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1.1 RS RF

S it VRS Al R HCE DY )1 RS =
T, B 7 iRA R B N S TRl i B v T .
FIT 15 S 56 R it 2840025 43 BT DX 2 B Al 4 b 7 3 )
N EEEET AL 80.32%(WO5), 4HEE AT 98%(Jii &4
s wAMEKRT 99%;: A ERT 96%. CH
A BT G B AT A F I S o AR5
SyHTEERCH],  SEEG KON LT K .

1.2 WS REIENEREZRIBISTHESE

X F Material studio (MS)# {4 ) DMol® # it
A7 dl AR 3R BT I 2 S R AR B A T B
DMol® /& —A> MS T 2 77 s B (V58—
JFELH RS, TR AR m e — R it
HARREE, HAEIRBUHERR TS5 R, DMol® |z N H
TS B2 A TRE A EE S e S5 A A ) o
SR .

IR ST B B FL T (19 58 45— DR I8 N 3 i 3
T BRI AA(GGA) 1 E ek Az ik 18, K H
i PERDEW 11 WANG! 2 H (1532 s I :R(PWO 1A
ACHAH DGR . PWOL BLE T DRI R 211 SI2 2% ] A B A
FA SRS Beker ZZHesR L, 2 LT A A1
MR R WYL, FTIEEUA %08 # 8 DFT
B 7 R BEAZ I 3 (Sem-icorepseudopots, DSPP), 1t
BEICERTIEM B TR R T(15252p%). k MR ENEE
NEH, BUEILH K E N DNP 3.5, HUEEWAEkEE
N BIRIERISUEE(SCE) A 1X107 eV, fER
SR FE N 1.0X107° eV, K dsn 2x107°
eV/0.1 nm, FANFEUILSREEE A 5X 10 * nm, HE%
ARSI £ (SCF) N o

1.3 FomEMSEERRFRIE

6-41 2K — F D i B LR RIS TR - HX 5.6 ¢ Lk
JE VA 7.4 g A82K — IR E T IR NS, BBEE,
7 180~200 C 1 e B 18 h, Il K 75 18 25 K [ B JRURE,
W 7= AR IR B LR IR . K R B T R
B, N & EE (30 mL) BL A i 7 2K (100
mL), ZEI8HINRERER 1.5 g, 76 110 CFER 8h, &
B A VR SN 5% Na,CO; R BESs 2 Ik, Frs:
SSLFIRERER , ek 2 4k, Zr iR AR, Il AR e 2%

TR 77 J5 15 2 e = o ZEBR = S A I S BE 40 mL,
RFAENE 3.5 g, WK 4 g, A=W FHFESh, 15
FH B I, IIN 10%HCI(FR &2 B0 7 R L & 1
Bk, TG AT BNR A A

K 763 AT DA B AL RS EAR AT SR A 1 7 AT T
FAE. TR RA, Mt Co H O mEmG
EL(FR &3 5070 58 C 60.12% H 5.75%. 0 10.02%.
Xt K BHHA S TAZREIEIR TH-NMR K o 4G 0 45
B4 : 400 MHz 'H NMR (DMSO0-d6): d 1.27-1.62(m,
6H), 2.35 (t, 2H), 3.68(t, 2H), 7.86(s, 4H), 7.12(s, H),
10.54(s, H).

14 FiELWHE

4 SR G IRIE RIS AE XFG AL
Nl EHEAT, BEUOPREL 2.00 g HRE, N 40 mL 7&K,
W3 2 min J5, F HCl. NaOH 45 pH, #$¥ 2 min,
SRIGHUCIMN RS SR A A7), P73 5 min
IR TC e OER T G AE A B BR
&, FRECR . kL IE DY 1680 r/min.
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2.1 SRS ED

Bl 1 ATy R L R AR . 4
WoNVUTT AR, I NTER I DY 77 SUHERR, 2L
N, ag=b=0.5243 nm, c;=1.1376 nm, a=f=y=90°, Z=4,
IEFEN 141 /a. TERAEH, WIETHNFOET, @
A S R 4 AN EJEFRCAIE R WO, PUTHE,
W—O0 #K: 0.1778 nm. f4> Ca*" 55 8 4~ WO,> DU T f&
)\ B R A\ B, Ca—O K4y
%24 0.2463 nm A1 0.2479 nm. WO, PUTifA & H Ca Bk
ghiesk, H—ATUOWRRES S o SPAT, TE ¢ BT
& — MR R P A, 54, 2 A RS
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Fig.1 Unite cell model of scheelite
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Wk, HAAIT-19.0 eV T MRREX IS, X %HE
N Ca™ LH 3s PUB AL, 12408 1 7 Jay i
Ew R, MR . —5.0~0 eV Z A7 X 32 3
H O 2p PUBLRL, Zir X HARR %4, AR%&
BREZMFEME. SWXALT 5.0eV ML, LLdHuE
p BUBR Y NE, EEIERADN s P, kR
S ST Z FRRERR N 4.268 eV, BT 4%k, &
NSNS

B 3 B A EE A (1) T RE 2546 BRI R T A 5% T
Bl B, A SRR REHRAEIX /E-18.0~—16.0 eV
Xig, HAN Ca 871 3s PUBIIAMESHR, e
TR BER T 5 2 F 110 2p BB TTER,

Band gap is 4.268 eV
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Fig. 2 Band structure(a) and density of state of atoms in

scheelite (001) surface(b)

Band gap: 7.393 eV
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Fig. 3 Band structure(a) and density of state of atoms in (111)

cleavage surface of fluorite(b)

1F7.5~12.5 eV BT I 55 W 32 Z2 Hh Ca> 1 1) s FLE AN
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() 7 5 3 AT S 5 M 7328 245 700 71 AR ) 3 Tk B I
B AT R r) S frg R R 1,

BRIt BRI A 2258, FREE X AT
AR PRERTH Ca JU3 55 (1) 2 FE RN 25 () J5 A4 A, BETHHEE
A REIR S [ DU AR, SB™ P 2 TH R 7R i 0
AR MAHITES, AR T SCBl B n 5 a5 A ik
ERES7 g

HRAE %5 B V2 bR FEAGTHLAE 3L, A0 (001 ) A #g
A (111 [ 2 18I I A R e i 20 A7 B D0 4

M 4 TR, B85 (001)F& kT Ca it &l
Z A ITA]BE A 0.5245 nm, WO, 3k B B W R
MEREH 0.5245 nm, Ca Jii pi5 O Jii s (1)l i BE 2
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Fig. 4 Distribution of positive and negative charge particles
in scheelite (001) cleavage surface(a) and fluorite(111)

cleavage surface(b) (Unit: A)

49 0.2345 nm, R _EHRATAE WO, 712 5] O
JiR REEBSA 0.3412 nm. T84 (111)1H Ca Ji 2 (7] ()
(B #E A 0.3867 nm, fx 4B3IT F 555 A RN 0.2767 nm,
Ca F1 F s 2 (B B PEES 9 0.2381 nm.

22 SRR MR o4

el RENFRETR Y, BIEREST MR
HER RS, FEESRIERE TRl 2R A
7 71 HL K] O S S0 2 1T Ca® TR LM & IS & 38
gty . mEARN ST RELSE SR, AT
DR AT 4902 1 JE R PR 222 S DA BT UACTR) 22 [ 225 4 1) 22 S
T T S BPLAZ T AT 485 ) OB T o & g7

L, AP bt 5 R (CHA) 9, A7 ]
FE TR G RS VS R0 A I B B 4 0 22 5
I BGRI R BT R 4R . Tl %5 B sk B
R bR G IR 1 2 M a5 B AR R - e 5 B
N, HOHEFRIGTIR 1R B 7 (1 2 [ 45849 2 5003 3l L
1.

(b)
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El5 CHA 77 KB ETHAR S
Fig. 5 Schematic diagram of model of CHA molecule and
CHA anion (Unit: A)
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T FLART ) O JoiE A e I T B 254 0.26831.0.2637
0.2632. 0.2864 nm(LA5 O Jii s 2 1] () PE 25 B KA
FEHONIE ). DA EEAR U, 3R ORI R B 1A
TP SR IR RS T (001) 3R THT T2 BRCER A% URC A7 &5 4
B, FFSIREGEEIH I O A ST MR E Ca JiASM)
FEES/NTX 2 A4S O Jii s 5 3R T A7 M A 458 i 1) O Jo s (1)
FEES, RUEME 122 NG IR AL A 1) 2 Rl 450 S50 3R TH
2 (A 45 4 S PR TR VT IS, A R T T8 R e 1 Wt
g

6 PR OB I ESHT(00 1) HAZ W A7 A T s i
Fig. 6 Schematic diagram of bidentate model of CHA with
scheelite (001) surface (Unit: A)

s SRS RS B3 (001) [ ¥ 8 AUZ X
BCAE R B, 205 A A O Ji S 20 3l 5 R T A AN [
Ca™ IR 21N 0.252 nm, R PHAS AL R & B LK 7,
LR ER O A S HRMmIGE O M ArEEA
0.2443. 0.2439. 0.2423. 0.2449 nm. PL_E&5REH,
WOk 5 IR B BT 5 H A (001) [ & OW AL A 25
TS, FRRG LA A R Y O A S5 K1 Ca IR
MEEEE/NT O B S YR R ) O Jot s
B, BRI ER R S 05 1) R BE BN TR LR
7 BRI, 5RO A AR, R
P2 N IR I B8 1 1)~ (R 5 4 S5 T M) 3 T~ 1) 45 74 52 X0
LB IS ECAIRT R 22, ANFI T T BiAs e B PR 45440

BIRGERERY], RIERAES QS RIEHN,
B XUE A (W P A AR X S A, R 5 T A%
BCRLEERE 1. BRIk, S ANEESH M FEE R, BRIEIR
B 24 O Ji s IR RS R, 2 S O Ji s T E
T2 T B ) 2R I AT O Jofi A BT 7 1T T o LG
IR O B S50 Y)aR1H O J5 A FE 25 ) iz .
Ik, HHATRIER S TR, 4RERE TR 240
JoT R R BT, JUDRE RS PR A R

3¢ 3¢ 3¢

B7 CHA-FIESH(001)H AL AL AR 7
Fig. 7 Schematic diagram of binuclear model of CHA with
scheelite (001) surface (Unit: A)

mxtFaE A, BEYHOERBRE F5%A
(111K Ca™ T Az WL A S AR, AR5
MG O S 53R Ca™ 2 AIIEE 298 0.252
nm 5 (BB ILIE 8). 25 5EH O i i S50 3R TH
F I ImIE R 02398, 0.2161. 0.2310. 0.2248
nm( LA O JFT s 2 18] ) P B9 d KA B BT8R S ) SR
F2 5 B vy S K O o AL S R THT Ca™ AR B8 /N
T O i s SR H A 1 F R RS, RIERH 5] )
J7 1) _F B S R B /N T R 07 ) B R TR A
B PR IR 188 1 1R 2 1) 45 1) S5 ™ P T 2 1) 45 )
ERUZECAL VSRR 2, AR T e E W PR 4544

O o 2310
(®) © 20617 2521 ) © .
c '9-2"1'52552‘248 (®)
o © e

~ @ o ©
8 CHA-EA(111)H AL B AR =
Fig. 8 Schematic diagram of bidentate model of CHA with
fluorite (111) surface (Unit: A)

BBEUH ORI R T 5 A (1R Ca™
FROSURZ A B, FRfm e 2 AN S B A 1 O J A
I35 200 2 AN TE Ca® [ #E 25294 0.252 nm(W A%
R 9). IR ¥R O Jit 5 R ML F AR B A
0.2654. 0.2638. 0.2618. 0.2543 nm. Z[5ERE GER]+
0 i A 5T IR Ca® EE /N TIX 2 AN 0 i s 5
KN F IS, BIRIIZZERHASE TSR ERS
AT (111 T8I 0 25 18] 45 4 2 SpAZ U RC A7 DTS, A5 )
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ik, 5E8 AR, BRERESEAT MR
PRI, TR ROSURZ BE A S5 44 BT 32 1A 0 b SR e o 4
FFTSZ e /0N, 25 5y T A RE B SR RS G54 7 ) o
WEAT HEHE, RISRE TS50 YR Ca® 2
LRI EE S 5K, A FRIEIR B T 2 4> O Ji s A ) B
BB, BTX 2 AN O R AUE B RN T R Ca®
ZIAIRIERES, T 2 A O B si T i) B2 B EE L 1)
RIAIL O A FTAER I o BRI, PRSIt i
O BiA SR F En @ Ekis . frek, St
FEBRATWGR 727 Bt i, a2 A O B sdlalEE
BB, AN 5T BAa B AR, B i
PEREARRT T P

o ©
© o
o ©
© o
o @
: © 0
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B9 CHA— A (111)HRUZ WA AR LR
Fig. 9 Schematic diagram of binuclear model of CHA with
scheelite (001) surface (Unit: A)

23 HFREEECTISRIt RENHE

BRI HTETAL, BRI B R A
Ca® —%, HAZRPLASAAAE EERE, M
R SR 4 & th 2RSS . Bk, 48
15 R B 1T 0 2 [ 454 A e S DL IS 85 9 25 [7] 1
U oA, FLI S A 50 BB S BR A UL, ]
DMER GRS A i 4 & . 2 lla B oR B e b
24 O i i [ R RS BEB A A, AT A A T UG
LEMIRENS 5 FLASHT )RR T S A (N 2 (R DL R, 1

1 DIHHA 1 CHA 77 K37 B B8 R (0 BT s Ha Ao 1

A R ILEC A B . RImA A Tx a8 s
A 170 B8 o SR A e R

FETRIFISER, W — AR RORT B S5 A I
6- <F ¥ Okt = W B Wk ECERIER
(6-(1,3-dioxooctahydro-2H-isoindol-2-y1)-N-hydroxyhex
anamide), PRI O B Z 2 5ER(DIHHA) - &
ST BT R A AL, THR T RO T
W 10, 255K H], DIHHA 7 FH S, HBE O
Ji i SRR EAT O i A% (A B DY 0.2893 nm. 2
AL O iR A S A FE B9 b CHA B8/, A
T 5B R A A ULES, 15 E A R ] UL 2
AR,

KB T %% DIHHA 4 F K& 7T T
Mulliken F3Aif 734 LA S RTZRBIE 73 b XS EEIA Ebeke
FERRINEE RATT R 1 PR

(@

[ 10 DIHHA 737 [ A TR = ]
Fig. 10 Schematic diagram of model of DIHHA molecule(a)
and DIHHA anion ion(b) (Unit: A)

M 1R LLEH, BEEREE O BLAREE O
J R A LT B B R A, BRI, 2 AN O RS
WA Ca” MAVEF I R B a5 . CHA W R+,
PN O JF 5 F s 8 B 2, R R 3E O i e R
ZURT )5, Mulliken FLAG{EIEIN-0.227, TMiBkEE O it
AU Mulliken HEATHEII1—0.097. 1 DIHHA 41 HL &

Table 1 Mulliken charge of selected atoms in CHA & DIHHA functional group

Molecule Anion
Collector ob N o c ob N o
HHHA 0.420 —0.496 -0.004 —0.442 0.348 -0.506 0.072 —0.541
CHA 0.436 -0.497 0.001 —0.444 0.320 -0.594 0.069 —0.671

1) Oxygen atom in ketone group; 2) Oxygen atom in hydroxyl group.
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J&i, Fedk O b b Mulliken H3AF{E I I1-0.099, Fiit
O JsS3EIN—0.01. IX A fE 3 2 52 Bl 2 1 5
Wi, DIHHA /N ToH B G S 56 7% 1 #4057 fa T
P28 i T fi 5 ) v D 11 97 r A 2 0 BT

G, MERHL M, T OhiR IR AR
TRAEERWAEME, AR TS50 YR KL ER
PR FER, 2R ke RS BRI I RO 8 . (H2
RERIFFE LR, WG O aE, ki
ek, High i AR B, BRI
ML PR, 55 308 O ke 2 5 e A X HHHA il
FUI IR 22 o

HA DIHHA 431 Il 285006 FRAF A A e i e 0
® 2. A, ATAICEHT T S SRIOGN RON
(I = BN L R S S, AR USRI PR T R BT T e
AR, R HGT 2 54T

%2 DIHHA 7 T A2 PUE R AL e B
Table 2  Frontier orbital eigenvalues and energies of DIHHA

Collector . .
eigen value  eigen value eV eV
DIHHA  —0.206484  —0.065155  —-5.619 -1.773
CHA —0.206222 —0.033776 -5.612 -0.919

MW RS GG, EFirEEREN, BE
J& HHHA 258 &7+, BiXEF 018 i 5tk
WO ARSI EE O 0.2893 nm, ER CUbEH 2 4
O FUS 2SI EE RS 0.2948 nm.

DR, AR BT — 1B FU 45 SR T, AR (RIS 4 |,
s S ICEL R #E, DIHHA B 7A AT 5 A4
(001 1] 2 56 & 52 Y FRAZ B A2 P B, DIHHA X A
O AR U S sR, AR T S A (1) R E
(10 X A% KTC A7 W B 5 KT 8 A ) A AW B R 7 55 T
CHA. KT, DIHHA #it FEA CHA H SRk
BIES

24 ERBIFIERIESLL
241 HRRIE

R 2.3 T oriE G T G DIHHA, JEiET
TICEDHT AZREIER DA R LA RERAE, F= a4
ST L 11

ME 11 ATRLE BRI I R B R
(DIHHA)F” S 2L 40 v 3282 % 3234 em ™ AL IR
i )58 T e llE R i N—H 8/ O—H 2 &IRBh)
Yl . 2956, 2918, 2823 cm ™ Wil ) Jg T AR AR 1k 2
Hig3—CH;. —CH,. —CH 4R sh. 1712 cm™

500 1000 1500 2000 2500 3000 3500 4000
Wavenumber/cm™!

B 11 DIHHA £L4k4i%

Fig. 11 IR spectrogram of DIHHA

AbFRIARIEE VA & T Fik e C=0 FRBNM IS, 1390 F11 1334
em” Ab IR IS VA 8+ C—N RSN .
242 APkt t ke

A SIS O EE B TR A R G R R e R
DIHHA AL G035 b 25 52 55 TR (CHA)E Al WS 77 et
FESHT . BOA EREAT s o USRS PR R
N 40 mg/L, JEIEFHE 25 mg/L, UG F &
20 mg/L I, {7i% pH=8.5 XA P [al i 2 sz an b 12
Fi7R o

ME 12 ATLLE H, 2L pH 4~9 HIVEHIN,
HHHA X A E5 A 7 e 4 i R o 100 B A il
PERE . TR CUBE I o H 6 A o R AT I Ot A
A 3&E E 72k pH YEHA 7~11, KTX 8"
F3E B pH JE [ 8~11.

fE pH=8.5 MM T, PP IR Ik
JEE XS PR A V73 IS R s . S SR LI 13

90 +
X
B 70 |
]
2
2 50+
Q
2
30k —s— DIHHA, scheelite
—e— DIHHA, fluorite
—a— CHA, scheelite
10 . —v—CHA, fluorite | .
2 4 6 8 10 12
pH

B 12 pH X ¥k B 52 M (CHA B DIHHHA ¥R B
N 40 mg/L)

Fig. 12 Effect of pH on recovery rate at 40 mg/L CHA or
DIHHHA
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B 13 USRIV BE X B A0 IRl e s

Fig. 13 Influence of collector dose on recovery rate

M 13 BTEUR I, 75 0~100 mg/L R B2V LA,
PR PR 00 )3 39 T S 23 S o o 7 e Al )R R 1 3
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Table 3 Contrast of flotation results of artificial mixed ores

Collector Concentrate Concentrate Recovery
yield/% grade/% rate/%
CHA 64.28 50.97 86.95
DIHHA 52.78 60.05 84.11
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Molecular design of a new hydroxamic acid collector for
scheelite flotation separation

TAN Xin, ZHANG Hua, WANG Jin-fu, FANG Ye-ping, SHE Xiao-lin, ZHANG Jian-xin

(China Machinery International Engineering Design and Research Institute Co., Ltd., Changsha 410007, China)

Abstract: According to the structure characteristics and spatial distribution of scheelite (001) and fluorite (111) cleavage
surfaces calculated by the density functional theory, together with the analysis of adsorption model of hydroxamic acid
with crystal surfaces, the selectivity of hydroxamic acid collector for scheelite flotation separation was thought to be
affected by the structure of the polar group, which was affected by the non-polar groups. Based on this idea, a new type of
(6-(1,3-dioxooctahydro-2H-isoindol-2-yl)-N-hydroxyhexanamide) (DIHHA) collector was designed and synthesized. The
synthetic products were characterized by NMR, elemental analysis and infrared spectroscopy. The scheelite and fluorite
pure mineral flotation and artificial mixed minerals flotation experiments of DIHHA were studied by compared with
cyclohexane hydroxamic acid (CHA). The results show that DIHHA has better selectivity than CHA and is a promising
new collector for flotation separation of scheelite and fluorite. The experimental results are in good agreement with the
theoretical calculations, which indicates that the simulation calculation of mineral crystal surface and collector molecular
structure by density functional theory, combined with the adsorption configuration analysis, can provide effective
guidance for the design of collector molecules.

Key words: density functional theory; scheelite; spatial structure; hydroxamic acid
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