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Abstract: The MCM-41 supported magnetite nanoparticles (MCM-41/Mag) were prepared by using the co-precipitation
method. The structure, thermal stability, and Cu(Il) adsorption characteristics of the MCM-41/Mag have been investigated
in this paper. Magnetite nanoparticles in the MCM-41/Mag are distributed on the outer surface and in the mesoporous
mesopore channels of the MCM-41. The supported sample containing 17.33% magnetite (MCM-41/Mag ;) has a specific
surface area of 631.6 m?*/g, which is much higher than that (91.1 m*g) of the pure magnetite nanoparticles (Mag-NPS). This
result was attributed to the good dispersion of magnetite nanoparticles on the MCM-41 and the large specific surface area of
the supporter (MCM-41). The DSC results show that the phase transition temperature of magnetite in the MCM-41/Mag 3
is obviously higher than that of the Mag-MPS. The adsorption of Cu(Il) by the MCM-41/Mag,; can reach equilibrium at
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120 min, with the adsorption isotherm of MCM-41/Mag,; fitting well with the Sips model, and a maximum adsorption
amount of 10.44 mg/g. The adsorption mechanisms include chemisorption and physical adsorption. Part of Cu(II) could be
adsorbed on magnetite nanoparticle surface by the Fe—O—Cu bond, and part of Cu(I) was adsorbed on the sample surface
by the electrostatic attraction. The maximum adsorption of Cu(Il) by unit magnetite in the MCM-41/Mag,; was
62.78 mg/g, which is significantly higher than those of other Fe (hydro)oxides reported in the literature. Due to the fast
adsorption rate and high adsorption capacity, the MCM-41/Mag,; can be used as an adsorbent for removing heavy metal
ions from water. The results of this study are helpful to expand the application of magnetite in the field of environmental
treatment and could provide a theoretical reference for the development of new heavy metal adsorbents with good
adsorption performance.
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WM ZE60 °C, HARFHBEE RS W EiR LK% i & 100.2 g/0.03 g, 0.2g/0.3 g, f02¢g/3 g
S BN AMCM-41 A1 58 7] (FeCly 6H, O FeCl,-4H,O[ {4, W52 BE /R L AR FF M2:1), R FFE &
AORAS, BL700 r/mindiHES min, SR8 A 1.5 mol/LAIE /K HipH NS, 4kZE4$E30 min; 250, {8
ToEKPEER, RBMEAT40 CHZ T2 h, 1§ EMCM-41 5 RN AR BRAE & 32 IR ek
JREHIAE, HIAFEE S 7 BRI IMCM-41/Magg o3, MCM-41/Mag, 5, FIMCM-41/Mag;. ZEREZA" 91K
FORLSE F AR B 4, 1] I FR R R VR IIMCM-41, T 3RAR I Ai G 9K kAR ic I Mag-NPS o
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0% BB SR B LS, TAE MR 200 KV RBESBIHIRTTIEIN T, B E B AR RE B 2 B
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43 #f#i i Thermo Fisher Scientific Escalab 2507 X i 2% 5t B T A 154X 58 B, 2 FL K 1486.8 eV,
TEANEREN100 eV, FEFNEREN30eV, FTE IS AREMIZIRCIsZEIIREE (284.8 eV) BEATHRE
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5.0v 5.516.0, JFREpHXT B (52 M BIF 5 s IR B S5 R BRI, B B Cu™ WITRIR FECo 2 AN T, 3.
5. 10+ 15, 20, 30. 40 mg/L, VT EBAIMEpH NS.0, W B A A] [ 5 1440 min. Cu® P17 I Fft
& (g0 B AXQ)BATIHE.
ge=(Co=C)VIm (2)
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XEHERATSH (XRD) RALLE R EIR, HMAMCM-41 K XRD &% 7E22° 4 45 17 1E 56 100 o) 5 80 A7 5
g (El1(a)), REMCM-41RNTER ZAfLrE. Bl & 12l 9Kk Bk (Mag-NPS) fIXRD
Kt (El1(e)) SHIT HIArHEE (JCPDS:19-0629) W&, HA S HAhZ: FigE. MCM-41 1414
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K1 MCM-41. MCM-41 53 %0 (MCM-41/Mag,;, MCM-41/Mag,; FIMCM-41/Mag;) . Mag-NPS[FJXRD &1
Fig. 1. The XRD spectra of the MCM-41, MCM-41 supported magnetite samples (MCM-41/Magy;, MCM-41/Mag, ;, and
MCM-41/Mag;), and Mag-NPS
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a. MCM-41; b. MCM-41/Magp3; c. MCM-41/Magys; d. Blef s X MATEDSHE R ; e MCM-41/Magy; f. Mag-NPS

K2 TEMKE (a~c, e~ FEDSAEMEAE (d)
Fig. 2. TEM images of the MCM-41 (a), MCM-41 supported magnetite samples (b-e, d is the EDS
spectrum of the yellow circle area in figure c¢), and Mag-NPS (f)

K3 AR NI PR SR 2R (2 RFLAR AT T ZR ()

Fig. 3. The N, adsorption-desorption isotherms(a) and pore size distribution curves(b) of the samples

#1 #RNFLEHSEEMCM-41/Mag,;FFeTT EME ST WSS

Table 1. The textural parameters of different samples and Fe element and magnetite contents of the sample MCM-41/Mag 3

A LE R TH AR/ (m/g) SMELAFY(mL/g) w(Fe)/% wWHEERE) %
MCM-41 971.5 0.8060 - -
MCM-41/Mag, 5 631.6 0.5979 12.54 17.33
Mag-NPS 91.1 0.3122 - 100

W RER TP Fe LR AR, w(Fe) (%) 5 “REMTPHIERT & &, w(Fe;0,)" (%) , AR w(Fe;0,)= w(Fe)x (55.845x3+16x4)/(55.845%3)%
THEZRE T R R I
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MCM-41/Mag, s F T 10 & B o] HiZFE T Fe t RS BiHHE RS, HhFe s R4 &
EDSE&EME, HERIATH, ZAERTwEEEI ) N17.33 %.

AL DSCHI 4 (Kl4a) WA, Mag-NPSHIDSCHIZAE172 CAEAE— Mg, XX T
AT E A A B AR AT H I R s 594 °C A A B 1) AR U6 VA J - B AR B A AR A R R0
MCM-41/Mag s RIDSC i £& i 7~ s 4 1 8 Mag-NPS S 55 ([&14b), iX & i1 T %48 5 P w (B ™)
BAK (17.33 %), HEMAMCM-41 KB RILEA R (El4c) . HMCM-41/Mag,;FIDSCHiZ: (&
4b) AIHEL, RETEAMCM-41 L5, BN A A B AR I AR I I K 22278 C s ARk
FRAR A2 AR BRI TR 38 K 22855 °C, IX i BH L3k TMCM-41 b8 52 5 T WA 1)t e 1 .
X W] RE & B TMCM-41/Mag, s FREERAT 48 K UKL EL A S8 4 1 o ik, B 20 AR AT 40 K R A7 7E T
MCM-41 1A FLFLIE P, MCM-4 11 FLAE v] 78 0 ARk F2 ook FL A 1) S B 40 oK SR &S 21 OR 47 1
R, BT e 1R E .

EIS FE i I zeta AL BEpHIW R A M 22, e WT 20, P A A i 1 zeta FEL AL BB p HLT 38 K 0Z 8 H 1F
BN . BAMCM-4110% 8 5 (IEP) 2)°83.6, LY 99Kk j5, MCM-41/Mag, ;
FITEP (3.8) WS N, (HHEAE /N TRy WIEP (E5) . MM pH>3.80F, MCM-41/Mag, 7
fHL

K4 MCM-41. MCM-41/Mag,; Mag-NPSHIDSCH 2 K5 B zeta B A7 BEpHAR b, H 25
Fig. 4. The DSC curves of the MCM-41, MCM-41/Mag, ;, Fig. 5. Variations of the zeta potentials of the samples with
and Mag-NPS pH values

2.2 Cu”'IRMitERE

HH Cu( IN7EA FlpHAA T FITEAS 7040 B A A2, fEpHAE3.0~6.07EH 9, Cu®*JgCu( 1) EAF
e, HABAFE I AT 20 . B 6a ¥ A i p HABL X B 5 W B Cu? TR g2 i 25, e P mT 26,
BEPH I K, P FE S0 Cu? (1 23 B Fe & Wi 1 K, X 5 IR PR 77 1 B8 AL AR FE A 5617, MpHAES.0
BT RS, = AR FRI Cu? i R BR R IIRAL, X2 NERERBRE A TERTHIRER R, &5
Cu> T e 4 W IS, 4B W) A pH 1 3.0 K 24,00, MCM-41/Mag, %t Cu®* (1) 25 [ Fu g 8 K
297%, ZJabEpHIEMIIE K2]6.0, ZERZFLZEHM. pHIEH3.08 K% 6.00, Mag-NPSXICu* ] %
BRBEAWE AR, FEpHLIN6.08, ERELINT0%. HAAREZKME, 24pH<3.88, MCM-41/Mag, ;
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Elo #B I EpHASFE SR Cu(IDFIFEMA (o), BEPFIR )5 1 7 SR EEXT AR i Cu(I) ZBR AR IFEM (o) 5 BEPFIT R FE
sty BRSO BB R I Cu (IR B B 52 () FIARE it % Cu(ID AR B S5R ZE (dD
Fig. 6. (a) Effect of initial solution pH values on the adsorption of Cu(Il) on different samples; (b) effect of agitation times and
ionic strengths on the Cu(II) removal efficiency of different samples; (c) effect of agitation times on the normalized Cu(II) uptake

to actual magnetite content; and (d) the Cu(Il) adsorption isotherms of different samples

FiMag-NPS#JAr iE L (E5), BB EATR Cu® e & 1 23 B 28 30 B I SRR S B Cu® A 2 IR
B9 775 HBEpH G R, A i Cu® 1 25 B 2808 M 1 K Uk B 1 i 51 210 Cu® IR B A Da ik . pHAE
1E3.0~6.055 [ N, FAMCM-414Cu® 1) L BREFHEAR, KB T MCM-41% Cu” IR 55, X
At NFIRIE — 8, AR NSIO MR (IIMCM-410%, el pEEE A A1) XCu 1
W B 358055 o 25 R B Cu® A8 P AN VR H BT B KR AE B Cu(OH), UTE , AT W B F 7300,
R, A S5 4R S2 56 4 7E pHAE 20 8 5.0 J&

Kl 6b 2 Ak AT A K FORL ATMCM -4 1 57 80 RE AT % Cu®* (1 25 B 28 B i b 1 (8] 1) A2 ALt 28, i
AAN,  AUREER KRR Cu (1 2 BR LU LR 18, 7E360 minff 2B 2 N40.44%, i FEmS [A) 38 0 &
780 minf FBRRAUIE NN T 9.22%, FEFERT 1A 1140 minff, FHERF#E T P4, 750.49%. L
5, MCM-41/Mag, W Bt Cu®* 1) 38 FZ B AR PR, 43R 8] D9 120 minfSt IR B O 208747, b 1) 26 Bk
H1k96.32%, W & T Mag-NPSIERAE . 1 5 A MBTUKEH0.01 mol/LIF, MCM-41/Mag, 3%
Cu™ () £ R ZF A 1 SRR s o0 T B R BEK C(El6b), IX 2 T 5 1 9 B2 3G X B i 1 W B 771
RIMHEH, K4 7 ZPY, HAFMCM-41/Mag, ;5 Cu® 2 7] i B 5] J1 a8 BT 8. iz45 Rt
T Cu ARG L T ST B AEMCM-41/Mag, s [Fl R K 1f . 9 B MCM-41 57 80iE 2k 5 Al 2k
R K UKL B Cu™ IR0, K MCM-41/Mag, ;4% HEUH SEPRBEERD™ 3 500 Cu 1) B & 147 FRAk
ZiR K6 BT HAMCM-41% Cu 1 AR 55, BIIHMCM-41/Mag, ™ K H #8044 %F Cu®* (1) W Fft
e B . HE6cH I, MCM-41/Mag, s H BLALREZRAT X Cu® (1) W i £ 7T 14 28.3 mg/g, &4 Hi ek
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(2.5mg/g) MI11.36% . X Ut BPRERERR A 4 K URL 1 307 B B K LR A IMCM-41 |, BEAF|
T2 oy JEL R B S R ) e L

KEl6dIMCM-41/Mag, s F1Mag-NPSXf Cu® [ i S5 iR 28, i BT RT AT, Mag-NPS & KW &
(gm) H4.08 mg/g, /NT Wang®5 & B HEERAT 9K B0k 1 B R P & (8.90 mg/g) MY, IXZH T
AR SC R R RS R K FORE 1) L A% 5 Wang 25 £ il (H R R AT 40 K UKL IR RE A2 KT 8. MCM-41/Mag, 5]
W o 5 U 28 . 7~ Tl Cu™ P 18 3R 32 P 384 o ~F- 1 R B B AN BT 388 0, 23 Tl ] Langmuir B8, Freundlich
B DL J Sips A BIBUGMCM-41/Mag, s W B SRR 28 AT L &0 Horr, SipsB B FEE il (]
6d), MR Langmuirf Freundlichi PRI 455, X PIMCM-41/Mag, ;5 Cu®* 2 [8] B A0 B.AE
AT RE R AR LW 2 2, & 5% 5] S A ARAE B 27 3L R A 28 SR B3, HSips B 0L&
HIFMCM-41/Mag, ;W i Cu® ¢ N 10.44 mg/g (2D, K H % FRAE S A SEPRBEER & R F N B
BEREARA R Cu> (I KRB () 962.78 mg/ghik™, %48 535 o T SO RGE i HAb 2k (50D
A AR CuP IR R IR B & (322D o IX Ut B P il % IMICM -4 1/Mag,, s LA 1E  Cu* i R0 B 771 1
w77

72 MCM-41/Mag, IR Cu* HISipstE BN S ER R ak P Hfth ek (2) SR MCu* & KR E

Table 2. Langmuir equation parameters for Cu?" adsorption on the MCM-41/Mag,; and comparison of maximum adsorption

capacities (g,) for Cu*" with various iron (hydrogen) oxides

SipsHiEIZHL )
T i q, KCl T b qw/(mg/g) EE PN

9.~ T+KCT
K/ (L/mg)'™ 1.24 BT RET 10.78 [34]
m 0.52 WA 34.00 [35]

MCM-41/Mag 3 .

qm /(mg/g) 10.44 T 5E HFe,04 3.15 [36]
R? 0.93 2R 8.90 [11]

2.3 Cu RN IR

MCM-41/Mag, st Cu*" 2 JG I XPS a1t I 1 CulifE & (El7a), XU Cubk Wb 2]
Ff iR M. MCM-41/Mag,;[fFe 2pi% EITELE G RENT11.7 eVAIT24.9 eVIfFIE 2 I H XE (E7b), 4
AEAJE T Felf2ps,f12p, .05 . FFMCM-41/Mag,;[fIFe 2pil BT 73 WL &, LAFelf)2ps 06 0%, 1%
VRTINS A RETET11.3/1713.5 e VI AN (BET7b), 430 BTGBk s i Fe> fFe> BT, W it
Cu*' i, MCM-41/Mag,;-CuffiFe 2pi %A KA B (E7b), X 1 B Bt i 72 H G2k 1) Fe
TCRRKREMBLN . MCM-41/Mag, s-Culf]Cu 2pith B 7E 45 4 A5 N933.3 eVAI953.1 e VAL R I AR
XIFRAE CEITe), 43 VHE T Culf)2psn fi2p, . I8 70 ERL G, Culf)2ps i n G N4 A RN
935.0/1933.3 e VB ANIE (E7c). H, 935.0 eVEMRIE CHkIE K H HECu L G Re i, %
UEE T 7 ) A2 55 I B AS B Cu I3 40 Cu® ] B 2 Jl i i H 5| ) TR B CE RESR A R THT s 933.3 e VAT B
WP AS I Cu® A T B A Cu™ 25 & RE B B PR K, X U B0 4> Cu® ' 2 18 I A4 22 S Bt 1 Cu
ZAER sy Cu* Al RE S RGN R I T Fe—O—Cufb %8, BT Cul5OmsE, Culti 1 =% i,
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Fig. 7. (a) The XPS spectra of the MCM-41, MCM-41/Mag, ; and MCM-41/Mag, ;-Cu, (b) the high-resolution XPS Fe 2p spectra
of the MCM-41/Mag,,; and MCM-41/Mag,;-Cu, (c) the high-resolution XPS Cu 2p spectra of the MCM-41/Mag,;-Cu
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