
Jo
ur

na
l o

f I
no

rg
an

ic

    
    

M
ate

ria
ls

� 22 _ � 5 E R � 9 	 � � Vol. 22, No. 5

2007 2 9 B Journal of Inorganic Materials Sep., 2007f}�1: 1000-324X(2007)05-0859-05zZH"zk$��� Fe3O4 JD>���F(nr;!$"�%#&
(
	�
�� ������������Æ���� ���� 200062)| xÆ�D+x/��y�1�'�G/�Hy��2g1�Rn|kx[50�;ML1f*g"x Fe3O4*�y|/�xP1y
;^'x/s�|�+�79hD1fkx Fe3O4 *�y|t�p�fk
�X�1�'6��1fk Fe3O4 *�y|j��pH b�L�{-.�HyFex(i�+#��#B� (Mössbauer) �7q�V (TEM) �AvÆw=^B (FT-IR) {3*�HyH{x��Kv�/U
Fe/ Æ&3*g5n�71f*g"x Fe3O4 *�y|^1fkt�p�f
l1�'6�G 3mmol/L � Fe3O4 *�y|DX�Ak6�G 12.28mg·mL−1 � pH G 8.6 ML�G 60◦C }�t���Mga 86%, Hy{y|D�fkxj��Mga 10.5mg·mL−1; Hy{Xyy|D�fkj�A~}�/YP�9hAG}'
- 5 �Æ1�'� Fe3O4; *�y|�/�Hy�b&=1ÆO647 fj�VCÆA

Surface Modification of Fe3O4 Nanoparticles Prepared in High Temperture

Organic Solution by Sodium Oleate
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Shanghai 200062, China)

Abstract: Sodium oleate was used as surface modification agent to modify Fe3O4 nanoparticles pre-

pared in high temperature organic solution. Fe3O4 nanoparticles were transferred from organic phase to

aqueous solution by the van der Waals interaction between the long aliphatic chain of oleate anion and

the hydrophobic groups in the surface of Fe3O4 nanoparticles. Effects of concentration of sodium oleate,

pH and temperature on surface modification of Fe3O4 nanoparticles were investigated. Mössbauer spec-

troscopy, Transmission electron microscopy (TEM) and Fourier transform-infrared (FT-IR) spectroscopy

were used to characterize samples before and after modification. The results show that the method is

effective in transferring Fe3O4 nanoparticles from organic phase to aqueous solution. The ratio of Fe3O4

nanoparticles transferred from organic phase is as high as 86% and the content of transferred Fe3O4

nanoparticles in aqueous solution is 10.5mg·mL−1 on condition that the concertration of sodium oleate

solution is 3mmol/L, the content of Fe3O4 nanoparticles in n-hexane is 12.28mg·mL−1, pH is 8.6,tem-

perature is 60◦C, respectively. The surface modified Fe3O4 nanoparticles with low concentration in

aqueous solution can stably disperse in aqueous solution for a long time.
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860 R � 9 	 � � 22 _yQ3z"
h�G&-�#[�3g,h#Ry+�z}Mw0�Iz�8G_3gu�q�gm�"I�Zy�O[��Wang Yong |\ [7] :- α-�~Q_�8�3g,h#y��3 �HQ��y γ-Fe2O3 �Ag +�z}_3gu�q�g�Jun

Young-wook |\ [8] :-�
 8_z�' (B) &Vm:I��34/h#vqy Fe3O4 +�z}_$%mu�q�m� Euliss Larken E |\ [9] -�$ÆR��Æ��4� (�a�3g,h#y γ-Fe2O3 z}E�gmyQ�:i��n�nIz4,a�^E3gmh#mz}�Z|8G_3gu�q�g� Li Zhen |\ [10] ~H^6BK�zqBN7�y 2- 	
B4�H_�qQ��`Ch#�Q�y+�z}�3 (�H�n0��z�RE�H:i��-�'V��r��ns-3 (�H0�Iz��a+�z}_3gu�q�gmyr4,�
2 Tu
2.1 +d{l%��KE Fe3O4 ?�;PNb [11] �ry4,�Ez�'ZmNM:I3 /�h#Ri:iy Fe3O4 +�z}�8
5.4g y FeCl3·6H2O q 10.8g y3 (#
q 70mLY�B� 40mL S��V� 30mL Xo}�y	r_�m�6�<��70◦C #[�Æ 4h, h#vqy~jy3 /�- 30mL yXo}�[�f\�vJ�JG|y3 /#
qz�'Z (130mL)q3 (3.2mL)y	rVm6�<��r1yMd 320◦C4�M 0.5h, -S��V8tjy Fe3O4 +�z}I
:o�F Fe3O4 +�z}0Zum�:iEY�B�$%|6�_�m�
2.2 {[I#{l Fe3O4 KE?� �G*o:h��7�y3 (_��#
��+�q��7�y Fe3O4 Y�B}?���p<� 10h|�n?3g?/sj_�,KSj�℄?3 (�_�/Sjr1u,Ksj�:���8℄?�g:oRk�N�os�os:o�vqBLSysjn?�_�qtjI
�tjI
R 50◦C SjJG|-9Pn0V�
2.2.1 �aM!{[I *oUv:h7�:1H 0.5 � 3 � 10mmol/L 3 (_� 15mL(Gm%k3 (y��H m0 mg), P#
g6+�y 12.28mg·mL−1 y Fe3O4 Y�B}?� (Gm%k Fe3O4 y��H m1 mg), 30◦C ℄<

� 10h, 8℄?sj�gos:ovqtjI
�
50◦C ℄SjJG4Jo (I
Vy��H m2 mg).Yzz}yu�o��!W�b℄�u�� =(m2 − m0)/m1×100% (1)

2.2.2 �a0A�oKE?� *oUv:h 15mL 3mmol/L 3 (_� (pH=10.0) f;�P#
g6+�y7�:1H 5.34 � 12.28 �
20.81mg·mL−1 y Fe3O4 Y�B}?�� 30◦C ℄<� 10h, ℄?�gos:ovqtjI
� 50◦C SjJG4Jo�s- (1) ��!Yzz}yu�o��
2.2.3 �ad!^7 *oUv:h 15mL 3mmol/L3 (_�f;�P#
g6+�y 12.28mg·mL−1 y Fe3O4 Y�B}?��:1E 12 � 30 � 60◦C ℄�p<� 10h, 8℄?sj�gos:ovqtjI
� 50◦C ℄SjJG4Jo�s- (1) ��!Yzz}yu�o��
2.2.4 �a pH � *oUv

15mL 3mmol/L 3 (_� pH :1�Dd
2.6 � 8.6, #
g6+�y 12.28mg·mL−1 y Fe3O4Y�B}?�� 60◦C ℄<� 10h, ℄?�gos:ovqtjI
� 50◦C SjJG4Jo�s- (1)��!Yzz}yu�o��
2.3 ��	Ayu�/ JEM–100C t8r	}_DW
(TEM) ℄>�	Ayy?D: (FT-IR) /tnH
Nexus 670 yBw�y?`D�>v�	AyOg:-t
 Wissel W�hFy|#�W�t%��% (Mössbauer) D�k0V�
3 9/2\B: 1�NM3g,h#yYz+�z}�M℄yMössbauerD:�FD::-�(�dD1r�1r;�,0 1, 0m;�<-x Fe3O4 y Mössbauer;� [12] CN�Z!NM3g,h#y+�fzOgH Fe3O4.: 2 �IzI|	A:iw&yP>�Gm:
2(a) �IzI	A�n?�:i6 Fe3O4 +�z}yY�B3g? (7�H 0.3mg·mL−1), ℄?�3 (�g? (7�H 5mmol/L); : 2(b) HIz|y	A�/9Yz+�z}7�B��%�Yzz}�}CYu�q�gm�n?3g?,KN9Sj8!y�+�℄?�g?,K�8!ysj�+��Iz|y�g?os:o(a6tjz}I;℄
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5 E �21�4 kÆ1�'�1f*g"x Fe3O4 *�y|x/�Hy�X 861k�Ntjz}E?YC�-℄6KyYj&��n��am�!:iE3gmy Fe3O4 Yz+�z}�u�4um�:iq�3 (_�m�: 3(a) � 3(b) :1�IzI| Fe3O4 +�z}:iEY�Bq�_�my8r	WP>�_:
3(a)nh�dR Fe3O4 +�z}EY�Bmy:izum�z}yM`E 15nm �7�e �z}�Uuy��Ra�f>u��*u|6aIuw�^+�#ogM�7�Z�_: 3(b) P>dRz}Iz|E�gm�6Ra!_y<[�:iz�Zum��!Iz|z}0�/Q3zu,HQ�z�0ZE�mum�:i�

9 1 ��x Mössbauer B9
Fig. 1 Mössbauer spectrum of a sample� 1 wNW
 Mössbauer OL3�Y
Table 1 Mössbauer parameters of a sample at

room temperature

Hyperfine Isomer Quadrupole Line
Fitted Area

field shift splitting width
spectra /%

/A·m−1 /mm·s−1 /mm·s−1 /mm·s−1

Sextet 1 3.86×107 0.39 0.00 0.29 54.6

Sextet 2 3.57×107 0.61 0.04 0.5 45.4

9 2 HyH (a) { (b) ��xO=
Fig. 2 Photos of samples (a) before modification, (b)

after modification

: 4�IzI|	Ayy?`D:�Gm (a)HNM3g,h#y Fe3O4 	Ayy?`D:� (b)HIz|�gos:ovqy Fe3O4 	Ayy?`D:�: 4(a)�4(b)�DdE 585.81�586.39cm−1 T�Ra� Fe3O4 )VY�< [13],�!3gY�Bq�gmtjYzz}aH Fe3O4 +�z}��Ddn�6 –CH3 �–CH
[14]
2 (E 2922, 2852 cm−1 |T) �

C=C[14](1680∼1620cm−1, 1420cm−1) )V<Ra�3g,h# Fe3O4 z}��z�'Z�H-&_��#[ED: 4(a) nRaz�'Zm –CH3 �
–CH2 �C=C Æ<y)VY�<�0!F4,h#y Fe3O4 0�{	6z�'Z�_"�G 9:iE3gm�": 4(b) DdS�Ra –CH3– �–CH2–q C=C Æ<y)VY�<?�E 1560.49cm−1 TRa� –COO– y)VY�< [13], q3 (m3 Syy?`DY�<g�&��!�gmy Fe3O4+�z}0�nS��6yz�'Z?��$
�3 So}��v Fe3O4 +�z}0�/Q3zu,KQ�z��rn�:W�h�℄Hz�'Z�H-&_�%h#y Fe3O4 +�z}G0�$z�'Z%{	�k6e�yQ3zyÆ< (–CH3, –CH2, C=C),#[0Zum�:iEY�Bm�m#
3 (_�~�EK�<�y./℄� Fe3O4 +�z}0�

9 3 ��x TEM O=
Fig. 3 TEM images of samples

(a) Fe3O4 dispersed in hexane before modification; (b)

Fe3O4 dispersed in aqueous solution after modification
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862 R � 9 	 � � 22 _

9 4 ��HyH (a) { (b) xw=B9
Fig. 4 FT-IR spectra of samples (a) before modifi-

cation, (b) after modification

9 5 Fe3O4 ��Hy�!9
Fig. 5 Schematic illustration of surface modification

of Fe3O4 sampleyQ3zÆ<<3 (�_�m3 So}yQ3z\61�3h0t��-}g��-�E Fe3O4+�z}0���n3 So} (,: 5), 3 S

m
��Q�Æ< –COO– tk�g�R	z}0�_Q3zu,KQ�z�GE3gmy:iz,A�E�gm:iz,m�E6�<�y./℄�
Fe3O4 +�z}0Z_3gu�q�g�N/9 –

COO– fD	��v Fe3O4 Yz+�z}_(6U	9O�-"Q�}?E�m�0 2 �R�66Iz./℄yIzGf� 2 �
6 ��℄� 30◦C ℄�663 (� Fe3O4 7�yIzGf�_ 2 � 4 � 6 f��℄h�dRm3 (7���~ (3mmol/L), #z Fe3O4 E3gmk�yK#�u�q�gmyYzz})tr1;��Gm Fe3O4 y7�H 5.34mg·mL−1 ~u��bq 70%, j�gmYzz}k�<� (3.7mg·mL−1),Yj&Bd�Iz|Yzz}y&-�q)j�_ 3 � 4 � 5 f��℄dRm Fe3O4 EY�B}?�my7� (12.28mg·mL−1) ��~�#z3 (7�yK#�u�q�gmyYzz}y)t#_K#�j�E��m℄�qm3 (7�H
10mmol/L ~�Iz|yYzz}E�gm68:I;am�#[�_ 2∼6 ��℄h�dR�3 (_�7�H 3mmol/L � Fe3O4 EY�B}?�mk�H 12.28mg·mL−1 ~�IzofBm� 1 �4 �
9 f��℄�3 (_�7�H 3mmol/L � Fe3O4EY�B}?�mk�H 12.28mg·mL−1 ~�66��M� (12 � 30 � 60◦C) ./℄IzGf�#zM�yyN�Yzz}_3gu�q�gmy)t� 2 �`St℄6h�'m8.

Table 2 Results of surface modification experiments at different conditions

Number Temperature/◦C C1/mg·mL−1
C2/mmol·L−1 pH R/% C3/mg·mL−1

D/d

1 12 12.28 3.0 10.0 44 5.4 14

2 30 5.34 3.0 10.0 70 3.7 —

3 30 12.28 0.5 9.5 50 6.1 14

4 30 12.28 3.0 10.0 54 6.6 7

5 30 12.28 10.0 10.7 75 9.2 0

(some sediments)

6 30 20.81 3.0 10.0 10 2.1 >30

7 60 12.28 3.0 2.6 61 7/5 1

8 60 12.28 3.0 8.6 86 10.5 0

(some sediments)

9 60 12.28 3.0 10.0 69 8.5 1

C1: The content of Fe3O4 nanoparticles in n-hexane; C2: The concentration of sodium oleate solution; C3: The content of modified

Fe3O4 nanoparticles in aqueous solution; R: The percentage of Fe3O4 nanoparticles transferred from n-hexane to aqueous solution;

D: The dispersive time of modified Fe3O4 nanoparticles in aqueous solution
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5 E �21�4 kÆ1�'�1f*g"x Fe3O4 *�y|x/�Hy�X 8635�J
	.�
x�0�&��OxUi�K�xLFC�jw^H�J"�:^�wOpxJJ [15],6Wxx{s�o�ejwV�JJ�"Z Fe3O4 )�x{s�o�jw��5�J
	
7 � 8 � 9 e��\�K�F 60◦C, .�&^�5�F 3mmol/L � Fe3O4 CW��|>�ji�F
12.28mg·mL−1 |�55 pH a0�&^�,-\wGxEd	:�x,-e(�)x,-\Wxx{ws��TL�Q�.80�&^�C)x,-\i4T�w0�Qm{�.X℄0ejs�PT�wWxx{�"Z)x,-T4r80�&� Fe3O4 )�x{w.�Gx	���=uGxz Fe3O4 x{C�ejwz��F 4.26, k�ew
pH aCjxo)x.E-+�|�Wxx{.�i4��wC�o�BuT�N{�*�u Fe3O4)�x{OÆ�|>8gC�ej	. 2 j�z�
�\�
K\GxzWxx{C�ej8gOÆ|&	"yGxzWxx{C�eji�wJ"�x{C�ejw8gOÆ|&$��8gOÆxq0:}	`
Gxzx{5�F 2.1mg·mL−1 |�x{C�ejOÆ8g 30dI*H:�kx{5�F 6.1mg·mL−1 |�FC�ejOÆ8g 14dz'`p�x{H:�kx{5�F 7.5mg·mL−1 |�C�ejOÆ8g 1dz4p�x{H:�!kx{5�F 10.5mg·mL−1 |�Gxz�ejui4p�x{H:	Q�"F"yGxzWxx{C�eji�wJ
�x{℄&;v?�J"�nex{C�ejOÆ8g|&+��℄!P`H:`l	"Z�℄8gOÆx=�e��GxzWxx{C�eji�A}�8gxAl	
4 9B�~%�*w0�&�F.�Gx��60e)f!w Fe3O4 )�x{℄0ejs�o�e	�

�Ed.�
0�&^�w5��Fe3O4 )�x{CW��^�jwi��K�� pH a�Wxx{s���Gxzx{C�ejw[i��8gOÆx`Bu'h	0�&5�F 3mmol/L �Fe3O4 )�x{CW��j5�F 12.28mg·mL−1 � pH F
8.6 LK�F 60◦C |� Fe3O4 )�x{℄W��js�o�ejws���
F 86%, hJ*��j8gw Fe3O4 )�x{F 10.5mg·mL−1. GxzWxx{C�ejw8gOÆx:Fi�4\�x{C�eji�}�OÆ8g|&�F	�<ei
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