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Coordination Chemistry Principle of Flotation Reagent Molecular Design
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Abstract ; This paper introduces the differences of action principles between collectors and depressants

and sulfide and oxide minerals from the aspects of orbital symmetry matching principle, covalent coordination and
electrovalence coordination principle, and space matching principle of reagents and minerals. The matching principle
of orbital symmetry can explain the phenomena such as the selective action of dithiophosphate, cyanide ion and lime
to lead and sulfur. Covalent coordination and electrovalent coordination are the essence of the difference between
oxide ore and sulfide ore and collector. The above principles are related to the electronic structure and properties of

reagent molecules and metal ions, and the principle of space matching determines whether the reagent can approach

the mineral surface for effective adsorption.

Key words ; coordination chemistry; flotation; minerals; reagents

AR T, B A A 1) FR SR Ak 1R S (n #
2525) . B ACBE R AR (A A 25 2%) | AR 058 Y R 3k (i
R AL RIS, #Z DL SIE R FZE 4 H
F RV TE MG . X T AR G, FEEE DN
OFE R RN & PR AL, Anymie | B IR |« 25 R L i i e
G X HGAVE I R, e B A4 s B
WK, &R B FSHBGmErise T 5aErdil
HHFHAC, BFREE, 5SEFMEPHEIE K
R As BB, W& A d° L dT AT HL TR Fe . Co.
NiJE B 5t 14 i F7 3 /N T d B Cu, Ag Au,
Pb %, M4 CHEN'"#2 i Be 7 Ak 2 B IS, 2650 5
T B AE FH & — AU A F A%, — 5 T 2 25 550 1 H
FX ST RmEPGEER, XA SR KT IE A

HA . 2024-11-25

g :
= E: I A SRBA R4 e B0 H (52374264)
1E e

it Kb 3
S m

AU

B, 53— J7 TR AT W) 3R T R Y e 2]
128w BUEAE T, XA R s A5t e S BC . A0
TR — i PR Jm e ALy b, Sl 5 2 T
BEREMY 502017 . R BT S d LB AE R A rh
BIZS R A e, TR I B 5t B B AT e R, 0 25 550 150t
HAEZE X PR AL BIE 5 18 T A7 4G
X} 2 T d BIE HL TS5 A B R R, AL R TR A7) (i
5 w555 3 BE ) AN [ T5C A2 245 g (Lt 1 T R/ T A%
) S B, AMUE IR A PUE R T8, BB T d L
T 53 2L LT B LA R AR PR 43 R S T S TR
25500 73 T HIAE T

e e v e 25 R BT BE A h & R B AR A
TSR Wy 245 70) B VR RE L SX A7 AR BOR A BRBE L (R TR A

v BRAEE9712), B, WIS B, T, R, T A 0, SRR S T 109 R 0 B L AR | RO L TR T2 e



. 34 . AELR(LTBY)

2025 455 2 11

—A 8 B AN [F B8 ) o B AN [ SR
AR BT P R BRANRE S B2 AR A, B R R A R AR
o E AT BT YR R YA S AR 254
P 0 R A T R A LR 24 0 T s 5 R R R 4 41
TR E RO MR, s TR ALY,
PR R R R A, (E R T B R 24 0 A P A
THERE . i A bk )R A DR R R S TR
Ry AR 7/ Y (AP R R R R S R S R N ETE - A TN
52 00 5 28500 B9V o DR R A0 <6 s 1 O 2559
BB 2 i A A (R — T B T R
AT LAFH — Bl 25 300 oK 1 2E B SR IR A58 . IR IEIC A AL
AR B 3t figp B 17 oK 1 A AN [ I A7 285 A P ) L T
28 S 5 ADIFPE YOG 2R, ] Ik BEAR 41 0 ) S AR 45 4
K BEAT 25500 5 T it . AR SO TR B BE (07 A~ 1 2 T
MPHE T BRACH R ACE™ 245750 70 B A SE AR SRR

1 25 7 -7 M & @ Huid s AR T B R
it B

AT BLIE h FUKUT AR 7 1952 4R 4 1, Forpo
AR TER LT F IR Z A T, 43+ B PE i 32 202
3 AT LA R P, B A f e o5 A o LA
(Highest occupied molecular orbital, HOMO) Fl& Ak A
& % 43 F #L3E (Lowest unoccupied molecular orbital
LUMO) KHesE . FERTERPUEBIS T, O 7R3 518
EWANES, 25 8080 5B 200 2 .

1) XFFRPE I, B2 5 5 S 09 J5 0 X AR PR
UNLGE

2) Be T RUEN, BY 2 5 8 S Y IR OE Y g
BRI

FIERAKESEN, NS5 ESMN R FHUE
AT RE A B0 T SR I R FE 3R o Fe KA E S

X R DTG A D ) e — A% A 20 1 I, G S
7 : HOMO 5 LUMO A B AR AT, L f 25 3 B 0
PR E A, B R E A B AR
VERC ST b2 R S A AN 5 T, Be i AH T Al
KREZSWEESHI R, K, 72 E =405
Xof R 1 DE T 2 3 A T A T4, 745 X B 1 DR T 1Y
FAFTR AW L RE AR IR, 50 R
JEE R, ol B AR N B A 5, O Il A S B RS R

WP LTS, P BUE LU 1D )7 S
B DX BRI T O A A O 2 A A L
1) X Ea e, #& KR AT AP
DL TCID 75 i), 8 & K i B & . AR
X FRPE PR [R5 & 2K, ATA IR LCID) il R B

5 (D) (1) (1)
E1 pHEXNKRECETIEEGE:+.-REKEFS)
Fig. 1 p orbital symmetry matching diagram

(Note: + and - represent lobe symbols)

X ARPE DT L, PO B0 2 X AR P R DC e, 10T ) X
FRPEVCHC AR 2 . 76 BaE P — 8 A ) A9 B 1X 50 1
A, PG EE X FRPE DG L ZR A R B . M
AN T BE X R DC R, &R SR, R R B,
TE LR E I Al L X 14 JF B0 X AR 1 AS DL
ANRE R, U RSB, e TR AR AR .

BLTE G R DG T 7 T SR v A T, X R
ANVC e 25 65 0 T RE R 5, fff B AN RE IR #E 47, 4n .
G I AR R AR Ry IR, AR SE B b e/ Ak
FR SN AR MEFEAT , 33 2 PR S BT R R AN DG i 3 BT
PR RE A, 5 LR AR Ak 550 00 N8 d B0 4R IR 2 R
BB X RR Y, (8 52 07 7 3 4 FR 1 DG e £ 421 R
7, [l B AT 2 1oz 3 i

NI X FRPE DV C A B R, o Bl S e HliE 2
]| BB 5w BUE Z R R PE R BRI . R
B — s S, 257043 1 F HOMO #LE b 5 B 7 5 6 ie
T o LR R BLIE T, 55 Y4 R E T LUMO
25 B AR F S T8 ) #0020 BLIE , X 32 B B O 255
Oy F B G R SR (B0 S R ) — ik 2R AL 2 A,
Hp, p. A BUIE, Y p,. p. FUIE S & )8 & F1E R,
JUATRG RIS i = %, et p,., p. B S & )8 5 T p
BB d BUIE AT LB Sk Bl Sk 25 0, DA S B
XFRRMEVC L, B 25500 5y 7 5 0 4 2 1 4 s B 7 19 IE
] BV, — B R T o B . (HEXT T4 8 5
T HOMO #UiE F 7 XF 5 2550 4 7 LUMO % $lL i
YERIT 5, 4 )8 B F 19 HOMO %18 % BR Pk — i A 23
KA AEAY, 3K B A T S N 2 ] A T R
PERC 575, A RE S5 2500 4> FHLE R i K E S
PRI U R ATT AN 75 3 0 25 300 4 1 N ) 3R T 4 ) B T
4 T £ 2903 X R 2 D B 20

SRR E LRI 4 F T BE . W 2
/K, OH |, CaOH", HS MICN i HOMO %8 #8 A
PF LT, MAELUMO "1, OH FTHS R85 1) o Wi
B, CaOH ' MICN 28 o 5 dltHLaE (8 3 4 4% Fh
BRI . B4 LLCN X 8 2 F 7 58T Y



2025 455 2 14

Wi e 25 < 3 06 24 50 20 7 BT B E 07 Ak 2 i B © 35 .

OH- CaOH* ==

—

?D P — — T

R
T | i
I _LJL il

i

2 ERMEFE S FHER
Fig. 2 Molecular orbital diagrams of

common inhibitors

© 6 0 @ &

B3 omMEHIE(s);c HEHIE; 0 REHIE;
T RUBYIE ; n REHE
Fig. 3 ¢ bonding orbital (s); ¢ bonding orbital;
¢ antibonding orbital; * bonding orbital;

7 antibonding orbital

A G, 7 # R AR i HOMO L8 43908 o 1
A B, BT LLCN 9 LUMO = SO 3E 5 05 456
B HOMO $LE X FR ¥R VLB, 1 -5 #4280 19 HOMO
U X FREDCAC , I CN - REIN ) B K8 204 i 5
BYE . [RREHL, CaOH " AU L2, B LA 28

X PRI IERL

T ' U
B4 BERBFLUMOMESHHET MEKY RXE
HOMO #i8 X FR 1% L FE
Fig. 4 Symmetry matching of LUMO orbital of
cyanide ion and HOMO orbital of

galena and pyrite surfaces
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surface HOMO orbital of galena and pyrite
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Fig. 6 Electron-orbit interaction between Fe™ ion
and reagent molecule under the action of

octahedral strong field
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Fig. 7 Crystal structure of copper sulfide minerals
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Fig. 10 Effects of electrovalence (E) and covalence (V) on k,, of oleic acid and metal ions
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Fig. 12 Flotation recovery of metal oxides using

octyl xanthate as collector at pH=10. 5 o]
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Table 5 Isoelectric points of transition metal oxides

A CuO NiO ZnO Fe,0,
S HLR 8.5 7.8 6.8 7.5

K AR 7 BER AR 25 ) i e o i 2 55 DU A LAk
P 22 55, A0 1) A 285 ) RN A2 45 g Gn 51 13
JiR o NiO 7S BCAL S5 K6, HH L Y A 3 Sk 1E /T 4
Y5 ZnO R MECAIZ5H , IEDUTEAKRY) ; Fe,O, 7S BL AL
gk, IR Y s CuO S UELAL S5 4, 1 1E 5 B,
A5k A AR R N IAZE 4, 754 Cu—O 8K
Sy BRY () DU G P 254 5 55 Ak, AR BT S AR B K
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Fig. 13 Crystal structure and coordination of copper, nickel and zinc oxides
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Fig. 14 Crystal field orbital splitting and d electron arrangement of transition metal oxide
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Table 6 Atomic polarizabilities, electrostatic potentials and frontier molecular orbital energies of

O, N, P, S, As in some molecular structures

AT P JEFRALER /au I/ (minseV ) HOMO/eV LUMO/eV
CH,OH 5. 067 —1.479 —7.64 0. 69
C,H,OH 5.073 —1.485 —7.60 0.67
¢} C,H,OH 4.948 —1.055 —6.33 —0. 46
(C,Hy),0 5.012 —1.352 —7.04 1.00
(C,H,),0 5. 010 —1.363 —6.97 0.92
C,H,NH, 6.792 —1.554 —6.52 0.72
N (C,H,),NH 6.807 —1. 389 —6.14 0. 89
(C,H,),N 6.815 —1.190 —5.85 0. 99
C4H,NH, 6.633 —1.101 —5.72 —0.25
(C.H,0),P 23.175 —1.405 —6.53 —0. 30
p (C,H,),P 23.224 —1.189 —6.04 0.81
(C4Hy),P 23.764 —1.042 —5.22 —2.95
C,H,SH 18. 756 —0.933 —6.49 0.17
S C,H;SH 18. 706 —0.798 —6.82 —0.92
(CH,),S 18. 809 —0. 986 —6.03 0. 69
(C,Hy),S 18. 871 —1.010 —5.95 0.43
As (C,H,);As 26. 289 —0.984 —6.10 0.57
(CsHy),As 26. 302 —0. 662 —5.88 —1.47

WAL A8 75 P LS| A—O—3E SRR ALK

B B WA B, B BE K R R & RS R T
JE L B i AR (B (B B ), 1 O J 1 AR 28 A
—CH, 722y —C,H; I, i L 3% A —1. 479 min/eV
R %] —1. 485 min/eV, XF T A4~ DL L & 3 Bt 3%
B W 2 e, o E —(C,H,), 5 —(C.H.),
BUAR I, A7 2 & o8 —1.352 min/eV, 5 & A
—1. 363 min/eV, XU—(CH,), F1—(C,H.), B, #if
#H—0.986 min/eV, J§#& N —1.010 min/eV; &
LI LA B n 25 folt v A T S SRR AR, AN
R IEPC LN 1A~ —CH B 2] 2, 34~ B, 7 H 3
M —1. 554 min/eV 43 5] 7t & #] —1. 389 min/eV
—1.190 min/eV, {HS I % FL B 3 14~ —C,H;
B E 24 B, E O —0. 933 min/eV [ K )
—1.010 min/eV; FEHA IR T L5l AR, SdiFH
B TE, O N, P, S; 7EP B A—O—3k, 1]
o P A 2 A

HOMO %138 fi 5 B 5 BCF i fie 4 15 0 17 sk -
fe (BN, S A i 2%, 1O | —CH, f1—C,H;
PR BAR S A N —7.64 eV I —7.60 eV,
—(C,H,), F1—(C3H,), BURFEBUR S5 43 3R —7. 04 eV
M —6.97 eV, S E—(CH,), F1—(C,H;), B 3 B/t
J5 o3k —6.03 eV FI —5. 95 eV i 15 K5 BT
s HOMO #B gE & s 8 2 3%, N L&
FERACHE N —C,H B #] 2, 348, HOMO fig &
M —6.52 eVl T E#] —6. 14 eV Ml —5.85 eV,

O b B 5L 1A —CLH, 54 21 2 4~ —(C,Hy), i,
HOMO fE& M —7.60 eVIFE H —7. 04 eV; 1F 8
HITF LI AR, & HOMO fg & B &8 J+ &, a0
O.N.P.S; 7P E5| A—O—3&, n[ i HOMO fig &
B EREAR

LUMO #LiH B 2 B 25 B 56 Ak 56 15 K X O A S
A NS A N T E TP EEs A e ]
O b —CH, f1—C,H, B2 FLHUAR S5 43 518 0. 69 eV
0. 67 eV, —(C,Hy), fl—(C3H,), B B 5 4
41,00 eVAHIO0.92 eV, S |—(CH,), fl—(C,H.,),
WU LW G 43 514 0. 69 eV 0. 43 eV ; T HLH
FRILFCE I N LUMO $Li BE & Th i o B 3, N |
FRIEAREE 1A~—C,H B3 2. 340, LUMO fig i
MO. 72 eVAFHITFHEF]0. 89 eVFI0. 99 eV,O FIAL
M 1A—CLH B 2] 240, LUMOfiE& M 0. 67 eV
FrmE #1.00 eV, S B 3 N — A4S —C,H. 34 Jin 5]
24 i, LUMOGE & M 0.17 eV & £ 0. 43 eV;
AT LSRR, 2 LUMO R i B B REAT,
FE NIEAEAE Ry U, FEAE P 3 AR IR
LUMO fE &R 5K, M AP L5 A—O0—3%, &l
LUMO it FEA%; As EgI ARG, LUMO #LIE g
Al W A
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H}5.5 aw), VI S I FAMNZ B FIRE S ETR, Sk
Wb 4 R B IR A B, T O JEL A1 2 ok LR
¥, 58 4 B 1R B R DL A B2 3.
S WA LA Y, O JF B 34 AT S IR
TR S ), Ud B O 7 0 5 | 5 3500 1 2501
AE bR, 5 2 v R i VR iR . A il IR 1Y

HOMO #)Li# fig 1t W] 5 A T 6 Ak 0 4 W00, 5 G Fof 4l
W LUMO #Lis g O i 25 5

HE— 25 53 B AS TR 22 [R) 19 25 5 0T UK 3R, B
FEB ISR R Z-200 S JRF AR AL SR ok, AR
s 70 R R A R R RIOR 20 IR O 5L I A Ak
KA MR | R S B A R T O Bk, X b g IR
T 7-200 WA S Ak, b 5 EA A o Ca' gk
WV T o, T & A5 As FP BB AL 7 38 e ) 76 5 4
e V5 R, B 322 DL R B o F2 40, SR AR Y
TR FL & A S ITC RSO B

4 o2 Ja) £ A T B R )

HERE — T 48 B 7 1A [ B0 i) e A e A7
i, S AR FRERRE O, X B L Cu® 5 Z-200
PR ] S5 R LR 15,

M 15(a). (b) AT WL, Z-200 &4 Al A 4 & 1
(Cu®"), —BE 7 A M B T (Cu® =S ) K& 2k 5o i 1
L VERIBER R 2. 17 A, WHHBE 4> 51 —133. 13,
—147. 39 kJ/mol, M BELE SR LB B T S5 B AR /E
FJR , A2 T 8815 Z-200 23 T XU AT . 1
—ZE LA R RO IE , B LA B/ FH A A5H40 B 1AR
B, AL AR EF o 5 2450 s R A B A
J& » 2-200 53 T 54508 THIVE RIS, B A5 2. 48 A,
YEFRER A —23. 17 kJ/mol, W 15(c) iR, X2
PRI Ay s e 233 ()57 BEL R B2V, BELAR: T Z-200 435 40
BTMER . BB R B S = AR R
J&i , T 10 = MIE 45K, PERT Z-200 58 4 N R85 0 5
TAEH, I 15(d) fi, fmE s s3] 9. 37 AL

®7T BEAmUTMENT HFNRFRLE SEBIMLHERE

Table 7 Atomic polarizability, electrostatic potential and frontier orbital energy of

common sulfide and oxide reagents

AR T ELLel! JEFALEE /au L/ (mineeV ) HOMO/eV LUMO/eV
LB S i) 20. 137 —1. 229 —6.32 —1.62
V% g 20. 213 —1.225 —6. 30 —1.58
IER M2 20. 224 —1.241 —6.28 —1.56
IET A2y 20. 23 —1.250 —6.27 —1.54
IS 2 20. 234 —1.251 —6.26 —1.54
S T 20. 209 —1.239 —6.63 —0.16
i B2 19. 985 —1.141 —6.71 —0.79
BINwN (8] 20. 262 —1.251 —6.71 —1.14
3418A 20. 293 —1.123 —6.32 —0.77
LA 20. 087 —1.098 —5.80 —0. 99
Z-200 20. 712 —1.735 —5.60 —0.22
IR 5. 322 —1.479 —6. 68 —0.03
2 AR 5.734 —1.870 —7.40 —1.29
0 R 5. 566 —1.904 —7.55 —0.76
KN R 5.312 —1.612 —6.50 —1.48
7St AR R 5.312 —1.398 —8.10 0.03
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Fig. 15 Configurations of Z-200 molecule interacting with copper ions with different coordination numbers
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Fig. 16 Types of mineral surface spatial structure
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Fig. 17 Density functional theory calculation results of

interaction between Z-200 molecule and pyrite surface
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Fig. 18 Schematic diagram of the steric hindrance of the interaction of Z-200 molecules with pyrite surfaces

(a)

(b)

Fig. 19 Adsorption configuration of ethyl xanthate molecule on pyrite surface
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Fig. 20 Schematic diagram of surface structure formation of sphalerite ore body
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Fig. 23 Density functional calculation results of xanthate adsorption on

sphalerite surface with different carbon chain length
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Fig. 24 Density functional theory calculation results of copper-activated

sphalerite surface and its interaction with ethyl xanthate
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