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Abstract: High-chromium vanadium residue (HCVR (HCVR: high-chromium vanadium residue)) 

is an important secondary resource of valuable metals such as vanadium (V), chromium (Cr), and 

molybdenum (Mo). The mainstream technology for the utilization of HCVR, the Na2CO3-assisted-

roasting–water-leaching method, usually requires roasting temperatures of more than 800 °C and 

results in the synchronous leaching of Cr with V and Mo. This makes the subsequent separation of 

V, Mo, and Cr in the aqueous system difficult. In this study, an efficient and clean process for the 

selective separation of Cr and stepped recoveries of V and Mo from HCVR is proposed via K2CO3-

mediated carbonation conversion. Using this process, the roasting temperature can be reduced from 

more than 800 °C to 200 °C, and 83.14%, 99.94%, and 0.33% of V, Mo, and Cr, respectively, can be 

leached. Further, using the weakly alkaline ammonium-salt and sulfide precipitation methods, 

98.28% pure V2O5 and 98.65% pure MoS2 can be obtained and the recoveries of V and Mo can reach 

82.47% and 98.88%, respectively. While almost all Mo can be recovered from the HCVR, Cr and 

some V might be present as a stable ferrochrome spinel in the tailing, which may be returned to the 

main process for the extraction of V and Cr from vanadium slag. Thus, K2CO3 might be a more 

effective alternative to Na2CO3 for the separation and recovery of V and Mo from HCVR and, hence, 

may enable its more efficient utilization. 

Keywords: carbonation conversion; stepped separation; metal recovery; waste residue utilization 

 

1. Introduction 

As an important strategic metal, vanadium can significantly improve the strength, 

corrosion resistance, toughness, and high-temperature resistance of steel; therefore, it is 

widely used in metallurgy, aerospace, chemical engineering, energy storage, and other 

industrial fields [1–6]. Owing to the continuous consumption of vanadium and molyb-

denum mineral resources, the recovery of vanadium and molybdenum from secondary 

resources is becoming increasingly important [7,8]. High-chromium vanadium residue 

(HCVR) is an important secondary resource which mainly originates from extraction pro-

cesses employing vanadium slag, which contains valuable metals such as vanadium (V), 

chromium (Cr), and molybdenum (Mo). In China, the annual production of HCVR is 
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more than 500,000 tons [9]. Therefore, the valuable elements in HCVR must be recycled 

for an abundant supply of V and Mo. 

At present, there are many methods for recovering valuable metals from HCVR, such 

as direct acid leaching and salt-roasting leaching [10–13]. Acid leaching [14,15] synchro-

nously releases V and Cr from HCVR, as well as other metal impurities such as Fe and Ca, 

which enter the liquid phase [16] and are difficult to separate in an acidic solution. Salt 

roasting is often combined with water or alkali leaching, and such a process, sodium car-

bonate (Na2CO3) roasting, is widely used to treat HCVR. Therein, stable V and Cr phases 

in HCVR are converted to water-soluble sodium vanadate and chromate via a reaction 

with Na2CO3 at more than 800 °C [17–20]. The simultaneous release of Cr6+ and V5+ via 

water leaching necessitates a complex and potentially risky separation process [21,22], 

owing to their similar properties and Cr6+ reduction. Therefore, V must be selectively re-

leased from HCVR. 

Recent studies have reported selective extraction of metals via the addition of potas-

sium in the roasting process. Liu et al. [23] selectively separated and recovered lithium 

and cobalt from waste lithium-ion batteries via roasting using K2S2O7. Ye et al. [24] selec-

tively separated tungsten and rhenium and recovered rhenium from tungsten–rhenium 

wires using an alkali fused with a KOH–K2CO3 binary molten salt. K2CO3 may promote 

the carbonation conversion of HCVR to water-soluble potassium vanadate. Therefore, 

K2CO3 may replace Na2CO3 in the assisted carbonation conversion of HCVR for the selec-

tive extraction and recovery of V. Li et al. [25] discovered that the ferrochrome spinel in 

HCVR decomposes into a water-soluble sodium chromate at roasting temperatures above 

500 °C, indicating that the roasting temperature must be below 500 °C to separate the V 

and Cr in HCVR. 

Therefore, a new process must be developed based on low-temperature roasting to 

separate Cr from HCVR and, subsequently, separate and recover V and Mo. This study 

investigates a stepped whole process for the selective separation and high-efficiency re-

covery of V and Mo via the K2CO3-mediated low-temperature carbonation conversion of 

HCVR. This process has low energy consumption and can effectively separate and recover 

vanadium and molybdenum, which may provide technical guidance for the utilization of 

HCVR. 

2. Materials and Methods 

2.1. Materials 

The HCVR used in this study originated from Panzhihua, Sichuan, China. The chem-

ical composition of HCVR was determined by an X-ray fluorescence spectrometer (XRF), 

and the results are shown in Table 1. The phase composition of HCVR was determined by 

X-ray diffraction (XRD). The scanning angle is 5–70° and the scanning speed is 5 °/min. 

The results are shown in Figure 1. The main phases in the HCVR were CaSO4, CaV2O6, 

spinel Cr1.3Fe0.7O3, CaMoO4, SiO2, and CaCO3. K2CO3 and Na2CO3 were used as additives 

to convert CaV2O6 and CaMoO4 to soluble vanadate and molybdate. 

Table 1. Chemical compositions of the HCVR used in this study (wt.%). 

Compositions V2O5 CaO Cr2O3 SiO2 SO3 

Content 31.23 16.39 15.13 8.16 6.66 

Compositions Fe2O3 MoO3 Na2O Al2O3 MgO 

Content 5.76 4.74 1.96 0.89 0.59 
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Figure 1. X-ray diffraction (XRD) patterns of HCVR. 

2.2. Methods 

2.2.1. Phase Transition and Release of Vanadium and Molybdenum 

A total of 10 g HCVR was mixed with carbonate (Na2CO3 or K2CO3) in a certain pro-

portion, placed in a muffled furnace (SX2-10-1δ Wuhan Dianlu Experimental Electric Fur-

nace Factory), heated from 20 °C to a certain temperature at the heating rate of 10 °C/min, 

and maintained there for a certain time. The carbonated HCVR (CHCVR) was used for 

water leaching and characterization. 

During water leaching, deionized water was added to the CHCVR according to a 

liquid-to-solid (L/S) ratio of 2 mL/g; the stirring speed was maintained at 300 rpm, and the 

mixture was maintained at a certain temperature for a certain time. After leaching, the 

tailings and leaching liquid were separated via filtration. The leaching rates of V, Mo, and 

Cr were calculated using Equation (1), which represents the percentages of V, Mo, and Cr 

leached from the HCVR. The results were obtained from the average of three parallel ex-

periments. 

E = 
��

��
 × 100% (1)

Here, E, �, and � represent the leaching rate of V, Mo, or Cr; concentration of V, Mo, 

or Cr in the leaching liquid (g/L); and volume of the leaching liquid (L), respectively; 

� and � represent the HCVR mass (g) and percent mass of V, Mo, or Cr in the HCVR, 

respectively. 

2.2.2. Selective Separation and Recoveries of Vanadium and Molybdenum 

A certain amount of NH4Cl was added to the leaching liquid, which was then stirred 

at 350 rpm for a certain time to precipitate the vanadate. After the reaction, the vanadate 

precipitate and Mo-supernatant were separated via filtration. The vanadate precipitation 

rate was calculated using Equation (2), which represents the vanadium in the vanadate 

precipitate as a percentage of the vanadium in the leaching liquid. 

η = (1 −
����

����
) × 100% (2)
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Here, η represents the precipitation rate of the vanadate; �� and �� represent the va-

nadium concentrations in the Mo-supernatant and leaching liquid, respectively (g/L). �� 

and �� represent the volumes of the Mo-supernatant and leaching liquid, respectively (L). 

The vanadate precipitate was calcined at 550 °C for 2 h to obtain V2O5. 

A certain amount of Na2S was added to the Mo-supernatant, followed by the addition 

of H2SO4 to adjust the pH to a certain value. The mixture was then stirred at 350 rpm and 

allowed to react for a certain time at 200 °C to precipitate molybdenum. After precipita-

tion, the wastewater and molybdenum disulfide precipitate were separated via filtration. 

The molybdenum disulfide precipitate was washed repeatedly with deionized water. The 

wastewater was returned to the water-leaching stage as washing water and a leaching 

medium. The precipitation rate of molybdenum was calculated using Equation (3), which 

represents the amount of molybdenum precipitated from the Mo-containing solution. 

φ = (1 −  
��

��
) × 100% (3)

Here, φ represents the precipitation rate of molybdenum; ��  and ��  represent 

the masses of Mo in the wastewater and Mo-containing solution, respectively. 

Figure 2 is a flow chart of the process. 

 

Figure 2. Flow chart of the comprehensive utilization of HCVR. 

2.3. Characterization 

Ferrous ammonium sulfate titration was used to determine the vanadium content in 

the vanadium-containing solution. The contents of molybdenum and chromium in the 

liquid were determined via inductively coupled plasma–optical emission spectrometry 

(ICP-OES 730, Agilent Co., Ltd, Shanghai, China.). The mineralogical composition of the 

sample was determined via X-ray diffraction (XRD, SmartLab SE, Rigaku Co., Ltd, Tokyo, 
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Japan.). The micro-morphologies and elemental distributions of the samples were deter-

mined via scanning electron microscopy (SEM, JSM-IT300, JEOL Co., Ltd, Tokyo, Japan.) 

and energy dispersive spectroscopy (EDS). Molybdenum sulfide products were charac-

terized via Raman spectroscopy (LabRam HR Evolution, HORIBA (China) Trading Co., 

Ltd, Shanghai, China.). The thermal and mass changes accompanying the carbonation 

conversion of HCVR were determined via thermogravimetric analysis (TGA, DSC3+, Met-

tler Toledo, Ltd, Shanghai, China.). The pH of the solution is measured by a pH meter 

(PHS-3C Changchun Proactinium Technology Co., Ltd, Changchun, China.). 

3. Results and Discussion 

3.1. Phase Transformation of Vanadium and Molybdenum and Separation of Chromium 

3.1.1. Effect of Temperature 

To explore the different conversion effects of Na2CO3 and K2CO3 on vanadium and 

molybdenum in HCVR at different temperatures, temperature single-factor experiments 

were conducted and the experimental conditions were as follows: carbonation time, 120 

min; molar ratio of K2CO3 and Ca2+ in HCVR (n(K2CO3)/n(Ca2+)), 1.5; leaching temperature, 

80 °C; and leaching time, 100 min. Figure 3 shows the results. 

 

Figure 3. Effects of temperature on the leaching rates of V, Cr, and Mo. 

When the temperature was below 300 °C, neither carbonate reacted with the ferro-

chrome spinel; when it exceeded 350 °C, the chromium in the ferrochrome spinel was 

converted into a soluble chromate. Meanwhile, a partial consumption of the carbonates 

by the ferrochrome spinel decreased the leaching rates of vanadium and molybdenum. 

In the Na2CO3 system, at 400 °C, the vanadium leaching rate decreased by 11.83% 

and the chromium and molybdenum leaching rates increased by 4.64% and 15.87%, re-

spectively. This was because the ferrochrome spinel had consumed part of the carbonate, 

and the reaction between Na2CO3 and CaMoO4 is endothermic. Increasing the tempera-

ture was conducive to the reaction. 

The molybdenum leaching rate in the K2CO3 system reached maximum at 200 °C. At 

temperatures between 200 and 350 °C, as indicated by the chromium leaching rate, the 

ferrochrome spinel did not react with K2CO3 in large quantities. Thus, the decrease in the 

molybdenum leaching rate was attributable only to an increase in the temperature. When 

the experiment was conducted at 600 °C, the molybdenum leaching rate was 14.34%, in-

dicating that K2CO3 is not suitable for high-temperature HCVR treatment. 
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To study the different phase transformations in vanadium and molybdenum with 

temperature, the thermodynamic data of CaV2O6, CaMoO4, Na2CO3, and K2CO3 were ob-

tained and the results are shown in Figure 4. The Gibbs free energy change (ΔG) of the 

reactions of Na2CO3 and K2CO3 with CaMoO4 at 200 °C were 2.6 and −11.6 kJ/mol, respec-

tively, suggesting that K2CO3 can react spontaneously with CaMoO4 at 200 °C whereas 

Na2CO3 cannot. At 200 °C, the ΔG of the reaction between K2CO3 and CaMoO4 was mini-

mum, and it gradually increased with the temperature, which explains why the molyb-

denum leaching rate decreased when the temperature exceeded 200 °C. The ΔG of the 

reactions of K2CO3 and Na2CO3 with CaV2O6 were −26.9 and −43.2 kJ/mol, respectively, 

which were significantly less than 0, indicating spontaneous reactions. 

 

Figure 4. ΔG−T plots of the reactions of K2CO3 and Na2CO3 with CaV2O6 and CaMoO4. 

To elucidate the phase transition during the reaction, the CHCVR was analyzed at 

200 °C via XRD. Figure 5 shows the results. The diffraction peaks of CaV2O6 and CaMoO4 

were absent in the XRD patterns of the HCVR carbonation samples when K2CO3 was used 

as the reagent (Figure 5b). The diffraction peaks of CaV2O6 were absent, while those of 

CaMoO4 were still present, in the XRD patterns of the HCVR carbonation samples when 

Na2CO3 was used as the reagent (Figure 5a). Thus, K2CO3 had a better carbonation con-

version effect on HCVR than Na2CO3. 

 

Figure 5. Characterization of the XRD patterns of CHCVR at 200 °C: the Na2CO3 system (a), 

K2CO3 system (b), and their magnified comparison diagram (c). 
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The mass and thermal changes during the carbonation conversion of HCVR were 

characterized via TGA, and the results are shown in Figure 6. At 80 °C, an endothermic 

peak was generated and the mass decreased by 1.1%, which was attributed to the evapo-

ration of water. When the temperature exceeded 80 °C, the amount of heat generated ap-

peared to increase rapidly, which was ascribed to the superposition of the generated exo-

thermic peaks of KVO3 and K2MoO4 and the endothermic peak of water evaporation. At 

temperatures between 100 and 350 °C, KVO3 and K2MoO4 were continuously formed, re-

sulting in continuous exothermic reactions. As neither reaction involved the production 

of gases, the mass did not change significantly. When the temperature exceeded 350 °C, 

K2CO3 began to react with the chromite spinel in the HCVR to produce CO2, resulting in 

a decrease in mass. At 770 °C, the amount of heat generated began to decrease rapidly, 

which was attributed to the decomposition of K2CO3. 

 
Figure 6. TGA characterization of HCVR during roasting with K2CO3. 

3.1.2. Effect of Dosage and Time 

To determine the best carbonate dosage, single-factor experiments were conducted 

for the carbonate amount. As indicated by Figure 3, Na2CO3 was suitable for high-temper-

ature reactions, whereas K2CO3 was suitable for low-temperature reactions. Therefore, the 

temperatures of the two systems were set at 600 and 200 °C, respectively, while other con-

ditions remained unchanged. Figure 7 shows the results. 

  
(a) (b) 

Figure 7. Effects of n(CO32−)/n(Ca2+) on the leaching rates of V, Cr, and Mo. (a) Na2CO3 system (600 

°C); (b) K2CO3 system (200 °C). 
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Figure 7a shows that, at 600 °C, the leaching rates of vanadium, molybdenum and 

chromium increased with the Na2CO3 dosage. With an excess of the carbonate, CaMoO4 

was almost completely transformed. At insufficient dosages of the carbonate, the leaching 

rates of vanadium and molybdenum were low, owing to the consumption of the carbonate 

by the ferrochrome spinel. 

Figure 7 shows that, for the same amount of the carbonate, K2CO3 always afforded 

higher leaching rates of vanadium and molybdenum via the conversion of HCVR than 

Na2CO3. In the K2CO3 system, for an n(CO32−)/n(Ca2+) ratio of 1.5, the vanadium leaching 

rate increased slightly (Figure 7b). For cost reasons, n(CO32−)/n(Ca2+) = 1.5 was selected as 

the best dosage of K2CO3. In general, both Na2CO3 and K2CO3 can effectively extract va-

nadium and molybdenum from HCVR; however, K2CO3 can be used to treat HCVR at 

lower temperatures and dosages. 

In addition, to obtain the best carbonation time parameters, a single-factor experi-

ment was conducted for the carbonation time. The experimental conditions were as fol-

lows: temperature, 200 °C; n(CO32−)/n(Ca2+), 1.5; leaching temperature, 80 °C; and leaching 

time, 100 min. Figure 8 shows the results. The leaching rates of vanadium and molyb-

denum increased continuously with the carbonation time. At a carbonation time of 180 

min, the leaching rate of vanadium increased slightly. For the lowest process time, 180 

min was selected as the optimal carbonation time. 

 

Figure 8. Effects of K2CO3 carbonation time on the leaching rates of V and Mo. 

3.1.3. Effect of Leaching Temperature and Time 

To determine the optimal leaching temperature and time, single-factor experiments 

were conducted for leaching temperature under the previously determined optimal reac-

tion conditions, and single-factor experiments for leaching time were conducted at the 

best leaching temperature. Figure 9 shows the results. Figure 9a indicates that the leaching 

rates of vanadium and molybdenum gradually increased with the water leaching temper-

ature, because a higher water temperature accelerated the dissolution rate. At a water 

leaching temperature of 95 °C, the leaching rates of vanadium and molybdenum were 

75.72% and 91.79%, respectively; therefore, 95 °C was selected as the optimal leaching 

temperature for subsequent experiments. Figure 9b indicates that the leaching rates of 

vanadium and molybdenum gradually increased with the leaching time. A leaching time 

of 250 min afforded the highest leaching rates of vanadium and molybdenum, 83.14% and 

99.94%, respectively, and a low leaching rate of chromium, 0.33%. Therefore, 250 min was 

selected as the optimal leaching time. 
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Figure 9. Effects of the water leaching temperature (a) and leaching time (b) on the leaching behav-

iors of V and Mo. 

XRD and SEM-EDS analyses were conducted on the tailings, and the results are 

shown in Figure 10. Figure 10a shows that the peak of ferrochrome spinel remained un-

changed, while a prominent characteristic peak of calcium carbonate appeared and the 

characteristic peaks of CaV2O6 and CaMoO4 in the leaching slag almost disappeared, in-

dicating successful carbonation. Thus, CaV2O6 and CaMoO4 in the raw material had been 

completely dissolved in the solution. 
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Figure 10. Phase-change diagram of HCVR during the entire process (a) and SEM-EDS characteri-

zation of the tailings (b). 

Figure 10b shows that vanadium, chromium, and iron had obvious interactions in 

the tailings particles, which is consistent with the properties of ferrochrome spinel in the 

raw material. Ferrochrome spinel had not been consumed, and it remained in the leaching 

slag, while part of the vanadium still existed in the chromite spinel via isomorphism. 

Therefore, the vanadium leaching rate could not be further improved. The distribution of 

molybdenum had no correlation with these particles. Molybdenum was not detected dur-

ing elemental analysis via multiple-particle dot scanning, indicating that the molybdenum 

in the HCVR had leached completely into the leaching solution. 

3.2. Recovery of Vanadium and Molybdenum from a Weakly Alkaline Solution 

3.2.1. Separation of Vanadium and Molybdenum and Recovery of Vanadium 

When the pH of the leaching liquid was in the range 9–10, an ammonium salt was 

added to precipitate the vanadium in the form of ammonium metavanadate [26,27], while 

ammonium molybdate, which has high solubility at this pH, remained in the solution. 

The reaction equation of vanadium precipitation is shown in Equation (4). 

NH4 
+ + VO3 

�→ NH4VO3↓ (4)

Thus, vanadium and molybdenum were separated by adding NH4Cl to the leaching 

liquid. 

Figure 11 shows the influence of various factors on vanadium precipitation and XRD 

characterization of the obtained V2O5 product. Figure 11a shows that the vanadium pre-

cipitation rate increased with the amount of ammonium chloride added. This was at-

tributed to the promotion of the forward reaction shown in Equation (4), with an excess 

of ammonium ions in the solution [28,29]. When the amount of NH4Cl was four times that 

of vanadium in the leaching liquid, the vanadium precipitation rate was already high, and 

the further addition of NH4Cl would have only increased the cost and difficulty of 

wastewater treatment. Therefore, n(NH4Cl)/n(V) = 4 was selected as the optimal NH4Cl 

dosage parameter. 
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Figure 11. Effects of n(NH4Cl)/n(V) (a), temperature (b), and time (c) on the vanadium precipitation 

rate. XRD patterns of the V2O5 product (d). 



Processes 2023, 11, 470 12 of 18 
 

 

Figure 11b shows the effect of temperature on the vanadium precipitation rate. At 50 

°C, the vanadium precipitation rate reached a maximum, which was 97.84%. With a fur-

ther increase in temperature, the vanadium precipitation rate began to decline because a 

higher temperature increased the solubility of ammonium metavanadate. When the water 

temperature exceeded 50 °C, part of the ammonium ions in the solution were lost via the 

evolution of ammonia. This decreased the concentration of ammonium ions in the solu-

tion, which resulted in a decrease in the vanadium precipitation rate. Therefore, the vana-

dium precipitation temperature was controlled to increase the rate of the reaction without 

generating a large amount of ammonia and reducing the concentration of ammonium ions 

in the solution. The optimal vanadium precipitation temperature was selected as 50 °C. 

Figure 11c shows the effect of vanadium precipitation time on the vanadium precip-

itation rate. At a vanadium precipitation time of 120 min, the vanadium precipitation rate 

reached a maximum of 99.19% and subsequently decreased, which was attributed to the 

dissolution of ammonium metavanadate in the solution. Therefore, 120 min was deter-

mined as the optimal vanadium precipitation time. 

V2O5 was prepared by roasting the vanadium precipitation product at 550 °C for 2 h. 

ICP analysis showed that the synthesized V2O5 had a purity of 98.28%, which meets the 

standard of Grade 98 V2O5 product in YB/T 5304-2011 [30]. Table 2 shows the chemical 

compositions of the standard and V2O5 product. Figure 11d shows the XRD patterns of 

the V2O5 product. 

Table 2. Chemical compositions of the standard and the V2O5 product (wt.%). 

Compositions V2O5 Si Fe P S As Na2O + K2O 

V2O5 (98% standard *) >98 0.25< 0.30< 0.05< 0.03< 0.02< 1.5< 

V2O5 product 98.28 0.0005 0.0373 0.0005 0.0027 0.0005 1.43 

* Standard reference YB/T 5304-2011. 

A comparison of Table 2 and Figure 11d indicates that the most prominent impurity 

in the V2O5 product was K, which was present in V2O5 in the form of K2V18O45. This was 

attributed to a high K+ content in the vanadium precipitate solution. Furthermore, co-pre-

cipitation with the ammonium vanadate precipitate was facile, and potassium vanadate 

was present as an impurity in the ammonium vanadate precipitate. The vanadium prod-

ucts were purified as follows: the concentration of potassium ions was reduced by dis-

solving the first-precipitated ammonium vanadate and then adding ammonium chloride 

for secondary vanadium precipitation to reduce the content of potassium ions in the sec-

ondary ammonium vanadate product. 

Figure 12 shows the results of the SEM-EDS analysis of the V2O5 products. A surface 

scan of the V2O5 product particles revealed their association with potassium, as indicated 

by a part of potassium being included in the ammonium vanadate precipitate as an im-

purity. Further, point-scan elemental composition analysis indicated that the main impu-

rity was potassium. However, molybdenum was not detected, which was consistent with 

the XRD results. Vanadium and molybdenum were separated by adding NH4Cl to pre-

cipitate vanadium directly. 
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Figure 12. SEM-EDS characterization of the V2O5 product. 

3.2.2. Recovery of Molybdenum 

The molybdenum product was recovered from the Mo-supernatant via a hydrother-

mal method. The effect of pH and time on the molybdenum deposition rate was studied 

for an n(Na2S)/n(Mo) ratio of four and reaction temperature of 200 °C, and the results are 

shown in Figure 13. With a decrease in pH, the molybdenum deposition rate increased 

gradually, because large amounts of OH− were produced in the process of molybdenum 

sulfide formation, as follows: 

9S2� + 4MoO42� + 24H+ → 4MoS2↓ + SO4
2� + 12H2O (5)

As shown in Equation (5), the formation of molybdenum sulfide requires the con-

sumption of hydrogen ions. At a low initial pH, the concentration of H+ in the solution 

was high, resulting in a higher degree of reaction. In contrast, at a high pH, the concentra-

tion of H+ was inadequate to drive the reaction forward, resulting in a low molybdenum 

precipitation rate (Figure 13a). Adjusting the pH of the solution to 7 required large 

amounts of acid, accompanied by the release of large amounts of the highly toxic hydro-

gen sulfide, which also reduced the S2− concentration in the solution. Therefore, the opti-

mal pH was selected as 8. Figure 13b shows that the molybdenum precipitation rate in-

creased with time. When the reaction time reached 2 h, 99.80% of molybdenum had been 

precipitated as molybdenum sulfide. Therefore, the optimal hydrothermal process time 

was selected as 2 h. 
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Figure 13. Effects of pH (a) and time (b) on the molybdenum precipitation rate. 

Figure 14a,b show the SEM-EDS and Raman spectroscopy results, respectively, of the 

molybdenum sulfide products. Figure 14a shows significant agglomeration in the molyb-

denum sulfide products. A surface scan of the molybdenum sulfide particles revealed as-

sociation between molybdenum and sulfur, whereas other impurity elements had low as-

sociations and contents. Point-scanning elemental analysis indicated that the atomic ratio 

of sulfur and molybdenum in the particles was 2.016, which is close to that of molyb-

denum disulfide. Table 3 shows the chemical compositions of the standard and MoS2 

product. The MoS2 mass fraction in the synthesized MoS2 product was 98.65%, which 

meets the standard of Grade 98 MoS2 products in GB/T 23271-2009 [31]. 

Table 3. Chemical compositions of the standard and MoS2 product (wt.%). 

Compositions MoS2 Total Insolubles Fe Pb MoO3 SiO2 H2O 

MoS2 (98% standard *) >98 0.65< 0.30< 0.02< 0.20< 0.20< 0.20< 

MoS2 product 98.65 0.31 0.034 0.001 0.03 0.069 0.18 

* Standard reference GB/T 23271-2009. 
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Figure 14. SEM−EDS (a) and Raman spectroscopy (b) characterization of the MoS2 product. 

MoS2 was composed of a molybdenum disulfide molecular layer, which comprised 

two sulfur atomic layers surrounding a molybdenum atomic layer, wherein the atoms were 

combined via covalent bonds. The molybdenum disulfide molecular layers interacted via 

van der Waals forces and vibrated in the A1g vibration mode, whereas the molybdenum 

sulfide layers vibrated in the E12g vibration mode. The Raman spectra of the molybdenum 

sulfide products under a 532-nanometer laser revealed sharp vibration peaks at 383 and 408 

cm−1, which conformed to the A1g and E12g vibration of molybdenum disulfide [32,33]. This 

confirmed that the synthesized molybdenum sulfide product was MoS2. 

3.2.3. Quantity–Quality Flowsheet of the Recovered V and Mo 

Figure 15 shows the quantity–quality flowsheet of the whole process. The maximum 

final recovery rates of vanadium and molybdenum were 82.47% and 98.88%, respectively. 

The unrecycled vanadium existed in the tailings mainly in the form of spinel. Molybdenum 

in the HCVR had been recovered. The main valuable metals in the tailings were vanadium 

and chromium. The tailings were returned to the main vanadium extraction process, em-

ploying vanadium slag to extract Cr and V. Table 4 shows the process parameters of treating 

HCVR with a different roasting reagent. The K2CO3 roasting process has a high recovery 

rate of molybdenum and the roasting temperature decreases from 850 °C to 200 °C 
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compared with the Na2CO3 roasting process. Due to the low roasting temperature, the sim-

ultaneous leaching of vanadium and chromium was avoided. Vanadium precipitation pre-

treatment is not required, and the obtained vanadium product has high purity. 

 

Figure 15. Quantity–quality flowsheet of the recovered vanadium and molybdenum. 

Table 4. Process parameters of treating HCVR with different roasting reagent. 

Reagents 
Roasting  

Temperature 
Recovery 

V Precipitation  

Pretreatment 
Production Purity Ref. 

K2CO3 200 °C 
V:82.47% 

- 
V2O5:98.28% 

This work 
Mo:98.88% MoS2:98.65% 

Na2CO3 850 °C 
V:89% 

Adjust pH 
V2O5:91.49% 

[17] 
Cr:95% Cr2O3:89.89% 

4. Conclusions 

This study proposes high-efficiency stepped separation and recoveries of vanadium 

and molybdenum via the low-temperature carbonation conversion of HCVR. The optimal 

process parameters are as follows. For carbonation conversion: 200 °C, 3 h, and molar ratio 

of K2CO3 and Ca2+ in HCVR (n(K2CO3)/n(Ca2+)) = 1.5; for leaching: 95 °C and 250 min; for 

vanadium precipitation: molar ratio of NH4Cl and V in the leaching liquid 

(n(NH4Cl)/n(V)) = 4, 50 °C, and 2 h; for molybdenum precipitation: molar ratio of Na2S 

and Mo in the Mo-supernatant (n(Na2S)/n(Mo)) = 4, 200 °C, and 2 h. Using the aforemen-

tioned conditions, 83.14% of vanadium and 99.94% of molybdenum are leached; 99.19% 

of vanadium is precipitated and converted into V2O5, with a purity of 98.28%; and 99.80% 

of molybdenum is precipitated as MoS2, with a purity of 98.65%. The recovery rates of 

vanadium and molybdenum are 82.47% and 98.88%, respectively. 

Compared with the Na2CO3-assisted-roasting–water-leaching method, which oper-

ates at 800 °C, the K2CO3-assisted-roasting–water-leaching method operates at a lower re-

action temperature of 200 °C and has a better extraction effect on molybdenum for the 

same amount of carbonate used, owing to a more negative ΔG of the reaction between 

K2CO3 and CaMoO4 at a low temperature. Moreover, owing to the lower roasting temper-

ature, the chromite spinel does not react with K2CO3; only 0.33% of chromium is leached, 

and vanadium and chromium are effectively separated. Thus, K2CO3 might be a more ef-

fective alternative to Na2CO3 for the separation and recovery of V and Mo from HCVR 

and, hence, enable its more efficient utilization. 
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