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Abstract: Calcification roasting–acid leaching of high-chromium vanadium slag (HCVS) was conducted to elucidate the roasting and leach-
ing behaviors of vanadium and chromium. The effects of the purity of CaO, molar ratio between CaO and V2O5 (n(CaO)/n(V2O5)), roasting 
temperature, holding time, and the heating rate used in the oxidation–calcification processes were investigated. The roasting process and 
mechanism were analyzed by X-ray diffraction (XRD), scanning electron microscopy (SEM), and thermogravimetry–differential scanning 
calorimetry (TG–DSC). The results show that most of vanadium reacted with CaO to generate calcium vanadates and transferred into the 
leaching liquid, whereas almost all of the chromium remained in the leaching residue in the form of (Fe0.6Cr0.4)2O3. Variation trends of the 
vanadium and chromium leaching ratios were always opposite because of the competitive reactions of oxidation and calcification between 
vanadium and chromium with CaO. Moreover, CaO was more likely to combine with vanadium, as further confirmed by thermodynamic 
analysis. When the HCVS with CaO added in an n(CaO)/n(V2O5) ratio of 0.5 was roasted in an air atmosphere at a heating rate of 10°C/min 
from room temperature to 950°C and maintained at this temperature for 60 min, the leaching ratios of vanadium and chromium reached 
91.14% and 0.49%, respectively; thus, efficient extraction of vanadium from HCVS was achieved and the leaching residue could be used as a 
new raw material for the extraction of chromium. Furthermore, the oxidation and calcification reactions of the spinel phases occurred at 592 
and 630°C for n(CaO)/n(V2O5) ratios of 0.5 and 5, respectively. 
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1. Introduction 

Vanadium, chromium, and their compounds are signifi-
cant strategic resources that play important roles in the de-
velopment of modern technology and industry [1]. In China, 
the main feedstock for vanadium recovery is vana-
dium–titanium-bearing magnetite [2], which is a complex 
ore that contains iron, vanadium, titanium, and other valua-
ble elements such as chromium. During the smelting process 
using vanadium-titanium-bearing magnetite, vanadium and 
chromium with similar chemical characteristics are reduced 
into molten pig iron by coke in a blast furnace and then oxi-
dized and enriched into vanadium slag in a vana-
dium-extracting converter [3]. The vanadium slag currently 
used for large-scale industrial production and systematic la-
boratory studies has a low chromium content [4]. Vanadium 
slag with high-chromium content is gradually attracting 

more attention because of its massive reserves and potential 
threat to the environment [5]. Zhang et al. [6] investigated 
and compared the oxidation behavior of vanadium in 
high-chromium vanadium slag (HCVS) during blank roast-
ing with conventional roasting and microwave-assisted 
roasting. Li et al. [7] treated HCVS using sodium roast-
ing–water leaching and found that almost all of the chro-
mium was transferred to the leaching liquid with vanadium. 
Liu et al. [3] reported a new method to extract vanadium and 
chromium simultaneously and efficiently from vanadium slag 
containing chromium using a molten NaOH–NaNO3 binary 
system. In addition, on the basis of the nucleation and growth 
kinetics of spinel crystals in vanadium slag, Li et al. [8] pro-
posed the asynchronous extraction of vanadium and chro-
mium from vanadium slag by stepwise sodium roast-
ing–water leaching. 

Roasting plays a critical role throughout the process of 
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vanadium extraction. At present, sodium salt roasting is the 
most commonly used technology for the pretreatment of 
vanadium slag [9], through which vanadium(III) is oxidized 
to sodium vanadate(V). Nevertheless, sodium salt roasting 
generates a considerable amount of harmful gases such as 
Cl2 and SO2 via the decomposition of sodium salts such as 
NaCl and Na2SO4. Furthermore, sodium salts with low 
melting points tend to agglomerate during roasting, hinder-
ing the further oxidation of vanadium and decreasing its ex-
traction [10]. Regarding the roasting and leaching behaviors 
of chromium during sodium salt roasting, several studies 
have found that chromium(III) can be oxidized to soluble 
sodium chromate(VI) and converted into leaching liquor 
along with sodium vanadium [11]. The toxic solution con-
taining chromium cannot be appropriately disposed of after 
vanadium extraction and is a potential threat to humans, ani-
mals, and the environment. In addition, complete separation of 
vanadium and chromium is difficult because of their similar 
chemical properties in solution. Several articles have reported 
separation methods based on reduction–precipitation [12], sol-
vent extraction [13], and ion exchange [14], among other 
methods, which also introduce problems such as high cost, 
long flowsheets, and complex processing.  

Calcification roasting, proposed by the Russia Fula fac-
tory in the 1970s, is a more environmentally friendly alter-
native to sodium salt roasting [15]. During calcification 
roasting, lime or limestone is added to the vanadium slag to 
transform vanadium-bearing spinels into water-insoluble cal-
cium vanadates such as CaV2O6, Ca2V2O7, and Ca3V2O8 [16]. 
This process avoids the emission of harmful gases and a 
health crisis from toxic and carcinogenic soluble vana-

dium(V). Recently, numerous researchers have investigated 
the effects of roasting parameters, including the 
m(CaO)/m(V2O5) ratio, roasting temperature, and the hold-
ing time on the vanadium extraction during the calcification 
roasting process, along with the mechanism of calcification 
roasting [17]. However, little attention has been devoted to 
the extraction behavior of chromium during calcification 
roasting with HCVS. Furthermore, with the discovery of 
large-scale high-chromium vanadium–titanium-bearing mag-
netite, such as Hongge ore in Panzhihua, China, research in-
to chromium extraction has become urgent. It is important to 
discuss whether chromium transfers into the leaching liquid 
with vanadium or remains in the leaching residue, which is 
critical for vanadium and chromium separation in the sub-
sequent stage and is an important topic. 

In this study, the roasting and leaching behaviors of va-
nadium and chromium are discussed. Roasting conditions, 
including the purity of CaO, the n(CaO)/n(V2O5) ratio, 
roasting temperature, holding time, and the heating rate, are 
optimized. Further, an oxidation and calcification process of 
spinel phases in HCVS is proposed. 

2. Experimental 

2.1. Materials 

The raw material, HCVS, was obtained from Chengde 
Jianlong Iron and Steel Co., Ltd., China. The main chemical 
components and the X-ray diffraction (XRD) pattern of the 
HCVS are presented in Table 1 and Fig. 1, respectively, and 
the backscatter image and energy-dispersive spectroscopy 
(EDS) element mapping images of HCVS are displayed in  

Table 1.  Chemical composition of HCVS                               wt% 

TFe FeO MFe V2O5 Cr2O3 TiO2 SiO2 Al2O3 CaO MnO MgO P2O5 

33.82 23.50 4.52 13.72 9.19 10.45 14.62 1.30 1.67 6.73 1.17 0.12 

 

 

Fig. 1.  XRD pattern of the HCVS used in this study. 

Fig. 2. The results show that the chromium content in this 
slag is high. From the perspective of crystallization of vana-
dium slag during its converter-extraction process [18–19], 
vanadium, chromium, and titanium all exist in the form of 
spinels, and the crystallization ability of these three spinel 
phases follows the order FeCr2O4 > FeV2O4 > Fe2TiO4. 
Both vanadium and chromium exist mainly in the form of 
the spinel phase (Mn,Fe)(V,Cr)2O4, which is further con-
firmed by scanning electron microscopy (SEM) with EDS 
element mapping of HCVS. Titanium exists in the form of 
spinel Fe2TiO4. The spinel phase is dispersed in the olivine 
phase (Fe,Mn)2SiO4, in which a large amount of silicon is 
concentrated. Iron is present in all of the regions, and a 
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small amount of iron exists in HCVS in the form of free 
metallic iron. All of the aforementioned characteristics of 

the HCVS are consistent with those of other vanadium 
slags. 

 

Fig. 2.  Backscattered electron image (a) and EDS element mapping images of Fe (b), V (c), Cr (d), Ti (e), and Si (f) in the HCVS 
used in this study.  

In addition, the CaO additive was dried in an oven at 
105°C for 24 h prior to use, and its XRD pattern is shown in 
Fig. 3. The result shows that a small amount of Ca(OH)2 is 
present because CaO tends to react with water molecules in 
the air to form Ca(OH)2. This situation is inevitable and 
cannot be neglected, and it becomes more obvious with time. 
Hence, it is critical to investigate the effects of the purity of 
CaO on vanadium and chromium extraction. 

 
Fig. 3.  XRD pattern of CaO. 

All aqueous solutions were prepared with distilled water. Oth-
er chemical reagents, including H2SO4, (NH4)2Fe(SO4)2·6H2O, 
C13H11NO2, H2NCONH2, NaNO2, and KMnO4, were all 
analytical-grade reagents. 

2.2. Experimental procedures 

2.2.1. Calcification roasting 
In the calcification roasting process, HCVS powder (< 74 μm, 

10 g) was mixed with CaO (0–2.111 g) in n(CaO)/n(V2O5) 
ratios from 0 to 5. The mixtures were loaded into porce-
lain crucibles separately and heated in a tempera-
ture-controlled muffle furnace at 600–950°C for 0–3 h at a 
heating rate of 2–30°C/min. During the roasting process, 
the door of the muffle furnace was not completely closed 
to maintain a constant oxidizing atmosphere. After roast-
ing, the roasted samples were cooled slowly in the furnace 
and then ground into powders. 
2.2.2. Acid leaching  

Leaching experiments were performed in conical flasks 
placed in a commercial magnetic stirring water bath pot 
(type DF-101, Gongyi Electric Equipment Corp., China). A 
leaching medium with higher acidity was used in the expe-
riments to ensure complete dissolution of the vanadate. The 
roasted samples were leached under appropriate leaching 
conditions based on our experiments and other research re-
sults. Leaching experiments were conducted using sulfuric 
acid at a specific concentration of 20vol%, solid-to-liquid 
mass ratio (mroasted samples/mH2SO4) of 1:5, a leaching tempera-
ture of 70°C, a leaching time of 1 h, and a stirring speed of 
200 r/min. After the leaching process, a filtration step was 
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carried out to collect the leaching liquor and leaching resi-
due separately. The leaching liquor was repeatedly washed 
with distilled water at 70°C until the washing fluids were 
pH-neutral; the leaching liquor was subsequently diluted to 
1000 mL. 

The leaching ratio (LR) of vanadium or chromium was 
calculated using the following equation: 

L

0

 LR = 100%
m

m
´  (1) 

where m0 is the mass of vanadium or chromium in HCVS 
after roasting, and mL is the mass of vanadium or chromium 
in the leaching liquor after leaching. The filtrate was ana-
lyzed using the ferrous ammonium sulfate titration method 
to determine the amount of vanadium, and the concentration 
of total chromium was analyzed using an atomic absorption 
spectrophotometer (TAS-990, Beijing Purkinje General In-
strument Co. Ltd.) [20].  
2.2.3. Characterization  

The chemical compositions of the HCVS samples were 
determined by inductively coupled plasma–atomic emission 
spectroscopy (ICP–AES, PerkinElmer Optima-4300DV) 
(except for FeO and MFe, which were analyzed by chemical 
analysis). The phase compositions of the solid samples were 
identified by XRD analysis (X’PERT PRO MPD/PW3040, 
PANalytical B.V. Corp., The Netherlands) using Cu Kα radi-
ation for 10 min in a 2θ range of 15° to 90°. The micro-
scopic observation and analysis of the element distribution 
in the samples were conducted by SEM on a scanning elec-
tron microscope (TESCAN VEGA III) equipped with an 
EDS spectrometer (INCA Energy 350). Thermogravimetry 
(TG) and differential scanning calorimetry (DSC) were car-
ried out with a TA Instruments SDT-Q600 simultaneous 
DSC-TGA; the analyses were carried out at a heating rate of 
10°C/min from room temperature to 1000°C. 

3. Results and discussion 

3.1. Thermodynamic analysis of the roasting process 

The main chemical reactions of vanadium and chromium 
during calcification roasting with HCVS are summarized in 
Table 2, and the relationships between temperature and 
standard Gibbs free energy changes ( rG

-D  ), as calculated 
using the HSC Chemistry version 6.0 software, are shown in 
Fig. 4. The rG

-D of these reactions (except for the forma-
tion of calcium chromate) are negative over the temperature 
range from 200 to 1000°C, indicating that the oxidation of 
spinels and the formation of vanadates are thermodynami-
cally feasible. Further, the rG

-D  of reaction (2) is more 
negative than that of reaction (3), implying that the V-spinel 

is more easily decomposed than the Cr-spinel. The 

rG
-D values for reactions (5) to (8) show that calcium va-

nadate is more stable than calcium chromate and that CaO 
may be more likely to combine with vanadium. In addition, 
Cr3+ tends to be oxidized to form CaCrO4, particularly at 
lower temperatures (200–800°C). With increasing tempera-
ture, other chromates such as Ca3(CrO4)2 may form instead 
of CaCrO4 [21]. 

Table 2.  Main chemical reactions during calcification roasting 
with HCVS and CaO 

Reaction No. 

4FeV2O4 + O2(g)   2Fe2O3 + 4V2O3 (2) 

4FeCr2O4 + O2(g)   2Fe2O3 + 4Cr2O3 (3) 

V2O3 + O2(g)   V2O5 (4) 

V2O5 + CaO   CaV2O6 (5) 

V2O5 + 2CaO   Ca2V2O7 (6) 

V2O5 + 3CaO   Ca3V2O8 (7) 

Cr2O3 + 1.5O2(g) + 2CaO   2CaCrO4 (8) 

Cr2O3 + O2(g) + 3CaO   Ca3(CrO4)2 (9) 

 

Fig. 4.  Relationship between the standard Gibbs free energy 
change and temperature for reactions (2)–(8). 

3.2. Effects of the CaO purity 

As previously described, CaO can react with water in the 
air to form Ca(OH)2, reducing the purity of CaO. Fig. 5 
shows the TG–DSC curve of the CaO used in the experi-
ments. The endothermic peaks at 442°C and the mass loss at 
549°C are in good agreement with the dehydration of bound 
water in CaO and the decomposition of Ca(OH)2, respec-
tively, which lead to the actual amounts of CaO reacting 
with HCVS being smaller than the theoretically calculated 
values. To explore the effects of CaO purity, the CaO 
roasted at 480, 550, and 700°C for 120 min (these tempera-
tures were selected on the basis of Fig. 5), along with the 
CaO without roasting were added to HCVS, and the mix-
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tures were roasted at 850oC for 60 min. However, the leach-
ing results show that the leaching ratios of vanadium and 
chromium under these different conditions were very similar; 
therefore, the purity of CaO had little effect on the vanadium 
and chromium extraction. These results are attributed to the 
fact that the reactive activity of CaO during calcification 
roasting is substantially higher than that of the pre-roasted 
CaO. This greater reactive activity can compensate for the 
difference between the actual reacted and the theoretically 
calculated CaO masses. Furthermore, the generation of gas 
by the decomposition of Ca(OH)2 makes the solid powder 
porous and accelerates the gas–solid mass transfer. Hence, 
using the original CaO directly is convenient and efficient. 

 
Fig. 5.  TG–DSC curves of CaO. 

3.3. Effects of the CaO amount 

The addition of a calcium compound is the essential dif-
ference distinguishing calcification roasting from other 
roasting methods, which is why the effects of added 
amounts of CaO on the extraction of vanadium and chro-
mium are discussed first. In these experiments, CaO was 
added to HCVS in n(CaO)/n(V2O5) ratios from 0 to 5. The 
mixture was roasted at 10°C/min from room temperature to 
850 or 950°C, and maintained at the target temperature for 
60 min. The leaching ratios of vanadium and chromium and 
the concentration of total chromium with different amounts 
of added CaO are shown in Fig. 6. When no CaO was added, 
the leaching ratio of vanadium is low. When CaO was added 
to the HCVS gradually, the vanadium leaching ratio first in-
creased to a maximum of 91.14% at an n(CaO)/n(V2O5) ra-
tio of 0.5 at 950°C and then decreased. This result demon-
strates that the addition of CaO leads to a more complete 
oxidation of low-valence vanadium. By comparison, the 
variation trend of the chromium leaching ratio is opposite to 
that of vanadium, and the maximum leaching ratio of 8.48% 
is obtained at an n(CaO)/n(V2O5) ratio of 5 with a highest 

total Cr concentration of 13.73 mg/L in the leaching liquid, 
which indicates that the majority of chromium remains in 
the leaching residue. A lower Cr concentration in the liquid 
indicates that the vanadium waste water contains little 
chromium, thus avoiding a serious threat to water quality. 
HCVS with CaO added in an n(CaO)/n(V2O5) ratio of 0.5 
was heated at 10°C/min from room temperature to 950°C 
and roasted at this temperature for 60 min, the leaching ra-
tios of vanadium and chromium reached 91.14% and 0.49%, 
respectively. 

 

Fig. 6.  Effects of the added amount of CaO on the leaching 
ratios of V and Cr and on the total Cr concentration (roasting 
temperature: 850 and 950°C; holding time: 60 min; heating 
rate: 10°C/min. CTCr is the total Cr concentration in mg/L; LRV 
and LRCr are the leaching ratios of vanadium and chromium, 
respectively).  

Fig. 7 shows the XRD patterns of products roasted at 
n(CaO)/n(V2O5) ratios from 0 to 5. For different amounts of 
CaO, Fe2O3 and (Fe0.6Cr0.4)2O3 are the main phases with the 
strongest peaks, and FeTi2O5 and SiO2 are also generated. 
With no addition of CaO, vanadium exists as other ac-
id-soluble vanadates, including Mn4V2O9, Mn2V2O7, and 
Cr0.07V1.93O4. Most of the chromium forms as (Fe0.6Cr0.4)2O3 
conjugated to Fe ions, and a small amount of chromium is 
incorporated into VO2 to generate Cr0.07V1.93O4, which is in 
good agreement with previously reported results [6]. With 
the addition of CaO, calcium vanadates, such as CaV2O5, 
CaV2O6, Ca2V2O7, and Ca3V2O8, are generated gradually. 
Meanwhile, some chromium is oxidized and calcified as 
acid-soluble calcium chromates such as CaCrO4 and 
Ca3(CrO4)2. With the addition of more CaO to HCVS, cha-
racteristic peaks of Fe2O3, (Fe0.6Cr0.4)2O3, and SiO2 are 
weakened; the peaks of Ca2SiO4 and calcium chromate be-
come stronger and excess calcium reacts with titanium to 
form calcium titanate (Ca2Ti2O6).  
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Fig. 7.  XRD patterns of roasted products with the addition of 
different amounts of CaO to the HCVS (roasting temperature: 
950°C; holding time: 60 min; heating rate: 10°C/min). 1―Fe2O3; 
2―(Fe0.6Cr0.4)2O3; 3―SiO2; 4―FeTi2O5; 5―Mn4V2O9; 6― 
Cr0.07V1.93O4; 7―Mn2V2O7; 8―FeVO4; 9―CaV2O5; 10―CaV2O6; 
11―Ca2V2O7; 12―Ca3V2O8; 13―CaCrO4; 14―Ca3(CrO4)2; 
15―Ca2SiO4; 16―Ca2Ti2O6. 

The XRD patterns of the leaching residues are shown in 
Fig. 8. A comparison of the phases before and after leaching 
indicates that, for an n(CaO)/n(V2O5) ratio of 0.5, vanadates 
such as Cr0.07V1.93O4, FeVO4, and CaV2O5, whose peaks are 
concentrated in the range from 27 to 32°, vanished after 
leaching, whereas Fe2O3 or (Fe0.6Cr0.4)2O3 and SiO2 remain 
in the leaching residue, thus achieving efficient extraction of 
vanadium from HCVS. For an n(CaO)/n(V2O5) ratio of 5, 
vanadates and chromates such as Ca3V2O8, CaCrO4, and 
Ca3(CrO4)2 dissolve, whereas Ca2Ti2O6 remains in the solid 
residue; in addition, calcium combines with sulfate in the 
leaching medium and forms acid-insoluble calcium sulfate. 

 
Fig. 8.  XRD patterns of leaching residues from samples with 
different amounts of CaO addition (roasting temperature: 950°C; 
holding time: 60 min; heating rate: 10°C/min). 1―Fe2O3; 
2―(Fe0.6Cr0.4)2O3; 3―SiO2; 4―FeTi2O5; 5―Ca2Ti2O6; 6― 
CaSO4·0.5H2O.  

In addition, the color of the leaching liquid clearly 
changed as the amount of CaO added and the roasting tem-
perature of the HCVS were varied, as shown in Fig. 9. The 
leaching liquid corresponding to the sample roasted at 
850°C is blue-green, whereas the sample roasted at 950°C is 
yellow and becomes darker with increasing amounts of CaO. 
In acidic solution, V(IV) exists in the form of blue VO2

+
, 

V(V) is yellow in the form of VO2+, Cr(III) is green, and 
Cr(VI) is orange. The color change implies that, at lower 
temperatures, the oxidation of low-valence vanadium is in-
complete and most of the vanadium ions are in a tetravalent 
or a nonstoichiometric valence state. Further, with increas-
ing roasting temperature, the leaching liquid becomes yel-
low because of the formation of a higher-valence vanadate. 
The XRD patterns of the leaching residue, shown in Fig. 8, 
also demonstrate that the yellow color of the leaching liquid 
was not caused by Fe3+ ions. 

 

Fig. 9.  Images of the leaching liquids. 

Notably, the leaching ratio of vanadium at an 
n(CaO)/n(V2O5) ratio of 0.5 is only slightly higher than that 
with an n(CaO)/n(V2O5) ratio of 1.25 at 950°C, as shown in 
Fig. 6. Further, the addition of more CaO is beneficial for 
studying the interaction of CaO with vanadium and chro-
mium. With the addition of more CaO, clear peaks of cal-
cium chromate appear, as displayed in Fig. 7. Furthermore, 
in practical experiments, we found that CaO can avoid ma-
terial sintering to a certain extent, and with the addition of 
more CaO, the roasted samples become looser, which is 
convenient for subsequent grinding and leaching. Hence, we 
chose an n(CaO)/n(V2O5) ratio of 1.25 as the condition for 
the CaO amount in the experiments discussed in sections 3.4, 
3.5, and 3.6. 

3.4. Effects of roasting temperature  

Roasting temperature is a key parameter for calcification 
roasting, and the effects of this parameter were investigated 
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from 600 to 950°C (Fig. 10). In this experiment, CaO was 
added to HCVS in an n(CaO)/n(V2O5) ratio of 1.25. The 
mixture was heated at 10°C/min from room temperature and 
maintained at the target temperature for 60 min. With in-
creasing temperature, the leaching ratio of vanadium in-
creases continuously and reaches a maximum of 90.63% at 
950°C, indicating that the oxidation and calcification of 
vanadium proceeds until a certain reaction temperature is 
reached. The experiment demonstrates that roasting at 
higher temperatures does not lead to material sintering, 
which can be attributed to the process of heating by tem-
perature programming, furnace cooling, and a shorter 
roasting time. This phenomena differs from those reported 
in other studies [22]. For the oxidation of chromium, as the 
temperature rises from 600 to 900°C, the leaching ratio 
decreases from 4.45% to 0.28%. The highest total Cr con-
centration at 600°C is less than 10 mg/L. With a further 
increase in temperature to 950°C, the leaching ratio in-
creases to 0.80%. The variation trend of the total Cr con-
centration is consistent with that of the chromium leaching 
ratio. 

 

Fig. 10.  Effects of roasting temperature on the leaching ratios 
of V and Cr and on the total Cr concentration (n(CaO)/n(V2O5) = 
1.25; holding time: 60 min; heating rate: 10°C/min). 

Fig. 11 shows the phase composition of products roasted 
at different temperatures. A series of Fe2O3 and 
(Fe0.6Cr0.4)2O3 peaks are observed, and these are the main 
phase. At 600°C, the olivine phase (Fe,Mn)2SiO4 disappears 
and SiO2 is found, suggesting that oxidation and decompo-
sition of the olivine phase occur before 600°C. Some ac-
id-soluble vanadates, such as Cr0.07V1.93O4 and Mn4V2O9, 
are also generated at 600°C, and most of the chromium 
also exists in the form of (Fe0.6Cr0.4)2O3. At 700°C, the 
peaks of Fe2O3, (Fe0.6Cr0.4)2O3, and SiO2 are stronger, con-

sistent with the further decomposition and oxidation of 
spinels. At 850°C, calcium vanadates appear gradually, 
leading to an increase in the vanadium leaching ratio. 
Meanwhile, no calcium chromate peak is detected, indi-
cating that very little chromium has reacted with CaO. At 
950°C, the intensity of almost all of the peaks increases, 
implying that oxidation and calcification are comparatively 
complete. 

 

Fig. 11.  XRD patterns of products roasted at 600, 700, 850, 
and 950°C (n(CaO)/n(V2O5) = 1.25; holding time: 60 min; 
heating rate: 10°C/min). 1―Fe2O3; 2―(Fe0.6Cr0.4)2O3; 3―SiO2; 
4―Cr0.07V1.93O4; 5―Mn4V2O9; 6―CaV2O6; 7―FeTi2O5; 8― 
CaV2O5. 

3.5. Effects of holding time  

To optimize the holding time of calcification roasting, 
CaO was added to HCVS in an n(CaO)/n(V2O5) ratio of 
1.25 and the mixture was heated at 10°C/min from room 
temperature to 850°C and maintained at this temperature 
for 0–180 min. The leaching ratios of vanadium and chro-
mium and the total chromium concentration at different 
holding times are shown in Fig. 12. The results show that, 
with increasing holding time, the leaching ratio of vana-
dium gradually increases, reaching a maximum of 91.02% 
at 180 min. Further, the variation trend of the chromium 
leaching ratio is opposite to that of vanadium, which 
reaches a maximum of 0.79% at 0 min and decreases con-
tinuously with time. The highest total Cr concentration is 
only 1.33 mg/L. Prolonging the reaction time can promote 
oxidation and calcification of spinels. The leaching ratios 
of vanadium and chromium exhibit opposite trends be-
cause of the competitive relationship between vanadium 
and chromium. By comprehensively considering the cost 
of the process, along with the leaching ratios of vanadium 
and chromium, we found that roasting HCVS for 60 min is 
feasible. 
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Fig. 12.  Effects of holding time on the leaching ratios of V and 
Cr and on the total Cr concentration (n(CaO)/n(V2O5) = 1.25; 
roasting temperature: 850°C; heating rate: 10°C/min).  

3.6. Effects of heating rate 

As reported previously [22], the leaching of vanadium 
during calcification roasting is strongly affected by the 
heating rate. Besides, the different heating rates should be 
carried out to elucidate further the factors that influence 
the chromium extraction. HCVS mixed in an 
n(CaO)/n(V2O5) ratio of 1.25 was heated from room tem-
perature to 850°C at heating rates of 2, 5, 10, 15, and 
30°C/min by adjusting the temperature controller of the 
muffle furnace; the samples were then maintained at 
850°C for 60 min. The leaching ratios of vanadium and 
chromium are shown in Fig. 13. The maximum vanadium 
leaching ratio is 87.35% at 2°C/min. When the heating rate 
was increased from 2 to 30°C/min, the leaching ratio of 
vanadium gradually decreased. As previously described, 
the spinel phase is wrapped by the olivine phase, implying 
that the more thorough the decomposition of the olivine 
phase, the more the spinel phase is exposed with a larger 
contact area and the more completely the spinel phase is 
oxidized and calcified. The leaching ratio of chromium 
was expected to exhibit the opposite trend as that of vana-
dium and to gradually decrease with increasing heating 
rate because of the competitive reaction. In the experiment, 
the leaching ratio of chromium first decreased and then in-
creased, reaching a minimum of 0.18% at a heating rate of 
10°C/min. This trend is attributed to that calcification 
roasting of HCVS is comparatively driven to completion at 
the lower heating rates of 2 and 5°C/min, weakening the 
reactive competition between vanadium and chromium 
with CaO. Further, the highest Cr concentration is lower 
than 1 mg/L. 

 

Fig. 13.  Effects of heating rate on the leaching ratios of V and 
Cr and on the total Cr concentration (n(CaO)/n(V2O5) = 1.25; 
roasting temperature: 850°C; holding time: 60 min).  

Fig. 14 shows the SEM micrographs of the products 
roasted at different heating rates. Three samples were 
roasted at 2, 10, and 30°C/min using temperature program-
ming by adjusting the parameters of the muffle furnace. The 
fourth sample was placed in the muffle furnace when the 
furnace temperature reached 850°C. This fourth sample did 
not experience the heating program, and the heating rate and 
heating time were not detected and measured because the 
heating was instantaneous. The diameters of the crystal 
grains in the product roasted at 2°C/min in Fig. 14(a) are 
relatively small, and the surface of the grains is smooth and 
light. With increasing heating rate, an increasing number of 
tiny, light, irregular particles are wrapped, and the crystal 
grain size gradually increases, as shown in Figs. 14(b) and 
14(c). Furthermore, the package phenomenon is serious for 
the roasted product that did not experience the temperature 
programming of the furnace in Figs. 14(d). According to 
further research by EDS analysis, region A in Fig. 14(a) 
consists of vanadium, chromium, and titanium, indicating 
that the tiny, light particles may be the oxidation and calci-
fication products of vanadium or chromium. However, the 
EDS analysis of point B shows that silicon, iron, and oxy-
gen are the main elements in Fig. 14(d), demonstrating that 
the wrapped particles may be the olivine phase failing to 
decompose thoroughly or the components with low melting 
points. All of these scenarios indicate that roasting samples 
at a higher heating rate is unfavorable for the complete de-
composition of olivine, hindering the further oxidation of 
spinels and causing a decrease in the vanadium leaching ra-
tio. Given the cost and efficiency of production, a heating 
rate of 10°C/min is the most suitable heating rate for pro-
duction. 
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Fig. 14.  SEM micrographs of products roasted at 850°C with different heating rates: (a) 2°C/ min, (b) 10°C/ min, and (c) 30°C/min; 
(d) the product not subjected to the temperature program of the furnace and placed in a muffle furnace preheated to 850°C; (e, f) 
EDS analyses of points A in (a) and B in (d). n(CaO)/n(V2O5) = 1.25; roasting temperature: 850°C; holding time: 60 min. 

Notably, when the HCVS with CaO added in an 
n(CaO)/n(V2O5) ratio of 0.5 was roasted in an air atmos-
phere at a heating rate of 10°C/min from room temperature 
to 950°C and maintained at this temperature for 60 min, the 
vanadium leaching ratio reached a maximum, and almost all 
of the chromium remained in the leaching residue. Thus, the 
results not only indicate that the vanadium was efficiently 
extracted from the HCVS, but also suggest a possible new 
approach to separate vanadium and chromium. Table 3 
shows the typical composition of the leaching liquid. The 
concentration of vanadium is much greater than that of the 
other components, indicating that vanadium can be ex-
tracted efficiently from HCVS by calcification roasting–acid 
leaching. Further, chromium is not leached and translated 
into the leaching solution, thereby enabling the efficient ex-

traction of vanadium and creating favorable conditions for 
chromium extraction in the next step. The concentration of 
silicon, which is harmful to the final product V2O5, is lower 
and does not affect the product quality. 

Table 3.  Concentrations of the main components in the 
leaching liquid                                      g/L 

V Cr Ti Fe Si Mn 

0.24 0.001 1.5 × 10−3 0.013 0.002 0.065 
 

3.7. Analysis of oxidation and calcification processes  

On the basis of the aforementioned experiments and ana-
lyses, the interaction of CaO with vanadium and chromium 
in HCVS during calcification roasting was characterized; a 
schematic of the process is shown in Fig. 15, where spheres 
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of various colors represent different substances whose 
amounts represent only the relative content. With the gra-
dual addition of CaO, calcium vanadates and calcium chro-
mate are generated gradually until CaO remains. 

The maximum leaching ratio of vanadium of 91.14% and 
the maximum leaching ratio of chromium of 8.48% are 

achieved at n(CaO)/n(V2O5) ratios of 0.5 and 5, respectively. 
We therefore studied the oxidation and calcification 
processes of these two cases with HCVS using dynamic 
heating experiments (TG–DSC). Figs. 16(a) and 16(b) show 
t h e 

 

Fig. 15.  Schematic of the process of calcification roasting. 

 

Fig. 16.  TG–DSC curves of HCVS with CaO at an n(CaO)/n(V2O5) ratio of 0.5 (a) and 5 (b). 

TG–DSC curves corresponding to n(CaO)/n(V2O5) ratios of 
0.5 and 5, respectively, heated at 10°C/min from room tem-
perature to 1000°C. In the DSC thermogram, the exothermic 
peaks are in agreement with the oxidation and calcification 
processes of free iron, olivine, and spinels, and the endother-
mic peaks are in agreement with the dehydration and decom-
position of Ca(OH)2, olivine, and spinels. From the thermo-
gram corresponding to the n(CaO)/n(V2O5) ratio of 0.5 (Fig. 
16(a)), four stages are observed during the reaction process. 
During stage I (room temperature to 340°C), the decrease in 
sample mass and several endothermic peaks indicate the vola-

tilization of free water in HCVS and CaO in the first half, and 
the small increase in the mass in the second half indicates the 
partial oxidation. At stage II (340–390°C), the remarkable 
mass loss is consistent with the removal of bound water in 
CaO and HCVS. At stage III (390–592°C), the sample mass 
increases by approximately 1.0% and some exothermic peaks 
appear. According to the XRD analysis discussed in section 
3.4, the olivine phase decomposed before 600°C, indicating 
that the oxidation of olivine occurs at stage III. Further, the 
endothermic peak at 550°C is in good agreement with the 
Ca(OH)2 decomposition. At stage IV (592–1000°C), the 
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weight of the sample increased by 4.88%, and some exother-
mic peaks exist at 721, 830, and 909°C. Combining with the 
XRD analyses presented in sections 3.3 and 3.4, spinels is 
oxidized and calcified at this stage. 

For the sample with an n(CaO)/n(V2O5) ratio of 5 (Fig. 
16(b)), the reaction process is similar to that with an 
n(CaO)/n(V2O5) ratio of 0.5; however, the final tempera-
tures for stage II and III shift to higher temperatures of 
420°C and 630°C, respectively, possibly because of the dif-
ferent amounts of CaO. Furthermore, a stronger endother-
mic peak appears at 401°C, which corresponds to the dehy-
dration of increased amounts of CaO, and accompanies an 
obvious mass loss due to increased Ca(OH)2 decomposition, 
consistent with the TG–DSC curve of CaO in Fig. 5. The 
oxidation and calcification of vanadium and chromium in 
spinels occurs at 592°C and 630°C for n(CaO)/n(V2O5) ra-
tios of 0.5 and 5, respectively. Notably, the oxidation and 
calcification temperatures of the spinels differ from those 
previously reported [22], which is attributed to the differ-
ence in heating rates and to the higher content of Cr2O3 in 
the vanadium slag.  

4. Evaluation 

The separation of vanadium and chromium is an impor-
tant and difficult aspect for the development and utilization 
of vanadium–titanium-bearing magnetite. In recent years, 
numerous methods have been proposed to solve this prob-
lem. In particular, Li et al. [8] proposed the asynchronous 
extraction of vanadium and chromium from vanadium slag 
by stepwise sodium roasting–water leaching based on the 
nucleation and growth kinetics of spinel crystals in vana-
dium slag. This provided a novel method by which to sepa-
rate vanadium and chromium by controlling the roasting 
conditions rather than by separating them in the liquid phase. 
By contrast, Li et al. [7] and Wang et al. [11] reported that 
chromium is more likely to combine with sodium salt and 
form soluble sodium chromate during sodium salt roast-
ing–water leaching; their different results suggest that the 
extraction of chromium during sodium roasting relies heav-
ily on the raw materials and the roasting parameters. 
Meanwhile, the inherent defects of sodium roasting, such as 
material sintering, the generation of harmful gases, and the 
potential environmental threat from the remaining soluble 
vanadium and chromium in the tailings, restricted the de-
velopment of sodium roasting.  

For the calcification roasting demonstrated in this work, 
under the experimental conditions the vanadium leaching 
ratio is greater than 90%, and almost no chromium is ex-

tracted in the leaching liquid; more vanadium and less 
chromium are extracted compared with previously reported 
methods. Furthermore, calcification roasting can prevent 
sintering and the generation of harmful gases and the re-
maining vanadium and chromium in the tailings are inso-
luble, avoiding the threat to water. Hence, extracting vana-
dium and chromium step by step by calcification roasting 
may be a new environmentally friendly method to separate 
vanadium and chromium, which is meaningful as a subject 
of study in future research.  

5. Conclusions 

In this study, the extraction behavior of vanadium and 
chromium during calcification roasting of HCVS was inves-
tigated systematically. The conclusions are summarized as 
follows: 

(1) Increasing the roasting temperature, lowering the 
heating rate to an appropriate rate, and prolonging the hold-
ing time are beneficial to vanadium oxidation. Relatively 
high vanadium and low chromium leaching ratios of 
91.14% and 0.49%, respectively, were achieved under the 
optimal roasting conditions of an n(CaO)/n(V2O5) ratio of 
0.5, a roasting temperature of 950°C, a heating rate of 
10°C/min, and a holding time of 60 min. 

(2) Phase composition analyses indicated that, with the 
addition of CaO, most of the vanadium reacted to form ac-
id-soluble calcium vanadates such as CaV2O6, Ca2V2O7, and 
Ca3V2O8. In addition, almost all of the chromium in the 
form of (Fe0.6Cr0.4)2O3 remained in the leaching residue; 
only a small amount of chromium reacted with CaO to form 
acid-soluble chromates. This research thus provides a new 
method for separating vanadium and chromium. 

(3) A competitive reaction occurs when vanadium and 
chromium react with CaO, and vanadium tends to react with 
CaO to generate vanadates. Consequently, opposite varia-
tion trends were observed in the vanadium and chromium 
leaching ratios, consistent with the thermodynamic analysis. 

(4) The entire calcification roasting reaction included the 
following steps: dehydration of free and bound water in 
HCVS and CaO, oxidation of free iron, decomposition and 
oxidation of olivine, and oxidation and calcification of spi-
nels. The oxidation and calcification of spinels occurred at 
592°C and 630°C for n(CaO)/n(V2O5) ratios of 0.5 and 5, 
respectively; this difference was attributed to the different 
amounts of added CaO. 
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