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B, B A . AR R TR R X R (CNY) . S AL (CND). Cu. Zn B T R A0, FF 0k H s B AL & T 4
Mro WFSERM, M PSAFRINE N 2L, ZERE N 30min, pH A9 %M T, CN;. CN°, Zn, Cu & FHIERR
AP Ik 42.97% . 100%. 84.40%. 34.88%. Zn(CN),” . Cu(CN);*". CN FJ W fff 5t 43 5 & 567.88. 89.76. 439.74
mg Lo DABRAR M BAML , A AR BHAL , SR FH— B P9 BH AR R X 2L 5 VR A7 L M S AL SE G, AEFLR N 3V, HLff
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AR SRS AW . LELSE R A =4 i b 2e iR R AL B ERW E K , DU Al oy S A i) — 4
AR R, MR 4V, PR R S h, AR 10 mm, 357 5% W0k & 2 g, CN;. Cu. Zn,
CN il SCNHY £ BRE 43514 94.14% . 94.53% . 98.14% . 98.55% #i1 93.13%., %5 £ 415 5% ] L fit 4
S K, FEE 6 V., pH=9. HAEEE 3 h, HAREIEE 1.5 cm, NaCl @i 10 gL' A9 4%
F, CNp. COD Flfil & 44 EBR A F] 97.2% . 96% F1 97.7%., CI BRI BEIRA F TI5 5L
MR, (R ERFMREE S, BN T IR o Z2BE S48 S DI 2 Y 2 R A K B A B
TR R K, dUERE R, WPk 7R R T, k2 E -5 300 B 0. 8 T4k B kL /25
AURK . AR AK . BEI T TolR K . AR R AC K . R R . SRR . R AP E
R E AN REERBYE M TS RN, TR RAER AL SR . BRI AR I
RIBEEKMBER S SEENES Y. ZEER KO F4E LI Emare s, BZEERT
fife k. H R R W B SRR RE TR . B A . AR AR SRR A, BN TOHL S A BRI S R T
VRN UG T A R+ 5 R A SRR ALIREEXT FOK P E SR B T LBk, BEAMLBR
Tk 30 mg L™, EEEEEWINE RN 1.5 gL B, E4AJE Cu. Pb I Cd 1Y 2 B #4551 ik 2 57.5%.
83.7% 1 22.2%.

BEXTH R EBEVA AR AR PR Bk, b2 A AR AE F AR TR I R, b3S A R R, b
BUAS i A ), A sk O SR EE R, AVFRCR R B SRR G T2, WHR T SR K b B
AP ESREE T MEAY N LR RGS RALEE, DU SR & R K G AR 2 2
1 MB5ERF*®
1.1 XEER

SIS FUR KGR IR TR R SR k), JEK pH b 9, HFZA AN 1600.20 mg- L' CN,,
©439.74 mg-L"'CN, 257.35mg-L"'Cu., 0.36 mg-L"'Fe. 672.80 mg-L'Zn, " LLFE i, LK K CN;.
CN Ml Zn B & w38, Hod ONG B R KT 800 mg- L', J& T &k AR LR &K /K, Zn T
REaEmik 672.80 mg- Lo T HH A Ak 3500 35y 2 B 4k
1.2 PSAF BU&l&

T4, M 100 mL 9 0.5 mol-L™" A Ak iR AN VA VR H N A 20% (IR FR 1L B FR VA MR, #E 1 ik BT
pH=2, FrfHiAE e = T MR 30 min, 52 R MR (PSA) , M RME 1 iR, Hik, 78RR
HSETA 1.297 g 19 AL(SO,); 18H,0 # K, SR G & L2+ 10 min, FEHNA 0.400 g ) Fe,(SO,); #3 K .
HeJm, P I AR (55 A VAE 30 °C Bk 24 he

OH OH
ONa-$i~ONa + HySO; —» HO-Si—OH + NaySO,
OH OH
OH OH OH OH
HO-$i~OH +HO-$i—OH —-HO—éli—O—éImH +H,0
OH OH OH OH

OH OH OH OH OH OH OH OH
HO-Si—O-S$i-OH + HO—éi—O—éli—OH — 4 0-8i-0-81-0-Si—0-8i—0—> + nH,0

OH OH OH OH |, OH OH OH OH |,

1 HlERERRER
Fig. 1 Preparation of polysilicic acid reaction
1.3 KR

ZEIR T, 7F 150 mL AR in A 100 mL & 7K, i FH &% R ol & &AL 408 7 pH, N A — & & /Y
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PSAF & THEHESS, 120 rmin ' PRE 4k 30 s, 1 60 rrmin 18+, # 1k —E N E, S50 )5 H W)
YES, DITEW R A LB FKUEE pH 7 A4 & TR KT T 60 CHET . BlJE LLEKACH
FARR , A 88 A FE R, >R FH— B P BH = A A A 28 X6 2o 08 e I 8 TR R AT L i R AL 52 58, 7E AN TR HR
JE . HLAFRES R . BROBR MR BE T H R SOV, SRS S R A B, IR R BT, Ml E CN;. CNTL Cu,
Zn BT o
1.4 SR
SR FH M R AR 25 i 1 (HJ484-2009) 43 Tl %8 CN™, CN, A9 & 18, R FH 7 IR USOO'G 335 A 43 B i 5
Cu. Fe. Zn % & B E FrWwE, IR () ITHRESE P LERRE . SR 28 #2050 5
(FTIR) 43 T 22 BERE i, R D/MAX2200 B! X G2 AT S Tt i€ W, R 5K 3L Zeta HLALAL I &
Zeta HLAV .
Cy—C,
E = = ——=x100% (1)

K ENFETHILRE, %; C, NAETIYIR I, mg L' Ce 2R EEn L ff A 1L b BE
JEHE WA B TR BEEE, mg L,

2 ZER5TR

21 ZHEFHMNERERNTMW

1) PSAF i IniE 52 . 4T, IR 100 90
ZUEENT A2 30 min, pH A 9, PSAF i Ml &t 4 wl — Lss
A0S, 1, 1.5, 2, 2.5 gL PEATERBESLE, 7z —— N
E AN 2 it s . BE#E PSAF ¥ i 4 14 i, s 60F /% czzﬁ 180
BOKHHG ON,. ON. Zn, CuB§ F BT & 7 z
BEBETEE, pHkREEBTYE, &£ 7 |
PSAF ¥ i 2 gL 'HF, CN;, CN', Zn, Cu 20l / %// 170
BT RRRBA R KA, 73518 43.9% ., 100% . /% % %
85.14% . 36.88%, pH K 7. A bifi & PSAF s 00 0.5 1? 1? 20 25 3.06‘5
JHRASENT, PSAF 5 CN™| Zn(CN),” . Cu(CN);" PSAFIIt/(g - L)
VR R A A YN v -k LNl 2 PSAF RMEN KREF WA pH KT
W eI . PSAF FIFAE (9 1E 1 1 o Fig. 2 Effects of PSAF dosage on the removal

R R rates and pH change
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fi T Zeta WALSPHT . HHISC KW, Zetarif  E
Yo X (HARN, EVBEE T O I, R = MR ) 8710
N, S AR, MK 30T UL, Bfi & PSAF N st
I AN, Zeta EEALASWIEE I, R AL P 2l 7
JE K 1Y Zeta HL A7 S —21.2 mV, S il £ 3 i 2]

20 gL' B}, Zeta i A —-0.72 mV., XJ&H K s 0 o5 10 15 20 25 30
I G 77 A ) R R B W IE R, B TR PSAFA A/ - L™)
TR, IE B RO R R, 8 E 3 PSAFRMES Zeta B X R

rh W E JER I B R F rh RIS g RO (5 E [ Fig. 3 PSAF dosage vs. zeta potential
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ik, ML T A, 0k R L AR T R L
PR R, A R T B 48R ) R R
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2) JEJK pH B2 . /K g HYMT OH 242
5B oK g R N, L, pH Al g2 22
FI A KA SR BE L K AR AE TR S T RE
TE PSAF itk 2 gL', &K pH 20 %1 h 7.
8. 9. 10, 11 MM FIATEE LR, 458
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Fig. 4 Effect of wastewater pH on the removal rates

Zn, Cu B F XRS5 43.9%. 100%. 85.14%.
36.88%., % &K M B % pH /N, H'4: 5 PSAF /K fif i 55 5L 48 & FH B T Me(OH)**. Me(OH), .

Zn(CN),> 2 0] B9 5 = W 5|

J1, Wik, pH BAREAF TG YR 26k . (HAERBA AT T, PSAF BRI 7454 5 iR, 4%

Y L BR R R RE

3) ZEERT B M . 7 pH Ry 9, ZLEERT
6] 23 %0k 5. 10, 20, 30, 40 min 4 25 {4 F
B, ZRME SR, T, &R
BENFAI AN, CNp. Zn. Cu B ¥ B R AW
B hn, Y4 2 EE B E 3G 0 ] 30 min B, CNp.
CN'. Zn, Cu B ¥ EBRRILBIEEE, 500
K 43.9%. 100%. 85.14%. 46.80%. 7 JE 5|}
] A, 2R EERT B LB 30 min e M A iE . M
BF, BEZK Y pH FR R 9 B 2 7,

4)FTIR 1 XRD FIERAE T Xl 419 PSAF
F1 PSAF 2 EEDLTE Y 1T FTIR Y3k oA, 45
WA 6(a) T 78 o il % 9 PSAF 7E 3 309 cm™' Al
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Fig. 5 Effect of flocculation time on the removal rates
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Fig. 6 FTIR spectra and XRD patterns of PSAF and PSAF flocculated precipitates
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1634 cm™ b B ERAF I AT 9 T3 LA 4R 32123, PSAF L EETTVE Y X I (R AE 06 & 26 T IR AS, 43 5
3450 cm™ Al 1637 em™, HUWEM AR/, ULBHRRIE R A T g, 78 2 136 cm ™' A H BE T C=N % A 47
TEmG Yt B 7E SLEE S N R R, U TR AR T AR RO, DTSR BT g A T ek il
T R EEVTVE W M L g T H P Zn RN Cu &, Zn. Cu IARXT &8 6.11%, 0.51%, X
JEH R PSAF /K fff I, P2 As i IE HL I 42 @ R S 46 5 ) Me(OH)*" . Me(OH),". Me,(OH)," (Fi R-OH #
N, H RIS S EERS G YR AW RO A 2)~3 (4). 21555 RCN, R,Zn(CN),,
R,Cu(CN); AJ LR FH i iR 1R A -l o W2 WS 3 20 A 7 R T R FH B0, il 28 9 PSAF 7E 1 086 cm ' AL 1E Si-O-
Si. Si-O-Al. Si-O-Fe (4R ah, xR i 5 2 EEERe M UIAHOC, R AP, F' 5 AG W R it
FRAE A RN, B N REERE WM T ERAT, F2EH P MEE S, 1037 em™ &b
PSAF 28 BEUTIE W6 I A 06 A8 58 HL A= T ImAS , 156 B b IRh 22068 W BFHE AR BAR A, 2R BRI 3 AR R 30

R-OH+CN™ =RCN+OH" )
2R-OH +Zn(CN);” = R,Zn(CN), + 20H" 3)
2R-OH + Cu(CN)}” = R,Cu(CN); +20H" 4)

R 45 Zeta LA . FTIR 4 87 T 1, 22 8 o 5 A7 76 L far v A0 BE 55 46 2% W BFF . Zn(CN),™ .
Cu(CN),> . CN 4 I [ & 3 1) Ky 567.88 . 89.76. 439.74 mg-L™'. & THI/KSMEH SEAE THIH
i (AT REO AR, RWESEE, REBERTE FIamKrTF8E, KERR 2
%, WA G WM, Zn(CN), L% B R 2/9, Cu(CN),> HLfar % Bk 2/7, CN HLfar % R 1/2,
I, R I 4 R K B S T 0 1k 2R W BfERE 0 o Zn(CN),* > Cu(CN),> > CN = fij Cu(CN),> il 1%
B AL IR F) 89.76 mg L', iaE/NTF Zn(CN),> . CN IR Mfl&, BEERSBE FRMA, 58 T2
) 5 B0 () W BREAE T, A e v O . 2= TR B TR ZE TR AR RE, BRIBL, fhsp B e 2 R
il FEMEH .

I3 I%F i £ B9 PSAF . PSAF ZBEUTIE Y HEAT XRD 0 £ 4E, 45 R AaK 6(b) fras . B
A LLE Y, 45 19 PSAF 3 % J& Na,SO, Fl FeOOH By WE i s, 228 J5 DL TE Y i L T AIOOH .,
Zn(CN), 19 W i % . 7 B Na' 1 SO,* 7E 4 il PSAF 22 Bt 7] I E i Na,SO,, T4 id #TE i Na,SO, /i
PRIV, BEE S Na,SO, WEW K, 2P 2 EERTKE PSAF INAJE /KT, Na,SO, #if#; 7E PSAF ikl
%2 %] Fe,(SO,);. Fe,0;. Fe;0,. AL(SO,), Fl SiO, ZE AT fb iR L1, W Fe. ALFISi KA K—LL 8T
LG, MR RCEEE R R A Y R, ZREEN R IL 4 A B F Fe(OH), . Al(OH), & /k
TR, FEAR FeO', AIOTHAE/K H ) OH, F3 FeOOH. AIOOH (¥ FL (=X (5)~3X (8)). Hi
T PSAF J& THRTEEEER], SFEUAZR pH FFEK, Zn(CN) 7315 3] Zn(CN), H EATTE G (9))-

Fe(OH); — FeO" + H,0 5)
AI(OH); - AIO* + H,0 (6)
FeO' + OH™ — FeO(OH) (7)
AlO" + OH™ — AIO(OH) (8)
Zn(CN)?™ +2H" = Zn(CN), + HCN 9)

22 HEEHNEBRENEI

1) HLf L R B SE e o HCRL B E) R 1 by BB BE R 10 mm, X 2288 5 W 43 A AE 2. 2.5, 3.
3.5, 4V P THUREAL S, SR 7 s, BEE R, EK P& E T RBRRE T
, BEE AT KRB A, RN 3VEF, CNp. CN'. Zn, Cu ZBRFHRBRAM, 25N

g
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83.11%. 100%. 96.00% . 80.34%. J& X N HLJE
BARES, B T /R R 38 i a2 1] 3 8 )
Pt R MRl , JF7ERM, REFEKEE
W o6 RIT R TR o Ao A, S BR SRAR XA . T R
MR TR, PHAR T T AT &R A (0.401 V),
VW B A R BT AT B AR Pk R (10)~X
(13)), 5 %|-OH ) H A7 B (2.8 V), F|H -OH )
AL, Wl EEIEN A, B CHMNE
1k CO, Al NOLEL (14)~38 (17)P7, Bk i sk
1) 4 T B —F R 43 78 B A% Al A 30 BRI 25 B
G a8~ (20)), 15 £ B T & B R K K
e,
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Fig. 7 Effect of voltage on the removal rates

40H —4e”—2H,0+0, (10)

Zn(CN);” +20,—Zn*+4CNO~ (11)
2Cu(CN); +30,—2Cu’+6CNO~ (12)

2CNO +0,-2¢”—2CO,+N, (13)

2H,0-2e” — 2HO- +2H* (14)

OH -e¢” — HO- (15)

Zn(CN)2™ +20-OH—Zn** +4CO, + 2N, + 40H™ + 8H,0 (16)
2Cu(CN)> +32-OH—2Cu*" + 6CO, + 3N, + 8OH™ + 12H,0 (17)
Zn* +2e —Zn (18)

Cu' +e —Cu (19)

Cu*" +2e —Cu (20)

2) LA ] B2 e o R AR R S 3V, FLARESTR] 0B 0.5 1. 1.5, 2. 2.5 h AT HL RS fk
SEHG, SEWRANIE 8 Fran . BEZE AR R] OB, PR K ) ON L BRSRAR PRt aA B T IRoRME L BJEA
HRAHEA L, M CN,. Zn, Cu B FEBRREMBEE LFRaE . o, EAKPE ke

B, BRI AR A, BB R A
B4k 2F R, Zn(CN),> . Cu(CN),> 7E BH % %
AR N, 4 & AR R AR DI, 2h
JG, VRS 5 RN BT B, iF
o RN, WA R 4 JE B T B AR R R R
M. HEEE 2hiF, CNp. CN°, Zn, Cu &
T RBRFY AR AKAE, 5510 91.98% . 100% .
99.63%. 94.31%. HffJ5FEDEIE, &
XRD £ I HAFAE C W, & Bk B AR 1 A S5 4
v DR BB, T Zn(CN),2 . Cu(CN),2 1 4
R E A CO,. N,, B R Zn, Cu B
T1E B DL TR 2 25 B

100 -~

95

90

ERRAE%

80

75

70

Fig. 8

85

'/""'/"—.

—=—CN,
—e—7n
——Cu

0 05 10 s 20 25 30
FELFE S ] /h
B8 EEERIENERENEME

Effect of electrolysis time on the removal rates
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3) M A [R] B 0% 5 W HCHR A R IRD A 2 h,
e b 18] #E 43 590 & 10, 15, 20, 25, 30 mm P47
HL AL L, S SR AR 9 B o B 3 B B T
FERYHI R, CNp. Zn, Cu B F ) LFRFHEH
TR, MR B 10 mm B, ZEpRER S
WA 91.98% . 99.63% . 94.31%. & M la] #E
B, GRS, EREBAER I, K
M [6] /) FB 7 5 B U/, WA [RD R R B T
Cu(CN),” . Zn(CN),* fyiF 5% dOR /N, H AL i
IR R AR O, PRI B R, DT R AR
FE TR EBRBORM, I, SR AR (E]
#E > 10 mm,

4) pH 52 o B A (BT BE O 10 mm, 28
BELUSTET pH M6, 7. 8. 9, 1047
fift A AL SE G, 5 R ANE 10 FroR . Bl pH A3
B, WP CNG. Zn BT 1Y 25 9 SR fo 86 ok
JEWN, Cu B L BRREA W WAL, S pH
J T, BRI 91.70% . 99.15% . 94.49%.,
PR S 3 22 B ™ AR i | SORVE T, T 4R
SR A K AR 2, P B S R K
) pH X B AL RO A B B g, 5 i E 2y
FMAS 0] 8, e $EAS AR BB 7K pHL
23 FITEZH

fE PSAF S niE i 2 gL', 2 BERF [H]
30min, pH M 9. HER 3 V. BN 2h,
WA A FE R 10 mm B9 55, T EALIRE & %
K PR 2R B o i AL IR SE G, 45 SR 1 By
o M3APATHIR T4 LK E, CNy.
CN". Zn. CuEFBRFHMFE, FHEBRE
4351 91.70% . 100% ., 99.15% . 94.49%, i5iH
SR FH 22k -H i R TR A B AL 2 4 R K B B R
EARTATI
24 HESH

g LTIk, ZREE-H R A LI A A B A
$2 45 IR K T 43 PSAF 425k F1 H it %8 AL B4 By
B, RMALF/REEWE 1 A, B, m
AW PSAF KA KM, NI A B T &
BREKEY, BREKAEHBETSEKTH
Zn(CN),>, Cu(CN),> . CN i i 1F 1t | faf o Al
WG BRF 25 B, TR AR A R I A A Ak 2E WG R A
TR, ALF R, RIS YRR IR T B

s O (1 w175
100
| \\\
S 94
4 92+
—=—CN,
90F —*—7n
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38 1 1 1 1 1 )
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e 8] B/ mm
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Fig. 9 Effect of electrode distance on the removal rate
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Fig. 10 Effect of pH on the removal rates
£1 FIANBER
Table 1 Parallel experiment results
ap g DOERW RN KRR T
(mg'L™")  (mg'L™) % LBREI%
A 921.56 138.10 91.37
CN; B 909.71 134.10 91.62 91.70
C 906.35 126.26 92.11
A 0 0 100
CN- B 0 0 100 100
C 0 0 100
A 121.75 7.44 98.89
Zn B 109.55 5.1 99.24 99.15
C 83.47 4.63 99.31
A 173.02 17.87 93.06
Cu B 166.15 13.41 94.79 94.49
C 163.60 11.3 95.61
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Fig. 11 Schematic diagram of flocculation-electrolytic oxidation mechanism

M, H5EKH Zn(CN),> . Cu(CN),> . CN B4 B F 384, 774 RCN. R,Zn(CN),. R,Cu(CN),, H
W, ZREEEWCR AL, JE K TR AR Zn(CN),” . Cu(CN),* 7E L E T iE % 2 HI,
TEBHAR &A= A AL B N, AR O, -OH ¥ iE 8 2 FHI (1 Zn(CN),> . Cu(CN),> & fk I N, #1 CO,, [
BERECH Zn®™ . Cu'7E % 2 IR O i A 4 J B
3 Z5ip

1) R FH 2 5 -H i A AL R B R R A B FUA K I B2 T AT Y . TEE IR, YRS RS
BRI A 2 gL', ZREERTE] 30 min, pH A 9B, JE/KH CN,. CN'. Cu. Zn & T EBEFE5 5
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Cyanidation gold extraction wastewater treatment by combined flocculation-
electrolysis oxidation

ZHOU Jiameng'?, SONG Yonghui'*", ZHANG Panpan'?, BAO Jin'?* LIAO Long'?

1. School of Metallurgical Engineering, Xi'an University of Architectural Science and Technology, Xi'an 710055, China;
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Abstract In this study, the flocculation-electrolysis technology was used to treat the high-concentration
cyanidation gold extraction wastewater. The effects of polyaluminum ferric silicate (PSAF) addition,
flocculation time, pH, voltage, electrolysis time and electrode distance on the removal rates of total cyanide
(CNy), free cyanide (CN"), Cu ions and Zn ions were mainly studied, and the reaction mechanism was also
identified. The results showed that when PSAF dosage was 2 g-L™', the flocculation time was 30 min and pH
was 9, the removal rates of CN;, CN", Zn, and Cu ions in wastewater could reach 42.97%, 100%, 84.40% and
34.88%, respectively. The adsorption capacities of Zn(CN),”, Cu(CN),”, and CN~ were 567.88 mg-L™', 89.76
mg-L™' 439.74 mg-L"', respectively. The electrolytic oxidation experiments of the flocculated liquid were
conducted by using a graphite plate-cathode and two titanium plate-anode system. At the voltage of 3 V,
electrolysis time of 2 h and electrode distance of 10 mm, the removal rates of CN;, CN', Zn and Cu ions in the
wastewater were 91.70%. 100%- 99.15% and 94.49%, respectively. Zeta potential and FTIR analysis showed
that the removal of Zn(CN),”, Cu(CN),>, CN™ during the flocculation process was a combination of charge
neutralization and chemisorption, of which charge neutralization played a major role. The chemisorption of
Zn(CN),”, Cu(CN),*", and CN~ was mainly attributed to the exchange reaction with the positively charged
hydroxyl cations produced by PSAF hydrolysis. XRD analysis showed that a part of Zn(CN),* reacted as
Zn(CN), precipitate at the moment of acidic flocculant PSAF dosing. During the electrolytic oxidation process,
the cyanogen released by Zn(CN),*” and Cu(CN),*” breaking could be completely oxidized to N, and CO, by O,,
OH generated on the anode surface, and Zn and Cu ions were removed by the electrodeposition on the cathode
plate.

Keywords cyanide wastewater; flocculant; polyaluminum ferric silicate; electrolytic oxidation
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