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Preparation of Amine-Functionalized Fe;O04@SiO, Nanoparticles for Removal of Cr(VI)
from Aqueous Solution
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Abstract: Hexavalent chromium (Cr(VI)) has attracted much attention due to its high toxicity. In order to improve the efficiency of
Cr(VI) removal by adsorption, core—shell structured polyethyleneimine (PEI) functionalized composite nanoparticles
(Fe;04@SiO,—NH,;) were synthesized to remove Cr(VI) in water. The chemical structure, morphology and magnetic properties of the
nanoparticles were investigated. The effects of initial concentration, contact time, solution pH value and inorganic anions on the
Cr(VI) adsorption efficiency were analyzed. The results show that Fe;0,@SiO,—NH, has an excellent performance in removing
Cr(VI), and its maximum adsorption capacity is 251.83 mg/g. The adsorption process is pH value-dependent, spontaneous, and
endothermic. Fe;0,@Si0,—NH, is protonated, and the adsorption of Cr(VI) is completed due to the electrostatic attraction. Also,
according to the results by X-ray photoelectron spectroscopy, part of Cr(VI) can be reduced to low-toxic Cr(VI). Fe;0,@SiO,—NH,
has a good reusability after removing Cr(VI) in water, and the duration for effective magnetic separation after the removal is just 50s.

Keywords: composite magnetic nanoparticles; core—shell structure; hexavalent chromium; adsorption

W TR -MESEE T, AAETIENUR. g, ILEERZ BN 2 K. Cr(VDIRE

==
B
PR BB SIS B CRETRME AR S YOKEAEMR R BEA N, SRS
T R Pt CoVD RIER A IREERAEA T AE. BB SN O T NS S R A,
WA H . 2021-08-07, BT HME: 2021-12-11, Received date: 2021-08-07.  Revised date: 2021-12-11.
HESWH: B EARGE DS L (2018HICG-18);  [ASREF#ELRIHT First author: WAN Xuging (1997-), male, Master candidate.
FLHRI(2019IM-596) . E-mail: 332656899@qq.com

Correspondent author: WANG Lei (1971-), male, Ph.D., Professor.
E-mail: wl0178@126.com

W—EH: JTHRPR(1997—), Y, HiE#FITA.
WEES: T £%01971—), U, L, #z.



H50 58 S

JTERIR %5 Ak FesO,@Si0, KU 1)l 25 S X /K Cr(VDIF) 2Bk « 1365 -

5 [H PR BE AR 47 8 (EPA) TH 5 128 41 21 (WHO) RIL & 1R
FH K A Cr(VI) 1) B K fe VR B2 43 510 90,10 mg/L Al
0.05 mg/L, (R, aAZRAEHE R Fi 49 AR 2]
ATEESZ R A

Hur o &It & 7 LR MK i Cr(VD IF 8
A, WIEE. L2, B A e, AL BT HLAL
AR RO ARk, WA R
ZEAR, BT MBI, AT BER
. BREFRERA, PR RETFA T
Wiz U I AR T SRR B ), BURBIFSY
N AR 2 B B 57 22 B Cr(VI, WndEE 8 A4,
TR, A SR, WA . IX LR B
HIRZ A, AR R AR, PR 2 2
[l PR e, R 52 A SR A,

o LR, R RS ) 5 B PR 7K 1A R
K7 IR BRI MR 7K R G0 R 43 8 IR RIS
REFEMR, AFFOSREMEFA BRI,
— R L I RERE T AN KL DAL RE PR 35 1 S5 A
R I . IR A YK BRI 3 R A B
RO R FA R B 66 ik, i H AT RSO, A
FEAETIRTG YY) I IREE AU AR A

ST LA ERIE S, DhBE Ak IR RE L B 732 3 2
e NOY T ONG S O i ONERT AT N Y A o b
(i, wRHEl, wEet, pl o i
MR R B S RE . ARITAEANK FesOq BRI TH
FERGE BRI BIMERE R, Feh R i % . 7T ORAIE
YRIURL 73 B R AFITE LT, 1F FesO4 SRIMALEE
—J2 SOy, ffM EHAPIRR M BETE =, A VSRS,
Hy e e A B S B S TN B I b, Lkt
APTES & Fh 7 e ik (PR AR IR, LW B 8 ) IFAS
AR,

DRI, R 2R 20 0 e 5 7 1 22 R B R AR i
Jeb L5 ko A R S5 I, A 1) 1 R 2 T 761
13 Fe;04@Si0,-NH,.o 581 Fe;0,@Si0,—NH, # [
HRZ MR 613k, HEEHEY Fe;04@SiOr
NH, % Cr(VI) 4 s I I Re )y . B8 T 2610
BIAEAST pH {E ARG 4648 B AW T A o
Wik X O TREEXPS) T T Cr(VI) 5
Fe;04@SiO>~NH, A HAF HHLEE .

1.1 #MREE
1.1.1  Fe;O4 MURLHA R HL 6.75 g /S/KGFM
Bk, 5.00g % Z ¥ 2000 (PEG-2000). 18.00 g J£/K

LR 200 mL Z FE, ndAE 80 CHiH:
2 ho K19 2R T R IR S K= B 22
180 "C [V 10he 73 B Fe;O4 ORI T HEME /) B,
I CEERNZENR K AT 3 W, T EAR U T5
Bl T4 12 he

1.1.2 B Sio, AR A H0.40g |-
RTFRNE Fe;O4 ik, /0 #13 320 mL TE/K L,
AL 15 mine B S IIA 80 mL 47K 4 mL
MK, FHFZEREMAN 0.6 mL [ IE R LK
(TEOS), =iifiiFt 4he 1531 Fe;0,@SiO, Mikiit
TTHEVESY B, I CRERIZEK A B vk 3 3, T
TV R TBAL T4 12 he

1.1.3  Fe;04@SiOr-NH, Fikiff) & HW3gR L
50 2 (PEI, MV600). 0.5 mL 3-4i /K H i 3 48 2
P = A SEAELE(EPOYE T 150 mL 2K rh, 3L
FCE T =8 80 C, [FlR 24 ho K 15 g
Fe;0,@Si0, WRIE T 25 mL ZEET, #H50H
15min J5, I BRI 80 ClElyt 24 he 521K
Fe;0,@Si0,-NH, ki AT HEME 4y 25, IFFH LRI
MK BE 3 M, T ESATR TN 45
12 ho 75 FHENTRE 20 KW 77 FesOs@SiO-NH,o
1 24 Fe;04@SiO-NH, il #5id FEor & Kl o

PEG-2000, el
@c Fe;O, + N\

FeCl, P N
EPO

Fe,0,@Si0,~NH,

PEG is polyethylene glycol; TEOS is tetracthylorthosilicate; PEI is
polyethyleneimine.
Kl 1 Fe;0,@SiO,~NH, 4 id fern = &
Fig. 1 Schematic illustration of the preparation process of
Fe;0,@Si0,-NH,

1.2 FIEFHE

KA HAH AL SUS010 A7 & 145 v+ B4k
BE(SEM)FIFE[E FEBR & Talos L120C FEH 1 2
B (TEM) X R B 7 R JE S EAT R AE . SR FH H AR Bk
K24k ULtiman TV B X G ATHHC(XRD) AL i



« 1366 - CREMR Eh 224D

AT 43T, Cu WEEJE, & HRCY 40mA, EHIE
40KV, FHIEEN 10°~80°, FIHiHEE N 4 (°)/min.
K 5 [ B r 28 7] 1) K-Alpha Y X 528 H 1 REE
IUXPS)XFF: b T 5 Te 3= AR A A REAT 20 #r - ISR
Quantum Design 2 1] %45 5 MPMS XL-5 [f] PPMS
Dyna Cool Zx& 4t 28 280 55 I BR300 1 e e [ ]
2%, ¥ H 2% [ Thermo Nicolet 23 & %5 & Nexus 670
(] Fourier ZLANEIEASON I B Fourier AZ 41 41
JEREFETIR) A TRAL, Sy 400~4 000cm s
K FH 26 1B A 65 vl g SCAX S 2 W) 500 Zeta PALS (1)
Zeta FEAL MR E 3 BT AXN) Zeta HEA AT 43 BSR4 T
R
1.3 #HL=2 kMt Le

SR FH BS503R Cr(VD IR B B4
THEFT. HH pH {HIE IS M 0.1 mol/L [#) HCI Y
NaOH ORI o A8 FH BW B 77 FH &0 0.2 g/Le
A BN T o i R R R 2 45 LA 150 t/min
[P FE R 72 3% 24 ho KR4 GB/T 7476—1987 K
IE — JE 3 Y BEVEAS I Cr(VD) B e AT SE 56
HE 3R, BCFME.

2 EREH®

2.1 WRBHFIBIRAES T

K 2 AAFEREECT Y Fes04+ Fe;04@SiO, Al
Fe;0,@SiO,~NH, [ SEM M . il 2a a0, %
FHE AN (1) FesOg UKL o3 HUVELTF, A5 s 2
Ty BRIE FeyO4 R M PRDIRATBORTS . B 20 K4
A2 — 2 Si0, [ Fe;04 SEM [ 7, £1.2 Si0, 5 Fe;04
T BORCRI K, RRE PR, K] 3k
Fe;04@Si0; IR HE(EDS) KL 2 Fe, Si, O 7L, iiE
H Si0, il I L 2 3| Fe;0,4 % 1M - Fe;04 il Fe;0,@Si0,

(a) Fe;0,

2 Fe;04 M Fe;0,@Si0; [ SEM JE A
Fig.2 SEM images of Fe;04 and Fe;0,@Si0,

(b) Fe304@Si02

J Chin Ceram Soc, 2022, 50(5): 1364-1374 2022 4
2
Ehie]
°Si Fe
’:l gnxl\ lee X ,
0 9 10 15 20

Energy/keV

3 Fe;0,@Si0; 1) EDS i¥%
Fig. 3 EDS spectra of Fe;0,@Si0,

WKL K /N Ay A fE 200~400 nm, Fe;O4 Fll
Fe;04@Si0, K3 Ki45 2k 294.31 nm A1 313.17 nm,
L2 Si0, Jo, MUK AR IE S K.

Zeta FEAL M R FE 4r BT AL FesO4 Al
Fe;0,@SiO, MR A W7 B FE Z(PDI) 7351l 4 0.168
F10.230, BEEAELEE SiO; FH FesO4 Bk 7 i1k i
T FRAR .

Fe;04. Fe;04@Si0+ Fe;0,@Si0,—NH, i) TEM
WRTE 4 Froc. i 4a 1] WL, Fe;O,4 Mok £ 1 &
IUBURCRASTHORAS, 1X 5 SEM 45 Al —3. i
4b "L, AFE SiO, ) Fe;O4 Fiki K miF3%, H
SiO, JZJE ¥ A 21.56 nm. Y Fe;0,@SiO, # Lk
Fe;0,@Si0,-NH, HUki K /N& A kAR BB 17421k,
HZIRIE SO, /2R MR A HJE A
17.55 nm 7oA, IX 0] 6 A KA 7EM R T e B i S
L 30

K| 5a h Fe;04 fll Fe;0,4 fLZE SiO, LA
Fe;04 Mt , Hrh Bl 540 em™" AOWLISTIE
Fe—O [{{E&NIE. 5 Fe;04 Lk, Fe;0,@SiO, 7EHH
Kk 1062em ™ 793 em ' HIFL T 2 ANETHI g,
I3 A Si—O—Si I FR AT 45 4 )y W FIR
NG YR BN o [RIRELE AN 945 ecm™ HUBL T Si—OH
IRFAET U, X SEHR 2 Si0, USRS, BRAMAE:
T Fe;04, Fe;04@SiO, ' Fe—O VR 2L B,
UEW] SiO; 55 FesO4 A A7 AEAH H LW H o

&l 5b 1] WL, 5 Fe;0,@Si0, Al Lt , Fe;0,@Si0—
NH, fJ Si—O—Si. Fe—O #If-%4 H B4R, H
JELEPE 951 em ! TR (K] Si—OH W it 4 74
BHIIRISXAE RN Fe;04@SiO, K SiO, 55 EPO
RAE T RERCARIE S Y BT 3 350 » R EDRECh 2933
2837 cm HYEL 2 ANHRIMRIIE, S BI # C—H
(RIRE PR A i 4 Bl 0 R JE XS FRAP A iR Bl e, 32 R



H50 58 S

JTERIR %5 Ak FesO,@Si0, KU 1)l 25 S X /K Cr(VDIF) 2Bk . 1367 -

T EPO 73 1o J HAEWH 1568 cm ' W HIHL T35
FRAEUE, XFR 2 PEI FE3EHER], KRB PEI 4> 1
2951 NF] Fes04@Si0, kI B0k 1 2 111 o

L

50 nm 200 nm

(a) F8304

50 nm

(b) FC304@SiOz

(C) FC304@SiOz*NH2

lgl 4 FegO4\ Fe304@Si02\ Fe304@Si027NH2 Ij{' TEM ﬂﬁ)#
Fig. 4 TEM images of Fe;0,, Fe;0,@Si0, and Fe;0,@SiO—
NH,

FIFH XRD X il 8 I RE il AT P AR 458 53 #7
7 Fe;04 Fl Fe;0,@Si0,-NH, [ XRD i (& 6)H1, 26
S 18.23°, 30.10°, 35.40°. 43.04°, 53.40°. 56.97°
F162.54°%F Wi(111)+ (220)~ (311)+ (400). (422). (511)
FI(440). SRS ECN a=b=c=8.375, a==y=90°, IX

Si—O0—Si  Si—O—H Si—O0—Si
’
Fe304 \ / Fe—O

=TT

Fe,0,@Si0,

Transmittance

1 400 1200 1000 800 600 400
Wavenumber/cm™

(a) Fe304 and Fe;04@SiO;

Fe,0,@Si0,

Fe,0,@Si0,~NH,

Transmittance
!

1568

C—H Si—OH

4000 3000 2 000 1 000
Wavenumber/cm™!

(b) FC304@Si02 and FC3O4@Si027NH2

lgl 5 F6304, Fe304@Si02 %H Fe304@Si027NH2 Ij{' FTIR j‘lfjﬁ—tf

Fig. 5 Fourier-transformed infrared spectra of Fe;0,,
F6304@Si02 and F6304@Si027NH2
|
‘ |
Fe,0 A /) Lo . \
‘E MW“ it Bi) »‘W'W
=1
£
Fe;0,@SiO,~NH, 440
(220) (400) (511) (440)
(422)
20 30 40 50 60 70
20/(°)

K] 6 Fe;04Fll Fe;0,@Si0,~NH, [¥] XRD i
Fig. 6 XRD patterns of Fe;04and Fe;0,@Si0,—NH,

EFrUE-E F b JCPDS 88-0866 [P AH—3%, nJ LLE
H R i FesOu TR . XRD BEA7T 504 ) 5 182 v L
VT A0, 45 ATk 98.19%, 1 I 45 1) Fe;04



« 1368 - CREMR £R 27 4R

J Chin Ceram Soc, 2022, 50(5): 1364-1374

2022 4F

gE IR RGP, BEAh XRD BB e YR R A0,
VLHHHIFS I FesO4 Fo401% . Fes04@SiO-NH, 5
Fe;O4 1) XRD i B A —5, BTGS2 G4 kT
A RO FE T IR IR Fe;sO4 I AL .

Bl 7 24 FesO4 RS IR 120 28 TEM JU, @l

7 Fes04 ) TEM [ J
Fig. 7 TEM images of Fe;0,

Ols
: Cls
. Fe0.080, Si2s Si2p
‘B
5
2 | Fe0, Cls
Fe2p 015
+
1 000 800 600 400 200 0
Binding energy/eV
(a) Survey spectra
Ols Cls
z
172
8 N Is
s
M Si2s_.
“”“QC’;

1 000 800 600 400 200 0
Binding energy/eV

(C) FC304@SiOszHz

282 A TAIEE N 0.475 nm, HR¥E Bragg 2430, W]
DLEE L SOF I 20 £k 18,208 W FY T Ay (111) 1
5 ER XRD tras R—3. 7HME 7 kg 4 ar
AT, VB A 2 i

K] 8a i) Fe304 fll Fe;0,@Si0, I XPS 44141 .
Fe 2p 73 #H#% XPS Jtilitnf&l 8b frzn. 1k 725 eV
1710 eV 4053 7 B Fe 2p1, M Fe 2psn ) 2 A
I, Fe 2papn AT N 2 ANWIRIE, 73518 Fe*'
(710.43 eV)HI Fe" (711.81eV). XiFSZ T Fe MRS
A& MAME 719.2 eV %A L B0, GIER
RGO MEERT B g FesO4 JEAIE B-Fe 05117,

K 8c b Fe;0,@SiO-NH, ] XPS 413t
HE 8c Il )L, Fe;04@SiONH, FHMILHEA O.
C. Siv No T XPS BRI A 2 nm A4y,
Fe;04 R SiO; MJEJEN 21.56 nm, F AR T
Fe;04, Ll LIEK IR Fe o3, Hh N t#E
IR PEL O 45 2] Fe;0,@Si0, %
M. Kl 8d K Cls w4 #E% XPS i, HKl 8d AJ

Fe 2
F@ gp 12 3/2
R
%

°
RRRRR o o
TR

Intensity

1 1 1 1 1
735 730 725 720 715 710 705
Binding energy/eV

(b) Fe 2p in Fe;04

C—O0—Si/C—N

Cc=C/c—C

Intensity

it

C=C/C—C

1 1 1 1 1
292 290 288 286 284 282 280
Binding energy/eV

(d) Clsin FC304@SiOz*NH2

8 Fe304\ Fe304@Si02 ;FD Fe304@Si02—NH2 E/‘J XPS '\LJEjf
Fig. 8 XPS spectra of Fe;04, Fe;04@Si0, and Fe;0,@Si0,—NH,



H50 58 S

JTERIR %5 Ak FesO,@Si0, KU 1)l 25 S X /K Cr(VDIF) 2Bk . 1369 -

UL, Fe;04@SiO,~NH, [¥) C 1s i 7E 284.8. 285.64
287.38 eV KbHUGH 3 AN, SR NE A S C
(C=C/C—C). C—O0—Si/C—N }¢, C—0—C. X5
FTIR 437 1) 45 A — 5.

B 9 AE SR AE T (300 K)MHEEF —1.6x10%~
1.6x10° A/m [¥] Fe304.Fe;0,@SiO, F Fe;0,@Si0,-NH,
(Rt Ze. B 9 II L, Fes04v Fe;04@SiO; Hil
Fe;0,@Si0-NH, 48 ARG AL 58 5 4 531k 79.8
66.4. 41.6 Am’/kg. 5 Fe;04 Hit Fe;0,@Si0, M
Fe;04@Si0,~NH, M2 ik 55 , iX & tH T 1.2 SiO,
FHA R () I P S B TR I AR FesO 75
IS HEESMEMIA A BRI, RG]
WCREIE I )AL 7F 50's, RERS SEELPRIE 2 2[RIl

80}
il F:
40 t

o JR—
Né 20t
ERs
§ 20}
el Fe,O,
—ll.6 —OI.S OI.O 0;8 1.I6

Applied magnetic fieldx10¢/(A-m™)

lg] 9 Fe304\ FC304@Si02 %D FC304@Si02—NH2 H"]ﬁéi’ﬂﬂ;@gf
Fig. 9 Magnetic hysteresis loops of Fe;0,, Fe;0,@SiO, and
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Fig. 11  Effect of pH value on adsorption of Fe;04@SiO,—NH,
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(a) Pseudo-first-order rate equation
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Fig. 12 Effect of contact time on Cr(VI) adsorption on
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(b) Pseudo-second-order rate equation
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Fig. 13 Plots of kinetic curves for the adsorption of Fe;0,@SiO,~NH, towards Cr(VI) according to the pseudo-first-order rate
equation and the pseudo-second-order rate equation

F1 BI1RS5E LRI NFRERESY

Table 1 Kinetic parameters of pseudo-first-order and pseudo-second-order models

Pseudo-first-order rate equation Pseudo-second-order rate equation

co/(mg'L™) Geen/(mgg ") - N

i ki Gecal(Mg'g™) R k Geca(mg'g™) R
50 207.7 0.008 772 71.2 0.9780 0.004 772 209.6 0.998 5
75 2143 0.007 959 72.9 0.966 4 0.004 635 215.7 0.9989

eexp 18 the experimental adsorption capacity; geca is calculated equilibrium adsorption capacity; k; is pseudo first-order rate constant; R? is correlation
Ge.exp P p pacity; de, q p pacity: p 5

coefficient; k, is pseudo second-order rate constant.

21 W T HE— I RITE R A S S
ELE 2 PR R, HE BN Bh ) 2 B e vE— 0 3)
12 B 3 4 FesO4@SiO,~NH, M 7K o 1

Cr(VD ) SE 50 5dl o AE Bt 3l Jp 2 vk 53 1) 145
I&Izﬁ"/_é‘:%(qe,cal)$uigﬁ'fﬁ(qe,exp)zltﬁl%é?%ﬁo .[H:&I\’ ﬂ
DA HAIGHR 2 (50 mg/L) I WR B 254 209.6 mg/g 1K



H50 58 S

JTERIR %5 Ak FesO,@Si0, KU 1)l 25 S X /K Cr(VDIF) 2Bk « 1371 -

TR (75 mg/L) ) 215.7 mg/g.
24 WEMIERLZ

Fe;04@SiO,NH, W [ff Cr(VI)E F1£ 303.313K
H1 323 KINF AR B A5 e, ] 14 P o MR B A5
LRAE T=323 K W e, {E 303 K INHRAK. Ky T 437 sE
I8Pl B #dis , SR HH Langmuir (141 15a)#1 Freundlich
(&l 15b) 2 Fofr e 209 18) 530k e A5 R S 38 Y- 4040

260

240 | e

/ /./.

_ 220t .
T?“ -———I/ - —
& o200F 4/
£ —-303K
< --313K
S 180 + --323K

160 +

140

(I) ll() 2IO 3I0 4I0 5I0 6IO
¢/(mg-L™)
¢o is equilibrium concentration of Cr(VI).
Kl 14 BT Fe;0,@Si0~NH, % Cr(VI) W fi 250 2%
Fig. 14 Equilibrium adsorption isotherms of Fe;O4@SiOy—
NH, towards Cr(VI) from aqueous solution
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Table 2 Parameters of isotherm adsorptions

Langmuir Freundlich
TK K/ G/ R Ky/ 1n R
(Lmg") (mgg) (Lmg") (mgL™)
303 0595  215.66 0.9996 73.91 0.1388  0.8527
313 0.625  233.15 0.9992 77.19 0.1405 0.9326
323 0.504  251.83 0.9992 79.81 0.1472  0.8081

gm is the maximum adsorption capacity; K is the Langmuir adsorption
equilibrium constant; Kr and 1/n are the Freundlich characteristic

constants.

R3 TRERMFIX Cr(VDR R XIRMA 2 LR
Table 3 Comparison of the maximum adsorption capacities
of Cr(VI) by various adsorbents

Adsorbent Adsorption capacity/(mg-g ™) Reference
Fe;04/GO 32.33 [20]
Fe,0;@Si0; 152.80 [21]
Fe;04/HNTs@C 132.00 [22]
Fe;04-GS 17.29 [23]
Fe;04@Si0,-NH, 251.83 This work

GO is graphene oxide; GS is graphene sheet.
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Table 4 Adsorption thermodynamic parameter

AG/(kJ'mol ™) AH/ AS/
283K 293K 303K 313K 323K (kI'mol™)  (Jrmol K"
~1.688 2710 3251 ~3.772 —4.497 17.592 68.551

AG is adsorption free energy; AH is adsorption enthalpy change; AS is

adsorption entropy change.
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Fig. 17 Effect of the coexisting anions on the adsorption of
Cr(VI)
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