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Thermodynamic analysis of the effect of oxygenation on the low-temperature
chlorination selectivity of carbonized slag
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(1. College of Materials Science and Engineering, Chongqing University, Chongqing 400044, China; 2. Pangang Group
Panzhihua Iron and Steel Research Institute Co., Ltd., Panzhihua 617000, Sichuan, China)

Abstract: Based on the Factsage thermodynamic software and database, the effects of introducing oxy-
gen on the TiC and calcium magnesium oxide chlorination in titanium carbide slag are analyzed, and the
regulatory scheme of adding oxygen to selectively enhance the chlorination reaction of TiC in the slag
while reducing or inhibiting the chlorination reaction of calcium and magnesium oxides are studied. The
results show that the oxygenated low-temperature chlorination can promote the chlorination process and
increase the chlorination rate of TiC in the slag. When the low-temperature chlorination reaction tem-
perature is 500 “C and the molar ratio of CL,/TiC is 1.80 ~ 3.50, MgO does not chlorinate, and the intro-
duction of oxygen can inhibit the CaO chlorination reaction and reduce the CaO chlorination rate. When
the molar ratio of chlorine-oxygen gas is 4.00:1.00, and the mass fraction of TiC with chlorination reac-
tion in carbonization slag is reduced to 4.02%, the chlorinated gas can be switched to a mixture of chlor-
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ine gas and nitrogen gas to further chlorinate the residual TiC in the slag to less than 2.50%. Compared
with direct chlorination without adding oxygen, the total chlorine consumption can be reduced by
25.69% and the total chlorination rate of CaO can be reduced by 37.74%.

Key words: carbonized titanium slag, oxychlorination, low temperature chlorination, selectivity, ther-

modynamic analysis
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Table 1 Main components and content of carbonized slag

o Bt 7350 % JEE /R EU/mol* JE/RLE*
TiC 13.80 0.23 1.00
CaO 26.57 0.47 2.04
MgO 8.09 0.20 0.87
SiO, 25.25 0.42 1.83
AlLO; 14.23 0.14 0.61
MnO 0.55 0.01 0.04
Fe 1.00 0.02 0.09
V,05 0.24 0.01 0.04
TiO, 3.60 0.05 0.22
FeO 2.00 0.03 0.13
C 4.00 0.33 1.43
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Fig.1 Change of Gibbs free energy of each reaction of
carbonized slag chlorination at low temperature
with temperature
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Fig.2 The variation of equilibrium phase of TiC-Cl,-O,
system with partial pressure of oxychloride
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Fig. 3 The variation of equilibrium phase content of TiC-
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Table 2 The variation of chlorination rates of various phases with O, contents in the TiC-2.04Ca0-0.87MgO-nCl,-mO, reac-

tion system

TiC5ALTE/% CaO% L% /%
Cl#htn - - O,/ TiC BE/RLE  ClL/OEE/K L
KEIAES BIAER SRR RIIAESR BIAESR SRR
1.80 51.35 100.00 +48.65 50.33 0.00 -50.33 1.10 1.64
1.90 54.20 100.00 +45.80 53.12 0.00 -53.12 1.10 1.73
2.00 57.06 100.00 +42.94 55.88 0.49 -55.39 1.00 2.00
2.10 59.91 100.00 +40.09 58.82 5.39 ~53.43 1.00 2.10
2.20 62.76 100.00 +37.24 6127 10.29 -50.98 0.90 2.44
2.30 65.62 100.00 +34.38 64.22 15.20 -49.02 0.90 2.56
2.40 68.47 100.00 +31.53 67.16 20.10 —47.06 0.80 3.00
2.50 71.32 100.00 +28.68 70.10 25.00 —45.10 0.80 3.13
2.70 77.03 100.00 +22.97 75.49 34.80 —40.69 0.70 3.86
2.90 82.74 100.00 +17.26 80.88 44.61 -36.27 0.60 4.83
3.10 88.44 100.00 +11.56 86.76 54.41 -32.35 0.50 6.20
3.30 94.15 100.00 +5.85 92.16 64.22 —27.94 0.40 8.25
3.50 100.00 100.00 +0.00 98.04 74.02 —24.02 0.30 11.67
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Fig. 6 The variation of equilibrium phase contents with
Cl, content in TiC-2.04Ca0-nCl,-0.25n0, system
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Table 3 Changes in component of carbonized slag during different stages of oxychlorination. (The initial slag mass is calcu-

lated as 100 g)

Ff cl/0, fbﬁ iﬁf/ TiC¥] TiC¥JHE TiCH% TiCHE4 CaO¥) CaO¥Jih CaO¥% CaOF%4y HAh4H4» TiCFik: TiCH4 CaOMS

REBTEE  EEK I nfli ThiE/g H/mol AXEl/g H/mol fhhl/g H/mol Rid/g /mol  Fhlg  EU% WFE%R  FE/%

BB 4.00 13.80 0.23 3.93 0.07 26.57 0.47 18.76 0.33 59.63 4.02 71.50 29.39
0.00 3.93 0.07 18.76 0.33 4.02 71.50 29.39
0.02 3.59 0.06 18.11 0.32 3.67 73.99 31.84

BB 0.06 3.93 0.07 2.99 005 1876 033 16.81 0.30 59.63 3.05 78.33 36.73
0.10 2.40 0.04 15.35 0.27 241 82.61 42.23
0.14 1.80 0.03 14.21 0.25 1.80 86.96 46.52
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Table 4 Changes in composition and content of slag before and after the first stage chlorination reaction without introdu-
cing oxygen. (The initial slag mass is calculated as 100 g)
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Fig. 9 The variation of TiC mass fraction, TiC chlorina-
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tents during different reaction stages of carbonized
slag oxychlorination
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tents during different reaction stages of direct
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3 i

FIH Factsage8.1 #7284 o047 T HIAEHS
XHRRALER I H TIC ., CaO 1 MgO S Ak S v A2,
DB ST A B I S 4 LU A8 ) AR A R A, i
MR R ] 1

D) IR S AR I P9 B 1A S8 T B AR Bk AL 3
TiC Sk 5w o A 7 FAE, 488 TiC Stk
N7 Ea S AR 37 F CaO F1 MgO Z A1, 5%
R ER H 1Y

B2k

2) 7E TiC-2.04Ca0-0.87MgO-nCl, & % 1, 24
CL/TiC FE/R FLAK T 3.50 B, MgO A& A= S AL o
FE[F]— CL/TiC BE/R LA, it O, & B Wit
71 (B CL/O, FEJR FLAEZ B /)N ) , TiC EAL R B i
Th; EARIEAT CaO MY AL T &, HAR TR
FIAEA, CaO AR T 24.02% ~ 55.39%.

3) FEBRALTE I o B AL s v, 2 —Br s A
7 35 AR R R R EE IR EE R 4.00 ¢ 1.00, ik
Akt th TiC FiiE 23BN 13.80% E AL /D & 4.02%
BV AT &85 SR 2R — B B A I N5 56 — B Be Ak s R
LR 5 AR, R NA+CL IR A&, Hrh &
Cl, #5585 TiC F /R LR T 1.43 1, Al ffi4
R TiC BT /- 8 IR 2 2.50% LLF .

) AL i R S I N 5 B S AR R N A B,
IRFNHA A H bR 4 (TiC EALR YN 71.50% ) B 26
— B B AL S TR CaO AL RN 40.72%; 455
W B A R A T TiC i o B AR 2 2.50% 1T,
hnsa Sk e B RS CL BOHFER D 25.69%, i
H CaO RGN 37.74%

Bolt
WA R S U A B L BB R
25 4 R 7l B R O R A W S 0T

(FTLM2021) “fiiE &AL A R 2 A0 S i 47k B )
FERRAR” B S0 H

Ahmadi E, Rezan S A, Baharun N, et a/. Chlorination kinetics of titanium nitride for production of titanium tetrachloride from
nitrided ilmenite[J]. Metallurgical and Materials Transactions B, 2017, 48(5): 2354-2366.

[2] YangF, Wen LY, Yue D, et al. Study on reaction behaviors and mechanisms of rutile TiO, with different carbon addition in
fluidized chlorination[J]. Journal of Materials Research and Technology, 2022, 18: 1205-1217.

[3] Zhu F)X, Qiu K H, Sun Z H. Preparation of titanium from TiCl, in a molten fluoride-chloride salt[J]. Electrochemistry, 2017,
85(11): 715-720.

[4] ShiJJ, QiuY C, Yu B, ef al. Titanium extraction from titania-bearing blast furnace slag: A review[J]. American Journal of
Respiratory and Critical Care Medicine, 2022, 74(2): 654—667.

[5] QinlJ, Wang Y, You Z X, et al. Carbonization and nitridation of vanadium—bearing titanomagnetite during carbothermal
reduction with coal[J]. Journal of Materials Research and Technology, 2020, 9(3): 4272—4282.

[6] Peng Yi. Thermodynamic analysis on the selective chlorination of carbonized Pangang BF slag at low temperature[J].
Titanium Industry Progress, 2005, 6: 45—49.
(2%%. WAL B i P A AR e PR S A AT 2 2 Hr 0], BR LR, 2005, 6: 45-49.)

[7]1 Liu Xiaohua. Study on high-temperature carbonization and low-temperature chlorination on modified titanium bearing blast
furnace slag[D]. Shengyang: Northeastern University, 2009.
CXIGEAE. B 3 B b i s TR A AR R S AR I BIFSE [ D). TEFH: ALK, 2009.)

[8] Taki T, Komoto S, Otomura K, et al. Chloride pyrometallurgy of uranium ore (II)[J]. Journal of Nuclear Science and
Technology, 1996, 33(4): 327-332.

[9] Hiroyuki M, Fumitaka T. Chlorination kinetics of ZnO with Ar-Cl,-O, gas and the effect of oxychloride formation[J].

Metallurgical and Materials Transactions B, 2006, 37(3): 413—420.
Hiroyuki M, Tasuku H, Fumitaka T. Chlorination kinetics of ZnFe,O, with Ar-Cl,-O, gas[J]. Materials Transactions, 2006,
47(10): 2524-2532.
Jungshin K, Toru H O. Removal of iron from titanium ore by selective chlorination using TiCl, under high oxygen chemical
potential[J]. International Journal of Mineral Processing, 2016, 149: 111-118.

g A E


https://doi.org/10.1007/s11663-017-1011-z
https://doi.org/10.1016/j.jmrt.2022.02.131
https://doi.org/10.5796/electrochemistry.85.715
https://doi.org/10.1016/j.jmrt.2020.02.053
https://doi.org/10.3969/j.issn.1009-9964.2005.01.013
https://doi.org/10.3969/j.issn.1009-9964.2005.01.013
https://doi.org/10.1080/18811248.1996.9731912
https://doi.org/10.1080/18811248.1996.9731912
https://doi.org/10.1007/s11663-006-0026-7
https://doi.org/10.2320/matertrans.47.2524
https://doi.org/10.1016/j.minpro.2016.02.014

	0 引言
	1 热力学计算方法及参数设置
	2 结果与讨论
	2.1 加氧氯化反应趋势的热力学分析
	2.2 加氧氯化对TiC、CaO和MgO氯化反应影响的热力学分析
	2.3 加氧氯化分段式反应的气氛与物料转移的热力学分析

	3 结论
	致谢
	参考文献

