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Abstract: In view of the cost and environmental pressure existing in the current beryllium ore dissociation,
the subject focuses on the basic theory of beryllium industry and uses hydrofluoric acid as the dissociation
medium to obtain beryllium fluoride by direct dissociation of beryllium ore. The leaching thermodynamics of
different oxide impurities during the dissociation of beryllium ore in hydrofluoric acid system was studied, with
emphasis on the selective leaching principle of SiO, from beryllium ore. The results show that multiple complex
oxides closely related to beryllium ore and oxide impurities of different valence states can react with hydrofluoric
acid, but the required thermodynamic conditions are different. Different oxide impurities are converted into
fluorides after reacting with hydrofluoric acid, and fluorides are used as reaction products, which can be further
removed by the difference in solubility. SiO, is the most important part to reduce the consumption of hydrofluoric
acid. By adjusting the solution temperature, HF concentration and artificially adding fluorosilicic acid, the reaction
between SiO,and hydrofluoric acid in beryllium ore can be inhibited.
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Fig. 5 Gibbs free energy of the reaction of binary composite oxides with HF

DL I e ) B 1 Cay (PO, i), 1H 55 S BR &Rz
EREEEN

AG=AG +RT1H“Z”’ (19)
AH.AG N EE R B H6E (kI/mol)

AG" 2y S A5 E 7 A7 8 B B g (k] /moD) s T 2y 2
N R EE (KD .

e R BN, pH=0ame = 1 AD LR «

AG=AG"+RT In af; po, (20)

BT IR s o A RO B T AT
B an po, =1, AG=AG", Z JEbR E 35 1 1 H HREZL
Wit IZ N — 2 R
2.4 =ZREREUYHRERANE

SR A AP A B E AL CaO » 3BeO » 2Si0,
K CaO « ALO, « 2Si0, & & 5 8 % )5 09 49 M
Ca; (PO F 22— & w40, L 12 mol HF g3t
T S SO 2 35 A B B i B 5 R BE 1 OC 2R UL &
6. FTLAE . PURN A R AT L5 HF Jpg, Ho
CaO « 3BeO -« 2Si0, M9 168 J7 I ik » 2 A A0 A
K Z, Ca; (POO)SE AR 55, X0 1Y 1k 27
PR

4/3(Ca; (PO,),) F+ 12HF (a) = 20/3CaF, +
4H, PO, (a) (21)

3/2(Ca0 » ALO, +« 2Si0,) + 12HF (a) =

3/2CaF, +3AlF; (a) +3Si0, +6H, 0D (22)
Be; AL, Si; O, 8+12HF(a) = 3BeF, (a) +2AlF, (a) +
6510, +6H, O (23)
3/2(Ca0 « 3BeO -« 2Si0,) + 12HF (a) =
9/2BeF, (a) +3/2CaF, +3Si0, +6H, O 24)
o
1)
—200F
_ -400p 22)
E —600-///
= (23)
% ~800}
~1 000}
(24)
~1200}
300 350 200 250
TIK

6 ZRERENUYE HF REHEHETA HA#E
Fig. 6 Gibbs free energy of the reaction of

ternary composite oxides with HF
3 SOy B MR M Iy F
SiO, 2 8 /0 S0 9 IR 1 4G B fix B R T . R



o 46 04 @ QR4 (http://ysyl. bgrimm. cn) 2023 455 10 #1
REVEER PR AT 60 3 BE X SIO. L A 2, H
Si0, +6HF (a) = H, SiF; (a) +2H, O(D) SUIRIR Mk B L 2 SR TNk B AN B R AT AE 22
AG = —119426+303T (25) SRR SR H A e B VA WO AR R R TR L R

24 5 W3 ) AT, AT AT FLELA BTG A REHE AT S R
; SRR A BB PRI PERE2Z B % | & FR R
AG=AG°+RT In astFG — 26) am@ﬁ £ i@&j’]?%@ﬁb%#iﬁﬂfﬁ]ﬂ/ﬁk@ﬂ
anr 5 SiO. 5 H. 1A R T HF o &8 5 52 .

“sz_smb>exp<—RATG ) 27) HF ¥ Tk 8 TH 1R .

aur HF-H'+F K’ =6.6xX10"" (29)
AH, SiFg >a(15—n-*><eXp<7RATG ) (28) € HF R EZ ) ¢ mol/L.H™ [ F~ ¥y

B R A RUER I B R RURE BR TR B = 2 (A
T R ANE T iR . YV BURE BRSO 1
B ZEORUE SO, IR Y S0 TR 1 B b g o Jor 7 22
114 kA e - Y R TS A 0. 5 B T VR B v
T 354 K81 O) A FEMRIEAHE SO, 13 H 5 24 A iR
TG BN 1B WO S T 394 K121 CHAfig
WEAHE SIO, 3 15 2 S BB TG FE N 2 i 7 R 2
SR T 445 K172 O) A REARIE A B S10, 82 5 Y
SRR TG B O 4 mol/L, BT WG SR B T
500 K,

101 8

54
a(HF)=4 mol/L
1 354K 304 K 445K h
0.1 0.125 (HF)& 0.08

O
: 1
=
£ a(HF)=2 mol/L
=
#, 0.01F
jasnj
T
0.001 3
1E-31- a(HF)=0.5 mol/L
0.000 4
] E_4 1 1 1 J
300 350 400 450 500

T/K
B7 AEEE.SABRGERAERAEEXRE
Fig. 7 Relationship between different temperatures,

hydrofluoric acid activity and fluorosilicic acid activity

ASMFRT, M43 B S 373 K(100 C), 24 HF Jf B
29 0.5 mol/L i}, AL B2 15 B2 H 22 K T 0. 125 mol/L
BUR] (F2 HF 35 B2 42 w20 1 B 98Uk R 9 0 B2 R okt
P %) 8 mol/L, i HE & B4k 232 &, it i i
TR R 5 TR R R F) 423 K(150 C), % F HF
T B2 1 mol/ L i, J5URE 2 76 B M 8 mol/L i T F
% 0. 08 mol/L, B fifi HF i i #2155 2 mol/L, flAERR
T BERT 28 5. 4 mol/ L Q0 A4 BEFE & 2] 500 K(223 ©),
BD i 20 96 R 1 95 B2 O 4 mol /L, JgUAE R A 9 HE 5
T 1.9 mol/L,

2 mol/L, M|

2
X

KO]:

c—x
SRR I B L o O
X

e="—>X100% (30)

e AR R O A B BRI k. W
0. 1 mol/L By SR () fiff B9 HE 29 800, X T 55 R OK
o VA SR TR o R SRR 1E SRR A AT O A
. oM ERCHR I SUORBR IR W — &7 F- 5 HF
T HEET A TE S

HF+F <HF, K°=5.2 3D

HI TZ O AAAE S (A BB 1 ok B R AIR . AT
AMT HF B9 . XA Al 13 .

2HF—H' +HF, K=K’ XK, =3.4X10"°
(32)
LK EORT KL B
2
o __ x
K==y (39
Pt w4 -
I:LX(‘ (34)
1+2 /K%,
15 VA JRE N SRR H) i RS T o A
¢:ﬁ><1oo%:27 VK : s 100% (35)

¢ 1+2 /K"

ARIRYE B B i R B R ILF A EE. Y o=
5 mol/L i ,x=10. 26 mol/L, ¢=10. 4%, #l kL # &
I 10 iR 15 258, 2T 0 MR 0 258 T O [ I 5 ok R 5 )
0. 26 mol/L, J& T 5 FR % .

H AT L, X T R R A R R Y
10. 4% % 7 V5 L i 25 6 24 800, JEF U, 4% R
i 5 ok 10 Yo AT Ak L B

anr==0. lcgr (36)

PR 2 & 7 i B2 2y 1 mol/L i, HF 757 W
TR LR Sl 20 %,



2023 4F55 10 14

A4 g QR (http://ysyl. bgrimm. cn) o 47

U R S — b L A7 R - 2% B T RURE R AR (SIF:* )
REGTE S F A2 7E DL AR 5 X FR A 2548, AN
A A 0 H A S 354 1Y) 43 B 34 AT D6l SRR R T
I b R HE LB T . AR A 5 P AR MR N pHL 2 (]
MR A5G 1R 8 v — i i vl M ok B R i 2 R 1Y
KFHWEEH 0. 03 mol/L i, pH=1. 6, i & %k
F) 8400, BUEF, BRME 5 6 R (Y ff B R (90 20) AR
T TR R I i B R (60 %0) o 2 HRURH R I YA - Y ok i
7 0. 1 mol/L i, il B 28245 73 % 5 244 B4 0. 5 mol/L
B R B0 R 6000,

100

90

80+

60 ]

50 1 1 J
0.001 0.01 0.1 1

c/(mol + 1)

8 —MEEBRBEXRSREXR

Fig. 8 Relationship between dissociation rate and

concentration of monovalent strong electrolyte

MAEX BT AEE c=1 mol/L I, f# B &K ¢ 2
7 58.5%.

¢=58.5—15.2lg ¢ (37)

P fE SRR SIO. 7, thF HE iR 1
A3 10%% . T FRURE R (1 ik B R AE 5090 ~90 %6 P I 8l X A 512
Bl SO, 2 A BT 7 R4

20 DLW BE S A o 22 A [R) 3 2 L SRR vk
JE LA B Gtk B P Y o R (I8 9) |y st ml L 2 |
SR JR W BE Ry 16 mol/L, 29 AH 4 T i & Wk B Ry
3020 AR . AR VA VO B 45 il 7E 423 K(150 O,
Il 960 RE R W B 29y 1.36 mol/L. F| Al 100a =
c(58.5—15. 2 lg o), 7[ 4 ¢=2.6 mol/L, % 37% ¥
FE WL . XA SR S PR AR AR W 2

MR v I RS I RV TR B Ry 473 K(200 C),
AR AFRIEE N 0.04 mol/L, I B F =
0. 05 mol/L, %y 0. 7 %0 [ it ¥k B 3X > JoURE R Wk )3
AT . SN TR A SRR MR M 16 mol/L
FEARE] 8 mol/L, BARAUFEAR T 5020 AH Il 5 5k FR
1% BE AN 1. 36 mol/L i B AR 5] 0. 02 mol/L, 47E

150 C &M T HAER A R EI KT E 353 0. 5 MPa,
W AT B SRy v O A 5 0 R AR TR AR R AR A L T
R 100 CLATF . BL100 CHFH ., an i S0 iR
WS A 8 mol/ L, XF i Y A B2 7% B2 35 3] 2. 2 mol/L,
IR RURE R TG B i e o 7 P AR SRR MR . G 2R
IR Mk 2 FE AR R] 4 mol/L, WA 2 v G 6k 1R 16 12
k0. 03 mol/ LR JE 0.5 %) i}, e, Si0, 5 &
SR AN P4k 2 0

or
22
1.36
_ ! 311K \343K 380 K 427K
I ¢(HF)=1/6 mol/L
< o01f
=
£ 0.03 0.04
% 0.02
0.01F c(HF)=4 mol/L| \ ¢(HF)=8 molyL
¢(HF)=2 mol/L)
0.001 L I I )
300 350 400 450 500

T/K

B9 FREBE.SABRRERSEREEXRE
Fig. 9 Relationship between different temperatures,
hydrofluoric acid concentration and

fluorosilicic acid activity

DAL IH ek 90 9 9 I B L HLE 5 A S T
FAERR - AT 40 Ben™ rh Si0, 5 SRR RV .

4 %

DT A Ak P 2% B i = A4k 9 AL O, Fil
Fe, O, #fRER A MR B i Hoh AL O, B 5 )
Fb Fe, O, W58 o 5 35 16 576 728 R AL W) I+ % il o A AR
1% F & AU IE B XU E

)W A AL Z% TR ) M A A L TG IR R R
+ AW MgO F1 CaO LU K5 A" H 1) BeO, if & i
1% 4 J& 24k MnO ., 5 AT LRI &R & 2B 0 - 15
Bl 4 J8 AL ) 4 IR S BE ) B SR FE RN AR R AR
W Ja B IE A 1) BeO B A AR w5 0 15 i 1k ok
by S5 Ak 0 B LA DT 9 19 T 2K 0T 0 A SRR gk T S
LA 5 BB 1 43 5

35 B YIS LR oo & A E A .
2BeO « SiO, ,3BeO « AL, O, ,Ca0 + SiO, \BeO « AL O, ,
3ALO; « 2Si0,, Cay (PO, %5, #7 LL ATV SRR &
H U, 24 L 1 mol HF Sy 56 i £ A it L 3BeO « Al O,
SV e RN, ML 12 mol HF Ay 56 i At



o 48

A4 g QR (http://ysyl. bgrimm. cn)

2023 455 10 3

if . 2BeO « SiO, JZ W 1) H H it/ .

) GEREAT S e i IR R A JE 0 LRI AR D6 =0 A
A4, i CaO « 3BeO » 2Si0, ,CaO « AL O, « 2Si0, .
Ca; (PO, ), F &, #f AT DL A& G B2 by, H o,
CaO « 3BeO « 2Si0, B = H 8 J1 e o 4 HE A1 A
W2z ,Ca; (PO, F AT 55 .

5) SiO, A Jhy 9 /0 S0 980 R T FE 1) Fe BE B IR WL
WOUR B VHE Ve B A FURE R vk B S ) S1O, 17 1
L EESR R RO R HE He R R VS
FRRE R . AT LABI I 80 rh SiO, 5 SRR S .

[1] SPEER W,ES-SAId O S. Applications of an aluminum-
beryllium composite for structural aerospace components[ ] ].
Engineering Failure Analysis,2004,11(6):895-902.

(2] P50 2554, ERUE 55 BUIE AR (8 T 8ob BF 58 B H:
o7 FH 0t L) ). B3 KR 4 Tk, 2018, 28(1) : 1-6.
ZHONG ] M,L1 Z N, WANG Z H,et al. Progress in
research and application of beryllium materials used in
inertial guidance instrument [ J]. Powder Metallurgy
Industry,2018,28(1) :1-6.

[3] ANON S. Be-Al alloy show promise for spacecraft
component| J |. Journal of Failure Analysis and Prevention,
2004,4(2):31-32.

[4] FLOYDDR., LOWE J N. Beryllium
technology: volume 2 M]. New York: Plenum Press,
1979.

[5] TRUEMAN D L,SABEY P. Critical metals handbook[ M.
Oxford:John Wiley &. Sons,2013.

(6] 70 B, i FE AR 5 B o & R BURLT L. B
A 4R ,2021,44(1) . 4-8.

XU X T, JIAO Z B, HAI G Q, et al. Development
status of beryllium industry[]]. Xinjiang Nonferrous
Metals,2021,44(1) :4-8.

(7] SR XER RN N A ML E AR
ROV R A IO ) SR AT LT 1. BORBIESE 5 0 L 2010,
4(4) :387-390.

ZHU W, LIU Z Q,CHEN H J. Study on beryllium

extraction from leaching solution with low-grade rare

science and

metal and rare earth complex mineral [ J ]. Material
Research and Application,2010,4(4) :387-390.

[8] BORSUK A N, AMELINA G N, ZHERIN I I Study
of the thermal method for removing fluorine from
products of sulfuric acid leaching of beryllium ores at
UMP JSC[J]. Procedia Chemistry,2014(11):113-118.

[9] BELLAMY R G,HILL N A. Extraction and metallurgy
of uranium, thorium and beryllium[ M]. Oxford: Pergamon
Press Ltd. ,1963.

(100 ARSI % 3 0 . 28 % I, 45 & B v 2 10 i1ty

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

FEIRLT . WA 4 JB 5 BB 5T 42 . 2009, 37 (1) : 40-44.
FU J G, JIANG J G, LT A M, etal. The latest
development of beryllium extraction from beryllium-
containing ore[ ] ]. Rare Metals and Cemented Carbides,
2009,37(1) :40-44.

LT AME D L TR O ID]. #
M AE K 24,2015,

LI Z. Study on the experimental of beryllium ore
leaching and recovery process[ D]. Hengyang: University
of South China,2015.

P R A, S0 [ TR 4R B 12 v R 2R B ) Y
WEFE BRI B s SR A 45, 2013,41(3) :8-10,27.
XIAO C, LI J, WU H G. The latest research on the
aluminum separation during beryllium extraction with
sulfuric acid[ J]. Rare Metals and Cemented Carbide,
2013,41(3):8-10,27.

LT E R A MIEE L AMRID] Kb hm ok
,2003.

LI W. Smelting process of high {luorine beryllium ore[ D].
Changsha:Central South University,2003.
ROKADE M D, DHADKE P M. The

chromatographic  separation of  beryllium

extraction
from
aluminium with trioctylphosphine oxide [ J ]. Indian
Journal of Chemistry, Section A. Inorganic, Physical,
Theoretical & Analytical,2001,40A(11);1243-1246.
B R B f  IRRSOR M. Je st s & Tl
AL, 2012,

GUO P M,ZHAO P. Efficient utilization of metallurgical
resources| M . Beijing: Metallurgical Industry Press,
2012,

XUOGIR B3R S ' Ak 2A 1k TR 0 T 0F - Tl
B IM . Jbat A2z Tolk i ikt 2013,

LIU G Q. MA L X, XIANG S G. Handbook of
chemical properties data: inorganic volume [ M .
Beijing : Chemical Industry Press,2013.

g2, 22 AR T IM. JE e - B2 AL, 2003,
DEAN J A. Lancet' s handbook of chemistry [ M].
Beijing: Science Press,2003.

FZHB. WA &8 F 0 FACMI. et 16 4 Tolk iR
A1,1992.

QIAO Z Y. Rare metals handbook: volume 2 [ M ].
Beijing : Metallurgical Industry Press,1992.

TR, 5 4 8 AR T LML 2 Bz 6 5. o B A o
AR AL . 2007.

JIA'Y Q Handbook of commonly used metal materials[ M.
2nd ed. Beijing: Standards Press of China,2007.
TEAGASE ST ERE RS PESEIMI.
5016 4 Tl R AL . 2015,

Expert Committee of China Nonferrous Metal Industry
Association. Beryllium industry in China[ M. Beijing:
Metallurgical Industry Press,2015.



	有色金属（冶炼）2023-10目录.pdf
	有色金属（冶炼）2023-10正文.pdf

