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1.1 RFIE5NEE

N-5 TSR SE O IRAR A AR 6 A2 A2 &2 0%, 3L
SRR A R A =], Al iz ali L F.
TORYR I SSPEEE, W A INEE K Boreal BHEAT], b
FRE P IERES o 5 BT 2. SHA-C UK
VTR R 5 5% (i MR CAR H BR A /A, ),
UV-1750 BRI WL vt (Bide A wl A, H
%), pHS-3C 2 pH vI( RifEAS B RS PR A 7 BR
WA 2% 77, FIH), Nicolet FTIR-740 ZU1# HLiH-45
e 2L AR FE A (B ) AR A, 3£ E); AVANCE
II500M B R R SLHRPBAEA (A B vi 2wl A2 77, T 1)
S KA — IR 25K

12 ¥HES

BT 20 T T AT PRI , I 38~76
um #43 F FIFIE RS, <38 um #43 FH T RS (LE
RN h 0783 mYgBET ¥5)). mMH B 1)
XRF(X-ray fluorescence) 7145 JL W3R 1. S5 w48
FEPVRGR A, BHYERS 1 min, #E 1 min 5
g B EEW, FRUEE 3 I HhE, AT

&1 MY XRF 445 R
Table 1 Element content of chalcopyrite by XRF (mass

fraction, %)

Cu Fe S Zn Al Si Pb Bi Ca O

31.58 28.52 32.72 0.63 0.16 1.14 0.21 0.14 0.55 4.12

1.3 iBCTU &iftr %

HERAFREE 0.176 g iBCTU, ¥ARLE 1000 mL 7&1%
K195 0.001 mol/L iBCTU ¥, ikl ANRE
(R, AR RIS K 256 nm Ak, JIR AN 661
T HIROERE(4), ARG LAOGRE g PARKR, A
MEAAKR , 45 ZePE a0 J7 B . 4=0.00653+15866.X ,
R*=0.9999.

1.4 R IE

B 50 mL —EWIUHIREE N iBCTU % T~ 100
mL HEFEI, TN 0.5 ¢ ST, ARYE T ZH TR
pH SRS, B T EE /KB IRZ 4s H, #33 4 200 r/min,
AN E (298 K, 303 K, 308 K) gy —Biitin], i
I, BOE R e RO

AR i 15 A i M) T3 AT 2B 20 WA B

0o
v(cy —¢;)
o, 2# (D
A ¢ N iIBCTU #WHWAILIRE, mol/L; ¢, MATE
I % iBCTU ¥R IE, mol/L; V WHEHAR, Ly m
BRI, gs O AR Z AT R W Bt
&=, mol/m’; S NHHIN (LR AL, mY/g.

1.5 BH¥FELE

BRI CACFRSF () 2.2 g Thedtep, If 1 3L
PN CEE KR E R 220 mL iBCTU W, #HtdE 1
min. ] HCI 8¢ KOH #{75"% pH fi, Fdi+E 3 min
Je s IIN T mL R 3.3 g/L 1 FE L5 T 28 i (MIBC)
ARV IR 4 15 mg/L, RStk 1 min J5,
B 30 s K EIEBUMA IR T, WA Ny, e
200 mL/min, JIAB", %% 3 min, WCAEHLIR S FoRTR4
Wi, S, B REREG T E R 77
TEISCE & 440(Q2) T 5.

m

£= x100% ©)

ey QAT TR my RSN B

1.6 XPS

K ESCALAB 250Xi 8 X 528 B 1 A i SUn)
iBCTU 45 Cu™ B 119 T LA K B =R T Wi bt
iBCTU i JaEATAM, X 2l Al K, R A
P, TR 200 W, JWAREN 20eV, KN 0.1eV, 40T
HHAJEN 1.33X10° Pa, (XA HERN 0.45 eV,
HIRZEN 0.2 eV, EilAEN 20 eV N43E] S 2p. Cu 2p.
N 1s.01s J¢ Cls [F) 40 Hr2e 0t Wi 1 fig il o i Thermo
Avantage AP & 0 HER G 7 RERE I T IR LS
FENEAIRSHL, LIAF BN TC R A G RELL 284.6 eV
(1) C 1s EATHRUE  FE4T BE LG IS I s it FEE 75 vl
Ve 3 WK, RILAEIRIE N 0.001 mol/L ] iBCTU ¥
24 h, RJEEUH, ZWUKIER, FARTRMIGE T
PR AT T, FHT XPS A&, K5 0.001 mol/L
f£) iBCTU ¥ 500 mL 5 0.001 mol/L I & T
1000 mL ¥E 4, 733 iBCTU-Cu JiiE, Z&IM/KUER 5
K, ETEASTERETE, HT XPS kil

2 FR5WE

2.1 iBCTU BYEM5RIE
& 117, % 0.21 mol NaSCN #10.012 mol N,N-
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TR Z(DMA)Y IR 40mL K= 0T, ARG
FHR SR RUGBAHIE 0~15 °C, I 0.2 mol 54 IR
STHE, WNsEE, BRNVIBSYE 0~15 CHIEN
RV 4 h, 5T AR e R R T AR . SRS
10 °C LA R AN 0.21 mol MKW, W IN5E /5 V. 1
h, BE9E, SRR g T E 45 5, 193] iBCTU
AR A, 775 93%, KFEA 147~148 C.
(0]

Il
Cl—C—0—Cl 12—Cl||—cnj + NaSCN 2MA

CH,
0
[

S=C=N— c7—0—(71-12—c+|1— CH, + NaCl
CH,

Il
§=C=N—C—0—CH,— CH— CH; + NH;—

CH,

3

S (0]
I I

NH,— C—NH—C—0— CH,— CH— CH;

|
CH,
B 1 iBCTU I¥5 s £k
Fig. 1 Synthetic route of iBCTU

2.2 iBCTU X &R BIFiE &8

7 iBCTU W E A 5X10°° mol/L, B3 pH {Ex ¥
R PR SR R S W & 2 B .t 2 nAn, A
pH 3~11 [YEFE A, iBCTU X &4 n™ HAT R fig
77, SEH R RCR BT 90%, M iBCTU REFE %
pH YU F A PR [

FEW 3% pH AH A 8 ZiAy, iBCTU WA 3 % 34
WPk Rl R s WK 3. 18 3 KB, R iBCTU
WREERSE N, SR e AR B . R LSS i 3
3X107° mol/L i, FHIH VLRI E] 95.1%, 2
J b 2R BRI N, DR K g .

23 RFHRIZER

7 iBCTU WG E A 1.5X 107" mol/L, AN[FJi &
(298K, 303K, 308K) I, Tl xf iBCTU )W fff =
BEIT TR AL R O R N2 LR 4. 6] 4 rhgi 3R],
PN BEN WS B St Bt o IF ) () 36 I K, ek
B4R 0~20 h P, SEATE X iBCTU [ %K,
W B FE A . B 20 h 2 5, BEAE IR
W B S AR S%, {E 26 h FEATE R TH,  [R)— W Bt e
R, W, TR RO, Ul ik AR A IR G
Bty T it SRR AT e e FH o

100

80

Recovery/%

2 4 6 8 10 12
pH

B2 pH MVEERICR KR

Fig. 2 Effect of pH values on flotation recovery of

chalcopyrite
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Fig. 3 Relationship between iBCTU initial concentration and

flotation recovery rate of chalcopyrite

2.4 SRR H

1EHR pH=5.6 I, W AFWILRI R iBCTU #
WALHEE 26 h, AJFEZEQ298 K, 303 K, 308 K) N34
WX iBCTU R IR B H( Qo) P I JBE (o) RO R R
WA 5.

HE S vT%n, ARG, PARR BSOS,
WX iBCTU (1 -4 W B St 8 s e A ]Sk 15
o, BT, BT iBCTU [Pl W B
Fhi, UL R S W e

XA R WP K HE AT LS, 4 R A
Langmuir®(3). Freundlich®"(4)Z535 W [ 75 B st B 5
SRR ST RIS, R ET T I, &
HILE 6 figk 2 K& 7 Fk 3.

T ©)
Qe KLXSmax Smax
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Fig. 4 Adsorption of iBCTU on chalcopyrite surface as a

function of treatment time
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Fig. 5 Adsorption isotherm of iBCTU on chalcopyrite surface

1
lgQ, =1gK; +;1gce “4)

Kf: Ky oA Langmuir 550 Spax A B 70 E KPR 25
#, mol/m*; K;Fln } Freundlich 3.

Bl 6 FIsk 2 LLI R 7 FI3k 3 (UG 4 1R, K
HI Langmuir FE84 8145 BT 73 1 e MEAH DG R R7>0.99,
Lt Freundlich &5 77 FE4ULA (1) B iy, SR WIS A 7 6)

F 2 Langmuir Sl PG 4501

Table 2  Fitting results of Langmuir isotherm equation

¢./(107mol-L™"

6 K5 A Langmuir #1452k
Fig. 6 Langmuir fitting curves of data in Fig. 5

iBCTU MW M7 4 Langmuir BEAY, 35 B %0 bt ik
FEWT BEAE L0 T2 IO AR B I R, mT RARE— 2D AR
TR R T RE(S)AN(6) R AT SR I T 22 24

AH AS

InK, =———+— 5
L=t g Q)

AG =-RTInK, (6)

s Ky &R B NP B R &I 2 AR
8.314 J/(mol'K): T AN AH W R NAS AR,
kJ/mol; AS JEWLPH K NVRAL, J/(mol'K): AG Wt [
HHEAY, kJ/mol.

AH FTAS L Inky X 1/T 1R B TR R Ak e
AT, ALK 8 FIk 4.

18 8 F1EE 4 v LR AR AN N AG<0,
A FIZIR P I L B R ATIY ;s AH=56.42 kJ/mol, %%
AR A, U B R R A R, b A R
SR8, AS=284.76 J/(mol'K), AS JyIFAH % WIWL kit
SR ESD e BN ST | L eI U SN 0. My
XN, AR B A 363 18, iBCTU MK HOT
T I [0 F T 5 A R A 2R B, A R ) B
iBCTU /P FAT T, ik P & e HLR 0 o

T/K Fitting equation K/(L-mol ) Sinax/(mol-m ?) R?

298 ¢/0=0.81717+0.7596 X 10° ¢, 0.9296 X10° 1.3164X107° 0.9921
303 ¢/0=0.43715+0.6429X 10° ¢, 1.5195X%10° 1.5550X10°° 0.9986
308 ¢/0:=0.30071+0.5850 X 10° ¢, 1.9456 % 10° 1.7092X 10°° 0.9973




132 hEA SR R

20174E 1 A

-4.80¢

-4.85r

- ~4.90F

-4.95¢

=5.00r

-5.05} , , ,
=52 -50 -48 -46 -44 -42 40
lgc,

7 5 U () Freundlich 804 2
Fig. 7

Freundlich fitting curves of data in Fig. 5

%3 Freundlich &35 7 FE R4 45

Table 3  Fitting results of Freundlich isotherm equation

K

T/K Fitting equation n R’
(10 mol-m™?)

308 1g0.~0.171961gc.—4.06935 8.5241 5.8153  0.9904

303 1g0.~0.19646lgc.—4.03455 9.2352 5.0900 0.8944

298 1g0.~0.155931gc.—4.30941 4.9044 6.4131 0.9893

12.2¢

Ink,

11.8¢

1.6

11.4F

324 327 330 333 336
710K
8 InKyT ' KARKE

Fig. 8 Relationship between InK; and 7'

R4 (SR M R R S
Table 4 Thermodynamics parameters of iBCTU adsorption

on chalcopyrite surface

AH/ AS/ AG/(kJ-mol ™)
(kFmol ™)  (Fmol “K'') 298K 303K 308K
56.42 284.76 -29.12  —29.89 —31.09

SRIM, SRR 2 TR B 14 7K 237 1) B, 2 F i 133
o, I RERT R RE LRk, JFH., iBCTU 40+
& C=0, —NH—MN—NH, EfeFl, EmmTh 5K

IR, LA I SR R K 1 5
LKAy IR . BRI, iBCTU 76 ST 2 T (1
B IR I AR MK RE R R REK TR RERL, G K+
WO A AR I,

2.5 XPS ZERSH
iBCTU H#eHin & H w5 &S Cu® N9
iBCTU-Cu JUIE ) XPS 4x1#% ULIET 9, % /K 73 B 4 5

0 ls Cu 2pl/2
| .‘\'2[) {'lﬁ;':i1l;f" .
ey | R
|

o //1#’“*-\_
{J.J"

Cu 2p3/2 "_{

S

(b

0 200 400 600 800 1000 1200
Binding energy/eV
9 BRI iBCTU i M iBCTU-Cu YLIE [T XPS i
Fig. 9 Survey scan XPS of chalcopyrite before (a) and after
(b) iBCTU treatment, and iBCTU-Cu precipitate (c)

R5  XPS ARSI R ITAT iBCTU-Cu JLHEEE/K 735
Table 5 Mole fraction of elements for iBCTU-Cu precipitate
and chalcopyrite surfaces as determined by XPS

Mole fraction/%

Species
Cls Nl1ls Ols S2p Fe2p Cu2lp

iBCTU-Cu
47.62 1652 17.54 8.03 - 10.29

precipitate
Chalcopyrite ~ 22.08 0.41 10.74 33.46 11.08 22.24

Chalcopyrite after

5397 7.96 19.07 11.89 220 491

treatment

& 9 g 5 w41, iBCTU S5 7 ITTIE
) iBCTU-Cu I E 25 7E Cuv N C. O Al S It
#, H Cu. N, C. O WRTHRIES S LL{E S 314
1.28, 2.06, 5.93, 2.18, LW iBCTU-Cu Y€M"
NN ] CéozstCu(ﬂi%fgifD%‘f)o K,
iBCTU W fig 58 & 7 BRI 111 RN, Ak
iBCTU-Cu ¥TiE. ¥l 45t iBCTU A2 )5, C. N,
O JCE M BERIR I TN, S, Fe 15 Cu JLE MR ik
FEPR/D, W IBCTU W e s A n™ 2 10, FRAC T 24
W H SR ITHRIKE
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iBCTU S EHm G LS Cu™ RN 4
iBCTU-Cu J{iEMIICE XPS K4l WL 10~12, M
(1) XPS W ZH A WK 6~8.

iBCTU S 1EHmT G LIS Cu®' [ Bl
iBCTU-Cu [1J Cu 2ps;, XPS &L 10, WS Kb
AW 6. K 10 I 6 [M4h RR M, B Cu2ps,
XPS it I EIAE 932.38 eV 1 934.45 eV &b, 43 5IH
J& T Cu( T)AT Cu(1l), b Cu(10) 4 SCHEE 2 [ 1)
AR, b 9.09%. Wi BT R T 3 S AL
A& Cu( 1B, Do Okl A i it A A sl S
). iIBCTU &bFEJE, W KM Cu 2psn XPS 1E
934.45 eV ARG 2K, TAE 932.68 eV Ak HyHLHT U,
XY iBCTU 5S4 &1 N =#) iBCTU-Cu JivEH
932.53 eV ALMIEAHY) &, $EW] iBCTU fE AT 2
(1D R v A 8 1 s D e A T, ]I A
iBCTU-Cu K [f1 2% & W)W R E S A 1

iBCTU 534 1EHm G LIS Cu® R NG
iBCTU-Cu [ S 2p XPS W WL 11, WESE A28 W
® 7. B AR T MEIREW], S 2p XPS i Cu 2p
XPS RWEAT A%, AF— AR AN i A8 220 Tl
1, Hot S 2ps, IRAEESREE N S 2py, i BRIP4,
EANNAE R ZELh 1.18 eV. ¥ S 2ps, XPS if
HILALE 161.50 eV H1163.08 eV Ak, 435IV & T s ™
AHIBR(S™)PIRMEF A DIR(S, ~ S0 ), X
P& L WA 76.14%A1 23.86%, it W] F T
KM A . & iBCTUEHG, S 2ps,XPS i
HILALE 161.17 eV 116260 eV 4, o 161.17 eV Ak

iBOCTU-Cui [}

CuFeS§,, Cu,S

CuFeS.. Cu( 1)

CuFeS,. Cu,S Cu0, Cu(OH),

930 931 932 933 934 935 936
Binding energy/eV

B 10 F4HY H iBCTU )5 & iBCTU-Cu YLIER Cu 2p
XPS Fi4i fl i

Fig. 10 High-resolution Cu 2p XPS spectra: (a) Untreated; (b)
Treated chalcopyrite; (c) iBCTU-Cu precipitate

T T A AR AR (ST, S 62.50%. A
WS ) S PR E 2D UL, BT iBCTU W7 3%
AT, A XPS REASI 3 1) S AR AR R R AR
(XPS AR EE A 10 nm 2247, AHIBTAS & 9D .
S 2p3nXPS ii4E 162.60 eV ¥ 1 GEJH )& T iBCTU-Cu
KA YH AP, 15 iBCTU-Cu Jiied S
2ps, EIIEAE 162.91 eV KB & .

iBCTU S5#4im1EH G A S Cu* R MU
iBCTU-Cu [f] N 1s XPS g WL 12, IEZSH KAl 7248 W
* 8. K12 5 8 ML REN], & iBCTU 425,

8

polysalfide

160 162 164 166
Binding energy/eV

B 11 FHY R iBCTU )5 & iBCTU-Cu YLIEH S 2p

XPS Fis 4 i

Fig. 11 High-resolution S 2p XPS spectra: (a) Untreated; (b)

Treated chalcopyrite; (c) iBCTU-Cu precipitate

397 J98 399 400 401 =I1’III 403
Binding energyieV

B 12 S iBCTU Ja & iBCTU-Cu JLHEMI N 1s XPS

R i

Fig. 12 High-resolution N 1s XPS spectra: (a) Treated

chalcopyrite; (b) iBCTU-Cu precipitate
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F6 A LT iBCTU )5 A iBCTU-Cu JTIE K] Cu 2ps, XPS WS H AL &

Table 6 Deconvolution with Gaussian-Lorentzian bands of Cu 2ps;, XPS spectra for untreated and treated chalcopyrite, and

iBCTU-Cu precipitate

Sample Binding energy/eV FWHM/eV Percentage/% Assignment

) 932.38 1.27 90.91 CuFeS,, Cu,S
Chalcopyrite
934.45 1.55 9.09 CuO, Cu(OH),
) 931.82 1.05 72.46 CuFeS,, Cu,S,
Chalcopyrite after treatment

932.68 1.33 27.54 CuFeS,, Cu( 1)
iBCTU-Cu precipitate 932.53 1.58 100 Cu( I )-iBCTU

FWHM:full width at half maximum

7 EHIH LM iBCTU B 5 M iBCTU-Cu JTHEIK S 2p XPS WS 5 JoAb 24 4%
Table 7 Deconvolution with Gaussian-Lorentzian bands of S 2p XPS spectra for untreated and treated chalcopyrite, and iBCTU-Cu

precipitate
Binding energy/eV FWHM/eV Percentage/%
Species Assignment
S 2psp S 2pin S 2psp S 2pip S 2ps3p S 2pip
Soulk 161.50 162.68 0.99 0.99 50.76 25.38 s
Chalcopyrite
Spolysulfide 163.08 164.26 1.43 1.43 15.74 8.12 Su2, $,057
Chalcopyrite Shuk 161.17 162.35 0.96 0.96 41.67 20.83 s*
after treatment Sorganics 162.60 163.78 1.38 1.38 25.00 12.50  Cu-S(iBCTU-Cu)
iBCTU-Cu precipitate Sorganics 162.91 164.09 1.67 1.67 66.67 3333 Cu-S(iBCTU-Cu)

£ 8 IR iBCTU Hi /5 & iBCTU-Cu VTIER N 1s XPS IS5 b %25

Table 8 Deconvolution with Gaussian-Lorentzian bands of N 1s XPS spectra for untreated and treated chalcopyrite, and

iBCTU-Cu precipitate

Sample Binding energy/eV FWHM/eV Percentage/% Assignment
399.48 1.62 47.92 C—N—C
Chalcopyrite after treatment
400.19 1.48 52.08 Cu—N
398.99 1.40 49.51 C—N—C
iBCTU-Cu precipitate
400.20 1.63 50.51 Cu—N

BT A B PR FRAS I N s, Ak 45 G Re
7 399 eV T C—N—CP #1F1 400.2 eV 4L1% Cu
—N, BURIRECH 1:1, X5 iBCTU-Cu JiiEH N 1s
XPS W KE W& . W] iBCTU((CH;),CHCH,—0—
C(=0)—NH—C(=S)—NH,) i il i H:Z F(—NH,)
SR T 55 0 J T B, N R R L e A T
A G T RS, LN 1s XPS 454 RETt .
PR, BEERR I B iBCTU RS 1) XPS 45 %1,
iBCTU wf feill i oAt S i1 Az J(—NH,)N
JRFY Cu J57 R B B i W B 7 B3R T, TR
B R ) Cu( TDIE R Cu( T ). H8 k] L),
75 iBCTU 5 Cu™ 2 W 5 Bt - 3 # ™ 2 1 ) ik FE e s

HyEHE B ER] C(=0)—NH—C(=S)—NH, =L
C(=0)—NH—C(—SH)=NH, )54 i1 563+
A K Cu—S B, Bl HY [FI, =NH H %R
THEWE T, WSS, Byt
LEW); MR, C(=0)—NH—C(=S)+ & JH T
HRE 5 SO T A R T e 1 1T IR
iBCTU A4 1] G55 2 4 4 2 1 4 4 Ji 5 7 XY Je B
%EW. IEH, iBCTU Moii—NH, %A o8, fifddd
Ay SET A A, 5 B R N R 23 e 7 B
BN AN, AR T HAE B T Wb, T 5
BB, (R B, X5 A A b
TR0 25 A — 3L
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1) FFIEFL PR S5 R, 7E pH 3~11 [YEH P,
iBCTU s KA RAFifcae 7y, AR 2
(14 W I i A P ) T s T 3G K. T 25 R
iBCTU {52t 2R 1 (1 W b S 2645 & Langmuir 15
A, WIS AE AH N 56.42 kJ/mol,  J#7AE AS Ky 284.76
J/(mol-K), Wi F1 HifEAE AG 4—29.12 kl/mol (298K),
YW iIBCTU W] BELAFS 1 A0 2 W B T s ™ 3 1
W PR R R MR FRRA 2 B i A

2) XPS 45 RE W], iBCTU ] fgill id HomiA QB
S JRF R IE(—NHy)N [R5 Cu Ji5— pg s iy W b 7
TR R, R T R Cu(1D) 4 R A%
Cu(1).
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Mechanism of N-isobutoxycarbonyl
thiourea (iBCTU) for chalcopyrite flotation

LIU Wei, LIU Guang-yi, XIAO Jing-jing, He Zhi-ling, ZHONG Hong

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

Abstract: A novel surfactant, N-isobutoxycarbonyl thiourea (iBCTU) was synthesized and characterized by infrared
spectroscopy, H nuclear magnetic resonance (HNMR) and C nuclear magnetic resonance (CNMR). Its flotation
performance, adsorption thermodynamics and mechanism for the chalcopyrite were evaluated. The results of
micro-flotation and adsorption tests show that iBCTU exhibits excellent hydrometallurgical performance for chalcopyrite
under pH 3-11, and the adsorption capacity increases with increasing temperature. The adsorption isotherm agrees well
with Langmuir model and the thermodynamics parameters AH (enthalpy change), AS (entropy change) and AG (free
energy change) are 56.42 kJ/mol, 284.76 J/(mol'K) and —29.12 kJ/mol (298K), respectively, which infers that the
adsorption of iBCTU on the chalcopyrite surface is a spontancous and endothermic chemisorption. The XPS results
further demonstrate that iBCTU might bond with the copper atoms on the chalcopyrite surface through its sulfur (—C==S)
and nitrogen (—NH,) atoms to form iBCTU-Cu( | ) surface complexes.

Key words: N-isobutoxycarbonyl thiourea; chalcopyrite; adsorption thermodynamics; flotation; XPS
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