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FB It 98% o 52 A A FH LAt A6 A5 400 DA s I (1 1 25 R
Bk oy rat. S B b B /K3 N 28K . LA
PEE R, W EAE R . BURIE G 38~76 um
LA T3 Y7k . FLAEA XRD b gs
1, XRF M4 0K 1. 40200, %ILEfH
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Fig. 1 XRD spectrum of malachite

F1 ALEAIITTRIITER
Table 1 Elemental analysis results of malachite (mass

fraction, %)

Cu Fe Al Si Pb Mn Co P CO;
55.85 0.02 0.05 0.14 0.02 0.02 0.02 0.18 43.7

1.2 BEyYNFEXE

FEREMF I 224 mL S50 E ) BOPHPDT %
W, RGN 2 g 1) 38~76 um IFLAEAKE, TERETIHE
P F#6 NaOH 58 HCL %W HE 2 pH (H 2 — 75 22
ME, $EHE3 min, FIIAFEST TR HRE(MIBO)#
WA, AR R 15 mg/L. Hi4E 1 min J5,
B RIMA BRI, RS/ E A 200 mL/min
IR ALAE A, WCERIFIE 3 min PRI S LR AR
PR A P, ST RBUT R G DR,
A,

s my WHAT ST, g5 my RSN T, g.

1.3 GEIEMENE

BIREM TR AL B IR A 5 IR Pk
FLAEATRE R AR I, [ 4k 5 0 FLAE A R
WU TIREE A 1804 63+ 15, 6.5 Fl 2.6um [RPACHE G,
SRIGHERIRIEE R 1 pum A1 0.05 pm ) ALO; &Il
I B B I (R FLAE A 7 R ALK Vs Uk 2 1K
ARSI A, AE JC2000C BB fih A (P [
g R HRAT BR A w) IR Al A, I 4 O
(RS SIEPSRE oy

1.4 Zeta BALNE

FRIN 0.05 g Kt <5 um LA FE, BT 100 mL
Berhrr, ARJE A 50 mL 1 X107 mol/L KCl sl &
5% 107" mol/L BOPHPDT [ 1X 107> mol/L KC1 ¥ -
WS e+E 5 min J5, I KOH 8¢ HCl #1909
pH {22 M{H, )5 H ZetaPlus zeta-potential
analyzer(Brookhaven Corporation, USA)Jl & £L4E 471
KLl Zeta HUAT o BEOCEIGE ST S UK, LS IKSEH T
BE R

1.5 XPSlE

XPS MK 5% E Thermo Fisher Scientific 2 7
4277 1f) ESCALAB 250Xi 7 X SR el FRenEL. X
S ALY K 4, D67 RERY 1486.71 eV, IL
25 s 3G B HIAE 1.33X1077~1.33 X 10°° Pa, H4f
F120 90 B SIS IC SRS FLY 1100~0 eV, L RE
Hh20eV, K 0.1 eVe JEILRM RN 045 eV,
#2402 eV K Thermo Avantage #2EX} XPS
WRINLRHATHIA, 1] 284.6 eV 1 C 1s &5 G REXT I
B TR E

# 5X10™* mol/L () BOPHPDT 5 1X 10~ mol/L
ff) Cu® 58, Cu'(Cu' IR ILIRIE S5 Cu® 75 ) B 1S5 4
BURE, #EEAUIE AR 198, H 50%(1AF 7540
) L BEAORT Milli Q EBAl/K 2 Ui vk, JBCE T-RER T
PRt BTG 3T XPS .

¥ 2.0 g KAl 38~76 um MIFLAES S 100 mL
1X107* mol/L ff) BOPHPDT iR 4. 725 ‘CIEIE KM
R 24 h, ARJEIEDE, 8 Milli Q B4k £ Ik
TEDE, NEER TR AT, RSl a
Ko R, RS U BT XPS Pl .
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2.1 BOPHPDT & 5RIE
2.1.1 BOPHPDT &%
BOPHPDT ¥4 1 L S W 6 28(2)
0
| NH,OH-HCl, Na,CO,
45°C,3h

Cl—CH,—C—CH,
1

S
NOH I

I CH,(CH,);0(CH,);—NH—C—SNa
Cl—CH,—C—CH,

2

25°C,2h
NOH

[ I
CH,(CH,);0(CH,);—NH—C—S—CH,—C—CH,
3

2

= DR JERM AN 30 mL Z %0, 30 ‘CAHI
BEFE N, 42 0.1 mol &NE(1). RJE1E LIk
SR IR 0.1 mol ERIRFAIEI 30 mL /K%
W, A REIA 0.05 mol BRI . BHEFE Y 2 h )5,
P CTEAEIL, ok 28 VM 5 43 SN i 5 2) o

FE 0.1 mol ] 4N HERARZ AL TR B R AT 30
mL CREM = FREH, AR NN 0.1
mol FNNING(2), FHOEHTAZVEM, £ A A =4
A, INSESE ROV 2 h, dhiE, BEWK 45 C Rk ZE TR
FFMRABAA = (3) . R P53 Milli Q F4lizK
HT 20% (AR5 50 SR EF R 2 TR T, 13 21K B
ORI A BOPHPDT, <5 Ik FH AL Il ¢ 1 L 4 i Ay
99%(BE IR 73 45) o
2.1.2 BOPHPDT (KA

K 2218 Nicolet 24 7] 427 1) 740 B 7 AR 4 41
HMCTASGIEAT 2L A G AS I, W 2 7 ¥4 KBr i i,
MG R 4000~500 cm™!, ¥ % K 4 em ',

BOPHPDT [£LAMi%: 3255 em™!, 53t O—
H M gadeshig; 3014 cm ', N—H [R5 3RS 04,
2929 cm™', I C—H H4iPeshig; 2866 cm ™', F
FS C—H {h484R3h0%; 1653 em™', f55&dh C=N
R PRSI ;s 1512 em ™', C—N ISR 3k
1456 cm™', N—C(=S)—ME & H4iIcsh&; 1369
cm ', —CH,—S—Ii4i e zhi; 1255 cm™', —C=N
—OH H4i¥Rshi%; 1103 em™', C—0—C KIH4EIRS)
s 928 em™!, C=S M4 IRBNIE .,

Pt A% ("H NMR) 2% (*C NMR) (AVANCE—

[II400MHz #Z% 4R IE 3%, Bruker A, Higt): i
%500 MHz, %7l DMSO ¢ CDCls-d.

'HNMR: 8.586X10°°, NH ¥ 1 NEA; 7.929 X
10°%, NOH _Eff) 1 N&; 3.994X10°°, —CH,—_Lff) 2
A 3.852X10°°, —CH,— L1 2 ANA; 3.604 X107,
—CH,— L% 2 NA;3.480X 107°,—CH; L% 3 NA:
2.003X10°°, —CH,CH,— Eff) 4 N&: 1.614X10°°,
—CH,— L 2 MA: 1.428X10°°, —CH,— LB\ 24
2 0.957X10°, —CH; B3 MNE.

BC NMR: 12.94X10°° (1C, CH3), 13.92X107° (1C,
CH,), 19.40X107°(1C, CHs), 27.49X10°°(1C, CH,),
31.73X10°° (1C, CH,), 39.60X10°° (1C, CH,), 46.56
X107°(1C, CH,), 69.84%X10°°(1C, CH,), 71.09X10°¢
(1C, CH,), 155.22X10°° (1C, C=N)#1 195.61 X10°°
(1C, C=S).

22 WUFIRKILER

BOPHPDT ¥4 3.75X 107" mol/L I}, 3 pH
B0 AL A A P A Rl e iy g L1 2. R,
BOPHPDT %k L8 A MAILES J pH {76 H A
5.5~8.0. {F pH {HA 7.2 Zifi, FLEAMIFERI R
e, BEAEW K pH (EMEE— P HK, LA IITRE
(SR T %
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Fig. 2 Flotation recovery of malachite as a function of pH
value at 3.75X 10~* mol/L BOPHPDT

¥ pH{H% 7.2 i, BOPHPDT il f b} fLAE £1 77
IR L 3. B 3 R, FLAEATRE R
WA hitis BOPHPDT #J4RH S 3G s X, 7Eik
A 1X 107 mol/L i, FLAEAT (RIS IL H1] 86.3%.

23 FLERFREIEEMN
LA 5 BOPHPDT 1EH I 5 (M EAfl /A LK 4.
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Fig. 3 Flotation recovery of malachite as a function of

BOPHPDT dosage at pH 7.2
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Fig. 4 Wettability of malachite surface before(a) and after(b)
BOPHPDT treatment for 2 h

HR 4% K7 #2(Yang Equation)

Y=y +yVcos A3)

A ™y pS L N REA - R RS W
i F 5K AR K A5 0 A .
ZIK 9 A LA A R TP RS TR 14 35 A 0 e KA

AG = }/ls _ylv _ 7/sv (4)

K RORA (@)1 AG =y (cosO +1)
WA IR o T KRR T WA,

W =-AG = y"(cos +1) (5)

BOPHPDT Wl f5, K3 AE FL A A1 i 12 fi £

O K, BEWIZKI i FL AR A T IR It PR i i D) AR
NILE(S)), WRRRETIALSS, FLAE A R B K I 1 5

Bl 4 3001, B (LA AR AL K, AR
B AR (KRG T 7 58 AR K
PIFLAE AR, IR e AR Tk ) . FLAE AT
BOPHPDT J&, HEALMAIA 86.5°, /NI 90°, b3k
SN N E RO S NS O (E S O T Y =19 U e
BOPHPDT W fH CL& & mi/KAfLAE AL, H&
TR E LA A AT

2.4 Zeta B

BOPHPDT I #if Ji5 FL A& A7 ik 1 8 iz 5 pH
2R ALE 5. B/ 5 &0, fJLEAE 1X107°
mol/L KC1 % 1 155 i s (IEP)/E pH 8.2, X5 3k
IEAE pH 8.3 — &, 4 5X 107 mol/L BOPHPDT 7%
7N, fLEA M S 2] pH 6.1, £ BOPHPDT
T HE I BT FLAE A 2R T A5 1E AT (RS PR o 248 pH
T LA S5 5 pH 8.2 ), BOPHPDT {ifif £ L
PIFLAE AR Bl Fo A 13— P FRAIK,  HElT BOPHPDT
A g LA 27 2R BT LA A 3R T A s PR, JF
H BOPHPDT it & - ¥)%h &5 FL 4 A0 2 1 Sy A i 4
JE DL iR 3L 55 LA 0 SR i ) i R R . O ik,
BOPHPDT nJ fig A s 2 4 W B LA 3R 1

30

—s=— Malachite
20 —e— Malachite+BOPHPDT

Zeta potential

pH
5 BOPHPDT HUREAA/E TH K pH XA ALEf1 Zeta HLAL
52
Fig. 5 Zeta potential of malachite as a function of pH in

presence and absence of BOPHPDT

25 XPS#LR

BOPHPDT 5 Cu*'{f F 74 Cu-BOPHPDT L it LA
Ko FLAE A7 TV [ BOPHPDT Hij Ji (1) XPS 41 WK 6.
Kl 6 %1, Cu-BOPHPDT JiiE FA7/E LI Cus N
S. O. CJC%, #H BOPHPDT Y5 Cu® R A4k N
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ERCT F L. BOPHPDT AbFRJS, FLASA 21 L
N F1'S JLZ ) XPS &, 8] BOPHPDT 1k~ B +FL
A

1000 800 600 400 200 0
Binding energy/eV
6 XPS 4l
Fig. 6 Survey XPS spectra: (a) Cu-BOPHPDT precipitate; (b)
Malachite; (c) Malachite after BOPHPDT treatment

Cu-BOPHPDT Lt L S BOPHPDT Wi Fff iy Ji FL4E
A1 Cus Sy N G XPS K41 LK 7~9, st
1) XPS WESHAL S i L WA 2. 18] 7 Fk 2 K1,
Cu-BOPHPDT YL ] Cu 2p3/2 XPS i ¢
93227 eV &b, HET Cu(D®, 1] Cu-BOPHPDT

JriEs AL+ MY BOPHPDT 454 . fLEA T
Cu 2p3/2 XPS it L BIAE 934.57 eV AL, I J& - Cu(ID)>,
XL EA P2 B/ 2. BOPHPDT 4t
UG, JLAE AR I T A IH 1) Cu 2p2/3 XPS U,
7 932.11 eV F1 934.13 eV &b, ZllHJE T Cu()F
Cudl), H & EH NN 4595%F 54.45%, Ui W]
BOPHPDT fEHI &, LA L M+2 48 4 3k Ji o
+1 Y.

K 8 F1% 2 %W, Cu-BOPHPDT J{iEH N 1s XPS
FEANTE F 2 2 AN ARG 7 HELE 399.38 eV

Cu( I )-BOPHPDT

Cu( I )-BOPHPDT

1 1 1 1
929 931 933 935 937
Binding energy/eV

7 Cu2p3/2 XPS X540

Fig. 7 High-resolution Cu 2p3/2 XPS spectra: (a)
Cu-BOPHPDT precipitate; (b) Malachite; (c) Malachite after
BOPHPDT treatment

%2 Cu-BOPHPDT JiLii x BOPHPDT fiH i Ji fLAE AT H Sy I e g P 0o A
Table 2 XPS peak parameters and chemical states of elements for Cu-BOPHPDT precipitate and malachite before and after

BOPHPDT treatment
Species Element Binding energy/eV  FWHM?YeV  Atomic ratio/% Assignment
Cu 2p2/3 932.27 1.32 100 Cu(l)
399.38 1.78 49.49 Cu—N
N 1s
Cu-BOPHPDT precipitation 400.53 1.22 50.51 Cu—N—0O——Cu
. 162.06/163.24 1.28/1.28 33.66/16.84 Cc—S
P 163.06/164.24 1.82/1.82 33.00/16.50 Cu—S
Malachite Cu 2p2/3 934.57 2.64 100 Cu(1I)
932.11 1.59 45.95 Cu(l)
Cu 2p2/3
934.13 2.59 54.05 Cu(Il)
398.84 1.75 49.75 N=C—S
Malachite treated by BOPHPDT N s
399.88 1.50 50.25 C=N—0——Cu
161.71/162.99 1.45/1.45 34.13/17.06 Cu—S
S 2p
162.28/163.42 1.76/1.76 32.42/16.38 Cc—S
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Fig. 8 High-resolution N 1s XPS spectra: (a) Cu-BOPHPDT
precipitate; (b) Malachite after BOPHPDT treatment

159 161 163 165 167
Binding energy/eV

9 S 2p XPS KE4Hifk
Fig. 9 High-resolution S 2p XPS spectra: (a) Cu-BOPHPDT
precipitate; (b) Malachite after BOPHPDT treatment

H1400.53 eV &b, & HE0 49.49%F1 50.51%, Al HE
HJE T NH—C=S ¥ fig 4l L i 7 I N 1540 2 11
IR Cu—N BEPRIG I C=N—OH H g+
N 54 87 IR Cu—Noyime #%*1. 24 BOPHPDT 4t
HE, fLEARMIMEILT N 1s XPS 1§, 1F 398.84 eV
H1399.88 eV &b, & &3k 49.75%AH1 50.25%, W] HE
HJE T N=C—S ) N ¥ c=N—0Cu "
NG,

S 2p XPS WS JE LA S 2psp FI1'S 2py o XUHIE H IR,
Hrps 2pspn Mgi&aett S 2p1/21EE 1.18 eV, {HIREEZ S
2pis I 2 455, & 9 gk 2 %, Cu-BOPHPDT Ui+
S 2ps, XPS i H 2 MR, 43 AIAE 162.06 eV Al

163.06 eV &b, T EES MV JE T C—S—C BEA Cu—S
S b B s TR, ST R BEE 1:1. 22 BOPHPDT
WEE, fLEARMWHILT S 2p XPS W, 4plfE
161.71 eVPRT 162.28 eV 4k, FTREVTJE T Cu—S HAN
C—S—C BT

2.6 ERIKHNIE

TR e AR 1 45 L W], BOPHPDT 4bFEf5,
FLAEA I SR K MR AR i K 1, S A8 A0 DKL
ML R % . Zeta HIAZZ5 U], BOPHPDT nJfgLL
B 55 8 X5 0 5 R E R A 22 B T LA A R
ffi. 1X10* mol/L BOPHPDT & (pH 5.15)F1AH [A] ik
A BTV (pH 5.63) 5 BUR G 5, Wil pH H
A7 411, HE W] BOPHPDT 7 55 4 B 111 | N
A H B FRINEN W, HEW H Cu-BOPHPDT Yl
o BOPHPDT LA & 7R L5 JR 1455 . XPS 4%
5 7~ BOPHPDT 1 B4 25K BT AL A A1 2R 0

Cu 2p3/2 XPS £, 4%+ 5 BOPHPDT Jx )/
i, HAA A2 B Cu( 1 )-BOPHPDT {ii¢ - BOPHPDT
WEBR IS, FLAS A R T (T BE 5 i 1) S 2p
XPS i1, BOPHPDT 4+ [ 3n 56 J5l 1 55 4
B LA A R T AR 5T 1 4 i Cu—S P2, N
1s XPS 451, Cu( I)-BOPHPDT (i, —NH—C
(=S)S 1 C=NOH H el )N Ji F#S T 5e 5 Cu( 1)
gEaRT8 R Ry Cu—N B (HAEWRKE T BOPHPDT
(R FLAE AT R T K 2 Cu—N 8, i1 BOPHPDT
B R A R T RS LER A AN [+

BOPHPDT 51 Wil FEd, H NH—C=S
AP AT B EHE N=C—SH, %% 545 74
Cu—S ##, [FIRREBH B, X 5% pH (A~
BEAH—30. Bt b P10 i 7 ook 4 B, HR(TD)
WAL JF AT ), DR, Ot B
AW d OB, A ARG R R T, BT
Nt N=C—S FREHIH il 7 B A i1, B,
R T foler, DR 2 i DriReS B iR
TR Cu—N B o X 5z B A 4+ NH—C=S
BRI ST )ERK Cu—S Al Cu—N #5177, &
JEIRIN, C=NOH ¥ fig B 54 )i 7 O—Cu
U720 PR HY. C—=NOH ‘& fig [ th fig 54
Ji 742 B Cu—N(—C)—O—Cu £, iX 5 N 1s XPS
KGN AT AH—3 . Mk, BOPHPDT H4d( I )RR
GEE A 7 NH—C=S B REHIER Cu—N A
Cu—S %, 1 Hitimd 53 C=N—O0H EREHIEMK
Cu—N Ml Cu—O 8, ffi#3 N. S Ji 7+ iy 7 2 g ik,
BEORENE .
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fL#E4 5 BOPHPDT fE 5, H A ) — A4 Ji
TR A — A AR FLAE A SR 1 S
WA, HOH5AEA AT OH # CO5
BCA , N Re e eI B 2= i g8 42 Bt &5 BOPHPDT 454,
[ I BOPHPDT 1 GeAEfL A A i e bt fLesm 57t
T it 2 A i 1) RS B A P g s =23 ) 67 BEL o DT
BOPHPDT 5L A7 2 [ 4 Ji (1) s B A FH ozt B 3
5w i Js ) AR ey, HnT e R R
NH—C=S fil C=NOH & fig {1 i F 4 i 7 55 4
JEF B, A7 AR F IR AT A T RE A N,
S JRFHLFE L, BARC, X5 N 1s i1 S 2p XPS
R A o3 A A — 2

1) A BT — Pl 2 ) 2% 3 PR 7 —N- T4 5E N
HFE-S-[2-(JFkE) A AR AL T IREE, £ 40461,
WG IEHR T BB o AT, UE S-S ) r= ok H bR
Y/

2) Bl Zeta AL LS5 K W], BOPHPDT
nl e 5L A R A IE R TR R, SEHLER
KK PESG 5 . PR 0% S5 K W], BOPHPDT
RIS LAE A L pH EYEH b 5.5~8.0, Bidg
BOPHPDT #J4A FEII3E N, FLAE A1 73k (R 448 K

3) XPS Fr#ridt— 8, BOPHPDT it 47
o T RRAR I R 3k NH—C(—=S)—S Flf5% C—=N—
OH 54l T Cu—S. Cu—N Fl Cu—O . M
FLEA K, BOPHPDT il I4rFH NH—C(=S)
—S Ml C=N—OH 5 LA K 1 J5 1 3= 2Bk
Cu—S F1 Cu—O %,
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Hydrophobic mechanism of N-butoxypropyl-S-[2-(hydroxyimino)
propyl] dithiocarbamate ester to malachite flotation

XIAO lJing-jing, LIU Guang-yi, ZHONG Hong

(School of Chemistry and Chemical Engineering, Central South University, Changsha 410083, China)

Abstract: A novel surfactant—N-butoxypropyl-S-[2-(hydroxyimino) propyl] dithiocarbamate ester (BOPHPDT) was
synthesized and characterized by FTIR, '"H NMR and *C NMR. Its hydrophobic mechanism to malachite flotation was
investigated by micro-flotation, contact angle, zeta potential, and XPS. The results show that BOPHPDT exhibits
excellent flotation performance to malachite at pH 5.5-8.0 and might anchor on the positively charged copper sites of
malachite surfaces, rendering a decreased zeta potential, an increased contact angle and an enhanced hydrophobicity of
malachite. XPS further elucidates that BOPHPDT chemisorbs on malachite surface by reaction of its NH—C(=S)—S
and C=N—OH groups with the surface copper atoms to form Cu—S and Cu—O0 bonds.

Key words: N-butoxypropyl-S-[2-(hydroxyimino) propyl] dithiocarbamate ester; malachite; flotation; hydrophobic

mechanism

Foundation item: Project(51474253) supported by the National Natural Science Foundation of China; Project
(2014CB643403) supported by the Major State Basic Research Development Program of China;
Project(2013AA064101) supported by the National High Research Development Program of China

Received date: 2016-11-09; Accepted date: 2017-04-12

Corresponding author: LIU Guang-yi; Tel: +86-731-88879616; E-mail: guangyi.liu@163.com

(RE E B



