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Table 1
fraction, %)

Chemical components of siliceous shale (mass

NaZO MgO A1203 SlOz Kzo CaO V205 P

0.13 136 9.63 79.16 124 0.69 172 137

S As Ti Cr Fe Zn Pb

0.28 1.32 0.26 0.25 2.18 0.06 0.01
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Table 2 Content of mineral phases in siliceous shale (mass

fraction, %)
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Fig. 1 XRD pattern of raw ore
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Fig. 2 SEM image of vanadium-containing mica in siliceous

shale
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Table 3 Factors and levels of mixture experiments

Mass fraction/%
Factor Component
Low level High level
A NaCl 0 10
B Na,SO, 0 10
C Na,CO4 0 10
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Fig. 3 Influence of single salt content on vanadium oxidation

rate
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Table 4 Mixing ratio of composite sodium salt and measured and weighted value of vanadium oxidation rate in roasted slag

Weighted value of vanadium oxidation rate,

A, B, C, Vanadium oxidation rate,
w(NaCl)/%  w(Na,CO3)/%  w(NaySO,)/% /% - %g*cz/%
1 6 2 2 64.77 50.46
2 2 2 6 59.04 50.46
3 2 6 2 58.31 50.46
4 2 4 4 60.49 52.07
5 4 4 2 70.57 50.00
6 4 2 4 74.13 50.23
7 2 8 0 42.29 45.82
8 4 6 0 56.41 45.15
9 6 4 0 61.67 4791
10 8 2 0 64.10 50.70
11 2 0 8 5091 52.76
12 4 0 6 51.10 47.94
13 6 0 4 53.09 51.05
14 8 0 2 55.52 53.49
15 0 8 2 29.74 41.67
16 0 6 4 27.30 44.11
17 0 4 6 33.31 43.76
18 0 2 8 44.37 45.82

* x, y and z are vanadium oxidation rates of the roasted products respectively added with salts of mass fraction 4, B and C (see

section 2.1.1)
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Fig. 4 Range of measured and weighted value of vanadium

oxidation rate with certain ratio of NaCl in ore
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Fig. 8 Statistical analysis of fitted results of vanadium

oxidation rate by six models
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Table 5 Confidence interval analysis of fitted results of

special cubic model

Coefficient Standard 95% CI 95% CI VIF

Factor Freedom
estimate error low  high

A 58.28 1 312 51.63 6492 295
B 46.08 1 312 3944 5272 295
C 18.27 1 3.12 11.62 2491 295
AB 1.84 1 1452 —29.11 3279 3.68
AC 88.03 1 1452 57.08 118.98 3.68
BC 5.67 1 1452 —25.28 36.62 3.68
ABC  463.56 1 79.42 29429 632.84 2.75

VIF is variance inflation factor.
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Fig. 9 Statistical analysis of fitted results of weighted value

by six models
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Fig. 11  Response surfaces of measured value (a) and

weighted value (b) of vanadium oxidation rate in roasted slag

w(NayCOs3)>20%J3T [ DX I A o XIS LA Tl
3 AN T B> . DL A A, R
00 80 60 40 20 o0 SR X 0 1] Na,SO, 2 /b I )7 o R, 353K
AR R T T0% MR =1, Al 3 F
AR I B KB 3896 NaCly NayCOss
Na,SO, [ J5 ]«

FEARI 45 T o M1 BB RUAr (W JE Atk b, i Re ik
ST Z e AR, £ B A R I i BT X
PR R B U ) e Ak 77 %6 4 NaCl a3 i
H 4.96%, NayCO3 I A 2.71%, Na,SO, A8 Il Ky
2.33%I, AR 71.56% MR B M LA R o

0 : :
100 80 60 4.0 2.0 0
A
B: Na,SO, Ratio of Na,SO,/% C: Na,CO; 3 gﬁlb

10 K5 ML A A D0 1 S DASUAEL 55 e £

Fig. 10 Contours of measured value (a) and weighted value

1) %f Na,COs 55 Na,SO4 K i, Na,CO; 715 NaCl
WA G ER I = AR P R FH B A 3 R e

(b) of vanadium oxidation rate in roasted slag



528 455 4 )

WdE e, S SR RE UUA SR SR AL K b R A 861

%Ak, AHAES A SR b BT Ay LBl KT 40% 0 2 BRATHL
LA FRIEEAT . fEEABERT, NaySO, T v Ll (1)
B AR XA A I AN ] 5 o NapSO, I AL
20%~40% LA N 0] AE LR IE 458 i B 48 AL 6 11 [ IS 9 D
NaCl Hl & . fEORIERTEn AL R T 1, 1EA
BAC, PR ER T B 2 A RSP NI NaCl HI &yt
b 60%7E A7 o

2) RFPIRES 0700 (] B [ A H R 9 R B, NaCl
5 Na,COs SLRIER, AT 1A e #E, 1
PRt 2 B U A AL, PR E R EER, JF AR
FAAER MR R TP R E R M LA
A Z 18 i 2 F1. Na,SO,4 5 NaCl Fl Na,COs (1) Al
R R, X NG /N T NaySO, S E
MR, 25> NaCl H &= 11EH .

3) XFREBE IR R SE B B TR I s %
B8 4 v AL AR A S i TR DX IR A A (v
H: 60%>w(NaCl)>40%, 35%>w(Na,SO4)>15%,
40% >w(NayCO3)>20%I7 il e ) X380 N o 52 A8 Il
3 i ERAS I B K BN I35 4E NaCl. Na,COs.
Na, SO, [ RN, "] LR BB A TR KT 70%1 K562
/B

4) KRR = R 07 BB R e = b AR
&, MRAMEATTERY: 9 NaCl WinEh
4.96%, Na,SO, HINE A 2.33%, Na,CO; N
271% I, W SRR RS B e M A A R, ik B
71.56%.

REFERENCES

[1] MOSKALYK R R, ALFANTAZI A M. Processing of vanadium:
A review[J]. Minerals Engineering. 2003, 16(9): 793—805.

[2]  WANG Li, SUN Wei, LIU Run-qing, GU Xiao-chuan. Flotation
recovery of vanadium from low-grade stone coal[J]. Transactions
of Nonferrous Metals Society of China, 2014, 24(4): 1145—1151.

31 BRERE, DO, REPK. AU P R R 542
JAAAE) T34 0], IE LR 2008(3): 64—67.
CHEN Tie-jun, QIU Guan-zhou, ZHU De-qing. Valence
variation and oxidation kinetics of vanadium during
vanadium-bearing stone coal roasting[J]. Mining and
Metallurgical Engineering, 2008(3): 64—67.

[4] %, 5k P A0 fB, M R 7 AR TIEY Y

2V R SRS RI]. #4428, 2014, 38(1): 146-157.

YE Guo-hua, ZHANG Shuang, HE Wei, TONG Xiong, WU
Ning. Process mineralogy characteristics of stone coal and its
relationship to vanadium extraction[J]. Chinese Journal of Rare
Metals, 2014, 38(1): 146—157.

[S] ZHANG Yi-min, BAO Shen-xu, LIU Tao, CHEN Tie-jun,

HUANG lJing. The technology of extracting vanadium from
stone coal in China: History, current status and future
prospects[J]. Hydrometallurgy, 2011, 109(1/2): 116—124.

[6] LI Xin-sheng, XIE Bing, WANG Guang-en, LI Xiao-jun.
Oxidation process of low-grade vanadium slag in presence of
Na,CO;[J]. Transactions of Nonferrous Metals Society of China,
2011, 21(8): 1860—1867.

[71 WA, EXRU, H¥, Bk NI EERAL, B, 9k 8K

TR AL T AL BRARIEOR ). A (e 2 A,
2014, 24(8): 2171-2180.
PAN Zi-wei, WANG Da-wei, DU Hao, CHEN Gang, ZHENG
Shi-li, WANG Shao-na, ZHANG Yi. Extraction technology of
vanadium and chromium from vanadium slags in presence of
activated carbon[J]. The Chinese Journal of Nonferrous Metals,
2014, 24(8): 2171-2180.

[8] CAI Zhen-lei, ZHANG Yi-min, LIU Tao, HUANG Jing.
Mechanisms of vanadium recovery from stone coal by novel
BaCO,/CaO composite additive roasting and acid leaching
technology[J]. Minerals, 2016, 6(2): 26.

[91 & i, TN, SRR, WERE. S AESIREE R

WRIHTF[I). Fif 4 E. 2013, 37(6): 961-967.
ZHAO Qiang, NING Shun-ming, SHE Zong-hua, HUANG
Zhen-gao. Extracting vanadium from stone coal with composite
additive[J]. Chinese Journal of Rare Metals, 2013, 37(6):
961-967.

[10] CHEN Tie-jun, ZHANG Yi-min, SONG Shao-xian. Improved
extraction of vanadium from a Chinese vanadium-bearing stone
coal using a modified roast-leach process[J]. Asia-Pacific Journal
of Chemical Engineering, 2010, 5(5): 778—784.

[11] SHLEWIT H,ALIBRAHIM M. Extraction of sulfur and
vanadium from petroleum coke by means of salt-roasting
treatment[J]. Fuel, 2006, 85(5/6): 878—880.

[12] SADYKHOV G B. Oxidation of titanium-vanadium slags
with the participation of Na,O and its effect on the behavior
of vanadium[J]. Russian Metallurgy, 2008(6): 449—458.

[13] el Rk, Mok, wmi, B, x5 Lk

FUI KA1 75 NayCO5-NaCl AR Ii 1 £ 44 2 P i) S AT R BE 7).
YR THE, 2014, 34(2): 73-76.
YE Long-gang, TANG Chao-bo, CHEN Yong-ming, YANG
Sheng-hai, TANG Mo-tang, LIU Yong-qiang. Reaction behavior
of gangue in Na,CO;-NaCl molten salt system without
reductant[J]. Mining and Metallurgical Engineering, 2014, 34(2):
73-76.

[14] Ehipde, sk—&L, id, S, WA s B IR AL S A
BRI BERIT ST, <A 1, 2012(9): 83-86.
HAN Shi-hua, ZHANG Yi-min, BAO Shen-xu, HU Yang-jia.
Sodium roast and extraction of vanadium from low grade stone
coal with high calcium from Hubei[J]. Metal Mine, 2012(9):
83-86.

[15] NAZARI E, RASHCHI F, SABA M, MIRAZIMI S M.



862

hEA SR R

2018 4F 4 A

[16]

[17]

Simultaneous recovery of vanadium and nickel from power plant
fly-ash: Optimization of parameters using response surface
methodology[J]. Waste Management, 2014, 34(12): 2687-2696.
OOME, BREAME, SRR, XL w0 W, BUOR. AT
AR AR B s T2 []. JeALER T, 2012,
44(1): 33-36.

LEI Hui, CHEN Jian-mei, HU Sheng-qiang, HU Lan-shuang,
GAO Feng, YAN Wen-bin. Study on effect of composite additive
on roasting and leaching processes for vanadium extraction from
stone coal[J]. Inorganic Chemicals Industry, 2012, 44(1): 33-36.
TR TE, I, sREE, BORY, SbE. S PaREKL
REBEHLEE]. BT (B 48 4R, 2009, 19(1): 195-200.

HE Dong-sheng, FENG Qi-ming, ZHANG Guo-fan, OU
Le-ming, LU Yi-ping. Mechanism of oxidizing roasting process
of vanadium containing stone coal[J]. The Chinese Journal of

Nonferrous Metals, 2009, 19(1): 195-200.

(18]

[19]

W, RIEEE, SEs, B, R, 7% (R
B B R IR A AR S A A R A R [D]. 1R R SRR,
2016, 16(4): 684—691.

LI Gang, ZHU Yuan-yuan, YI Ling-yun, ZHAO Wei, DU Ai-ling,
QI Tao. Preparation of potassium salt from low grade potassium
ore with additive-assisted roasting, water leaching and
crystallization[J]. The Chinese Journal of Process Engineering,
2016, 16(4): 684—691.

AR, S, FRERE, Bokdb. B IE RS TR eSS S
RRF L], MROK S R (M ER R TR, 2010, 40(6):
1295-1330.

XU Jin-ming, MA Hong-wen, GUO Qing-feng, YANG Bing-bei.
Sintering reaction process in the system of the nepheline syenite:

An experimental study[J]. Journal of Jilin University (Earth
Science Edition), 2010, 40(6): 1295—1330.

Synergistic and strengthen effect of composite sodium
salt on vanadium extraction of siliceous shale

YANG Xin-long', FENG Ya-li', LI Hao-ran?, DU Zhu-wei’

(1. School of Civil and Resource Engineering, University of Science and Technology Beijing, Beijing 100083, China;
2. National Key State Laboratory of Biochemical Engineering, Institute of Process Engineering,

Chinese Academy of Sciences, Beijing 100190, China)

Abstract: The synergistic and strengthen effect of composite sodium salt on vanadium extraction from siliceous shale of
roasting were investigated. The results show that, when the added amount of Na,COj is less than 40% of the total mass of
the composite sodium salt, Na,CO; and NaCl will jointly promote the formation and consumption of feldspar. The change
of Na,SO, content of composite salts has no obvious effect on vanadium oxidation. It can be added with 20%—40%
Na,SOy in composite salts in place of NaCl. Without reducing vanadium oxidation rate, the two salts can replace up to
60% NaCl. To get more than 70% of vanadium oxidation rate, the order for content with each salt in composite salts from
high to low should follow the principle of NaCl, Na,COs, Na,SO,4. The special cubic model was used to optimize the
vanadium oxidation rate. The results show that with 4.96% (mass fraction) NaCl, 2.33% Na,SO4 and 2.71% Na,COs;,
vanadium oxidation rate is 71.56%.

Key words: siliceous shale; composite sodium salt; vanadium oxidation; additive
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