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W OE TR B R BE 713 HAPGZ 285 I 1, hydroxyapatite) . =5 s & A 775 1 =5 Bk 3 4 7 1
X HAP 4 Fh b4 BEXT K B CA7 i R AR AE , SR A ERSHESCI 0 s, 20 3N pH . 5 R st 8] F490 46 vk B 45 T
XPHHEAT T 5 R A B R LS R X IR ZATT A BT S T B, G PR Bl g 2R T | o A R AR TR X T R
i AR AR B AL REAT T AT SR . G5 IR 4 BhRORE XS Cd> I R BR A5 RIT SAy R G AR £ 2k HAP> 5 i i
B >V B U £ 2 HAP> IR A 8 A9, v R g 3 A s B L 17 2k HAP X CA™ Ry e Bt e 22, & R AE TR
G, ANEFVE CA™ I R AR i 3 A T S £ 2k HAP X CA™ 1% W PR RE B4y, W B AR A & v
Wt 2 1 24 A Langmuir W B S5 TR 2R AR A0 5 W o2k 7R = 2 Sy MR 590 2 T ) PR 2 AR 2R R B, R B ) RN B
FRAE A RA2AUTTEVE T s BEAh, R R e H A 4k HAP X Cd™ e Kt i 43510 7.65 mg-g ™' A1 12.63 mg g™,
MEEZT, & T 60.58%, X307 & 08 B 4K 07128 T HAP AT K 4 i Ho 0 Ca> B W IE 25 ko /B9 VA 3 1) 22 5%
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HAP . (= 0 5 59 v 1 i 58 0 v £ 480 HAP 4 R RHIEAT X BT, 43 0 DN pHLL 5 0 F 8] A 90 4 ik
VI 455 T 2K 4 Fh ARG AR AW B RR , 45 A SEM I XRD 26 AE 45 5 x4 A4 W BFF AL B 0 £ 43,
DI R 75 e b R KA 0 5 4 I K A BRARIE S 5

1 #MRl5RE*%

1.1 XI5

R (H,PO,). PU/KAHERES (Ca(NO,),"4H,0). % /K (NH,-H,0), F A 1L# (NaOH). fi§fik (HNO,).
R (HC), BilR (H,S0,). /K& A (CACL2.5 H,0) Bl 3l s S8 HIK R £ 8 1K .

I o 7 A0S (S4800 Y, H 7K Hitachi 23 l); X HHRATHH (DX2700 %Y, 1L P} ¥ oAU 4%
HIRAF]; SLEFEaiK RS (Smart-Q30, FIFEMBUENARAR); KB HEIEIR % (SHZ-82A, 4
In i oA AL AR i 5 A B F]); pH It (FE20, M4¢ i) -FER 24088 (R ARAF); HEHS 55
TR K SEH6IEAY (Agilent 5100 ICP-OES &1, Z23E(E R ((hE) A BRA ).

1.2 LMt

1) 59 78 ok 5 B T Ak B R R A v R e R AT (X R 100 H) 43 ik B I SCTT 4 SR K A R
A R FVFIME £ WA BRITAE A R R A o F 2 B 43 i 1 A R K R 2 Uk oK AR T, &
BFKIE gk 33, PR 10% 1 HSO, %R 1 h, KB F/KREEUETE, U8 T A HE gL
i, S0CHET 240, BUBBRHIE, BAAHRESH.

2) Wi B 2 HAP B il £ o B 0.25 mol-L ™' ) H,PO, ¥ WK 120 mL FAE AR, I FH A K IH 5
pH=10, fINA 50 g FikbFEE AO4NA, FHELShBERERS (425 rmin™) HiFE4 5T, JFEE A 50 mL 1 mol-L™
) Ca(NO,),"4H,0 ¥ , A1 BF FH Z0/K 15 Ak v 1935 W pH=10", R4+ 30 min J5 , WO i 48 h,
B, Bl W, KB TOKREEE3~5 I, BB FER AR IR BEAR (80 C), HtT 24 h, HIfHFE
HARE, A B S
1.3 RIEFRE

K Al BT 2 U8 (SEM) WS S By /T 4 R BHIIE S A5 4 5 SR X 5447 31X (XRD) 43
M HL B2 7 A1 I B4 40 S5 20 A
14 SBWHE

B 2.031 7 g CACL,-2.5H,0 [E 4K, MIKE MG EZ T 1000 mL AR, Dfl& 1 gL' H
CAMEE& W, JERIET R RER — Wk, DIMEEHASLEM A, I 100 mL — & W E 1) Cd™ %
WTHIE M, 5 1:3 B3R A 20K 5 2148 2 19 pH, FEMA 0.1 g M8, A IR IR AR 7 4%
(180 rmin™", IR (25+1) °C), R HNFEERTE], BUHFHE 10 min, FBCOL LIEW SO, S0, &5
FH HL B A 45 B8 IR R SRHOGTE X (ICP-OES) Il 7 8 % SR ik 2

5 ) g o A = (1) TR

qJQ;DV )
Kb g AAEIRT CE R, meg!; C, N CEHIIAWEE, mg L' C,  CA FHiHkE, mgL';
VR CAAEWAREL, Ly m AMEE, g
2 #HR5TE
2.1 & B2 A1) A AL IR B 4 O 52 M

TEW MR VR FE N 10 mg' L', pH i S BYSRPF T, RN B [E] (0.5~30 h) X 4 Ff kA4 L W B 7K %5 W
CA* MM an el 1 Brzs o m & LRI, Rl S S IR] A 380, o 58 0 3 B L 7 38 HAP 2 okt el xif
CA™ iy W B 3 52 b A B o & 3 A 1R 2k HAP FE SO VLA S h i, MR B B4t , S h
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J5 W B A TR L 24 b i I P B[ - e s .
2RV AR AR s X T B R, AT A to| - MR ARHAD

R R o3 & /e ) 25 S, 2 30FE 12~21 h W o ~ gt o

WA, A8 21 h B 53 5 L )
2 FlB R Ca h W WP R B 22, ARG 9 & S

T B 4 HAP 43 0 4E R BTG 7 h A9 h 4 S AL

CAP A5 B MOV A, {126 7 1 RO b A

5%t BRI . el BCRT A, 2 B AR T A e
HAP Ji X Cd™" 9 W% B g 0 #8A Jr i 5, Hoh g 0 s 10 iy 030
O J3E 0 3 SR L 4 R R R XT Cd PR

F 0 A 3 BT RS 78 4 54 HAP> LTI TP 950 1

2 R ST B 3 1 2% HAPSIT B 4 Fig. 1 Effect of reaction time on adsorption capacity

W, TR B KOS AR B R M AR S, AN EHAE CaT I A R SRR
S 50 HR FH o 6 s R G A5 R Ry R B 5
2.2 pH XK B 55 A 5201

FEVI AR W R 10 mge L', WIS B R 24 h A 5500, pH(2 ~9) Xof v B J35 40 v % . 17 3% HAP 1)
B CA* Ry man & 2 frs . B 2 AT, pH XT 2 Fkr B B CA* Ry g K, X4 pH<S i, BEZE
pH MBS A, W BRF S PR i s >4 pH=5 B, MR P hEdR K 24 pH>S B, W Bk LT OR B A de Ak
5, UL 2 BB R FE BT pH S BN X CAH BT — E R W R . (LR pH<3 B, 2 B kR
Cd™ 1) W Bt it AH 25 AN Ko IXAT B2 PR MR 40, Wil H A & ik, W3R HAP 54K 19 i

ghakby, FEERIE HAPGK (2) MWEA S A e

AL TR HAP 2 22 0 WA ) o o -
fEHE T, A, HAP i ly=P—O—Fi o sl

—Ca—OH £ 5K i W h 9 H % 2 TR T 1L 2 b oot - .
N, i A =P —OH fll =Ca— OH*'[J & X 17 ES' —

T 5B T P o LR T £ 3 e A
W B Ca 2, B pH KGN, HOS B, ! o
b AR R 4K & A CaSO,. CaO, FeO Al ol

Fe,0, 4 41420, 16 J2 i 2 th B ik OHC, 3 PR
FERI o HY, SEAEW R pH A, FF Cd™ B2 pH A B B

£ BRI, Fig. 2 Effect of pH on adsorption capacity

Cas (PO,), OH + 7TH* = 5Ca** + 3H,PO; +H,0 (2)
2.3 HEEIR E X A4 R B 4R RO 22 1

TE pH=5. [ NLIf[E] 2y 24 h B 254 T, IR MR (1~35 mg L") X iy B B2 9 i K H: 171 2 HAP 1
B CA> Asgmantsl 3 firm. IRl 3 vl L, BEERIAWEE R, W R R T 7 C,<11.60mg L™
BF, Bl R0 e T B A 3G 0, R B R R G N, R A B Y B R Dk W R L B 2 R W Y Cd®r, Al
15 1 B 55 2 1 K N EBALBR 5 Cd AR Az i, R BRE R R I, SR B R R AE C>11.60 mg L
F, 2 Bl A4 AL X Cd™ i W B AR A R B B, 10 B AR D AR VR R 11.60 mg- L i, 2 I B A L X
Cd™ 1) W BFF 422 0T 10 FNR S o BF 2 Rl REEAT X FUASH M, B3 4 3 £ 3% HAP X Cd™ A W B B 410
T rEn O A, B R 2 o 12.63 mg-g ! Fl 7.65mg-g !, MHELZ T, $25E T 60.58%.
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24 SWHENEREESMERMEANIE S r
241 BW3hHFHE 2}
R I ME— S0V RN — g U2 g [ By g 2R T or
YT e 8 B v K H 7 4R HAP W B Cd™ iy W B éo 81
NIRRT LS . g j
i — R Bt Bl g SR L (3) = 0 e R AT
In(g.—q) =Ing. — kit 3) | —e— A i
HE G B Bl S R LA (4). 0 5 10 15 20 25 30 35
r_ bt @ WA (me - L)
4 kg q. P 3 00 D e 3 o R o ) 2
K g o WRN T B R B, meeg s g, A Fig.3 Effect of initial Cd** c.oncentration on adsorption
capacity

S B 18] ¢ BSF A W BfE R, mgegts Ky R ifE— 2B
JrE AR R R, mints k, D iE TGSl I mE R I B R R R, g (mgmin
AL (WA 1) RWT, 2 FhRPRL CA> i W B 2l ) 2 R AR ST 5 1 — S B 3l 7 B Y, i
1 A e N B 48 HAP X Cd™ 1y Wz B DA Ak 27 B o 32 o
R1 2MEHFRESH

Table 1 Kinetic parameters of two kinetic models

Al Bk q/(mgg")  k/min'  k/(g-(mg'min) ") R
‘ o SR B9 11 2 HAP 16.02 0.2042 0.856 4
WE—2 3 R o
AR U 490 7.35 0.156 3 0.917 1
o SR A9 11 2 HAP 13.68 0.008 9 0.984 5
HE 2R3N Fr A o
AR 409 7.96 0.015 4 0.988 2

242 AWM FREAL

K F Freundlich™® F1 Langmuir 58 5 U 24 X 57 ) 1 vk B2 5 1 Ay O o 22 1) %) OC R EAT 4L, f
HEER Iz 2 Fron, MR FRIE N (S) M 6) Fras, BTt o 8 25 R (X (7)) A H i W Bt
SR T HOME S R

Freundlich #& % L (5),

1
lgge = —1gC. +1gK; (%)
n
Langmuir #5571 Il (6).
% = ! C.+ ! (6)
qe Gmax qmaxb
O3 FRECR, TR WK (7).
1
R, = 7
"7 1+0C, )

K K, Freundlich fU%FAE %0, L-g's n M Freundlich (W% MI3RIE s g, WIEFIRMIR, meg;
b 4 Langmuir AW %45, L-mg ',

4 2 T i1, Langmuir 45 I 2k (52750 X 7 6652 40 1% 3 6702 HHAP W B C™ 0 0L 45 2 R e,
Y R B H1090.990 8 1 0.999 7, 56T i Tk 60 e 1% L 47 6% HLAP X > W WAL ) 4y 0 B 59 2 1 1=
(SRR . ROVFESS T, 2 MR L RLE(0, 1), JEEES WL,
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Table 2 Fitting parameters of adsorption isotherm model

Langmuir S5 2 AR Freundlich % {7 £ A5 7Y
i e/ (mg-g) b(L-mg™) R K{(L-g™" n R
SHREEE AN 1 ZHAP 12.85 2.5340 0.999 7 5.741 1 25730 0.784 9
SRR B i 8.05 0.504 0 0.990 8 23630 24282 0.9727

243 SEM

& 4 k4N it S HL A7 38 HAP 4 FhobA BT CA* AT J5 19 SEM &l . X L & 4(a) FIET 4(b) T %0, fIRH
JE A R AN I S, FLBRR D R A R LR 2 AL, PR BRI HES, 3Rk
Hi BTN T g AR B A H R TR, A HAP BRI TR Bk A, Dk o R A v B CdP AR A
TR . B E 4(a) 5B 4c). B 4(b) 5 4(d) FTAT, Bl 4(c) LBRY KL, RHAT
BRI 61 28 T — 52 A0 HAP; [ 4(d) R & A KEA A EZRY, UL HAP s )b £ 2%
TFREENRE L, HARRFHAZFLARRAER20, XF HE & 4(b) AT 4(e) KB, = B 4K 75 %) FL Bt Ji
7o, ORI U B 5, R WD R B L bR T CdT AR T 4(d), B 4D B RA
BH S A SRCIR BRE 2 4, 3 v B A 28 HAP R A K R Sy i [Wed, wIeiE 773k
HAP (1% 72 5825 59 5 X Cd> 1y W2 B B 07 D8 T A £ 28 i v ol B2 W v

(d) w0 S A HAP (&) SN J B e s () FRLIE B o B A 571 A HAP
K4 B %L 3 HAP (9 SEM 4]
Fig. 4 SEM images of steel slags and their HAP loading products

244 XRD
4 BT R BT IS #9 XRD B3RS A 5 firzs , XA 2 2 Py 40 3R 3. Sead RS M AR RS 2%
K. BT S HEE, Mo tariEae, FELISI, O, Ca, Mg, Al, Fe S s 4 ¥ it
0T AR TRER R A, e R A AT A, HBEIR () IS YRR IR IS B R, R T
2 PRI 53 14 22 S X R B 1 R P S I A 5 RO TR B9 s, s UE 9 7S %) HAP 1Y 17 2 RE )
vk o NS AT Y, 53 HAP J5 A ARGHEE A9 16135 b, BRAS 00 e 8 A SOt A8 g i b, A AT 5
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WS A AN G, 3 U IR B N ] /D i £ 3 HAP, EL 6 O AN s 548 HAP J5 1Y i 2 A9 i
VoA SR I ARG A ) 0 S 0 1D S K 5 T R R A s B Ml T A T HAP, Xt — R T

SEM 4 HAG T k. HAP X Ca* HLAT B A S AL
U B0 B Bl 0 07 T R et SRR
) 52 M AR BRER CO R Sy L b IS AP

S RARAT o T IR N S R s R N
i KL HAP AT T B, Cd* 222

Pl Ca,y,Cd (PO,)(OH),. CdH, (PO,),. Cd(OH), aN o RS

I AR, X UG v B A B G 9 3 T

HAP XF Cd?* 1) 0 7 FH 5 32 1 42 e CE e e

N (S)NT‘:t (12) iR Fig. 5 XRD patterns of steel slags and their HAP
loading products

®3 WERHEOHHAPWEZERS
Table 3 Main components of steel slags and their HAP loading products

it FES 20/(°)  ARTEAREL || AN FEBS 20/(°)  AHIIHEEL
Ca(ALSi),0, 10.322 100 Ca(ALSi),0, 10.322 100
Ca,Fe,0, 11.981 141 Ca,Fe,0, 11.981 141
(Mg, Fe,Al), [SiAIO;(OH),,,  12.527 002 (MgFe Al), [SiAlO;](OH),,,  12.527 002
Cay(Si,0,) 25.130 120 Cay(Si,0,) 25.130 120
(EAE Ca,Si0, 34.115 103 gﬁg% CaMgSi,04 29599 221
=l .
s Fe,0, 35438 311 ﬁ;/:r; Ca,Si0, 34115 103
Ca(Fe,Mg)Si,0, 35.610 221 Fe,0, 35438 311
(Mg, ;Fe, 5),Si0, 36.227 112 Ca(Fe,Mg)Si,0, 35610 221
FeO 42.088 200 FeO 42193 200
Ca,(PO,)«(OH), 31.740 211
CaHPO,-2H,0 11.650 020 CaPO,(OH)-2H,0 11.603 020
Ca,Fe,05 11.981  020/141 Ca(S0,)-2H,0 20731 121
Ca(S0,)-2H,0 20.731 121 Cay(Si0,)(81;0,,) 31.137 116
B CaSio, 30001 220 | FBE Ca,(PO,){(OH), 31765 211
it Cay(Si0,)(Si;0,) 31.026 116 gfﬁ; Ca,Si0, 32,136 121
(Ca,Fe,Mg),SiO, 33.626 260 Ca,Fe,0, 33.455 141
Fe,0, 33.279 104 Fe,0;2Ca0 33.515 141
Ca,SiO, 33.801 205
CaHPO,-2H,0 11.650 020 CdJH,(PO,), 4H,0 10.009 200
Cd(H,PO,), 11.743 020 Ca(AlLSi),0, 10.322 100
Cd,P.0,4 16H,0 20.542 Cd(H,PO,), 11743 020
RS Cd,(PO,), 26955 221 E"i"é Cd,P,0,4 16H,0 20.542
=AY Cdy(PO,),(OH) 32.291 212 g%g Cdp, 25.502 111
JE A Ca,Fe,0; 33408 141 || ga#HAP Cdy(PO,), 26955 221
MgFe,0, 35.413 311 Cds(PO,),(OH) 32.291 212
FeO 41957 200 Ca,SiO, 33420 260
Cd(OH), 35.221 101
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Cay (PO,)s (OH), + xCd** — Cayo_,Cd, (PO,)s (OH), + xCa®* ®)
HAP-OH + Cd** & HAP-O-Cd" + H* 9)

2HAP-OH + Cd** & (HAP-0),Cd +2H* (10)
Ca,H;_, (PO,), + xCd** — Cd,H;_, (PO,), + xCa** (11)
20H™ + Cd** — Cd(OH), (12)

1) SR HEASER, M pH. SN B [E] R4 46 v B 45 T 1T 25 58 T (AR A v | I A T 4R
HAP ., (= 5 B 50 785 00 1= 3 4 s 171 20 HAP 4 FhbHBEXT K S W Ca> W B, S5 R s, 4 Fibt
LN Cd 19 82 A5 SR I A s i A0 3 0 2% FLAP> 2 ik 00 3 > (0 ik 0 32 0 2% AP ol 3 0 7

2) 1 B A i R H: B 3k HAP X Cd>* 11 e K W B = 40 9 oA 7.65 mgeg ! AT 12.63 megrg ', ML
T, & T 60.58%:

3) vy P A v S L £ 38 HAP X Cd™ 1 Wi B ok 2 X5 2% - o — W B 38 77 25 A5 7 T Langmuir WY fff
SRR | 2 U R R o P o A W R R e T 0 B2 ks R s BB AR B R I 0~1 22 1A,

4)SEM Fl XRD RAE /BT 2B, 1 0 B A9 s S FL A7 2% HAP % Cd> 1% W B A FH 3 LS -3¢ e
L 22 VTREVE N 32

5) BT B ) 2 S o LI R S R R . R U AR R R, vl L 2k HAP [ T
K BRAREUE N PRB A AR T3 R KSR B, LA R LUK AR/ H .
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Abstract In order to investigate the adsorption characteristics of Cd** in aqueous solution by four kinds of
materials: low alkalinity steel slag, low alkalinity steel slag loaded HAP, high alkalinity steel slag and high
alkalinity steel slag loaded HAP. The static batch tests were conducted to investigate the effects of pH, reaction
time and initial concentration on Cd*"adsorption. Combined with scanning electron microscopy and X-ray
diffraction analysis, the adsorption process and mechanism of steel slags and their HAP loading products were
analyzed and discussed by using adsorption kinetic models and adsorption isotherm models. The results show
that the adsorptive effect of four kinds of materials on Cd** was following: high alkalinity steel slag loaded
HAP>high alkalinity steel slag>low alkalinity steel slag loaded HAP>low alkalinity steel slag. Among them,
low alkalinity steel slag and its HAP loading product had poor performance on Cd*" adsorption, and the
desorption phenomena occurred. Thus, these two materials were not suitable adsorbents towards Cd*". High
alkalinity steel slag and its HAP loading product had good performance on Cd** adsorption, and the adsorption
process could be well fitted by quasi-second-order adsorption kinetics model and Langmuir adsorption isotherm
model. Their adsorption processes for Cd*" were mainly a single layer chemical adsorption on the adsorbent
surface, and the adsorption actions were mainly ion exchange and chemical precipitation. In addition, the
adsorption capacity of Cd** by high alkalinity steel slag HAP loading product was 12.63 mg-g"', which was
better than that of high alkalinity steel slag(q,,,,=7.65 mg-g ")with 60.58% improvement. This indicates that the
adsorption capacity of Cd*" on high basicity steel slag could be greatly elevated by HAP loading. The basicity
difference of steel slag had great influence on Cd*" adsorption.

Keywords steel slag; HAP; cadmium; adsorption kinetics; adsorption isotherm
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