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Fig. 1 XRD pattern of malachite
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Fig. 2 Flowsheets of flotation experiments of pure mineral (a)

and actual ores (b)
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Fig. 3 Effect of pH value on flotation of malachite
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Fig. 4 Effect of collector dosage on flotation of malachite
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MIBC 158 FIFIEFLEA a1y, R0 51 S a5 1
mE 1P, WK1 a5, At ek MIBC,
200 mg/L 1) IBX VFIEFLEA TFIE RIICRAR T
31%, 1M1 200 mg/L () EHHA B 07k L4, IFik
IR mE 95.33%. LA &L B FisEmiik 5 H
IBX VFi%, LL MIBC it ifd ], V7IE MRS pH
ML 5. HE S a4, /e MIBC 1I1E
MR, IBX Wik fa L BHA R A ioee
JUILAE pHAH 7~9 IS5 IEFR S, BEIRTT 90% (1) |1
W, MHET IBX, EHHA 7599 PR b ] Az
A A PR S AT, o A PR A

2.2 FT-IR XiE o

i EHHA 1 Cu®'-EHHA it &1 FT-IR
WP 6 Fivw . B 6 W, 5 Cu® L &) )i » EHHA
P77 3214 em™ A4k 1) O—H BRI N—H B 45 312 3 i
U JL P AR 2k, C=0 B 4adesh e N 1642
em 73] 1648 cm™', 1530 cm ' Abi) N—H 475 i
PRSI WBOIEHEAR B 1551 em ™ Ab I C=C—C==N L4
SRR A IR E . FT-IR il (AR (b & 1A -
2 EHHA 5% Cu®' Wiy, —C(=0)NHOH
B RE A EHE—C(—OH)=N—OH, J&5#& B 1A
HY, LA O [R5 Cu*' I B &30,

FLAEA 20 ) 73 9 S 4R EHHA AT OHA /EH]
AU G 0 FT-IR Y6t B Wl 7 fros. il 7 v, S
YRl EHHA YEHG, fEfLAEaT WRimmgEs) T
—CH; FlI—CH,—"H8f C—H #A7 T 2960 cm™'.
2931 cm ' F12870 cm ' AT (RS Mg, 1T O—H
BHRN N—H BRSOV () 55 5 S 50k 9 . #F 1651 em!

F 1 il EHHA F1 IBX % L7 A iRk 45 531

Table 1 Results of flotation tests of EHHA and IBX to malachite

1576 em™ AoAT VLT BRAS B E, EATE A
T C=0fl C=C—C=N H:Hu 4 i = & 4 42
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TR W B B 1 C—O0 B Fl C—C—C—=N JL 4 4%
WA g, {H7E 2954 cm™'y 2925 cm™!
F12853 em ' A AT L T VAN C—H BRI 4 3 sl
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T OHA V735 FLAE A IR B ML EE A7 7 25 5o
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Fig. 5 Effect of different collectors on flotation of malachite
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6 EHHA #1 Cu™-EHHA &I L0461
Fig. 6 IR spectra of EHHA and Cu**-EHHA complex

Collector Collector dosage/(mg-L™") pH value pusc/(mgL™h PNays/ (mgL™) Recovery rate/%
IBX 200 7 0 0 12.74
IBX 200 7 0 80 23.58
IBX 200 7 80 0 30.37
EHHA 200 6 0 0 95.33
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Fig. 7 IR spectra of malachite before and after action with

EHHA and OHA
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Fig. 8 Relationship between Zeta potential of malachite

before and after addition of hydroxamic acid and pH values

2.3 Zeta BAISHT

W41 Zeta WA 1) 2240 W] LA TR]BE S el 1) 3 T
PER AR R BR A ORI i 5 FLAS A 3R
Zeta WIALRH I pH (B AR AL UGN & 8 . IR 8
ATLUEH, sl fm, fLEARITN Zeta
HILAT m) S HLAS 7 [ S B R Bl FLAE A AEVE K P ) & H

H(EP)y 7.8, 5 EHHA. IOHA 1 OHA fEH )G, %
HL 2 I BRAG 3 7.2 7.5 1 6.8, 26 R 15 19 v g e 1)
BH &7 1T R BT AL M0 R T . I Zeta HIAT 671
BRI, 3 PR R SR AR S AL A A R AH B
1EFB5% 554K OHA. EHHA. IOHA.

24 DFTiTELER

W DFT THA S5 R, 3 B Cy el bi it
JF3 T2 A WAL R 0T BR R 1) L e 0 E R BN IRl
EHHA. OHA. TOHA™, miffilics] EHHA 1 IBX #f
L, Wi fE g9 mRIE 4 AT N REXTFLAE A AT A AN H
BeiF ik, IBX ANAEZR N MIBC 2SR5 I 6 ik
Ja LA HA R ISR . O TR
TGE R BE 0 B2, SHAIGR EHHA A1 IBX (1)
T RREAT Tk, il 9 Fiow, %> DFT 545
R 2,

Kl 9 X0, 4l EHHA F1 IBX 1 Mulliken 1t
HAL £ 32 43 A1 /E—C(=0)NHOH J: [4] 1 (K] N F1 4 O

(0.28f) o g

9 EHHA HIBX {970 AL S Mulliken HLfif 53 A
Fig. 9 Optimized geometries and Mulliken charges of EHHA

(a) and IBX (b) (Unit: eV)

%2 EHHA #11IBX [y HOMO. LUMO ft%¢. {HA%#EAT Mulliken Hifif
Table 2 Calculated HOMO, LUMO energies, dipole moments and Mulliken group charges of EHHA and IBX

Orbital energy/(kJ-mol ")

Mulliken group charge of —C(O)NHOH(EHHA) and

Collector Dipole moment/D
HOMO LUMO —OC(=S)SH(IBX)/eV
EHHA —674.754 —78.765 6.330 —0.223
IBX —640.622 —178.534 5.835 —0.156

Note: All data refer to data in aqueous solution.
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JiF K—OC(=S)SH F:H X S f1 O Ji¥ I,
DRI T % 26 2% St AR e A el o S 2Rk 2 R
U T ve 7N = L' BTvEZ N PR A RN S e <25 L NA R
SERTERGE o DAL, HET RIS Rl WO R B
—C(=O0)NHOH AN O R ¥ 548 & i
P ICEAA RN,

2.5 SEBRECIFIEIRIE

SR FH — UCHE A — R4 3 1) R AT B Ak — 4k
TRA I SEBR A VR, SRS IGR IBX T
X LR, 2550 SR UL 2(0) BT, RIS IR
Wk 3 fin.

3 MR 45 R W], EHHA 1E 4 —Fhogr B 2
R, EEIR R AL~ AR A T I S T
WP IR Tabs, TES9IRIE(pH L 6 iAW KA K
22— UCHBE RN — RAEAENL 5 » Cu SRR 43531
15 2.12%H1 85%, SALG M IBX &ttt G
FIGTEPAHLL, Cu MIMCRIE R T 1.87%, {H Cu dhfr
FB&ET 0.37%, i8] EHHA {FiEmiib—E AL 8w i,
SLHCRE 50T IBX (1), 335 11 1 (1 A 7 3 R
g —3.

3 HifSitE

3.1 DFTItEERSH

B U H0 v] R A OGN 50 W1 1R AL
N AE T HSGR 4y 7 R R s A T
(HOMO) R f bk i, 2 WSO 23 B i) 424k
T4 48 & T SRS HUE(LUMO) JE e A B, 4l
W37 (1 LUMO R i B, Ui BIBGR 2 182 )
B2 e B ST d PUE P RO R R
2 1] %1, EHHA f] HOMO fg il /N1~ IBX (1, 1fi EHHA
) LUMO Rt 1 IBX ¥, &KW EHHA $#24tii 145

=3 GH EHHA F1 IBX %7 PHRE R 35 30 45 51

Table 3 Flotation results of EHHA and IBX to minerals of Tangdan

S BB TIHAE A S IBX MM, (HHIE 5 n
AL S AN IBX (K. EHHA BB KT IBX 11,
Ui ] EHHA X IBX 5175 5 i i Y 4 4 W B e FL A
W2, EHHA A1 IBX U4 14 kb ey g
[4] C(O)NHOH #1—OC(=S)SH -] Mulliken HL7 %3
5 h—0.223 eV F1-0.156 eV, %] EHHA Lt IBX ¥ %
Syl i (0 77 AL R T . A SRR
TRIER, SR FELEAVER, EHHA BIHilae T
IBX .

32 BRULESR

F2l51 EHHA. TIOHA F1 OHA [f] pK (K, A ¥
P PR At 1 RO AR B BRI, 73l 9.48.1 9.70 A
.44 Hy figt 8 STt R mT B A A A3 R IR B R HO
A X B (1ge—pH B, b e Lo 1Tk
F%), EHHA [N 735045 pH IR R WK 10 Pros.
HPE 10 w4, 7 2-43-2-4 CLE RIS IR K Ao
Y pH<pK,, HI pH<9.48 i, EHHA 5147 51
1 pH=pK,, Rl pH=9.48 I}, 43T 414 EHHA FIi& 1
41y EHHA #124; 4 pH>pK,, W] pH>9.48 I, &7
7y EHHA 51,

LA E TR AR, Cu AR O wH, i
PEECh AU, LERERERNT B (R AR R, A R
Cu—O Wi, FEALE AN YRIEN Cu® b T e
ANURURES o AR KIS, AR Cu®' 5 OH
8 H,0 RN, TEBURFA G, A B SN X
(WM)Fr7R, fLEAT PRI BUSZy K pH (E

WA 11 Frs .

CuCO;(OH),==Cu*'+CO,* +20H" (D

nCu®*+mOH ==Cu,(OH),,”" ™" )
B pH A <7.8 I, FLAE A1 AT IE HLmr (AL

8), LI FLAE AT MMM A B F EH i Cu™'s

Cuy(OH),™ . CuOH Z5( WL 11), XLERH B 176 454

Collector Product Yield/% Recovery rate of Cu/% Grade of Cu /%
EHHA(100 g/t)+Terpinol(20 g/t) Rough concentrate 22.89 2.49 83.13
Tailing 77.11 0.15 16.87
Feed 100.00 0.685 100.00
IBX(100 g/t)+Na,S(500 g/t)+
Rough concentrate 28.62 2.12 85.00
Terpinol(20 g/t)
Tailing 71.38 0.15 15.00
Feed 100.00 0.714 100.00
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Fig. 10 Relationship between concentration distribution of

dissociative species of EHHA and pH (c=1.5>10"> mol/L)
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Fig. 11 State of ions on malachite surfaces in aqueous
solution
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YO R TR IE IR R, 3 2 B f AN ] (W B AL B
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FRNEg, AR RN, REFS A BT )R AL B IR K
A7, A% pH {HAN 7~9 B, FLAEAKI
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BH 57 R AR RN, 8 TR ML R S ALEEN T,
Ah, LEI pH (VSR A, OHA fR53 14020 MBS 1414y
HOm A, BORAED P8 TR ek
W, LiesE M EHHA /& OHA JFikfLE4, [
WA HARAG, XA 22 P 1) OH S5 4RI i B
T IE R AR T ()5 T 57 B 2 R 1)
W PRk B . HEMIFLAE 47 55 EHHA F1 OHA 1EH 1)
WS BRI 23 53 8] 13(a) I (b)(LL Y CuOH™ i 3 k)
FiR s

XFELIE 6 F 7 () FT-IR Sl vl LRI, LA
5 EHHA 1ER G 406 LT Cu*-EHHA i
E W C=0 B C=C—C==N F: Bt {45 1L 45 B
BRI, FHH EHHA V76 FLAE A it 55 s b i)
Cu™ A A Wi A FAMLEE S B . i fLAE A

(a) ?
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e,
o
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G,
Ch,

© (”)
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12 EHHA. IOHA Fl OHA [)4;F 45
Fig. 12 Molecular structures of EHHA (a), IOHA (b) and
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Flotation behavior and adsorption mechanism of
Cs-chain alkyl hydroxamic acid to malachite

XU Hai-feng'"*, CHEN Wen', ZHONG Hong”, HUANG Wei-ping’, DAI Kuan'

(1. Changsha Research Institute of Ming and Metallurgy Co., Ltd., Changsha 410012, China;
2. School of Chemistry and Chemical Engineering, Central South University, Changsha 410083, China;
3. School of Chemistry, Nankai University, Tianjin 300071, China)

Abstract: The direct flotation behavior and adsorption mechanism of 2-ethyl-2-hexenoic hydroxamic acid (EHHA) to
malachite were investigated by micro-flotation tests of pure minerals, bench-scale flotation tests of sulfide-oxide mixed
actual copper ore, FT-IR spectra, Zeta potential measurements, solution chemistry analyses of collectors and minerals,
and density functional theory (DFT) calculations. The direct micro-flotation results of pure minerals indicate that EHHA
exhibits superior flotation performance to malachite, and floates out 95.33% malachite at pH=6 with dosage of 200 mg/L.
The results of flotation tests of sulfide-oxide actual copper ore show that, the Cu recovery rate obtained by EHHA’s direct
flotation under the condition of weak acid pulp is 1.87% higher than that obtained by isobutyl xanthate’s (IBX) sulfide
flotation. The analyses of FT-IR spectra and Zeta potential demonstrate that EHHA might chemisorb onto malachite
surfaces by form of five-membered chelates. The solution chemistry analyses of collectors and minerals indicate that
EHHA and OHA might be adsorbed onto malachite surfaces by form of chelates with Cu** and Cu®" hydroxyl complex
compounds, respectively, and the related FT-IR analysis results further confirm this conclusion. DFT calculation results
imply EHHA owns stronger affinity to malachite due to owning a larger dipole moment and higher Mulliken charge
comparing to IBX.

Key words: 2-cthyl-2-hexenoic hydroxamic acid; malachite; flotation; adsorption

Foundation item: Project (2013AA064102) supported by the National High Technology Research and Development
Program of China; Project (2016M591382) supported by the China Postdoctoral Science Foundation
Received date: 2016-11-02; Accepted date: 2017-05-02
Corresponding author: CHEN Wen; Tel: +86-731-88657168; E-mail: chen wen@vip.sina.com
(4REE L)



