilized in metallurgy, chemicals, aerospace, and 
other industries, playing a crucial role in China’s 
national economic development [1−4]. Notably, in 
the context of “carbon peaking and carbon 
neutrality,” the demand for vanadium in China has 
surged because of the increasing use of V−N 
microalloyed steel and all-vanadium liquid flow 
batteries [5−10]. 

Vanadium−titanium magnetite is currently the 
primary raw material for vanadium extraction, 

accounting for over 88% of global vanadium  
supply [11−14]. Additionally, stone coal and spent 
catalysts serve as alternative sources for vanadium 
extraction [15−19]. The Panzhihua−Xichang area in 
Sichuan and the Chengde area in Hebei province 
are abundant in vanadium−titanium magnetite.   
In these regions, blast furnace ironmaking and 
converter blowing are employed to concentrate 
vanadium into vanadium slag, a critical byproduct 
material for vanadium extraction in China [20,21]. 

In recent decades, numerous effective 
technologies for vanadium extraction from vanadium 
slag have been developed by enterprises and 
research institutes [22−27]. The sodium salt roasting− 
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water leaching process and the calcification roasting− 
acid leaching process have been industrialized, both 
relying on roasting techniques [28−31]. Non- 
roasted processes, such as those involving 
sub-molten salts and chlorination, have also been 
proposed [32,33]. Among these methods, the 
calcification roasting−acid leaching process 
demonstrates significant economic, environmental, 
and efficiency advantages, positioning it as a highly 
promising vanadium extraction method. 
Consequently, a production line with an annual 
output of 20000 t of V2O5 has been established   
at Xichang Steel Vanadium Co., Ltd., Sichuan, 
China [34]. Our group has conducted extensive 
research and process optimization on the 
calcification roasting of vanadium slag and 
chromium-containing vanadium slag [14,35]. 

Our investigations revealed that, during the 
calcification roasting process, vanadium not only 
reacts with calcium additives to form calcium 
vanadate but also inevitably reacts with the 
manganese components in vanadium slag to 
produce manganese vanadate [21]. This discovery 
led to the innovative proposal of a manganese 
roasting process for vanadium extraction [24,36,37]. 
During this process, the original calcium 
component in vanadium slag participated in the 
conversion of vanadium spinel to vanadate. These 
findings indicate that both calcium and manganese 
salts exhibit high reactivity with vanadium. 
However, the reaction mechanisms of vanadium 
with calcium and manganese, as well as the 
generation and conversion behavior of calcium 
vanadate and manganese vanadate, remain 
underexplored. These insights are critical for 
optimizing vanadium extraction through 
calcification roasting from vanadium slag and 
chromium-containing vanadium slag. 

To address the interference of original 
components in vanadium slag, such as iron, 
chromium, titanium, and silicon, in studying the 
interactions among calcium, manganese, and 
vanadium, V2O5 was used to simplify the vanadium 
spinel in vanadium slag. CaO and MnO2 were 
employed as the simplest calcium and manganese 
additives, respectively. A CaO−V2O5−MnO2 
three-phase system was established to investigate 
the phase evolution of calcium vanadate and 
manganese vanadate by varying the molar ratio and 

roasting temperature. Finally, the distribution of 
vanadium in calcium vanadate and manganese 
vanadate was quantitatively analyzed via acid 
leaching. 
 
2 Experimental 
 
2.1 Materials 

Vanadium exists as (Mn,Fe)(V,Cr)2O4 in both 
vanadium slag and chromium-containing vanadium 
slag [38,39], which oxidizes to high-valence 
vanadium oxide during roasting. Therefore, V2O5 
was used as the raw material for the roasting 
process with CaO and MnO2 in this study. The three 
oxides were analytical-grade reagents sourced from 
Sinopharm Chemical Reagent Co., Ltd. CaO was 
roasted at 1000 °C for 2 h to ensure the removal of 
Ca(OH)2 and CaCO3, thereby improving the 
precision of the mixing process. Figure 1 presents 
the XRD patterns of V2O5, CaO, and MnO2. The 
diffraction peaks of these three raw materials are 
well indexed to those of the Joint Committee on 
Powder Diffraction Standards, which meet the 
requirements for the mixing and roasting process. 
 

 

Fig. 1 XRD patterns of V2O5, CaO and MnO2 

 
2.2 Design of CaO−V2O5−MnO2 system 

V2O5, CaO and MnO2 were mixed uniformly 
to establish the CaO−V2O5−MnO2 three-phase 
system. The mixing ratio was calculated based   
on their molar ratios and expressed as n(CaO)/ 
n(V2O5)/n(MnO2). Three experimental groups were 
designed by varying the quantities of the 
components. First, the amounts of V2O5 and CaO 
were fixed, and MnO2 was gradually added to study 
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the transformation mechanism from calcium 
vanadate to manganese vanadate. A n(CaO)/n(V2O5) 
ratio of 2 was selected for mixing V2O5 and CaO, as 
the target phase calcium pyrovanadate (Ca2V2O7) 
forms during the calcification roasting process of 
actual vanadium slag and chromium-containing 
vanadium slag [14]. MnO2 was added at 
n(MnO2)/n(V2O5) ratios of 1, 2 and 3. Additionally, 
a two-phase system containing only V2O5 and CaO 
was studied for comparison. 

Second, the amounts of V2O5 and MnO2 were 
fixed with a n(MnO2)/n(V2O5) ratio of 2, generating 
the target product manganese pyrovanadate 
(Mn2V2O7) during the manganese roasting of actual 
vanadium slag and chromium-containing vanadium 
slag [37]. CaO was gradually added to study    
the transformation mechanism from manganese 
vanadate to calcium vanadate with n(CaO)/n(V2O5) 
ratios of 1, 2 and 3. A two-phase system containing 
V2O5 and MnO2 was also analyzed as a control. 

Third, the mass of V2O5 in the system was kept 
constant to investigate the competitive behavior of 
CaO and MnO2 in reacting with vanadium 
quantitatively. Furthermore, n(CaO)/n(V2O5) and 
n(MnO2)/n(V2O5) were set to the same values, 
ranging from 0.5 to 3. All experimental points are 
indicated in Fig. 2. 
 

 
Fig. 2 Experimental points in this work 
 
2.3 Roasting of CaO−V2O5−MnO2 system 

In examining the effects of n(CaO)/n(V2O5)/ 
n(MnO2) on phase evolution, the mixed materials 
were roasted from room temperature to 850 °C at a 
heating rate of 5 °C/min, reflecting the calcification 
and manganese roasting conditions of vanadium 
slag and chromium-containing vanadium slag [20,36]. 
A constant-temperature roasting process was 

conducted at 850 °C for 2 h to ensure complete 
reaction progress. The roasted samples were then 
cooled in the muffle furnace and ground for 
characterization. Additionally, the effect of roasting 
temperature was studied, ranging from 350 to 
950 °C. The mixed samples with a n(CaO)/n(V2O5)/ 
n(MnO2) ratio of 2/1/2 were selected for studying 
the effect of roasting temperature due to their 
uniqueness in Fig. 2. Other roasting conditions, 
such as heating rate and holding time, were kept 
constant. 

 
2.4 Calculation of distribution behavior of 

vanadium 
Leaching experiments were conducted to 

evaluate the amount of vanadium reacting with 
calcium and manganese, and clarify the conversion 
mechanism of calcium vanadate and manganese 
vanadate under different conditions. Approximately 
99% of Mn2V2O7 can be dissolved by H2SO4 
solution with pH of 2.2, while high-valence 
manganese oxides (MnO2, Mn3O4, and Mn2O3) are 
barely soluble under these conditions [24]. Hence, 
H2SO4 with pH of 2.2 was used as the leaching 
medium to dissolve the roasted materials of the 
CaO−V2O5−MnO2 system. The total mass of 
vanadium in the system was calculated based on the 
amount of V2O5 added, and the mass of vanadium 
reacting with manganese was determined from the 
manganese concentration in the leaching solution. 
The mass of vanadium reacting with calcium was 
obtained by subtracting the mass of vanadium 
reacting with manganese from the total mass of 
vanadium. 
 
2.5 Characterization 

X-ray diffractometer (X Pertpro, PANalytical 
B.V.) was used to detect the phases of the 
experimental raw materials and roasted materials. 
SEM (Ultra plus, Zeiss, Germany) equipped with an 
EDS spectrometer was employed for analyzing the 
microstructure and elements distribution of the 
main elements in the roasted materials. Vanadium 
content in the vanadium-containing leaching 
solution was detected by ferrous ammonium sulfate 
titration method. Concentration of manganese in  
the leaching solution was detected with inductively 
coupled plasma–atomic emission spectroscopy 
(ICP–AES, PerkinElmer Optima−4300DV). 
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3 Results and discussion 
 
3.1 Phase evolution of CaO−V2O5 and MnO2− 

V2O5 system 
The two-phase systems of CaO−V2O5 and 

MnO2−V2O5 were roasted to establish a baseline 
before examining the mixtures of V2O5, CaO, and 
MnO2. The theoretical molar ratios n(CaO)/n(V2O5) 
of 1, 2 and 3 correspond to the formation of calcium 
metavanadate (CaV2O6), calcium pyro-vanadate 
(Ca2V2O7), and calcium orthovanadate (Ca3V2O8), 
respectively. Similarly, n(MnO2)/n(V2O5) ratios   
of 1, 2 and 3 theoretically produce manganese 
metavanadate (MnV2O6), manganese pyrovanadate 
(Mn2V2O7), and manganese orthovanadate 
(Mn3V2O8). Figures 3 and 4 present the XRD 
patterns, microstructures, and EDS analyses of the 
roasted samples with varying n(CaO)/n(V2O5) and 
n(MnO2)/n(V2O5) ratios. 

As illustrated in Fig. 3, when n(CaO)/n(V2O5) 
was 1 and 2, the diffraction peaks of CaO and V2O5 
disappeared, indicating the formation of CaV2O6 
and Ca2V2O7, respectively, as confirmed by their 
corresponding standard diffraction cards. However, 
at a ratio of 3, the diffraction peaks of CaO (at 
32.23°, 37.38°, and 53.90°) and Ca2V2O7 (at 28.72° 
and 29.97°) were still present alongside those of the 
target product Ca3V2O8, suggesting incomplete 

calcification of Ca2V2O7 to Ca3V2O8. Figures 3(b−d) 
show the microstructures of the products roasted 
with different n(CaO)/n(V2O5) ratios, with EDS 
analyses of various particles provided in 
Figs. 3(e−i). These particles exhibited irregular 
block structures. The atomic ratios of vanadium to 
calcium at Points A and B were close to 2 and 1, 
consistent with the theoretical values for CaV2O6 
and Ca2V2O7, respectively. The smaller particles in 
Fig. 3(d) represented unreacted CaO, confirmed by 
the element composition at Point C. Moreover,  
the coexistence of Ca2V2O7 and Ca3V2O8 was 
demonstrated by the atomic ratios of vanadium to 
calcium at Points D and E. The generation reaction 
equations for CaV2O6, Ca2V2O7, and Ca3V2O8 are 
depicted in Eqs. (1) to (3). 

Figure 4 illustrates the XRD patterns, 
microstructures, and EDS analyses of the roasted 
samples with different n(MnO2)/n(V2O5) ratios. As 
depicted in Fig. 4(a), MnV2O6 and Mn2V2O7 
formed when n(MnO2)/n(V2O5) was 1 and 2, 
respectively, as evidenced by the consistency 
between the diffraction peaks and standard cards, 
along with the EDS analyses of Points A and B. 
These samples exhibited rough and smooth regular 
block particles. When n(MnO2)/ n(V2O5) was 3, 
Mn3V2O8 did not form; instead, Mn2V2O7 and 
Mn2O3 were produced, indicating the difficulty   
of obtaining Mn3V2O8 under the given roasting  

 

 
Fig. 3 XRD patterns (a) and microstructures (b−d) of roasted samples of CaO−V2O5 system with different n(CaO)/ 
n(V2O5) ratios, and corresponding EDS analysis results (e−i): (b) Ratio of 1; (c) Ratio of 2; (d) Ratio of 3 
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Fig. 4 XRD patterns (a) and microstructures (b−d) of roasted samples of MnO2−V2O5 system with different 
n(MnO2)/n(V2O5) ratios, and corresponding EDS analysis results (e−h): (b) Ratio of 1; (c) Ratio of 2; (d) Ratio of 3 
 
conditions. As indicated in Fig. 4(d), both smooth 
Mn2V2O7 particles and small-sized Mn2O3 particles 
were observed. The EDS analyses of Points C   
and D confirmed the phase composition with 
n(MnO2)/n(V2O5) of 3. The reaction equations for 
n(MnO2)/n(V2O5) ratios of 1, 2 and 3 are depicted 
in Eqs. (4) to (6).  
V2O5+CaO=CaV2O6                                    (1)  
V2O5+2CaO=Ca2V2O7                                 (2)  
V2O5+3CaO=Ca3V2O8                                 (3)  
2V2O5+2MnO2=2MnV2O6+O2                       (4)  
V2O5+2MnO2=Mn2V2O7+O2                         (5)  
4MnO2=2Mn2O3+O2                                   (6) 
 
3.2 Effect of MnO2 addition on CaO−V2O5− 

MnO2 system 
In analyzing the influence of MnO2 on the 

formation and transformation behavior of vanadates, 
MnO2 was incrementally added to the CaO−V2O5− 
MnO2 system with a fixed n(CaO)/n(V2O5) ratio of 
2. The XRD patterns of the roasted samples are 
displayed in Fig. 5. The results indicated that, in the 
absence of MnO2, the only roasting product was 
Ca2V2O7, as previously discussed in Section 3.1. 
When MnO2 was introduced at a n(MnO2)/n(V2O5)  

 
Fig. 5 XRD patterns of roasted samples of CaO− 
V2O5−MnO2 system with different MnO2 additions 
 
ratio of 1, the intensity of the Ca2V2O7 diffraction 
peaks decreased substantially, and Mn2V2O7 
appeared in the roasted sample. This suggested that 
vanadium, which would typically react with CaO, 
instead combined with MnO2 to form Mn2V2O7, as 
illustrated in Eq. (5). Moreover, the molar ratio of 
CaO to V2O5 reacting with CaO exceeded 2 upon 
the addition of MnO2, leading to the formation of 
Ca3V2O8. Additionally, Mn2O3, resulting from the 
decomposition of MnO2, along with excess CaO, 
was present, indicating that MnO2 decomposed to 
Mn2O3 before reacting with V2O5 during roasting. 
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As MnO2 addition continued, resulting in 
n(MnO2)/n(V2O5) ratios of 2 and 3, Ca2V2O7 
gradually decreased, while Mn2V2O7 and Ca3V2O8 
became the primary vanadates in the roasted 
material. The residual amounts of CaO and Mn2O3 
also increased. These findings suggested that the 
addition of MnO2 converted some Ca2V2O7 into 
Mn2V2O7, demonstrating a competitive relationship 
between calcium and manganese in the reaction 
with vanadium. 

Acid leaching experiments were conducted as 
described in Section 2.3 to quantify the distribution 
and migration of vanadium in calcium and 
manganese vanadates during the continuous 
addition of MnO2. Figure 6 depicts the mass of 
vanadium in each gram of roasted material. After 
roasting at 850 °C, all vanadium was present in the 
form of vanadates. The vanadium content in 
calcium and manganese vanadates was calculated 
using the method outlined in Section 2.4. The 
results indicated that a roasted sample with 
n(CaO)/n(V2O5)/n(MnO2) of 2/1/0 contained 0.35 g 
of vanadium per gram of sample, with all vanadium 
present as Ca2V2O7. As MnO2 was gradually added, 
the total mass of vanadium in 1 g of roasted sample 
decreased, with vanadium in the form of calcium 
vanadate also decreasing. Conversely, vanadium in 
the form of manganese vanadate increased because 
MnO2 competed for vanadium. Furthermore, the 
mass ratios of vanadium in calcium and manganese 
vanadates were calculated and are displayed in 
Fig. 6. The mass ratios were 3.56, 1.90 and 1.43 
when n(MnO2)/n(V2O5) was 1, 2 and 3, respectively. 
Thus, the mass of vanadium reacting with 
manganese increases with the addition of MnO2 but 
remains lower than that reacting with calcium. 
 

 
Fig. 6 Distribution of vanadium in calcium vanadate and 
manganese vanadate with different MnO2 additions 

3.3 Effect of CaO addition on CaO−V2O5−MnO2 
system 
The conversion mechanism of manganese 

vanadate to calcium vanadate was investigated by 
incrementally adding CaO to the CaO−V2O5−MnO2 
system with a fixed n(MnO2)/n(V2O5) ratio of 2. 
The XRD patterns of the roasted samples are shown 
in Fig. 7. When only MnO2 and V2O5 were present, 
the roasting product was Mn2V2O7, as discussed in 
Section 3.1. Upon adding CaO to achieve 
n(CaO)/n(V2O5) ratio of 1, the intensity of the 
Mn2V2O7 diffraction peaks decreased significantly, 
and Mn2O3 began to form. The appearance of 
Ca2V2O7 diffraction peaks indicated that some 
vanadium initially combined with MnO2 had been 
converted to Ca2V2O7 due to the addition of CaO. 
As CaO addition continued, resulting in an 
n(CaO)/n(V2O5) ratio of 2, the amount of Mn2V2O7 
decreased, and Ca3V2O8 started to form alongside 
Ca2V2O7. This was attributed to the molar ratio of 
CaO to the actual reacting V2O5 exceeding 2. 
Residual CaO and Mn2O3 were also present. With 
n(CaO)/n(V2O5) ratio of 3, the diffraction peak 
intensities of both Ca2V2O7 and Mn2V2O7 decreased 
significantly, and Ca3V2O8 became the primary 
vanadate in the roasted material. This indicated that, 
with the progressive addition of CaO, Mn2V2O7 and 
Ca2V2O7 were gradually converted to Ca3V2O8, 
highlighting the notable effects of CaO addition on 
the formation of calcium vanadates. 
 

 
Fig. 7 XRD patterns of roasted samples of CaO−V2O5− 
MnO2 system with different CaO additions 
 

Figure 8 further illustrates the quantitative 
characterization results of the effect of CaO 
addition on vanadate forms. When the n(CaO)/ 
n(V2O5)/n(MnO2) ratio was 0/1/2, the roasted 
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sample contained 0.32 g of vanadium per gram, all 
present as Mn2V2O7. This value was slightly lower 
than that for n(CaO)/n(V2O5)/n(MnO2) ratio of 
2/1/0, discussed in Section 3.2, due to the relatively 
higher molecular mass of Mn2V2O7 compared to 
Ca2V2O7. At the n(CaO)/n(V2O5) ratio of 1, the 
mass of vanadium in the form of calcium vanadate 
increased substantially. At ratios of 2 and 3, the 
amount of vanadium as manganese vanadate 
gradually decreased, indicating that more vanadium 
had been converted into calcium vanadate. The 
green dashed line in Fig. 8 represents the mass 
ratios of vanadium in calcium and manganese 
vanadates. The values are 0.67, 1.90, and 3.69 for 
n(CaO)/n(V2O5) ratios of 1, 2, and 3, respectively, 
indicating that more vanadium reacts with calcium 
as CaO is added. However, the mass of vanadium 
reacting with manganese decreased, suggesting that 
calcium’s reactivity with vanadium is higher than 
that of manganese. 
 

 
Fig. 8 Distribution of vanadium in calcium vanadate and 
manganese vanadate with different CaO additions 
 
3.4 Effect of n(CaO)/n(V2O5) and n(MnO2)/ 

n(V2O5) on CaO−V2O5−MnO2 system 
In the study of the effects of n(CaO)/n(V2O5) 

and n(MnO2)/n(V2O5) on the CaO−V2O5−MnO2 
system, the mass of V2O5 in the system was kept 
constant while CaO and MnO2 were incrementally 
added at fixed ratios of n(CaO)/n(V2O5) and 
n(MnO2)/n(V2O5). Figure 9 displays the XRD 
patterns of roasted samples under various 
conditions. When n(CaO)/n(V2O5)/n(MnO2) was 
1/2/1, CaV2O6 emerged as the dominant phase in 
the roasted sample. Only a small portion of 
vanadium reacted with manganese to form 
Mn2V2O7, with most manganese existing as Mn2O3. 
This indicated that under these conditions, 

vanadium’s affinity for calcium surpassed its 
affinity for manganese, resulting in the 
predominance of CaV2O6. At n(CaO)/n(V2O5)/ 
n(MnO2) of 1/1/1, the intensity of the CaV2O6 

diffraction peak significantly decreased, and 
Mn2V2O7 became more prominent. When n(CaO)/ 
n(V2O5)/n(MnO2) was 3/2/3, the CaV2O6 diffraction 
peaks vanished completely, and Ca2V2O7 formed. 
This transformation indicated that continuous 
addition of CaO converted CaV2O6 into Ca2V2O7, 
while manganese vanadate remained as Mn2V2O7. 
At n(CaO)/n(V2O5)/n(MnO2) of 2/1/2, Ca2V2O7 

further converted into Ca3V2O8. When n(CaO)/ 
n(V2O5)/n(MnO2) was 3/1/3, the phase composition 
resembled that at 2/1/2, but with strengthened 
Ca3V2O8 diffraction peaks and weakened Ca2V2O7 
peaks. 
 

 
Fig. 9 XRD patterns of roasted samples of CaO−V2O5− 
MnO2 system with different CaO and MnO2 additions 
 

MnV2O6 was formed in the MnO2−V2O5 
two-phase system, whereas manganese vanadate 
was present as Mn2V2O7 throughout the CaO− 
V2O5−MnO2 three-phase system. This disparity can 
be attributed to the interaction of V2O5 with CaO, 
leaving MnO2 in excess relative to V2O5 available 
for reaction. This absence of conditions necessary 
for MnV2O6 formation underscored vanadium’s 
stronger affinity for calcium over manganese. 

Figure 10 shows the competitive relationship 
between CaO and MnO2 across different n(CaO)/ 
n(V2O5)/n(MnO2) ratios through quantitative 
vanadate characterization. Results indicated that  
at n(CaO)/n(V2O5)/n(MnO2) of 1/2/1, 0.42 g of 
vanadium was contained in 1 g of roasted sample, 
with 0.35 g as calcium vanadate and only 0.07 g as 
manganese vanadate, consistent with XRD patterns 
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in Fig. 9. At this ratio, the mass ratio of vanadium 
present as calcium vanadate to manganese vanadate 
reached a maximum of 5.20. Upon increasing 
n(CaO)/n(V2O5) and n(MnO2)/ n(V2O5) to achieve 
n(CaO)/n(V2O5)/n(MnO2) of 1/1/1, the mass of 
vanadium in manganese vanadate increased 
substantially, nearly equalizing with that of calcium 
vanadate. Continued addition of CaO and MnO2  
to achieve ratios of 1.5 and 2 led to a decrease    
in vanadium mass as manganese vanadate, 
consistently less than calcium vanadate. Particularly 
at n(CaO)/n(V2O5)/n(MnO2) of 3/1/3, the abundant 
CaO provided favorable kinetic conditions for 
vanadium calcification, resulting in a vanadium 
mass 4.80 times greater in calcium vanadate than 
that that in manganese vanadate. These findings 
highlighted that n(CaO)/n(V2O5)/n(MnO2) of 1/1/1 
optimally favors manganese vanadate generation, 
while calcium vanadate remains the predominant 
form in the system. 
 

 
Fig. 10 Distribution of vanadium in calcium vanadate 
and manganese vanadate with different CaO and MnO2 
additions 
 
3.5 Effect of roasting temperature on CaO− 

V2O5−MnO2 system 
In addition to varying n(CaO)/n(V2O5)/ 

n(MnO2), roasting temperature significantly 
influenced the generation and conversion of 
vanadates in this study. The XRD patterns of 
samples roasted with n(CaO)/n(V2O5)/ n(MnO2) of 
2/1/2 at different temperatures are illustrated in 
Fig. 11. At 350 and 450 °C, V2O5 and CaO 
remained unchanged, with no vanadate phases 
detected in the roasted samples. Additionally, 
Mn3O4 diffraction peaks appeared alongside MnO2, 
resulting from MnO2 decomposition, indicating 
difficulty in vanadate formation at lower roasting 

temperatures. Upon increasing the roasting 
temperature to 550 °C, the intensity of V2O5 
diffraction peaks significantly decreased, Mn2V2O7 
formed, and Mn3O4 further decomposed into Mn2O3, 
consistent with decomposition process of MnO2. At 
650 °C, V2O5 diffraction peaks became difficult to 
detect, indicating complete conversion of V2O5 into 
vanadate. In the roasted sample, CaV2O6, Ca2V2O7 
and Mn2V2O7 coexisted. At 750 °C, CaV2O6 
diffraction peaks were barely observed, with 
calcium vanadate primarily in the form of Ca2V2O7 
and manganese vanadate as Mn2V2O7. Increasing 
the roasting temperature to 850 °C resulted in 
Ca2V2O7 converting into Ca3V2O8, accompanied by 
a significant decrease in CaO diffraction peak 
intensity. This indicated that the type of calcium 
vanadate was influenced not only by CaO addition 
but also by roasting temperature. Sequential 
generation of CaV2O6, Ca2V2O7 and Ca3V2O8 
occurred with increasing roasting temperature, 
while manganese vanadate remained consistently  
as Mn2V2O7. At 950 °C, diffraction peaks of 
calcium vanadate and manganese vanadate were 
undetectable, with Ca2.6Mn1.9V3O12 being the main 
phase in the roasted sample. 
 

 
Fig. 11 XRD patterns of roasted samples of CaO−V2O5− 
MnO2 system at different roasting temperatures 
 

Figure 12 shows the quantitative characterization 
of calcium vanadate and manganese vanadate in 
samples roasted from 650 to 850 °C indicating 
interference from V2O5 at 350, 450 and 550 °C  
that hindered the mass calculation of vanadate.   
At 950 °C, both calcium and manganese were 
incorporated into a single phase, Ca2.6Mn1.9V3O12, 
making it challenging to quantitatively characterize 
vanadium distribution between calcium vanadate 
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and manganese vanadate under these conditions. 
Despite sequential production of CaV2O6, Ca2V2O7 
and Ca3V2O8, there was no significant difference in 
vanadium distribution between calcium vanadate 
and manganese vanadate in the range of 
650−850 °C. The mass ratio of vanadium present as 
calcium vanadate to manganese vanadate 
consistently remained equal to approximately 2. 
 

 
Fig. 12 Distribution of vanadium in calcium vanadate 
and manganese vanadate at different temperatures 
 
4 Evaluation 
 

Based on the above findings, the effects of 
n(CaO)/n(V2O5)/n(MnO2) and roasting temperature 
on the phase evolution of vanadate and the 
distribution of vanadium were determined. 
Furthermore, Fig. 13 compares the advantages of 
CaO roasting versus MnO2 roasting in vanadium 
extraction. This comparison integrates current 
research on calcification roasting and manganese 
roasting processes for vanadium slag and 
chromium-containing vanadium slag. 
 

 
Fig. 13 Advantages of CaO roasting and MnO2 roasting 
in vanadium extraction 
 

Vanadium exhibited slightly stronger reactivity 
with CaO compared to MnO2. In our experiments, 
when both n(CaO)/n(V2O5) and n(MnO2)/n(V2O5) 
were set as 2, the mass of vanadium reacted    
with CaO was twice that reacted with MnO2. 

Additionally, our group [34] demonstrated that the 
diffusion product thickness of the CaO−V2O5 
couple exceeded that of the MnO2−V2O5 couple 
under identical roasting times. Moreover, CaO was 
more cost-effective and readily available compared 
to MnO2, making it more versatile for the 
calcification roasting processes of vanadium slag 
and chromium-containing vanadium slag in the 
future. 

In contrast, MnO2 exhibited weaker reactivity 
with vanadium than CaO, suggesting that MnO2 is 
selectively responsive to vanadium. This conclusion 
is supported by the separation behavior of 
vanadium and chromium during manganese 
roasting of chromium-containing vanadium slag. 
Unlike the sequential production of CaV2O6, 
Ca2V2O7 and Ca3V2O8 in the calcium−vanadium 
reaction, vanadium−manganese reaction products 
are more stable. Manganese vanadate in roasted 
samples consistently existed as Mn2V2O7, which did 
not transform into water-insoluble sulfate during 
acid leaching, enabling the recycling of manganese 
ions. Furthermore, an advantageous aspect was the 
presence of 5% to 10% MnO derived from 
vanadium−titanium magnetite in vanadium slag, 
which contributed to vanadium conversion and 
reduced the need for calcium additives. 

In conclusion, both CaO and MnO2 offered 
distinct advantages in the vanadium extraction 
process. Leveraging their synergistic effects to 
enhance vanadium extraction from vanadium   
slag and chromium-containing vanadium slag 
constitutes a focal point for our future research. 
 
5 Conclusions 
 

(1) In the CaO−V2O5 system, CaV2O6 and 
Ca2V2O7 were generated sequentially when n(CaO)/ 
n(V2O5) was 1 and 2. When n(CaO)/n(V2O5) was 3, 
Ca2V2O7 and Ca3V2O8 coexisted. In the MnO2− 
V2O5 system, MnV2O6 and Mn2V2O7 formed when 
n(MnO2)/n(V2O5) was 1 and 2. Mn2V2O7 and 
Mn2O3 coexisted when n(MnO2)/n(V2O5) was 3. 

(2) When MnO2 was gradually added to the 
CaO−V2O5−MnO2 system with n(CaO)/n(V2O5)  
of 2, some Ca2V2O7 converted to Mn2V2O7. 
Conversely, when CaO was gradually added to the 
CaO−V2O5−MnO2 system with n(MnO2)/n(V2O5) 
of 2, some Mn2V2O7 converted to Ca2V2O7 and 
Ca3V2O8. This indicates that vanadium had a higher 
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binding affinity with calcium than that with 
manganese. When n(CaO)/n(V2O5)/n(MnO2) was 
1/1/1, the mass of vanadium present as calcium 
vanadate was nearly equal to that present as 
manganese vanadate. 

(3) At n(CaO)/n(V2O5)/n(MnO2) of 2/1/2, 
vanadate formation began after 550 °C, with MnO2 
decomposing gradually to form Mn3O4 and Mn2O3. 
After 650 °C, CaV2O6, Ca2V2O7 and Ca3V2O8 
generated sequentially, while manganese vanadate 
remained in the form of Mn2V2O7. The impact of 
roasting temperature on the conversion of calcium 
vanadate and manganese vanadate was minimal. 
When the roasting temperature ranged from 650 to 
850 °C, the mass ratio of vanadium present as 
calcium vanadate to manganese vanadate remained 
stable at approximately 2. 
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摘  要：基于钒渣的钙化焙烧过程建立了 CaO−V2O5−MnO2 简化体系，对该体系焙烧过程中钒酸盐的转化行为进

行了定性和定量研究。结果表明，随着体系中组元配比 n(CaO)/n(V2O5)/n(MnO2)和焙烧温度的变化，钒酸钙和

钒酸锰会相互转化。在 n(CaO)/n(V2O5)为 2 的条件下不断加入 MnO2，部分 Ca2V2O7 会转化为 Mn2V2O7。以钒酸

钙形式存在的钒的质量总是大于以钒酸锰形式存在的钒。相反，n(MnO2)/n(V2O5)为 2 的条件下不断加入 CaO，

Mn2V2O7 逐渐转化为 Ca2V2O7和 Ca3V2O8，钒与钙的结合能力高于钒与锰的结合能力。焙烧产物中钒酸钙的种类

受组元配比 n(CaO)/n(V2O5)/n(MnO2)和焙烧温度的影响，钒酸锰总是以 Mn2V2O7 形式存在。钒酸钙和钒酸锰的

转化受焙烧温度影响较小。在 n(CaO)/n(V2O5)/n(MnO2)为 2/1/2、焙烧温度为 650~850 ℃时，以钒酸钙和钒酸锰形

式存在的钒的质量比接近 2。 

关键词：转化机制；CaO−V2O5−MnO2；钒酸钙；钒酸锰；钒渣；钙化焙烧 

 (Edited by Xiang-qun LI) 


