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Adsorption of Cu on Core-shell Structured Magnetic Particles: Relationship

Between Adsorption Performance and Surface Properties

LI Qiu-mei', CHEN Jing’" , LI Hai-ning’, ZHANG Xiao-lei’, ZHANG Gao-sheng®”

(1. School of Ocean, Yantai University, Yantai 264005, China; 2. Key Laboratory of Coastal Environmental Processes and Ecological
Remediation, Yantai Institute of Coastal Zone Research, Chinese Academy of Sciences, Yantai 264003, China; 3. School of
Environment and Material Engineering, Yantai University, Yantai 264005, China)

Abstract: In order to reveal the relationship between the adsorption performance of adsorbents and their compositions, structure, and
surface properties, the core-shell structured Fe;0,/MnO, and Fe-Mn/MnO, magnetic particles were systematically characterized using
multiple techniques and their Cu adsorption behaviors as well as mechanism were also investigated in details. It was found that both
Fe,0, and Fe-Mn had spinel structure and no obvious crystalline phase change was observed after coating with MnO,. The introduction
of Mn might improve the affinity between the core and the shell, and therefore enhanced the amount and distribution uniformity of the
MnO, coated Consequently, Fe-Mn/MnO, exhibited a higher BET specific surface area and a lower isoelectric point. The results of
sorption experiments showed that Fe-Mn had a higher maximal Cu adsorption capacity of 33.7 mg-g™" at pH 5. 5, compared with 17. 5
mg-g~!
times as high as that of Fe;0,/MnO, and outperformed the majority of magnetic adsorbents reported in literature. In addition, a specific

of Fe,0,. After coating, the maximal adsorption capacity of Fe-Mn/MnO, was increased to 58.2 mg-g~', which was 2.6

adsorption of Cu occurred at the surface of Fe;0,/MnO, or Fe-Mn/MnO, through the formation of inner-sphere complexes. In
conclusion, the adsorption performance of the magnetic particles was positively related to their compositions, structure, and surface
properties.

Key words : core-shell structure; magnetic particle; adsorption performance; surface property; Cu
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YIRURL 12 Fe-Mn, 28 J5 6085 MnO, , 7533 T — 08T
RIFEAZEE R G T 9 K TORL Fe-Mn/MnO,. W 5% 45
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Wiy, HETT S IR RE A% 5 MnO, £078 )2 2 Al A AR
T N TEAG 8 M A UL P R B B 7 A S . AR
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TP ot 2 e M H 5 i 4 T R B P RE =2 AT Y G R AR
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1 #Met5AE
1.1 REPESURL A 25

ISt 46 FeCl, -6H,0 ., FeCl, -4H,0, MnCl, -
4H,0, KMnO, , MnSO, , % &~ (PEG, V-4 70 1
JFihE A 400) . NaOH . HNO, 25305 0 JrURE, 44 BR Rif
WA 2 TR Y 5k, i 45 Fe, O, 5 Fe-Mn fif

PEURL, o Fe-Mn J2& LA MnCl, -4H,0 # 43 BUAL
FeCl, -4H,0 , AW T Mn( 1) /Fe, BIEE /R L (R)
0.3 il #&mA; mis, 79 LL Fe,0, 5 Fe-Mn
PEOR b 4%, SN2 LB MnO, , ##% Fe,0,/MnO,
5§ Fe-Mn/MnO, @M HikL.

1.2 @GR IR B R AR

1.2.1 XPS #AF

FIH X 2606+ BB 3% 43 14X ( XPS, Thermo
VG ESCALAB 250, A1 Ka 41 486.6 eV, 3k 150
W) 43#7 Fe-Mn , Fe,0,/Mn0O, 5 Fe-Mn/MnO, ' Mn
TLRMWESS G &,

1.2.2 XRD EfF

I X AT HHM (XRD, D/max 2500VPC, Cu
Ka, A “H0.154 18 nm) 734 Fe,0, . Fe-Mn, Fe,0,/
MnO, 5 Fe-Mn/MnO, F9SHARZE 4.

1.2.3 TEM Wil

i 7 1) Fe,0,/Mn0O, 5 Fe-Mn/MnO, #3 A ]
FHEE S 51 Wk R BT )5 B G T i
4% (TEM, H 37 H-800, H Fk 200 kV ) 3, WL
o P UKL P T 3.

1.2.4 BET i

7 AH Fe, 0, . Fe-Mn | Fe,0,/MnO, 5 Fe-Mn/
MnO, , i Beishide3 H-2000 Il 20 Ff 1 2% i i 4%
2 ORI BET Fb 2 A,

1.2.5 VSM &

F AR shAE i #5871 ( VSM, lakeshore 7307 ) 7E
298K &4 F M %E Fe,0,. Fe-Mn, Fe,0,/Mn0O, 5
Fe-Mn/MnO, %) FU i FIRG AL i
1.2.6 Zeta HLAZINGE

Bt il — 22 %1 50 mlL ¥ 8, He o 0 BR300 v BE A
0.5 g-L™",NaNO, ¥ J#°4 0.01 mol-L™", i & T %)

AIREEZ)SR 20 mg- L1 (IR B AT Zeta HELAS U b
i Cu®* ), HNO, FI NaOH 845 59 pH K 2 ~ 8.
PATRAE (25 £0.1)°C, 170 r-min ' IR f8 hF
i 48 h, HE]JE 4 ~5 K pH, i st i pH, H Zeta 1
25T AL ( Nano-ZS90, Malvern ) %€ 45 pH Xt i )
Zeta L7, 7154 Fe,0, . Fe-Mn, Fe,0,/Mn0O, 5 Fe-
Mn/MnO, I & Fe,0,/Mn0O, 5 Fe-Mn/MnO, 57 B4
BT R AEHE AL (IEP).

1.3 el M B S 3

Wz RS2 7E (25 £0.1)°C, 170 remin ™' BIIR %
PR 24 h, AT 6 h &2 h #H—WK pH, J5 18 h 2
K pH, i pH f& a2, ¥ 5 L% B4 0.01 mol L™
NaNO, , WMV RE ] 0.5 g- L=, W R 52 S RE i



12 14 ARG . BTE SR A REVERORL_E R R < S80RE S AR TR B OC &R 4533

i 0.45 m BERREFAE 2R, 1) o B A 55 B AR
JEHE{L (ICP-MS, PerkinElmer SCIEX ,ELAN DRCTI,
WM 0.88 Lemin ™', JHARHTIHR N1 100 W, B 5 H
JE2H 6 V) F3 BT il i B R B
1.3.1  WRRfheEE LR

Be il — 2251 50 mL AS[a] 58 25 90 b ik B (2
~110 mg-L™") %W, 73 I 25 mg W B 5], 5B
— B[R — R pH, ff pH 2 E7E 5.5, W5, B
FE L ATRRE 0 R R
1.3.2  Wfftsh Ji2

TE 1.0 LAIES TR E N 22 ~25 mg- L~ WA
TR T, W AR &SR 0.5 ¢, pH R 5.5, #& 4l
W RS (] 480 min , B B — B (] BBORE | 2k i
R S TR
1.3.3 pH 5B~

el — 251 50 mL i 25 74 R 20 mg- L' 1Y
VW, 43 AN 25 mg R, B 2R TR] pH(2 ~7)
MR A B 738 B (0.1, 0.01, 0.001 mol-L™"'
NaNO, ) %W B4 1) 52 il
1.4 BdEHr
1.4.1 W B Sy 2E A&

W I 750 % 2 o i 5 I8 2523 o 2 o 51y g 2 51
W T L. R — R T [ A (1) ],
WEZ B 5 R [ A(2) 1R AD 5 1 i R B 51
cSuyiy

k.t
lg(q. = q,) =1lgq. - 5303 (1)

! 1 !

o ke @
K, g, (mg-g™") Al g, (mg-g~") 290 ¢ B 20 A1
Hr s B W BfE L by (min ™) 5 &y [ mge (gemin) '] 4
Tl Ay YE— 2 55 T 2 BRF R A
1.4.2  WZRMAF AR AL 5

W2 45 18 2 FH T4 AR AN ] S4BT A Rz o
T, 3 X R B s AR A 4EL 5 T LA ) R R ) X8 i o6
T PR e R BRE 5. X ] 4 W B 25 TR 26 Langmuir
W B AR AL A2 (3) ] A Freundlich W% BfHAR 7Y [ 23 X
(4) ]IS

Ce C. 1
= = = 4+
qe qm qul,

(3)

leg, = lge. + lghy (4)
n

A e, (mg- L") S B 32k 58] 1 8 IR B 2080 4
TUREL g, (mgeg™" ) Je Mg JF 2 ) - 487 i ey B2 o 4t

g, (mg-g ") SRR b, (L-mg™") J& 5 W Fff
AEAH DG AY W BRE 88, ke (Leg ™) 2 5 W R 7900 8% i
TR HEL, n S5 W BRE R0 B4 W2 86 sz iz 5t B AH O
e

2 H#REITiE

2.1 WV IBUR I RAE
2.1.1 XPS FEAF

XPS A MGG PE UKL Fe-Mn 1 Mn 2p,,, 1
BE {H 4 641.4 eV, @i PE Bk Fe,0,/Mn0, 5 Fe-
Mn/MnO, 1 Mn 2p,, [ BE {E W T & Jy 642. 3
eV, 2B Fe-Mn £ Mn FIESFZ M ( 11) 1
Fe,0,/Mn0, 5 Fe-Mn/MnO, ik 2% il Mn BB &
FERMa(IV) "2 I H, XPS RAEIMAS Fe-Mn |
Fe,0,/Mn0, 55 Fe-Mn/MnO, KA ' Mn & & 73 %
M 14.0% . 17.2% 5 21.0% , $i 11 5 Fe,0, M I,
Fe-Mn B3R HHLE T 21 MnO,.
2.1.2 XRD #fE

W KL Fe,O, . Fe-Mn, Fe,0,/Mn0O, 5 Fe-
Mn/MnO, ¥ XRD EliEWE 1 i, Hi Fe,0, 19
Pl v o1 B0 ) AR A 0 55 AR o (813 (JCPDS R 5
771545) —8, BR ALK RBIKLGEH. 5 Fe,0, 4
L, Fe-Mn 114 BT HREAE I 007 B R A R A%, HE 2
M F Mo( 1) #8 5r BUIR Fe( 1) J5 JE W Fe,0, 5
MnFe,0, FIRGW,5 Fe, 0, HA ALY fb AR L5 1).
{17 MnO, LAJ5 ,Fe,0,/Mn0O, | Fe-Mn/MnO, FJ&lj%
PRI DG 7 5 EC X I P A AR — 0, T I
7P AHJR SRS  HESME MnO, S ICETEAS.
2.1.3 TEM FAE

Fe,0,/Mn0O, 5 Fe-Mn/MnO, #J % 5 H 5
(TEM) B HF- & 2 frs. B2 (a) R/AINREER 2

Fe;Oy

W—..—_/\JL/L_.J\.J\J\.. ]
Fe;04/Mn0-

S JJL Y Ace e

Fe-Mn

N S W S I B S

Fe-Mn/MnO-

— J_l__jL.L‘ : A

10 20 30 40 50 60 70 80
20/(°)

B1 #EBRA XRD B

Fig. 1 X-ray diffraction patterns of magnetic particles
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RUBIE 45 OB K Fe, O, REA% , HE & B E R AN 40
NI BRI K MnO,. 5 Fe,0,/MnO, AL, & 2(b) i
() Fe-Mn WiA% K /NS R 3 5] R AR TE S HL , 3%
B Mn JTE 5] ATTRESZ M T Fe-Mn #E4% 5 4h 5%

MnO, Y5 & VEH, i 154858 MnO, 2 EEFE N E
AR P S B AE RS B 33X 55 SRR B A e A% 25 )
Fe,0,/510, 5 Fe,0,/Si0,-NH, H 5 2 &l iy 45
2 H 5 XRD FFH—3.

100 pm
1
HV=80.0kV
Direct Mag: 200000x |

(a)Fe;0,/MnO, ; (b)Fe-Mn/MnO,
2 BHERAMRE
Fig. 2 TEM micrographs of Fe;0,/MnO, and Mn-Fe/MnO,

2.1.4 BET #/E

Fe,0, . Fe-Mn, Fe,0,/Mn0O, 5 Fe-Mn/MnO, [
R AN 1 s, #iA% Fe, 0, 5 Fe-Mn 1Y K
TR, 0 3k 44.9 m* g ' 5 41.8 m*-g™'. {1
% MnO, J&i ,Fe,0,/Mn0, 5 Fe-Mn/MnO, H b %1
TR HRERZ A0 B3 T, R e 5 4, leR m AR

BANZE 113.3 m*-g ™', N Fe-Mn BERIK 2.7 155, H
Fe,0,/MnO, L £ 10 LAY 1.5 £5, SE A MIE MY
MnO, [ HEFEH100.5 m*-g ' "2 5117 m?-g ' 4
— g2 sk B MnO, 7F Fe-Mn 3 Tfi {7
R FEY AR AR TR AL 1T 2 4 0 A I A
S BT A T A

F1 METANALERER, BMRAEESSERA

Table 1  BET specific surface area, saturation magnetization and isoelectric point of magnetic nanoparticles

i H Fe; 0, Fe;0,/MnO, Fe-Mn Fe-Mn/MnO,
BET/m?-g~! 44.9 76.5 41.8 113.3
VSM/emu-g ™! 57.4 54.7 51.6 35.1
IEP 6.5 6.2 5.5

2.1.5 VSM #fiF

2 1 015 B Fe 0, . Fe-Mn [ Fl i 1k
SR A 57. 4 emu-g_”—ﬁ 51.6 emU'g_1 , Ui BH
W% Mn TG I, At 2552 M 1 14 S0k 7 1
FItE AL 5% . A% MnO, J5, Fe,0,/Mn0O, 5 Fe-
Mn/MnO, F161FIRE Ak 58 B2 5 A AR L 53 50 BRI
T2.7emu-g ' 516.5 emu-g™', FEZH T IOH
PR MnO, 18055 T MR Z M A BAE T, 51
T A% G T TR P R R A B B R AT R AIR
B i B B T A58 MinO, FYJEE RS, FR L AT 4fE BT Fe-
Mn W#% L Fe, O, WAL T ¥ £ | )R/ MnO, ,
X 5 R EOR Y TEM 5 BET FAFEAH—2 4,
Fe-Mn/MnO, {75 B A7 %5 5 ) 18 1 #6 £k 58 B (35. 1

emu-g ") 5 R 00 M R, X5 AN 4 7 e 1 B
JIvR. FEA SN SRR R FE R B T Fe-Mn/
MnO, FURLHHE ] G R R A0 RERE a7 27 i b 42
RGP TORL DA K AH 23 85 ke S B PR R D
B YA PRI S R FURE R A AE K
2.1.6 SEHLTRIE

i 1 I R AR TR IR pH I W MUK 2 T ) Zeta
ML 32 1 5% Fe, 0, . Fe-Mn, Fe,0,/MnO, 5 Fe-Mn/
MnO, FU%HL S0 6.5, 6.2, 5.9 55.5( W&
1). SEACYAH L, 5 P A BN S5
AR Mo FERER BT 45 Fe-Mn fY %
HL i L Fe, O, PS5 HL SRR T 0.3; 27 MnO, LU
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Jii ,Fe,0,/Mn0, 5 Fe-Mn/MnO, 955 HL 55 EE HEXT
AR W B A, H. Fe-Mn/MnO, B#AR 4 i B2 35K,
INIER] T Fe-Mn BiA% R AL T 5 £ MnO, , 1
)3 A A 2 3% BH 25 - AL o 4 1
2.2 A FRHERERT ST
2.2.1 Wesh )2

Wt WUkL Fe,0, . Fe,0,/MnO, ., Fe-Mn 5 Fe-
Mn/MnO, X5 (14 W B 2t Fifd sf (1] 7 22 A ] 3 B s
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Table 2 Kinetic parameters for Cu adsorption on magnetic particles

— PSS Ty
Fe; 0, 22.3 8.79 7.82 0.201 0. 957 8.32 0. 036 0.991
Fe;0,/MnO, 24. 4 11.3 9.59 0. 905 0. 821 10. 1 0.112 0. 909
Fe-Mn 24. 1 15.9 14.4 0. 047 0. 858 15.4 0. 005 0. 929
Fe-Mn/MnO, 24. 4 30.0 27.9 0. 100 0.909 29.7 0. 006 0. 962
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Fig. 4 Adsorption isotherm of Cu on magnetic particles
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Table 3 Langmuir and Freundlich isotherm parameters for Cu adsorption on magnetic particles

R - Langmuir ﬂﬁm?ﬁﬂ - Freundlich W [ #5754

o/ ME*E ky /1.-mg R? kp/Leg 1/n R’
Fe; 0, 17.5 0. 106 0. 946 4.03 0.331 0. 854
Fe;0,/MnO, 24.7 0. 067 0.937 4.36 0.376 0. 981
Fe-Mn 34.4 0.091 0.970 6.47 0.382 0.977
Fe-Mn/MnO, 48.9 0. 646 0.912 21. 1 0.235 0.976
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Fig. 5 Effects of pH and ionic strength on Cu adsorption by magnetic particles
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