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1 f��O:�_p�X\G���C�G��=�k}�	�G��p�HzX�~�=�Ug�5=�� 20% "C [1]�G1p�B�MG�+G?1�x	�-y℄=��-$_p�X\���f-8=�{���ObP'f [2∼4]�_p��K��HzX/E�DB�MG�:�{ZzX#, _zX#,FHzX�xXww��;n=�+8�3�n\���n\, o$&'�B�MG��=��h��G8=,J�k_�O:� [5,6]�#K%��~C�G�=��?�X���(ÆNXt}q_Dp���%zE�_G�:�R-}i{ZzX#�_Gz"ww���0p��� SO2−
4 NZ S2− � H2S�o$H8zX#/C�A��e��8��pH y
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2 l�:9�Q6-b�0&*k�C4H11NO2���Æ&�V�*k��e�WZ�_Lx6!�Rlb0&(%�)C16H36O4Ti���Æ&�s�e#��Lk�+8 2 h��|�oe#�pG�Æ&s(' - *k��{e#�G�s('y&(%�)�
2.1 g/100 mL �3v&j�Æ&A4�^pG�Æ&%�}���^�6!+8 2 h ����o;�e3�0arK 10 mm×10 mm×2 mm �=N 304B�M (304ss) �5Hj��/t�e3��+ 0.5

mm/s�'�Z'3n�_:�\E�		>{x�#=b�e3�_�5s{Z%MWZ��53%#�0=#�>_eJ��_Ja��D 80 �~l�~J 10 min�Ydq^}�Q�	xHje3��	Cs�E� 3 n�v�0,�� D 500 �b%t�g�}Q'�K 2 �/min�(Q 2 h��_2Q�Yd����D℄DB�M�5s�'R[ TiO2%# (+b*Y'R[ TiO2/304ss)�
�I=��(ÆNXX�Y�O�pKg�I���J8rl	���<�B�K Postgate′

C <�� [7]�Z8K�1.0 g/L KH2PO4�1.0 g /L

NH4Cl�2.0 g /L MgSO4·7H2O�0.5 g /L Na2SO4�0.1

g /L CaCl2�4 ml /L i()�1.0 g /L 9&Hu�0.1

g /L Nz& C�0Nz& C +��s�G.�!e�DN	Xp���= NaOH e#�< pH yUK
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g/L � (NH4)2Fe(SO4)2·6H2O��e��x=�aXzWWi�L��l API RP-38 9�F}#��Y<�}%��(��(ÆNXX#�=zsÆ��.3℄�=8<;�DT��d�<����9�� 35 �z	<�l�<� 21 d���e#�o8|omK����EL�X#��(ÆNX�}�$ÆzWWi�TYJ&n�	n��(ÆNXX# 50 mL8<;�} 2S 250 mL fhA��~jJ�Xhs=q^}�Q� Postgate′C #5<���j\WZ�0�Xhsn�'R[ TiO2/304ss �e� 304ss��8<5jA��_�d�<���IsAl==�X�o9h�I="z�<�(�E&j<���� H:B8�(�F}aXE�=�{�aO��		=��-L��0� _X#�H:B8�(��YdAIBaX�zX#��>�D 3% 8��W&[ PBS e#�^� 4 h�_�= 0.1 mol/L ��(Æ�e#?^�^&n= 30%�50%�70%�80%�100% 8��*kF}2�?��!�= 50%�100% 8��*(1W)�(#����D CO2 �A�JaI�Ja�=n��LaOaXE�=�{��
�I=J�m��5_L}�K3��K)yK[��SCE��<���K����
�B�KN	Xp��_ ZAHNER-IM6�		X#hs�EL}H:DX#�����	Wi��		�℄C�L�K�K��	WiL}�n�'�K 2 mV/S��Pn�,JKk"D=��P ±600 mV��		�℄L���,JK 10 mHz∼100 kHz�5�a�zv;yK 10 mV�
3 PC
s℄
3.1 xT4i2g{< 1K�(ÆNX_<����zWWi�+\d�}aXL;���.�!%���(p�8x��K�aX_n �(t*xk":��zWhD`�E�2mX}_;��� 1∼2 d �(,dWk":��}aX�/�8�
J�K�.Z�+!t�'�zWy8��aX�}Z"�d&�o$Fj"�zWE (< 1)�_� 2 d �� 7 d ��(,X}i'dW�}� 7 d �aX�}s�!ty�*�<��(��W�9�X��/tu�aX
J�Kh pH y
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Fig.1 Growth curve of SRB�}�/b2�aX*xFj�DE�2m�_
�n\��VTL���(ÆNX�zWg��}aX<�} 7 d���Abx<���+(s<�A��aX-\qVzW�
3.2 [q�I�T?�}_B0
��O�'R[ TiO2/304ss �e� 304ss _�(ÆNXX#�H:B8�(�� :�{�8	Rl< 2��oH: 1 d�Rlp\�e� 304ss:�E�B�#aX=\E�t}�<����BeX� (< 2a)�$'R[ TiO2/304ss :�:Ke��EE�B}u}�aX (< 2b)�n��D'R[ TiO2 %#B:L�����p�:+Hk%#�N%#�pX�-"-���(ÆNXE��R℄�}H:� 3 d ��e� 304ss :�E��t}�aX�GwwTX (< 2c � 1 h)�N� :�df{�Bgb�=�d (< 2c � 2 h)�k3:$��'R[ TiO2/304ss:�aX}:uNO'f=�dq_ (< 2d)�}H:� 28 d��e� 304ss:�dft}�=�d (< 2e)�8�'R[ TiO2/304ss:�"df�=�d{�}k":u (< 2f)�� :�=�d�df�#��*�_�(ÆNXX#�H:�(��W�_aX�GwwTX�#=b� �℄=��-b2�ofZ:�=�TX�zX#��� {�p\�H: 100 d ��e� 304ss :�D�ttuu�=�d (< 2g)�8�'R[ TiO2/304ss:�"q_=�d (< 2h � 1 h) N%#df?�fr (< 2h � 2 h)�
3.3 LGg{/n< 3 Ke� 304ss y'R[ TiO2/304ss _�(ÆNXX#�H:B8�(���	Wi�0{��k_�		K�,: 1��<�\d�*�H:�(��W�e� 304ss �	Wip5s'��=����� (Icorr) dt��=��P (Ecorr) D'�#�*�H:�(��W�=�+8'�dt�=�+8"uF}�$'R[ TiO2/304ss _�(ÆNXX#�H: 3 d � Ecorr : 1 d �q'�"l< 2d8[-��D'R[ TiO2 #M:�AI�Be�
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Fig.2 Morphology of 304ss specimens immersed in SRB medium for different time for (a) 1 d, (c) 3 d, (e) 28 d

and (g) 100 d; cerium-doped TiO2/304ss for (b) 1 d, (d) 3 d, (f) 28 d and (h) 100 d
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Fig.3 Polarization curves of 304ss specimens immersed

in SRB medium for different time for (a) 1 d, (c)

3 d, (e) 14 d, (g) 28 d�(i) 100 d; cerium-doped

TiO2/304ss for (b) 1 d, (d) 3 d, (f) 14 d, (h) 28 d

and (j) 100 d<�B��F8aXzX#��G#MW&~��o$���p�B��yj=N�~=��xdt�=�+8++F}�R℄�8���: 1 +\��_

pSH:E(�e� 304ss � Icorr ��PD8EH:�'R[ TiO2/304ss�VT(n�Zν =
M

nF
× Icorr�t�_C��N�} M �'� n�(n�V� F B8�6-b�C��=�'� ν F

Icorr Zq3��e� 304ss �=�'�tD'R[
TiO2/304ss �=�'��o$:�_B�M:�=A'R[ TiO2 %#�G℄p���(ÆNXE�=��-x�ddL�{��*�H:�(��W�n|�G��℄=�-xW[b2U��}H:} 100 d ��'R[ TiO2/304ss � Icorr dt} 5.43 µA/cm2�;Ge� 304ss � Icorr y (5.89

µA/cm2)�:�m�'R[ TiO2/304ss "'z�:�	�=��n%�F{�aO>lkS{�
3.4 6G��Vd/n< 4 Ke� 304ss �'R[ TiO2/304ss ��_�(ÆNXX#�H:B8�(���℄C<�+\d�_pSH:E(�'R[ TiO2/304ss ��

Table 1 Parameters of polarization for the specimens with SRB after different immersion times

material Ecorr /mV Icorr /µA·cm−2

1 d 3 d 14 d 28 d 100 d 1 d 3 d 14 d 28 d 100 d

304ss -439.2 -502.9 -686.2 -851.7 -919.5 1.16 2.68 3.74 5.85 5.89

cerium-doped TiO2/304ss -388.8 -353.8 -657.8 -838.3 -912.0 1.08 0.97 1.13 1.25 5.43
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8D�	�� Rp
[8,9]�#�}H:} 3 d�'R[ TiO2/304ss ��	��d&�=��xdt�n%�8�	WiL�>lk%~�% K [10]�_ Bode<�P�VK+<���:�"�5�	#2x�n8���VK���/e#A�h�A���M�gy�w�'��n8�VT< 4 d�}� H: 1 d ��'R[ TiO2/304ss�P��df'R[ TiO2 %#�n8zv����,Jdf�	#/e#A���M�n8zv�2$G


v�"8D< 5a�$e� 304ss b�DC�:�Fp�B�w;;g�Bode-phase <�Eq_%S:j�;7:�K 304ss/e#A���M�n8zv�G
v�"8< 5b�}H:}� 3 d ��e� 304ss����df%x�;7:�:H: 1 d �#d%S�(V��>{< 2c 8[N2��D��:�\E�:#�<��+�aX�GTX�E��~{ZzX#�R℄�2$G
v�"8< 5d�}e� 304ssH:�(F%E�W���D��:�{Z:~��zX#N�5:�df=�d�2$H: 14 d +�� �
v�F< 5d -}t�S{����VT: 2 �e� 304ss �0{�Tp\�*�H:�(��W��w�'�� Rct +u�$��M�g Qdl dt�:�H:n\�*�aXz"
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Fig.4 Impedance diagrams of specimens immersed in SRB medium after different time

Fig.5 Equivalent circuit of the studied system: Rs-solution resistance; Qc�Rc-capacitance and resistance of the

cerium-doped TiO2 film, respectively; Qb�Rb -capacitance and resistance of the biofilm, respectively;

Qdl-capacitance of the double-layer; Rct-charge transfer resistance
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Table 2 Parameters of EIS for the specimens with SRB after different immersion times

1 d 3 d 14 d 28 d 100 d
parameter

Ce 304 Ce 304 Ce 304 Ce 304 Ce 304

Rct(kΩ) 318.9 220.6 303.5 191.5 214.7 187.3 141.4 97.3 103.2 90.5

Qdl(µF) 2.75 2.37 2.97 3.29 3.43 3.39 4.27 6.11 5.06 7.88

n1 0.89 0.96 0.87 0.83 0.80 0.77 0.78 0.72 0.65 0.35

Rc(Ω) 864.2 - 872.9 - 789.8 - 512.1 - 307.4 -

Qc(µF) 1.56 - 1.70 - 1.64 - 1.72 - 1.84 -

n2 0.98 - 0.93 - 0.8 - 0.66 - 0.63 -

Rb(Ω) - - - 28.2 19.6 79.6 83.1 96.2 94.3 99.7

Qb(µF) - - - 0.69 0.75 0.84 0.91 1.62 2.06 3.29�n3 - - - 0.93 0.87 0.9 0.78 0.86 0.65 0.65

Rs(Ω) 3.8 1.6 2.1 2.3 3.2 1.8 4.36 1.77 2.46 1.42���F}�e#�=��Z8B!d#��K6-�H8VpVBuD=�+8�F}�< 4d �:o=�+8���:*�H:�(��W$F��/p'��"#�g℄+u�=�+8"uF}�"D'R[ TiO2/304ss p#�}G_�(ÆNXX#�H:} 3 d ��G Bode <�d|q_P��'R[ TiO2 %#�n8zv������	#/e#A���M�n8zv�2mG
v�F< 5a kS{�{��*�H:�(�F%E�W�*�e#�=��Z8�B!d#�p���/yj�'R[
TiO2/304ssZ�'z=��G
v�F< 5c kS{�>{: 2 ��0{�Tp\�*�H:�(��W��D=�B�yj#M�/�sC��5:����'R[ TiO2 #�� Rc ��w�'�� Rct +u�$#�g Qc ���M�g Qdl dt�'R[
TiO2/304ss df=�d
℄g�n%�o< 2 ��s
�
4 P℄1� � _�(ÆNXX#�H:��{�aO>l:��_H:KEe� 304ss sE��aX�}�d#D'R[ TiO2/304ss�Ne�
304ss :�dft}{�Bgb�=�d�$'R[
TiO2/304ss=�d}:u�}H:} 100 d ��'R[ TiO2/304ss �℄=��-b2�:�df=�dN%#Z�?��2��	WiL�:��_H:E(�e� 304ss� Icorr yPD8EH:�'R[ TiO2/304ss�:�_B�M:�=A'R[ TiO2 %#�G℄p���(ÆNX=��-x�ddL�}H:} 100 d��'R[ TiO2/304ss � Icorr y;GDe� 304ss� Icorr y�:�m�'R[ TiO2 #�℄=�-xb2�

3��		�℄L�>l:��_pS=�H:E(�'R[ TiO2/304ss ��℄y�0{�� RctytD8EH:�e� 304ss�#�'R[ TiO2 #�q_���C�:��w�'n\�+��C��5�=�'��8��*�=�H:�(��W�'R[ TiO2/304ss �e� 304ss ��w�'�� RctW[+uU��:�_WE�H:n\�� �℄=��-2��.Xwz
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CORROSION RESISTANCE BEHAVIOR OF CERIUM-DOPED

TiO2 FILM IN THE PRESENCE OF MARINE BACTERIUM

SULFATE-REDUCING BACTERIA

WANG Hongfen1, WANG Zhiqi2, HONG Haixia1, CHEN Shougang1, YIN Yansheng1

(1. Institute of Materials Science and Engineering, Ocean University of China, Qingdao 266100�
2. Qingdao Institute of Bioenergy and Bioprocess Technology, Chinese Academy of Sciences, Qingdao 266101)

Abstract: Cerium-doped TiO2 film was prepared on 304 stainless steel by a sol-gel process. Sulfate-reducing

bacteria(SRB) was incubated by semi-continuous culture method. The effect of SRB on corrosion behavior of

cerium-doped TiO2/304ss and bare 304ss immersed in SRB medium were studied by morphology analysis and

electrochemical methods. The results showed that cerium-doped TiO2 film on 304ss could inhibit attachment

of SRB. The corrosion current density of cerium-doped TiO2/304ss was lower, while electrochemical impedance

was higher than that of bare 304ss. Therefore, a conclusion could be drawn that cerium-doped TiO2 film coating

on 304ss could inhibit attachment of SRB and prevent corrosion caused by SRB in seawater.

Key words: TiO2 thin film, sulfate-reducing bacteria, polarization, electrochemical impedance

spectroscopy, 304 stainless steel
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