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TFHECLRRII . AR A R Ca-Fe PRI BRfdiss
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TR b IR S A R
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1.1 SEIgdrR

1) Wi

B = FE RNk, R, 55 FBR
B R BN R, BTN . RN
HEATRERE . RREE . 55, EFIRIAEN 75~150 pm (194X
EAER SIS R AR ) R B S B ENER 1 FR
IeAh, HaiE CEAR Y v eI E , GB/T 15555.12—
1995) XA s i M dEAT T, IR il pH fEIA
F) 12.08, BliEER, BA—EREMmE, Sk
(GB 5085.1—2007 ) 5% Ji Tl P4 £ 55 142 57470 1) 45 il
12.5. BN AE A R TR AL B, 32 s N fa i IR
FYVRE R 2, g T N R E 7T, 1k
BT CARIA RN E . R0 BT 2 A s m i e
TR RRN pH FIFER, R TI5EE, NTF—F
BRER TR FE PR R A L B

=1 WEFER A
Table 1 Main components and content of steel slag (mass

fraction, %)

CaO Fezo3 SIOZ MgO A1203 MnO P205 Others
33.52 2477 1580 9.47 462 332 245 -

2) V5

AHIF 35 FH 10 T R U UG i 1 X R4 T Ik
] FH R A A5 B TR R A (ICP-AES) X 15 2
BT CFEAN, SRR S &SRS 'R 1 . Kb,
S (1R LA 4200 mg/L, B&A/DEMIFICE
Zn. Sb. Fe. Cu. Mg. Pb. Cr%%. F|FERE - 13
S8 SIS R R L HEAT I €, 1%L NaOH i 5E
A5, 1325 ER AR N 80 /L.

R2 HRILERGE

Table 2 Composition of waste acid (mg/L)

As Cu Zn Fe Sb Mg Pb Cr
4200 33.64 29.24 20.51 1538 1536 6.55 042

3) A

SEIG B A A B AL A (NaOH) . B R (HLS04) . &
1BAB(CaCly) i FR AT (KMnO,) ¥ B 47 T3R5 B
A AR I 5 H AR

1.2 SEIGUER

FELIGAARIN T : WHY -2 BUKIBEIRR o8
(&= K E Zh1L1CE:) ) DHG—9240A 7 B AviE iR
ST RAE (R —EREAER A PR A F]) . SK3300HP
R 7 TS BE A (B RS R AR A R A A
SHZ-D(W)BUE I K AN 2 FE (R ST T A3 A R T3
fEAT]). AWL-0501-UT RN TN LR fatiK
MLCHI s A % B PR A R e B PR A D)

1.3 MMHRERHIE

PR PNV BRSOV L SR T ANV ) 5
BE B HoSO, TR (AT IR 147 » B R 80 g/L)~ 3 mol/L
ff) NaOH ¥&¥. 2 mol/L CaClL V&, 7>Hl¥— <&
PANE BN A, E A ERIRZ M L 210 r/min
ESRY 12 h, IEFFBRERZE RN, BT

RNV 1) £ AN N E S IR g,
7E 700 CHIZAME T 2h, AHEERE, &H.

14 BUMRERYISERRA AR REMIK
1) AN R T IR BRI AR (R 52 = 0 PR A 2
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3. 4. 516 g IER. Bl 2h. HHERR NS S5
1 g FEERRFIE AN 100 mL {518, FHH#E A5
7E 99 Hz THENHIAE 0.5 h BRI IRA A
W ARG A0S B KB E IR IR FTE 25 CIRIZAF T
PL 180 r/min FIF5IE IR 120 min, S 58 5 KR
HEATIEIE, RV G A TCP 34T 90 A ik P N 2
DB 1A 2 FIAE IR SO FEZE 60 'C R 12 he

2) R R A A AE F 2 43 Sl PR H L ZEAH [
14 g IR Bl Ehy ASCHERR SN, &4HH
BRI 0. 050 1. 1.5 F12 g EARERSR, Fn
A 100 mL {5/, FFHEAETEBEARTE 99 Hz Di% T
7 0.5 h fHEIFS 7 BREER, REKERER
A ERIRG A TE 25 CHIZ&AF T LA 180 r/min [1JFEIH
PR 120 min, XM IEHE SR OIEAT I UE, R
FE 5 F ICP AT AR AR LM &, IRV 22 e AV i
FXTRAETE 60 'C T8 12 he

1.5 RESMXEHE

PRI E A AR bn il (HI/T 299—2007), #4018
TR AR IR VL AT IR B MRS S R R AR R DA 2:1
{10 o B LUV i 31 25 & 1K bRl £ pHL B A 3.20+0.05
IREGH . SRIE¥RE/NT 9.5 mm RSN K S5
B DL T LG 10:1 ATV G, TEIEIR/K I IR 46
PL 180 r/min [HFEHEHRY 18 ho XTIR H BT NE, W
LU . MAEERIEY SnbrdE (R EFIESER GB
5085.3—2007), i B RS G 45 B TR 1 R
VRAE HUBAR & S5 B AR R RS BT As IR
JEE (5

1.6 DA%

] X SHEATHH(XRD, Miniflex600)K4:H H:4
FHAL R MR AR, Dh% 1.5 kW, EHE
40 kV, EHIL 15 MA, FE#EEZE 2 (°)/min, HHfEZE
10 (°)/min, FITEE 20 v 10°~90°, 8 F B Bk & 45
B AR IEAL (ICP-PQ-9000 7Y, i [ HR 5= /3 H A 2% Ak
B A TN TR P E S BT RIRE . AR TR
8% (SEM-Quanta 200 B, fif 2% FEI 2 &) 43 M7 S 0L
SR OISR, AN mESA 6X107°
Pa, fRE TN 13~133 Pa, MIEE TN 133~2600 Pa [
MR, RN 200 V~30 kV, BOKEETEE N
25~200000, 7> #£ZF N 3.5 nm, F|H ETD kA1 BSED
PRSLAATREI, X B REIE{L(EDS, EDAX Genesis
2000 ), UM HER <131 eV, Peltier %6 :
—5~50 CHIZEFRRE S BT R I o {5 FH 0 B A 4
ZLAMEIEA (Nicolet iS 10 Y, 25 [EH 2B K /RBHEA

TN SO B JE E B FE ], RSN Ve
N 4000~400 cm ™', FAFEREL 16 K, R 4em
BRI LR a THE TR

a=22"Pe 100% (1)
Po

e py H p 73930 9 B 40 490 e R A~ i ok 2
mg/L; a NEBRE, %.

2 HER57HE

2.1 CUMEERIEYITELARK

IR GE AN I IR L A, J3 9kt JE 4 B v A
DURP AN AT XRD Al PR Bl #h. ek
AFE G XRD WK 1 fos, JREMEH&E
R E L Y)(CagFe0s, 2024 11.97°, 22.88°, 24.13°,
32.18°,33.46°. 33.54°. 46.74°. 49.31°, 58.19° 59.19°).
TR H5(Ca,Si0y, 260 4 28.40°. 31.33°, 32.64°, 33.42°,
40.59°. 46.94°). FAEG(CaO, 20 K 32.43°. 37.62°.
54.26°. 64.65°)FIELIM [EAAR(RO #H, 20 5 36.07°.
41.90°, 60.74°), JRUGENVE 32 Z 5 AR I A AL
M, H—EmAER, G855 RIS 4R
THERAS AR IR, JF HonT e R ARk 1K AR A A
R, oA R A7 25, PTA R R Bt
IR IORES 7, ABIRR RSP E Y, A
SR AN FH T 15 IR BRI Fe S it 1 S22 e

BRI, B SRR RN, KA
16 % AX R Tk B 5 1) K & ) (CaSO,H,0 5 20 A
14.74°, 25.65°. 29.74°. 31.97°. 49.42°), {5 K&
1) Ca. Fe B¥#:8 TR, WAL SIGRKN, N
T OAs WIRUTUE . Eh el EENVE AR LE S5 I AH S
R T EAE, LT SR (FeOCL, 20
N 11.56°.26.45°.35.91°.44.88°) I E S ALAB(Ca(OH),,
20 4 18.07°, 28.68°. 34.10°. 47.14°, 50.80°. 62.60°)
BAE, X ESHYIAACE R TSR T ATE, A
Bl -k B e A W PR

BReSVE . AR AT L T LI &,
It B 5 REEANE LA — EMES, FEWH A
AMNAI(CayFe05) FEFRES(CaySi0,) . AfLAES(Ca0),
BRI AR (RO AH) o #0804 Hh 5 A S I 28 2k 1 ]
TARMIPIAE, B I AL =Bk (Fe;O)PIAH, R [F2
e it 5 2% P[]V 1 (RO 73 i S A 2 78 1 DU 4k — 8k
(Fe;04).
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Fig. 1 XRD pattern of acid, alkali, salt, thermal modified and

unmodified steel slag

2.2 MEIERRERRR
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U AV FH 5 T S FRCUE pH R B A S B TS,
S50 R ARG S P AR FE TR AN [ B PR ] B
TR B AR A FE AT L PR 2R (V2 1] 2 A0 3 Bz M
BARESRE, 0535 SO v & 1S 0
TGN o DY S A o e 1 25 R AR T oA SN
(17, H R P A e A 11 A AR
Mg b, AR, BRIFESCELE. (HHT K
RAEEA FRIPRE], SO R E R, N
B AN EANE . MR LR 0.02
kg/L PR & ELas i, V5 R TR AR FE A 278.37
mg/L, KBRFN 93.37%; i ot F & 13 i,
As LRSI B ARG, BRSOV R 0 & 1 [ L
0.04 kg/L I, FEEFN 98.11 %, LLiy5 R 5 4
WPE 79.46 mg/L. Tl Eholotk . #eEr AR
SOPEARVE (1) [ Ly 0.04 kg/L I, §5 182 b 98 A ik i
3919 611.28. 203.14. 597.81 F1595.96 mg/L, [
REN 85.45%. 95.16%- 85.77%- 85.81%. kit
AR FH AR S0 ORI, ¥ R R e 25 BR AR AR A AN KR
DRI, 326 R o P 08 TR) FH B4 [ L 9 0.04 kg /L I
BRSO BT -

WFFTR A, VA 3 5 o R B R 2 L
WA SEIKARBR . X EAR B 5 (Ca). Hk(Fe)s
TE(ST)EA A R, ARAE SN H P BRI 4T ks 1
AR, AREAREFHZ 5 N, BRIGECRA & 1
WSS, RERE SCERRIRCR. TPNE S
TR NG A REAT XRD A, b Rk 4 Fros.
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B 2[R B OxT S A v T IR B e R B R B
M

Fig. 2 Effect of solid-liquid ratio on residual As concentration
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Fig. 3 Removal rate of As during waste acid treatment with

modified steel slag.

HH P& 4 RN, B S AN =035 9 4 B (CaS0,-2H,0),
A] AR E 2 K& G E BUHPRES (Cas(AsOy)) BFTTK
B, (CaS0,-2H,0) A2 3 T e [ 14 o 1y & 2 =
Yy, AT, B T IRESER LS (EPR) K
LT USROG HE(ENDOR) O, 4141k 182210 X
SRRSO RO, IE S AT DU [ BB ER
KB N K (AU B8 1 (AsO; ). DRI, 5 RR
S 5aE e T LR thhh, Bk
B A IRAA S, 7E =M (Fe(ID)IEEE T, As(V)
RENE 5 Fe(INE MR ELTTIER =, 3E i Rk
IR R 25

B2 4 o XRD 43T, ARSI IE
RAETIERIG . HFNE 5158 NG =13
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IRUEAR, e AR MRS R IR (1 5 e 1707
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Fig.4 XRD pattern of reacted steel slag from waste acid treatment: (a) Complete spectrogram; (b) Main peak of migration appears

BRERES K A )(CaSO,-2H,0) . H MR TR AN 52 B
WLEESRE SR R AR AR, T3 3504 B P e P 5
IKEVIRREWE B T ks . SNBSS, 44
BT BRERES K -G, ARG ST R, SRR
KAV R ST, LG R HER,
L DN T Y e VR - e s = R PR S
R, TBREAE . SheltE . ot 5 ok SO AR (B
i, WAERFYIRE, AP EEHITE. RE T
filt SERER I RN . BRERAR K A 5 1 (38 G s, 5
FOT R L BRI EK . BRESCR AR 25,
S BRI E AE B RS K A D (R e HE B T
o WEFCRPY, md it i N B S A SRIA
PREPRCR, XFRILR 25 =PI s AL . ik
(R ) B (BRI 2R AN ], Bl N BRI ) 5 0K,
SERRIEZAK, MR XRD HHRTERAS KA Y
LV (P i A% o

BN AR 5151 IR NG A2 BUIAR R, (R
HIRH R LBRRE I AR ZE N . BRIUMEAN A b FE TS
B AR 5, X EEAR T2 5,
BB R TR T B ERAS DL 2 TG 8 BB IR Bk, BRI
KEM Ca. Fe &1, AATHEEGUE: H—H,
TR A3 R TR A A . BRI e, A 2
SRR ASCR T H 1) AR R R T DLE
E IR SSUPE ANV PR S AE Hh 38 20 AR i T bR 1 i R 4
Yy, IXLEFRIR =P R 2 BRI A R DL S 3t
DUGEMERAR, TS 20T I bR . LIN 26281

WFFUHR AR SE 73X — a5, A B TR v LU A
VIR B 3 7 SR A .l A EPR GIESE T
As(IIA As(VHEEE 2 T AER S AL dmtgd, M
TS B 22 BR O B35 o Tkt . Aot Ak
AR 222 1) i DAL 3K A P e D7 R AN B AR R R AN
SRR A LS T RIE N R B B, RS
TSR R R A TR SN o TR R R R A I S Ak
AN S BRBR ISR, R B X ) 22 B 7 5
GeVE PR I RE,  BRBR AR B T BT SNV 1) W] A )
FAM S5 A AL U 3 SR ] A 26 T P b LA ) 42 5
A F ) 2 R RO 0 o 35 1 (R ek P D Bk DA
DR A B PR AR O B, DT S 38 T e P ke
RS Ko Fif ) A R BRI
222 FAfbiafbiism

TSI LL As(II)AT As(V)E2S BT R B AR £h
715, As(IDFI As(V )7 fii BB 3 5 S5 e
PikaE AR I EE M, o As(V )RR £h 8 e PEAR X
T As(IID I BESR, SRk TS B i RT3 o fa 2k
TR AL B A ) A R AR E M . N T RIS IR 5
PR SOPEANE BRI 52, P T AN R] AR R A
AUFIHET, SHERE SRR, 25 R K
5F6 Fin. M EhR AR INE N 0.5 g i, PUFP A
B R BRI RO S AR NI A Z A K, BEE A
FREPRINE M 0.5 BhnE 1 g, BRSUR 2RI, &
AR TR B R B AIG o TR O B AL B ) R e AR ik
WFER 88.44 mg/L, W B i, IAFH 97.89%,
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Fig. 5 Residual As concentration in solution after disposing

of waste acid by steel slag under different oxidant dosages

100
< 95t
<
G
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E 15}
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+— Untreated
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Bl 6 ANFAAHI S T ANEAL B IR 5 T Y 2 R

Fig. 6 Removal rate of arsenic in solution after disposing of

acid by steel slag under different oxidant dosages

Horh Bl s ANV Y 196.02 mg/L, et Jy 123.54
mg/L, HEMENE N 257.61 mg/L, KetEME A
320.68 mg/L. MR HER 2 g I, FROCHENE
AbER Y5 IR HR R AR R FE R IR F] T 33.26 mg/L, BR
Tk 2] 99.21%. FHETT AT, 1 5Rb A A FT40
BT 15 ERBRAT

R3AERCEAHER)ES . PRAH G ER IR A LA AR E 1k

IX 2 R e il B A R AV VR R IR As(TTD &k
As(V), SEIneERRR 0 2T USSR i As(TTD)
FENA As(V), 875 L HH A BE 25 5 4 e A v
bR HARBFFEABUESE TIX— £, W As(V)TES
W B 770 B EE - As(TID) g B8 4 3t i b 5 °°7°7) . ZHANG
22013) Sy As(IT) 3= B3 o W B VA TR B 25, T
As(V )3 Ik W B A0 A 27 s I8 3 TR A FH T A A &R o
2o BT, AR ERAE AL B AR AR A S
fih s 1E LA BN R T 25 &, AT BELAS T e 25 i 2
MR . MR, w5 R R B SR ARk, DROA e i
) T4 1 P AT R 5] . IR, BRRSEECSHA N, A
{10 25 i M P 2 P A 5 R E VAR P BT S DA SIS R FE A
%, JEI B BCROELLAREUE, TESE T LASS RS TE
AFTE AR AR P I 1K T DABR I 25 % A7 7E B 1)
FasetE. BHERCIERHER)ES . AR G h M IA A B Fifa e
PEUNER 3 FioR . R SR UTIE VAR R /N T AR 2R UL
VEMITAMRRE , WRISA BRI, As(V) BT LI iR
Eh A 6 PN 5 AR A FERA TR /N 2R, T B =
MR e e, BRIk, Sk b o o 2 DURH R 6 7% 3047
15, M ZEBRIGRm P mARRER S . XM SRR
B T R R ) 25 R R P A AR I R SR AL A
WA R I BRI ENS R )5, MnOj #0855
Mn®", T 2 T TS R R R R B — s 1A
B, CHAKRAVARTY 25813\ 5 Mn B 7 A= H
Y B PR E FCSRTAT, 77 A2 30 e R B H At A7y B B8 1
BB MR IE AT, HSMERIE TS S, WmiEE
ZEREHTE 1
223 RS

2 BRI R A B AR A TS e I Bl
PERGEM BT, 8 4 Fm N 078 i
HIREEAES . MR 4 \TLUEH, BRAS PR 2R okt
RS PR B T R B (IR T CSER R
YR GB 5085.3—2007) ¥UEH) 5 mg/L, J&T—
R R 72, W LA A HEAE . VAR UL,  SOMEANVE
AEFR G HR R EE AP EUR, &g Kk AL B
HEREMEMELL, ERA e XERNESA
IR AR AR A R A7 T 3 3 ZE LA RS LA

Table 3  Solubility and stability of calcium/ferric arsenate (arsenite) related salts

Item Molecular formula Valence state Solubility/(mg-L™") Stability
Calcium arsenate Ca;(AsOy), +5 130 Unstable
Calcium arsenite Caz(As0;), +3 900 Easy to decomposition

Ferric arsenite FeAsO; +3 Trace Slightly stable
Ferric arsenate FeAsOy +5 0.15 Stable
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AR, e BRI BRER A Y R 1709

LR SRS M AR, B8 20 70 B e e B RIURE )
FRA, XA KR ER A S BA S R B A
o P RGP = e R 00 v e v AR B R ST
TR AR AT LB, BRI IR, RS R+
it (1 A SR A R T SR e BRI Th A AR e R, B
AR 35 VR 2 o A8 Y BCR S SR SR I XT A7 4800 (14 1R
BPENE AT RS M. 45 RRY, FEdh P
66.54% il 3 2 LU RS NAEAE, SRR L
N 14.44%, RFRTIE S 38 73 2 /N T BB B /K & e
[ % (B 5r o WS G B 7 g 2, ks E
[ S AE T B R ES K S D AL o X R R 1 DAL
AR I RERE B 1 B SRR, T EL T i
JE AN IR PRI

R4 RSN R AR R
Table 4 Arsenic leaching concentration of steel slag after

arsenic removal

Arsenic concentration/(mg-L™")

Type of steel slag
Acid Alkali Salt Thermal Untreated

Without oxidation 4.41 7.62 4.81 7.46 11.61

After oxidation 253 6.87 3.68 6.62 9.85

2.3 SRIERRFHHLIE AT

N T ARFUPEAN T BRI HLER, ) B B A2
YISt RO TS A K S5 A AL AR AL, S 9 4 4R
ANZLAMEHENS S NAREAT 0 #r . B 7 s IR e N
B FRUCVEANIE K BRI 5 BRI MEANT 1 SEM 5. X

7N RROCMEANTE A BRIR A S NI SEM &

Fig. 7 SEM image of steel slag, acid-modified steel slag and arsenic-laden steel slag after arsenic removal from waste acid: (al),
(a2) Raw steel slag; (b1), (b2) Acid-modified steel slag; (c1), (c2) Arsenic-laden steel slag
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Fig. 8 EDS analysis of acid-modified steel slag after reaction
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Steel slag modification and its influence on
arsenic removal from waste acid

HAO Feng-yan"?, ZHU Xing" % QI Xian-jin"2, WANG Hua"?, CAI Gui-yuan"?, LI Yong-kui'"?

(1. State Key Laboratory of Complex Nonferrous Metal Resources Clean Utilization,
Kunming University of Science and Technology, Kunming 650093, China;
2. Faculty of Metallurgical and Energy Engineering, Kunming University of Science and Technology,
Kunming 650093, China)

Abstract: Steel slag, a bulk solid waste in metallurgical industry, characterizes with high alkalinity and iron-laden
composition. It shows the great potential for the heavy metal wastewater treatment, expecting to be used for the
high-efficiency arsenic removal from waste acid after further modification. The effects of modifications including acid,
alkali, salt, and thermal pretreatments on the physicochemical properties and arsenic removal efficiency were studied.
The influence of oxidation on the arsenic removal performance of modified steel slag was investigated. The toxic
characteristics of arsenic-laden steel slag obtained from arsenic removal were analyzed. The results show that the
modified steel slag exhibits better arsenic removal performance compared to untreated one, of which the arsenic removal
performances of acid and salt modified steel slag are significantly improved. For the waste acid with arsenic
concentration of 4200 mg/L, the acid-modified steel slag is added to remove arsenic according to the solid-liquid ratio of
0.04 kg/L and the reaction is kept at room temperature for 120 min. After the reaction, the residual arsenic concentration
in the waste acid decreases to 88.44 mg/L, following with an arsenic removal rate of 97.89%. In addition, the arsenic
leaching concentration of arsenic-laden steel slag obtained from arsenic removal is lower than the limit value of the
hazardous waste identification standard (GB 5085.3—2007) 5 mg/L, which belongs to general solid waste and can be
safely stored. It is found that the acid-modified steel slag can release a large amount of Ca and Fe ions that enable to
remove arsenic by coprecipitation and adsorption. The arsenic removal mechanism using modified steel slag provides a
feasible solution for the arsenic-containing waste acid treatment using a stepwise process composed of pretreatment of
steel slag and arsenic removal.

Key words: waste acid; arsenic; modified steel slag; coprecipitation; adsorption
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