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Effects of removing cadmium from soil and water using magnetic hydroxyapatite/triiron tetroxide material
YIN Wenhua, LIU Yingchun, WANG Jie, WANG Shengsen, WANG Xiaozhi, YIN Weicin"

(College of Environmental Science and Engineering, Yangzhou University, Yangzhou 225127, China)

Abstract: This study investigated the effect of removing cadmium from soil and solution environments using magnetic hydroxyapatite /
triiron tetroxide (HAP / Fe;0.) nanomaterials. Rice bran was used to prepare nanomaterials using the hydrothermal method, and the
cadmium removal capacity was studied through water adsorption and soil culture experiments. The results showed that the adsorption data
were more consistent with the pseudo—second—order kinetic model when the pH was 8 and the adsorption process was dominated by
chemisorption. The adsorption mechanisms could be surface adsorption and precipitation formation when the solution was acidic, whereas
when the solution was neutral and alkaline, the removal of Cd** was mainly due to surface adsorption and ion exchange. Furthermore, the
adsorption capacity of HAP/Fe;04 remained relatively high after five cycles, which implied that it possessed high reusability as an
adsorbent. In the soil experiment, the pH of the soil increased with the extension of incubation time and increase in material dosage.
Compared with the control group, the treatment supplemented with 0.5% HAP/Fe;0, significantly reduced the content of extracted Cd in
the soil by 62%. Leaching experiments showed that HAP/Fe;0. enhanced the retention capacity of heavy metals in soil. As low—cost raw
materials and environmentally friendly adsorbents, HAP/Fe;04 nanomaterials have broad application prospects in water pollution treatment
and soil remediation.

Keywords: rice bran; hydroxyapatite (HAP); Fe;0.; cadmium; nano—material
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BEE AL ST PG R R MR A RIS Y H
) E, W(CH)EARTEINESRZ —, &8
U7/ D0 DN ol W /N S5 = N B = R
TR, R F R AT Cd KBRBORBAE LT .

W 3 Bl A Ry 3 B R K 4 R 5 e i 1k
PP FEARZZ B R R BEYE AN A RS A T REYE A
ALK AR F, sk bRk 4R 3 TR
Bt gy, Horh, U ARAE = 8K (Fes0.) 9K B REL
AR/ B PR SR i AR R Iz AR
AR OV G B AN K Fes 04 TR IR AR 5T ¢, XiF Cd*
1) 56 R 1 B 3k 25.79 mg - o', Ry A B R 5 A 11
2.23% . T3 AMREMERZL WA AE FT LA S BLRE M 0 K SO
PR oy i, R B R4 B A R R

AUKR T 4 J8 5 Yo P i, + e T 4 Jg V5 e () A
WARZ/NIT, FERZ 3B 2 Ik, stk
FITE B FE ANV 1 & R AL A W B IR A8 2 08 —F
B R IR B N 4 e Y
BE AR5, B ELHE K AT [HAP, Cain(PO.) o (OH ), 42 [ 4%
T KARAEAE A ) 00, LA K PR AR R 1
G W B BB 7 RS R A, R R ) MR A R AR A4
YRR, R HLA A ORI BE KA (HAP) R A4k
AR Sl HAP /& il A A BR 1 AR g
AR VT 2B G A0 ) (it IR A A4 R AS 2
55 5 A 2E 0 ) £ HAP , A2 8 R S50 i DL 52 461
% T HAP ZALIER . 1E AR K E 3 E AR AF W) 3R
Be op RO s AR 51 X AN AR ) 5T R
FA e E YR B T ELINR T RS . KBRS AN T
B FEEE =), 8 R AR, e —Fh EAR A A I

H R B 738 2285 Fes04 1l HAP T 88— /K R 5§
TG YAE S K I T AR A BRI T L
=, B, AW 5T LIOKHEN sk} 25 HAP, IF 88 A
FesO/E AR K56 1L HAP/Fe; 084 10 FH F7K
TIREEIE B, R ITIEM R R KR R Cd> (2 R PLEE,
[ EF 53 BT HAP/Fe; 0. XF 15 Y 1 338 i Cd> (R #li Ak 5 R Al
X Cd™ R e 1 B 52

1 MREFE

1.1 SEE&RF

NIKE Bk (FeCls - 6H,0,99% ) , L 7K i 2 W7
Bk (FeS0.4+TH,0,299%) , 247K (NHs+ H.0,25%~28% ) ,
EHR (HCL, 37%) , bR % (CHN,0, 99%) , G 7K S AL 55
(CaCl, 96%) , & A AL 44 (NaOH, 96% ) , VU /K i 2 5
[CA(NOs),+4H:0,99%], i fR £} (NaNOs, 299%) , £, %

1% WHART]

(CH;CH,OH, 99.7% ) 31 24 73 v ik 2238550 , W ) = 24
FERABR A . RBRIE A MR A TS,

1.2 #RlH &

1.2.1 FesO. 1445

#42.70 g FeCls+ 6H,0 F11.39 g FeSO, - 7TH,0 #% Fe**
I Fe™BE R R 2: 1IET 100 mL 258 FoKH, B A
20 mL Y ZK , FHR 2 60 °CHE 7 30 min, FH R kI 4
AR R IO, B AR R RN A8 R 150 CCRV. 4
W', SR ) 25 85 7K R G /K SR % 31K, 60 C
FL25 T 12 h S WHES 15 21 0B 0 Fes O, 9K R H .
1.2.2 HAP 4

£ 250 mL FEFR HP BRI 10 g B A5 KA A1 80 ¢ 0.1
mol « L' $h BR VS, R BN 0.5 ¢ PR 2 DABT7 1 25 1 )i
LW TR S 8 min, FlE , X —REEE, AT
T VR B BRI, A 1 g 0 P ¢ JBE 2, 15 min, 7539 4
AR BRI B 4 Ca AP JRF L6 R 1.67 I AGE
it CaCly, fH 1 mol - L' NaOH i 45 pH }y 10, i & 1 h,
EB I FERS A 100 mLEUW A, THEZ 190 CJvi 10
h [ ARV 2 2 =, IS DT VE L JE K B UE U 3
W, LA T8 RS A3 51 HAP Y A& H
1.2.3 HAP/Fe;0. Bl 4%

HAP/Fe;0s 5 HAP By il 25 Jr k250l 72 A
CaCl, i [a] I LA 7.10 g Fe;Ou, JH 1 mol - L' NaOH 1
5 pH Ry 10, EASUHE T HERE 30 min, A2 L TLTE JS
BN 190 CRV 10 h W8 52 5 B TLTE , Tk
CFEVEVET 1% 15 2] HAP/Fes 0.

1.3 RIEFHE

FHZ 5 X SR AT HHY (D8-ADVANCE ) 23 H7 #1 %
SNV S 25 44 A8 A 5 4948 Fe - I 45 (S—-480011, H
A ) W EL B RE I B B 5 >R 32 [E Micromeritics
ASAP 2460 #E47 Brunauer—Emmett—Teller M3z , ] 22
PBFR S 10 B 25 I 4 Rl B R T A s HAP/Fes 041
B Cd™ Jim UV Hh Cd™ ¥ B ) L B 5 5 8 - A o ik
AL (1CP-MS) M 42 .

1.4 #FRIZTE R Cd IR Bt

ARG AT T W B 77 2 5255 DL M pH 52 i S
5o TR W RSB AR R 25 CF HEA T, MR
N gL' WM Bl 2 OB st B 10.15.30.,60
120,180,240 .,360 min, i pH 8., HIRFE pH XK
FRHE 9520, T 1 mol - L HC1HIT 1 mol - L™ NaOH Kfi5
Yy pH 20 9 2 3.4.5.6.7 .8 AR I W57 A4 AT
AR R 8 SO I R W B 55 AT v 43 5 IR
£ 0.75 mol - L™ i HNO ¥ M, IR ¥ 12 h, W 551 L
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2 TR JE T T — MBI R 5255
1.5 ##4d 158 Cd sEL Bl E

SIS T I B VLA M R A S B AR
BRI, T b, pH R 7.51, 4 CdI5 Ui
AR A 260 d)T, 1548 pH Ky 8.1.Cd 4
o412 mg-ke WG Y 4 o BB HAP/Fe;0, 575 4t
+ 1 N 0.3%.0.5% . 1.0% B L B3k kL, 55
WA HAP/Fe; 04 X IR IR G5 5, -8R
R KFFKEN 70% , B 3447, = il
3.7.12.20.30.42 d & HAAR T AT I 82505

CaCl, 12 42 75 I 5 3 mT 4R U Cod & &= H
BCR i 25 $2 BUEP0 i 5 e+ h S B2 Cd 1 f i
+ 35832 S A0 pH O 6.0 IARVESZES . pH 4 4.0 (1)
S TR FRT S 6 R0 pH Ay 2.8 (KSR I 52 56, 122 0
P i H A HD B SR R4 bl (GEPC) # Hh 1y, 78
HAT Z ™, driEsessk 1 g 1385 10 mL L5
TR FE R A, FH 0.1 mol - L™ HoSOL 1 pH 4 6.0,
160 r-min™ $&3% 6 h; %5 IR W %% 2% S 50K pH R Y &
4.0, K IR TR %% 5% S50 R pH H 17 22 2.8,

2 ZREWR

2.1 MBIRIEERE S
AR XRD R AEZE WK 1a, HAP/Fe;04 AT

(a) HAP/Fe;0,
002 112
310 422 551

f
E

@ HAP
b

A “ ﬂ ” F6304

20 30 40 50 60 70

20/(°)

B0 5 HAP(JCPDS 19-0432) il Fe;0,(PDF 22004 ) it
FRUERRAE WG W) A T 5T A0 27.21° .32.45° . 40.22°4%
SR HAP 9 (002) . (112) . (310) 41T, Ri 50 f R
54.12°.59.73°%F I FesO4 1) (422) ((551) dfy T , e A7 3L
il 0 B, AT S IEAE TS o &1 1 2 200 B — o
M2k, 3PPk s IR SRR 2, HAT H3 7R Hir 7]
2k, UE I M R Hp AEZE AL AT R FL, HAP A HAP/Fe;0,
() BET o 2 M FL 0 3]k 43.41 m?- g #183.28 m?- g™,
LT3 504 0.122 em®- g F10.143 em®- g 7'

FI L 58 (SEM) 25 A1 2. BROAR Fes O, kL
T 6 W H K /INE 57 5 4l HAP Sy 15 0K e FRLA5 4 5 A
HAP/Fe;0. 11, BRAR FesO. UKL B & 7EFEAR HAP R 1M,
FEURS B3, Eb R i AR, SE i B = T B R
2.2 7Kk Cd* B IR B SR 36
2.2.1 Bl 2458

L P — B A D B Bl ) SRR SR R R
WO CA R ERBRHR, 5 NE 3 R S BV E 1,

HAP FIHAP/Fe0. (908 —Hrsh 1124 5 8 R T+
Ph—r , LB B 3l ) 2 AR R B A Hb A A HAP/
Fe; 04X Cd> (W B 2L 72 , 15 B HAP/Fe;04 % Cd* [
FRF LA 222 B0 32 . HAP/FesOu %5 CA> W FfT 4 4] 4 3
% (146.96 mg - ¢ - min™") & T HAP(67.94 mg- ¢ -
min™) ., SN RITFUG I HAP/Fe O 48 £ (G VAL &,

250 1 (b)

- HAP/Fe;0,
-O- HAP

200

150

100 [

50

I BfF AR FR Adsorption volume/(em®+g™)

FXFE A PIP,

B 1 B X SRSk AT 5 0 G SR PR — 5 B fh 2k

Figure 1 XRD spectra and N, adsorption—desorption isotherm of materials

(b)HAP

(¢)HAP/Fe;0.

B2 Fe;0, HAP#1 HAP/Fe;0, 8 SEM [ (x100 000 &)
Figure 2 SEM images of Fe;04, HAP and HAP/Fe;04(x100 000 times )
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FF H AU CA R 4, Kt Cd> W [ 7£ HAP/Fe;0,
|, B B HERS W BRSBTS RE DL N Cd> By sk

LU TP SN N
2.2.2 R HEE A

DAY TR 47 RS 7R X WA o o R g 4 T 245 SR [ 4
NI BLE L HIEYARN A 0, U B HAP/Fe;04 X}
CA™ (AW B b 55 R 52 2% W B oL 72 AT 9k 342D R
S0 2RI RTE R i b Cd™ i 86 HAP/Fes 0438
T PR 5 55 20, CA™ o BUE M BRI AL B v, I

Bl — BRI S 5 55 =20, SR B AP 16
2.2.3 pHFMSLE

PRI SR HAP 5 7 TK , I /)5 1) PO T 5
Cd* 254 4 il CAHPO, , Cds(PO,),(OH )4, CdH(PO,); -

3H.0 S BERFA LAY (K 5a) , OV AT FEANT
Caio(PO.)6( OH),+H—10Ca*+6H,PO:+2H,0
Cd**+H,PO;+H,0—CdHPO,+H,0+H*
5Cd*+2H,P0;+4H,0—Cds(PO,),(OH) +8H*
4Cd*+3H,P0:+3H,0—Cd,H(PO,);-3H,0+5H"

TE PP FUAE 2528 R, HAP/Fes04 %] Cd> 4 1%
FEAR T 5 HAP (98 128 3, 1 1 9 B AR UL

HAP H1(#% Ca™,,
Caz (PO.) 14+xCd**—Caz-Cd, (PO, ) 1i+xCa®

2500 4 <

B

a0

2 150] <« HAP/Fe;0,

> 4 HAP

1 100 — DB

= Pseudo—first—order kinetics
50 --- Dh Bl et

Pseudo—second-order kinetics
0 . . . .

0 50 100 150 200 250 300 350
st ] Time/min

3 WR BB AR # 2% (pH 8.0,298 K)
Figure 3 Adsorption kinetic model curves(pH 8.0,298 K)

400

3001 y=0.881x+228.58 R*=0.965
W B$F-#5 Adsorption equilibrium
25071 - u
T?D m -
éo 200 "
= y=7.344x+135.99 R*=0.993
< 150 F PFRY L Internal diffusion
@
= 100 f R
= "/ ¥=25.4064-33.471 R=0.998
50 w JZ (B [} External adsorption
3 6 9 12 15 18 21

tD.S/minUvS

4 HAP/FesO.3% Cd™ B R ERY B4R EY
Figure 4 Internal diffusion model of Cd*" by HAP/Fe;0,

& 10 cd”
)
ES
s 80
:
[=H
n 60
£
=
-~
I 401
= K
in CdOH*
% 20
N . Cd(OH),
=] ! ! S |
&) 0
2 4 6 8 10
pH
260
(b)
240+ el el
TbL‘ T
én 220 w T
<200
i
§ 180
160 [
3 4 5 6 7 8
pH

B 5 pHX CA* A &y bk B3t HAP/FesO. B Bt 14 &8 B9 3 Ml
Figure 5 Effects of pH on the morphology ratio of Cd*" and
adsorption capacity of HAP/Fe;04

®1 WM NFSH

Table 1 Adsorption kinetic parameters

ok fh— B3l 112 Pseudo—first-order kinetics th K13 J1% Pseudo—second—order kinetics hl
Material kX107 /min”! Q./(mg-g™) R k:%107/(mg- g™ *min™") Q./(mg-g™") R (mg-g™+min™)
HAP 2.31 212.07 0.960 7 1.52 211.41 0.9952 67.94
HAP/Fe;0, 1.20 243.10 0.9732 241 247.78 0.9932 146.96

VE = Q0 T B BRSPS IS 556 285 o B — B S B 556 2805 b S B B L5 R A DG R 8

Note: . represents the adsorption capacity of the material at equilibrium ; k, represents pseudo—first—order reaction rate constant; k, represents pseudo—

second—order reaction rate constant;h represents the initial rate of the material ; R* represents the correlation coefficient.

1% WHART]
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Biti %5 %) 4f pH B340, HAP/Fes 04 %) Cd>* i) Wz B
HB TN, pH N 8 I 1A% 242.24 mg-g ' (K 5b) . 1E
R pHYE Y, K HO" B, HET 11 25 BELAS Cd> 4%
TR B AL 85 Bl pH T, H O 8 /b, 5 Cd™ =2 [1]
1) 5 e LSS , A3 R F Cd> I
2.2.4 EAF 5L

ELSE S ARG , HAP/Fe;04 % Cd* it W [
ILREAR T 12.73%, 1551 210.92 mg-g ' (K1 6) . W=
R A JE TR AT R R 1 AP RS 58 A iR S 5L
W2 A7 A3 P 0 2R L B A A A 512 3 2o e R R 551 5 o
B0 R o 38 2ok g A R B R ) P A i — RN T
HAP/Fe;0. % CA* 1Y L pRMERE , iR 2 fim . HRZHL
W B 350 A B, HAP/FesO, 45 B 58 Y 25 BR /K H Cd> B fiE
T3, R, WNIREE A G- ol 41 PR R B AR 6 158 46 1l
Z [  HAP/Fe:s0, % 225 CA* A BT A 52 BRI FH A 5% o
2.3 +iECIHEE L
2.3.1 REFmsta]xt 13 pH 52

PN T W], Bl A B 55 B (] ) 4, 45 A B pH
SRS F TR X IEZH pH A 8.11 1/ %) 8.22, LIN
LT ST 2 BH , 7E 70% FH [B) 45K 0 1 3 rp kR Ak

2501

200

150

100

W B Q. /(mg g ™)

50

0
1 2 3 4 5

PEFRIREL Number of cycle
6 TEIR RIS HAP/Fes0. R B 14 B8 A F
Figure 6 Effects of cycling times on HAP/Fe;04

adsorption capacity

2 AR BT XE C IR P14 B LL 22
Table 2 Comparison of the removal capacity for Cd** with
different adsorbents

1Kl Material pH  WZRH i Q./(mg-g") 2% LRk Reference

HA/Fe;0, 7.5 50.40 [24]
Nano-hydroxyapatite ~ 6.5 64.10 [25]
Fe;0,@5i0,-NH,~PAA 5.0 100.81 [26]
Fe;04/8i0,-GO 8.0 128.20 [27]
GO/Fe;0, 75 234.00 [28]
A-NMP 7.0 236.10 [29]

HAP/Fe;0, 8.0 241.68 ENTE

88T

8.6

8.2

-+ X H Control

- 03%
r —& 0.5%

¥ 1%

6 1.0 2.0 3.0 4:0 5.0
B5 72 8] Incubation time/d
B 7 A AbHEEEFRER 8 1 pH 4L

Figure 7 Changes of soil pH during incubation with

different treatments

Yinl e & AR TR, BRI Fe? /K R T AE HY, 3L
pHIE NN, HAP/Fe;O. U IN$E = 1 148 pH, — 7 1fil,
HAP 7¢ + 3 B il H PO, PO E— A K fi 5 Ak
HPO: 1 H.PO:, B R 1 O, 55— J7 1T, LAKARE
R A A RS AR K AR o AT e S iE Ak
BRAR JFAERY, L, B % HAP/Fe;0. U8 i34 0, + 18

pH ﬂiiﬁﬂ o
2.3.2 TRIIEEXT CaCLARBUE Cd By 5400

WK 8 it/ , b HAP/Fe; O, VR NG 1S , 1+ 4%
H CaCLAIZ IS Cd & B WM. WINEN 0.5% 1Y
A FE CaCLAZIUE Cd 7 it g KT X B4, MBI IR 1
2.50 mg-kg ' FEIEE] 0.96 mg-kg ™!, IR 1k 62% , (B 1 —
RN N 5 CaCLIRIUS Cd & AR B E FEAIL
CaCLARIU Cd & R M FEAR AT RE 2 F 5 HAP/Fes04
FHE IR LT RE A L AR 2 G IO, B U E Y B R
AW T E T 43S M Cd, B0 CaS0.

CaCLIEIUA Cd

Figure

3
a
T 1
= I
50
E2f
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T I c
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s I ;
% 1 T
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<
(@]
0
%t B Control 0.3% 0.5% 1%
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ANIR]NE FB R A BT 22 5 3 (P<0.05)
Different lowercase letters indicate significant differences
among treatment (P<0.05)

B8 AEAIEIEFHF 42 /5 CaCLIRERECIRE
8 Content of CaCl,extracted Cd after 42 d incubation with

different treatments
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Caio(PO.)s(OH ), A A Ca it AT T B F 5.
2.3.3 HFEE RIS TERS Cd & 5 HL A

55 12 AT PR /AR F A 2 R RS, vl ik
JEUR AT AR AR LA VA R E RS | T B
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