a2 SMEER (EEUR)

International Journal of
IJ P’A PJA P’A Minerals, Metallurgy and Materials

Influence of manganese on vanadium precipitation and V, O, purity based on different
roasting methods of vanadium slag

Lan Zhang, Tao Jiang, Jing Wen, Tangxia Yu, Changqing Li, and Xinyu An
Cite this article as:
Lan Zhang, Tao Jiang, Jing Wen, Tangxia Yu, Changqing Li, and Xinyu An, Influence of manganese on vanadium precipitation

and V,0Os purity based on different roasting methods of vanadium slag, Int. J. Miner. Metall. Mater., 33(2026), No. 2, pp. 531-
544. https://doi.org/10.1007/s12613-025-3192-9

View the article online at SpringerLink or IMMM Webpage.

Articles you may be interested in

Zhengpei Yan, Shili Zheng, and Yang Zhang, Effects of vanadium valences on the solubility in Fe,TiOs for helping to
understand calcification roasting of vanadium slag, Int. J. Miner. Metall. Mater., 32(2025), No. 12, pp. 2920-2929.
https://doi.org/10.1007/s12613-025-3184-9

Tangxia Yu, Tao Jiang, Jing Wen, Hongyan Sun, Ming Li, and Yi Peng, Effect of chemical composition on the element
distribution, phase composition and calcification roasting process of vanadium slag, Int. J. Miner. Metall. Mater., 29(2022), No.
12, pp. 2144-2151. https://doi.org/10.1007/s12613-021-2334-y

Junjie Shi, Yumo Zhai, Yuchao Qiu, Changle Hou, Jingjing Dong, Maoxi Yao, Haolun Li, Yongrong Zhou, and Jianzhong Li,
Phase equilibria relations in the V,O4-rich part of the Fe,0,-TiO,-V,04 system at 1200°C related to converter vanadium-
bearing slag, Int. J. Miner. Metall. Mater., 31(2024), No. 9, pp. 2017-2024. https://doi.org/10.1007/s12613-024-2845-4

Yun Guo, Hong-yi Li, Yi-heng Yuan, Jie Huang, Jiang Diao, Gang Li, and Bing Xie, Microemulsion leaching of vanadium from
sodium-roasted vanadium slag by fusion of leaching and extraction processes, Int. J. Miner. Metall. Mater., 28(2021), No. 6, pp.
974-980. https://doi.org/10.1007/s12613-020-2105-1

Jing Wen, Hongyan Sun, Tao Jiang, Bojian Chen, Fangfang Li, and Mengxia Liu, Comparison of the interface reaction behaviors
of Ca0-V,04 and MnO,-V,054 solid-state systems based on the diffusion couple method, Int. J. Miner. Metall. Mater.,
30(2023), No. 5, pp. 834-843. https://doi.org/10.1007/s12613-022-2564-7

Shi-yuan Liu, Yu-lan Zhen, Xiao-bo He, Li-jun Wang, and Kuo-chih Chou, Recovery and separation of Fe and Mn from
simulated chlorinated vanadium slag by molten salt electrolysis, Int. J. Miner. Metall. Mater., 27(2020), No. 12, pp. 1678-1686.
https://doi.org/10.1007/s12613-020-2140-y

B3]

1 WIBVIIVA ey

IJMMM WeChat QQ author group


http://ijmmm.ustb.edu.cn/
https://doi.org/10.1007/s12613-025-3192-9
http://ijmmm.ustb.edu.cn/en/article/doi/10.1007/s12613-025-3192-9
http://ijmmm.ustb.edu.cn/en/article/doi/10.1007/s12613-025-3184-9
http://ijmmm.ustb.edu.cn/en/article/doi/10.1007/s12613-025-3184-9
http://ijmmm.ustb.edu.cn/en/article/doi/10.1007/s12613-025-3184-9
http://ijmmm.ustb.edu.cn/en/article/doi/10.1007/s12613-025-3184-9
http://ijmmm.ustb.edu.cn/en/article/doi/10.1007/s12613-025-3184-9
http://ijmmm.ustb.edu.cn/en/article/doi/10.1007/s12613-021-2334-y
http://ijmmm.ustb.edu.cn/en/article/doi/10.1007/s12613-021-2334-y
http://ijmmm.ustb.edu.cn/en/article/doi/10.1007/s12613-024-2845-4
http://ijmmm.ustb.edu.cn/en/article/doi/10.1007/s12613-024-2845-4
http://ijmmm.ustb.edu.cn/en/article/doi/10.1007/s12613-024-2845-4
http://ijmmm.ustb.edu.cn/en/article/doi/10.1007/s12613-024-2845-4
http://ijmmm.ustb.edu.cn/en/article/doi/10.1007/s12613-024-2845-4
http://ijmmm.ustb.edu.cn/en/article/doi/10.1007/s12613-024-2845-4
http://ijmmm.ustb.edu.cn/en/article/doi/10.1007/s12613-024-2845-4
http://ijmmm.ustb.edu.cn/en/article/doi/10.1007/s12613-024-2845-4
http://ijmmm.ustb.edu.cn/en/article/doi/10.1007/s12613-024-2845-4
http://ijmmm.ustb.edu.cn/en/article/doi/10.1007/s12613-024-2845-4
http://ijmmm.ustb.edu.cn/en/article/doi/10.1007/s12613-020-2105-1
http://ijmmm.ustb.edu.cn/en/article/doi/10.1007/s12613-020-2105-1
http://ijmmm.ustb.edu.cn/en/article/doi/10.1007/s12613-022-2564-7
http://ijmmm.ustb.edu.cn/en/article/doi/10.1007/s12613-022-2564-7
http://ijmmm.ustb.edu.cn/en/article/doi/10.1007/s12613-022-2564-7
http://ijmmm.ustb.edu.cn/en/article/doi/10.1007/s12613-022-2564-7
http://ijmmm.ustb.edu.cn/en/article/doi/10.1007/s12613-022-2564-7
http://ijmmm.ustb.edu.cn/en/article/doi/10.1007/s12613-022-2564-7
http://ijmmm.ustb.edu.cn/en/article/doi/10.1007/s12613-022-2564-7
http://ijmmm.ustb.edu.cn/en/article/doi/10.1007/s12613-022-2564-7
http://ijmmm.ustb.edu.cn/en/article/doi/10.1007/s12613-022-2564-7
http://ijmmm.ustb.edu.cn/en/article/doi/10.1007/s12613-020-2140-y
http://ijmmm.ustb.edu.cn/en/article/doi/10.1007/s12613-020-2140-y

INTERNATIONAL JOURNAL OF

Volume 33, Number 2, February 2026
@ﬁ Minerals, Metallurgy and Materials

Page 531

Research Article

https://doi.org/10.1007/s12613-025-3192-9

Influence of manganese on vanadium precipitation and V,0; purity based on
different roasting methods of vanadium slag

Lan Zhang", Tao Jiang"*>"*, Jing Wen", Tangxia Yu", Changqing Li", and Xinyu An"

1) School of Metallurgy, Northeastern University, Shenyang 110819, China

2) Laboratory for Ecological Metallurgy of Multimetallic Mineral (Ministry of Education), Northeastern University, Shenyang 110819, China
3) Liaoning Key Laboratory for Metallurgical Sensor and Technology, Shenyang 110819, China

(Received: 15 February 2025; revised: 30 April 2025; accepted: 15 May 2025)

Abstract: Manganese is a major impurity in acidic vanadium-bearing leaching solutions, but its effects on vanadium precipitation via hy-
drolysis and acidic ammonium salts remain unclear. In this study, vanadium-bearing leachates with varying manganese concentrations
(VL-cMn) were prepared through calcium, a calcium—manganese composite, and manganese-based roasting of vanadium slag (VS) to in-
vestigate the influence of manganese on vanadium precipitation behavior during hydrolysis precipitation (HP) and ammonium salt precip-
itation (AP), as well as the microscopic characteristics and purity of the resulting V,0s products. The results showed that increasing the
pH mitigated the negative effects of Mn on the V precipitation rate during HP. However, as the manganese concentration increased from
5.69 to 15.38 g/L, the V precipitation rate gradually declined at higher temperatures and longer reaction times. The precipitates exhibited
increased microstructural density, which might had contributed to the formation of Mn-bearing phases. Additionally, the average grain
size of V,05 was reduced and the particles were increasingly agglomerated, leading to a 2.55% decrease in product purity. For AP, as
manganese concentration increased, raising the pH counteracted the negative impact of Mn on the V precipitation rate and reduced the re-
quired amount of ammonium sulfate. Moreover, Mn was unevenly adsorbed on the surface of the precipitates. Although V,0s grains
gradually shrank and became denser, there was no significant effect on the final product purity, which remained above 99.3%. In conclu-
sion, roasting with added manganese salts influenced the hydrolysis of vanadium but had no significant effect on acidic ammonium salt
precipitation.

Keywords: vanadium slag; manganese concentration; hydrolysis precipitation; acidic ammonium salt precipitation; vanadium precipita-

tion rate; vanadium pentoxide purity

1. Introduction

Vanadium is often referred to as the “vitamin of modern
industry”” owing to its distinctive and significant physical and
chemical properties, which make it vital for applications in
the steel, aerospace, and battery industries [ 1-4]. The primary
vanadium product, vanadium pentoxide (V,0;), is widely
used as a raw material for producing energy storage materi-
als, alloys, and photosensitive compounds [5—10]. Approx-
imately 88% of the global annual vanadium production ori-
ginates from vanadium titanomagnetite (VIM) [11]. In
China, the prevailing method for vanadium extraction from
VTM is indirect [12], where vanadium is enriched in vana-
dium slag (VS) through blast furnace ironmaking—vanadium
converter oxidation. Consequently, the extraction of vana-
dium from VS has consistently been the focus of research in
the field of vanadium production.

As roasting is the most cost-effective pretreatment meth-
od, oxidation roasting is usually performed before the leach-
ing of VS [13]. The purpose of roasting is to decompose and
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oxidize vanadium—iron spinel in VS at high temperatures and
finally convert V' into pentavalent vanadate [14]. A number
of roasting methods have been developed to aid the leaching
of VS. Calcium salt brings significant advantages compared
with conventional sodium vanadium extraction, for example,
lower additives and wastewater treatment costs and easier
tailing recovery [15-16]. In addition, acid-soluble man-
ganese vanadate has been identified in the calcified roasting
of VS. Inspired by this, our research group and other re-
searchers have proposed and reported new technologies for
manganese and calcium—manganese composite roasting
[17-22], in which manganese vanadate is generated as the
target product and the acidic leaching solution contains a
large amount of Mn*". The introduction of manganese salt not
only enabled effective vanadium extraction but also re-
covered most of the additives. Therefore, clean and efficient
pretreatment with calcium and manganese is more suitable
for the resource utilization of VS.

Precipitation is indispensable for obtaining vanadium-
containing products from acid leaching solutions. The earli-
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est application of hydrolysis precipitation (HP) in industrial
production was the addition of inorganic acid to adjust the
pH, and the vanadium-containing liquid was gradually hy-
drolyzed to produce hydrated vanadium pentoxide with in-
creasing acidity. HP is simple and inexpensive but suffers
from lower product purity [23]. As a result, an acidic precip-
itation process using ammonium salt as precipitant was pro-
posed, after which the V,0s purity obtained by calcining the
precipitated ammonium polyvanadate is as high as 99%, but
the ammonia—nitrogen wastewater is difficult to be treated
[24-25]. Owing to the advantages of both methods, many
scholars have adopted them for preparing V,Os products.

According to previous studies, the V precipitation effi-
ciency and purity of the V,0s product are closely related to
the types and concentrations of impurities in the vanadium-
containing solutions. Zhang et al. [26] directly precipitated
calcified leachate via hydrolysis and detected an Mn-contain-
ing phase in the hydrolysate. Zhang et al. [27] investigated
ammonium salt precipitation (AP) of calcified leachate and
found that the purity of V,0s product was 98.7% and man-
ganese content was 0.88wt% at manganese concentration of
10 g/L. Wen et al. [18] proposed an AP method using Mn
leachate and identified Mn as the main impurity in the V,Os
product. Based on existing research, Mn is the primary im-
purity in acidic vanadium-containing leachates derived from
the roasting of calcium and manganese salts, which signific-
antly improves the possibility of Mn entering the precipita-
tion products. However, most studies have focused on optim-
izing HP and AP processes for acidic vanadium-containing
leachates. The effects of Mn on the precipitation efficiency of
V and the competitive relationship between Mn and V, which
react with H" and ammonium salts, have not been systemat-
ically studied. In addition, the effect of the manganese con-
tent on the quality of vanadium products remains insuffi-
ciently reported.

Therefore, we employed three roasting mechanisms for
VS by adding varying amounts of calcium and manganese
carbonates to prepare vanadium-containing liquids with three
distinct manganese concentrations. First, the effect of Mn
concentration on the V precipitation rate of HP and AP was
explored, followed by the characterization of vanadium pre-
cipitates before and after calcination, revealing the action
mechanism of Mn*" in the precipitates, as well as the effect of
Mn concentration on the purity and micromorphology of the
V,0s products.

2. Experimental
2.1. Materials

In this study, vanadium slag was sourced from Xichang,
Sichuan, China. The chemical composition and main phases
are detailed in Table 1 and Fig. 1. The vanadium content in
the VS was 14.81wt%, calculated as V,0;, and the man-
ganese content was 8.75wt%, calculated as MnO. As shown
in Fig. 1, vanadium in VS exists in the spinel phase
(Mn,Fe)(V,Cr),0,, whereas most of the manganese and iron
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were present in the spinel as isomorphic substitutions. After
roasting, vanadium and manganese in the spinel phase were
decomposed into vanadium and manganese oxides, which
were further combined to form acid-soluble manganese
vanadate.

Analytical-grade reagents CaCO; and MnCO; were used
as additives to transform stable vanadium spinel into acid-
soluble calcium vanadate and manganese vanadate. Other
chemical reagents used in the entire process, such as H,SO,
and (NH,),SO, were of analytical grade.

2.2. Method

2.2.1. Preparation of vanadium-containing leachates with
different manganese contents

For the calcified and manganised VS processes, the con-
centration of Mn”" in the vanadium-bearing leaching solu-
tion increased with the amount of manganese salt added dur-
ing the roasting process. Therefore, to prepare vanadium-
containing leachates with three manganese contents, we se-
lected the molar ratios of calcium and manganese salt during
the actual roasting process of VS [20,28] with n(CaCOs)/
n(V,0;)/n(MnCQ0;) ratios of 1:1:0 and 0:1:2. Here, n denoted
the molar amount of substance (unit: mol). Then, consider-
ing the gradient of Mn®" content in the three leachates, com-
bined with the calcium—manganese composite process [18],
n(CaCOs)/n(V,05)/n(MnCO;) of 0.5:1:1.4 was selected as
the roasting additive dosage in the calcium—manganese com-
posite process. The experimental design is summarized in
Table 2.

Before roasting, dried VS, CaCOs, and MnCO; were thor-
oughly mixed. During roasting, the mixed materials were
placed into the muffle furnace at room temperature and
heated to 850°C at a rate of 10°C/min. After holding for
120 min, the roasted materials were cooled naturally and
ground into powder.

The above roasted samples were leached at 60°C for
60 min with the ratio of liquid volume to solid mass (L/S;
mL/g) of 10. Meanwhile, 10vol% H,SO, was continuously

Table 1. Chemical composition of VS wt%
Fe,O; V,0; MnO CaO TiO, Cr,0O; SiO, Total
43.12 14.81 875 247 1144 2.19 1430 97.08

v v (Mn,Fe)(V,Cr),0,
. + Fe,TiO,
# Fe,Si0,
s » (Fe,Mn),SiO,
<
2
£ v
= 1 v !
v
N

'

10 20 30 40 50 60 70 80
20/ (°)

Fig. 1. XRD patterns of VS.
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Table 2. Experimental design of different roasting systems

Roasting systems n(CaCO;)/ Roasting Rgasting time / Heatin.g fate /
n(V,0;)/n(MnCOs3) temperature / °C min (°C'min™")

Calcification 1:1:0

Calcium—manganese composite 0.5:1:1.4 850 120 10

Manganese 0:1:2

added to the leaching system to maintain the pH at 2.5. After
leaching, three vanadium-containing leachates were ob-
tained via filtration and separation.

2.2.2. Vanadium precipitation

To examine the effects of manganese on vanadium pre-
cipitation characteristics, leaching solutions with different
manganese concentrations were used for hydrolysis and acid-
ic ammonium salt precipitation. The sedimentation tests were
performed in a thermostatic water bath. For each experiment,
40 mL of leachate was placed in a three-necked flask and
stirred.

(1) Hydrolysis.

For hydrolysis precipitation, 20vol% H,SO, was added to
adjust the pH to a value between 1.2 and 2.4. The solution
was then maintained at this pH for 10-100 min at a temperat-
ure of 60-98°C.

(2) Acidic ammonium salt precipitation.

For acidic ammonium salt precipitation, additional
(NH,),SO, was added in a three-necked flask to achieve a
mass ratio coefficient K of 0.8-2.2 according to Eq. (1). The
coefficient K represents the ratio of ammonium sulfate mass
(mqm,,s0,) to the mass of vanadium in the leachate. Sub-
sequently, 20vol% H,SO, was added to adjust the pH to be
between 1.2 and 3.0. The mixture was maintained at this pH
for 10-100 min at 80-98°C. Following precipitation, the sol-
id precipitate and wastewater were separated and collected
via filtration. The parameters used in these experiments are
listed in Table 3. The vanadium precipitation rate (P) was
calculated using Eq. (2):

K= NNH,),S0, /My n

P = (1 —myw/my) X 100% 2)
where myw and my, are the masses of vanadium in the
wastewater and the vanadium-containing leachate, respect-
ively.
2.2.3. V,05 preparation

The vanadium precipitate was dried in a baking oven at
110°C for 24 h, ground, and calcined at 550°C for 120 min in
a muffle furnace to obtain the final V,Os product.
2.2.4. Characterization

The vanadium contents in the leachate and wastewater
were determined by the ferrous ammonium sulfate titration
method. The concentrations of calcium, manganese, and oth-

er ions in the leachate and V,0;s products, as well as the
chemical composition of VS, were analyzed using induct-
ively coupled plasma atomic emission spectroscopy (ICP-
OES, Agilent 5110). X-ray diffraction (XRD, Rigaku Ultima
IV) was used to determine the phase composition of solid
samples over a 26 range of 10°-80°. Scanning electron mi-
croscopy (SEM, Ultra Plus, Zeiss, Germany) along with en-
ergy-dispersive spectroscopy (EDS) was used to observe the
microstructure and elemental distribution of the V precipit-
ates and V,0; products.

3. Results and discussion

3.1. Vanadium-containing leachates prepared by differ-
ent roasting systems

3.1.1. Phase and microscopic analysis of three roasted
clinkers

The XRD patterns of the clinkers obtained from different
roasting systems were shown in Fig. 2(a). The main phases
observed in the roasted products included (Fe,¢Cryy4),0s,
Fe,0s, Si0,, and Fe,TiO;. In addition, vanadate phases such
as Ca,V,0,; and Mn,V,0, were detected. In the calcified
roasting system, the diffraction peaks of Ca,V,0, and
Mn,V,0; were present, indicating that manganese in the VS
participated in the transformation of vanadium. In the calci-
um-—manganese composite roasting system, the Mn,V,0, dif-
fraction peak was enhanced because of the increase in
amount of manganese in VS with the introduction of man-
ganese salt, resulting in manganese competing with calcium
for vanadium. However, since the ability of calcium to bind
to vanadium is greater than that of manganese, FeMnO; is
formed from the remaining manganese and iron. Roasting at
the theoretical molar ratio of Mn,V,0; also resulted in the de-
tection of the FeMnOj; phase in addition to Mn,V,0;, further
confirming that the manganese in VS participated in the reac-
tion, with an excess of manganese relative to vanadium res-
ulting in a manganese surplus. The production of Mn,V,0;
increased with the Mn salt concentration. Fig. 2(b)—(d) illus-
trates the SEM images and elemental distribution of the roas-
ted VS, where the roasted samples exhibited agglomerated
strip and block structures. According to the element distribu-
tion map, the distribution areas of Ca and V in calcified roast-
ing were consistent, coexisting with some Mn elements. For
calcium—manganese composite roasting, there was an en-

Table 3. Experimental parameters of different precipitation processes

Precipitation process pH

Temperature / °C

Time / min K

1.2;1.5;1.8;2;22;24
1.2;1.8;2.2;2.4;2.6;2.8;3

Hydrolysis
Acidic ammonium salt

60; 70; 80; 90; 95; 98
80; 90; 95; 98

10; 20; 40; 60; 100  —
10; 20; 40; 60; 100 08;1;1.2;1.5;1.8;2.2
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1—Fe,0,&(Fe, (Cr,,),0; 2—Fe,TiO; 3—Si0, (a)
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+« Mn,V,0, 1
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Mn

Fig. 2. Characterization of the roasted VS: (a) XRD; (b—d) SEM microstructure and elemental distribution of the clinkers obtained
from (b) calcified roasting, (c) calcium—manganese composite roasting, and (d) manganese roasting.

hancement in the areas where V and Mn coexisted. For Mn
roasting, the areas corresponding to V and Mn almost over-
lapped. These results agree with those observed in XRD.
3.1.2. Chemical composition analysis of the three leachates

Sulfuric acid leaching of the three roasted clinkers yielded
vanadium-bearing solutions with vanadium concentrations of
approximately 15 g/L. The main ion concentrations in the
leachates were summarized in Table 4. As shown in Table 4,
the Mn?" concentration was 5.69 g/L in the calcified leachate,
originating from the dissolution of Mn,V,0; during acid
leaching. In the calcium—manganese composite and man-
ganese leachates, the Mn*" concentrations increased to 9.01
and 15.38 g/L, respectively, because of the higher initial
manganese salt content, which promoted the formation of
more Mn,V,0; during roasting. Most of the Ca*" ions com-
bined with SO; to form CaSO, during leaching, resulting in
relatively lower Ca*" concentrations in the solution. Mean-
while, elements such as Si, Cr, Fe, and Ti primarily remained
in the slag phase and their concentrations in the leachates
were negligible.

In addition, with the exception of Mn*', the concentra-
tions of the main ions in the three leachates were similar.

Therefore, the change among the precipitate phases, micro-
morphology, etc. in this experiment could be considered as
the influence of a single variable of Mn concentration. For fa-
cilitated description, the vanadium-containing leachate ob-
tained after leaching in different roasting systems was ex-
pressed as VL-cMn (¢ = 5.69-15.38 g/L).

3.2. Effect of Mn on HP of vanadium

3.2.1. V precipitation rate

Fig. 3 showed the variation of V precipitation rate in VL-
cMn with different vanadium precipitation conditions. As
shown in Fig. 3(a), under the same manganese concentration,
V precipitation rate exhibited a trend of first increase and
then decrease as pH value increased from 1.2 to 2.4. When
the pH of precipitation was fixed, on increasing the man-
ganese concentration (cy,) from 5.69 to 15.38 g/L, the trend
of change in the precipitation rate of V was not completely
consistent. When pH was 1.2, V precipitation rates were less
than 84%, which was attributed to re-dissolution of hydro-
lyzed precipitates at the low pH value [29]. When the pH was
increased from 1.2 to 2.0, increasing the manganese concen-
tration led to a reduction in the precipitation rate of V; the

Table 4. Concentrations of main components in leaching liquid (gL™
Systems A" Mn Ca Si Cr Fe Ti
Calcification 15.06 5.69 0.78 0.102 20x10™ 1.5x107 5.0x 10"
Calcium—manganese composite 15.04 9.01 0.77 0.093 3.7x10* 1.5x 107 45x10*
Manganese 15.08 15.38 0.76 0.137 4.6x107 1.8 x 107 1.0x107?
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Fig. 3. Vanadium precipitation rates from VL-cMn under varying conditions: (a) effect of precipitation pH; (b) effect of precipita-

tion temperature; (c) effect of precipitation time.

higher the pH, the less was the decrease in precipitation rate
of V. When pH was 2.0, V precipitation rate reached the
highest value of 96.68%, 96.47%, and 96.07% respectively
with the gradual increase of Mn concentration. The results
showed that the increase of manganese concentration in
leaching solution had an adverse effect on HP, but raising pH
value could weaken the negative effect of manganese on V
precipitation rate.

It was worth noting that V precipitation rate in leaching
solution with Mn concentration less than 10 g/L. decreased
rapidly to less than 38% when pH continued to increase to
2.4; however, when manganese concentration exceeded 15
g/L, V precipitation rate only decreased slightly and re-
mained above 94.5%. This might be due to the decrease of H
in leachate with increasing pH value, where, at the same time,
the vanadium-bearing solution with higher manganese con-
tent could provide sufficient Mn** to replace H" and combine
with vanadate ions, thereby maintaining a relatively high V
precipitation rate.

As shown in Fig. 3(b), the precipitation efficiency of V
rose sharply on increasing the temperature from 60 to 70°C,
reaching 94% at 90°C. With further increase in temperature,
the precipitation efficiency of V increased slightly, reaching
the maximum at 95°C, and then decreased slightly at 98°C,
indicating that an appropriate increase in temperature was
conducive to vanadium settlement in HP.

When the temperature was fixed to below 90°C, as the

manganese concentration increased, there was an enhance-
ment in the precipitation rate of V to a certain extent.
However, the precipitation rate was lower than 94%, which
was because of the fact that Mn*" could replace H" to parti-
cipate in HP when a suitable precipitation temperature of fil-
ter cake was not reached [30-31], hence the higher the man-
ganese concentration, the greater was the V precipitation rate.
However, when the temperature was fixed at 90-98°C, the
precipitation rate of V decreased gradually with increasing
manganese concentration, indicating that the thermodynamic
condition of vanadate ion reacting with H" was excellent
when temperature exceeded 90°C [30]. At this time, excess-
ive Mn”" in the leachate interfered with HP.

In Fig. 3(c), for a reaction time of 20 min, the precipita-
tion rate of V reached 93%. With increasing reaction time,
the increase in the precipitation rate of V was relatively slow,
indicating that the reaction rate decreased during the later
stages of hydrolysis. The V precipitation efficiency reached
its maximum at 60 min, but decreased when extended to 100
min, which was attributed to the re-dissolution of precipit-
ates, resulting in a diminishing vanadium yield.

When the precipitation time was kept constant, an exten-
sion of the reaction time from 10 to 20 min leaded to respect-
ive increases of 27.39%, 19.40%, and 0.09% in vanadium
precipitation efficiency as manganese concentration rose.
The Mn concentration had a significant effect on the nucle-
ation rate of the hydrolysates. With increasing Mn”" concen-
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tration, the number of crystallization centers increased, accel-
erating the consumption of vanadate ions and promoting the
crystallization of hydrolysates [32]. Furthermore, it elucid-
ated the reason for the good V-precipitation efficiency of VL-
15.38Mn at a pH of 2.4, which was attributed to the higher
number of crystallization centers in the manganese leachate,
promoting the conversion of vanadate ions. In addition, when
the reaction time was more than 20 min, the V precipitation
rate decreased with an increase in the Mn concentration, in-
dicating that excessive Mn reduced the V precipitation effi-
ciency during the crystal growth of hydrolysates.

In summary, the optimum conditions for HP in VL-cMn
were pH = 2.0, temperature (7) = 95°C, and time (f) = 60
min. Under this parameter, the subsequent hydrolysates were
characterized to ensure that the Mn concentration was a
single variable.

3.2.2. Phase composition and microstructure of precipitates
by HP

XRD patterns of hydrolysates of VL-cMn were shown in
Fig. 4. As seen in the figure, as manganese concentration in-
creased from 5.69 to 15.38 g/L, the phases of precipitates
were essentially the same, composed of amorphous phases
and crystalline phases of MnV,0;;-10H,O and V,0s, which
proved that the amount of manganese had no effect on the
phase composition of hydrolysate. Importantly, the diffrac-
tion peaks of MnV,0;,-10H,O appeared, indicating that
some Mn*" in leaching solution would inevitably participate
in reaction of HP and replace protons in polymer H,V,05,,
as shown in Egs. (3) and (4) [33-34].

6H,V,,0% +24H" = 5H,V,,05,(s) + 13H,0 3)

H,V,,0;, + Mn** = MnV,,0;, +2H" 4)

The microstructures and elemental distributions of the hy-
drolysates were shown in Fig. 5. In Fig. 5(al)(cl) and
(a2)—(c2), the SEM images at different magnifications show
that the hydrolysates had irregular block structures. As the
Mn concentration increased, there was an increase in the size
difference of the grain distributed per unit area and the num-
ber of minor fragmented structures, demonstrating that the
increase in Mn concentration had a negative impact on the
normal growth process of the crystal, but it further verified
that it would accelerate nucleation. Meanwhile, the loose

M h cun=15.38 g/L

H\ h | ey, =9.01 g/
h | ey =569 g/L

MnV,0,,- 10H,0
JCPDS card number:
00-047-0146

Intensity / a.u.

V,05
JCPDS card number:
01-085-0601

\ J\ ‘ I .
10 20 30 40 50 60 70 80
20/ (°)

Fig. 4. XRD patterns of hydrolysates obtained from VL-cMn.
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porous structure on the surface of the grain gradually de-
creased, and the density increased successively as the Mn
concentration increased, which might have contributed to the
formation of Mn-bearing phases. In addition, the distribution
area of manganese overlapped with some vanadium and oxy-
gen in the elemental distribution shown in Fig. 5, proving that
the Mn®" in the leachates precipitated and transformed. The
enrichment of Mn on the particle surface was more signific-
ant when there was an increase in the Mn content. The res-
ults of EDS analysis of A, B, and C points in Fig. 5 indicate
that V, Mn, and O were the main elements at those points,
and the Mn content in hydrolysates was increased from
2.77wt% to 4.65wt%, which further confirmed the increase
of Mn in precipitates with the addition of manganese concen-
tration in leachates.

3.2.3. V,0s product

As shown in Fig. 6, the V,05 phase was the main phase in
the hydrolysates after calcination. However, a small number
of low-intensity diffraction peaks of MnV,0 were also de-
tected, indicating that the Mn-bearing phase in the hydrolys-
ate exhibited the MnV,04 phase after calcination. Mean-
while, the diffraction peak intensity of V,0s faded as the
manganese concentration increased, suggesting a declining
amount of V,0s.

The calcined products were analyzed by SEM—-EDS to in-
vestigate the influence of the manganese concentration on the
microstructure of the V,0s products. In Fig. 7(al)—(c2), the
SEM images at different magnifications show that V,0s exis-
ted in a rod-like structure. With increasing Mn content, the
average size of the V,0s grains gradually decreased, the grain
distribution became denser, and agglomeration became
severe. When the Mn concentration exceeded 15 g/L, the
crystal defects of V,0s; were pronounced, revealing that the
interactions between the vanadate ions binding to Mn?" and
the reaction of vanadate ions with H" were mutually influen-
tial, thereby obstructing the normal growth of V,0s crystals.
The EDS analysis of points a, b, and ¢ in Fig. 7 displayed that
there were tiny amounts of Ca and Mn in the products, ex-
cept for V and O, and that manganese increased with increas-
ing manganese concentration in the leachates.

Furthermore, to clarify the effect of the concentration of
manganese on the quality of the V,05 products, the contents
of V, Mn, and Ca in the products were analyzed by ICP. It
can be seen from Fig. 8, the product purity of VL-5.69Mn
was 95.2%; however, the purity of VL-15.38Mn reduced to
92.65%, in consistency with the XRD results shown in Fig. 6.
As the concentration of manganese increased, the change in
trend of manganese content was opposite to that of vana-
dium, enhancing from 2.57wt% to 5.11wt%. It was con-
firmed that the Mn content in the HP increased as the Mn
concentration increased. Moreover, the calcium content in
the products decreased, but overall, it remained lower than
that of manganese owing to the higher manganese concentra-
tion in the leachate compared to calcium. Elevated levels of
Mn*" in the leachate weakened the binding of vanadium to
calcium during the HP process, while enhancing the reaction
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15.38 g/L.

between vanadium and manganese.
3.3. Effect of Mn on AP of vanadium

3.3.1. V precipitation rate
As shown in Fig. 9, when the Mn concentration was fixed,
as the pH increased from 1.2 to 3.0, the V precipitation rate

exhibited a trend where it first increased and then decreased,
reaching a maximum value when the pH value was 2.6 or
2.8. At the same pH, as the Mn concentration increased, the
change in the V precipitation rate was inconsistent. When pH
was 1.2, the precipitation rate of V was below 72% owing to
the fact that higher acidity was unfavorable for reaction of
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Fig. 6. XRD patterns of calcined hydrolysates obtained from
VL-cMn.

vanadate ions with NH; to produce insoluble vanadium pre-
cipitates [27,35].

In the process of increasing the pH value from 1.2 to 2.2,
the precipitation rate of V gradually decreased with increas-
ing Mn concentration. However, at pH of 2.4, the V precipit-
ation rates of VL-cMn were essentially the same. As the pH
continued to increase, the V precipitation rates of leachates
with Mn concentrations lower than 10 g/L and higher than 15
g/L reached their limits at pH 2.6 and 2.8, respectively. Nev-

AT

Fig. 7.  SEM-EDS analyses of calcined hydrolysates obtained from VL-cMn: (al, a2) cy, = 5.69 g/L; (b1, b2) cy, = 9.01 g/L; (c1, c2)
oy = 15.38 g/L.
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ertheless, when pH reached 3, V precipitation rate decreased;
the higher the manganese concentration, the smaller was re-
duction in the precipitation rate of V—the V precipitation
rate of VL-5.69Mn dropped abruptly from 97% to 40.35%,
whereas VL-15.38Mn still reached 98%. Consequently, the
disadvantageous effects of Mn could be mitigated by prop-
erly increasing the pH value, thereby improving the V pre-
cipitation efficiency of the vanadium liquor with a high man-
ganese concentration.

To further explore the influence of the Mn concentration
on the most suitable parameters and optimal V precipitation
rate for AP, the optimum precipitation temperature, dosage of
ammonium sulfate, and time of VL-cMn were investigated
at the optimal pH value. The results were presented in Fig.
10(a)—(c).

As shown in Fig. 10(a), the V precipitation rate rose with
increasing temperature at the same manganese concentration.
Vanadium was hardly precipitated at 80°C. When temperat-
ure enhanced to 90°C, with the increase of manganese con-
centration from 5.69 to 1538 g/L, V precipitation rate
reached 96.44%, 89.36%, and 8.31%, severally. When tem-
perature raised to 98°C, the V precipitation rate reached peak,
which were 98.66%, 98.12%, and 99.10% respectively, in-
creasing by 2.22%, 8.76%, and 90.79%. It was shown that
the requirements for temperature of AP became more strin-

v Point a
. Element wt% at%
210 Y 61.23 33.69
o
} | y o 37.40 65.52
'z I Mo 095 048
a ] ’|
Q
g | Ca 043 030
A I
1 JV
: Ca Mn
01 2 3 4 5 6 7 8 910
Energy / keV
'0 Vv Point b
:I :, Element wt% at%
o 1] v 59.30 32.11
- !
I ) 38.79 66.88
& |= *
2l ’l Mn 165 083
Q "
= ”" || Ca 026 0.18
=1 |
1] LV
b Ca 7 Mn
01 2 3 4 5 6 7 8 910
Energy / keV
0 \4 Point ¢
I " Element wt% at%
: jy —
= Y 59.59 32.58
s || ol
> o 38.00 66.14
20 i
Z| ! | Mn 23 108
21 |
=1 I Ca 029 020
S h ————
I
J Ca 3V
' 7 Mn

s y 01 2 3 4 5 6 78 910
< ¢ Energy / keV



L. Zhang et al., Influence of manganese on vanadium precipitation and V,0O; purity based on different roasting ...

96 - Cpn=5.69 g/L

= 0y, =9.01 g/L
ey =15.38 g/L

\
7§§

§s

92

88 -

84 -

V,0,/Mn/Ca content / wt%

V,0;

Fig. 8. Contents of V, Mn, and Ca in calcined hydrolysates
derived from VL-cMn.

gent as manganese concentration increased and pH value
rose. Furthermore, on comparing Fig. 10(a) and Fig. 3(b), it
was revealed that the hydrolysis reaction approached equilib-
rium at temperature above 90°C; when temperature was
higher than 95°C, the reaction of AP was relatively complete.
Thus, higher temperatures should be provided to the AP for
favorable reactions.
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As shown in Fig. 10(b), at various Mn concentrations, the
V-precipitation rate increases with the addition of ammoni-
um sulfate. V precipitation rate of VL-5.69Mn reached
99.08% at K = 1.5, and further addition of ammonium sulfate
led to a minor increase in V precipitation rate. V precipita-
tion rate of VL-9.01Mn initially exceeded 99% at K = 1.8,
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demonstrating that the addition of ammonium sulfate could
improve V precipitation rate, enabling the elimination of the
deteriorating effect of Mn concentration on V precipitation
rate. Importantly, when pH was 2.8, V precipitation rate of
VL-15.38Mn exceeding 99% could be achieved even with K
of only 1.2, indicating that increasing the pH value of acidic
ammonium salt precipitation could increase the vanadium
precipitation rate and reduce the dosage of ammonium sulfate
for vanadium solutions with high manganese concentrations.
At this time, the AP conditions were more moderate, result-
ing in cost reduction without affecting the V precipitation
rate.

As shown in Fig. 10(c), fixing manganese concentrations,
V precipitation rate rose with the extension of precipitation
time. When the time reached 60 min, V precipitation rate was
above 99%. Continuing to prolong reaction time resulted in
almost no change; hence, 60 min was selected as the most
suitable precipitation time. Under the optimal precipitation
parameters of vanadium, V precipitation rate of VL-cMn ex-
ceeded 99%.

Comparing Fig. 10(c) and Fig. 3(c), the V precipitation
rate of HP was markedly higher than that of AP at a reaction
time of 10 min, indicating that the nucleation rate of the am-
monium polyvanadate crystals was slower than that of the
hydrated V,0s. In addition, by prolonging the time of AP, the
filter cake did not dissolve back, destroying the precipitation
effect, which differed from HP.

3.3.2. Phase composition and microstructure of precipitates
by AP

To explore the effect of manganese concentration in
leaching solution on the phase composition and microstruc-
ture of vanadium-containing precipitates by AP, the precipit-
ates of AP for 60 min at pH of 2.6, temperature of 95°C, and
K of 1.2 were analyzed by XRD and SEM and the results
were shown in Fig. 11 and Fig. 12.

In Fig. 11, when manganese concentration increased from
5.69 to 15.38 g/L, the phase composition and crystallinity of
vanadium cake did not change, shown as hexameric am-
monium vanadate with high crystallinity, which was consist-
ent with the standard card of (NH,4),V0,s (JCPDS card num-

o = 1538 g/L

Intensity / a.u.
-

) L o =9.01 g/lL
L v = 5.69 g/L
A A A
(NH,),V(Oy4
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Fig. 11. XRD patterns of ammonium salt precipitates derived
from VL-cMn.

Int. J. Miner. Metall. Mater., Vol. 33, No. 2, Feb. 2026

ber: 01-079-2051), revealing that the difference in man-
ganese content would not affect the mutual reaction types of
each component in precipitation process.

The reactions for AP are shown in Eq. (5). NH, has a
strong binding force with vanadate ions; therefore, it re-
places H' to form an ammonium vanadate precipitate. Mean-
while, according to the order of vanadium affinity for differ-
ent cations, K" > NH; > H' > Na" > Ca® = Mn*" [29], it was
found that the binding ability of Mn*" for vanadium was
much lower than NH; . Hence, it is difficult for Mn*" to form
complexes with vanadate ions in the case of abundant NHj .
Thus, no diffraction peaks of the other vanadates were detec-
ted in the precipitates.

0.6H,V ,03; +0.4H" +2NH; = (NH,),V40,4(s) + 0.8H,0
)

Fig. 12 displays the microstructure and elemental distribu-
tion of the AP precipitates at different magnifications. As
shown in the figure, the particles are composed of flaky crys-
tals of different sizes that are embedded in each other.
Moreover, as the Mn concentration increased, the particle
roughness and irregularity increased, indicating that the crys-
tal growth process was impeded by increasing Mn concen-
tration.

According to the elemental distributions shown in Fig. 12,
the distribution areas of V, N, and O were highly coincident,
verifying that vanadium was converted into ammonium poly-
vanadate and entered the filter cake during the AP process.
Mn and Ca were scattered on the surfaces of the particles and
were present in extremely small amounts. Combined with
EDS analysis results of points D, E, and F shown in Fig. 12, it
was found that the total content of Mn and Ca was less than
0.3wt%, except V, N, and O. Besides, with increasing Mn
concentration in leaching solution, Mn content on the surface
of particles increased slightly from 0.14wt% to 0.26wt%. It is
worth noting the lack of correlation between Mn and other
elements because no Mn-bearing phase was detected in Fig.
11, implying that Mn was unevenly adsorbed on the surface
of the filter cake.

3.3.3. V,05 product

To investigate the effect of Mn concentration on the phase
composition of vanadium products formed by AP, the cal-
cined precipitates were analyzed by XRD, as shown in Fig.
13. After calcination, the AP precipitates decomposed and
deaminated to obtain V,0s, and the position and intensity of
the synthesized V,0;s peaks were consistent with the stand-
ard card of V,05; (JCPDS card number: 01-089-0611). Fur-
thermore, despite the introduction of higher amounts of Mn?*"
into the leachate, no other diffraction peaks were detected,
except for V,0Os, indicating that the manganese concentration
did not affect the phase composition of the precipitates be-
cause of the strong selectivity of NH; for vanadium.

The microstructures of V,0s products were further ob-
served, and the results are shown in Fig. 14. In Fig.
14(al)—(c2), SEM images at different magnifications show
that V,Os existed in rod-like structures. As the Mn concen-
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Fig. 12. SEM-EDS analyses of ammonium salt precipitates of VL-cMn: (al, a2) ¢y, = 5.69 g/L; (b1, b2) ey, =9.01 g/L; (c1, €2) ey =

15.38 g/L.

tration increased, the grain size of V,0s gradually decreased.
When the manganese concentration was higher than 9 g/L,
the degree of crystal defects increased, and the difference in
morphology and size between grains was remarkable. When
manganese concentration exceeded 15 g/L, the phenomenon
of grain agglomeration was serious, and major grain sharply
shrunk to less than 1 um, which demonstrated that Mn?" in
leaching solution would disrupt with the formation and
growth process of ammonium polyvanadate (APV) crystals.
From the results of the EDS analysis of points d, ¢, and f in

Fig. 14, it can be observed that the peak intensities of man-
ganese and calcium in the energy spectrum were relatively
weak, and the mass content was low, proving that the impur-
ities of manganese and calcium in the V,0; products were
lower, in consistent with the results of the EDS analyses in
Fig. 12.

To further explore the effect of Mn concentration on the
quality of the vanadium products produced by AP, the con-
tents of V, Mn, and Ca in the products were analyzed by ICP,
and the results are depicted in Fig. 15. It could be seen that
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the contents of V,0s prepared by VL-cMn were comparable
with all above 99wt%, reaching the standard of Grade 99
V,0; product in YB/T5304-2011. With increasing Mn con-
centration, the Mn content of V,0s product raised slightly.
On the contrary, calcium content decreased slightly, but the
total impurity content was less than 0.7wt%, implying that
manganese concentration had a relatively small influence on
the purity of V,0s product obtained using AP. Moreover,
compared with HP, the vanadium products prepared using
AP had a higher purity, and the manganese impurity content
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was much lower. In other words, pretreatment of the calci-
um-—manganese composite and manganese roasting hardly
affected the quality of the V products obtained from AP.

3.4. Comparison of action mechanism of manganese in
HP and AP processes

The mechanisms of action of Mn in the HP and AP pro-
cesses are shown in Fig. 16. During the HP process, some Mn
competed with H' for a spot of vanadium, resulting in Mn
participating in precipitation and entering the precipitate.
After calcination, manganese existed as manganese vanadate
in the V,0; product. In the AP process, the binding ability of
NH; to vanadium was strong; hence, manganese dropped out
of the precipitate and was merely adsorbed onto the surface
of the precipitant, and trace amounts of manganese were
eventually attached to the surface of the calcined product.

4. Conclusions

In this study, three vanadium-containing leachates with
varying Mn concentrations were prepared via leaching after
three different roasting methods to investigate the influence
of Mn content on V precipitation characteristics and product
quality. The main conclusions were as follows:

(1) For HP, increasing the pH mitigated the adverse effect
of Mn on V precipitation rate. However, at higher precipita-
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tion temperatures and longer reaction times, the V precipita-
tion rate gradually decreased with increasing Mn concentra-
tion. For the AP, increasing the pH eliminated the deteriorat-
ing effect of Mn on V precipitation and reduced the required
amount (NH,),SO,.

(2) The main phases of HP precipitates from VL-cMn re-
mained largely consistent regardless of Mn concentration;
however, the higher Mn levels led to denser precipitates,
likely because of the formation of Mn-bearing phases. Simil-

High temperature
stirring-precipitation
o o
2 o
200
% o

Acidic vanadium- \

bearing leachate AP

)

Filtration

Filtration

arly, the phase composition and crystallinity of AP precipit-
ates remained stable, though Mn was unevenly adsorbed on
the grains’ particle surfaces, which increased surface rough-
ness and irregularity.

(3) MnV,04 was consistently detected in V,05 products
obtained by HP. Increasing Mn concentration resulted in
smaller particle sizes, particle agglomeration, and a gradual
decline in product purity. In contrast, no Mn-bearing phases
were found in V,0s products from AP. The grain size de-
creased, and particle distribution became denser, but product
purity remained high, above 99.3%.
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