550 TR T IR 244R 5 17% 5 59 20235 5 3

Eco-Environmental Chinese Journal of Vol. 17, No.5 May 2023
Knowledge Web Environmental Engineering
@ http://www.cjee.ac.cn E-mail: cjee@rcees.ac.cn S (010) 62941074

‘;E XERB: KiTEBhiE
gﬁ% DOI 10.12030/j.cjee.202301005  H&[43r25%5 X703  SCHkPRIES A

BUALE, 18R, 1K S TR - TRk O RN L K A IR (1], PREE T R4, 2023, 17(5): 1523-1532[LAI Zhiting

YANG Huizhu, SHI Taihong. Treatment effect of acid mine drainage by the redox-stepwise precipitation method[J]. Chinese Journal of
Environmental Engineering, 2023, 17(5): 1523-1532.]

e AR IR - 73 28 PLE i BT BR LA LR K A BE
SR

s, B, s A ENE
Lol KRR R 5 TR, T 5100065 2.4 S B AER R R A0 9 Br, M 510535

W OFE OWBRAGH T RS LR EDT 1L K (AMD) &b 3R AN S SR 48 Ak 3 TR 43 25 038 T 6 7 Ll K 2R AT Ak
M, BRI BAKASZRBAG T EFEA B PR, 7B 2 45 min, %53 250 rmin™' . K
pH Jy S, AT AMD H 10 & 54 B 4k SE ] NaOH W8 7 K pH & 5.5, # 6N 4mg L, B
BF ]S 45 min, 38 5 S0 A0 DT UE 15 FER IR TR AT 23 0 IO B K i Fe? ™, 1) B 7K TR i A NaOH W, 9 49 2 7K
pH % 9.5, RIULIE YK Zn?' . Cu*'s Zad iz T2 BIG, Bk h & &R 8 7T B K5 K84 HEhs
i (GB 8978-1996); 1% T.Z5AbBE 1t /K, I B A7 & 5.4 kg(4li )& 85.72%), kit 1.53 kg(w(Fe)=35.4%). ¥4 it
1.4 kgw(Zn)=10.89% . w(Cu)=0.1%); E /K Fe’'®'| Zn®", Cu®' MUK F 43510 84.3% ., 71.2%. 46.2%, MK /KAubHLK)
HHN A A 4.1 T+, K AR AT [BHBCEE IR A 3.8 Tt 1% L2 AT K AMD Hh (RIS b AR 90 45 [
WO K Y 4 R, A R IR K B A B AR A, IRl K R B R R, SE IR AR S A B Ak 28 MU H AR, IF A
AMD EFEAL AL BRI 1R S

KRR MM IR AR PRI ATEES A SR8 ik

R P 1L & 7K ((acid mine drainage, AMD ) B {5 Je it B4 . i B2 2% . AL PR AAS = S5 45, [
WAL B AMD (19 125 2 kK AR B ez, Hdh R . A A v ME L AR hde iz e ek
Ty WA B K I 237 A K B0, DU R B EE A M KSR UIEY . BT AMD L5
e, DUETAEREATRZE, TUEDANERMOEN, RIS, Kk, &itih—
e N AMD H1 LI a7 it JBT 09 8 DA R e it A2 4 JR D0 1 T2 B RSt X

REWALFFCT ML X EE . FRBRREEN, 7 MEmT ., Sk o
TEFATE ERR,, R4S AMD, AMD 25, &6 KEAE ) EBILER, kG
FPEE, UTAR, OGN E SRR ZEE R I AMD (B E TR, 7 X N AESREC A2
WUGE; BREG EIMAN K& A mREN SRS T, BRENESETGRIEY, A5
i) AMD ¥HLH KEIL B EK, KEIL AMD B &E &N SO, . Fe*”", zZn®, Cu*', RHA
PATHRIE LR 1 AMD B, ISR A i A B R E . RIEE, BRh S EERE T
XA B A A R A e Y, SRR IR R B RS, A R P R OK b R B T R I E L 2
FEABHER XFEAFRAKRE . ISR SRR PURMESS, ML T Tl A4 =0,
Yim B A 2023-01-03; RAHEHA: 2023-03-17
F—EH: BAE (1997—) , B, WEBFE, 974823008@qq.com; BRBIEIEE: A K% (1963—), B, W+, ®l##EZ,

eesshth@mail.sysu.edu.cn


mailto:974823008@qq.com
mailto:eesshth@mail.sysu.edu.cn

1524 o T OB MR %17 %

ABEFE LI H AMD B BEIRALAL B bR, SR AR IS B U0 T2, 7ol % 2658 e m) | ol
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1.1 SEIGMH

SIS JF K BUCE #RO6T R 51 AMD, JEJK pH R 1.9~2.4, KK &R F B E R Fe**. Fe*,
Cu*'. Zn™, /KW Fe*™" Zn® | Cu** . Fe*'. Ni¥'., SO i W& 7 5l by 634~827. 155~166.,
18~25. 326~417, 1.11~1.18, 8527~9 342 mg-L™'. LI PT A kA Tk 4%, $hR ¥l . BilR .
AN R A B At
1.2 XBRPTBRETZRIE

B2 20 500 mL PR, bR EFEY R, mH A A i BRI R e, R Rk
) Fe* i R Fe? I 5 B — 5 1 A KA 20 S 2 L K b5 20 45 min J5 , a8 200,
DOl TG, RAERE . KK Fe R 5, WA A A KA, N 45 min f5 it 98, 4
KA JE B U, PRI UEE TS, RAEFRI . BEEBCH KA BN 5~7 gL, Bl
150~250 r'min”", M 3~5 ¥ . S W B[] 2R 30~60 min, 531 Ly(4)) 1E A SE 55, IF 00 Az A 8 1y
a4 WEESOK . 7R MR AR OE K RIS B, AR E VR P In A NaOH W W, IR YT R K
pH 2R —(H5 <, BAEN 4L min', WEAEBHE, BGE0E, XutEitEiradr, if
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Fig. 1 Oxidation-reduction-stepwise precipitation process flow
1.3 S5k
AR RK AR SRR bR (AR T ITIE ) (GB/T 5484-2000) #Y J7 vk #E47 1
SE o BEOK T JE B R B L B 45 B TR B A (3E [ PE A W] NexION300D) #4710 5E o B K
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Fig.2 XRD patterns of neutralized gypsum before and after reduction
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Fig. 3 Actual and SEM images of neutralized gypsum before and after reduction
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KW, WEERAR, 5E 3 ABNREML, FEER, MELEEHEEESY, XMHAE R
PURPEE A, A B K & HA.

EA KA TR KRR, oK pH Fhmr, KT &R B F S E EAUiTE , YK
R EFWEANT 107 mol- L ' B, WM A4 R T O wauiE!, WS % ngs i Ra] 5
ST 4 4 B S TR AR UURE A5 22 UTHERY I8 pH. Fe(OH),. Fe(OH),. Cu(OH),. Zn(OH), HI# &
FRA3 500 8x1071° | 2.6x107%, 2.2x107%°, 7.7x1077, FSIFIATLIER) pH — RAE 2.1V 24, S8 DLTE
f) pH 7E 3.5 247, i Fe*'. Cu®, Zn* FFURULTE M) pH — B 7E 6 LA I, 5842 ULyE B9 pH 7£ 9 DL 1P,
JEK Gt iR JRAN B S, PR T AR, W T R OK TR PP TTTE A TR SR K b B
Fe ™ iy i %

22 ARAEMEMNAB. EKpHREBREFERKINEI

A AMD H i 0.2 g L7 3R R ¥ e dE A7 38 R AL B R, 4] 5 SR 150 e minT', N [E] A
30 min, A MKA RN XA R OK R &R R AR RS A K 4 s . ATLVE WA KA
B, KoK pH FHE, AE S E AR K D &R i KRR A KAy 2 gL
i, /K pH b 3.86, AHE 7w N 043 gL, MBI EKSG GRS ILFARAETIE. A KABM
WA 7 gL B, KUK pH R 5.64, BB 636 gL, EAKH F? Zn*, Cu Y LBRE S
MM 12.5% . 5.1% . 3.5%. 4K pH> 50, JRKH 48 B I KR FBRERT , SO A KA 8o &
FERIAE 7 gL LU, BOKI pH 7E 5 20, BHCAE M- miem, I BIEK 4 e 51 L BRI,
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Fig/4 .~ Effect of limestone dosage on gypsum production, wastewater pH and metal ion removal rate.
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L IRATE IRy 5~7 gL', B3N 150~250 rmin', $EA0 3~5 Y. W I E) 4% 6 7E 30~60 min
BF ,C AT AMD o R C B f  AE . SEEOCA KA B R A Bk g . ROV B[]
AR, BAHRE SRR 3 K, B Ly AR (% 1), S a ., aifE | ek
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b, SEEIRZERANE S R, TR LS 1. 2. 3 Bl b AR A B R R, A 3.5~3.6¢ L,
W54, 5.6, 7.8, O HIKE, NS54~68¢g L, WA KABINENIEHITE6 gL' AL,

T 2. 3. ARSI AR Y A B i K B A BB, i 36.8% . 32.6% . 34.5%. HIIE
A Y e 22 45 R (R RS K T i A0 TR, R e A0 B i K A o E ) R B AR IO A IR A B
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B [H] 4 45 min, F% 38K 250 rmin™' . f1 KA K

10 000

8000

6000 | T
4000 |

Il m Il
N

7 /(g - L)

S
(a) FE

50

40+
8
=
& 30}
i)
i
% L
{u 20 I\E .
3 — i T .

10}t —5

0 1 1 1 1 1 1 1 1 1

1 2 3 4 5 6 7 8 9
(o) T EAK

*1 EXZR
Table 1 Orthogonal experiment

5 A) (B) © (D)
2
B/ (g L") RSN /min SR (e-min”')y Sk
5 30 150 4
5 45 200 5
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7 30 250 5
45 150 6
7 60 200 4
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Fig. 5 Experimental results of 9 groups of gypsum yield, free water mass fraction, bound water mass fraction and purity
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U B 7K T 43BN 44.6% . 7R 5.4 g L SN 76.3%

Ptk T2 B A B o r g R UL 6. 1k T2 Wi R B 5514 A KA — IR A % 7K
L ARABNE 6 g L' RNETEISY 45 min, F£HH 250 rmin'; AL T 25, SEMA 02 gL
1) 8 T2 38 e X R K AT I8 B AR B, B 6 g L7 A4 MK AT AT B 2 min 43 S WA R K b - sl s g B
(] 4 45 min, 53k 250 rmin's HE 6(a) FTLAE W, Hifk T 2000 MU A48 e iF 2 4/ i
WoRLHERUE R, fiRRARE/N, RESREL, WEEERZE., XMAaFFESKEERS, FIH
MBS . MR T 2R AE (B 6b)), BB MBCR, MikkFER, MR 5
B, R A B EOK SRR, PURM R, HA S i R (E

10 pm

(a) MRAL T Z R4 B I SEMIE 1% (b) AT 25 A1 I SEMIAL %
6 MULIZH. FEAEH SEM Ei&
Fig. 6 SEM images of gypsum before and after optimization process
DA TR R £1 8 TG-DSC 2 M 45 R AN 7 s o di [ 7(a) /T LAE M, L EE N 57.6~
103.6 C I, DTG KB N2, A HFEEHARE, EREAFOWFEK; EEHN 103.6~
127.6 C i}, DTG iz i Bl 7 —DABORB A, A EEBURBR, A8 B4EE SR AOT ihb
TG WA R KA T T N 127.6+303.6 °C B, DTG M4k N F2%, AfmEmLgsE,
IKATE LK TR AE 5 303.6-°C LU, AFEEREATZL, BOREE. R0 s aH
4z,
X, =4.778 5¢, 8

Kb X, OB o IOBEE KR
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Fig. 7 TG-DSC analysis of recycled gypsum before and after optimization of process
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ALV, YA TR S RN 1027% A0, hz Q) H A A S 2 N 49.07%.

& 7(b) AT LAF L, IRIEN 57.6~88.6 °C I, DTG ki W28, A KIFHRIBD; ]
& 88.6~150.6 °C B}, DTG ik Bl T — MRS, AFERBREN, ABFNLE MK
Wb, BWEEAL KA IRIE N 150.6~309.6 °C BF, DTG MiZ# -2, AFEEHERE,
KRB AR R TEKAE; 309.6 C LG, AFEEEARIERC ., B4 MKTESEN 17.94%,
A E A R 85.72%.

TAAEM R, BRI Ai 35 T K2 36.65%, W KM & T A8 AR M (e, nIqt
B RIRA B e S B U i B, W A A SR P K R 8 b RS X o B TSR A
AU
2.4 pH FRRSETE X EK S Fe?™, Zn*"\ Cu* X [& R 5201

MRS R, K pH X 45 &8 B T 1 LR BAEAE — B, FEER KA 3 MR Y
K, 439k Fe*'. Fe(OH)'. Fe(OH),. OH MY%5HL FH:flir.0o i F %5 5 g Ak, Hitk, Fe(OH), #%
S Ak Y TR L Fe(OH) &5 5 AN B M, 42 & %K pH, AT Fe™ By U fb it B2, 40 J g <O
], SR FHE B4k SR R AR AR DU 19 77 3 25 B 2 K TP i FeX s (B K pH R B, S EUE K
Zn*t . CuRAEULTE, DU Fe MM OIREAR, DLRJG 20 b Bl 4 8 3 [ROR R AR

P MRS AR R K pH 43R 5. 5.5 6, SR Bt () X K o 4 e S TR R AR AR R dn 4] 8
Fis o LA, BEOK T 45 4R B 2 Bk S Bl AR (R 9 B i s hn o 4K pH R 5, BRACET ]
930 min B}, JEIK R Fe . Zn*t . Cu il 2 RR S0 64.2% . 7.6%. 20.7%, % 90 min B, JEIK
HFe?t . Zn®" . Cu i BRI E] 73.5% . 15.4%. 58.4%, J&IKTABIRATHET 4 Fer P 4
%K pH Hy 5.5, BRI K 30 min B, K Fe*?'. Zn®" . Cu® By £ KR53 51K 75.6%. 10.5%.
35.4%, %45 min i}, JE/KH Fe* P BRI NN 3] 95.4% A 47, JEAKH Zn®, Cu* B £ B35 R
22.2%., 45.6% JEAv, BCB A SEEL R K R B R 4x A i 4R UK pH oA 6, BT [A] 24 30 min
BF, BEIKH Fe™ . Zn*. Cu®” MB350 82.4%., 8.5%. 43.4%, F| 45 min B, BE/KH Fe?* )
BRI NN F] 92.4%, [HEK P Zo®, Cu B ZBRRE S, 258 38.4%. 75.3% 247 .

MRS L R, AR pH Y 5.5 25 47, MR ABT [A] £ 45 min A2 A7 B, AT S B K
Fe 3 i 434 e, [mICit it vh Fe A8 a7 42 5

LN ST, 1t K ] 77 A2 T i ki 1.53 kg(w(Fe)=35.4%), LI 4T XRF 2007, Ui
MESRMERME 2R, DUETSAZ2M4&E)E, WFe. Al Mn. Ni, Zn, Cuf%, Hr Fe
GRRE, FEETIL 65.05%, JTUE &N 55.98%, UiHITERRE SRR PR T LA Fe o £ 8 84>

100 100 100 -

—s—Fe -

—e—7n —s—Fe
80 ——Cu 80 ——7n 80

._\./\.’/4 +Cu
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S R ——F
). 40l //—‘\4 wl _._Zi
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/—_./‘\
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I A ) /min /< i i) /min IS st ] /min
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8 AFEpH FTRSHEMEKFEREFEBRERNZM

Fig. 8 Effect of aeration time on the removal rate of metal ions in wastewater at different pH
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FORITRIC ®2 NBEHETEESE
25 pH 3t & 7K & Fe**™, Zn**, Cu**: & £ 1Y Table 2 Contents of elements in sediment
22 JLR Bt 5350 % JLR i kk/%
AT, BATEREFRIEE N 6.03 12,629
65 pH KR WK 9 s . K250 3 4B Al 1.010 Y
Bk o3 A pH XS IR K o Fe?' 0 Zn® . Cu*' £ Bk Si 3236 p-997
R S 3.986 6.980
1B Be, TEIR I AL B S B R K Ca 1:400 }-680
AR AT, R K AT v A AL BT I A Mn 1.31e 1152
oK pH 1 2 88 & S, i TR Kb Fe¥ 4 ik Fe 65.050 55.979
5, FEiZ pHIE B N, Rk Th EEAER Ni ) g 0.091
Fe*', Zn™ . Co®JLPAKRADIVE, H F 4%k Cu W 0.999
WA, Bk eREETRRREE, K Zn 4\ 9691
Ko Fe?™ . Zn* . Cu* By LA M 15.8% . Bt 100.000 100.000
7.8%. 19.2% ZeAv, B B K R B RN (o0 »
(2~ (6)s
CaCO, +2H* + SO = CaSO, +H,0+CO,1  (2) 8o
Fe’* +20H™ = Fe(OH),| (3) s e0f
Fe’* + 30H™ = Fe(OH); | 4) % ol
Cu®* +20H = Cu(OH),| (5)
Zn* +20H" = Zn(OH), | (6) all
55 2 BB, $ NaOH W . 190 7K 0
(9 pH 2 5.5 I X K A7 B AL B R AT BR
A KL A L Fe,0,, R H A AL UUTE B TE 1 E9 pHXEKPEEBFERENRZMN
Fe(OH), DA [ it J& 7K Hp () Fe?P' gk AR 1k ) Fig. 9 Effect of pH on the removal rate of
o7 3 7 0L 5 (7). metal ions in wastewater
Fe?* +2Fe™ + 80H™ = Fe;0,] +4H,0 (7

B W Fe 8 A0 0 Fe'Ja , 5K Fe*' . OH 454 4 i Fe,0,1", AL UTTE L N 2
FEE K NaOH, 78 J& /K #JE 1%, Fe(OH),, il i <7720, ¥ Fe(OH), & fbH Fe(OH),, &
73 2 LK (8)

4Fe** + 8OH™ + 0, + 2H,0 = 4Fe(OH), | (8)

T 3 AR AR Y Fe(OH), B A RE W I 1 7K rp At 4 a8 85, ik 26 4 Jm 125 ik A B BER AR 2544
P UTHE %, HIE Rk EMEARK, BRE D UL KRR MK b EBr, EAad =40
R EREE I B T 454, il Zn®t . Cu i R BRI B BOE K Y Fer A 5E 4
EKBry KA e Zn* . Cu I RBRF 5N 97.6% . 36.4% . 43.2% FEAq o

53 BL, N NaOH W, WA R KM pH & 9.5, IR /K Zn®" . Cu*'. JE/KH pH AN'EH
SR, MEAKTR pH EFE] 10 PR, FRAKH Zo? 0 2 BR AR AL, X2 Zn(OH), E—FFiTE S
FALY, ST, SRR K Zo? B B, R KA pH B A 9~9.5,
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2.6 FWERFRE-DEITERLEBEKRIREFZRLTHT

K K 28 3 AL IR 5 -4y 28 UUTE T2 A B xR3 BEAEMBRERETREKRES pH
G, BKENMEBERNESBE FIKEYS pH mnaE 3 Table 3 Metal ion concentration and pH.of
Fir. WL R, K F  7n? . Cut'E wastewater at each stage
A SR B K h Fe i 5] Uk 2k 84.3%, %mi}i;}fiﬁm FCMZ an*{l Cuz*{I o
Zn®*, CuHy [ UL 3 K 71.29% I 46.2% 7 4 | ;I{ ‘ et ) Jee )\ Q)
) 643 161 26 1.9
Zoad B RIALBLE PBEK H FT T Zn® | Cu® _
— SN —Bh RIS Pk 542 148 21 4.9
AR T K75 7K 255 HEOhRE (GB 8978-1996). B Bk N \ b ss
S =] <0. .
AR LR LR R A 4R e N 1 o .
X < <l <l
EKAL BN 5x10* t-d 7 AR, 2450 2 20.5% ' ‘ ‘ ‘
R i T3, AR TREEE HERARE <0.5 <5 <2 69

10° Je-d™', BRAKHALBA N 4.1 T6 ¢, 4524
AN I 22 Tl AL = 25 i A%

TEA T Z A SRR L R e, 7 2 g T o] Table 4 - Pharmaceutical and pharmaceutical cost
W IR B2 AF . BRI AR, F R K AL S—
LRy Sx10* ed VR, R T LA W g WERR Ceomied) e

x4 BFREH

270t, ABELEEERTIA 76.3% L b, AT [ gk LA 300 — A 3
UL 76.5t, w(Fe)=35.4%, BICE BT 701t R 0 I -
w(Zn)=10.89%, 7E AMD 4k B F e, AT ImolL'NaOH 5 Bt I
MCHTH o4 SRR AL, WA AE R KT e, S~ s
WA, SHERM AT WELE, B von 10 s )

AR HO A AT (o IR (197 B AT T R A 4T ", AL R A 20.5% 10°
YNk s o, WOt I AR 18.94%  stq,
10°J6-d™, AbFEPE KRS R 3.8 0T,

KB T2 XF K A7 A BRI, P OK 2
AL B R AS Ry 4.1 Jo-¢1, KA AT RIS R

*5 AEWHER~TESEN

Table 5 Recyclable resource yield and price

e o T PR

PR A 3.8 TCC, FIA ARG A p b TTRMREIRERSE PRed D 2 (10%55-¢)
AR o VaE-1 270 360 9.72
3 & Sk 76.5 720 5508
1) GRS Ul e e Ay e 70 450 315
G T, RRIA CRATET op TR 7o R0 036

2, ARG RS R, A S H: WAN3.8IEt!, EIRAN18.94J77E-d 7'
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Treatment effect of acid mine drainage by the redox-stepwise precipitation
method
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Abstract In order to reduce the treatment cost of the acid mine drainage (AMD) in Dabaoshan of Shaoguan
City, the redox-step precipitation method was used to treat it. The results showed that high-quality gypsum could
be recovered from AMD when the limestone was stepwise dosed into the wastewater after reduction treatment at
the reaction time of 45 min, the rotation speed of 250 r-min~' and pH 5. When the pH of the wastewater was
further adjusted to' 5.5 by NaOH solution, the aeration rate and time were 4 mg-L™" and 45 min, respectively,
Fe*”** in the wastewater could be stepwise recovered by oxidation precipitation method and ferrite method.
Afterwards, the pH of the wastewater was adjusted to 9.5 by NaOH solution addition, and Zn** and Cu*" in the
wastewater could be recovered through precipitation. After the treatment by this process, the metal ions in the
wastewater were lower than the national comprehensive sewage discharge standard (GB 8978-1996); the process
could recover 5.4 kg gypsum (purity 85.72%), 1.53 kg iron slag (w(Fe) =35.4%), 1.4 kg zinc-copper slag
(W(Zn)=10.89%, w(Cu)=0.1%) from 1 t wastewater. The recovery rates of Fe**", Zn*" and Cu*" in wastewater
were 84.3%, 71.2% and 46.2%, respectively. The chemical cost of wastewater treatment was 4.1 yuan-t™', and
the income of recyclable resource products was 3.8 yuan-t"'. The process can recover high-quality gypsum from
AMD and recover metals in wastewater step by step, effectively reduce the treatment cost of wastewater, recover
resources in wastewater, achieve a win-win situation of environmental protection and economy, and provide a
theoretical guidance for AMD resource treatment.

Keywords acid mine drainage; limestone neutralization method; gypsum crystallization; stepwise recovery
of metal
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