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Abstract:  Objective This study aimed to effectively, rapidly, and cost-effectively purify wastewater and repair soil from lead
pollution. Method The remediation effect of a lead-remediation material (superparamagnetic micro nano Fe;O04@ Ca;o(POy4)s(OH),

functional material, MFH) on Pb%" in wastewater and polluted soil was studied in terms of dosage, initial concentration of Pb*,
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adsorption time, pH, ionic strength and organic matter concentration. Result The results showed that the adsorption of Pb>" in
solution by MFH satisfies the pseudo-second-order kinetic model. The adsorption equilibrium was reached in about 10 min, and
the maximum adsorption capacity was 181.6 mg-g™'; at pH 2.00-5.00. Also, the removal rate of Pb>* in the pH range decreased
with the increase of pH while an increase in ionic strength of the solution inhibited the removal rate of Pb>" by MFH.
Nevertheless, an increase in the organic matter content in the reaction system effectively improved the removal rate of Pb*" by
MFH. MFH showed a good lead-removal effect when applied to lead-contaminated soils in farmland and industrial parks. The
addition of heavy metal activator EDTA can significantly improve the removal effect of MFH on lead in soil. In slightly
lead-contaminated farmland soil, the total amount of lead removed was 102.74 pg-g™'. After experimentation, the recovery rate of
MFH from soil was over 88% by using a magnetic rod, while the recovery rate of MFH regeneration performance was 89.49%.
Importantly, the magnetic properties and specific surface area of the regenerated MFH recovered well, suggesting that MFH had a
good recovery and regeneration ability. Conclusion Therefore, MFH is a good material for the decontamination of lead-

contaminated wastewater and soils and its usage is promising given that it can easily be recovered with its basic properties intact.

Key words: Magnetic composites; Hydroxyapatite; Lead-contaminated soil; Adsorption performance
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Table 1 Basic physical and chemical properties of the tested lead-contaminated soil
- HHLFR B T A N
+ cd/ Cu/ Fe/ Zn/ Mn/ Pb/ T HEF
pH  Organic matter/ CEC/
Soil (ngg') (pgg') (pgg') (pgg') (pgg') (pgg') Soil texture
(pgg') (cmol'kg™)
A 7.46 12.56 3.60 0.14 23.64 46.99 10.83 1.61 182.5 Fi Clay
B 8.23 8.63 5.32 0.03 0.23 31.90 0.89 3.15 2194.4  fPJT Sand

TE: A, RESGYLE; B, TEXEERELE. TR

soil in industrial park. The same below.

1.2 BIREERSIK MFH YRR S Ph> i I B
1.2.1 SRR SRR S O R T FRER
—E A MFH T 47 50 mL Pb (NOs ), B
BT, BB PR | pH S5 A T,
FE 220 rmin' AEEHE R — RS, R REER
W AR B 7 B R, N s, KA
JE 43 66 TN 5 W T POY RIA R I

MFH B 520 . 73 5IFREC 0. 0.05. 0.10,
0.15, 0.20, 0.30 g MFH, %W P> W E N
625.63 pg'mL ™', pH N 5.00, {ARIEFEHE 15C,

VTG PO™ U AR . AR BRI v
4 0. 50, 100, 200, 500, 750, 1 000 pg-mL " f
PO> VAW, FREL 0.10 g MFH.

pH M50 . & BYS WIS pH b 2.00., 3.00,
4.00. 5.00, YAWHILE Po> MR IE K 625.63 pgrmL ',

B TIRE RN . DL NaNO; 4E Jy 3243 i i ok
P RN AR R R, WCE B IR 00 0.02,
0.10. 0.30, 0.50, 0.70, 1.2mol'L ',

AL T TR B 0 S E VA RTINS A T
( Q/JFC043-2004 #xifE, ¥ E AL 2= R A BR 2
Al ), LIS WA HLB AR & o MFH W Pb™ (1
. WEEHRWE S 0. 10, 20, 50, 100,
200 mg-L™',
1.2.2  JEFEN 52 (352 ) WE = )
[EJ 0, 5, 10, 20, 60, 120 min, FRIK 0.10 g MFH
T&4 50 mL 625.63 pgrmL ™' Po> IR 1 &5 .08
W pH i 5.00, (RRBEE 15C,
1.3 MRARAE

X B 4 47 5 X XRD ( BRUCKER DS
ADVANCE, fEEf% ), AR5 SEM
( SU8020, H A H . ). #i3hFe & #E 58 i VSM

- Note: A, lead-contaminated soil in farmland; B, lead-contaminated
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3T BET ( ASAP2060, |- 2 7 BREG 42 50 ) Xl il
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1.4 MFH 35 £ T IERNEREES

PRI 1.6 kg A4 FH 475 2 1458 A R Tl e XA
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TR, DKL 1 1 S KA ER, KR
2% 5 cm, HiFE 10 min, KBRS, OB R
0.9%L A MFH #18},  [EJ#4HE 20 min, ##E
2h, TEMRHS EHEP R R RO BAE RS
FHRERAE A IR T8, B4k Int MFH, A
3 W KRR HHERWE L, HJUEIR T
TR 75 PO BRARMREE, AbHRS I KT R
BCR 0 5 + 38 S 28k, Hoh B35 b
W FE AR R PV S A 0 — 53 o ARAIE 1 9 Ak 3 i
JEEIE AR ASEITE MFH MRS Y% 4358 b 45 (1
FBRER .

ARG RDS B R BR R AW . RS
Y+ N EDTA JGEFIXT MFH 2265 R HEE Y
o, PRIGSYE 4 AL B, BE 2 Mk DA
EDTA; QFHUTE i EDTA, V% T /K Ao kb 2,
ffi +-4h EDTA & 4 3 mmol-kg '

1.5 MFH B¥5B4E

MFH [RDSCEI0 52 K -39 b Bl i) MFH 76 3
KT S AT RER -G ERAE, DUR RIS,
MBS, T8, KBETERY I+
MR R AL B Y, FREIFTFRE LR,
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W B

MFH A PEREI 2 : BGE & MFH, 7E 20°C |
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my
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A
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XF Pb* I BRR

Pb> I Ze bR X M 75 O i T RS
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X:( m (3)

Q=""—m (4)

X, Co MIEMMIIRIRE (pgmL™"), Cu AW
JE VR B Po* B (pgemL ™), V IR AARFA(L ),
m R MFH £0805UR (g )o

K JH Microsoft Office Excel 2010 #E47%#E4b
., Origin 9 X b3 5 A £ 1E B 7 o

2 R 5HE

2.1 MFH #&mEx K Ha i Pb* BRI

A I A ST BN X PO A IR BRI, AT AR R
PRI B AR B &, A7 R T 52 34 R Y 55 0]
FH o FEMRFEE ] A 2 h £¢FF, MFH #0008 XF Pb**
FBRR AT A £k WL 1.t B AT, MFH X Pb*
1) 2 5 23R IR 5 o 8 110 156 o 28 A5 16, 2R B A v
(O B 700 A PO B T T 22 5 Mk OBV A, PbTHT
A HEEAERE MFH B36 e 5617, e8Ik
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T B PR 2R N B IR R 25 . T [Al. Note: The error
bars in the figure are the standard deviation of the data. The same
below.

1 MFH i gl b Po* iy w2

Fig. 1 Effect of MFH dosage on the adsorption of Pb*" in solution
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PH 25 0 2 0 3] — e A (0 A RS o L 58 4
FUF, Rl L o 396 < 28 48 3 2k 1S i U

SR FH W B 4 SR B R MFH X Pb>" B4 Wi i 1 A
HEATHAG, 0 W 500 ) 2 T 45 4 R B AL . ey
2 2 [, Freundlich Jr U4 bk 280 R 5%
0.969, HJLAHIE Freundlich W 45 IRAS AU 45 & 2
oA T MFH X} Po™ I Bt A2 i #0225 7 L R
T 22RO phah, W R R a1, U
Bl MFH Xf Pb*" ) K AEWRBE, W Bt A2 R A
21, PIAFS I MFH T Pb (T1) (8 KW B 6E F1 R
181.6 mg-g ', H5HALREYEWRMRIA L (£ 3)
M EAB RS T,

Ton
5 200} . -
Z e
E —
5 150}
g §
& -
= 5 100}
® &
s 2
R 50t
£ »  SEAE Fff R Equilibrium adsorption capacity
E Langmuir XA Langmuir model fit
:g
)
&3]

Or *--- Freundlich %144 Freundlich model fit

0 100 200 300 400 500 600
SEAfifvk  Equilibrium concentration/(ug-mL™")

Pl 2 MFH XA D P> i 55 R A A
Fig. 2 Isothermal adsorption model of Pb*" in solution by MFH

%2 MFH # Pb? By 558 IR M Bl &

Table 2  Fitting results of isothermal adsorption model of Pb** by MFH

Langmuir W A% Langmuir model

Freundlich W [f{#%%! Freundlich model

O/ (mgg') Ki/ (L-mg!) R*

K¢/ (mg-g') - (L'mg"') '™ n R*

181.6 0.413 0.841

63.42 5.532 0.969

R3 RNEHEIEIRMF X Pb AR M BE

Table 3 Comparison of adsorption capacity of different magnetic adsorbents for Pb

EPER A Magnetic adsorbents R ZEo

Maximum adsorption capacity/ ( mg-g ") References
Wik Z L5 RFHEEIL Bk ( CS - EGDE / Fe;0,) 41.17 (8]
FLIE SR I B R AR UK BT (MNP ) 56.6 [20]
Fe; O/ M WIKG R G W 94K 5818 (CD poly-MNPs ) 64.5 [21]
AR 3 Fes O WEMENK KL T (Fe;04/HA) 92.4 [22]
FFEEMR I Fe;O4 UM H T (MSB) 116.7 [9]
ALY FEEEN FLE A Tk (Fe;0,@Si0,-NH,) 128.21 [23]
A B R R RIS IR A (PMGO ) 274.73 [17]
Fe;0,@L-Y: M &2 A B R 64 ( MSAL ) 330 [11]

Fe;04@Ca;o(PO4)s(OH),(MFH) 181.6 NI

2.3 pH Xt MFH KM% Pb* 892200

7E pH>6.00 B, kM PO W ( 625.63
ug-mL ™) K F= A (BB, JE L Pb(OH), TILTE,
1Ml pH<2.00 B}, EAME Fes0,4 kA W iR %
Bl AR R AR, BESRAT RS RN
5521 pH 2.00~5.00 G E A, pH % MFH W ff ¥ fig
2 . I 3 ATLAE Y, ik pH JEFEIN MFH %)
Pb> (14 25 BR 2R BE VS W pH 38 I i F B, i pH >4 2.00

A 22BR 3R 98.02%[% 2 pH A 5.00 B Z=BE3 53.69%.
X JE T pH 4% PF AT 3 2 202 MFH 08 3% 18 14 iy Hi
ARASP,

Pb (I1) FEREGTEFR I A 1 W% B B B fu 5 3%
25 B FAcHe . TR T A E R RS AL T
HE, & PO EELE FesO4 FIFR LM IK A7 2% 1 1Y
B, X (5). X (6) JBAR T RMEEWHIE, H
H, S A& Fe;0, MR K AR ET, H'E Pb™
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Fig. 3 Effect of pH on Pb*" in MFH adsorption solution
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17 IE LT b, — A R T PO R 5 —
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(TR, OH MKEEZ Mg, 5 P & A Fl 7 & B
% Pb(OH) ~ Pb(OH); 25 £ ¥ 3 it {7 4k & W) s i
MET . OH WIELNI a4 AUE /> T MFH X} Pb*
HIMZ R, i H 2 RS RN AL S T i, B T
Pb (11) My frfy, i3 f i) MFH 5 Pb” W Bt
JIBEAR, WIS MFH A0 R Pb® i/ 120
PRI, MFH /R W B0 T Po i LBR, 18
FHF 4% pH JE R 1 B pH AR T 5 SN &4 T 1
SRR BRHVE L B s Y I A I B SR 5 0 R
(Pb™") Z [AIAN{U AL 7 B A T fEL A BB O, 705 )
I B AE FH BN AR 55

S-OH + Pb** —» S-O-Pb* + H* (5)

S-OH +Pb** —(8-0),-Pb+2H"  (6)

Ca,, (PO, ), (OH), +xPb*" —

Ca,Pb**x(PO, ), (OH), +xCa®" 7
=FeOH +H" <>=FeOH; (8)
=FeOH <>=FeO™ +H" (9)
=PO +H" <>=POH’ (10)

= CaOHj <»=CaOH" +H" (11)

2.4 EFREI MFH MR R S P> RIS
TEREE A 15°C . WERM BRI 2 h, pH 24 5.00.
With PO* Uk 625.63 pgrmL™ &F T, B TR AT
Pb> EBRFR I LI 4, AT LA 1, BEE ABUA R
H NaNO; ¥ (1938 K, MFH Xt Pb> iy 22 (R R 1 i
FEAK. NaNO; ¢ 0 385 1.2 mol-L ' i, KBrR
i 57.96% % 41.75%. WJREFREA : (1) AR
BTOR RN, PO S R AEAE, ANITBILAS T Pb™
MIRBAR 24508 MFH i . (2) Pb> 4 W B ]
5 MFH (36 A 508 BUANZ R ECA 9, w4
Na' E0% W B 21 71 )2 2 i i PE 07 05, % MFH W% B}
Po> HA KM IR, (3) Bl T B 1 i i
B, A0 e A BT S R 4E MFH 3 BIOBUHL 2 R B
M55 T MFH fokial s HER/ER , iz kBRI
B, A ROW B S B >, (4) MFH 5
P> eI P RPN L R S IR, B T
SO JEE I, AN E A T S T A Bl MFHL 3 11 21 A

60
351 E\-
50

451

Pb™ %R Pb* removal percentage/%

0.1 0.2 03 0.5 0.7 1.2
B T3 Tonic strength/(mol-L™)

4 B PR MFH WA R PO (52
Fig. 4 Effect of ionic strength on Pb*" adsorption in MFH solution
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Fig. 5 Effect of organic matter concentration on Pb*" in MFH
adsorption solution
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Fig. 6 Kinetic adsorption model of Pb** in solution by MFH

# 4 MFH % Pb* 89MR i zh h F &R &

Table 4 Fitting results of kinetic adsorption model of Pb** by MFH

WE—2% 3l 1124 )7 12 Pseudo-first-order kinetic model

W50 715 )7 % Pseudo-second-order kinetic model

R g (mggh) k

R q./ (mg-g!) ky

0.992 183.0 0.387

0.999 185.9 0.012
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Fig. 7 XRD spectrum of Fe;04, HAP, MFH, A-MFH and R-MFH
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Fig. 8 SEM micrographs of MFH, A-MFH and R-MFH
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154+ B AC H & MXTIRAY 942.1 pg-g ' FFIRE
939.42 pg-g ', RD v MXTIAM 1006.7 ngg ' B

% 945.1 pg-g '( & 9 ) fEHT5 Y+ Hhiiti FH Y EDTA
REA A A LA | RIS BB MAY A S
T, WEERIN A RO AR, X S AR
MAA B . RSB PLS R R A+
B AERRCR A 5P 5 EDTA 254 83 1
F S MFH & A A 3 4 W% B 5% AE N
MFH-Pb 2564, B L 8 & feit, ™
ot AL AN [R] A 4575 Y £ 76 EDTA A HERTJS ,
MFH X4 B4 T2 B A B 22 57
29 MFHHE¥SBE

AR I RERR 55 00 T, MFH Il e tngk 6.,
WERE RS SR PR, ORISR, R 0k
4 000 GHBEF, WHTIEYE AR B H1#) MFH #
BHENSCR AT R 92.91%F1 96.23%. 4 HEFE 7%
BEH T 4 500 G BF, MFH a1 4 e it 4, TR
2 DA = 45 AR S 1 T 0 R o T VR B TR
() MFH 41, 3845 70 - 48 v U B4 R e 40 58 1 i A
WEPER Wy, VAR T MFH fdi5 ] g i id g

b) 2500
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K9 454+ A, B7E MFH AHIRTRHVES & &
Fig. 9 Lead form content of lead-contaminated soils A and B before and after MFH treatment
%5 MFH MRS HRDIEMEEREUFIRULER
Table 5 Remediation of lead-contaminated soil by MFH and strengthening effect of activator
JsRASSIS SRR SRR B
+ 15 Total lead removal quantity/ ( pg-g™) Total lead removal percentage/% Total lead residue/ (ug-g™)
Soil A | ARUMNo AU No \
s With activator s With activator
No activator With activator activator activator
A 30.43 102.74 16.67 56.30 152.08 79.76
145.60 160.53 6.64 7.32 2 048.80 2033.87
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Table 6 Effects of different magnetic field strengths on the recovery of MFH in soil

TR L S

Magnetic field strength/G

WSt A i

Recovery rate of lead-contaminated soil A/%

TS g+ B MR

Recovery rate of lead-contaminated soil B/%

3600 88.22
4000 92.91
4500 114.02
5200 117.16

89.19

96.23

114.62

123.01

PEER 55 19 M W 1k 2% XUAR 7™ AR B IR A R
Y. gil, TEAMNEERE T, MFH B IRIBCR R,
[i] FsF AR P PR BB G D) Sy R AE 25 SR A5 Y MFH Ay
HEE MR, XA T LR E SR
Pb> 4 [ FH

FAEJE B MFH BT fiFEsR (S) Ak e &
(H) 70514 2.70%7F1 89.49%, S {H#fk, i MFH
)P A T A /N . H{EDER 7, UERH MFH 1% W% B
B I AT, WA RR VRO A S . HAEAE
AEXF MFH b [ 52 /Y Pb™ & e ok, {H [R] isf ] BB
INEB o0 T IR R A A A 25 4 L R 530 Fe JUR
I, 1 MFH W B R A ook 55 AT 41 2K o 1l
T I 2% A T R P Y P2 ) MIFHL P A 2 T O

3 45

MFH # R b Po> 1 5516 6 SR 8,
£ 0~1 000 pg-mL ' Hy & EVEHEIN, MFH fEARL.
Ui b F2 BRIE R P A PbY . MFH X P> 2tk | £
R R AR, FRNTE 10 min 25 A5 8 3 0 BT
S i 181.6 mgrg ', MFH 5 Pb* 2 [a] i AHH.
VEFH 2204 PLH  MFH 224 Pb*'5& ] T4k pH
2.00~5.00 S E, %W A LTI N RE A SR =
MFH X} Pb” (Mg Bt i, B B 3 K 9l MFH
X Pb* L BRR . MFH 4l 5e e, 45 Mikity, B
BRI R, B MFH BA IR, )T W
e, XHFREEATS Y ERE B B s R R
o BN EDTA IE4E)J5 , MFH X 3% f S48T i
B B R R TE o G fArRe BRUS AGAIF 5 R R S B
BE R R P SCHEE X MFH B 155 - 5
JE A Z AR R A, T2 R AN e 3
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